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Foreword

Youkeep asking for more articles on antennas and we're pleased to deliver them. Yes, indeed,
hams love their antennas! From the first volume in 1989, the ARRL Antenna Compendium
series has thanks to a cadre of loyal readers, now grown to six volumes. It has become a
prestigious forum for presenting not just theoretical ideas and concepts, but also proven, prac-
tical antenna designs.

Many well-known authors have contributed articles over the years to the Antenna Compen-
dium series. Volume 6 includes the work of such highly esteemed authors as Al Christman,
K3LC (ex-KB8I); L. B. Cebik, W4RNL; Peter Dodd, G3LDO; Floyd Koontz, WA2WVL; Jack
Kuecken, KE2QJ: Rudy Severns, N6LF: John Stanley, K4ERO; and Frank Witt, AI1H, to name
only a few.

In Volume 6 you will find 43 previously unpublished articles, covering a wide range of
antenna-related topics—from a thorough technical discussion by K3LC on how to use elevated
radials over sloping ground, all the way to a colorful treatise on simple, practical, cheap-and-
dirty multiband antennas by new Compendium author Jeff Brone, WB2JNA.

Are you fascinated with 10 meters? So are veteran authors L. B. Cebik, W4RNL: Andy
Griffith, WAULD, and Sam Kennedy, KT4QW. They’ve all contributed great articles on prac-
tical 10-meter designs.

Are you into the nitty-gritty of transmission lines? Then you're in excellent company. Frank
Witt, AI1H, does his usual outstanding job exploring transmission lines in two different
articles. And Wes Stewart, N7WS, and Hal Rosser, W4PM]J , have each contributed thought-
provoking articles on the use (and perhaps the abuse) of open-wire ladder line from HF to VHF.

Are you a low-frequency enthusiast? Five articles are devoted to 40 to 160-meter antennas,
including one by well-known Topband operator Jerry Arnold, K9AF, who describes his no-
compromise 160-meter vertical. Now you know why he’s so strong on Topband! Perhaps you’ve
been hankering after some gain on 40, but you can’t swing a rotary Yagi. Carrol Allen, AA2NN,
describes a two-element switchable 40-meter wire beam that can be strung in the trees.

Many of you marveled at the strength of the CW signals from 6Y2A during the 1998 CQ
World Wide Contest. Dean Straw, N6BV, who went along on that DXpedition, has contributed
two articles describing the antennas used and the detailed planning that went into the 6Y2A
DXpedition. See why Dean feels that the ante has been raised for future DXpeditions.

In short, there is something for any antenna enthusiast in this volume. Perhaps you’ll be
inspired to write an antenna article of your own. We’d love to see it, as we prepare next for
Volume 7.

David Sumner, K1ZZ
Executive Vice President

Newington, Connecticut
August 1999



Instructions for Accompanying

CD-ROM

The CD-ROM bundled in the back of this volume includes nu-
merous data files created by the authors of The ARRL Antenna
Compendium, Vol 6 to analyze their antennas, using commercially
available antenna modeling software such as NEC2, NEC/Wires,
NEC-4.1, EZNEC, EZNEC/4 and AO.

The ARRL does not include the modeling software itself on the
CD-ROM, only data for these programs. Note also that NEC-4.1 or
EZNEC/4 are not publicly available because of security restrictions
by the US government, although certain institutions have access to
this program.

Other Programs

Several authors also wrote special analysis programs for their ar-
ticles. Where possible, executable versions of these are also on the
CD-ROM, together with source code. Where a program can be cus-
tomized by the reader, the source code is supplied in BASIC. All pro-
grams are written for the IBM PC, or fully compatible computers.

Organization of the CD-ROM

The main directory (\ACV6) of the CD-ROM contains this
README.TXT file. The other data on the diskette are organized
into separate subdirectories, each named using the author’s ama-
teur call sign. We suggest that you copy the contents of the CD-
ROM (about 4 MB) to your hard disk so that you can access the data
easily, using the procedure in the next section Copying Files to
Your Hard Disk.

For example, the data corresponding to the article by Al
Christman, K3LC, is found in the \ACV6\K3LC subdirectory, while
the article by Peter Dodd, G3LDO, refers to disk files found in the
\ACV6\G3LDO subdirectory. Each data file has a distinct filename
extension corresponding to the antenna-analysis program in which
it is used. The filename extensions on the disk are:

* NEC—used for the NEC2 or NEC4.1 program

* ANT—used for the NEC/Wires or AO programs by K6STI
* EZ—used for the EZNEC or EZNEC/4 programs by W7EL
* BAS—BASIC source code

* EXE—executable file

" In DOS, when you wish to examine or use a particular ASCII
data file, change to the appropriate subdirectory and read the file
using a word processor. The procedure is to get into the subdirectory
you want using the “CD” (Change Directory) command. For ex-
ample, to get into the \ACV6\K3LC subdirectory, you would type
“CD\ACV6\K3LC [Enter].”

In Windows, use the Norepad or Wordpad program for naviga-
tion and for reading a file you're interested in. You can examine
individual antenna data files with an *. ANT or *.NEC filename

extension using any word-processing program that can handle
ASCII, since each such file contains only ASCII data. The *.EZ
files are binary files and can only be examined inside the EZNEC
or EZNEC/4 programs.

Copying Files to Your Hard Disk

You will normally copy all files to appropriate subdirectories on
your hard disk so that you may examine and use the modeling files
with your modeling software. Use the batch file INSTALL.BAT on
the CD-ROM to copy the files and to set their attributes properly
for use.

Antenna Modeling Files

A comment about the antenna modeling data files: Even if you
are an experienced antenna modeler, you will gain valuable insight
into how the experts work by examining their data files. Some very
interesting techniques are displayed in a number of the data files,
and it certainly beats typing in the data manually when you wish to
see if you can possibly improve or “tweak” a design any further.

Installing the XMW Program by N6 XMW

The XMW program is a BASIC program that will only work under
the QBASIC.EXE program installed automatically with late ver-
sions of DOS and early versions of Windows. Later versions of
Windows did not automatically install QBASIC.EXE, although the
executable file and its help file QBASIC.HLP are located on the
CD-ROM for Windows 95 or Windows 98. You can locate
QBASIC.EXE and QBASIC.HLP using the “Find” command
[Ctrl][F] from the Windows Explorer. Once you find them, copy
these files to your C:\Windows\Command folder. Another source
for QBASIC.EXE and QBASIC.HLP is on the Web at: http://
support.microsoft.com/download/support/mslifiles/
Olddos.exe.

To initialize XMW from the DOS prompt, you must first set up
its configuration file. After getting in the N6 XMW subdirectory
using “CD CA\ACV6\N6XMW [Enter],” type “INIT_XMW” and
answer the prompts on-screen. Then you will automatically be
taken to the main XMW screen. Inorder to exit QBASIC, press [Ctrl-
Break] simultaneously and then [ALT-X] simultaneously. The next
time you want to start XMW from the N6 XMW subdirectory, type
“XMW [Enter].”

EZNEC and EZNEC/4 are available from Roy Lewallen, W7EL,
PO Box 6658, Beaverton, OR 97007.
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About the American Radio
Relay League

The seed for Amateur Radio was planted in the 1890s, when Guglielmo Marconi began his experi-
ments in wireless telegraphy. Soon he was joined by dozens, then hundreds, of others who were en-
thusiastic about sending and receiving messages through the air—some with a commercial interest, but
others solely out of a love for this new communications medium. The United States government began
licensing Amateur Radio operators in 1912.

By 1914, there were thousands of Amateur Radio operators—hams—in the United States. Hiram
Percy Maxim, a leading Hartford, Connecticut, inventor and industrialist saw the need for an organi-
zation to band together this fledgling group of radio experimenters. In May 1914 he founded the
American Radio Relay League (ARRL) to meet that need.

Today ARRL, with approximately 170,000 members, is the largest organization of radio amateurs
in the United States. The League is a not-for-profit organization that:

* promotes interest in Amateur Radio communications and experimentation

» represents US radio amateurs in legislative matters, and

» maintains fraternalism and a high standard of conduct among Amateur Radio operators.

At League headquarters in the Hartford suburb of Newington, the staff helps serve the needs of
members. ARRL is also International Secretariat for the International Amateur Radio Union, which
is made up of similar societies in more than 100 countries around the world.

ARRL publishes the monthly journal QST, as well as newsletters and many publications covering
all aspects of Amateur Radio. Its headquarters station, W1AW, transmits bulletins of interest to radio
amateurs and Morse code practice sessions. The League also coordinates an extensive field organiza-
tion, which includes volunteers who provide technical information for radio amateurs and public-
service activities. ARRL also represents US amateurs with the Federal Communications Commission
and other government agencies in the US and abroad.

Membership in ARRL means much more than receiving QST each month. In addition to the services
already described, ARRL offers membership services on a personal level, such as the ARRL Volunteer
Examiner Coordinator Program and a QSL bureau.

Full ARRL membership (available only to licensed radio amateurs) gives you a voice in how the
affairs of the organization are governed. League policy is set by a Board of Directors (one from each
of 15 Divisions). Each year, half of the ARRL Board of Directors stands for election by the full mem-
bers they represent. The day-to-day operation of ARRL HQ is managed by an Executive Vice President
and a Chief Financial Officer.

No matter what aspect of Amateur Radio attracts you, ARRL membership is relevant and important.
There would be no Amateur Radio as we know it today were it not for the ARRL. We would be happy
to welcome you as a member! (An Amateur Radio license is not required for Associate Membership.)
For more information about ARRL and answers to any questions you may have about Amateur Radio,
write or call:

ARRL—The National Association for Amateur Radio

225 Main Street

Newington CT 06111-1494

(860) 594-0200

Prospective new amateurs call:

800-32-NEW HAM (800-326-3942)

You can also contact us via e-mail: ead @arrl.org

or check out our World Wide Web site: http://www.arrl.org/




10-Meter Antennas

Two Hilltoppers for 10 Meters:

a Dipole in a Tube and a Beam in a Boom

By L. B. Cebik, W4RNL
1434 High Mesa Drive
Knoxville, TN 37938-4443
cebik @ utk.edu

illtopping is a popular pastime
H when 10 meters is open. We grab a

small rig, put a portable antenna in
the trunk or pickup bed and head for the
highest pretty hill we can find for an after-
noon of casual QSOs and sightseeing.
Where hills are scarce, an open flat area
will do, either on the plains or by a seashore.
We can embellish the scenario with QSO
party challenges, QRP trials and other
activities. Whatever the exact plan, the goal
is enjoyment!

Small rigs for 10 meters are plentiful.
However, our antenna needs are usually not
off-the-shelf items. We can press a mobile
antenna into use but sometimes we want
something with a bit more performance.
Since we have several hours set aside for the
trip, a few minutes assembly and disassem-
bly is not much to ask in exchange for a
better antenna. However, storage space dur-
ing transport should be minimal.

Using readily available materials, we can
have a full-sized dipole or two-element
Yagi that store in packages about 5 feet long
by afew inches in diameter, including some
mast sections to get them about 20 feet in
the air. The elements disassemble and store
inside PVC tubes—hence the titles of A
Dipole in a Tube and A Beam in a Boom. The
tubes bundle easily with 5-foot TV mast
sections using luggage straps, or in a pinch,
leather dog collars. Everything is included
in the package, including a small tool kit to
secure the few nuts and bolts that hold things
together. See Fig 1, a photo showing both
sets of portable PVC tubes, plus tool kit and
mounting mast.

The prototypes described here use differ-
ent element materials. However, the two

Fig 1—Photo showing mast, tools and both dipole and Yagi antennas in their PVC

carrying cases laid out for assembly in back of author’s pickup truck.

types are interchangeable, with only slight
dimensional changes at the outer element
ends. Which material you use will depend
on what is available locally, as well as what
you can adapt from other uses. Very little is
critical, and everything is open to experi-

mentation for a better way. Even with im-
practical initial experiments, my total in-
vestment in these antenna prototypes is
around $75 and that can be cut to about $50
for all new parts for the beam alone. Access
to surplus materials and a well-stocked junk



box can cut the cost even further.

The Materials

Let’s begin with the materials, all of
which are common. However, some are
easier to obtain than others.

1. Rod Elements: Because I had access
to some aluminum rod, these formed the
initial set of elements. Each element is bro-
ken in half on each side of center, with a
maximum length per unit of 4.5 feet. Hence
all will store inside a 5-foot length of
PVC tubing.

The final version of the rod element used
a *e-inch diameter inner section and a
*he-inch diameter outer section. I experi-
mented with '/s-inch diameter inner sections
and found them too weak when threading
was added. However, %/is-inch diameter rod
is harder to find, since it is not a normally
stocked value at either hardware depots or
ham vendors. My source was a ground-
plane set of radials from a defunct CB
antenna.! With stock s inch aluminum
rods as outer sections, full size elements are
easily made.

The rods require threading. Thread both
ends of the inner %is-inch rod. The feed-
point end uses /1s-inch stainless steel nuts
and washers. To join the inner and outer sec-
tions together, I use coupling links made
from short (1'/: inch) sections of '/2-inch
square aluminum stock cut from a scrap
plate. A tap and die set is essential for mak-
ing these elements, since the link pieces
requires *16x18 tapping on one end and
#10x24 tapping on the other. If you have
access to the stock and can do the work (or
have friends who can assist), the rod ele-
ments are the most compact for storage.

2. Tube Elements: Aluminum tubing
is available from ham vendors in /2 inch
and ¥s-inch diameter 6061-T6 sizes, with
0.058-inch walls. (6063-T832 would be
slightly lighter, if available.) These elements
nest firmly, so the inside surface of the '/2inch
tubes must be smooth. The cost of enough
tubing to construct all of the versions of the
antennas in this article is remarkably small.

The elements cut neatly with a pipe
cutter, which I prefer to a hack saw to
minimize deformation of the tubing. All el-
ement junctions are made with #8 stainless
steel nuts and bolts through pre-drilled and
thoroughly deburred holes. I avoid washers,
since they tend to get lost in the hilltop grass.
Although permanently installed antenna ele-
ments deserve more durable fastening for both
mechanical and electrical purposes, portable
antennas require quick assembly and disas-
sembly with no deformation that will prevent
storing the smaller tubing inside the larger
ones and both inside a PVC tube.

I also have some scrap TV antenna ele-
ments, but I rejected them for this project. TV
elements are often seamed and only approxi-

mately round, making storage a problem.
They are also weak for 10-meter use.

3. PVC: For this project, 1'/s inch nomi-
nal Schedule 40 PVC is the main support
material. In temporary portable use, none
of the concerns about UV susceptibility
trouble the project and the RF characteris-
tics are fully adequate for all phases of the
project. 1'/sinch nominal Schedule 40 PVC
has dimensions closer to 1''/is-inch outside
diameter and 1*/s-inch inside diameter. The
inside diameter is just big enough to carry
four '/>-inch diameter aluminum tubes in-
side, with the ¥/s-inch diameter tubes inside
those.

Schedule 40 PVC is fairly hefty, but a
5-foot tube—for storage of the dipole and to
make the boom of the two-element beam—
is reasonably manageable. PVC is fine for a
10-meter Yagi boom; however, below about
12 meters it may add too much weight to an
antenna.

In addition to the 5-foot tube sections, I
use a Tee in the Yagi boom, and end caps
wherever there is an open end. The caps
perform two functions: they close the tub-
ing for storage and they prevent tubing
deformation under the continued weight of
the elements. Although the Tee is PVC-
cemented in place, the caps are only fric-
tion-fitted for regular removal and replace-
ment.

The only other Schedule 40 1'/4 inch fit-
tings needed are threaded junctions. These
junctions permit the dipole hub assembly
and the Yagi boom to swage nicely over a
standard 1'/s inch TV mast. Although some
of the gray electrical-conduit PVC materi-
als are suitable substitutes for the Schedule
40 plumbing materials, the threaded con-
nectors are not. They have thinner walls and
alarger inside diameter that lets TV masting
slide through.

4. Miscellaneous Materials: The anten-
nas also require a number of common items,
including male and female coax connectors
(and a Tee fitting for one array), along with
some coaxial cable. As mounting plates for
the female connectors (1-hole SO-239s), I
used a scrap length of 1x1 inch by "/e-inch
thick aluminum L-stock. I punched the
5/s inch mounting holes for each bracket and
then cut off a 1-inch wide section for final
edge smoothing and mounting hole drilling.
Two sets of #6 or #8 stainless steel nuts, bolts
and lock washers mount the bracket to the
tube, with the coax connector mounted last.

For each antenna I have minimized the
variety of hardware necessary for assembly.
The tubing versions use #8 stainless steel
throughout so that a single screwdriver and
a "/x-inch or */s-inch nutdriver (depending
on the specific hardware used) can be part
of the dedicated portable tool kit. The rod
versions require */is-inch nuts and the link
pieces, both of which require '/2-inch

wrenches. The only other tool in the kit is a
bottle brush to clean the ends of the tubes
for each use. The tools and a few supplies fit
inashortscrap PVC tube with end caps. The
hardware bag and tools are wrapped in a
clean shop cloth. Besides quieting down
the rattle of tools, the cloth also serves as a
field drop cloth for laying out the tools and
hardware.

5. Masts: For a 20-foot target antenna
height, PVC is both heavy and a bit wobbly.
Therefore, I have four 5-foot sections of TV
mast. Each section locks with a tab in the
next lower one. Together, they form a satis-
factory hill-topping mast with the antenna
on top. A variety of bracing and guying
schemes can be used for temporary stabil-
ity. When the wind is sufficient to threaten
the antenna installation, it is usually time to
go home anyway.

These notes on materials appear here at
the beginning so that as you look at the
simple antennas, you can be planning sub-
stitutes that you prefer—or have—or can
obtain.

A Rod Dipole in a Tube

Since the elements are interchangeable,
let’s start with the simplest antenna, a dipole
composed of aluminum rod elements that
store in a PVC tube. Fig 2 is a photo show-
ing the assembled dipole in test position on
top of the 20-foot mast. Fig 3 shows the
details of the rod-element mounting to a
short (1-foot) section of PVC. The threaded
*/isinchrods go through the sides of the PVC
tube and are locked in place with inner and
outer nuts. A second set of outer nuts clamps
the terminated wires from the coax connec-
tor, which is mounted on its plate and
secured to the PVC hub. Leave room for
the end cap on top of the PVC hub, butdon’t
place the rod holes so far down the hub that
you can’t start the nut with your fingers.

If you use rods, as in this example, the
overall dipole length should be about 17
feet. Allow a bit extra for trimming to per-

Fig 2—Photo showing rod dipole on top
of field mast during tests. !
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Fig 3—Details for mating the PVC hub to the 5/s-inch
diameter rod and coax connector. This detail applies to both
the dipole in a tube and the beam in a boom.

fection. For a tubing version using 4'/2-foot
inner sections of '/2-inch diameter alumi-
num and */s-inch diameter outer sections,
the overall length should be about 16 feet,
9 inches. Leave extra for tubing overlap,
since the */s-inch diameter tube slides inside
the large size.

Fig 4 shows the drilled-and-tapped link
coupling piece for the rod elements.? Be sure
to follow the tap manufacturer’s recom-
mended guidelines for the holes to drill be-
fore using the tap. An undersized hole may
snap the tap while an oversized hole will not
have secure threads. If you have not used a
tap-and-die set before, it makes a good ad-
dition to the shop. Just go slowly, follow
recommendations and add a drop of oil to
the work every now and then. Afterwards,
clean the work thoroughly to remove the
lubricating oil.

The final assembly of the dipole requires
a cemented Schedule 40 female threaded
coupling at the bottom of the hub section. A
male coupling is cemented to another sec-
tion of tubing, shown as a short piece in
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oo oy |
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to each piece of the

o
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end of screw coupling or
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Fig 4—Details of the rod link-coupling
piece.

Fig 5. The male section inside diameter is
small enough to fit over the reduced diam-
eter at the swaged end of the TV mast but
will friction-fit firmly on the enlarged part
of the mast.

You have a choice here. You can add a
smooth PVC coupling cemented to a longer
section of tubing, with a cap (cemented or

Fig 5—The dipole hub-to-mast assembly, using threaded PVC

friction fit) to the far end. The coupling will
then friction-fit the short tube in Fig 5 to
form a storage tube for the antenna ele-
ments. Alternatively, you can make the tube
section from the male coupling downward
from one piece of PVC with a friction-fit
cap. When in use as an antenna, the entire
tube up to the male connector fits over the
TV mast. Fig 6 shows the dipole hub, with
feed coax connector, after assembly.

The dipole requires about 10 minutes to
set up and a similar period to disassemble
and store. Everything fits inside the hub and
storage tube, although the SO-239 remains
attached to the outside of the hub. An old
white sock covers the connector and bracket
during storage and transport.

Fig 7 is a comparative SWR curve set for
the two types of elements: rods and tubes.
The tube version curve is slightly broader,
but both versions of the antenna will cover
well over the first MHz of 10 meters with
under 2:1 SWR to a 50-Q feedline, even
though the resonant feedpoint impedance
with the antenna at a 20-foot height is about

3




65-Q resistive.

Tuning up the antenna calls for setting the
element lengths slightly long. For the rod
version, use longer outer element sections.
For the tube version, with no holes drilled in
the inner tubing, set the %:-inch section

Fig 6—Photo close-up of dipole hub-
to-mast assembly, showing coax
connector and rod elements.

long. Using a temporary setup in the open
that permits raising and lowering the an-
tenna easily, simply trim the outer rod or
slide in the */s-inch tubing until the SWR is
lowest at your desired center frequency.
Once the outer rod length is correct, smooth

Fig 8—Photo of assembled two-element
10-meter portable Yagi.

Fig 7—Comparative 50 Q

SWR curves for rod and

tubing versions of the

dipole in a tube, derived

from NEC-4 models.
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Fig 9—General outline of the two-element Yagi beam in a boom, with length

dimensions for rod and tubing versions.
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the edges of the trimmed end. For the /s-
inch tubing, mark and drill the holes that
align with those in the '/2-inch tubing.

The dipole is the most flexible of the an-
tennas in my portable collection. One 8-year-
old version has traveled the Southeast on
loan. The antenna has been mounted at every
angle, including horizontal, from the balco-
nies of upper-story vacation condos. RG-8X
or RG-58 are suitable for short (20 feet)
feedline runs. The addition of a 1:1 choke-
balun (coiled coax or W2DU design) is de-
sirable. If surroundings create a slightly high
SWR, and the rig has a built-in tuner, by all
means use it. Losses will be slight.

A Beam in a Boom: A Two-Element
Yagi

Sometimes we want more than a dipole.
A little gain and front-to-back ratio can help
curb midday QRM. A two-element Yagi or
similar array is usually that all we need. The
dipole in a tube can easily become a beam in
a boom to fill this need. Fig 8 is a photo-
graph of the assembled two-element Yagi
on its portable mounting mast.

Fig 9 shows the general outline of the
beam elements, with dimensions for both
the rod and the tubing versions. The 4.8-foot
spacing between elements was selected for
three reasons. First, it allows room for end
caps using a 5-foot PVC tube length. Sec-
ond, this spacing provides a very reasonable
direct match to a 50-Q feedline, while still
preserving fair two-element Yagi perfor-
mance. Third, it provides about the right el-
ement separation, given the element lengths
shown, to allow some phasing experiments
for increased antenna performance.

The dimensions in Fig 9 show the lengths
of the outer sections of both tubing and
rod versions of the two-element Yagi. The
rod version has an overall driver length of
16.7 feet and a reflector length of 17.8 feet.
The tubing version elements are slightly
shorter overall: 16.4 feet and 17.7 feet.
Let’s build a Yagi, starting with the combi-
nation boom and storage tube.

Fig 10 reveals the simplicity of the boom
design. Twin sections of Schedule 40 1'/>-
inch nominal diameter PVC join (with ce-
ment) at the center in a standard PVC Tee
fitting. The distance between the centers of
the element holes is 4.8 feet. A short section
of PVC comes down from the Tee to a fe-
male threaded connector. A male threaded
connector and short PVC section complete
the assembly and swage over the support
mast in the same fashion as the hub-to-mast
coupling for the dipole.

Experience has taught me not to cement
both boom sections until after the holes for
the elements have been drilled and aligned.
Place an element section through the holes
at each end so that there is a reference line
for aligning each element during cementing,
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Fig 10—Boom and mast-coupling details
for both parasitic and phased versions
of the beam in a boom.

as well as to ensure that both elements are
at a 90° angle to the Tee section.

I've alread described how to mount rod
elements. Tube elements require a slightly
different technique, as shown in Fig 11. The
boom holes are */s-inch diameter. Through
them, run a 2 foot (or longer) length of
3/s-inch insulated rod. Fiberglass rod is
ideal, but an oak rod from the hardware
depot will also work if it never gets wet.

Select two 4.5-foot lengths of '/2-inch di-
ameter tubing. About '/2 inch from the end,
drill a hole large enough to easily pass a #8
stainless steel bolt. Carefully deburr the
hole and ensure the insulating rod will slide
smoothly in the tubes. With the insulated
rod marked at its center, and with the center
visible through the end of the PVC boom,
place the sections of tubing over the rod and
press them to the PVC boom. Mark hole
positions on the support rod through the el-
ement holes. If the assembly is for a dipole,
align the holes as shown in the figure. If the
assembly is for a Yagi, align the holes so
that they are vertical when the beam is in its
flat or horizontal orientation.

Drill the holes for #8 hardware and test fit
the elements. The bolts should hold the element
securely against the boom. Drill holes in the
other ends of the '/2-inch tubing, again clean-
ing the burrs and smoothing the inner surface
so that the */s-inch diameter tubing slides eas-
ily. Don’t drill the */s-inch tubing yet.

Allowing for 3 to 6 inches of overlap, cut
the outer *s-inch diameter tubing for both
the reflector and driver. Mark the points at
which the smaller tubing should stop when
sliding it into the larger tubing. Tape the
elements in position temporarily.

Install the coax connector and its brack-
ets as you did for the dipole. Be sure that the
connector is below the boom and that the
threaded section of the connector faces the
mast, since this is the route for the system
feed line. In place of a coax connector for
the reflector, install a jumper across the
PVC. In both cases, I used #8 ring connec-
tors around the element bolts soldered
to #12 house wiring scraps to make good
connections.

Now you are ready to test the antenna. An
easy tune-up technique is to resonate the

Fig 11—Details of mating the PVC hub
to the '/=-inch diameter tubing, with
connecting rod and coax connector.
This detall applies equally to the dipole
in a tube and the beam in a boom;
however, for the beam, #8 bolts should
be oriented 90° from their orientation in
the dipole version shown. The bolt rule
is “heads up.”
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Outer Ring = 11.45 dBi

Fig 12—NEC-4 azimuth-plane pattern for
the two-element Yagi from 28 to 29 MHz,
at a height of 20 feet above average
ground and an elevation angle of
maximum radiation of 23°.
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Fig 13—Comparative design frequency
(28.5 MHz) NEC-4 azimuth-plane
patterns for the parasitic Yagi and for
two different phased versions of the
beam in a boom, at a height of 20 feet
above average ground and an elevation
angle of maximum radiation of 23°.

individual elements at their independent
resonant frequencies, one at a time, by feed-
ing each as a dipole. Set the antenna at its
intended use height, in my case 20 feet
up..For a design frequency of 28.5 MHz,
the tubing driver should be resonant at
29.1 MHz and the reflector should resonate
at27.1 MHz by itself. The rod driver should
resonate at 29.0 MHz and its reflector at
27.25 MHz. With these initial positions
marked, but not yet drilled, you can proceed
to fine tuning.

You can check performance with local
stations and take some impedance readings.
Adjusting the length of the reflector affects
the source resistance most strongly. Alter-
ing the length of the driven element has its
strongest effect upon the feed-point reac-
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Fig 14—At A, standard ZL Special phasing, and at B, modified HB9CV phasing of
the forward and rear elements of the beam in a boom.

tance. If you have an antenna analyzer that
can read both resistance and reactance, you
should seek a resistance of about 40 £ at the
design frequency with a few ohms of induc-
tive reactance. This will provide an SWR
under 2:1 across the first MHz of 10 meters
and a bit higher. Finally, when you are sat-
isfied with the performance, drill the holes.

Fig 12 shows the kind of performance you
can expect with the two-element Yagi at a
height of 20 feet, which yields an elevation
angle of maximum radiation of about 23°,
The pattern does not change enough across
the span between 28 and 29 MHz to be de-
tectable. Yet the QRM from the rear will be
quieted by almost 2 S units compared to sig-
nals in the forward direction. For many
types of operation, this modest gain and
equally modest front-to-back ratio is ideal.
Often, in net operations on 10 meters, it is
useful to hear stations off the rear, so long
as their check-in calls do not disrupt the con-

versation in progress. Similar thinking of-
ten applies in general contest operating.

The disassembled and nested antenna
elements will fit inside the boom. I have
discovered that variations in PVC some-
times allow the insulated rods to fit in the
exact center of the tubing square. Other
pieces of PVC may not allow the fit, and the
rods must be strapped to the bundle of boom
plus mast sections.

Something More: A Phased Array

I mounted some extra coax connectors on
top of my boom. These are for an experi-
mental phasing line that you may wish to use
ornot depending on your needs and willing-
ness to deal with a further bit of complexity.
Fig 13 shows azimuth patterns at a 20-foot
antenna height using the 28.5 MHz design
frequency for the parasitic or Yagi version
just described, along with two methods of
phasing the elements of the array. There is
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Fig 15—NEC-4 azimuth-plane patterns for the two-element
array with a single 37.5 Q, 0.66 VF phasing line from 28 to
29 MHz, at a height of 20 feet above average ground and an
elevation angle of maximum radiation of 23°,

some added gain (less than 0.5 dB), but a
considerable increase in the front-to-back
ratio. The 37.5-Q phasing line consists of
either two lengths of 75-Q coax in parallel
or two lengths of 75-Q parallel-wire
feedline. Each is connected between the for-
ward and rear elements, with a half twist.

Despite the very nice 180° front-to-back
ratio, the presence of the rear quartering
lobes promises an average front-to-rear ra-
tio of around 20 dB. The deep null occurs
only over a fairly small bandwidth, and the
rear lobe flattens out somewhere off the
design frequency. With a mechanically sim-
pler 50-Q cable system, one can obtain
almost the same front-to-rear ratio. The
front-to-rear ratio of either phased array is
a significant improvement over a raw two-
element Yagi's performance. When the
needs call for high rear rejection, the phased
array may prove useful.

Fig 14 sketches the difference between
the 37.5-Q and 50-Q phasing systems. In
Fig 14A, I show the ZL-Special phasing
system, where a single piece of 37.5-Q
transmission line goes from the forward to
the rear element. (The terms reflector and
driven element are no longer apt, since both
elements are driven using predetermined
current magnitudes and phases.) Note thata
single 50-L line between the two elements
would not provide the desired rear element
current magnitude and phase.

However, something close to optimum
can be achieved by using a short section of
line between the feedpoint proper and the

forward element. In effect, this phasing sys-
tem is a variant of the HBOCV system and is
shown in Fig 14B. The difference from the
original HB9CV design is that the boom is
not part of the transmission line.

In terms of performance across the first
MHz of 10 meters, Fig 15 and Fig 16 show
that there is little to choose between the two
systems except at frequencies very near the
design frequency. Unlike the parasitic Yagi,
the phased array’s gain rises as the fre-
quency increases. The source impedance for
each of the phased-array arrangements is
closer to 25 £ than to 50 Q. Therefore,
lengths of 37.5-C cable, made from parallel
sections of RG-59, provide series matching
sections. The required length can be calcu-

Fig 16—NEC-4 azimuth-plane patterns for the two-element
array with a two-piece 50 2, 0.78 VF phasing line from 28 to
29 MHz, at a height of 20 feet above average ground and an
elevation angle of maximum radiation of 23°.

lated from the Regier equations,® but given
the modeling source of these antenna de-
signs, it was simpler to try lengths until rea-
sonable smooth SWR curves emerged.
Fig 17 shows the modeled and anticipated
SWR curves for the Yagi and for the two
phasing arrangements, with matching sec-
tions added to the latter.* Note that for the
phased arrays, the SWR curve is not cen-
tered, but is shifted upward from the design
frequency of 28.5 MHz. This move is inten-
tional to provide relatively similar SWR fig-
ures at both 28 and 29 MHz. One conse-
quence of shifting the SWR curve is that
the matching sections are not a true
/s wavelength long, but somewhat shorter.
Fig 18 provides the transmission-line

1.8
1.7 \
g N 8- 50- Q Line Fig 17—NEC-4
=~ Parasitic predlctlona for
iy —4— 37.5- Q1 Line r/ 50 Q SWR
g L PZ curves for the
c 1.4 \\' = A /// Yagi and the
3 N — two version of
1.3 X A 7/ the phased
= array (including
1.2 the matching
B % sections) from
8 T 28 to 29 MHz.
|
: 28 281 28.2 283 284 285 286 287 288 2B9 29
Frequency in MHz




Forward Element L= 483

] e |

Rear Element
L= 37.5-0
0.66 VF Line

Match= 37.5- Q
0.66 VF Line

Match = 5.0'

50 - 0 Main Feedlin

Forward Element

e

L2= 5.3%

Rear Element

L1+70:5 L, L2= 50- 0
Match = 3.0' 0.78 VF Line
Match= 37.5- Q
50- Q Main Feedlin 0.66 VF Line

(B)

Fig 18—Phasing line lengths and line-
run arrangements for each of the two
phasing systems whose performance is
shown in Fig 17.

lengths used for these prototypes.® Varia-
tions of materials and antenna dimensions
will require some additional modeling and
experimentation to determine what is cor-
rect for any other versions of these arrays.

Structurally, the phasing harness is simple
to install. T added SO-239 connectors and
brackets on the topside of the boom at each
end. The rear connector routes its center con-
ductor lead to the element half that is oppo-
site that of the center lead to the forward
element. This move effects the needed half
twist. The 37.5-€2 line runs from front to rear
on top of the boom. The line is just long
enough to reach using parallel 75-Q lines
with a 0.66 to 0.67 velocity factor. A small
cable tie holds the phasing line in place about
mid-boom. (A wrap of electrical tape does
the same job when I forget to renew my sup-
ply of cable ties in the tool tube.) The match-
ing section plugs into the lower SO-239 and
runs back to the mast, where a cable tie (or
tape) holds it in position.

The 50-Q, 0.78 velocity factor line sys-
tem (RG-8X) can use either the upper or
lower forward SO-239. I tend to use the
lower coax connector and bring the cable up
to the top side about half way between the
front and rear connectors. Since the overall
cable length is longer, I use two cable ties,
one to the rear and another near the Tee
connector (a UG-358, with a PL-258 double
female adapter in the male Tee leg for the
matching section). The requisite matching
section again goes to the mast, but not
against the phasing line. The velocity factor
of RG-8X may not be precisely 0.78. The
batch I used had a velocity factor closer to
0.73. This nearly 7% variance creates no
noticeable performance difference (on the

Table 1

A hilltopping tool kit for the antennas discussed in this article. Omit tools
that are not relevant to the antenna(s) you build.

Number Item

2 '/2 inch open-end or combination wrenches (for rod elements)

towel or large shop rag

N S e gy

*/e-inch wide flat-blade screwdriver (for tube element #8 bolts)

""/s2 inch or ¥s-inch nut driver (for tube element #8 nuts)

package of 5/1e-inch nuts (spares only; regulars stored on element)
package of #8 nuts and bolts (4 sets per tube element plus spares)
small bundle of cable ties and/or roll of electrical tape

'/-inch diameter bottle brush with a fairly long handle
Yagi reflector jumper wire (with ring connectors)
short length of 2-inch PVC with end caps (long enough to hold tools

and supplies when wrapped in the towel)

Note: additional tools necessary for rig setup and for the preferred guying or mast bracing

method are not included in this list.

air or in models).

For modeling aficionados who have
EZNEC, there are modeling files on the
accompanying CD-ROM.

My own habit (and you may have a better
one) is to store the phasing lines and the
50-£2 main feed-line coiled neatly in an old
pillowcase. This is the one “lumpy” or non-
tubular portion of the entire portable an-
tenna system. Of course, you would carry
along only those parts of the particular an-
tenna you select to build, according to your
own needs.

With the added front-to-rear benefits of
the phasing system, there is not much dif-
ference between the performance of the
two-element phased array and a short-boom
three-element beam. Three elements on an
8 foot boom would yield about an extra half
dB of gain (around 7 dBi free space or about
12.5 dBi at 20 feet over average ground) and
perhaps 1 to 2 dB additional front-to-rear
ratio. The two-element phased array saves
three feet of boom length and four lengths
of tubing that would not fit into the boom
anyway. The two-element array has proven
quite adequate to any hilltopping I have
done.

The Tool Tube

Hilltopping requires planning, and that
includes having a dedicated tool kit for the
antennas. Mine consists of the tools and
materials in Table 1. These tools cover all
of the versions of the antenna set, so select
your tools for whatever you build. For
hilltopping, I haunted tool sales to obtain in-
expensive items that I could devote to the
antenna. (If you raid your tool set for house-
hold jobs, something necessary will be
missing when you find yourself atop the
perfect hill.) I also put a dab of paint on each
shank or handle to identify the tools as be-

longing in the tool tube.

The towel is my large shop rag on which
I spread my tools and hardware when set-
ting up an antenna. This rag traps loose hard-
ware. However, I always carry extra hard-
ware in case the hilltop grass decides to eat
something made of stainless steel. Self-seal-
ing plastic bags, salvaged from parts pur-
chases, carry the hardware, sorted by size.

Conclusion

Thave not performed precision range tests
on these antennas, so I shall not guarantee
that they deliver every bit of performance
that the models promise. For example, phas-
ing and matching section lines length dif-
ference of 2 inches or so appear to make
little noticeable difference, even in the SWR
curve. This flexibility makes construction
less critical, but allows the antenna to be
slightly off peak performance capability.
The basic parasitic Yagi delivers gain and
front-to-back ratio when compared to the
dipole, and the added front-to-back ratio of
the phased array is clearly noticeable.

Minor elementdrooping, such as seenin the
photographs, has no affect on performance. I
have modeled the element droop and differ-
ences show up only in the second decimal
place of any performance figure. The materi-
als T used were designed to withstand abuse
that I hope I never give them. I have avoided
structural materials that are only marginally
adequate. Aluminum rods may be the most
difficult item to find in the *1s-inch diameter.
Everything else is available from ham vendors
or from hardware depots.

These antennas are adaptable to a wide
variety of materials. I can imagine versions
of these antennas using hardwood dowels
as booms and hubs. I can also imagine a
metal boom for the Yagi (but not for the
phased array, without considerable redesign
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to prevent interaction with the phasing
lines). However, PVC is a highly adaptable
material, a sort of “Tinkertoys for adults.”
The antennas in this set of hilltoppers
are full size, and give commensurate per-
formance. They easily break down for trans-
portation and storage into convenient
packages. Bound together with luggage
straps, they steal little room in the trunk or
pickup bed from the picnic food and drink
that add to the enjoyment of 10-meter
hilltopping. They cost little to build.
Whenever the sunspots are on the rise,
why not have a dipole in a tube or a beam in
aboomready to go? And don’t forget to take

along the rig with accessories, a picnic lunch
and a friend as well.

Notes

'l found my first set locally at an estate sale.
Henry Pollock, K4TMC, graciously do-
nated the second set from a defunct an-
tenna stored under his house. | am told
that the rod sets are used on an Antenna
Specialists CB antenna.

2Gerald Williamson, K5GW, of Texas Tower
fame, sent me some precut '/z inch square,
1'/2 inch long blanks cut from scrap in his
home shop, thus saving me a long search.
| am grateful for his help, which is proof

that hams do better together than alone.

3For information on Regier's work, see
“Series-Section Transmission-Line Imped-
ance Matching,” July 1978 QST, pp 14-16,
or refer to The ARRL Antenna Book, 18th
Ed., pp 26-4 to 26-5 and pp 28-12 to 28-14.

“Modeling for these designs was done on a
combination of GNEC by Nittany Scientific
and EZNEC Pro by W7EL. Both programs
employ NEC-4. A version of NEC-2 (with
its built-in tapered-diameter correction) or
MININEC should work just as well, al-
though MININEC will not model the trans-
mission lines used in the phased arrays.

5See “When Is a Quarter Wavelength
Not a Quarter Wavelength?” April 1998
AntenneX.
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folks who cannot-quite support the

width of a 10-meter Yagi of two or three
elements because obstructions restrict them
to less than the 16.5 feet needed. Is there an
antenna with decent performance that will
fitin a space about 13 feet wide? If it can be
home-built to save money and to require no
complex tuning or matching system, so
much the better.

In fact, there is an antenna that fits this
description almost perfectly. Imagine an
antenna with the gain (over real ground) of
a two-element Yagi (> 11 dBi), nearly the
front-to-back ratio of a three-element Yagi
(> 20 dB from 28.3 to 28.5 MHz), and an
SWR below 2:1 from one end of the band to
the other. Also imagine that the antenna has
better than 15 dB F/B all the way down to
28 MHz, and retains about 12 dB F/B at
29.7 MHz.

Imagine also that the antenna can be di-
rectly connected to 50-£2 coax (even though
I always recommend a 1:1 choke or bead
balun). Now imagine that you can make it
yourself from hardware store materials, that
it will weigh about 10 pounds including the
boom (under 5 pounds without the boom),
and that you can make it in your garage with
no special tools. Finally, imagine that when
itis done, you will still have change from a
$50 bill.

Imagine no more. The antenna is the
Moxon rectangle. Les Moxon, G6XN, de-
rived the original design from VK2ABQ
squares. He tunes both elements of his wire
version to form a two-way, fixed-mounted
beam.' However, we can optimize the di-
mensions to form an aluminum beam that is
easy to rotate.”

Fig 1 shows a sketch, with dimensions, of
my latest version. It uses hardware-store
’fs and */s-inch diameter aluminum tubing to

Ioccasionally receive inquiries from
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form the main elements, with */s-inch tub-
ing for the side elements. The corners can
use radius-bent tubing or be squared by
making corner supports from L-stock. Cut
the straight tubing at 45° end angles and use
'/1s-inch thick L-stock to fashion upper and
lower supports. One- to two-inch lengths of
support each way around the corner, using
stainless-steel sheet-metal screws or pop
rivets, solidify the corners with minimal
weight. I also tried '/>-inch conduit Ls, but
had to ream out the ends to accept the
3/s-inch tubing.

The corners I use are "/s-inch aluminum
radius-bent sections sent to me by Tom
Schiller, N6BT (of Force 12), to speed up
the experimentation. You can bend your
own by filling the aluminum tube with sand
(or cat litter) and bending it around a 6-inch
or larger wheel or pulley. Work slowly.
Keep the sand well packed in the tube to
prevent kinking.

The combination of "/s-inch and %s-inch
aluminum tubing lets you telescope the
ends into the center for a precise fit or a

center frequency adjustment. A similar ad-
vantage accrues from using l-inch and
fs-inch hardware-store aluminum tubing.
Fig 2 is a close-up photograph of a corner
assembly.

The side-to-side length is the key to cen-
tering the SWR curve for lowest reading at
28.4 to 28.5 MHz. The center frequency
changes about 150 kHz for every inch
of length adjustment. Hence, using the
U-shaped outer ends as trombone slides will
let you center the antenna anywhere in the
10-meter band. If you use slightly larger
stock, say l-inch and "/s-inch tubing,
performance will change very little. With
"/s-inch tubing for the outer main elements
and the sides, you can weld or otherwise
fasten (with Penetrox or another conductive
paste) */s-inch copper plumbing pipe Ls at
the corners.

Since the end spacing and alignment is
somewhat critical to the antenna’s full per-
formance, you can slide a piece of CPVC or
similar lightweight, durable tubing either
inside the ends or over the ends and fasten

Radius corners
0.875" dia. al. Feedpoint
Vi — { 3§ I = N
0.75" dia. al. £ 0.875" dio. al. 0.75" dia. dl. ok f
e R
0.75" 0.75
dia. al, dia. al. ‘
0.625" 0D CPVC Spacer y 0.625"0D CPVC Spacer|| 6.2
7.
0.75" 0.75" T
dia. al. dia. al.
12'8.5" 2°4.8"
& 0.75" dia. al. 4' 0.875" dia. al. 0.75" dia. al. -J)
| | | L 1

Fig 1—General outline of the 10-meter aluminum Moxon rectangle, showing tubing
dimensions. See text for hardware and mounting details.
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Fig 2—A close-up of the corner
assembly. The "/e-inch diameter corner
piece makes a good fit over the 3/s-inch
diameter straight pieces and requires
only a single fastener at each end (with
a light coat of “Penetrox A" at the joint).

them in place with sheet-metal screws. The
rigid spacer also limits the twisting force
placed on the corners. Sheet-metal screws
also connect the */s-inch and 7/s-inch tubing
together. Be sure that all hardware is stain-
less steel. Pop rivets will also do well, if you
use sufficiently sturdy ones.

The feed-point assembly is shown in
Fig 3. I used a very simple system. I cut one
side of the driven element tubing 1 inch
short at the feed point. I then cut a 2-inch
section of '/i1e-inch thick L stock, and cut a
*/s-inch diameter hole at one end. A
chassis-mount female coax connector (with
a lock washer) fits into the hole, with the

Fig 3—A close-up of the feed-point
assembly, with *a-inch wide U-stock
used for the coax receptacle. After
initial tests the rear of the coax fitting,
the bare wire-to-tube connection and
the connector from the ferrite-bead
choke balun were sealed with butylate.
Experience with other outdoor uses
suggests that the gray PVC half-clamps
should be replaced every two to three
years during routine maintenance.

plug side pointed at the mast. Stainless-steel
sheet metal screws attach the longer side of
the L stock to the cut-off tube. A #14 copper
wire (tinned the entire length) goes from the
center pin to the other side of the feed point,
where it is fastened to the tubing by a sheet-
metal screw. Feel free to devise your own
method of feed-point connections. After
testing, but before committing the antenna
to permanent installation, be sure to water-
proof the rear of the coax connector as well
as the coax plugs.

For element-to-boom plates, you can
use any durable material. Spar varnished
/s-inch plywood or LE plastic make good
plates. About 3 by 9 inch (or longer) plates
give ample room to U-bolt the elements to
the plate and have room for U bolts that go
over the mast. My prototype uses '/2-inch
PVC electrical conduit U straps fastened in
place with #8 stainless-steel hardware.
Since /s-inch tubing overstresses these
straps, I placed an extra washer between the
U strap and the plywood plate. The object is
a firm grip, but not a broken strap. Two
straps hold the reflector center tube in place;
the driven element requires two on each side
of the feed point.

As with all good antenna structures, let the
elements hang under the boom. What boom?
Well, you can use almost anything, from
1'/s-inch PVC (which I had on hand) to a
good grade of aluminum tubing (thicker-wall
than the usual 0.055-inch hardware store vari-
ety—or two pieces nested) to a 5-foot length of
spar varnished 1'/s-inch-diameter closet rod.
PVCisthe heaviest, aluminum the lightest; but

at 5 feet, the boom weight is not a significant
issue. Make a boom-to-mast plate similar to
the boom-to-element plates, only a bit more
nearly square, and you are in business.

The antenna dimensions in the drawing are
given to three decimal places, being direct
translations of the computer model used to
generate the antenna. Try to keep the
dimensions within about !4+ inch of the
drawing, and you won't be able to tell any dif-
ference in performance. Squaring the corners
or missing the dimensions by a half inch will
shift the performance centers by about 100
kHz at most. In most cases, you will not be
aware of any difference at all. To assure that
the assembly is neatly squared and close to the
prescribed dimensions, you can draw the outer
dimensions and center line on the shop/ga-
rage/basement floor with a marker pen and
then assemble the pieces within those bound-
aries. As shop experts always say, measure
twice, cut and assemble once.

Note that the antenna is about 12 feet,
8 inches wide and under 5 feet front-
to-back, for a turning radius of about 6 feet,
8 inches. Strapped up on the side of the
house, the antenna is unlikely to overhang
the property line. The antenna is light
enough for hand rotation, but an old TV
rotator might come in handy. Because of the
antenna’s characteristics, you may not need
to rotate it much.

The free-space azimuth patterns, shown
in Fig 4 for 28.1, 28.5, and 28.9 MHz, show
the possibilities for the Moxon rectangle.
Note the very broad forward lobe, almost a
cardioid, giving reception and transmission

Outer Ring=6.32 dBi

Free Space Azimuth Plots at 28.1, 28.5 and 28.9 MHz
270

90

Fig 4—Free space azimuth plots at 28.1, 28.5 and 28.9 MHz.

11



180

Azimuth Plots at 35' up for 28.1, 28.5 and 28.9 MHz

Outer Ring = 11.66 dBi 90

Azimuth Plots at 20' up for 28.1, 28.5 and 28.9 MHz

180

Elevation = 14°

Outer Ring=11.22dBi

90 Elevation = 23°

Fig 5—Azimuth plots at 28.1, 28.5 and 28.9 MHz at an
elevation angle of 13° with the antenna at 35 feet.

1.6
o~ 15N
E R -l
& b P 47
1 A Y3 7 AT
2 ) // //
Dl -
2 NN PSS
I NN L A
K 52 N P17
£ ‘v
I e N A
I N Z /
. o
1.0
28.0 281 282 283 284 285 286 287 288 289 29.0
Frequency, MHz
Free Space 20" Up sevsennnnns 35 Up — — — —

Fig 7—Computer SWR predictions for the Moxon rectangle between 28 and 29 MHz.

as wide as your peripheral vision. Behind
you is silence—or at least a significant
amount of silencing. The performance char-
acteristics promise to hold up well across
the most active part of 10 meters.?

But what about performance at real heights
above real ground? At 35 feet, about one
wavelength, the antenna provides most of its
free-space performance across the band, as
shown in Fig 5. At greater heights, the perfor-
mance moves closer to free space. The eleva-
tion angle at 35 feet for maximum gain is 13°
to 14°, similar to that of a dipole or Yagi.

Even at 20 feet up, a typical portable an-
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tenna height at 10 meters, the antenna con-
tinues to display excellent front-to-back
characteristics with the gain of a typical
driven element-reflector two-element Yagi
(which does not have good front-to-back
characteristics at this height—perhaps 9 or
10 dB). See Fig 6. The elevation angle
of maximum radiation is about 23° at the
*/s wavelength height.

As shown in the computer projections of
Fig 7, the Moxon rectangle is quite stable
with respect to feed-point characteristics as
the antenna is raised and lowered. The
curves actually flatten somewhat over real

Fig 6—Azimuth plots at 28.1, 28.5, and 28.9 MHz at an
elevation angle of 23° with the antenna at 20 feet.

ground. Therefore, setting up the antenna
for operation is simple.

My initial procedure was to fasten the
antenna, pointed straight up, to a 20-foot
mast propped up by a sturdy tripod. The
reflector was no more than 5 feet above
ground. I then adjusted the side-to-side
length to minimize SWR at 28.450 MHz,
using the trombone-slide end sections. Af-
ter fastening down the sections and raising
the antenna, there was no detectable change
in SWR performance from the adjustment
position pointing at the sky.

Fig 8 is a photograph of my antenna
mounted in place on its test mast. On-the-
air tests with Moxon rectangles verify that
the antenna shows less than 2:1 SWR across
the entire 10-meter band when the design
center frequency is about 28.5 MHz. The

Fig 8—The completed 10-meter
aluminum Moxon rectangle on its test
mast. Despite some stiff breezes, the
physically closed assembly has
remained very stable.
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gain and front-to-back ratio continue to
decrease as the frequency increases, but
some directionality and gain persist even at
the top end of 10 meters. Local contacts
confirm that the front-to-back ratio within
the first megahertz of 10 meters is far supe-
rior to that of a comparable driven element-
reflector two-element Yagi. I cannot
measure gain, but there is no detectable
difference between the Moxon and a two-
element Yagi at my station.

Contrary to claims made for the
VK2ABQ squares, these antennas do not
like to be nested for a multiband array.
Stacking requires a minimum of 10 feet

between 10 and 15-meter models. However,
you might consider back-to-back 10 and
15-meter antennas. Computer studies sug-
gest that a 13-foot boom would hold both
antennas, reflector-to-reflector, with mini-
mal interaction.

The Moxon rectangle will not overpower
big competition. However, it does provide
wideband gain with very good directional
performance and a good match to common
coax for the 10-meter operator with limited
space and budget. Construction is straight-
forward using commonly available materi-
als. These may be enough good features to
earn the antenna a place at many stations.

Notes

'L. A. Moxon, G6XN, HF Antennas for All
Locations (London, RSGB: 1982), pp 67,
168, 172-175.

2Past versions that | built using wire ele-
ments required lots of PVC to support
them. See “Modeling and Understanding
Small Beams, Part 2: VK2ABQ Squares
and Moxon Rectangles,” Spring 1995
Communications Quarterly, pp 55-70.
Those versions were constructed to prove
the principles of the Moxon rectangle, not
to produce an easy-to-build antenna.

SAll computer plots were made with NEC-4
using the EZNEC Pro software from Roy
Lewallen, W7EL, PO Box 6658,
Beaverton, OR 97007.
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The PVC Delight-A Simple
10-Meter Wire Beam

By Andrew S. Griffith, W4ULD
203 Lord Granville Dr, Rte 2
Morehead City, NC 28557

he 10-meter band is really hopping
Tand the DX is rolling in as Solar
Cycle 23 progresses. Right now is an
excellent time for Novice and Technician
Plus operators to put up a 10-meter antenna
and join the fun. Here is a simple rotatable
beam antenna with a calculated 3-dB gain
. overadipole and about 10-dB front-to-back
ratio, as shown in Fig 1. Of course, this
simple antenna does not compare with the
performance of a three-element beam on a
100-foot tower, but neither do the costs
compare. The beam is easy to build and is
constructed of readily available materials.
You can mount it on a mast and rotate it with
a TV rotator, or you can suspend it from
the limb of a tall tree and rotate it with a
line attached to one corner. The turning

Construction Materials
Assuming that one can scrounge
the small pieces of exterior plywood

for the hub, the beam can be con-
structed for about $20. The required
35 feet of #14 stranded-copper wire
is available from advertisers in QST
at about $0.14 per foot for a total
cost of $4.90. Most of the other
materials can be obtained from a
local building-supply house or
hardware store. At my location 45
feet of %4 inch PVC pipe was $5.45,
eight /s x 1'/s x 2-inch-long plated
U bolts were $6.56, 4 plated /s x
2'/=-inch long hex bolts with nuts
and washers were $0.68, and a 1'/z
inch stainless steel hose clamp was
$1.50. A B-inch-long piece of alumi-
num strap for the mast brackets
was $1 from a metal shop. Of
course stainless steel hardware is
preferable to plated steel. Stainless
steel U bolts were priced at a total
of $15.76 and stainless steel hex
bolts, nuts and washers, $11.32.
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radius is only 6 feet 1'/2 inches.

You can see the details of the PVC De-
light in Fig 2 and Fig 3. The beam consists
of a driven element with the ends folded
back and a reflector with the ends folded
forward. Thus the driven element and re-
flector form a square horizontal loop. Insu-
lators separate the element ends, which form
the sides of the loop. A shorted stub at its
center tunes the reflector. L used EZNEC' to
design the antenna for a compromise among

forward gain, front-to-back ratio, and ease
of matching to 50-€ line. The impedance at
the center of the driven element is about
110 Q; that means that '/+-A of 75- line (Q
section) between the feed point and a 50-Q
feedline will result in an SWR of about
=15: 1

Construction Details

Critical dimensions are: the lengths of the
elements, the length of the stub in the reflec-
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The PVC Special. Top view of the hub.

- Fig 1—Azimuthal radiation pattern at 16° elevation angle for
~ the PVC Delight mounted 30 feet above real ground.
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Fig 2—Angle view of the PVC Delight.
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Fig 3—Top view of the PVC Delight.

tor, the length of the Q section, and the 8 feet
#4!/15 inch length of each side of the square
loop. There are many ways to construct a
supporting framework. Some readers may
devise a better construction method than my
design, and that’s okay. In my version, the
framework consists of a hub (built of exterior
plywood) to which four arms of */4-inch PVC
pipe (schedule 40) are attached by U bolts.
The #14 wire elements pass through holes
in the ends of the arms. A 4-foot length of
3s-inch PVC pipe is mounted vertically in
the hub and extends 42 inches above the
hub. One hole near the top of this pipe is a
tie point for a rope to hoist the beam into a
tree. A second hole is a tie point for four
guys which extend to holes near the ends of
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the PVC arms. The guys are polyester fish-
ing line and keep the arms straight and par-
allel to the ground. For mast mounting, pass
the mast through the hub and connect to the
hub by two angle brackets. Attach the angle
brackets to the mast with a hose clamp.
Fig 4 shows the hub detail. It is best to cut
the two 3 x 3 x %s-inch blocks and attach
them to the 12 x 12 x '/+-inch piece of ply-
wood before drilling the center hole through
the assembly. In this way, the center hole
will be perfectly aligned through the entire
assembly. If you’re going to hoist the beam
into a tree, the center hole should be 1'/1s
inches in diameter to fit the vertical support
pipe. If you don’t have access to a bit or
hole saw for this diameter, you may use a

1'/s-inch bit and tape the center support
pipe to fit the hole. If you plan to mount
the antenna on a mast, the center hole should
be 1'/:-inch diameter for standard TV mast.
Fig 4C shows the details of the angle brack-
ets that attach the hub to the mast. The ver-
tical support pipe will slide into the top of
the mast. You'll probably want to paint the
hub and the U bolts for protection against
the weather.

Fig 5 shows the details for the ends of the
arms. The hub end of the arms butt against
the top 3 x 3 inch block of the hub. Two
5/16 % 1'/s % 2 inch-long U bolts attach each
arm to the hub. It is best to drill the holes in
the arms at final assembly, which will be
covered later.
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I made all insulators from %s-inch PVC
pipe as shown in Fig 6. For clarity, I've
shown cross sectional views of the insula-
tors. The Q section consists of a 6 foot 8 inch
length of foam-type RG-59 coax. Measure
the length from the point where the center
conductor emerges from the shield at the
feed point to the end of the body of the
PL-259. [If you’re going to use an amplifier,
the Q section should be 5 feet 8%is inches
of RG-11A cable (solid dielectric).] In the
final assembly, bring the RG-59 cable hori-
zontally to the mast or the bottom of the
vertical support and fasten it there with a
hose clamp. Thus there is little stress at the
feed point. Make loops at the ends of the
reflector stub and the reflector wires for the
self tapping screws in the stub assembly.

Assemble the hub and arms and place
them on a level surface. Drill the holes
in the arms for the #14 wire exactly 5 feet
10%/4 inches from the center of the hub. Also
drill the holes for the turning rope and the
guys as shown in Fig 5. The guy-wire holes
are not critical. Cut four 8 foot 9 inch lengths
of #14 stranded copper wire to make up the
two sides of the driven element and the re-
flector. This allows enough length to con-
nect the wires to the insulators. Attach the
wires to the feed point insulator and the stub
insulator according to Fig 6A and B, respec-
tively. Mark the wires exactly 4 feet 2'/x
inches away from the center of the feed point
and stub insulators. With the marks centered
in the holes in the ends of the arms, lock the
wires in place by seizing as shown in Fig 5.
Install the side insulators according to the
dimensions in Fig 3. Make sure that the dis-
tance between the front and back corners is
8 feet 4'/16 in. Install the vertical support as
shown in Fig 4B. Tie the four fishing-line
guys between the arms and the vertical sup-
port so that the arms are straight and paral-
lel to the ground. The beam should be ready
to put up in the air.

Evaluation

As designed, the beam should resonate at
about 28.6 MHz with an SWR of about
1.15:1, however, it will cover at least from
28.3 MHz to 29.0 MHz without a tuner.
While the calculated front-to-back ratio is
10 dB, on-the-air checks showed a front-
to-back difference of 3 S units. I could not
arrange a valid comparison of forward gain
compared to a dipole. I hoisted the beam

Fig 4—Details of hub construction. At
A is the top view. The side view is
shown at B. While the mast-mounting
detail appears at C. The larger 12 x 12
piece of plywood is '/s-inch-thick
exterior grade, and the two smaller
pieces are ¥s-inch exterior-grade
plywood. .
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Fig 5—Details of arm showing holes for guy wires, element
wires and steering rope.

The PVC Special. Bottom view of the hub showing
connection to the supporting mast.

into a tall pine to about 25 feet high just in time for the 1998 CQ
Worldwide CW DX Contest. I worked every station I could hear,
and received 53 to 59 reports from Europe, Africa, South America,
Hawaii and East Kiribati while running 100 watts. I also checked
out the beam atop a 20-foot mast with similar results.

Note
1EZNEC antenna software by Roy Lewallen, W7EL, PO Box 6658,
Beaverton, OR 97007.
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Fig 6—Details of insulators. At A, the feed-point insulator
showing connection of the RG-59 used as a Q section.

At B, the construction of the reflector-tuning stub, which is
mounted on an insulator. At C, how the ends of the driven
element and the reflector connect to the beam’s side
insulators.



A Hanging 10-Meter Vertical

{'By Sam F. Kennedy, KT4QW
57 Huxley PI
Newport News, VA 23606

‘ his antenna was developed to encour-
T age and support those members of the
i Peninsula Amateur Radio Club of
Hampton Roads, Virginia who have only
phone privileges on 10 meters. Since many
- new hams have limited radio resources, a
- good, easy-to-use 10-meter antenna is a
handy thing to have. In our region of Vir-
~ ginia, most lots have tall pines and oaks. We
~ designed an antenna that would cover the
lower part of the 10-meter band and that can
~ be installed by simply hanging it in a tree.
This article describes the theory of opera-
tion, construction and tuning of this simple
antenna. Several new hams have installed
and used this antenna with good results.
- The antenna has omnidirectional charac-
teristics and suits the needs of 10-meter
communication for both distant and local
coverage. Although I have no facilities for
measuring the antenna’s gain, it consis-
~ tently gives more than an S unit better re-
ceived signal than my reference quarter-
wave vertical. A hanging vertical is not the
ultimate antenna, but you will be pleased
- with its performance! And it doesn’t need
- radials. The design also lends itself well to
4 vacation antenna.

I have constructed more than 25 antennas
using this same basic design. I've found this
design effective for constructing antennas
for 2 through 20 meters. This article per-
tains only to the 10-meter model. While con-
struction is economical and fairly easy, it is
abit tricky to tune and is a time-consuming
task without an antenna analyzer such as the
MFJ-259. Tune-up and test procedures are
included here.

To install this antenna, you need to get a
line over a high tree limb. The 1998 Edition
of The ARRL Handbook (page 20.7) has a
- good description of the Wrist Rocket sling-
shot method of hanging things from trees.
- Youcanusually place aline over the desired
~ tree limb within three tries. It’s not a tower,
but it’s the next best thing!

Theory of Operation

This antenna is electrically similar to
several commercial models of fiberglass
“stick” type antennas, but is packaged dif-
ferently. This design provides a 50-2 match
over a reasonable bandwidth around the
design frequency. SWRis typically 1.2:1 or
better from 28.2 to 28.6 MHz. These anten-
nas have been used at the 150-W level
extensively, but should be able to handle
1.5 kW easily.

The antenna circuit is basically a half-
wave radiator—similar to a half-wave di-
pole, but fed at the end rather than the cen-
ter. Electrically, it is much the same as the
classic J-pole antenna. The J-pole uses a
quarter-wavelength shorted stub to accom-
plish impedance matching, whereas the
hanging vertical uses an inductive link
coupled to a parallel-resonant LC network.
Since the significant part of the radiation
from this antenna is from the half-wave sec-
tion, it has no gain as over a dipole, and it
gives an omnidirectional pattern.

The advantage of the hanging vertical
over the J-pole is that the hanging vertical
is one-third shorter than the J-pole, is much
easier to weatherproof and is simpler to
manage mechanically—especially as the
length increases in the HF range. The hang-
ing vertical’s radiation characteristics and

efficiency are approximately the same as

those of a J-pole.

Fig 1 shows a schematic representation of
the antenna, where C1 and L2 form a paral-
lel-resonant circuit at the operating fre-
quency. L1 inductively couples to the paral-
lel-resonant circuit. C2 capacitively couples
the half-wave radiating element to the paral-
lel-resonant circuit. Capacitance and induc-
tance values, experimentally determined,
provide optimum coupling. The matching
network provides a good match from the
antenna’s high impedance to 50 Q.

The bottom end of the network is con-
nected to the transmission line through a
female UHF connector. Connector sealing
is critical to long-term antenna reliability.

Construction

The construction sequence for the hang-
ing vertical is as follows:

* Build the parts for the coil assembly

* Build the parts for the dual trombone tun-
ing capacitor

* Prepare the parts for the PVC capsule

* Cut and fasten the radiator wire to the PVC
capsule

* Assemble the parts

* Tune-up

The hanging vertical is constructed of
widely available, low-cost materials. Al-
though the total cost of material and parts
for this project is low, the copper and PVC
pipe/tubing must be purchased in minimum
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Fig 1—Schematic diagram of the
hanging vertical. L1 couples energy
from the antenna connector to the
parallel-resonant circuit formed by C1
and L2. C2 couples RF to the radiating
element. C1 and C2 are “trombone
capacitors” that share a common plate,
which is formed by a short section of

copper pipe.

quantities, typically 5 or 10-foot sections.
Unless you have access to suitable scrap
materials, it makes sense to organize a club
project and build several units.

Although it’s not complicated, building
this antenna does require basic mechanical
skills as well as a general understanding of
the electrical considerations. As with any
project of this sort, many variations may be
incorporated without degrading perfor-
mance. Fig 2 shows an overview of how the
feed-point end of the antenna goes together.
Fig 3, Fig 1 and Table 1 also help with con-
struction.

Coil Assembly, Outer Coil

This is the larger coil, L2. Using #12
enameled copper wire, wind 17 close-
spaced turns on a scrap PVC pipe as a tem-
porary form. The outside diameter of the
pipe I use is 0.625 inch. The wire measures
0.085 inch in diameter, including the
enamel coating. The tuning capacitor has
enough range to compensate for small
variations in construction. This coil wound
for the 10-meter band requires approximate
4 feet of wire; I cut 5 feet for convenience.
See Fig 3 for details.

Coil Assembly, Inner Coil

This is the smaller coil, L1. Using #12
enameled copper wire, wind 7 close-spaced
turns on PVC tube as a temporary form. The
outside diameter of the form is 0.375 inch.
Approximately 18 inches of wire is re-
quired. Cut a 24-inch length to make wind-
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ing and handling easy. Note: Wind this coil
in the opposite direction as the large coil
(L1). Route the end back through the center
of the windings. This requires a tight bend
made with long-nose pliers. Wrap the pli-
ers’ gripping surfaces with a couple of lay-
ers of tape to reduce the possibility of scar-
ring the enameled wire.

Connecting Link

To allow connection of the lower portion
of L1/L2 to the tuning capacitor, fashion a
piece of #12 wire in a 2.5-inch length, as
shown in Fig 4.

Coil Spacer

Cut a piece of 0.020-inch polyethylene
sheet (cut from a plastic milk jug) 1'/2x 2
inches. This spacer is later installed between
L1 and L2 to assure adequate and stable
spacing between them.

Scrape and Tin

Remove the enamel from the end of the
wires to allow soldering during assembly.
Tin these parts of the wires to allow ease of
soldering later. Using a sharp pocketknife
or other scraping tool, carefully remove the
enamel on the magnet wire without nicking
the wire. All traces of enamel must be re-
moved from the surface to permit proper
soldering.

Bend to Shape

Bend the wire parts into shapes that will
allow effective assembly. Use sturdy long-
nose pliers for the bending operation. Wrap
the pliers gripping surfaces with a couple
layers of tape to prevent damage to the wire.
This operation is not critical and it can be
adjusted later if necessary.

Trombone Capacitor, Outer Section

Using a hacksaw, cut a 5-inch section of
!/>-inch copper water pipe, lightweight type
M. (Pipe is specified in inner diameter, so
the !/2-inch pipe measures 0.636 inch OD
and 0.575 inch ID.) Do not use a tubing
cutter to cut the pipe, as it crimps the cut
inward, causing a fit problem. Debur the
inside surface of the unit using a pocket
knife or deburring tool. Debur the outside
of the unit with a file or sandpaper. Using a
propane torch or heavy duty soldering iron,
flow solder down one side of this unit to
prepare for soldering on the coil unit later.
It helps to use a small amount of rosin (not
acid) flux.

Trombone Capacitor, Inner Sections

Using a tubing cutter, cut one 2.5-inch
section and one 1.5-inch section of '/2-inch
soft copper tubing. Make sure you get fub-
ing, and not pipe, for these pieces. The tub-
ing fits into the outer piece with just enough
clearance to accommodate the plastic di-
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Fig 2—An overview of the feed-point
assembly. The main body of the PVC
pipe that encloses this assembly is
omitted for clarity. L1 sits inside L2. L2 is
soldered to the antenna connector at one
end and to the copper pipe that makes up
the common plate of C1 and C2 at the
other. L1 is soldered to ground at one
end and to the center conductor of the
coax connector at the other. At the coax
connector's center conductor, L1, L2 and
a 2-inch wire are also soldered together;
the 2-inch wire is routed through the
center of L1 and L2 to the copper tubing
that forms the inner plate of C1.




Fig 3—Coil-winding detail for the
hanging 10-meter vertical. One lead of
the smaller coil, L1 (at left), must be
routed back through the coil body after
winding is complete. (Photos by the
author.)

Fig 4-Part-preparation details for the
10-meter vertical. The plastic sheets,

cut from a milk bottle, form the

dielectric of the two-section trombone
capacitor; the finished trombone-
capacitor is shown in the right center of
the photo. Also shown here are the
coils; pre-bent coil-link wire; braid
straps used for interconnection; bent
solder lugs used to attach the antenna
wire to the assembled matching

section; and, at the top, the PVC pieces
prepared for assembly. The upper
section, marked TUNE UP, is used during
tuning to facilitate adjusting the
matching network. Then, the solid tube
Just below it replaces this section

~ during final assembly.

electric. You may use a hacksaw for cutting
these pieces; however, a tubing cutter works
best here because it crimps the tubing in-

‘ward and forms the ends to the proper shape

foreasy insertion into the outer piece. If you
cut these pieces with a hacksaw, file or sand
the outer edges to ease fitting them into the
larger piece. Using a large-tip soldering
iron, flow solder onto the outer surface at
the end of each of these pieces to allow sol-
dering the connecting braid to them. Tin
about a '/s-inch spot.

Dielectric
Using sheet-metal shears, sewing shears,

Table 1

Materials

Component(s) Description

L1 0.8 turns, #12 enameled magnet wire; coil is 0.6" outside diameter.
L2 17 turns, #12 enameled magnet wire; coil is 0.8" outside diameter
C1 1.5 inches x '2-inch copper tubing (capacitor slide)

c2 2.5 inches x '/2-inch copper tubing (capacitor slide)

C1,C2 5.0 inches x '/z-inch copper water pipe (lightweight type M)
C1,C2 2 x 5 x 0.02-inch polyethylene dielectric sheet (cut from milk jug)
Separator 1.5 x 2, 0.02-inch polyethylene dielectric sheet (cut from milk jug)
End Caps 3a-inch PVC pipe cap (2 used)

Drip Skirt 1-inch PVC pipe coupling

Barrel %/s-inch x 10-inch schedule 20 PVC water pipe

Connector Female UHF chassis connector, single-hole mount

Top Screw #8-32 x ¥a-inch brass round head screw

Nut #8-32 brass nut

Radiator 18 feet, #14 stranded THHN wire (vinyl insulation)

Terminal Lug

Uninsulated crimp lug for #8 screw and #14 wire (2 used)

or a sharp knife, carefully cut out a 2'/> x
5'/2-inch rectangle of 0.020-inch polyethyl-
ene. This will form the dielectric between
the inner and outer capacitor plates (cylin-
ders). This dimension allows a '/s-inch over-
lap, which will protect from arcing and will
provide a firm fit between the inner pieces.
This material is cut from the flat section of
a clean, one-gallon plastic milk jug. To
avoid melting the polyethylene dielectric,
do not solder with it inserted.

Connecting Braid

Cut two 4-inch lengths of %is-inch tinned
copper braid. One piece of braid is used to
connect the top slide and the other to con-
nect the bottom slide.

Top Piece

Apply solder to one end of the braid—use
justenough to keep the braid in place. Using
a pointed object such as a small nail or a
meter test probe, carefully separate the braid
and make a hole in the braid about !/s inch
back from the soldered end. Enlarge the hole
until a #8 machine screw can be easily
passed through. Press the braid flat and spar-
ingly flow solder over the entire hole area.
Use diagonal cutters to round the end so that
aneat lug is formed. This will later be used
to connect the capacitor to the radiating
element.

Bottom Piece

Save this piece for use during final
assembly.

PVC Outer Enclosure, Bottom End Cap

Drill a carefully centered pilot hole
through the end cap using a */3:-inch drill bit.
Carefully hold the end cap in a vise or using
suitable locking pliers. Drill a %/s-inch hole
using a hole cutter or wood bit. This hole is

for mounting the coaxial connector.

PVC Outer Enclosure, Top End Cap

Drill a hole through the center of the end
cap, using a */s-inch drill bit. This hole is
for the #8 brass machine screw that connects
loading capacitor C2 to the radiating ele-
ment. This hole is slightly undersized to
cause the screw to fit tightly.

Sleeve

Using a hacksaw or hand saw, cut two 10-
inch sections of *s-inch schedule 20 (thin-
wall) PVC pipe. Keep cuts as straight as
possible at 90°. One piece will be used tem-
porarily for tune-up, and the other for
permanent assembly. Using an appropriate
tool, cut an opening into the side of the tune-
up section to allow access to the tuning ca-
pacitor. If you are making more than one
antenna, only one tune-up section will be
necessary.

Connector

Check to be sure that the connector fits
properly into the bottom end cap. Make
certain that the connector can be locked into
position. If it becomes loose after the final
assembly, you will have a difficult problem
to solve.

Drip Skirt

No modification is required to this 1-inch
PVC coupling. It will be glued onto the
bottom end cap after final tune-up.

Radiating Element

Measure an 18-foot length of #14
stranded-copper THHN wire to form the
half-wavelength radiator. The electrical
length of the radiator is approximately 16.47
feet at an operating frequency of 28.4 MHz
(length [feet] = 468/f [MHz]). The electri-
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Fig 5—The finished feed-point
assembly. The antenna wire is attached
to the matching assembly by two solder
lugs, which reduces the likelihood of
flex-related failure in this connection.
The large PVC pipe section, glued to the
bottom of the main assembly cover pipe
cap, protects the feed-line connector
from rain and wind-driven moisture.
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cal length is measured from the bottom of
the trombone tuning capacitor to the end of
the top fastening loop. Strip about 4 inches
of this wire to connect it to the two termi-
nals on the top end cap. Form a hanging loop
at the top of approximately 6 to 12 inches.
Twist the part of the wire that is doubled
back. Note the length of the radiating ele-
ment is adjusted by changing this loop. The
doubled-back portion of the wire does not
contribute to the electrical length.

Assembly

Slide the inner coil into the outer coil,
along with the polyethylene spacer in be-
tween. Install the connecting link to the
junction of the inner and outer coils at the
lower end of the assembly. Using a scrap
piece of fine copper wire to hold the parts in
place, wrap the connection together tightly
and solder it.

Using a heavy soldering iron or propane
torch, solder the upper end of the larger coil to
the outer part of the trombone capacitor. Make
certain that the dielectric is not in place during
this operation so that it won’t melt.

Solder the braid sections to each of the
capacitor inner slide units. The braid with
the eyelet is used for the upper section, and
the plain braid for the lower section.

Curl the dielectric sheet and insert it into
the outer capacitor, leaving approximately
!/sinch exposed at each end. Slide the inner
pieces into the outer pieces. Dress the lower
braid for connection to the wire link. Trim
and solder the lower braid.

Remove the upper tuning section from the
trombone and pass the #8 brass machine
screw through the eyelet. Screw it through
the pilot hole (top PVC end cap). This forms
a weathertight seal.

Remove the insulating plastic from the two
lugs and bend the lugs as indicated in Fig 5.
Mount them on the protruding screw using
the #8 brass nut. Loop the stripped portion of
the radiating wire through the two lugs, wrap,
and solder. Using two lugs distributes the
force over twice the area and prevents flex-
ing that can easily break a single lug.

Solder the two lower leads from the coil
assembly to the connector as indicated in Fig 1.

Tune-up

Install the coil assembly into the tune-up
PVC enclosure, then install the top end cap
with the radiating element attached. A press
fit should be adequate to hold things to-
gether temporarily. Use tape at the pipe
junctions to add strength, if necessary. Sus-
pend the complete antenna vertically from a
tree limb. Suspend the antenna so that the
capsule end is at least /4 A away from any
surrounding objects.

Insert the upper capacitor slide as farin as
it will go without electrically shorting to the
other lower section. Using an SWR ana-
lyzer, adjust the lower trombone capacitor
slide until resonance is obtained, as indi-
cated by a pronounced dip in SWR. (This is
most easily done if the feed-line length is a
multiple of '/2 A.) If the SWR is greater than
1.2:1, adjust the two capacitors in small
increments to improve the match. If not, try
lengthening or shortening the radiator
length by adjusting the connecting loop at
the top. An SWR of 1.1:1 can usually be
obtained. Note, however, that SWR changes
with antenna height. If possible, check the
SWR in the antenna’s final position. When
the antenna is tuned satisfactorily, carefully
tape the connecting loop on the radiator to
set its length.

Mix a small amount of epoxy and apply it
to lock the lower copper slide in place.
When the epoxy has hardened, carefully
mark the upper capacitor slide’s position so
it can be reset to that point. Remove the
tune-up sleeve and reinstall the coil assem-
bly in the permanent sleeve. Glue the sleeve
in the bottom end cap using PVC cement.

Install the upper copper capacitor slide,
observing the depth marker applied during
tune-up. Use a small amount of epoxy to sta-
bilize this slide. (Reasonable amounts of clear
epoxy do not affect antenna tuning.) Glue the
top cap, with the radiating element attached,
to the top of the sleeve using PVC cement.

Using a file or pocketknife, remove any
protrusions from the side of the bottom end
cap. Cement the 1-inch PVC pipe coupling
to the bottom cap to form a drip skirt around
the connector.

Your antenna is now ready for operation!



40, 80 and 160-Meter Antennas

Two-Element 40-Meter
- Switched Beam

By Carrol Allen, AA2NN
112 Eaton's Neck Road
Northport, NY 11768

ver the years I’ ve seen a number of
O designs in amateur publications for

three-element switched Yagis us-
ing remote relays to short out stubs or load-
ing inductors to convert a reflector element
into a director. Here is a simple, compact
two-element switched beam for 40 meters
that has an exceptional front-to-back ratio.

The antenna consist of two identical hori-
zontal dipoles spaced 22 feet at a height of
50 to 60 feet, although other heights will
work with some adjustments. The outer
9.5 feet ends of each dipole are bent toward
each other to cover a rectangular area that
is 46.25 feet by 22 feet. The ends of the g
dipoles are spaced 2 feet from each other.
See Fig 1, which shows the physical layout
of the antenna.

These are dimensions for 7.2 MHz, but
you can rescale linearly for other frequen-
cies. Bringing the ends close to each other
increases the coupling between the dipoles
so that the current in the parasitic reflector
is almost equal to the current in the driven
element, yielding a front-to-back ratio ap-
I proaching 30 dB.

No. 12 Bare
Solid Wire

Two identical lengths of 75-Q coax Shartensd
(Belden 9290) are run to the shack or to a 4 Baluns
remote selection relay. The length of the
coax is selected to provide the required
loading inductance for the non-driven ele- 39.5'
ment. To switch directions simply inter-
change the feedlines. The performance is
similar to a phased two-element array but
saves the expense and bother of a phasing

network. Two 1:1 baluns are required on
each dipole to isolate the feedlines from the Fid 1—Lavout of AA2NN's
3 g 1—Layout o
elements. I use a shortened quarter-wave twosslementiwire beaim foc o o
balun that I will describe later. 40 meters. His beam Direction
A length of transmission line less than a is mounted 55 feet high.
quarter wavelength will provide an induc- Details on the shortened

M4 balun are shown in

tive reactance when the far end is shorted. Fig 3 and Fig 4.

The required reactance for this antenna is
about +71 . For 75-Q coax this would
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Freq= 7.2 MHz
Max. Gain = 9.56 dBi 270

Elevation Angle = 32.0°

Fig 2—At A, elevation-plane response
for AA2NN’s two-element wire antenna
at height of 55 feet over flat ground.
Note the excellent front-to-back ratio of
about 27 dB. At B, azimuth-plane
response for antenna at an elevation
angle of 32°.

mean a length slightly less than '/sof a wave-
length. When the velocity factor is 0.78, as
with Belden 9290, this would be only 12 feet
10 inches long. A cable this long would re-
quire some sort of structure that is almost as
high as the dipoles themselves to support the
remote selection relay.

The line length can be increased and still
provide the required inductive reactance by
adding another quarter wavelength and
leaving the end open-circuited, or by add-
ing a half wavelength and shorting the end.
For Belden 9290 the other two lengths are
39.5 feet and 66.1 feet respectively. I chose
the 39.5-foot length since this was a conve-
nient length to reach into the attic of the
house where the remote relay was located.

The longer lines have the disadvantage of
having more loss and the reactance will vary
more rapidly with frequency, narrowing the
antenna’s bandwidth. The loss in the ¥/s-A
section introduces an equivalent series loss
resistance of about 5 Q. This only reduces
the forward gain by about 0.34 dB. The
5/3-A line would add an additional 3 €.

Figs 2A and 2B show the computer-cal-
culated elevation and azimuth patterns for
this antenna, using W7EL’s EZNEC soft-
ware. Construction is very straightforward.
I used #12 solid copper with the insulation
removed for low visibility. Soft-drawn cop-
per can be stretched by about 5% before

measuring to reduce the amount of elongat-
ing with wind loading. For support I use
0.095-inch nylon Weed Whacker line over
the top of four tall trees. The end spacers are
also made from this line. Tying knots in this
line is a little tricky—you should refer to
any fishing book for information on tying
knots in monofilament. The corners are
loops made by bending the antenna wire
270° around a 3/16-inch diameter drill bit
and soldering the wire to complete the
closed loop. The corner loop is made to
prevent slipping of the rope used to support
the antenna. Note that a corner could have
been made by twisting the wire into a loop
at the corners, but I was concerned that this
might induce stress failures.

The Shortened Quarter-Wave Balun

As mentioned earlier this antenna re-
quires two 1:1 baluns to isolate the elements
from the coax. While a toroidal or rod 1:1
balun will work fine, there is the question
of the extra weight, especially if you are
planning for high-power operation.

Fig 3A shows a familiar kind of A/4 balun
often used on VHF and UHF antennas. This
would be 34 feet long on 40 meters and
would be heavier than a ferrite-cored balun.
The equivalent circuit of a A/4 shorted
transmission line is a parallel-resonant
tuned circuit. The line length can be short-

Shields Bonded
Together

(A)

& ———— —

Center Conductor
is Open

o

(8)

Fig 3—Development of the traditional /4 balun (at A) commonly used at VHF and the shortened /4 balun with a capacitor
across it (at B) to tune it to parallel resonance.
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1/2" Nylon

Dimensions Are for 40m
Using RG-6U, vf=0.78

Center Conductors
Soldered to Opposite
Shields

1/4" Nylon Spacers

Shields Bonded Together

‘\ Center Conductor

Insulated and Recessed

Fig 4—Diagram of AA2NN shortened A/4 balun, which uses the capacitance of the
non-fed portion on the right to tune the system to parallel resonance.

ened considerably if the circuit is kept reso-
nant by adding a parallel capacitance across
the inductance formed by the shorted open-
wire line of the outer conductors of the two

coaxes. See Fig 3B. Of course a discrete
capacitor able to handle the voltage and
current with 1500 W applied power is no
lightweight either.

A simple solution is to use the capacitance
of the non-feedline side of the balun to reso-
nate the circuit. The exact length you end up
with depends on the type of coax (capaci-
tance per foot) and the spacing of the shields
of the stub coaxes used to create the induc-
tive part of the resonant circuit. I calculated
the length for RG-6U first and then trimmed
ittoresonance using a grid-dip meter before
connecting to a dipole. Changing the spac-
ers’ width will trim the resonant frequency,
with wider spacing giving increased induc-
tance and lowering the frequency. Being
exactly resonant is not necessary, since the
balun action is due to the symmetry.

One other advantage of this type of balun
is it actually improves the bandwidth of
series-resonant antennas as it acts as a
double-tuned circuit. (See Chapter 9 of The
ARRL Antenna Book.) Another design pos-
sibility might be to form a hairpin stub (such
asused on many Yagi beams) from the coax,
thereby combining the hairpin and the
balun.

Fig 4 shows the completed balun. The
center insulator is made from '/2-inch nylon
rod with two holes drilled for a snug fit to
the coax shield after the insulation is
stripped back. A couple of turns wrapped
and soldered as shown prevents the coax
from pulling out. After soldering all the
joints I cover the ends and the bottom outer
shield joint with coax seal to keep out wa-
ter. The exposed braid is coated with liquid
tape so that it doesn’t act as a wick. The
spacers can be made from any insulator, just
as with open-wire line.

On-the-Air Performance

I installed this antenna orientated to fire
east and west. This allowed me to work
40 meters at night, when the foreign broad-
cast AM stations were making the band un-
usable on a simple dipole or bidirectional
WB8IJK antenna. Checks with stations in
Australia confirmed the high front-to-back
ratio predicted by EZNEC. Close-in stations
did not exhibit this due to the high elevation
angles involved. Being able to switch direc-
tions rapidly showed some interesting re-
ceive advantages. Many times signals could
be heard more clearly by switching to the
opposite direction due to a greater drop in
noise or QRM. This was noticed mainly on
close-in stations with high elevation angles.

This is a simple antenna. It doesn’t take
up much room and doesn’t involve any ex-
pensive components. Probably the most
expensive item would be the remote relay if
you really wanted to use one.
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A No-Compromise 160 Meter

Antenna

By Jerry D. Arnold, K9AF
3000 West Spencer Drive
Terre Haute, IN 47802

o single topic in Amateur Radio
N evokes as much discussion and

experimentation as antennas. They
are the heart of any ham’s station. Over my
29 years in Amateur Radio, OST and other
periodicals have published a wealth of in-
formation on nearly every type of antenna
that can be imagined. As is the case of many
hams, I have developed favorites in my ra-
dio activities—favorite mode, favorite time
to operate, favorite antennas, and of course
favorite band.

As I have always enjoyed a challenge,
years ago I made the Top Band (160 meters)
my favorite. Anyone who operates in this
region of the spectrum knows the problems
that arise with regard to Top-Band opera-
tion, not the least of which is the gargantuan
size 160-meter antennas usually assume.
Many fine articles have appeared in QST
covering 160-meter antennas, but nearly all
have been for limited space, limited effort,
or other less-than-optimum performing an-
tennas. For over adecade I was forced to em-
ploy one of those—a '/s-A inverted L on my
37 by 125 foot city lot. While I did manage
to work all states and several foreign coun-
tries, this antenna just didn’t have the per-
formance I desired.

SowhenIwas finally able to purchase some
land and build my dream house, one of my
must have items was enough room to build a
full-size 160-meter antenna. Having spent
most of my working career in radio broadcast-
ing, I know what the FCC requires for AM
broadcast antennas. Using that as my guide-
line, I progressed with my project. I would
build a full-sized '/s-A vertical, and place it
over ano-compromise radial system. The cost
of the project is shown in Table 1.

Many AM broadcast installations use
commonly available towers such as Rohn 25
or 45 as their radiating elements. And as I
had a sufficient quantity of Rohn 25 sec-
tions, I built my antenna from them. The
Rohn application and installation guide,
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recommends a concrete base no smaller
than one cubic yard. So, with the help of my
neighbor, K9GBO, and his transit, we first
staked out the exact point for the antenna,
then the points for each of the three 120°-
spaced guy anchors.

I dug the tower base with nothing more
than a shovel, which wasn’t as much work
as I had envisioned. [ actually made the hole

slightly larger than that recommended by
the Rohn guide. The guy anchor points were
another story. Rohn recommends the guy
anchors be buried a minimum of three feet
below grade level. I did so, but these holes
required quite a bit more effort to dig. After
much effort I completed the anchor holes,
then installed forms made from scrap lumber
to keep the concrete as close to the recom-

Table 1

Cost of the 160-meter /s-\ Antenna Excluding Tower Sections

Item

400 feet B-conductor wire

320 feet 1-inch schedule-40 plastic pipe
1-inch inspection T

2-inch inspection T

500 feet RG-8 coax

50 Porcelain Products #502 strain insulators
15,000 feet #18 MTW

#4 and #6 bare copper wire

#8 wire

12 x 12 x 6-inch plastic box

Stainless steel tower hardware

12 galvanized turnbuckles

Steel for load equalizer plates

Ground lugs, split bolts and ground rods
112" x 112" x 48" steel angle

3 yards concrete

Galvanized hardware

96 Preformed Products guy grips

10 tons top soil

Misc items

TOTAL

Cost ($)
90
82

4
10

160

158

330

9
11
33
20

198




mended shape as possible. It took about two
and one half yards of concrete to fill the tower
base and the three guy anchors. After the con-
crete had cured, I removed the forms that were
above ground, and back-filled the holes.

Next, I needed a way to get the coax and
a piece of eight-conductor cable back to the
shack. I borrowed a trenching machine, and
dug a 4-inch-wide, 18-inch-deep trench.
While I didn’t have to put the coax and the
eight-conductor cable in conduit, the small
additional cost of schedule 40 plastic pipe
is well worth it. By putting both cables in
this pipe, the lives of both should be sub-
stantially extended. With K9GBO’s help I
threaded the two wires through all the pipe,
one section at a time, glued the joints, then
placed the entire pipe into the trench. Near
each end of the pipe run I also included an
“inspection T,” with the T portion facing
downward in the trench. I did this to allow
any moisture that might accumulate in the
pipe to drain out into the soil. I made sure to
place these Ts at the low spots along the
pipe’s run. After back-filling the trench, my
next project would be the most important:
my radial ground system.

The Radial System

The FCC requires that AM broadcasters
employ a minimum of 120 radials under
their antennas. This was not just set down as
some arbitrary figure. There are valid engi-
neering reasons for this number of radials.
Much has been written even in amateur pub-
lications as to radials, their effect, how
many, above ground, on the ground, below
the ground, etc. There also seems to be quite
amisconception in amateur circles as to the
purpose of aradial system. Many hams think
itis the purpose of aradial to contact the soil.
This idea has come from the common prac-
tice of burying the radials a few inches. This
is not true. Radials are buried to prevent
theft of the copper wire and to allow the
antenna area to be mowed without mishap.
(The FCC rules’ “good engineering prac-
tice” phrase covers keeping the antenna lot
mowed.) [ know of one 160-meter operator
who lays his radials on top of the ground at
the beginning of each winter, then winds
them up on spools the next spring. His sys-
tem works very well.

One nice aspect of using 120 radials is
that each radial is 3° from the adjacent ones.
While I could have used a transit to deter-
mine an exact 3° spacing, I took a more
simple approach. I decided where I wished
to put my first radial, and drove in a tempo-
rary stake approximately 130 feet away
from the tower. Then by application of
simple trigonometry, I determined the dis-
tance between the ends of any two adjacent
radials. Since I have 120 radials, equally
spaced around the tower, there is 3° spacing

. between each 125-foot-long radial. To solve

Fig 1—The distance between adjacent
radials can be calculated by using
trigonometry. See text for details.

the problem, I first divided the 3° angle in
half to obtain a pair of right triangles as
shown in Fig 1. The ratio of B/H is the tan-
gentof 1.5° and the distance between radial
ends is:

2 X tan 1.5°% 125 = 6.54 feet

Measuring over 6.54 feet from my first
stake, I temporarily drove in another stake. I
then used a cable plow to install the radial
wire a few inches below the surface. This
process was repeated all the way around the
circumference the circle. This was time con-
suming and tiring work. For the radial wire I

used 18 gauge machine tool wire (MTW),
which I obtained from a local electrical sup-
ply house. The wire comes on 500-foot
spools, so four radials can be cut from each
spool. This wire is fairly inexpensive, and
goes into the slit the cable plow dug quite
nicely. After all 120 radials were installed, I
drove my lawn tractor pulling a yard roller
over the slits to cover over each slit, and thus
prevent the radials from coming out of the
ground. I attached each radial to a common
ground ring near the base of the tower.  made
this ring from #6 bare copper wire laid in as
nearly a circular shape as I could make.
Where the wire ends came together, I over-
lapped them a few inches, and attached them
to each other using two copper split bolts. I
stripped the insulation from the inner end of
each radial wire and wrapped the stripped
ends around the #6 ground ring several times.
I then soldered them using a small torch.
At the base of the tower, I grounded each
of the three legs to its own 10-foot-long
ground rod. While this does little for the RF
ground, it will aid in lightning protection.
Each tower leg has a piece of #4 bare copper
attached to it by a weatherproof clamp. The
wire is then attached to its ground rod using
standard ground rod clamps. Then all three
rods are bonded together using another
piece of #4 bare copper. This comprises the
inner ring, while the previously mentioned
piece of #6 comprises the outer. There are
only a few feet between the two rings. I
soldered additional pieces of #18 MTW

120

mm = Insulator

Fig 2—K9AF guyed his tower at 30, 60, 90 and 120 feet. He used insulators to break

the guys into nonresonant lengths.
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Fig 3—Guy grips are used to fasten
insulators to guy wires.

between the two rings, to complete the
grounding system.

Since all the radial work has to be done at
ground level, I was faced with the problem
of making sure that where the area of the
rings would be protected from my mower’s
blades. I quickly abandoned the idea of dig-
ging individual slits for each wire when I
saw how difficult that would be. Instead, I
bought 10 tons of top soil (which isn’t very
expensive) and used it to bury the rings.
Then I raked the area smooth, and sprinkled
grass seed on the soil and rolled it down.
This has worked out quite well.

Installing the Tower

With my radial system completed, it was
time to begin stacking tower sections. The
Rohn book recommends 30-foot guy spac-
ing for a tower of this height (130 feet).
Naturally, the guys have to be broken up
with insulators to insulate the antenna and
to prevent interaction (See Fig 2). I used
Porcelain Products #502 strain insulators.
Instead of using thimbles and cable clamps,
Ichose to use Preformed Products guy grips.
These come in a variety of sizes to accom-
modate nearly any size guy wire. They are
easy to use, assemble much more quickly
than using clamps, are galvanized so they
will deteriorate at the same rate as the gal-
vanized guy wire, and best of all, cost less
than using clamps. They grip the wire in a
spiral manner (see Fig 3). When pull is ex-
erted on the wire, the device actually in-
creases its hold on the wire. The harder the
pull, the tighter the grip, and the grips are
guaranteed to have a better tensile strength
than the guy wire itself.

I stacked the sections in the conventional
manner using a gin pole. It is imperative that
the person who is on the tower has tower
climbing and stacking experience in addition
to a well-maintained climbing belt, hard hat,
gloves and eye protection. While an error on

Guy wires terminate at their lower end
at equalizer plates that are attached to
their respective guy anchors.

Fig 5—Photo of the tower base showing
the box that houses the matching
capacitor.

the ground might result in a minor annoyance,
an error 100 feet in the air could result in se-
rious injury or even death. Safety first!

When stacking the sections, every 30 feet
anew set of guy wires needs to be attached.
I had prepared each set of guys well in ad-
vance. I hauled each guy wire to its proper
place by means of the gin pole’s rope. I then
attached it to the tower using a guy grip.
After I attached the third guy in each set, I
descended to ground level before ten-
sioning those guy wires. Again, safety first!
Then a quick visual inspection to ensure
the tower was still plumb. When the top
section was installed, I had a tower nearly
130 feet tall!

Matching

My tower can’t be series fed, as is com-
monly done in AM-radio applications,
because it is grounded for lightning protec-
tion,. One of the easiest ways to excite the
antenna and match the impedance is to use a
shunt feed. A shunt feed is like a gammamatch
you’d find on an HF or VHF Yagi. See Fig 4.

I constructed the gamma arm from 4 feet of
1'/2 % 1'/>-inch steel angle, and fastened it to
the tower with two U bolts. The gamma wire
is a piece of #8 wire spaced 36 inches from the

Tower

Tap Point

1 Gamma Arm

Gamma Wire

Y s

—~

Matching
Capacitor

Fig 4—Diagram of the gamma match.
The tower tap point must be determined
experimentally. See text for details.

tower. The gamma wire is connected at the top
to the gamma arm and at the bottom to a
feedthrough insulator on the box that houses
the matching capacitor. See Fig 5.

The tap point must be determined experi-
mentally. I needed to find a point on the
tower that yields 50-Q resistance. Since the
feed end of the gamma wire is inductively
reactive, I use a series capacitor to tune out
orneutralize thatreactance. All that’s leftis
50-Q resistive.

I tried an experimental tap at 50 feet
above ground level. I pulled the wire tight
between the gamma arm and the box to keep
uniform spacing to the tower. Iremoved the
3-A fuses from their holders in the tuning
box to allow a convenient place to attach the
impedance meter. The one closest to the
feedthrough is where I measure the imped-
ance of the tower tap. Dan Watson, a long
time friend and fellow broadcast engineer,
brought his venerable General Radio 1606
RF impedance bridge to make the imped-
ance measurements.

The tap at 50 feet resulted in a resistance
value of 110 Q (and an inductive reactance of
267 Q) at 1.830 MHz—obviously too high.
SoImoved the gamma arm to a lower spot on
the tower. Once I had moved the arm, I re-
peated the measurement. To determine the
bandwidth, I made all tests at 1.800, 1.830 and
1.900 MHz. Subsequent taps and their results
are documented in Table 2.

Once I had established the proper level
(34 feet, 2 inches) for a 50-2 (resistive) tap
at 1.830 MHz, all that was left to do was to
tune out the reactive component. In Fig 6
you can see my gamma capacitor, which is
a 330 pF air variable with the plate spacing
adequate for transmitting at 1500 W PEP.
However, 330 pF at 1.830 MHz is not quite
enough capacitance to tune out the 201 Q of
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-~ reactance. So I connected a 150-pF 5-kV
door knob capacitor in parallel with the vari-
able to give a maximum capacitance of
480 pF, which has 181 Q reactance at
1.830 MHz. This is slightly more capaci-
~ tance than needed, and so by adjusting the
variable capacitor I can QSY nearly any-
where in the band. Adjusting the variable to
zero reactance at 1.830 MHz results in an
impedance of slightly more than 50 €.

To provide a measure of lightning protec-
tion when the antenna isn’t in use, I put a
DPDT relay in the tuning box (see Fig 7).
The contact rating of the relay is 10 A, so
there is little danger of overloading the con-

Fig 7—Diagram of the circuitry inside the tuning box.

tacts at any amateur power level. In the nor-
mally closed position, one pole of the relay
disconnects the center conductor of the RG-
8 coax, and the other pole grounds the lower
end of the gamma wire.

When you look at Fig 7, you might won-
der why I chose to install the two 3-A fuses
and holders in the RF path. This was done
for two reasons: First, it affords an addi-
tional amount of lightning protection. Sec-
ond, it goes back to my days of working on
AM directional arrays where every tower
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Fig 8—Diagram of the control circuit located in the shack.

Table 2

Impedance Values at Various Tap Points on the Tower

Tap Impedance at Impedance at
Level 1.800 MHz 1.830 MHz
50' 126 + j 267 110 + j 267
47.5' 110 + j 266 94 + j267
43.5' 99 + j244 84+ j 252

40' 73 + j227 64 + j233
38.5' 69 + /211 61+ /216
83' 51+ 194 47 + /199
34.17' 52 +j196 50 + j 201

Impedance at
1.900 MHz

86 + /302
74 + 294
66 + j 286
50 + j 257
46 + j 233
36 + j 221
40 + j 224

has its own tuning network complete with a
bridge clip that can be removed to insert a
thermocouple RF ammeter to measure the
RF current. By incorporating two individual
3-AG type fuse holders, I now have two
places I can test the impedance of my sys-
tem without having to unwire any of the
circuitry. The first is immediately after the
feed-through insulator, where the gamma-
wire impedance measurement is made. The
second is just before the SO-239 connector
where I make the match measurement.

I chose to motorize the variable capacitor
so I could tune it from the shack. I use a
2 rpm, 12 V dc motor, and a DPDT momen-
tary switch in the shack to reverse the polar-
ity of the dc going to the motor, and the
direction of rotation (see Fig 8).

In my shack, the SWR measures 1.2:1 at
1.800 MHz, 1.0:1 at 1.830 MHz and 1.2:1 at
1.870 MHz. Above 1.900 MHz the SWR
begins to rise more rapidly, but even at
1.995 MHz it is still only 2.0:1.

I made my first contact with this antenna
during late summer when noise levels are
seasonably high. However, the ham at the
other end refused to believe I was only run-
ning 100 W! Many hams will see this article
and wonder why I would spend so much
time, money and effort for nothing more
than a ground plane. The only answer [ have
is, “Because I can!” Most of the aforemen-
tioned compromise 160-meter antennas are
very ineffective radiators, and tend to have
a high take off angle. While my antenna
does not have as low a take off angle as a
5/s-A vertical, the '/s A does a very creditable
job. I am quite pleased by its performance.
Ihave had a desire to achieve DXCC on 160
meters; this may be the antenna that will
allow my dream to become reality!
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Dual-Mode Elevated

By Al Christman, K3LC
Grove City College

100 Campus Drive

Grove City, PA 16127-2104

Verticals

T he 80-meter band is so broad in terms
of frequency that it is difficult to
build an antenna that can cover both
the phone and CW DX portions of the band
with satisfactory SWR. This paper discusses
a method for switching an elevated vertical
between two different band segments using
one SPST relay.

Basic Concept

This antenna system utilizes a technique
described in ON4UN's well-known book on
low-band DXing.! There, John illustrates
an elevated four-square 80-meter phased
vertical array, composed of wire elements
suspended from a central tower (ON4UN'’s
quarter-wave transmit vertical for 160
meters). The feed points are 17 feet above
ground. Interestingly, each element has only
a single horizontal radial, rather than two to
four as are often found with elevated verti-
cals. The monopoles are 64 feet long, while
eachradial is just 61.35 feetin length, yield-
ing resonance at 3.75 MHz. When operating
on CW, a shorted stub is added to the feed
end of every radial. Each stub consists of
two parallel #9 AWG copper wires 7.4 feet
long, spaced 8 inches apart. At each vertical
monopole, a set of relay contacts at the up-
per end of its stub is closed for SSB, and
opened to work CW, with resonance at
3505 kHz.

Design Procedure

John’s clever idea clearly shows (and
computer analysis confirms) that the reso-
nant (zero-reactance) frequency of an el-
evated vertical antenna may be shifted by
altering the length of either the monopole
or the elevated radial(s). Since the radials
are situated much closer to the ground, it is
often easier (and safer) to adjust the length
of the radials, as opposed to changing the
overall height of the vertical element.

With this in mind, I created a computer
model of a single elevated vertical radiator
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with four elevated horizontal radials, using
the EZNEC/4 computer program.? All con-
ductors were #12 AWG copper, and the base
of the antenna was placed 12 feet above av-
erage ground (soil conductivity = 0.005
Siemens/meter and dielectric constant = 13).
I assumed that the center of the DX phone
band was at 3790 kHz and selected 3510kHz
on CW, for a median value of 3650 kHz.
Then I adjusted the length of all five wires
in my computer model to produce resonance
at 3650 kHz. The required length for each
wire was 67.25 feet, and the resulting feed-
point impedance was 33.45 — j 0.06 Q.
EZNEC/4 showed a peak gain of 0.33 dBi at
a take-off angle of 22°, and the azimuthal
pattern was almost perfectly circular, with
the gain falling slightly to 0.31 dBi at com-
pass angles midway between the radials.

SSB Mode

Initially, I wanted to make my reference
antenna resonant at a frequency midway
between the desired band segments, because
I wasn’t sure how the length of the vertical
element would impact the SWR readings
once the dual-mode design was completed
(more on this later). After the antenna had
been resonated at 3650 kHz, the next task

was to offset the radials slightly from their
original center point, which had been di-
rectly beneath the vertical radiator. I did this
to make room for the shorted stub (see
Fig 1 for a detailed drawing).

I decided to add the stub-wires to my
computer model, even though I wouldn’t
activate them until the antenna was
switched to the CW mode. Since the base of
the vertical was 12 feet above ground, I
made the stub wires 8 feet long, and spaced
them six inches apart. When operating on
SSB the stub would be shorted at its upper
end, so I simulated this short-circuit with a
six-inch jumper wire between the base of the
vertical element and the common point
where the inner ends of all four radials are
joined together. I didn’t bother to include
the shorting bar on the stub, just the two
parallel wires.

Surprisingly, these small changes at the
base of the antenna necessitated a drastic
shortening of the radials—to only 53.25
feet—in order to shift the resonant fre-
quency upward from 3650 to 3790 kHz.
Once [ did this, an input impedance of 39.06
—j 0.05 Q was achieved, and the maximum
gain in SSB mode was now 0.20 dBi ata 22°
take-off angle. With a six-inch offset be-
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Fig 1—Close-up of the area near the
feed point of a single elevated vertical
antenna, showing the inner ends of the
four elevated radials. These are offset
slightly from the base of the vertical
radiator to allow for placement of the
shorted stub. The lower short (on the
stub) is always present and its position
sets the CW resonant frequency. The
upper short consists of a closed pair of
relay contacts and is present only in
SSB mode (relay contacts are opened
for CW).

tween the base of the monopole and the
common point of the radials, the non-circu-
larity of the azimuthal-plane radiation
pattern is only 0.12 dB, which seems toler-
able. The highest gain is in the direction of
the offset, with the minimum (0.08 dBi) oc-
curring in the opposite quadrant.

A frequency-sweep was carried out with
EZNEC/4 to determine the bandwidth of the
antenna in SSB mode, and the results are
listed in Table 1. Notice that the SWR (re-
ferred to 50 Q) remains below 1.5:1 for
about 100 kHz.

CW Mode

The resonance of the antenna system is
moved down into the CW band by activating
the stub (removing the short at its upper end)
and adjusting the position of the shorting bar to
achieve zeroreactance at the desired frequency.
‘With the shorting bar located 5.635 feet below
the top of the stub, EZNEC/4 predicts an input
impedance of 31.28 + j 0.02 Q at 3510 kHz.
The peak gain now is 0.25 dBi (still at an eleva-
tion angle of 22°), with a non-circularity of just
0.03 dB, a negligible value. The frequency-
sweep data is displayed in Table 2; the SWR
is quite a bit higher in CW mode than on
phone, which is disappointing. However, all
of the numbers are well below 2:1.

The SWR on both CW and SSB can be
improved by adding an “un-un” (unbalanced-
to-unbalanced) transformer at the feed point
of the antenna. Since the input resistances at
resonance are roughly 39 and 31 € for the

Table 1

SWR versus Frequency for the
Elevated Vertical Antenna in SSB
Mode

Frequency SWR
(kHz) (50-Q2 reference)
3750 1.451
3760 1.387
3770 1.335
3780 1.299
3790 1.280
3800 1.281
3810 1.301
3820 1.338
3830 1.387
3840 1.448
3850 1.516
Table 2

SWR versus Frequency for the
Elevated Vertical Antenna in CW
Mode

Frequency SWR
(kHz) (50-12 reference)
3500 1.619

3510 1.599

3520 1.596

3530 1.611

3540 1.641

3550 1.690

two modes, an un-un with a 35:50-CQ ratio
would be a good compromise. Table 3shows
theresults, which are certainly worth the cost
of the un-un transformer. Now the SWR is
below 1.12:1 at the center frequencies for
both modes.

Variations

On my first attempt to model this antenna
with EZNEC/4, I used a twelve-inch spac-
ing between the two parallel stub-wires, but
this produced a non circularity in the SSB-
mode azimuthal-plane radiation pattern of
fully half a decibel, which I felt was exces-
sive. Because of this, I decreased the spac-
ing to six inches, which yielded a pattern
shape that is much more circular, as men-
tioned above.

Since the SWR of the dual-mode antenna
(without un-un) is higher on CW than on
phone, I decided to increase the length of the
vertical monopole to see what effect this would
have. Therefore, I added 1.75 feet to the radia-
tor, making it 69 feet tall instead of 67.25 feet.
This changed the SSB resonant frequency of
the antenna, so then I had to shorten the length
of the fourradials to 46.65 feet to achieve reso-
nance once again at 3790 kHz.

Table 3

SWR versus Frequency for the
Elevated Vertical Antenna in
both CW and SSB Modes, using
a 35:50-Q un-un

Frequency SWR
(kHz) (50-Q reference)
3500 1.162
3510 1.119
3520 1.146
3530 1.220
3540 1.312
3550 1.424
3750 1.366
3760 1.274
3770 1.195
3780 1.136
3790 1.116
3800 1.148
3810 1.212
3820 1.291
3830 1.380
3840 1.479
3850 1.582

Now the input impedance was 43.04 +
J0.027 Q, with a maximum gain of 0.12 dBi
at a takeoff angle of 22°. The azimuthal-
plane radiation pattern is very close to per-
fectly circular, with a minimum gain (at a
22° elevation angle) of 0.04 dBi, in the di-
rection away from the offset.

With the stub energized, the shorting bar
was then adjusted to achieve CW resonance
at 3510 kHz. An active stub length of 5.80
feet yielded an input impedance of 34.35 +
7 0.045 Q, with a peak gain of 0.18 dBi at a
takeoff angle of 22°. Maximum non-circu-
larity in the azimuthal-plane radiation
pattern was only 0.03 dBi. The SWR values
for both modes of operation are given in
Table 4. Note that the SWR has improved
on both phone and CW, but the CW values
are still abithigh, around the 1.5:1 mark. As
before, an un-un (this time with a 38:50-Q
impedance ratio) at the feed point can be
used in an attempt to equalize the SWR read-
ings on the two modes, as shown in Table 5.
Now the SWR on phone is actually slightly
worse than on CW; choosing an un-un
impedance-transformation ratio of 39:50
would make the phone values lower and the
CW numbers higher.

A Dual-Mode Four-Square Array

The classic four-square phased-vertical
array was introduced to low-band operators
more than 20 years ago® and it continues to
be widely used by DXers and contesters
around the world. A simplified version of
the four-square, incorporating only two
elevated radials per vertical element, was
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Table 4

SWR versus Frequency for the
Elevated Vertical Antenna with
69-foot Radiator, in both CW and
SSB Modes

Frequency SWR
(kHz) (50-12 reference)
3500 1.476
3510 1.456
3520 1.456
3530 1.474
3540 1.510
3550 1.561
3750 1.352
3760 1.284
3770 1.226
3780 1.183
3790 1.162
3800 1.168
3810 1.198
3820 1.246
3830 1.305
3840 1.373
3850 1.446

modeled using EZNEC/4. A plan view of
this array positioned at a height of 15 feet
above the ground is illustrated in Fig 2.

The first step in the design process
would normally be to generate a computer
model of a two-radial antenna resonant at
3650 kHz, midway between the center fre-
quencies of the CW and SSB sub-bands
(3510 and 3790 kHz respectively). How-
ever, many hams use the ComTek Systems
hybrid unit* with their four-squares: Jim
Miller, K4SQR, suggests a different proce-
dure. He recommends that each full-sized
element of the array be resonated at a fre-
quency that is 100 kHz lower than the de-
sired center frequency, which would be
3550 kHz for this example. The length of
all three wires turned out to be 68.82 feet,
producing an input impedance of 37.92 +
j 0.009 Q at 3550 kHz.

Next, Iinserted a 10-foot-long stub, made
from two #12 AWG copper wires spaced
6 inches apart, at the inner ends of the radial
pair. Initially, the shorting bar was omitted
from the EZNEC/4 model, and the upper end
of the stub was short-circuited (using a six-
inch wire jumper) for SSB operation. I
wanted to resonate the antenna at 3790 — 100
= 3690 kHz so the ComTek hybrid would
work correctly. When each of the radials
is shortened to alength of 59.8 feet, EZNEC/
4 predicts a feed point of 41.25 +
J0.024 Q at 3690 kHz.

For CW operation, the short-circuit at the
top of the stub is removed, and the adjust-
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Table 5

SWR versus Frequency for the
Elevated Vertical Antenna with
69-foot Radiator, in both CW
and SSB Modes, using a
38:50-Q un-un.

Frequency SWR
(kHz) (50-2 reference)
3500 1.146
3510 1.106
3520 1.135
3530 1.204
3540 1.292
3550 1.391
3750 1.342
3760 1.262
3770 1.193
3780 1.146
3790 1.133
3800 1.161
3810 1.216
3820 1.287
3830 1.367
3840 1.454
3850 1.549

able shorting bar is moved downward along
the stub until resonance is achieved at 3510
—100=3410kHz. I found that an active stub
length of 7.39 feet produces an input imped-
ance of 33.47 + j 0.031 Q at 3410 kHz.

Don’t try to improve the SWR by install-
ing an un-un or other impedance-matching
circuit at the base of the vertical element. If
only a single antenna is contemplated, then
it may be worthwhile to match the antenna
impedance to 50 £ to improve the SWR
bandwidth. However, with an array like a
four-square, efforts to improve the imped-
ance match of each individual element may
produce undesired consquences when these
verticals are connected to the phasing/
matching system, possibly generating in-
correct drive-point currents.

Now at last we can create three more iden-

Freq.= 3.79 MHz 20
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Max. Gain = 5.31 dBi Azimuth Angle = 45.0 deg.
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Fig 2—Plan view of the elevated dual-
mode four-square array, which utilizes
only two radials with each vertical
element. Four shorted stubs are present
but are too small to be discernible in
this drawing. Each pair of radials is
offset in the direction of the associated
forward lobe (e, the radials for the
northeast element are offset toward the
northeast from the base of the vertical
radiator).

tical copies of our two-radial dual-mode
vertical antenna to finish the construction of
the entire four-square array, shown previ-
ously as Fig 2. Generally speaking, it is not
a good idea to build into the model more than
one vertical antenna at the start, unless all
of the quarter-wave wires making up the
other antennas are electrically isolated from
one another. (If just two quarter-wave el-
evated radials are joined together at their
inner ends, then this floating half-wave wire
can interact strongly with the active an-
tenna; simply open-circuiting the base of the
vertical element is probably not sufficient.)
For best accuracy, all pruning and tuning in
the model should be carried out on a single,

Freq=3.79 MHz 0

Max. Gain= 5.31 dBi Elevation Angle 20.0deg

Fig 3—Elevation-plane radiation pattern
for the elevated dual-mode four-square
phased vertical array, in SSB mode.

Fig 4—Azimuthal-plane radiation pattern
for the elevated dual-mode four-square
phased vertical array, in SSB mode.
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Fig 5—Elevation-plane radiation pattern
for the elevated dual-mode four-square
phased vertical array, in CW mode.

isolated vertical antenna and the other three
clones should not be built into the model
until all of these preliminary adjustments
have been completed. This also holds true
for the actual array.

When driven at 3790 kHz in the center of
the 75-meter DX phone band, the elevation
and azimuthal-plane radiation patterns that
resultare displayed in Figs 3 and 4. Forward
gainis 5.31 dBi ata 20° elevation angle, and
the front-to-back ratio at this takeoff angle
is 27.37 dB. On 3510 kHz in the CW
subband, the gain is slightly lower and the
take-off angle a bit higher (5.22 dBi at 21°),
since the physical height of the array is fixed
at 15 feet. The front-to-back ratio is also not
quite as good, at 24.48 dB for the 21° take-
off angle. The principal-plane CW-mode ra-

Freq= 3.51 MHz 0

Max. Gain=5.22 dBi Elevation Angle 21.0 deg

Fig 6—Azimuthal-plane radiation pattern
for the elevated dual-mode four-square
phased vertical array, in CW mode.

diation patterns are shown in Figs 5 and 6.

Please be aware that the radiation patterns
realized in practice may not be as good as
those portrayed in the figures. It isn’t pos-
sible to simulate the ComTek hybrid with
EZNEC/4, so idealized feed-point currents
are utilized in the computer model. The per-
fect driving-point currents assumed for the
software simulation may not exist in an ac-
tual array, especially if a single set of quar-
ter-wave 75-C phasing lines is used with the
ComTek hybrid. Generally, these phasing
lines are cut to be a quarter-wave long at the

3650 kHz center frequency, which is a com-
promise for both phone and CW operation.
If this arrangement isn’t satisfactory, it
might be better to cut the phasing lines for
quarter-wave resonance at 3790 kHz (S5B),
and then use relays to add short extender
cables to increase their electrical length to a
quarter-wave at 3510 kHz (CW).

Conclusion

I've shown in this paper how to switch
an elevated vertical antenna from one fre-
quency subband to another, using a single
shorted stub to effectively increase the length
of several elevated radials simultaneously.
Computer modeling indicates that the design
can be used with an isolated vertical or with
multi-element phased arrays. An actual an-
tenna system has not been constructed by the
author, although a similar elevated four square
is being used successfully by John Devoldere,
ON4UN, who has previously described this
basic technique in the literature.
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The Versa-Beam

By Al Christman, K3LC (ex-KB8I)
Grove City College

100 Campus Drive

Grove City, PA 16127-2104

he Versa-Beam is a two-element
I driven array that can function as ei-
ther a unidirectional or bidirectional
antenna. [t can beam a signal toward a specific
target (like a Yagi) or it can fire in two opposite
directions simultaneously (like adipole). In ad-
dition, the unidirectional pattern can be trans-
ferred instantaneously from normal to reverse
mode, enabling the operator to quickly check
for both short and long-path openings at the
flick of a switch. The array can be built from
aluminum tubing and turned with a rotator, or
it may be constructed with wires and installed
as a flat-top or inverted V. In a non-rotating
configuration, a pair of these antennas could be
oriented atright angles to each other with mini-
mal interaction, providing coverage of all
quadrants of the globg. Two designs for 40
meters are included to illustrate the details.
One goal of this project was to design an
antenna that could beam in several different
directions without the need for mechanical
rotation. Another objective was to create an
array that would be a “step up” from a single
dipole (in terms of gain and front-to-back
ratio) while still including the wide-azimuth
capabilities of the dipole if needed. For
stateside ragchews, the bidirectional pattern
of adipole s very convenient, especially for
hams who don’t live along the coast-line. It
can also be useful when working DX: one
lobe is oriented toward the target, while
energy in the rear lobe lets other operators
know that the frequency is busy.

Basic Concepts

The antenna system is composed of two
identical half-wave elements arranged par-
allel to each other, disposed either horizon-
tally or in an inverted-V fashion. If both
elements are fed with equal-amplitude in-
phase currents, the resulting radiation
pattern is very similar to that of a single
(isolated) dipole. When one of the feed-
point currents is time-delayed with respect
to the other, then more signal is emitted in
the direction of the lagging element. Opti-
mization of this current phase angle yields
adesirable combination of forward gain and
rearward rejection. The impedance-match-
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ing/current-phasing networks can be de-
signed without too much difficulty, using
the techniques described years ago by
K2BT' in combination with modern com-
puter software from ON4UN.?

Design Procedure

Two different versions of the Versa-
Beam for 40 meters will be described as
examples. EZNEC/4* antenna-modeling
software was used initially to create a single
half-wave 40-meter dipole operating at
7150 kHz. An aluminum element with a
fixed diameter of 0.75 inch was placed ex-
actly one-half wavelength (68.781 feet)
above average ground (where soil conduc-
tivity = 0.005 Siemens/meter and dielectric

constant = 13). The length of the dipole was
then adjusted to achieve resonance at the
desired frequency. For a half-length of 33.4
feet, the predicted feed-point impedance is
68.49 — j 0.13 Q, while the peak forward
gain is 7.56 dBi at a takeoff angle of 28°.
Spacing between the elements (boom
length) is adjustable, and you could select
any convenient value between A/8 and A/4.
A A/8-spacing is nice for cramped quarters
but the input resistance of the rear element
becomes quite low when the elements are
mounted so close together. Spacing of A/4
wavelength solves the low-resistance
problem but is probably so large physically
that it is unwieldy in many locations.
Table 1 shows the results of experiments

Table 1

Gain and Front-to-back Ratio as a Function of Element Spacing and
Current Phase Angle for Two-Element 40-Meter Versa-Beam Discussed in

the First Example

Spacing Phase Angle Gain

(feet) (degrees) (dBi)

22 -130 11.36
22 -131 11.39
22 -132 11.41
22 -133 11.44
22 -131.5 11.40
23 -128 11.34
23 -129 11.37
23 -130 11.40
23 -129.5 11.38
24 -126 141:33
24 -127 11.35
24 -128 11.48
24 -127.5 11.36

Front-to-back Ratio
(elevation plane, dB)
21.26
21.75
21.99
20.98
22.00

21.33
21.80
21.65
22.04

21.39
21.84
21.32
21.79




Table 2

Feed-point Data for the Two Dipoles of the 40-Meter Versa-Beam Described
in the First Example, in the Unidirectional Mode, for a Drive Power of

1500 W
Element #1 (Front)

2,4, =59.281+ j54.271=80.3715 £42.474°Q

ly=4.453 £-127° A

Vy=1,Z,, =357.89./-84.53°V =34.14 - 356.26 V

P =11756 W

Element #2 (Rear)

'

Z,4, =16.359~ j24.157 =29.175 £—55.894°Q

|, =4.453 £0° A

Vo =1yZ 4, =129.92 £~55.89°V =72.85— j107.57V

P, =324.4 W

conducted on the computer using boom
lengths of 22, 23, and 24 feet for a 40-meter
array with a center frequency of 7150 kHz.

Ineach case the current drive into the termi- -

nals of the rear (#2) element of the array is
1£0° A

I decnded touse a boom length of 24 feet,
and a current phase angle of —127° for the
front element (I = 1 £-127° A and =
1 £0° A). For this configuration, the peak
gain in the elevation plane is 11.35 dBi ata
takeoff angle of 26°, with a front-to-back
ratio of 21.84 dB. In the azimuthal plane at
26°, the front-to-back ratio is 25.24 dB and
the half-power beamwidth is 74.4°. Fig 1A
is a representation of the antenna itself,
while the elevation and azimuthal-plane ra-
diation patterns are displayed in Figs 1B and
IC. With the specified current amplitudes
and phase angles at the input terminals of
the two dipoles, the resulting driving-point
impedances are 59.28 + j 54.27 Q for the
front (#1)element and 16.36 —j 24.16 £ for
the rear (#2) element.

We can also calculate the driving-point
impedances on our own, rather than relying
on the answers provided by EZNEC/4. This
is good practice, and may be helpful to re-
view. Note that we will still use EZNEC/4 in
the procedure that follows. First we deter-
mine the input impedance at the terminals
of each dipole, when the feed point of the
other antenna is either opened or shorted.

Atantenna #1, with element #2 open-cir-
cuited, Z;,=67.37~j1.116 Q; with dipole
#2 short-circuited, Z,=41.66 +j37.63 Q.
At antenna #2, with element #1 open-cir-
cuited, Z,, =67.37-j1.114 Q; withdipole
#1 short-circuited, Z, =41.66 +j 37.64 Q.
(Since we are using two identical dipoles in
the computer model, we would expect the
reported values for Z, and Z.,to be the
same, as well as the answers for~ z and z, )

It is easy to simulate open and short-c1r-

cuited feed points with EZNEC/4. For an
open-circuit, place a zero-amplitude current
source at the input terminals; a zero-magni-
tude voltage source serves as a short-circuit.

Many of the procedures outlined below
are taken from the classic series of articles
on phased vertical arrays written by Forrest
Gehrke, K2BT.! We can calculate the mu-
tual impedance between the two dipoles,
using the formula

Zi, =152y X(Zn . Zl)

which yields Z,,=+55.974/-28.6905° =
+ (49.102 - j 26.872) Q. For the 24-foot
spacing used here, the “+” sign is correct.
To double-check our answer we can also de-
termine the mutual impedance, from the
perspective of the second dipole, as:

Zy =£4Zy, "(Zzz ‘Zz)

and again we get the same results as for Z,
Since the two antennas are identical in our
idealized software model, we find that Z12
=Z,, -Inareal-world example, things don’t
normally work out this well but the two val-
ues calculated for the mutual impedances
should be quite similar to each other.

Now we can derive the driving-point im-
pedances when the input currents are the
desired values of I;=12£-127°Aand I,=
1£0° A:

Zigp =2y + (Iz "11)(212)
=50.281 + j 54271 Q

Bz = Ty vl 10y N Z0)

=16.359 — j24.157 Q

As we had hoped, the answers here agree

very closely with the driving-point imped-
ances already provided to us by EZNEC/4.
For an input power (P) of 1500 watts, the
actual current magnitude IIl at the feed-
points of the two dipoles can be found:

where Ry, and R4, are the real parts of
the two driving-point impedances calcu-
lated above (59.281 Q and 16.359 Q, respec-
tively). Substituting these values of power
and resistances, the magnitude of the cur-
rent at the input terminals of each of the two
antennas is found to be 4.453 A (rather than
the nominal one ampere value assumed ear-
lier). The power supplied to each of the di-
poles is:

P = |11|2 Ry = (4453)’ (59.281) = 1175.6 W

P, = |12|2 Rogp = (4453)’(16359) = 324.4 W

Table 2 summarizes the operating param-
eters at the driving points of the two dipoles
for this initial example. We will assume that
equal lengths of lossless transmission line are
connected between the antenna feed points
and the tuning/matching networks. For sim-
plicity, let’s assume that the electrical length
of each piece of coaxial cable is 0.5 A. Know-
ing this, along with the data from Table 2, we
can use ON4UN’s Low Band Software* to
determine the values of current, voltage,
power and impedance at the input ends of
these two feeders. This data is listed in
Table 3. As expected, the impedances and
power levels are unchanged, since the lines are
lossless and have an electrical length of 0.5 A.
The voltage and current amplitudes are also
the same as at the feed points of the elements,
although both have been “rotated” through an
angle of 180°, or 0.5 A.

Now we can calculate the input voltage
and resistances of the passive networks
that we must use to provide the desired
drive levels to the lower ends of these two
transmission lines. Using coaxial cables
with a characteristic impedance of =50,
the input voltage to the two networks for
1500 W is:

Vin = /PR, = 75000 = 273.86 V

The input resistances for the two net-
works are determined:

2

Ry = (Vi) /P = 75000711756 = 63.8 Q
Z

Ry = (Vin ) /P, = 75000/3244 = 2312 ©

Note that the parallel combination of
R, and R, isequalto 50 Q, which is ex-
actly what we want because we're going to
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68-781.//
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I-— 68.781" ‘.I
A/2= 68.781'

Fig 1—At A,
perspective view of
the 40-meter Versa-
Beam at a height of
one-half wavelength
above ground. Each
element is resonant
at 7.15 MHz, and the
spacing between
elements is 24 feet.
At B, elevation-
plane pattern for
the 40-meter Versa-
Beam (with
resonant elements

Freq= 7.15MHz y
Max. Gain= 11.35 dBi

270

spaced 24 feet
apart) at a height of
one-half
wavelength, when
operating in the
unidirectional (Yagi)
mode. At C,
azimuth-plane
pattern for the 40-
meter Versa-Beam
(with resonant
elements spaced 24
feet apart) at a
height of 0.5 A,
when operating in
the unidirectional

210

180

(C)

Freq= 7.15MHz
Max. Gain= 11.35dBi

Azimuth Angle= 26.0 deg.

(Yagi) mode.

120

150

connect the input terminals of the two net-
works directly in parallel at the transmitter
end of the system. These last few calcula-
tions give us the final pieces of information
we need in order to find the component val-
ues for the L networks we are about to de-
sign, using the Low Band Software:

For network #1, =63.8 Q, f=7.15 MHz,
and the other data is obtained from Table 3.
There are four possible L-networks that we
can be used in this case and all four choices
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are shown in Fig 2. For network #2, we have
= 231.2 Q. Here there are only two circuit
options for the L-network, as shown in Fig 3.

Notice that the input voltage magnitude
for all six networks (in both figures) is
roughly 273.86 V, although the phase angles
are different. Let’s select network (D) from
Fig 2 and network (A) from Fig 3. We want
both of the voltage amplitudes and phase
angles to be identical, since we’d like to join
the input ends of the two selected networks

Table 3

Input Data for the Two Half-wave
Lossless Transmission Lines
Feeding the Dipoles of the 40-Meter
Versa-Beam Described in the First
Example, in the Unidirectional
Mode, for a Drive Power of 1500 W

Feeder #1 (Front)
Z,=59.28 + j54.27 Q
l,=4.453 £53° A

V1 =357.89 £95.47°V
Py=1175.6 W

Feeder #2 (Rear)

Z, =16.36 — j24.16 Q
|, =4.453 £180°A
V,=129.92 £124.11°V
P, =324.4 W

directly together to form a single 50-2 feed
point. Because the phase angles of the two
networks aren’t the same, we must insert an
additional circuit in series with the network
having the smaller phase angle (#2) to make
up the difference.

Once again the Low Band Software comes
to our rescue. I chose to use a pi-section
circuit as a line stretcher. The characteristic
impedance of this network must be 231.2 Q
(the same as Rzm). The input and output
phase angles are 135.55° and 105.43°, re-
spectively (phase shift=30.12°) and the op-
erating frequency is 7.15 MHz. The circuit
to accomplish this is shown in Fig 4.

Fig 5 is a schematic diagram of the entire
phasing/matching network needed for uni-
directional (Yagi) operation of the 40-meter
Versa-Beam. Swapping the transmission
lines at the feeder end of the circuit reverses
the direction of fire of the array.

In the bidirectional (dipole) configura-
tion, both elements are fed with equal-
amplitude, in-phase currents (I,=1,=
1£0° A). Fig 6A and 6B show the elevation
and azimuth-plane radiation patterns pre-
dicted by EZNEC/4 for this situation, and
the patterns really do look like those for a
single conventional dipole or inverted V.
The input impedances at the feed points are
both the same (since the dipoles themselves
are identical, as are the currents) and equal
to 116.50 — j 27.99 Q. We can check this
result by using the self and mutual-imped-
ance values derived from our previous open
and short-circuit tests. The corresponding
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Fig 2—The four possible L networks we
can use for impedance-matching
purposes at the input end of feeder #1

of the first 40-meter Versa-Beam design,
for unidirectional (Yagi) operation.

| . I o )
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1.42 uH
b= bt
(A

R= 231.20
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R= 23.20

V= 273.87 /-105.43° V

Z= 16.36 - j24.16 N

Fig 3—The two possible L-networks

we can use for impedance-matching
purposes at the input end of feeder #2
of the first 40-meter Versa-Beam design,
for unidirectional (Yagi) operation.

R= 231.20
V= 273.85 /135.55° V

2.58 uH

25.9pF
) I

25.9pF
T )
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R= 231.20
V= 27385 /105.43° Vv

Fig 4—The pi-section line-stretcher
network used for phase-shifting pur-
poses at the input end of the feeder #2
impedance-matching network.
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Fig 5—The complete impedance-matching/phase-shifting network that is utilized at
the input ends of the two ideal (lossless) coaxial feeders of the first 40-meter Versa-

Beam design for unidirectional operation.

driving-pointimpedances calculated by for-
mula are:

Zygy =2y + (12 ”1)(212)
=116.472 — j27.988 Q

Zogp =Zp + (I1 1, )(Z?_l)
= 116472 — j27.988 Q

As expected, the answers here agree with
those already provided to us by EZNEC/4.
When the total drive power is 1500 W, the
actual current magnitude 1| at the input ter-
minals of the two elements is:

= VP/R = [P/(R,q, + Ry

where and are both 116.472 Q. Substituting
these values for power and resistance, the
actual current amplitude at the input termi-
nals of each antenna becomes 2.5376 A and
the power supplied to each dipole is:

B =P, = |1, Ry, = (25376)*(116.472)
= 750.0 W

Table 4 summarizes the operating param-
eters at the driving points of the two dipoles.
We can see that all of the data for both an-
tennas is the same in the bidirectional mode.
Again let’s assume that an electrical half
wavelength of ideal (lossless) transmission
line is connected between each of the an-
tenna feed points and the tuning/matching
networks. Plugging all of the necessary data
from Table 4 into ON4UN’s Low Band Soft-
ware we obtain the current, voltage, power
and impedance at the input ends of these two
feeders as shown in Table 5. As before, the
impedances and power levels are un-
changed, since the lines are lossless and
have an electrical length of 0.5 A. The volt-
age and current amplitudes are also the same
as at the feed points of the elements, al-
though their phase angles have been shifted
by 180°, or one-half wavelength.

Since both feeders have the same inputvolt-

age (magnitude and phase) they can be con-
nected directly in parallel with each other,
with the resulting voltage remaining un-
changed. The net input impedance, however,
will be halved, while the total current and
power will double, as displayed in Table 6.

We can calculate the component values
for the L network needed to match the input
impedance to 50 Q, using the Low Band
Software atf=7.15 MHz. There are just two
L network options and both are shown in
Fig 7. Let’s choose circuit (B) since the
component values are smaller.

Design Procedure Using Lossy Lines
Our first example above was pretty
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Freq= 7.15MHz
Max. Gain= 7.11 dBi

270

Freq= 7.15MHz
Max. Gain= 7.11dBi

150

180 Elevation Angle = 29.0 deg.

(8)

Fig 6—At A, elevation-plane pattern for the 40-meter Versa-Beam (with resonant
elements) at a height 0.5 A, when operating in the bidirectional (dipole) mode. At B,
azimuth-plane pattern for the 40-meter Versa-Beam (with resonant elements) at a
height 0.5 A, when operating in the bidirectional (dipole) mode.

Table 4

Feed-point Data for the Two Dipoles of the 40-Meter Versa-Beam
Described in the First Example, in the Bidirectional Mode, for a Drive

Power of 1500 W
Elements #1 and #2 (Front and Rear)

Z'Idp =22dp =116.472— j27.988=119.79£-13.51°Q

l,=1,=2.5376.£0° A

Vy =V, =1Z, 4 =15Z,q, =308.977 £-13.51°=295.565~ j71.014V

P =P, =750.0 W

simple, since we pretended that the coaxial
feeders had no loss. This isn’t true in prac-
tice, of course, so let’s carry out a second
design that incorporates transmission lines
with a certain amount of attenuation. In ad-
dition, we’ll arbitrarily select the length of
the dipoles, rather than tuning them to reso-
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nance, and we’ll also choose a random
height above ground to simulate what would
probably happen in a typical installation.
This time we’ll begin with a single alumi-
num-tubing dipole that is exactly 70 feet
long, with a diameter of */4inches, and we'll
mount it at a height of 70 feet above average

Table 5

Input Data for the Two Half-wave
Lossless Transmission Lines
Feeding the Dipoles of the 40-Meter
Versa-Beam Described in the First
Example, in the Bidirectional Mode,
for a Drive Power of 1500 W.

Feeders #1 and #2 (Front and Rear)
Ziin =Zain =116.47 — j27.99 Q
l,=l,=2.542180°A

V, =V, =303.97.£166.49°V

Py =P, =750.0 W

Table 6

Input Data for the Two Half-wave
Lossless Transmission Lines
Feeding the Dipoles of the 40-Meter
Versa-Beam Described in the First
Example, in the Bidirectional Mode,
for a Drive Power of 1500 W, when
Both Inputs Are Connected in
Parallel

Feeders #1 and #2 Joined Together
Zin=Z4in/2=2Zpin/2=58.236— j13.994Q
liy =l +l,=5.075 £180° A

Vi, =V, =V, =303.97 £166.49°V

P =P; +P> =1500.0 W

ground. At7.15 MHz, EZNEC/4 tells us that
the peak gain will be 7.68 dBi at a takeoff
angle of 27°, while the feed-point imped-
ance is 77.32 + j 56.49 Q.

I have shown the results of computer-
modeling studies for three different spac-
ings and several current phase angles in
Table 7. In each instance the current mag-
nitude is held at 1 A for each element and
the reference current phase angle is 0° for
the rear (#2) dipole.

Iselected a boom length of only 22 feet in
this scenario (for the sake of variety) and a
current phase angle of —131° for the front
element. According to EZNEC/4, the peak
gain in the elevation plane is 11.51 dBi, at
an elevation angle of 26° with a front-to-
back ratio of 22.42 dB. In the azimuth plane
at 26° elevation, the front-to-back ratio is
25.76 dB and the half-power beamwidth is
73°. The elevation and azimuth-plane radia-
tion patterns are shown in Fig 8A and 8B.
For the specified current amplitudes and
phase angles at the input terminals of the
two dipoles, the driving-point impedances
predicted by the computer are 56.73 +
j 115.50 Q for the front element and 18.91
+j 27.26 Q for the rear element. Since the




Table 7
Gain and Front-to-back Ratio as a Function of Element Spacing and
934pF. Current Phase Angle for Two-Element 40-Meter Versa-Beam Discussed in
Z=58.24 — 13.990 = 1.90 uH '::Rggig the Second Example
Spacing Phase Angle Gain Front-to-back Ratio
) (feet) (degrees) (dBi) (elevation plane, dB)
22 -130 11.48 21.89
22 -131 11.51 22.42
bt 22 -132 11.54 21.75
i 22 -133 11.56 20.76
5. 5ok — 15006 87 pF Rt:RsacL]c; 22 -131.5 1162 22.27
23 -128 11.47 21.98
23 -129 11.49 22.39
(8) 23 -130 11.52 21.40
23 -129.5 11.61 21.89
Fig 7—
B8 oo use for inpedactos-matcing - 24 -126 11.45 22.06
purposes when the input ends of 24 -127 11.48 22.01
e S S e
connecte: 3
(dipole) 40-me‘:er Versa-Beam operation. 24 —126.5 11.48 22.30
dipoles are non-resonant here, the driving-
point reactances are different than they were
in the earlier example.

With 1500 W of output power from the
transmitter, the total power at the terminals of
the antennas will be less than this because of
line losses. To be conservative, let’s assume
that only one kilowatt reaches these elements.
Then the current magnitude |1l at the feed
points of the two dipoles will be:

At A, =./ =
“ ' glgv:;on-:lano il =P/ V P/(Rldp * Ragp )
Freq= 7.15MHz (A) pattern for the 40-

Max. Gain= 11.51 dBi

270

210
Freq= 7.15MHz

Max. Gain = 11.51 dBi 180

C)

150

Elevation Angle= 26.0 deg.

meter Versa-Beam
(with 70-foot
elements spaced
22 feet apart) at a
height of 70 feet,
when operating in
the unidirectional
(Yagi) mode. At B,
azimuth-plane
pattern for the 40-
meter Versa-Beam
(with 70-foot
elements spaced
22 feet apart) at a
height of 70 feet,
when operating in
the unidirectional
(Yagi) mode.

= 1000/ (56.73 + 18.91) = 3.636 A

The power supplied to elements #1 and #2
is:

=y Rygp = (3.636)(56.73) = 750 W

P, = [L,[" Ry, = (3:636)° (1891) = 250 W

Table 8 summarizes the operating param-
eters at the input terminals of the two antennas
in this second example, using data gleaned
from the EZNEC/4 model of the antenna.

Atthis point in our analysis, it may be help-
ful to ask the question, “What is the best way
to determine the actual driving-point imped-
ances for the dipoles in the array?” If desired,
one could use computer software to predict
these impedances (as I have done above)
based upon the specified length and diameter
of the aluminum tubing used to construct the
elements, along with their spacing, height
above ground and the specified input currents.
However, many hams feel more confident if
they use measured data, and there are several
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Table 8

Feed-point Data for the Two Dipoles of the 40-Meter Versa-Beam Described
in the Second Example, in the Unidirectional Mode, for an Antenna Power

of 1000 W

Element #1 (Front)
Zy4p =56.73+j115.50=128.68 £63.84°Q

l,=3.636 £-131°A

Vy=1,Z,y, =467.88£-67.16°=181.61- j431.20V

P, =750 W

Element #2 (Rear)
Zde =18.91+ j27.26=33.18 £55.25°Q
l, =3.64£0°A

Vy =1yZ,, =120.63 £55.25° = 68.76 + /99.12V

P, =250 W

techniques to do this.

The methods described below involve mea-
surement of the self-impedance of each ele-
ment. Then the mutual impedance between the
dipoles is calculated, and (finally) the driving-
point impedances are determined.

One alternative is to place an actual open
or short-circuit termination directly at the
feed point of the first dipole and make the
corresponding impedance measurement at
the terminals of the second element. A crane
or other lifting device would be needed to
place the operator into position and move
him from one end of the boom to the other
while making and recording impedance
data. This procedure should yield the most
accurate values for the self-impedances, but
would be expensive!

A cheaper but more tedious option is to
maneuver the antenna back and forth, insert-
ing and removing short circuits at the feed
points whenever necessary and making im-
pedance measurements through a short piece
of coax. With a 22-foot boom, an 11-foot
length of coax would make it feasible for the
operator to belt himself onto the tower near
the center of the boom and make the imped-
ance measurements using a handheld bridge.
The antenna would have to be moved and
reoriented each time a different termination
was required, but this method would yield
answers that are almost as good as those
achievable with the crane method. (All of the
numerical values obtained at the end of the
11-foot piece of coax would need to be “ro-
tated” to the antenna terminals to obtain the
self-impedance data, either using formulas
or the Low Band Software.)

Yet another possibility exists: Pieces of
coax that are an electrical quarter or half-
wave in length (or a multiple thereof) can be
connected to the dipole feed points. If the
line lengths are an electrical quarter-wave
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(or odd multiple thereof), then a short at the
antenna terminals is simulated by an open at
the input end of the feeder (and vice-versa).
If the lengths of coax are an electrical half-
wave (or multiple), then a short at the input
end of the feeder looks like a short at the
dipole terminals, and vice-versa. As men-
tioned above, each impedance value mea-
sured at the end of the other feeder must then
be transformed to the terminals of that ele-
ment. How to rotate impedances through
arbitrary lengths of non-ideal feed line is our
next topic of discussion.

Belden 9913 coaxial cable is often used for
Amateur Radio antenna installations, so it
will be pressed into service as our real
(nonideal) transmission line. A telephone
call to Belden (1-800-BELDEN4) yielded
several important specifications that are
needed to carry out the design, and this data
is shown in Table 9. Notice that the attenu-
ation figures were given only to the nearest
0.1 dB, which isn’t very precise. Fig 26 on

Table 9

Manufacturer’s Data for Belden
9913 Coaxial Cable

Nominal Impedance = 50 Q
Velocity Factor = 84% = 0.84
Attenuation = 0.1 dB/100 feet at 1 MHz
Attenuation = 0.4 dB/100 feet at 10 MHz
DC Resistance per unit length

= 0.9 mQ/foot
Inductance per unit length

= 0.059 pH/foot
Capacitance per unit length

= 24.6 pF/foot

page 24-16 of the 18th Edition of The ARRL
Antenna Book is helpful and it reveals that
the attenuation for 9913-type cable at 7.15
MHz is about 0.35 dB per hundred feet.*

In free space, the wavelength at a fre-
quency of 7.15 MHz is 41.93 meters, or
137.57 feet. Inside the Belden 9913 coax, the
wavelength is only 84% as great, or 115.56
feet. If we try to use A/2 pieces of this cable
to reach from the antenna feed points to our
phasing/matching box, they will be only
57.78 feet long, which is too short to reach
the ground. Three-quarter wave long cables,
though, are 86.67 feet in length and this is
sufficient to extend all the way from the di-
pole terminals to ground level, with almost
6 feet left over to allow for rotor loops.

If we use 0.75-A cables we can make all
of our open-circuit/short-circuit measure-
ments safely from the ground. The Low Band
Software will then allow us to transform the
readings from the input ends of the lines to the
feed points. Since these cables have some
losses, the disadvangtage to this technique is
that an open or short at the lower end of a
0.75-A line will not transform perfectly into a
simulated short or open at the feed point.

Table 10 illustrates the effects of using
real (Belden 9913) versus ideal (lossless)

Table 10

Impedance Transformations Using Either Ideal or Real (Belden 9913)

Coaxial Cables at 7.15 MHz

Actual Ideal-Line
Line Input Load Impedance
Length Impedance (Theoretical)
(A) (Q) ()
0.25 zero infinite
0.25 infinite zero
0.50 zero zZero
0.50 infinite infinite
0.75 Zero infinite
0.75 infinite zero

Lossy-Line Lossy-Line

Load Impedance Load Impedance
(Lowband) (Calculated)

(2) ()

4235 4244

0.33 0.57

1.14 1.14

2680 2113

1410 1410

1.48 e




coaxial cable as an impedance transformer.
For the nonideal case, I have shown the data
reported by Low Band Software and the an-
swers that were calculated by using the
exact transmission-line formulas.® One
limitation of the Low Band Software is
that all impedances that are supplied to the
program must be larger than zero but
no greater than 9999 Q. I used values of
0.001 £2 instead of zero, and 9999 £ for in-
finity. From Table 10, we can see that a short
circuit ends up looking like 1 or 2 Q, but an
open is reduced to an impedance of only a
few thousand ohms. For maximum transfor-
mation accuracy, A/4 lines should be used,
because the simulated impedances are
closer to the ideal values.

The characteristic impedance (also called
the surge impedance) of an ideal transmis-
sion line is purely resistive, but the imped-
ance of a nonideal (lossy) line is complex,
with a large resistive component and a small
amount of capacitive reactance. For maxi-
mum accuracy in our analysis, we need to
find the corrected impedance for Belden
9913 coaxial cable at the design frequency
of 7.15 MHz. To do this, I must introduce
another equation:

y=0+jp
where
Yy = propagation constant [feet™']
o = attenuation constant [Nepers/foot]
P = phase constant [radians/foot]
We can find o from the cable attenuation
data (at 7.15 MHz):

0.35 dB/100 feet

o= = 0.0403 Neper/100 feet

8.69 dB/Neper
= 0.000403 Neper/foot

The phase constant B is calculated by us-
ing the velocity factor of the coax and the
operating wavelength:

2n
A X VF

The wavelength A is 137.57 feet at
7.15 MHz, and the velocity factor (VF) of
Belden 9913 is 84% or 0.84; substituting
these numbers into our equation yields f =
- 0.05437 radians/foot.

Now that we know the values for o and B,
we are ready to find the actual impedance
(Zy)of Belden 9913 at the frequency
of interest:

where

o = angular frequency = 2nf [radians/
second]

f = operating frequency = 7.15 MHz

C = capacitance per unit length for Belden

9913 = 24.6 pF/foot

Plugging all the numbers into this for-
mula, we find that Z; =49.198 £-0.425°=
49.197 — j 0.365 € (at 7.15 MHz).

Thus, when using the Low Band Software,
the value “49.198” should be inserted as the
impedance of the transmission line, rather
than “50.” Those with mathematical skill or
curiosity may prefer to use the actual lossy-
line formulas, rather than relying on the Low
Band Software. If so, the following two
equations are of great value:

Z, +Z, tanh(yL)

Zin =20| 7 "+ 7, wnb(1L)

and

Mol [Zo tanh(yL) - Z;, |
L7 2, tanh(yL) - Z |

where

Z,, = input impedance [Q]

Z, = load impedance [Q]

tanh = the hyperbolic tangent function

L = physical length of the transmission

line [feet]

Many hand-held calculators cannot per-
form hyperbolic trigonometric operations
on complex arguments, but fortunately
tanh (YL) can be rewritten in a form that is
more manageable:

tanh(L) = tanh (oL + jBL)

sinh 20 + jsin2BL
~ cosh 20l + jcos 2pL

where sinh and cosh are the hyperbolic sine
and cosine functions.

Let’s now assume that we are standing
comfortably on the ground near the base of
our tower, with two identical 70-foot-long
aluminum elements (spaced 22 feet apart)
darkening the sky 70 feet overhead. We've
connected electrical 0.75-A sections (physi-
callength =86.67 feet) of Belden 9913 coax
to the dipole feed points, and the lower ends
of these cables are positioned near us, along
with an impedance bridge and a short that
can be quickly attached or removed from a
PL-259 coax connector. The ends of the
coax feeders are clearly marked “#1” and
“#2” so we don’t confuse them.

By placing a short circuit at the lower end
of feeder #2 we simulate an open circuit at
the terminals of dipole #2, and we measure
the input impedance at the bottom end of
feed-line #1 tobe Z;};, =22.45—-j14.61 Q.
Next we remove the short from the lower
end of feeder #2 (creating an open, which is
the same as placing a short at the terminals
of element #2), and now the impedance mea-
sured by our bridge at the bottom end of line
#lis Zy,=13.55-;16.02 Q.

Using the Low Band Software, we trans-
form these two impedances from the input
ends of the lines to the load (antenna) ends,
where we find:

Z,,=76.14 4+ 54.91 Q

Z,=70.31 +j 97.59 Q.

To perform these calculations, data sup-
plied to the Low Band program includes,
frequency = 7.15 MHz, coax attenuation =
0.35 dB per hundred feet, coax velocity fac-
tor = 0.84, physical length of coax = 86.67
feet and coax impedance = 49.198 Q.

For simplicity, I will assume that the re-
sults when performing the open and short-
circuit tests on element #2 are the same as
for #1, which means that Z,,=Z2,, and
Z,=Z,. Next we can calculate the mutual
impedance Z,, (which will also be equal to
Z,,in this case):

Ziy =2y =%yZyy %(2y, -2,
=+63.5912-23.212°Q
Since the “+” sign is correct for this inter-
element spacing, the result for the mutual
impedance is:
Z,=2,,=63.591£-23212°Q
=58.44- j25.06 Q

With the relative dipole current ampli-
tudes and phase angles being I, =

1 £-131°A and I, =1 £0°A respectively,
the driving-point impedances are:

Zygp = 2y + (1/1)(2) = 56.71 + j115.46 @
Zogp =Zy + (1,/1,)(Zy)
= 18.88 + j27.25 Q

The actual current amplitude into each
element is:

=P 7 (Rygp + Rogp)

= /1000/(56.71 + 18.88) = 3.637 A
and the power supplied to the dipoles is:

P = |11|2 Rigp = (3.6372)2(56.71) ~750 W
By =|1,| Ry, = (36372)" (18.88) = 250 W

for a total power of 1000 W at the antenna.
All of the key parameters for the array, at
the feed points, are listed in Table 11.

The Low Band Software must be used
again, to transform the driving-point imped-
ances to the values that would be observed
at the input ends of our 0.75 A sections of
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Belden 9913 cable. Table 12 shows the re-
sults. Notice that, because of the nonideal
coaxial cables, atotal of 1214 W (930 + 284)
of power must be supplied to the input ends
of the two feeders in order to yield 1000 W
at the antenna terminals. Also, remember
that it is the input impedances shown in this
table that will be used as data for the design
of the phasing/matching networks,

The input voltage for these networks is:

Vip = PRy =+/1214 x 49,198 = 244,39 V

and the corresponding input resistances are:

2

Ry = (Vi) /P, = 59726/930 = 64.22 @
2

Ry = (Vi) /P, = 59726/284 = 210.30 ©

Note that I could have substituted a value
of “50” for the desired cable impedance
R (in the voltage equation above) if I were
using lossless 50-€2 cable for the feed line
run from the matching/phasing networks
back to the transmitter. However, I assumed
I would just use an additional length of
Belden 9913, and I already know that its
characteristic resistance at 7.15 MHz really
isn’t 50 Q. Thus, the parallel combination
of Rj;.and R, isequal to49.2 Q for this
example.

As usual, the Low Band Software is used
to generate the L-network designs. For net-
work #1, R, = 64.22 Q, f = 7.15 MHz and
the remaining data is taken from Table 12.
There are two possible L networks we can
use in this case, as shown in Fig 9. For net-
work #2, R, = 210.30Q, and again there are
only two circuit options, both of which are
displayed in Fig 10.

We can see that the input voltage magni-
tudes are all similar, although the phase
angles are different. This time, let’s select

1€
3285 pF

! g
()

R= 64.220
V= 24433 /135.59° V

Z=10.15 - j16.650

‘l 0.89 uH I i

800 pF

e [ !
(8)

R= 64220

Z=10.15 - j16.650
4 V= 24433 /-91.27° V

1L & )
( 1A {
758 pF
2.42 uH
oot ity
(&)
R= 210.30Q

Z= 44,36 - j56.44 0
4 V= 244.36 /~-99.73° V

8 317 uH ' t‘
205pF
L I )

( i
C)

R= 210.30

V= 244,36 /25.59° V

Z= 44,36 - j56.44 0

Fig 9—The two possible L-networks

we can use for impedance-matching
purposes at the input end of feeder

#1 (Belden 9913 coax) of the second
40-meter Versa-Beam, for unidirectional
(Yagi) operation.

network (B) in both Fig 9 and 10. Since the
voltage phase angles are different, we need
to include additional components to make
up for the discrepancy. Again I will choose
to utilize a pi-section circuit as a line
stretcher. The characteristic impedance of
this network is 64.22 Q the input and output
phase angles are 25.59° and —91.27°, respec-
tively (phase shift = 116.86°), and the fre-
quency is 7.15 MHz. The resulting pi-section
schematic diagram is shown in Fig 11.

Fig 12 shows the entire phasing/match-
ing network system that is needed for unidi-
rectional (Yagi) operation of the 40-meter
Versa-Beam with the 0.75 A Belden 9913

Fig 10—The two possible L-networks
we can use for impedance-matching
purposes at the input end of feeder #2
(Belden 9913 coax) of the second 40-
meter Versa-Beam, for unidirectional
(Yagi) operation.

transmission lines. The two shunt capacitors
that are immediately adjacent to each other
in the final element #1 network can be com-
bined into a single 1364-pF unit. Swapping
the cable connections at the feeder end of
the circuit reverses the direction of fire of
the array.

In the bidirectional (dipole) configura-
tion, both elements are fed with equal-am-
plitude, in-phase currents. Fig 13 shows the
principal radiation patterns predicted by
EZNEC/4 for this situation. According to
the computer software, the input imped-
ances for the two elements are both equal to
134.6 +j 29.86 Q. We can check/"this result

i
|

Table 11

Feed-point Data for the Two Dipoles of the 40-Meter
Versa-Beam Described in the Second Example, in the
Unidirectional Mode, for an Antenna Power of 1000 W

Element #1 (Front)

Z, 4o =56.71+ /115.46=128.635 £63.841°Q

l,=3.6372 £-131°A

V, =I1Z1d'3 =467.872/-67.159°=181.62- j431.18V

P, =750 W

Element #2 (Rear)
Zde =18.88+ j27.25=33.151£55.284°Q

l, =3.63720 A

Vp =125y, =120.578 £56.284°=68.67 + j99.11V

P, =250 W

Table 12

|
\

Input Data for the Two Belden 9913 Transmlssi&n Lines
Feeding the 40-Meter Versa-Beam Described in the
Second Example, in the Unidirectional Mode, for an

Antenna Power of 1000 W

Element #1 (Front)

Z,,,=10.15—j16.65=19.502-58.64°Q

V,=1,Z

1in
Py =930 W
Element #2 (Rear)

|,=9.57 £-157.84°

—8.87—j3.61A
=186.71£143.53°=-150.14+ j110.99V

Z,,=44.36-j56.44=71.78 £-51.83°Q

I, =253/-37.07°=2.02—- j1.52A

V,=1,Z,, =181.45 /-88.90°=3.48 - j181.42V

P, =284 W
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= W A - )
Re= 84220 0.89 uH 1.28 uH {
V= 24433 /-91.27° V 3/4 ) Feeder & R= 49.20
to #1 Element ’[SUOPF DR ’[564'1 PF to Radio
1.28 uH
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) ) 317 uH
R= 64.220 3/4 ) Feeder
205pF
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Fig 11—The pi-section line-stretcher
network that is used for phase-shifting
purposes at the input end of the feeder
#2 impedance-matching network.

Fig 12—The complete impedance-matching/phase-shifting network that is utilized
at the input ends of the two Belden 9913 coaxial feeders of the second 40-meter
Versa-Beam, for unidirectional (Yagi) operation.

by using the self and mutual-impedance val-
ues derived from our previous open and
short-circuit tests. The corresponding driv-
ing-point impedances calculated by formula
are:

Zigp =Zy + (L1, (2Z0) = 2, + 2
= (76.14 + j54.91) + (58.44 — j25.06)
=134.58 + j29.85Q

Zogp =Zp + (1,11, )(221) =Zntiy

= Zy; + Z;, = same as a{jove

Freq= 7.15MHz
Max. Gain= 7.31dBi

=134.58 + j29.85 Q il

The math is especially simple in this sec-
tion. The currents are the same, so the cur-
rent ratios cancel out; also Z,=7,, and
Z,,=1Z,,. When the drive power to each
element 1s 500 W, the actual current magni-
tude IIl at the input terminals of the two
dipoles is:

- 1] = (P/Ry, =/500/134.58 =1.928 A

Table 13 summarizes the operating pa-
rameters at the feed points of the two dipoles,
and (as before) we can see that all of the data
for both antennas is the same in the bidirec-
tional mode. Again, let us assume that an
electrical 0.75 A length of Belden 9913
transmission line is connected between each
of the antenna feed points and the tuning/
matching networks. Plugging the necessary
data from Table 13 into ON4UN’s Low Band
Software, we obtain the current, voltage,
power and impedance at the input ends of
these two feeders, as shown in Table 14.

Since both feeders have the same input
voltage magnitude and phase, they can be
connected directly in parallel, with the re-
sulting voltage remaining unchanged. The

150
Elevation Angle= 28.0 deg.

Freq= 7.15MHz

Max, Gain= 7.31dBi 180

(8

Fig 13—At A, elevation-plane pattern for the 40-meter Versa-Beam (with 70-foot
elements spaced 22 feet apart) at a height of 70 feet, when operating in the
bidirectional (dipole) mode. At B, azimuth-plane pattern for the 40-meter Versa-
Beam (with 70-foot elements spaced 22 feet apart) at a height of 70 feet, when
operating in the bidirectional (dipole) mode for Belden 9913 transmission lines.

43




Table 13

Feed-point Data for the Two Dipoles of the 40-Meter
Versa-Beam Described in the Second Example, with Real
Transmission Lines, in the Unidirectional Mode, for an

Antenna Power of 1000 W

Elements #1 and #2 (Front and Rear)

Zmp = szp =134.58+ j29.85=137.851212.506°Q

l,=1,=1.9275 20°A

Vy=V, =12, 4 =1yZ,q, =266.707 £12.506°

=259.40+ j57.54 V
Py =P, =500 W

Table 14

Input Data for the Two Belden 9913 Transmission Lines
Feeding the 40-Meter Versa-Beam Described in the
Second Example, in the Bidirectional Mode, for an

Antenna Power of 1000 W

Elements #1 and 2 (Front and Rear)

Z,n=2Zy,=18.64-/3.69=19.00£-11.21°Q

l,=l,=1.17- j5.34=5.47£-77.64° A
V=V, =1,Z,,,=103.95 /~88.85°=2.09~j103.93V

P =P, =558 W

1277 pF

R= 49.20

Z=9.32 - j1.8450 to Radio

0.53 uH

(A)
0.47 uH
R= 49,
7=19.32 - j1.8450Q 936 pF A '.ff,fif
(®)

Fig 14—The two possible L-networks
we can use for impedance-matching
purposes when the input ends of
feeders #1 and #2 (Belden 9913 coax)
are connected in parallel, for bi-
directional (dipole) 40-meter Versa-
Beam operation.

input impedance will be halved, while the
total current and power will double, as dis-
played in Table 15.

Now we can find the component values
for the L network needed to match the input
impedance shown in Table 15 to 49.198 Q,
using the Low Band Software at f = 7.15
MHz. There are just two L-network options
and both are shown in Fig 14. Let’s choose
circuit (B) since the component values are
smaller. This completes the design of all the
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Table 15

Input Data for the Two Belden 9913 Transmission Lines Feeding the
Dipoles of the 40-Meter Versa-Beam Described in the Second Example,
in the Bidirectional Mode, for an Antenna Power of 1000 W, when Both

Inputs are Connected in Parallel

Feeders #1 and #2 Joined Together

Zin =Z1inf2=Zgin/2=9.32—f1.8459

I, =, +1,=10.942-77.64°A
V, =V,=V, =103.95 /—88.85°V
Pn=Pi+P.=1116 W

required networks for the 40-meter Versa-
Beam with non ideal transmission lines.

Conclusion

This paper has described an interesting
two-element antenna that can generate
either a unidirectional or bidirectional radia-
tion pattern. Examples that incorporate ei-
ther perfect (lossless) or real (low-loss)
transmission lines were included. Methods
for determining the driving-point imped-
ances and designing the requisite phasing/
matching networks have also been dis-
cussed. Although losses in the inductors and
capacitors which make up these networks
are ignored in the Low Band Software com-
putations, any inaccuracies caused by this
assumption should be relatively small.
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"The Optima 160/80-Meter

Receive Antenna

) opband and noise are synonymous.
I As long ago as 1938, The Admiralty
Handbook of Wireless Telegraphy
concisely summarized the situation, stating:

Man-Made Noise — Atmospherics
(Statics): It is well known that in spite of
perfection in the propagation conditions
and at the transmitter, received signals
may be almost unintelligible due to noise
and static, the various clicks, bangs,
rumbles and crashes which often provide
the background of the signal. This noise,
in general, is classified into “man-made
noise” and “statics,” and is the noise
which may disappear when the aerial is
disconnected from the receiver.

Man-made noises may be due to elec-
trical machinery of various kinds, igni-
tion systems of cars, motors, etc.

Statics, or atmospherics, are radio
waves produced by natural causes, of
- definite but very irregular wave form
and, generally, of short duration (about
- 1/500 of a second). The peak voltage
- produced by astatic signal often amounts
- toas much as 1.5 volts, the energy level
~ becoming very great at the lower radio

frequencies, decreasing gradually as the

frequency becomes greater, and becom-

ing quite small at VHF. The very com-
- plex wave form of an atmospheric makes
it equivalent to a very large number of

simple sinusoidal wave forms, with the
- well-known result that statics appear to
be untunable noises covering up a wide
- frequency range.

Over the intervening 60 years, the noise
problem has increased, especially in urban
_areas in which the majority of us live. In
1938 only the minority had cars, TVs and
‘many of the electronic wonders of today.
- Computers, etc, had not been heard of. Con-
‘_'t,rast that with the present situation. So The

Admiralty Handbook statement still ap-
plies—even more so!

Itis often forgotten that Topband is in the
MF spectrum, and that even the 80-meter
band just scrapes into the HF spectrum,
which starts at 3 MHz. So high noise levels
exist on 80 meters as well.

There are two main ways that noise enter-
ing the receiver input has been minimized
to improve the signal-to-noise ratio. These
are high-selectivity receivers, and the use of
various low-noise antennas, such as loops,
which also assist in reducing interference
from other stations. In most implementa-
tions, a loop antenna is a few feet in diam-
eter and located indoors. An untuned loop
does not provide much signal, but a tuned,
multiturn loop is another story. The enthu-
siast may then add a preamplifier between
the loop and the receiver, overlooking the
fact that modern communications receivers
have plenty of RF gain. The introduction of
a preamplifier may well introduce inter-
modulation. And, of course, as the signal
is amplified, so is the noise, by the same
amount.

Small, indoor rotatable loops can either
be frame loops or ferrite-core loops. Frame
loops can be made either as the well-known
box type, or a spiral- or pancake-wound
loop. The spiral loop is much more difficult
to make, but is capable of very deep nulling

at90°, if properly designed and constructed.
It will outperform the box loop, with which
100% nulling cannot be achieved. Either
way, the physical size, and rotation, of a
frame loop can be somewhat cumbersome.
Also, in some cases, house wiring forms
inconvenient loops that can inductively
couple into the relatively large frame loop,
further degrading antenna performance.

A ferrite-core loop is comparatively
small, easy to handle, and can be stored
away when not in use. It also has portable
uses. The popular way to make a loopstick
antenna seems to be to take any old ferrite
rod, add some wire turns, add a preampli-
fier, and hope for the best. There is a better
way.

Designing a Ferrite-Core Loop

First, it’s necessary to use the correct
ferrite material. For 160 and 80 meters, a
suitable nickel/zinc material should be
used. Experiments with the available mate-
rials has narrowed the choice to the Amidon
type 61 material,' or the MMG (UK) type
F14 material.? MMG type F16 may be a bit
better, but appears to be difficult to obtain.

Experiments I've done over the years
have shown that increasing the ferrite rod
diameter greatly increases sensitivity. In-
creased length leads to improvements in
both sensitivity and directivity. Combine a
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large diameter and a long length, and one is
well on the way toward producing an effec-
tive ferrite receiving antenna.

Suitably long, fat ferrite rods are not
readily available, except made to order on a
one-off basis, at an astronomical price.
What to do? The tried and true Amateur
Radio maxim has traditionally been that if
you can’t buy it, make it!

Designing the Optima 160/80-Meter
Loop

The key goal is to incorporate the 160-
and 80-meter bands from 1.8 to 4 MHz with
some overlap, providing DX reception ca-
pability without the use of a preamplifier,
and with deep nulls in the pattern for null-
ing interference and manmade noise.

Fig 1 shows the schematic used by many
amateurs for LF, MF and lower-HF recep-
tion, often with a preamplifier. The bal-
anced circuit shown in Fig 2 gives far better
nulls on 160 and 80 meters, with more doc-
ile handling.

The simple, somewhat unusual, balanced
circuit of Fig 3 evolved from much investi-
gation and testing using smaller rods. It
consists of an 18-inch-long, 1-inch-diam-
eter rod inside a 1'/2-inch-OD form. Two
coils, L1 and L2, are wound on the form and
resonated by a 150-pF variable capa'(‘:\itor,
C1.L1is wound clockwise on the form,\and
L2 is wound counterclockwise. Their far
ends are connected to the copper base plate.
The dimension between L1 and L2 is criti-

r@ Ferrite Core

e

Fig 1—A conventional unbalanced
loopstick, often used for VLF/LF/MF
(longwave and mediumwave) reception.

Ferrite Core

ie sk oo

c1 c2

cal. Coil L3 couples the loop to the receiver
via 50-£ coaxial cable. Capacitor C2
allows fine adjustment to the loading on the
selected frequency. The chassis plate is not
directly grounded; the coaxial feed line is
grounded at the receiver.

To achieve maximum performance,
there’s an air gap between the ferrite core

Chassis Plate

c2

Ferrite Core

S

Chassis Plate

Fig 3—Schematic of the Optima 80/160-
meter antenna. The base is a copper-
covered plate, over which the entire
antenna is mounted. C1, L1 and L2
resonate the antenna at the desired
frequency, and the L3/C2 combination
allow coupling energy from the loop to
the receiver. The core is comprised of
four 18-inch-long x '/z-inch-diameter
ferrite rods, glued together along their
lengths to form a fat, 18-inch-long rod
over which L1, L2 and L3 are wound.

C1—150-pF variable.

C2—182 pF variable with 410 pF fixed in
parallel.

L1—23 turns closewound, clockwise on
the core.

L2—23 turns closewound, counter-
clockwise on the core.

L3—5 turns closewound at the center of
the cardboard form.

See text for wire type used in L1-L3.

and L1, L2 and L3. Spacing between the
wire turns is also critical. (See the next
section, Construction.) Although the sche-
matic is simple, this antenna provides excel-
lent DX and local performance on both
bands with careful construction.

Construction
The Ferrite Core

Four 18-inch-long, '/>-inch-diameter fer-
rite rods are fabricated using Amidon 61-
mix ferrite material or MMG F14 material,
as shown in Fig 4A. After carefully clean-
ing the rod ends with fine sandpaper, three
rods are joined end-to-end using Superglue.
This effectively produces one 18-inch-long,
!/>-inch-diameter rod.

Two 18-inch rods are next adhered side-
by-side using superglue. Repeat for the
other pair. Once the adhesive has set, the
two pairs of rods are then glued together to
form a single rod that’s 18 inches long and
1 inch square (see Fig 4B). The stage-by-
stage Superglue operations must be carried
out quickly and carefully, so rehearse the
procedures beforehand. With Superglue,
you don’t get a second chance!

Amidon '/2-inch rods made of mix 61 ma-
terial are available direct from Amidon in
small quantities, in 7'/2-inch and 4-inch
lengths. MMG '/>-inch-diameter rods are
obtainable in 8 and 6-inch lengths. Rods
may be cut with a hacksaw to achieve the
desired 18-inch length. This could be fabri-
cated, for example, from two 7'/2-inch rods
and one 3-inch rod, sawed from a 4-inch
piece.

After winding the coils, insert the rods
into an 18-inch-long cardboard tube. I used

Step 2: Joining four 18—inch rods )
(8

[ &°x1/2" Diom Rod | 6'x 1/2" Diam Red | 6'x 1/2 Diam Rod ]| (O 1/2"Diam
Superglue
Step 1: Making a Single Rod (A)
Superglue

Step 3: Gluing the rods together to form a single
(©

long, fat ferrite rod.
Cardboard Tube

Fig 2—A conventional loopstick
antenna is a balanced circuit, with two
capacitors resonating the primary loop
B:‘Id nlo capacitor in the coupling-loop
circuit.
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Fig 4—The key to this antenna is a long, fat ferrite core. This requires assembling
several pieces of ferrite rod using Superglue into four 18-inch-long rods, then
gluing them together to form a single core. The rods are then taped with several
layers of wide masking tape to create an interference fit inside a cardboard tube,
such as an aluminum-foil tube, over which the coils will be wound.




18"

6.00"* —————»
Clockwise

Counter—
clockwise

L3

i

* = Critical Dimension

Twist wire ends

to and solder

Chassis Plate

Coil Form
See Figure 4

To C2 to

To C1 Chassis Plate

Fig 5—Coil-winding details for the loopstick antenna. The gap between the inner
ends of L1 and L2 is critical to antenna operation. The inner ends of L1 and L2 are
twisted and soldered together tightly against the coil form, then a single lead is
carried from that point to C1. The ends of L3 are twisted together and carried to C2

over the shortest possible distance. The

outer ends of L1 and L2 are dropped

directly to the copper-covered base and soldered to it. The wire turns are secured

to the form using Superglue.

akitchen-foil tube, varnished before use to
make it more durable. Wind three bands of
wide masking tape on the 18-inch core to
make it a snug fit into the cardboard tﬁ_bing.

Coil Winding

Fig 5 shows the coil-winding detail. I
used PVC-insulated #24 stranded-copper
hookup wire with a 2.05-mm (%/ss-inch)
outer diameter. This provides an easy-to-

wind, thick wire with appropriate spacing
when closewound on the form.

First, wind L3 (five turns, closewound) on
the center of the cardboard tubing, with tails
about 12 inches long. Sleeve the long wires
and glue the turns to the core with superglue.
L1 and L2 are wound to a critical dimension
of 6 inches apart, evenly spaced from L3. L1
is 23 turns wound closewound clockwise on
the core, and terminated with a 4-inch tail.

L2 is also 23 closewound turns, but counter-
clockwise on the core. Solder the adjacent
(inner) ends of L1 and L2 are together to
form a short tail for attachment. Glue the
turns of these coils to the core using
superglue,

The Chassis

The chassis is made of a 24 x 4 x '/2-inch
baseboard (see Fig 6). This is faced with
3 x 8 x 4-inch copper-clad PC boards, with
the copper-clad side upward, and tacked on
(end-to-end) with small wire nails. The two
mating copper seams are soldered together.
Copper flashing or tape could also be used
to face the board, if available.

Next, two pieces of 5 x 134 x '/>-inch
pieces of wood are mounted vertically using
metal brackets, also shown in Fig 6. The coil
assembly fits between these two boards and
is secured with short dowels, also as shown
in Fig 6.

Resonating variable capacitor C1 has a
rigid metal frame, ceramic insulated, brack-
eted to the chassis plate as shown in Fig 6.
Tused a Jackson type E 150-pF variable ca-
pacitor. C1 is fitted with an insulated exten-
sion shaft and vernier drive to allow small
adjustment and marking positions for differ-
ent frequencies.

The variable loading capacitor has 592 pF
total capacitance (182 + 410 pF in parallel).

Copper—Clad
Base Plate

Pin Copper to Base

Li 18"
s ’— L1/L2/L3 Assembly (see Fig5)
b L3
~ % Q
Wooden % 1% i . / L2 "_'\‘] Reduction Drive
End Plate § /Z % Y | % §§
% Brackets Shaft Coupler
ST k\\\\‘.( Solder e — T T;:Lr:,g
LB \ Jne v i RN | N,
&\\\\\\\\\\\\\\\\ AR s Bracket
24"x4"x1/2" Copper—covered Side View
Wooden Base
Bracket M Solder Seam
Feed Line
to RX T
! B | /-Brucket
4"
L f Tuning
5 Knob
/

Solder Seam

Top View

Shaft Coupler

Insulated Shaft

Fig 6—Final assembly drawing of the Optima 80/160-meter receive loop. The entire antenna is built over a wooden base that’s
covered with copper foil or unetched PC-board material, copper face up. Two end pieces secure the loop above the ground
plane, where wooden dowels hold them in place. Mechanically, this antenna is a bit more complex than it is electrically, but it’s
still a project you can build in a weekend. Feel free to improvise on the mounting arrangement, as most dimensions aren’t

~ critical. Use wood, rather than metal, where indicated; it allows the antenna to function properly.

47



Any capacitance between 500 and 600 pF
would do. This is bracketed to the chassis
board as shown in Fig 6.
Wiring

Don’t rely on mechanical joints—solder
all the wire connections. Drop the outer ends
of L1 and L2 directly to the chassis plate and
solder them to it. The lead from the stator of
C1 is soldered to the junction of the adjacent
wires of L1 and L2. Solder the rotor connec-
tion to the chassis plate. The ends of coupling
coil L2 go to C2 and to the coaxial feed line,
respectively. The RG-58 feed line should be
kept as short as possible, and routed from the
L2/C2 connection along the chassis plate
with cable clips.

Operation and Results /
Initially set coupling capacitor C2 to
about 30% meshed and bring C1 to reso-
nance, which is indicated by a substantial
increase in signal strength. Seléct a weak
signal on the 160-meter band and'adjust C2
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slowly for maximum signal. As the signal
gradually peaks, the bandwidth narrows.
Overcoupling is indicated by widening
bandwidth and a weakening signal.

The antenna is directional, especially
on groundwave signals, which encompass
most manmade noise and atmospherics,
plus groundwave QRM. On skywave sig-
nals, the directivity is not so pronounced
and appears to depend on the angle at which
the signal arrives. This is more pronounced
on 80 meters than on 160. Rotate the an-
tenna to null the noise or QRM and peak the
signal-to-noise ratio on the desired signal.
Although the primary target for this design
was low-noise DX reception on 160-meter
CW, DX reception on 80 meters turns out to
be most satisfactory also. I found a pream-
plifier unnecessary, even on weak signals.
In fact, when I tried one, the result was re-
ceiver overload and intermodulation—the
preamp did more harm than good.

The results I've obtained on 160 meters
have been quite excellent, with transatlan-

tic signals being received comfortably
above the noise level. Rotational adjustment
of the loop usually allows separating the DX
signals from much of the band noise in the
busy urban environment where I live.

Conclusion

This small antenna is just one of a long
series of such devices that I’ve built, and
confirms that the use of a long, fat ferrite
core can pay substantial dividends with ef-
fective DX signal strengths, and much lower
noise levels at MF and lower HF frequen-
cies, than most other practical, compact,
low-noise designs.

Notes

1Amidon, Inc, PO Box 25867, Santa Ana, CA
92799. Amidon offers fast delivery of 61-
material rods in small quantities.

2MMG North America, 126 Pennsylvania
Ave, Paterson, NJ 07503. MMG-Neosid,
Icknield Way West, Letchworth, SG6 4AS,
Herts, England.




Antenna Modeling

- A Matching Technique for Optimized, Broad-
band Yagi Antennas with Direct Coax Feed

By Bernd W. von Bojan, DJ7YE |
Schwerzfelder Strasse 56A
52159 Roetgen

Germany

he 10-meter band, the highest and
T largest HF ham band (28-29.7 MHz),

has a bandwidth of nearly 6%. Many
commercial antenna producers are deterred by
this fact and therefore divide it into lower
(typically 28.0-28.8 MHz) and upper portions
(28.8-29.7 MHz). This cleverly avoids many
problems; the narrower the band, the simpler
the antenna design. The ideal antenna would
be capable of covering the complete 10-meter
band with low SWR, constant forward gain,
and the greatest possible F/B ratio. Further-
more, many DXers prefer a high F/B ratio to
maximum forward gain, because of the better
signal-to-noise ratio—the most unidirectional
signal reception.

The ideal antenna’s load impedance
would be matched to 50-€2 coaxial cable via
a simple and nearly lossless matching de-
vice to achieve an SWR at band center of
1:1, and not higher than 1.5:1 at both band
edges. The free-space pattern of this ideal-
ized antenna would be free of side lobes and
asymmetry. The load impedance over the
whole band should result in a smoothly U-
shaped, symmetrical SWR curve,

Modeling a 10-Meter, 6-Element
Broadband Beam

Choosing the Characteristic Parameters

Now, let’s model a beam having the
above design goals in terms of the follow-
ing characteristic parameters in free space:

1. Nearly constant forward gain from 28.0
to 29.7 MHz

2. Front-to-back ratio better than 20 dB

3. Boom length: 6 meters, maximum

4. Number of elements: Six (initially)

3. A clean free-space pattern

6. A smoothly varying input impedance over

frequency, and low SWR

7. SWR less than 1.5:1 over the entire band
for direct 50- feed without the use of
conventional matching devices

8. The array’s weight and wind load should
also be within reasonable boundaries.

Narrowband versus Broadband
Performance

The US National Bureau of Standards’
comprehensive research of optimized Yagi
antennas with boom lengths from 0.4 to
4.2 A yielded gain values from 7.1 to 14.2
dBd.? For four elements and a 0.6 A boom,
a gain of 8.1 dBd is obtained, from which
follows 10.24 dBi for a gain-optimized an-
tenna in free space. The best front-to-back
ratio may be somewhere in the band at 25 to
30 dB. In many designs, these values occur
only at a single frequency or a relatively
small range of frequencies. In other words,
the F/B undergoes an inverse U-shaped
curve and rapidly drops when leaving the
top toward the band edges.

Keep in mind that the optimized data are
valid for at least a single frequency, but my

effort is focused on modeling broadband,
highest-possible F/B, lowest-possible SWR
antennas over the complete band. Physics
dictates that to this end, a certain amount of
gain has to be sacrificed. Later we’ll see that
the gain degradation is smaller than ex-
pected, and as a result of the F/B optimizing
process, the gain obtained will be “auto-
matically” good.

The Concept of Antenna Synthesis

In selecting the boom length, the basic
conditions for the layout are given. The
DJ7YE antenna concept is based on the fol-
lowing ideas:

1. The antenna is to be built and gradually
enlarged according to amodular design prin-
ciple. First, the front portion will be calcu-
lated (consisting of Driven Element and
three Directors) by the formulas in Fig 1.

2. The front part can be regarded as a com-
plete antenna by itself. In dimensioning
the front part, I have developed a logarith-
mic configuration according to the for-
mula in Fig 1.

3. Next, the first Reflector will be added to
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Fig 1—Development of the “front part” of the DJ7YE broadband antenna for boom lengths between 4.5 and 6 meters.

improve the directive pattern. Then, when
a second Reflector is added, the front-to-
back improves. For the rest, the antenna is
optimized by a seventh element designed
toclosely interact with the driven element.
This will give a broadband 50-Q match.

According to NBS measurements, the
optimum spacing between Reflector 1
(outer reflector) and the Driven Element is
0.2 X. This means that, for a 6-meter boom
length (by subtracting 0.2 A, or 2 meters),
4 meters will remain for the front part,
where the Driven Element and three Direc-
tors must be placed.

Fig 1 gives my formulas for calculating the
element spacings and lengths. The angle o. =
87.5°, determined by experiment, indicates
how to shorten the elements proceeding from
the Driven Element in the direction of Direc-
tor 3. These formulas are valid for boom
lengths from 4.5 to 6 meters at 28 MHz.

Half the length of the Driven Element
(DE #/2) is calculated by the following for-
mula:

DE ¢/2 [m] = 1/4 x 300 x 0.985/midband
freq (MHz) = 73.875/midband freq
(MHz)
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For 10 meters:

DE ¢/2 [m] = 73.875/28.85 = 2.56 meters

EZNEC calculations show that the length
of Director 1 is comparatively critical. This
element, together with the driven element,
sees relatively high currents. For optimiz-
ing the antenna over the entire band, the
element will have to be shortened by 1.6 %:

¢ dir 1 = 5.00 meters — 1.6% = 4.92 meters
and ¢/2 dir 1 = 2.46 meters

Reflector 1 is mounted on the boom
2 meters behind the Driven Element. Its
length comes from EZNEC simulation. Best
performance occurs when the Reflector is
8% longer than the Driven Element.

Realizing 20 dB or Better Front-to-Back
Ratio

For best F/B, a second Reflector (Reflec-
tor 2) is added between Reflector 1 and the
Driven Element. The spacing between Re-
flector 2 and Driven Element is determined

by EZNEC. For the 10-meter band, the spac-
ing is between 0.75 and 0.80 meters for
maximum F/B ratio (0.074 A at 29.7 MHz).
Although Reflector 2 considerably amelio-
rates front-to-back, it lowers the antenna’s
impedance, degrading the match to a 50-
feed line. However, this can be rectified by
the matching technique I'1l describe later..

The closer Reflector 2 approaches the
Driven Element, the smaller the load imped-
ance (at 0.75 meters on 10 meters, Z = 14 to
22 Q). Then, the optimal length for Reflector
2 is found by EZNEC. Its half-length amounts
to 2.71 meters (0.268 A at 29.7 MHz).

Element Diameter

Each element has three taper diameters.
The center (boom-connected) segment,
20 mm, is followed by two segments of
16 mm, joined by the outer sections tele-
scoped to 13 mm diameter on either side.
Other combinations are possible, but should
be verified using EZNEC.

Fig 1 through Fig 7 and Tables 1 through
5 show some modeling results and demon-
strate how the author’s broadband Yagi
comes into being.
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Flg 2—Six-element broadband Yagi with matching element for 50-Q feed line.

ELECTRICAL DESIGN DETAILS

The BEAMTIME matching method:
Broadband Easy Antenna Matching
through Transformed Impedance by a
Matching Element

~ Ihave found an easy method of bypass-
ing the mostly tiresome procedure of
connecting Yagi-type antennas to 50-Q or
75-Q coaxial cable. This method eliminates
conventional matching devices—as well as
tuner, choke and balun! Of course, ferrite
beads may be used to avoid potential imbal-
ance currents on the outer coax shielding,

Table 1

Element Lengths and Diameters of the Six-Element DJ7YE Beam with
9.1 dBi Average Gain and > 20 dB F/B Over the 10-Meter Band

Element Length
(mm)
Reflector 1 5520
Reflector 2 5420
Driven Element 5120
Director 1 4920
Director 2 4820
Director 3 4520

Element-Diameter
Tapering (mm)

20/16/13
20/16/13
20/16/13
20/16/13
20/16/13
20/16/13
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DJ7YE—BEAM 10m with BEAMTIME

Max. Gain = B.54 dBi

L . Fig 3—Seven-element DJ7YE beam with 6-meter boom; superimposed radiation
‘patterns for the frequency range between 28.0 and 29.7 MHz (E-plane).

Table 2

Element Spacings and Taper for the Six-Element DJ7YE Beam with 9.1 dBi
Average Gain and > 20 dB F/B Over the 10-Meter Band

Element Spacings and Tapering Tapered Element Diameters

(A at 28.85 MHz) (mm)

1.92 x 103/ 1.54 x 103/ 1.25 x103 20/16/13

Spacings

Elements (A at 28.85 MHz) (mm)
Spacing Reflector 1 — Driven Element 0.192 2000
Spacing Reflector 2 — Driven Element 0.072 750
Spacing Director 1 — Driven Element 0.080 830
Spacing director 2 — Driven Element 0.192 2000
Spacing director 3 = Driven Element 0.385 4000
Total Boom Length 0.577 6000

7—El (BEAMTIME), 6m Boom, DJ7YE
Freq = 28.85 MHz 90

Max. Gain = 13.62 dBi

Fig 4—Elevation-plane radiation pattern of the seven-element DJ7YE beam with
6-meter boom at 10 meters above real ground (f = 28.85 MHz, calculated with
EZNEC).
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but no other method of traditional matching
is required with this design method.

Adding a Seventh Element to Improve
Impedance Matching

BEAMTIME raises the load impedance
to the characteristic feed line impedance of
50 Q, which is normally achieved by a
matching device. The concept is to add a
seventh element closely placed in front of
the Driven Element, in the direction of ra-
diation. In a particular configuration, this
element performs like an upward-trans-
former, transforming the low impedance of
about 22 Q up to 50 Q. Defining the length
of the matching element and its location on
the boom may turn out to be rather compli-
cated, as it depends on many parameters.
Furthermore, this Matching Element exerts
an immediate influence on the length of the
Driven Element; these two elements form a
subsystem because of their interaction, and
also give feedback to the rest of the
antenna’s elements. Once the matching di-
mensions are found, however, matching in
its conventional sense is superfluous.

The Driven-Element length turns out to
be longer than normal, and the Matching
Element somewhat shorter. The Matching
Element may have quite different distances
from the Driven Element, depending on
how the antenna is constructed.

Remodeling a Six-Element Beam Into a
Seven-Element Beam

Remodeling the antenna with the Match-
ing Element creates a seven-element Yagi .
with an SWR of 1.5:1 or less across the
band. It is possible to bring the SWR down
to 1.2:1. This great advantage results in a
slight loss of forward gain, as is the case in
any design optimized for wide SWR and
gain bandwidths and constant F/B ratio
across a large frequency span.

Adjustment of Driven and Matching
Elements

First, the Driven Element was lengthened
by 12 cm from its original length of
2.56 meters, to 2.68 meters per half-ele-
ment. This Driven-Element length, as well
as the distance of the Matching Element and
its length, was remodeled by EZNEC simu-
lation. Distances between 9 and 22 cm were
tested more minutely. Ten cm ahead of the
driven element proved optimal, but the gain
wentdown to 7.68 dBi. A good compromise
spacing is 15 cm, with the length of the
Matching Element being 2.50 meters per
leg. At this length the SWR dropped to
1.45:1 at 28 MHz and 1.4:1 at 29.7 MHz. In
between, a broad minimum of 1.1:1 to 1.2:1
occurs.

At its center, the Matching Element
should be mechanically and electrically
connected to the boom. It is fastened to the



Fig 5—Three-dimensional radiation
pattern of the seven-element DJ7YE
beam with 6-meter boom (10 m above
real ground, at 28.85 MHz, calculated
with EZNEC).

Driven Element by plastic spacers to secure
electrical conditions.

By the way, whether it’s possible to avoid
the small decrease in gain caused by the
Matching Element by using other matching
variants is open to question. There possibly
are ‘higher losses caused by symptoms
of aging (corrosion, poor connections,
detuning, etc) in mechanically complicated
devices in comparison to the very simple
BEAMTIME installation. Beyond that,
such an easy, simple matching system
would be hard to achieve otherwise. It is
also well known that a “normal” matching
device (ie, a gamma match) may deteriorate
the antenna’s radiation pattern.

Optimized Results after Application of
BEAMTIME

By optimizing with BEAMTIME we get
the values shown in Table 3 and Fig 3
through Fig 5. Fig 3 shows superimposed
radiation patterns over the 10-meter band,
and at a glance you may talk of an ideal
diagram showing at least what has to be
‘expected of such an antenna. Now let’s have
alook at the vertical radiation pattern over
real ground (Fig 4). The main lobe has more
than 14 dBi gain due to the reflections
(losses are not taken into account). Fig 5
shows the 3-D radiation pattern.

DESIGN DISCUSSION
Performance of the DJ7YE Beam

The NBS Yagi with a 1.2 A boom and six
elements delivers 12.4 dBi gain, when gain-
optimized. If a double effective aperture led
10 a gain growth of 3 dB, theoretically
hardly anything would be given away by op-
timizing the introduced broadband antenna
matching system in having achieved 9.1 dBi
in free space, along with wideband, high
F/B as well as direct 50-2 coax feed.

With regard to the forward gain degrada-
tion of 2 dB, we may speak of an obvious

Table 3

Computer-Modeled Performance of the Seven-Element DJ7YE Beam
Designed Using BEAMTIME, with 8.3 dBi Average Gain, > 20 dB F/B, and
<1.5:1 SWR across the 10-Meter Band. All data for free space were calcu-
lated using EZNEC antenna software by W7EL.

Frequency  Gain F/B B/W SWR Impedance
(MHz) (dBi) (dB) 2} (50 Q) Z=R+jXQ
28.000 8.16 21.38 60.8 1.45 36.62 —j8.81
28.100 8.20 21.30 60.6 1.34 40.13 —j8.52
28.200 8.24 21.22 60.4 1.26 42.88 —-j7.80
28.300 8.28 2148 60.2 1.20 44.88 —j6.86
28.400 8.31 21.09 60.0 1.16 46.17 — j5.87
28.500 8.34 21.06 59.8 1.13 46.85 - j4.97
28.600 8.36 21.06 59.6 1.11 47.02 - f4.27
28.700 8.38 21.10 59.4 1.31 46.81 —j3.82
28.800 8.39 21.21 59.2 1.11 46.33 —j3.65
28.900 8.40 21.38 59.0 1:43 45.71 - j3.71
29.000 8.41 21.63 58.8 1.14 45.04 - j3.97
29.100 8.40 21.98 58.6 1.16 44,40 - j4.32
29.200 8.39 22.45 58.4 1.18 43.80 - j 4.61
29.300 8.36 23.07 58.2 1.19 43.21 - j4.69
29.400 8.32 23.88 58.0 1.21 42,47 —j4.38
29.500 8.27 24.95 57.8 1.23 41,28 —j3.59
29.600 8.19 26.39 57.6 1.28 39.22 -j2.39
29.700 8.08 28.42 57.4 1.40 35.89 —-j1.26
Table 4

Element Spacings and Tapering for Seven-Element DJ7YE Beam Designed
with BEAMTIME, Average Gain of 8.3 dBi, > 20 dB F/B and < 1.5:1 SWR
over the 10-Meter Band for Direct 50-Q Feed. (The seventh element is a

matching element.)

Spacing and Tapering

Tapered Element Diameters

(A at 28.85 MHz)

1.92 x 10°%/ 1.54x 10"%/ 1.25 x 10°3
Spacings

Elements

Spacing Reflector 1 — Driven Element
Spacing Reflector 2 — Driven Element
Spacing Matching Element — Driven Element
Spacing Director 1 — Driven Element
Spacing Director 2 — Driven Element
Spacing Director 3 — Driven Element
Total Boom length

(mm)

20/16/13

(A at 28.85 MHz) (mm)
0.192 2000
0.072 750
0.014 150
0.080 830
0.192 2000
0.385 4000
0.577 6000

sacrifice of gain, of which the experts say it
is to be hardly distinguished with one’s ears.

What about Front-to-Back Ratio?

The diagrams in the figures clearly show
well-suppressed back lobes. There are also
no side lobes to be detected. The given F/B in
Table 3 at 180° is still rising in direction 90°
and 270° in the first half of the band, where-
upon the calculated values are minimal. In
the upper band portion, the back lobe, where
F/B at 180° reaches 28 dB, flattens slightly
and results in a small decrease of F/B at 130°
and 230° off the main beam to 22.6 dB (at

29.7 MHz). The 3-dB beamwidth of radia-
tion lies between 60.8° and 57.4°,

What Does Reflector 1 Contribute?

Reflector 1, being placed at the end of the
antenna, principally has only the function of
providing the desired F/B ratio at the low
end of the band. Its contribution is about 1
to 2 dB. At 29.3 to 29.4 MHz, the 20 dB
F/B goal is achieved without Reflector 1;
however, with Reflector 1, the F/B is raised
by about 3 dB in this region. At 29.7 MHz,
the F/B improvement attributable to Reflec-
tor 1 is 3.8 dB. The existing high F/B of
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Fig 6—Gain, front-to-back ratio and SWR of the DJ7YE beam

with broadband matching for 50 Q, performed with

transformed impedance by a matching element (BEAMTIME).
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Table 5

Seven-Element DJ7YE Beam with BEAMTIME, Constant 8.3 dBi average

gain, > 20 dB F/B and < 1.5:1 SWR Over the 10-Meter Band, with a

50-Q Feeder ‘
Element Length Element Diameter
(mm) Tapering (mm)

Reflector 1 2 x 2760 20/16/13
Reflector 2 2x 2710 20/16/13

Driven Element 2 x 2680 20/16/13

Matching Element 2 x 2500 20/16/13

Director 1 2 x 2460 20/16/13

Director 2 2 x 2410 20/16/13

Director 3 2 x 2260 20/16/13

Driven Element is separated in the center.

Table 6

Seven-Element DJ7YE Beam with Constant Gain for 140 to 147 MHz with

F/B > 20 dB at an SWR < 1.5:1 over the Entire Band, 50-Q Feeder

Element Length

(mm)
Reflector 1 2 x 540 (540)
Reflector 2 2 x 530 (531)

Driven Element
Matching Element

2 x 520 (525)
2 x 480 (490)

Director 1 2 x 480 (482)
Director 2 2 x 470 (471)
Director 3 2 x 440 (442)

Data optimal for 144 to 146 MHz at maximum SWR of 1.15. Data in parentheses are
optimal for 140 to 147 MHz at SWR <1.5:1. The center of Driven Element is open.

Element Diameter
(mm)
5

oo o o,

5
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Fig 7—Bandpass characteristics of the DJ7YE beam incor-
porating BEAMTIME in the frequency range between 27 MHz
and 31 MHz. (For antenna dimensions, see Tables 4 and 5.)

24 dB at the high edge rises above 28 dB.
Therefore, Reflector 1 may be dispensable,
but is certainly not useless. For amateurs
limited in space, the short-boom version
(4.75 meters) without Reflector 1 may be a
good solution.

DATA AND INFORMATION FOR
ASSEMBLY

Features of High-Performance Antenna
Design

One of the most interesting results of
computer simulation and optimization of
high-performance Yagi antennas with four
or more elements is manifested in the con-
tinuing, familiar patterns of element distri-
bution on the boom. These patterns are rela-
tively independent of the boom length, con-
cerning the Reflector, Driven Element, and
first Director. In every optimized antenna
design, these elements are closely placed,
taking not more than about 0.15 to 0.2 A.°

My concept of antenna design has like-
wise considered the center piece consis-
ting of Reflector 2, Driven Element, and
Director 1, with a matching element need-
ing not more than 0.15 A extension to the
boom. The spacing is rather critical.

EXPERIMENTS
Scaling the 10-Meter Model to 2 Meters

The antenna dimensions were scaled to
2 meters for testing. This was done with the
rescaling function of EZNEC, which auto-
matically scales the antenna to a new fre-
quency, while the antenna dimensions—in
wavelengths—are maintained.

Tables 6 and 7 show the adapted data
being a proportional reduction of the



Table 7

Seven-Element DJ7YE Beam with Constant Gain for 140 to 147 MHz with

> 20 dB F/B and < 1.5:1 SWR over the Entire Band, for a 50-Q Feeder

Spacing Reflector 1 — Driven Element

Spacing Reflector 2 — Driven Element

Spacing, Matching-Element to Driven Element
Spacing Director 1 — Driven Element

Spacing Director 2 — Driven Element

Spacing Director 3 — Driven Element 790 mm (784)
Total Boom Length 1180 mm (1174)

Design is optimized for 144 to 146 MHz. Data in parentheses is optimized for 140 to
147 MHz.

390 mm (390)
150 mm (147)
17 mm - 20 mm (29)
160 mm (163)
390 mm (390)

Table 8

PV4 Original Design

Element Spacing Spacing Length Length
A) (mm) ) (mm)

Reflector 0 0 2 x 0.254 2 x 5362

Driven 0.124 2618 2x0.238 2 x 5025

. Director 1 0.324 6840 2 x0.233 2 x 4919

Director 2 0.574 12,118 2x0.224 2 x 4729

PV4 Modified by BEAMTIME for 50-Q Matching

Element Spacing Spacing Length Length

D (A) (mm) A) (mm)

Reflector 0 0 2x0.254 2 x 5362

Driven 0.124 2618 2 x0.248 2 x 5241

Matching 0.151-0.16 3188-3378 2x0.236 2 x 4991

Element 5

Director 1 0.324 6840 2 x0.233 2 x 4919

Director 2 0.574 12,118 2x0.224 2x 4729
Driven Element Matching Element Matching Element
Length (m) Length (m) Spacing (mm)

Variant 1 2x5.24 2x4.99 570

Variant 2 2x5.25 2x5.00 670

Variant 3 2x5.24 2x4.99 760

PV4, Original Data, ARRL—BOOK
Freq. MHz

14
14.05——
141 ——
1415 —
142 ——
14,256 —
14.3 ——
14.35 —

210

Fig 8—Free-space

180

radiation patterns in

the 20-meter band of
W2PV’s PV4 antenna.
In the original an-

Max. Gain = 9.96 dBi 20

tenna, feed imped-
ance Zp = 18 Q for
best SWR.

10-meter, seven-element antenna using
monotaper aluminum rods of 5 mm diameter
for all elements. The length of the 1-inch
aluminum boom is 1.3 meters.

Building and Evaluating the 2-Meter
Model

After completing the modeling exercise,
I set to work constructing the small, handy
and compact 2-meter beam. The beam was
tested in a slightly sloped meadow with the
antenna completely free-standing on a
wooden pole, at 2 meters above ground.
Besides a problem with a 6-turn choke balun
(10 c¢m in diameter, fastened under the
boom) causing interactions with the radiat-
ing system, there were no other difficulties
to overcome. During the test series with
DJ2JO (far field measurements), I found no
departure from the modeling predictions.
RG-58 coax was connected directly to the
driven element.

Impedance and SWR measurements
(made using an MFJ 259 analyzer) at the
input and load ends of the coax confirmed
the desired 50 Q impedance and an almost
constant SWR (from 144-146 MHz) of
1.35:1. A large decrease in F/B occurred
outside the given boundary frequencies (140
and 150 MHz), farther off these frequencies
accompanied by a dramatic increase of
backward radiation—proof of the antenna’s
band-pass characteristic. The calculated
F/B of more than 20 dB was confirmed.
Simple comparative gain measurements
with the beam and a half-wave reference
dipole at the testing site (both antennas same
height) and a receiver with a calibrated S
meter at DJ2JO’s home 10 miles off the
beam, showed a difference in signal strength
of atleast 6 dB. The values given in brackets
in Tables 6 and 7 give a somewhat better
gain and higher F/B (0.6 dB maximum).

Later, I built the full-scale 10-meter ver-
sion and am very pleased to report that it
worked exactly as computed.

MODELING OF OTHER WELL-
KNOWN ANTENNAS WITH
BEAMTIME

BEAMTIME with W2PV’s PV4

To demonstrate the general function of
BEAMTIME, let’s equip the famous W2PV
antenna described in The ARRL Antenna
Book' with BEAMTIME and compare it
with the original version. Fig 8 and Fig 9
show the matching effect of BEAMTIME by
comparison to the original. Not only is an
almost perfect 50-£2 match possible, but also
an amelioration of the radiation pattern. An
example in Fig 10 shows how BEAMTIME
can be used by other existing antenna sys-
tems (here “PV4”).

In Table 8, three variants indicate how to
realize a 50-Q match. The largest bandwidth
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PV4 After Insertion of BEAMTIME
Freq. MHz
14
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142 ——

180

Max. Gain = 9.74 dBi 20

Frequency, MHz
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Tlg 9—Free-space radiation patterns in the 20-meter band of

W2PV’s PV4 antenna after modification and application of
BEAMTIME for 50-Q matching. Also see Table 8.

Fig 10—SWR of W2PV’s PV4 antenna without matching
(Zp = 18 Q) and with broadband matching performed by

transformed impedance with a matching element (BEAMTIME,

Zg = 50 Q); variants 1, 2 and 3 shown (see Table 8).

is achieved by variant 3, while the SWR
rises to 1.3:1 on an average. By using
BEAMTIME, the antenna gain generally
decreases 0.1 to 0.2 dB at most. With vari-
ant 3, however, gain increases by a minus-
cule 0.01 dB at 14.35 MHz, and F/B rises
3 dB with variant 3 at 14.35 MHz.

As the data from Fig 8 and Fig 9 show, the
driven element has to be lengthened by
0.01 A per end (with respect to the original
dimensions) to get a perfect match. The
matching element is shortened by 0.012 A
per end in proportion to the lengthened
driven element. Optimal performance can be
achieved with spacings of 0.027 to 0.036 A.

Summary and Final Remarks

Reliable antenna optimization is possible
by utilizing PC antenna-analysis programs
like EZNEC. An antenna optimized for high
front-to-back ratio and low SWR over a
wide range can also be designed. The gain
sacrificed in the optimization process is
relatively small.

BEAMTIME, a new broadband matching
system with an additional element and direct
50-£2 coax feed, renders all other matching
methods superfluous. BEAMTIME not only
lowers SWR and creates broadband charac-
teristics, but also improves radiation pat-
terns. BEAMTIME can be incorporated into
all existing Yagis. This new type of match-
ing should be applicable to other antenna
systems as well.
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Measurements & Computations

Skywave Antenna Measurements

By Jack Kuecken, KE2QJ
2 Round Trail Drive
Pittsford, NY 14543

ntenna gain measurement are usu-
Aal]y made by comparing the signal

from an antenna under test with that
. from a standard, or reference, antenna.'2 At
microwave frequencies with wavelengths of
centimeters or tens of centimeters it is easy
to establish a path with many wavelengths’
clearance from interfering objects. On line-
of-sight paths, signals do not vary for hours
at a time.

At VHF, where wavelengths are a meter
or more, the antennas are larger and more
clumsy. “Flashlight” beams that clear ob-
stacles by many wavelengths are more dif-
ficult to achieve, and movement of objects
behind or beside the antennas affects the
received signal strength. The condition
where more than one path exists between
lransmitter and receiver is called multipath
propagation. If the effective length of one
ormore of the paths changes, the signals will
tend to either reinforce or cancel each other,
- Ifthe two signals are equal in strength they
can shift from doubling the received volt-
age to completely cancelling it, depending
onthe phase difference between the signals.

On the standard broadcast band at night,
stations at moderate distance will often un-
dergo a shift from very strong to very weak
injust a few seconds, cycling back and forth.
This is caused by the interference between
the ground wave and the sky wave. For that
reason, at wavelengths longer than about
250 meters (frequencies below 1200 kHz),
itis common to use antennas approximately
0.53 X in height to suppress the skywave and
enhance the groundwave.

At wavelengths shorter than 160 meters,
the ground wave attenuation is so large that
this effect is seldom noted more than a few
miles from the station. Rapid cyclic fading
experienced on the HF bands is more gener-
ally due to multipath skywave propagation
and polarization rotation caused by the
waves passing through the ionosphere (a
magnetized and ionized medium).

The HF bands are seldom as steady as

line-of-sight microwave signal paths. A
short-range HF line-of-sight measurement
can probably be made repeatable, subject to
the movements of objects around the an-
tenna and adjacent to the path. However, it
is not very informative since it is necessar-
ily made at a low angle, whereas the
skywave path takes place at a relatively high
angle and the return to Earth is also at some
high angle.

Fig 1 shows that for ranges less than about

350 miles the launch angles are all above
45° for F, propagation.’ Propagation on
short-to-medium-range paths is frequently
referred to as near-vertical-incidence (NVI)
propagation. Because jungle or wooded
terrain severely limits the range of ground-
wave HF or line-of-sight VHF communica-
tions, this NVI propagation is widely used.*
Hams have taken advantage of this mode for
medium-range communications for years
without calling it anything special.
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Fig 1—Optimum launch angle as a function of range for the F2 layer.
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Reference Dipole 90
Freq= 3.858 MHz

Quter Ring= 6.55 dBi
Max. Gain = 6.55 dBi (A)

Reference Dipole 0
Freq= 3.858 MHz

0

Outer Ring= 6.55dBi (B)
Max. Gain = 6.44 dBi

Azimuth Plot

Reference Dipole 90
Freq= 3,858 MHz :

Outer Ring= 8.61dBi (A)
Max. Gain= 8.61dBi

Reference Dipole Q
Freq= 3.858 MHz

Outer Ring= 8.61dBi
Max. Gain= 6.09 dBi (B)

Azimuth Plot

Fig 2—Radiation patterns for an 80-meter dipole installed
95.6 feet above real earth. At A, the vertical plane patterns.
The solid line (marked 0°) is in the plane containing the
dipole. The dotted line (marked 90°) is in the plane

perpendicular to the dipole. At B, azimuthal patterns at

elevation angles of 60° and 45°.

For HF measurements a dipole is gener-
ally used as a standard antenna. Before go-
ing further, it is worthwhile to say a few
words about the radiation patterns of a di-
pole over Earth at angles well above the
horizon. Most hams are familiar with the
“doughnut” pattern of a dipole in free space.
The performance of a dipole above earth is
not so widely understood. The following
patterns were calculated using EZNEC.’
Fig 2 shows the radiation patterns of an 80-
meter half-wave dipole elevated /s A (95.6
feet) above real earth. This antenna is a real
“cloud warmer,” but notice that the gain is
nearly constant at elevations above 60° and
is only down 2 dB at 45°. When we look in
Fig 2B at the azimuth pattern for an eleva-
tion of 45° we note that the pattern is only
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Fig 3— Radiation patterns for an 80-meter dipole installed

26 feet above real earth. At A, the vertical plane patterns. The
solid line (marked 0°) is in the plane containing the dipole.
The dotted line (marked 90°) is in the plane perpendicular to
the dipole. At B, azimuthal patterns at elevation angles of 60°

and 45°.

a little over 4 dB out of round. At an eleva-
tion angle of 60°, the pattern is only 2 dB out
of round. The pattern is a trifle stronger in
the broadside (90°) direction than in the end-
fire direction (0°). There are no end-fire
notches in the radiation pattern at high el-
evation angles. Comparing these patterns to
the elevation angle chart of Fig 1 we see that
the antenna is well suited to covering ranges
from zero to about 400 miles at any azimuth
with a nearly constant signal strength

For a temporary 75-meter reference an-
tenna, the 95.6-foot elevation used in the
previous example is not easy to obtain. What
happens if the reference antenna is lowered
to 26 feet? Fig 3A shows the elevation pat-
terns for this lower antenna. Fig 3B shows
azimuth patterns. At an elevation angle of

45°, the pattern is about 4 dB out of round.
At 60°, the pattern is a little less than 2 dB
out of round. At the lower height the antenna
is almost omnidirectional for targets out to
300 or 400 miles. These patterns assume that
a balanced feeder or a good balun is em-
ployed. If a coaxial line feed is used without
a balun, the current on the outer conductor
of the feed can contribute considerable
asymmetry to the patterns.

WHY THE FUSS ABOUT GAIN
MEASUREMENTS?

Mobile antenna are nearly always electri-
cally small, and some form of impedance
matching must be provided if any signifi-
cant signal is to be radiated. The antenna
couplers, loading coils and other matching



arrangements are always lossy to some ex-
tent. Furthermore, the radiation patterns are
often shaped by the vehicle and are not nec-
essarily regular. This means that measure-
ments in several directions from the vehicle
are necessary if a realistic evaluation is to
be made. It is the object of this paper to
- describe a system of measurement whereby
a realistic evaluation of antenna perfor-
mance can be obtained. The measurement
techniques set forth represent the culmina-
tion of several years of experimentation.

HF Comparisons

Anyone who has been on the HF bands for
any length of time has heard, “This is an-
tenna A.” And sometime later, “This is an-
- tennaB.” Then follows the question, “Which
isstronger?” If done on SSB, this evaluation
usually has three strikes against it:

1. Judging the signal strength of two SSB
signals is at best a haphazard proposition.

2. The time elapsed between the signals on
\ the two antennas offers plenty of time for

‘fading to occur.

3.If the SWR of each antenna is not matched
almost perfectly the rig will adjust its
power and will not deliver the same
power to each antenna.

The result of such a test may satisfy the
originator that B is better than A; however,
the result is hardly quantitative. If the test
was posed originally to find out whether a
change in the feed raised the efficiency a
few decibels the result would offer no real
clue. A much more definitive test would
result if:

1. The signal is CW where the power can be
carefully monitored and controlled.

2. The switching between antennas is rapid
and repetitive.

3. Both antennas are matched almost
perfectly.

- 4. Some mechanism is used to identify

which antenna is which.

5. All quantitative measurements are per-
formed at the originating site.

6. Some mechanism is employed to reduce
the effects of noise.

The following discussion will address
each of these points individually.

The System

Fig 4 shows the transmit and receive set-
ups. For transmit, a transceiver is fitted with
aunit which permits the selection of either
the normal microphone or a generator that
supplies two tones, one at a time. A switch
driver powers a PIN diode switch that selects
the path for the signal and also selects which
toneis applied as modulation. The tone is the
mechanism by which the operator at the re-
ceiving end can identify which antenna is in
use. For example, the higher pitched tone is
‘lways on when the reference antenna is
connected, and the lower pitch tone is on

when the antenna under testis connected. To
minimize the effects of fading or QSB, the
system automatically switches between an-
tennas every 1.5 seconds.

I’ve assumed that the reference antenna
has a higher gain than the antenna under test.
The reference antenna is fed through a cali-
brated high-power attenuator. (If the an-
tenna under test has more gain than the ref-
erence antenna, the attenuator will have to
be placed in that feed line.) The operator at
the receiving end is asked to “eyeball” the S
meter and to report whether the meter reads
higher with the high pitch or with the low
pitch. At the transmit end, the attenuator is
adjusted until the receiving operator says
the tones deflect the needle equally.

It is important to note that the receiving
operator is only asked to report on which tone
makes the S meter read higher. The calibra-
tion of S meters is very compressed, which
makes it nearly impossible to accurately read
a change of 1 or 2 dB between consecutive
readings. However, a 1 dB change will make
the meter visibly twitch at the switching speed
used in my system. The result is that one can
tell easily which tone is stronger. Similarly,
the ear can scarcely discern a difference in am-
plitude of 1 or 2 dB so the twitching of
the S meter is the most reliable guide. (The re-
ceiver AGC would have to be turned off for
the “ear test.”)

A word is in order here concerning the

switching speed and the tones. The switch-
ing should be at the fastest speed at which
itis still possible for a typical S meter to re-
spond and for the receiving operator to dis-
tinguish the tones. I selected a switching
cycle of 1.5 seconds per tone.

The tones are F1 (the second F above
middle C) for the low pitch (=698 Hz) and
C2 (the second C above middle C) for the
high tone (=1047 Hz). This selection is not
random; the sound is very much like a Eu-
ropean ambulance or police car. (Legend
has it that someone received a PhD for the
study that determined that this was the most
distinctive pattern for most human ears.)

The PIN diode switch operates fast
enough so thatit’s not necessary to unkey the
transmitter as the tones change; therefore,
the tone train is nearly continuous. In an
earlier effort I tried mechanical switching
and a CW identifier, but the periods of zero
signal made the S meter needle swing wildly,
making readings difficult or impossible.

To Filter or Not to Filter

In the beginning it seemed that the inclu-
sion of a two-tone filtered voltmeter might
improve the measurement and so I built one.
Each passband had a bandwidth of about
100 Hz. I found that in the presence of white
noise an improvement of approximately
9.25 dB in signal-to-noise ratio could be
achieved. Eventually, I abandoned the fil-
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Generator
| ).... and —
Control

(Figs 6&7) -

Switch
Driver -

(Fig 5)

|
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I [

Transceiver
2. Mater Speaker

Reference
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Attenuator
Antenna
:; ‘, Coupler |
(If Req'd)
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Under
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Antenna %j/
Coupler
(#)
TX Setup

Q

(8)
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Fig 4—Configuration of the transmitting station (A), and receiving station (B). See

text for details.
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tered meter for the following reasons.

1. If I want the other ham to have it, I have
to supply it.

2. Tuning accuracy and stability are diffi-
cult to guarantee on the other ham’s rig.

3. It works only against white noise. For
speech and QRM or QRN it is of little
help.

4. Without this or other special equipment,
I can get measurement help from any
cooperative ham within communications
range. Also, it is easier to get readings
from a number of beariags if no special
equipment is required.

The Hardware

Fig 5 shows the circuit diagram for the
100-W PIN switch and the switch driver.
The PIN diodes used are Unitrode type

UM4301B. These diodes are rated at 100-V
breakdown (min) and have a capacitance of
2.5 pF (typ) and a series resistance of 0.3 Q
when forward biased. The “B” designation
indicates axial leads. When the drive tran-
sistor Q3 or Q4 is biased off, that switch is
open. When the drive transistor is on, the
diode draws about 55 mA from a 12-V sup-
ply. This switch works well at the 100-W
level, provided a good match is obtained on
the antennas. Note that loads A and B, which
represent the antenna under test and the ref-
erence antenna, must provide dc continuity
for the bias current. At 1.8 MHz the switch
showed 54 dB of isolation in the open con-
dition. The isolation dropped to 39 dB at 18
and 21 MHz and rose again to 51 dB at 28
MHz. Insertion loss is relatively negligible.

The 0.01 WF capacitors have to be capable

\

‘-\ +12V Switch Driver
oy o
\\
N\

1/2 556

+12V

+12V

Reference
Antenna

e -

TR

Sw. Drive A
to Two- Tone Gen. N\2w N2 W
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sc.

100 pF PIN
Diode
Switch
RFC
2.5mH
PIN
Antenna
Under Test

=y

b g

Fig 5—Circuit diagram of the 100-W PIN switch and switch driver.
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of handling the RF current, which is 1.41 A
RMS at 100 W into a 50 Q load. I used a pair
of old-fashioned mica capacitors about the
size of a postage stamp and /s inch thick.
Vitramon, among others make transmitting
capacitors rated for current handling. A
small dipped mica or ceramic capacitor will
not stand this duty, regardless of the voltage
rating.

Fig 6 shows the two-tone oscillator. (In
an SSB transmitter a single tone is equiva-
lent to CW.) Pins 4 and 10 are the reset con-
trols of the 556 oscillator. With the switch
in the ALT position, when switch drive A is
high, the output of Q1 is low and the output
of Q2 is high, thereby turning the LOW os-
cillator on. When A is low the reverse situ-
ation results and the oscillator marked HIGH
is on. The control marked LEVEL is used to
set the power output of the set, and the con-
trol marked BAL is used to equalize the
power in the high and low tones.

Fig 7 shows the wiring for the control
unit. The push-to-talk switch on the micro-
phone is used for keying the transmitter. In
the TALK position the unit operates nor-
mally. In the TEST position the transmitter is
modulated by the high and low tones alter-
nately if the LO-SCAN-HI switch is in the
SCAN position. The L0 and HI positions are
provided for tune-up.

Setting Up

As the project progressed, it became ap-
parent that another item would have to be
standardized. The receiving operator has to
determine whether the two tones are equal.
There is no guarantee that the audio re-
sponse of his receiveris perfectly flat. I want
to determine whether any difference in re-
ceived tones is due to receiver response or
to differences between the antennas.

It would be nice to get a benchmark with
both tones coming through the switch appa-
ratus and the attenuator and cabling but
propagating through asingle antenna. A sec-
ond PIN switch could be used to do that.
However, that adds another switch that
would not be used in the actual measure-
ment. For that reason, I built a hybrid
combiner to join the two paths into a single
antenna.

Fig 8 shows the hybrid combiner trans-
former. (This circuit has been used in tele-
phony since before the turn of the century.)
In the hybrid-combiner circuit, A is isolated
from B but sees C and D in parallel. Simi-
larly, C is isolated from D but views A and
B in series. Two separate Amidon FT82-61
ferrite cores (L = 125) are used. Windings A
and B have 6 turns and windings C and D
have 9 turns. The unit shows good isolation
and handles 100 W easily from 1.8 to well
over 30 MHz. The windings are #22 Teflon
insulated wire twisted quadrafilar. The cali-
bration setup shown in Fig 9 wastes half of
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Fig 8—Diagram of the hybrid combiner
transformer.

the power in the resistor at A but combines
the outputs of the switch at B.

At the start of the measurement I used the
two-tone test through the reference antenna
using the hybrid combiner. With an opera-
tor reporting the S meter reading at the re-
ceiver end, I set the attenuator for equal
strength in the low and high tones. This dif-
ference is subtracted out of the data from the
two-antenna comparison. The BAL control
on the two-tone generator was used to ob-
tain equal transmitter wattmeter readings
before the start of the test.

The Attenuator

The high-power attenuator is worth a few
words since it is not often found around a
ham shack. The attenuator is set up in bi-
nary sequence 1, 2, 4, 8 and 16 dB. Any
value (in 1-dB steps) between 0 and 31 dB
can be obtained. Design equations for the at-
tenuator may be found in Reference 5, or
you may use the program of PROG-1 (in-
cluded). In either event you will find that the
power ratings and resistance values as
shown in Table 1 are nonstandard. I use a pi-
type attenuator that has equal values of in-
put and output shunt resistors, R1 and R3,
and a top (series) resistor, R2.

For example, consider the 16-dB attenu-
ator. In this case R1 and R3 are 68.8 Q and
R1 must dissipate 36.3 W for a 50-W input.
In contrast, we see that most of the power
has been “burned off” by the time we reach
R3 so that it dissipates only 0.9 W.

The nicest thing to use would be
Carborundum resistors of these values and
ratings. The 36-W Carborundum resistor
would be a black cylinder about %s in. diam-
eter and 4 or 5 inches long with a %/s in hole
through the center. The current flows
through the bulk of the material and the re-
sistor has essentially no inductance. With
such resistors, and a properly designed hous-
ing, the attenuator could be made good to
about 1.5 GHz. Carborundum Corp sold out
of this business to a firm called Cisiwid (tel
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Pin Diode Cal.
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o

Fig 9—Calibration setup. See text for details.

Fig 10—Photo
showing the
system installed
at KE2QJ. Above
the transceiver is
a directional
wattmeter. To the
left is the
attenuator, and
above that the
hybrid on the left

and the PIN
switch on the
right.
Table 1
Attenuator Parameters
Atten R1, R3 P1 N1 R2 P2 N2 P3 N3 Paur
dB («) (W) Q) (w) w) w)
1 870 2.88 2 5.8 5.1 3 2.3 2 39.7
2 436 57 3 11.6 9.1 5 3.6 2 31.5
4 221 11.3 6 24 14 7 4.5 3 19.9
8 116 21.5 11 53 17 9 3.4 2 7.9
16 68.8 36.3 20 154 12 6 0.9 1 13

716-286-7610). They have a $300 minimum  nificantly more than you spent on your rig!
order on each nonstandard size, however, The approach that I took was to parallel a
and building the attenuator would cost sig- number of 2-W carbon-composition resis-
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tors. The values of N in Table 1 represent
the number of 2-W resistors to be paralleled.
For example, the 36.3-W rating calls for at
least 20 resistors of 2-W rating in parallel.
Looking at the standard resistor sizes in the
5% table we find the 1500-Q size close to
our requirements. Twenty-one 1500-£ re-
sistors connected in parallel gives 71.42 Q.
To bring this down to 68.8 Q, we would
require a parallel resistance of:

(1/68.8) — (1/71.42) = 1/R
R =1875Q

We could choose either an 1800 or a
2000-Q2 resistor from the standard 5% table.

These figures are only approximate. For
example, the 1500-Q resistor might actually
be 1425 (-5%) or 1575 (+5%). For the low-
est resistance case, only 20 resistors with a
2-k€Q trim would be required. For the high-
est resistance case, 23 parallel resistors
would give 68.5 Q, which is close enough.

Fig 10 shows some of the principal parts
of the system with the hybrid, the PIN
switch, the attenuator, the directional watt-
meter and the radio displayed. The two-tone
generator appears in the lower right in a
2x2x5 inch box. The attenuator is electri-
cally switched using relays to provide for
future computer operation.

Conclusions

I’ve used this system to evaluate two
mobile and two fixed antennas in the past
year and a half. The measurements usually
show a x1 dB repeatability if taken during
periods of low noise and low-to-moderate
fading.
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A Remote Noise Bridge

By Don Urbytes, W8LGV
2297 W Catalina View Drive
Tucson, AZ 85742

or many years [ have used an antenna
Fnoisc bridge to tune antennas, check

transmission lines and also for adjust-
ing my Transmatch. Normally, when using
anoise bridge for adjusting an antenna tuner,
~ the bridge must be inserted in the circuit to
make the adjustments and then removed be-
fore transmitting. I didn’t like the idea of hav-
ing to change coaxial cables every time I
wanted to make a noise bridge measurement,
so I decided to do something about it. I de-
signed a simple circuit that could be remotely
operated and still be left in the RF circuit.
Initially, I was going to build a bridge circuit
and make it remotely operated.

Remote :
Control U1 LM317 -
vV ; ; to
g /\_C Tuner
9 K1B 5 to
to
K1A i Tuner GE?S: i
D1 R2 Ten—Tec 1051 to
KiC o
F1
J2 - o T f 44
12V Transceiver
be in 0.25A
Ring -
Tip e ST 1
P1 = . -O
DS2 560 0
Sleeve 1l SheeE to Ring {/ % 1/2W

Fig 1—This is the schematic diagram of the remote-control bridge circuit. RS part numbers in parentheses are RadioShack.
RSU numbers are RadioShack Unlimited, shipped directly to you.

U1—LM317 (RS 276-1778)

DS1, DS2—LED (RS 276-066)
D1—1N4002 (RSU 11929007)

R1, R2—560 Q '/>-W (RS 271-1116)
R3—270 Q '/>-W (RS 271-1112)

R4—5 kQ potentiometer (RS 271-1714)
C1—0.1 pF, 35 V dc (RSU 11295821)
C2—1 yF, 35 V dc (RS 272-1434)

K1—Relay, 12 V dc coil (RS 275-218)

F1—Fuse, 0.25 A (RS 270-1002)

Fuse holder (RS 270-739)

S1—Push-button switch (RS 275-1556)

J1—Remote jack, 'fe-inch, 3-conductor
(RS 274-24)

P1—Plug for use with remote control,
fe-inch, 3-conductor (RS 274-284)

J2—DC jack, 5.5 mm (RS 274-1572)

P2—DC plug, 5.5mm (RS 274-1573)

J3, J4—Coax connector, SO-239
(RS 278-201)

Ten-Tec T-Kit Module Board, #1051
Transmatch Tuning Bridge

Aluminum enclosure (RS 270-238)
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Then I discovered that Ten-Tec markets
a line of economical kits called T-Kits.!
One of these kits is the Transmatch Tuning
Bridge, Model 1051. Priced at less than $20
for the basic kit, this seemed like a good
way to go!

I decided to use this Transmatch Tuning
Bridge as the basis for my remotely operated
noise bridge rather than reinvent the wheel.
The Ten-Tec 1051 is designed to cover a lim-
ited resistance range, and has no reactance
adjustment. It provides a modulated pulse
output, making it easier to recognize the null
than with a simple noise bridge. I made one
change on the Ten-Tec bridge, though. I re-
placed R12—a 100-Q potentiometer—witha
precision 50- resistor. This is an optional
item and does not have to be changed. All of
my radios have a 50-Q output, so I always
want the antenna tuner to provide a 50-Q
match to the antenna.

If you already have a noise bridge you
want to use with this remote operating cir-
cuit, you could adjust it for a 50-LQ imped-
ance and leave it that way for normal opera-
tion. Then you can still use your noise
bridge to measure antenna input imped-
ances, design matching circuits and for
other purposes.

Fig 1 shows the circuit diagram. There is
nothing really critical about constructing
this project except that all RF leads should
be made as short as possible. I added a relay
to switch the bridge into and out of the an-
tenna circuit. When power to the relay coil
is removed, the circuit switches to normal
operation, removing the noise bridge from
the circuit. I chose a RadioShack double-
pole, double-throw type of relay with con-

Fig 2—Here is a photo of the internal
wiring of the remote-control bridge
components. The Ten-Tec 1051
Transmatch Tuning Bridge circuit board
is at the top of the photo. The relay is in
the center of the unit.
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Fig 3—This photo shows the remote-
control cable and push-button switch/
LED control unit.

tacts rated at 10 A and a 12 V dc coil. This
relay will handle the maximum transmis-
sion line current that amateurs would
normally encounter. Ten-Tec recommends
using fuse F1, just in case you would acci-
dentally transmit into the bridge. An LM-
317 regulates the supply voltage feeding the
noise bridge and provides an adjustable
output to alter the amount of noise injection.
A 12 V dc wall transformer provides power
and the LM 317 circuit filters the input
power. Diode D1 is placed across the coil of
K1 to suppress any transients when the re-
lay is de-energized.

Ilocated an enclosure at a local swap meet
and then proceeded to mount the bridge and
various components inside. See Fig 2. Almost
any type of metal enclosure could be used to
construct the remote-controlled noise bridge.
I just happened to locate an aluminum enclo-
sure that was the right size.

For the noise bridge remote control, I
used a three-wire cable connected to a push-
button switch and LED. I built the switch
and LED into a DB-15 connector shell, and
fabricated a small panel to mount the switch
and LED. This arrangement is compact and
the DB-15 shell provides a strain relief for
the cable as well. See Fig 3.

Usually, I place the noise bridge behind
my transceiver and out of the way. The
push-button switch can be placed in any
convenient location; usually it is located
near the antenna tuner. Normally, I use a
strip of Velcro to secure the switch/light
assembly. This arrangement has worked
out well, and it is very easy to relocate if
needed.

To operate the noise bridge, tune your
transceiver to a favorite frequency, push §1
on, and adjust R4 for about an S9 noise level
on your S meter. Ten-Tec recommends set-
ting the transceiver to the AM mode of op-

(A)

(B)

Fig 4—The completed remote control
noise bridge is shown at A. The remote
control cable plugs into the jack to the
right of the voltage adjustment
potentiometer, R4. The rear panel is
shown at B. A ground connection is
provided between the S0-239 coaxial
connectors. The dc input connector is
located below the ground terminal.

eration, but if the AM mode is not available
use the LSB/USB mode. After pushing the
switch on, adjust your antenna tuner for a
null on the transceiver S meter. Keep adjust-
ing the antenna tuner for the best possible,
deepest null. Once this is achieved, you will
be very close to a 50-Q match to the trans-
ceiver. This may take some getting used to,
but with practice you will have little diffi-
culty. Sometimes a little tweaking will be
required on the air to achieve a perfect
match, but this will depend on how carefully
you adjust the tuner for a null.

Whenever I match any antenna using my
Kachina 505 DSP transceiver, I set the AGC
time constant to a very small value. Most
transceivers have an AGC time constant
adjustment, which allows the S meter (or in
the case of the Kachina, the vertical bar
graph) to follow the Transmatch tuning.

Fig 4 shows front and back views of my
bridge unit. I hope that you find this project
as useful as I have over the past few years.
A noise bridge eases the process of tuning
your antenna tuner to the transceiver. The
resulting benefit is that you won’t cause any
QRM while tuning your antenna.

Note
Ten-Tec, Inc, 1185 Dolly Parton Parkway,
Sevierville, TN 37862-3710



Multiband Antennas

The Triple S All-Band Antenna

By George L. Bond, KF20C
11 Trenton Rd
Fishkill, NY 12524

he slithering, sliding sloper (SSS)

I works well with modern transceiv-

ers. It provides a good match on all

bands from 160 to 6 meters without a tuner—

quite a feat. The SSS employs the concepts of

the clothesline antenna that was described by
Robert Victor, VA2ERY, in QST.!

The SSS is a bent-top sloper that uses a
~ tree for support (see Fig 1). It operates as a
- 66-foot sliding-feed folded dipole on 40

through 6 meters.

On 80 meters, the sliding feed is brought to
the bottom of the antenna, and it is switched
to operate as a '/s-A vertical driven directly
with 50-€2 coax (see Fig 2). I use three ground
radials and two ground stakes, and the SSS
provides a good match across the CW or
phone portion of the band. This end-fed
scheme also provides useful matches on some
of the higher frequency bands.

On 160 meters, the radiator operates as a
coil-loaded folded monopole. I use this con-
figuration to step up the low radiation resis-
tance of the short radiator. The ground re-
sistance adds with the feed-point resistance
and thus is part of the match.

Bent dipoles have been around for de-
cades. Nizar A. Mullani, KGNM, in a recent
- OST article indicates that bending causes
some reduction in the SWR bandwidth.?
However, the folded-dipole configuration
of the SSS with 12-inch wire spacing in-
creases bandwidth.

You might think that there would be ad-
ditional losses caused by the insulated an-
tenna wire slithering through the trees and
foliage. I can only say that I am unaware of
any negative effects.

It seems prudent to me to limit the bend
~ o the uppermost 30 or 35% of the antenna.

Support at several points in the tree pro-
~ vides greater bend radius, which is probably
agood thing. I prefer to limit the bend angle
to about 90°; nevertheless, my SSS has a
- 120° bend over its last 15 or 20 feet.

Construction

I built spreaders for each end of the SSS
from 18 x 18-inch scrap pieces of exterior
plywood (such as T111). This material is
tough, and it is designed to withstand weath-
ering. I cut and removed a U-shape witha 7.5-
inch radius. Around the U, I use seven cable
ties as the SSS end insulators. I mounted them
as shown in Fig 3. Big loops in the ties permit
the antenna wire to slip through when I move
the feed point. This avoids the need, and cost,
of using pulleys as in the clothesline antenna.
Unlike pulleys, the slides offer sufficient fric-
tion to hold the sliding feed in position after
I've moved it.

I've used conduit clamps to fasten a 12-
inch section of garden hose to the upper
spreader (see Fig 4). The support line runs
through the hose. I split the free end of the
hose, and used a cable tie to close the hose
onto the line. This eases its passage through
the trees. During installation, the upper
spreader acts as a sled, and the hose provides
the right amount of flexibility to assist in
threading the sled over tree limbs and
through foliage.

I built the SSS slider from '/>-inch PVC
pipe (see Fig 5). It maintains the 12-inch
spacing between the upper and lower por-
tions of the antenna. It also acts as a feed-
point insulator and strain relief point for the
300-Q feed line.

Installation

I installed my 66-foot long SSS across the
top of a 45-foot tree. That is where the slither-
ing part comes in. That is also where the bent
top develops. I use insulated wire for the di-
pole and it rests across the limbs and foliage of
the tree. You might think that bare copper wire
and ceramic insulators of the highest quality
should be used. That may be ideal, but the SSS
is very practical and has shown no adverse
consequences of slithering and sliding the in-
sulated sloper wires across the tree tops. If tree
tops are not used, a sliding sloper or SS con-
figuration is just fine.

It takes alittle planning to install a 12-inch
spaced SSS across a tree top. The plywood
end spreader has been designed to assist in
this task. After a single line is passed over the
tree, the plywood spreader acts as a sled as it
is pulled through the tree tops. It pulls a pair
of nylon seine-twine lines across and through
the tree tops with the desired 12-inch spac-
ing. I use twine in place of the insulated cop-
per to minimize weight and drag as I pull the
sled across a tree. You might say the spreader
acts as a sapling sled!

I favor a bow and arrow to run a line across,
or through, a treetop. I suggest you use a light
cotton kite string. If it gets tangled or stuck,
the string will rapidly deteriorate with weath-
ering. I prefer to use a solid fiberglass fishing
arrow. Because of its weight, this type of ar-
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Section of Hose
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300-0Q Line
to 6:1 Balun Transformer

Ground

Bent Section

Passes Over Tree

Fig 1—The SSS provides much flexi-
bility at little cost.

row flies slower and pulls a line better than
other types. I usually shoot the arrow to a con-
siderable height above the tree top. This helps
to assure the arrow will carry the string down
through any foliage that may be encountered
on its return flight.

With a little practice, this approach usu-
ally works well. Consider practicing in a
large open field before you try it at home,
And be careful about safety! Be sure to keep
all persons clear of the landing zone. If this
is not one of your strong suits, seek help
from a local sports or archery club.

After I pull the sled over the tree tops, I pull
itdown to ground level. I then use the twine to
pull the top wire across the tree. Next, I thread
the wire through the upper spreader and then
pull it back across the tree top to complete the
second side of the folded dipole.

Trees are subject to a lot of movement in
the wind. I provide stress relief with a pul-
ley and weight system at each end of the
SSS. I use a pair of pulleys to support the
weights for the lower spreader. This permits
the low end of the SSS to be closer to the
ground for efficient operation on 80 and 160
meters where I need to use a ground and
radial system. The weights for the upper
spreader are somewhat lighter. This assures

Lower

Scpphrt Litta — that most movements are accommodated at
the upper end. This permits the lower
/ 7 spreader to normally remain close to the

ground, and to limit movement.

300 Q Line
to Balun

(»)

(8
Loading
Coil
50~ Coax () ryvl

Fig 2—SSS feed-line connections. At A, the folded-dipole configuration. At B, the vertical configuration used on 80 meters. At
C, the folded-monopole configuration used on 160 meters.
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Fig 3—The lower spreader shown in its
close-to-the-ground position.

Adjustment

My SSSis a little shorter than the 66-foot
length of the clothesline antenna. However,
that’s a fine starting value. The SSS slider
shown in Fig 6 provides the means of
readily adjusting the radiator length. This
assists in trimming and it also permits a no-
tools method of shifting between the CW
and phone portions of the wider bands.

The slider allows for storage of excess
wire, and it has several interconnection
points. Unused wire is wrapped in large
loops (30 inches per turn) over the outside
members or in shorter wraps (4 to 8 inches)
over the closer spaced pair of members.
Counting and recording the number of
smaller or larger turns is a convenient
means of identifying resonant locations
during the tune-up process. Iused an alliga-
tor clip for temporarily identifying the lo-
cations of attachment points at the resonant
lengths for each desired band segment.

Isoldered 8-inch drop lines at each of the
resonance points, and terminated each drop
line with a spade lug. I can easily connect at
any particular length using a wing nut on the
S8S slider. Two other wing nuts secure the
connections to the 300-£ feed line.

Luse 10-24 stainless steel machine screws
and wing nuts as binding posts for making
slider connections. These allow me to easily
change resonance points or to reconfigure
the feed point as shown in Fig 2.

Fig 4—The upper spreader. The length
of garden hose is attached with conduit
clamps. See text for details.

I use figure-eight wrapping patterns
when storing excess wire on the slider. This
minimizes any tendency of the wire to twist
or kink. I connect both ends of the stored
wire to minimize any loading effects.

The slider position tends to be somewhat
more critical on the higher frequencies
where the current nodes are more closely
spaced. I set the slider to the midway posi-
tion, and adjust for best match on 15 meters.
Expect a maximum SWR of 1.3:1 across
the entire band. That same position pro-
duces a good match for 40 and 18 meters as
well. I marked slider positions with plastic
tape on the insulation of the radiator wire.
Permanent marker pen is another option.

To change the slider position, I start by
pulling down on both sides of the dipole to
reduce the friction in the lower spreader.
Then I increase tension on one side of the

Fig 6—Details of the slider. The
alligator clip in this photo was used
during initial tune-up. See text for
details.

Fig 5—The slider at its midpoint
position.

dipole, which causes the slider to change
position as the wire slithers through the tree
and moves through the upper spreader.

Adjustment of the feed position does not
affect the resonant frequency of the antenna.
For that reason, you may have to adjust the
antenna length as well as the feed position
in order to obtain a good match on some
frequencies.

Use of the end-fed configurations shown in
Fig 2A and B may offer some useful choices
on various bands. These may benefit from the
broadband transformer matching scheme de-
scribed by Thomas Kuehl, AC7A, in QST .* His
article also describes the limitations of the
base-loaded '/s-A vertical. Despite limitations,
the SSS antenna provides a fairly good start-
ing point on the 160-meter band.

Conclusion

Good matches are available for every
band and no adverse consequences are evi-
dent in using the insulated wire slithering
through the tree limbs and foliage. The SSS
is a natural candidate for many settings ei-
ther at home or in the field. On-the-air re-
sults confirm the excellent results reported
by VA2ERY in his article. My hearty thanks
to him for describing the clothesline an-
tenna. With more widespread interest, per-
haps someone will develop remote control
of the slide position. Meanwhile, the low-
ered end of the sloper brings the control
within the reach of everyone!

1Robert Victor, VA2ERY, “The Clothesline
Antenna,” Jul 1998 QST, p 56.

2Nizar A. Mullani, KENM, “The Bent Dipole,”
May 1997 QST, p 56.

3Thomas Kuehl, AC7A,“Build Efficient, Short
Vertical Antennas,” Mar 1998 QST, p 41.
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A Cheap-and-Dirty Multiband

Antenna

By Jeff Brone, WB2JNA
25 Thomas Road

Glen Burnie, MD 21060
jeffborown.geo @yahoo.com

ere’s an antenna that will work on
Hmultiple bands, costs about $10 to

make (including the feed line) and
takes about an hour to put together. It’s great
for apartment dwellers, but can also be used
in a permanent installation.

Being an apartment dweller, and an in-
credible cheapskate, I resisted buying a
multiband limited-space antenna. I knew
such antennas had to be compromise propo-
sitions and I figured that I might be able to
make something that would work fairly ef-
fectively on my own,

I ran across a great article by Robert H.
Johns, W3JIP, in the August 1998 issue of
QST. He detailed an end-loaded antenna
(with a coil) balanced by a counterpoise.
The design was a classic and I modified it to
fit my limited technical and building apti-
tude. The result is an antenna that’s so
simple and easy to make, you’ll hardly be-

lieve it works as well as it does.
Here’s what you'll need:

* 32 feet of #14 to #18 copper wire
(20 feet of it should be bare in order for
winding the loading coil)
* Two “dog-bone” end insulators
* An empty two-liter soda bottle
* Two alligator clips
« 32 feet of insulated wire, such as #16 or
#18 speaker wire for the counterpoise
* Coax to connect your rig to the antenna.

See Fig 1 in the following explanation.
Measure and cut off about 13 feet of wire. This
will give you enough for a span of about 12
feet after you have secured each end of the
wire to its insulator. Secure some more wire
to the end of the left-hand insulator shown in
Fig 1 and push it through the top opening of a
two-liter plastic soda bottle. Push the wire
through a hole you punch in the bottom of the

bottle. (You can also use a short piece of wire
as a “snake” through the bottle, starting at the
fat end (the left-hand side in Fig 1), and then
use the snake to pull a rope through the bottle
to the second insulator.

Now, solder the end of a 20-foot length of
bare wire to the 12-foot wire and thread the
bare wire into the neck of the bottle and through
a small hole you poke a few inches down from
the neck. Wrap about 17 to 20 turns of the wire
around the bottle to make your loading coil.
Try to space the turns more or less evenly so
that there is enough room for an alligator clip
to fit without shorting to adjacent turns.

Use duct tape, coil dope, silicone sealant
or whatever you like to hold the turns in
place. Depending on how stiff the wire is,
this will be, believe it or not, the hardest part
of the whole project. Hang the antenna wher-
ever it’s convenient, but make sure you can
easily get to the coil.

Coil

)

Wire

Support (

Counterpoise

~ 32 feet for 40M Coax

A"

?—I

i

Insulator

12 feet o

Fig 1—Layout of WB2JNA'’s simple and very compact multiband antenna. The coil is wound on a plastic soda bottle and the
main radiator is only 12 feet long. The coax feed line uses an alligator clip for determining the appropriate tap on the loading
coil, with a quarter-wave counterpoise wire from the coax shield.
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Take a length of coax and solder an alli-
gator clip to the center wire. Solder a piece
of wire to the braid to be used as a counter-
poise. The length of the counterpoise wire
will depend on the lowest band you intend
to use, so let’s try 32 feet for 40 meters, the
lowest band on which this particular design
will work. Connect the center conductor’s
alligator clip to the coil, about 13 turns from
the main radiating wire. Run the 32 feet of
counterpoise along the floor of your apart-
ment, on the ground or wherever you can.
Keep the end away from areas where kids or
pets might be able to touch it, because there
isasurprising amount of RF at the end, even
~for QRP operation.

Connect the other end of the coax to your
rig and transmit into the antenna. Try dif-
ferent turns of the coil with the alligator clip
and experiment with the location and length
(you may end up trimming some) of the
counterpoise for the best SWR. That’s it;
you're ready for a QSO!

To use the antenna on 20 meters, connect

the alligator clip about 2 to 3 turns from the
front of the coil. You may want to cut the
counterpoise about 16 feet in length and at-
tach an alligator clip to its end for attaching
the other 16 feet when you want to work 40
meters. Sometimes, you may also just be
able to wrap the unneeded length of the
counterpoise into a small coil to make it
shorter, depending on the length and short-
ening involved.

The antenna also should work on 30
meters, though I haven’t tried it there yet.
As an alternative, if you shorten the 12-foot
wire element to about 8 feet, you should be
able to use this antenna on 20, 17, 15 and 10
meters. I found the 12-foot wire is a bit too
long for 15 meters.

Of course, use an appropriate length of
counterpoise wire (about a quarter wave-
length or a bitless) for any band you try. You
might also try soldering two counterpoise
wires in parallel at the coax shield. One
would be 32 feet long for 40 meters and 16
feet long for 20 meters, for example. (To

determine the length in feet for a quarter
wavelength, divide 234 by the desired fre-
quency in MHz.) You may also find that if
you move too far within a band, you might
have to readjust the coil tap.

I use my antenna indoors (at QRP, of
course, for safety) and have worked Euro-
peans on 20 meters and 40 meter CW, and
many places east of the Mississippi on 40
meters. I just hang it up in my apartment and
run the counterpoise on the floor. If you can
manage to put the main radiating element
outside, it should work even better.

The best part about this antenna is that it
takes up very little open space. The coun-
terpoise can be laid out almost anywhere
and the wire and coil only take up about 13
feet in length. I find it amazing that more
hams don’t try an antenna like this. Many
get discouraged when they don’t have
room to put up a conventional dipole or a
Yagi. If you like to do a lot with a little, I
think you may be pleasantly surprised by
this project!



The HF Skeleton Slot

Antenna

By Peter Dodd, G3LDO
37 The Ridings

East Preston

West Sussex BN16 2TW
UK

This article describes the design of a
five-band HF antenna for the 14, 18,
21, 24 and 28-MHz bands. It also
works, with reduced gain, on the 7 and
10-MHz bands. Easy to construct and a
simple design, this antenna has no traps or
critical adjustments, and a turning radius of
just 5 feet. It also has a much lower visual
impact than a conventional multiband
beam. The antenna is bidirectional and has
a calculated gain, over average ground, of
8 dBi at 14 MHz and 11 dBi at 28 MHz.

The Slot Antenna

The design is based on the Slot antenna
normally used on the VHF and microwave
frequencies and described by John Kraus,
WBIJK.! A slot antenna comprises a
halfwave long slot cut in a sheet of metal as
shown in Fig 1. When RF power is fed to a
slotantenna, currents flowing from the feed
point toward the ends of the slot tend to
cancel, but the currents at W are in the same

VAt /4

7

Metal Sheet

/ 7

—

Fig 1—A half-wavelength-long slot cut
in a sheet of metal radiates if RF is fed
to it as shown. Radiation produced by
current flowing from the feed point to
the ends of the slot tends to cancel, but
the currents at W are in phase, so
radiation occurs. As a result, the area
W radiates, hence the radiation from a
vertical slot is horizontally polarized.
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phase. As aresult, only the area W radiates;
hence the radiation from a vertical slot is
horizontally polarized.

The Skeleton Slot

The skeleton slot antenna was first docu-
mented in an article by B. Sykes, G2HCG, in
1953.2 It can best be described as a conven-
tional slot with most of the surrounding metal
sheet removed. The element is constructed
from aluminum tubing and was designed as a
resonant antenna for 144 MHz. See Fig 2A.
This driven element lent itself to the design of
a stacked-Yagi array, shown in Fig 2B, that
was commercially available in the late 1950s
and the 1960s. G2ZHCG holds a patent on this
antenna.

The skeleton slot antenna was described
in more detail in 1955,® where its applica-
tion to the HF bands was discussed.

A Non-Resonant Slot For HF

The main exponent of the HF skeleton
slot, other than G2HCG, is Bill Capstick,
G3JYP, whose work on this antenna was
first described in Radcom in 1969.% Bill re-
cently published a construction article on

this antenna.” He found that the antenna also
gave a good performance on several ama-
teur bands when used with an antenna tuner.
The G3JYP skeleton slot is shown in Fig 3.

A derivative of the skeleton slot is the
Hentenna, which was developed in Japan.
This is a resonant slot, fed off-center to pro-
vide a more suitable match. It also uses wire
instead of tubing for the vertical elements,
as described in the reference of note 1. A
50-MHz version was also published.®

My version of the HF skeleton slot uses a
more simplified and rugged construction
method, compared with G3JYP’s antenna,
by using wire for the vertical elements
(similar to the Hentenna). I was at first con-
cerned that this method of construction
would not work because the articles refer-
enced in notes 2 and 3 give minimum tubing
diameters for the elements. However,
W7EL’s EZNEC software reassured me that
this method of construction would be suit-
able, so I went ahead.

Construction

The antenna essentially comprises three
aluminum-tubing elements fixed to the mast




g

Skeleton Slot
Driven Element
ﬁ—‘ ‘ ®| 27" Y-
S —
Coax Feeder
() (B)

Fig 2—At A, the skeleton slot antenna as described by B. Sykes, G2HCG. The
element is constructed from aluminum tubing and was designed as a resonant
antenna for 144 MHz. At B, a stacked Yagi array that was marketed commercially in
Lhe"zate 1950s and the 1960s uses a single skeleton slot as the driven element of

oth arrays.
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at 15-footintervals, with the lowest element
only 15 feet from the ground. The mast is an
integral part of the antenna, as a boom is to
a Yagi. The general construction is shown
in Fig 4.

The center element is fed in the center
with a balanced feeder. The upper and lower
elements are fed at the ends by copper wire
from the driven dipole. The aluminum tub-
ing and copper wire are fixed using hose
clamps. These dissimilar metal connections
present no corrosion problems, even in a
location like mine close to the sea, provided
they are well coated with grease.

The centers of the upper and lower ele-
ments can be fixed directly to a metal
grounded mast using an aluminum plate and
U bolts as shown in Fig 4. I insulated the
elements from the mast by using oversized
U bolts and wrapping the element in an in-
sulating material I had at hand. I did this
because I wanted the option of using the
antenna as top loading for a lower-fre-
quency antenna. If you want to insulate the
elements from the mast, then the method
shown inFig 4 is probably the best way. The
antenna’s performance on the bands it cov-
ers is unaffected by grounding or insulating
the upper and lower elements. Further, the
tubing and wire diameters and lengths used
in this antenna are not critical.

Feeding the Slot

The antenna requires a balanced feed and
is fed with 450-Q slotted line feeder, al-
though the feeder impedance is not critical.
The feeder should be fixed on stand-off in-
sulators about 6 inches from the mast until
clear of the lower element to avoid feeder
movement in the wind from affecting the
impedance, although I did not do this on my
experimental antenna at the time of writing.

An antenna tuner with a balanced output
is required. I used a conventional Z match
with two sets of balanced outputs, one os-
tensibly for the higher HF frequencies and
the other for the lower ones. In practice, the
lower frequency output worked best for all
frequencies.

A more suitable tuner is one that uses a
link-coupled arrangement.” The improved
Z Match® also looks very suitable.

Fig 3—The G3JYP skeleton slot. All the
elements are constructed from ¥s-inch-
diameter aluminum. The antenna is

10 feet wide and 30 feet high. G2HCG
states that the lower element should be
at least 6 feet above ground. The top
section of the mast and the top element
are turned with a rotator; the lower two
elements, mounted on mast bearings,
follow. Because the antenna is bi-
directional, the antenna needs to be
turned through only 180° for full azimuth
coverage. (Graphic courtesy of RSGB.)
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Fig 4—The G3LDO skeleton slot. The elements are fixed to the mast and the whole mast is rotated. The wire elements are fixed to
the horizontal elements with hose clamps. The center insulator shown is homemade, but a commercial one would be suitable.

Freq. MHz 7.05

Max Gain= 11.22 dBi

Max. Gain= 6.93 dBi 180 Elevation Angle= 0.0°

Fig 6—Elevation plot of a skeleton slot, with the lowest

Fig 5—A free-space azimuth plot of a skeleton slot on the elements 15 feet above average ground, on the amateur
amateur bands from 7 to 28 MHz. A free-space plot is used to bands from 7 to 28 MHz. This antenna’s performance
illustrate the relative gains without ground effect. To see the improves with increasing frequency up to 30 MHz. At 14 MHz
effect of ground, see Fig 6. and above, it's a low-angle radiator suitable for DX work.
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Fig 7—A three-dimensional plot of the
multiband skeleton slot at 28 MHz.

Performance

The predicted performance (using
. EZNEC version 2) is shown in Fig 5, which
shows free-space azimuth plots on the bands
from 7 to 28 MHz. The antenna’s elevation-
plane performance is shown in Fig 6. A
three-dimensional plot of the skeleton slot
at 28 MHz is shown in Fig 7.

The plots shown in Figs 6 and 7 are with
the lower element 15 feet from the ground.
Increasing the height of the lower element
from 15 to 30 feet gives a calculated in-
crease in gain (over average ground) from
9.86 dBi to 10.56 dBi at 21.2 MHz, but in-
troduces additional high-angle lobes.

I'built my slot to the size specified by Bill
Capstick. These dimensions seem nearly
optimum for the five higher-frequency HF
bands. While the DX performance of this
antenna is good up to 30 MHz, it deterio-
rates at frequencies higher than this, as
shown in Fig 8. However, EZNEC predicts
that the performance at the lower frequency

Freq. = 30MHz

Max Gain = 11.17 dBi

0

Azimuth Angle= 0.0°

Fig 8—The DX potential of the skeleton slot is maximum on the 10-meter band.
The cutoff frequency is around 35 MHz, above which the performance starts

to deteriorate.

bands can be improved by increasing the
slot width by about 2 feet, without having
much effect on the upper cutoff frequency.

On the 21, 24 and 28-MHz bands, the
antenna performs very well—particularly
when conditions are marginal. Early morn-
ing contacts with the Pacific had very no-
ticeable echoes, probably due to the
antenna’s bidirectional pattern.

Mast Side Mounting

Because the Skeleton Slot only has to be
turned through 180° to give full azimuth
coverage, it could be fixed to the side of a
mast or the side of a tall, straight tree. If,
however, you wanted to rotate the antenna
in such an arrangement, the rotating system
would require stop switches to prevent dam-
age to the antenna.

Notes

1J. Kraus, Antennas, Second Edition, Chapter
13 (New York: McGraw-Hill, 1988).

2B. Sykes, “Skeleton Siot Aerials,” RSGB Bulle-
tin (forerunner of Radcom), Jan 1953.

3B. Sykes, “Skeleton Slot Aerial System,” The
Short Wave Magazine, Jan 1955.

4Technical Topics, “HF Skeleton Slot,” Radcom,
Jun 1960.

5B, Capstick, “The HF Skeleton Slot Antenna,”
Radcom, Jun 1996.

63, Kinoshita, “The Hentenna—The Japanese
‘Miracle’ Wire Antenna,” The ARRL Antenna
Compendium, Vol 5 (Newington: ARRL,
1995), pp 66-68.

7R. D. Straw, Ed., “Coupling the Transmitter to
the Line,” The ARRL Antenna Book, 18th Edi-
tion (Newington: ARRL, 1997), Chapter 25.

8C. A. Lofgren, “An Improved Single-Colil
Z-Match,” The ARRL Antenna Compen-dium,
Vol 5 (Newington: ARRL, 1995),
pp 194-196.
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Log-Periodic Dipole Array

Improvements

By Carl Luetzelschwab, K9LA
1227 Pion Road

Fort Wayne, IN 46845-9510
k9la@gte.net

ack in the summer of 1995, I bought
B a Tennadyne T6 Log Periodic Di-

pole Array (LPDA). It covers 14 to
30 MHz with six elements on a 12-foot
boom. My choice of that specific model was
based solely on the wind-load capability of
my 72-foot self-supporting aluminum
tower. I reviewed this antenna in the Mar/
Apr 1996 issue of the National Contest
Journal (NCJ).

I have been very pleased with the perfor-
mance, especially with the ability to QSY
between 20, 17, 15, 12 and 10 meters with-
out switching antennas. But there are some
subtle performance issues with LPDAs in
general, and this article describes these is-
sues and shows how to make some perfor-
mance improvements.

How Much Gain?

One of the first issues I ran into was the
claimed gain of LPDAs. A plot of gain ver-
sus the LPDA parameters tau (scaling fac-
tor) and sigma (spacing factor) has been
given in many antenna books and published
in many articles about LPDAs. But there
seems to be two versions, with one version
claiming about 2 dB more gain than the
other version.

After digging into all the old papers, I
discovered two papers—"“Comments on the
Design of LPDAs” by De Vito and Stracca’
and “A Note on the Calculation of the Gain
of LPDAs” by Butson and Thompson.? They
both claim errors had been made in the cal-
culation of gain in the original LPDA papers
by Isbell® and Carrel*—the original results
were about 2 dB too optimistic. This error
then propagated to many other references.
Subsequently some people caught the error,
and some didn’t.

Table 1 is a list of references (ones I'm
aware of—there may be more) in which the
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gain versus tau and sigma is correct. These
claimed gains also agree very well with
modeled results. Table 2 is a list of refer-
ences (again, ones I'm aware of) in which
the gain is about 2 dB too optimistic.

The Model
To model the T6, Tused K6STI's program

NEC/WIRES 2.0. With its transmission line
subroutine, it is a simple matter to model
LPDAs. Fig 1 shows the NEC/Wires file
after converting the six tapered elements to
/s-inch diameter cylindrical elements.

Fig 2 shows the gain, F/B and SWR per-
formance of the original T6. The modeled
gain is free space gain compared to an iso-

Table 1

References with Correct Gain Values

W. Orr, Ham Radio, Sep 1989, p 20, Fig 4.

J. Kraus, Antennas, 2nd ed. (New York: McGraw-Hill, 1988), p 706, Fig 15-12.
R. Johnson, Antenna Engineering Handbook, 3rd ed. (New York: McGraw-Hill, 1993),

p 14-38, Fig 14-34.

R. Straw, The ARRL Antenna Book, 17th ed. (Newington: ARRL, 1994), p 10-3, Fig 4. The

18th ed. is also correct.

J. Breakall, et al, A New Design Method for Low Sidelobe Level LPDAs, Applied Computa-
tional Electromagnetics Society Journal 11(2), Jul 1996, pp 100-107, Fig 2.

Table 2

References with Optimistic Gain Values
D. Isbell, “Log-Periodic Dipole Antennas,” IRE Transactions on Antennas & Propagation,

1960, p 265, Fig 14.

R. Carrel, “The Design of Log-Periodic Dipole Antennas,” 1961 IRE International Conven-

tion Record, Part 1.
P. Rhodes, QST, Nov 1973, p 18, Fig 4.

P. Scholz and G. Smith, Ham Radio, Dec 1979, p 37, Fig 3.
L. Johnson, Ham Radio, May 1983, p 79, Fig 1.
D. Fink and D. Christiansen, Electronics Engineers' Handbook, 3rd ed. (New York:

McGraw-Hill, 1989), p 18-39, Fig 18-37.




T6 Tennadyne LPDA

Free Space

28.3 MHz

6 wires, feet

i$ = 4.346 (10-m director spacing)
;1=7.700 (10-m director length)

10 0.000 -7.8190 0 0.0000
10 -1.533 -9.2630 0 -1.5330
10 -3.3583 -10.9435 0 -3.3583
10 -5.5417 -12.9185 0 -5.5417
10 = -8.3917 -15.2135 0 -8.3917
10 -11.5833 -17.9940 0 -11.5833
2 =14.5833 -0.2290 0 -14.5833
;10 s -1 0 s

1 source

wire 1, center

5 transmission lines

wire 1 center to wire 2 center z=150
wire 2 center to wire 3 center z=150
wire 3 center to wire 4 center z=150
wire 4 center to wire 5 center z=150
wire 5 center to wire 6 center z=150

0 loads

;NEC/WIRES 2.0 File

iwire 6 center to wire 7 center z=320 untwisted short end2 (shorted stub)

7.819 0 .0729
9.2630 0 .0729
10,9435 0 .0729
12.9185 0 .0729
5.2135 « ;0" .0720
17.9940 0 .0729
.2290 0 #10 (part of shorted stub)
| 0 .0729 (10-m director)

Fig 1—Input file for NEC/Wires for Tennadyne T6 LPDA. The element diameters
have been standardized at 7/s inch diameter (0.0729 feet).

tropic source, whereas the modeled F/B (at
alow elevation angle) and SWR are with the
T6 at 72 feet over flat ground. On the
F/B and SWR plots I also included my mea-
sured data (I can’t measure gain) with the
T6 mounted at 72 feet. The F/B was mea-
sured with the help of Jim, KR9U, about 2
miles away, and was done using a calibrated
step attenuator. The SWR was measured
at the end of 80 feet of RG-8 coax with a
Bird 43 wattmeter.

Note that the model is in fairly good
agreement with my F/B and SWR measure-
- ments. There is some divergence in SWR at
the high end of the band, so any improve-
ments at the high end based on the model
should be confirmed with measured data.

An Obvious Problem

Looking at the plots of Fig 2 shows a very
troubling problem—just below the 10-
meter band the pattern appears to reverse.
This is best seen in the gain and F/B plots.
At first I thought this might be an artificial
- artifact of the model, but the measured F/B
'~ (and the SWR to a certain degree) tends to
confirm this anomaly. I also modeled sev-
eral other generic and commercial LPDAs,
and they all show the same problem.

This problem is due to the wide bandwidth
of the antenna—it covers an octave, which is
a2:1 frequency ratio. Although the active re-
gion of the LPDA at the high end of the band

is in the shorter elements, the longest element
at half the frequency still ends up with suffi-
cient current (amplitude and phase) to distort
the pattern. In other words, the pattern rever-
sal occurs near twice the frequency of the low-
est operating frequency.

To confirm this, I modeled the T6 with-
out the longest element. Now both param-
eters do not show this significant deviation
anymore. Even though the pattern reversal
occurs below 10 meters, it was close enough
to 10 meters for me to worry about. But
eliminating the longest element was not a
solution, as that degraded the performance
on 20 meters.

An Answer—the Shorted Stub

In several of the early papers on LPDAs,
a shorted stub was shown on the non-feed
end (longest element end) of the antenna.
None of these papers ever specifically said
why the stub was there—there was a com-
ment in one paper about helping perfor-
mance at the low end of the band because
the array was truncated so abruptly at low
frequencies due to physical limitations.

I discussed this with Chuck, KA1PM, of
Tennadyne, and he thought the biggest ben-
efit of the shorted stub was to put the entire
structure at DC ground, since the elements
connected to the coax inner conductor
would not be at ground without the stub. I
thought this was a great idea, so I put a

3 foot long shorted stub at the non-feed end
of my T6. I used a 6 foot long piece of rect-
angular aluminum bar stock (1 inch wide by
'/sinch thick) that I bought at the local hard-
ware store. I bent it into a long skinny U-
shape, and bolted it to the non-feed end of
the T6.

I also had a suspicion that this might help
the high-end pattern reversal problem, as it
would be changing the current in the long-
est element. SoIre-modeled the T6 with the
stub. Fig 3 shows the resulting gain and
F/B. Compare this to Fig 2. Note that there
are no anomalies at the high end of the band.
The performance is nice and smooth from
14 to 29 MHz.

KRO9U and I again measured the F/B of
the modified T6 to confirm the model, and
indeed the dip in F/B just below 10 meters
is no longer present with the stub. I also
noted that the VSWR on 20 meters im-
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Fig 2—Graphs of computed gain, F/B
and SWR for unmodified T6 antenna.
The F/B and SWR curves are for
antenna mounted 72 feet over flat
ground, while the gain computation is
for free space.
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Fig 3—Computed gain and F/B for T6
modified with 3 foot long stub at longest
element. The anomaly at the high-
frequency end of the spectrum shown

in Fig 2 has disappeared.

proved from around 2:1 without the stub to
around 1.5:1 with the stub (this is also pre-
dicted in the model). This may be the per-
formance improvement alluded to in the
earlier comment about adding the stub.

10.1 MHz Operation

In his article titled “The K4EWG Log
Periodic Array” that appeared in The ARRL
Antenna Compendium, Vol 3, K4EWG
shows SWR measurements for an LPDA
that he designed and built. What’s interest-
ing is the SWR on 10.1 MHz is around 2:1.
He states that this is due to the use of an
electrical quarter-wave shorted stub for
14.1 MHz and it inductively loads the long-
est element, allowing 10.1-MHz operation.

Thinking this would be a great way to get
10.1-MHz capability, I modeled an electrical
quarter-wave shorted stub for 14.1 MHz on
my T6 in lieu of the 3-foot shorted stub de-
scribed previously. But I was not able to
achieve a decent SWR on 10.1 MHz, even
with varying the length of the stub and its Z;.
I also modeled KAEWG’s LPDA design with
the longer shorted stub, but I had the same
results—no decent SWR on 10.1 MHz.

I'm sure what K4EWG measured is true,
so either my model is not accurate or some-
thing else came into the picture during his
measurements. As for my model of
K4EWG’s LPDA, I did not reflect the 16-
inch overlap in each half element due to his
construction technique. There might be
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Fig 4—Comparison of pattern of T6 with
stub compared to the same antenna
with an additional parasitic director for
28.3 MHz. The gain and the F/B are
substantially improved on this
frequency.
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Fig 5—Photo of modified T6 on its free-
standing 72 foot high tower. The right-
hand side of the boom has been extended
with PVC tubing to accommodate the 10-
meter director and the left-hand end of
the boom holds the stub.

something else coming into the picture dur-
ing his measurements: the photo in his ar-
ticle shows that his LPDA is mounted only
a few feet above a two-element 40-meter
Yagi. If the SWR was measured with the
40-meter Yagi in place, perhaps coupling
between these two antennas gave the
10.1-MHz SWR result, and not the stub.

Improving 10-Meter Performance

In my NCJ review of the T6, I said the
performance of the T6 was roughly equiva-
lent to a two-element monobander on each
band. Being a 10-meter aficionado, I won-
dered if and by how much I could improve
the performance on 10 meters by adding a
parasitic director.

After more modeling efforts at 28.3 MHz,

I decided on a parasitic director 0.125 A (52
inches) in front of the shortest element and
15.4 feet long ("/s-inch diameter cylindrical
element). This combination of spacing and
element length gave an increase in gain and
F/B while maintaining an acceptable SWR
(less than 2:1) from 28.0 to 28.6 MHz.

Fig 4 shows the comparison of the mod-
eled azimuth patterns in free space at 28.3
MHz for the T6 as-is and for the T6 with the
added 10-meter parasitic director. The ex-
tra 2 dB in gain and 10 dB more F/B was
maintained from 28.0 to 28.6 MHz, so I fig-
ured this was worth a try. The model also
said the SWR on 10 meters should improve.

I extended the boom of the T6 using a
piece of thick-wall PVC tubing with a
wooden dowel slipped inside for added
strength. The added director element was a
12-foot piece of *s-inch aluminum tubing
with 21-inch tips of */s-inch tubing—this
came from converting the 15.4-foot cylin-
drical length of 7/s-inch diameter to an
equivalent tapered length using the tubing
sections I had laying around. Fig 5 is a
photo of the modified T6 on top of the tower
at 72 feet.

KR9U and I measured the F/B across
10 meters and plotted the full azimuth pat-
tern at 28.3 MHz on the modified T6 to
verify the modeled results. The F/B defi-
nitely improved to the level expected from
the model and the SWR also improved as ex-
pected. So I'm fairly confident that the gain
also improved.

Summary

If you own an LPDA, I've shown two
simple improvements to make it better.
First, the addition of a shorted stub prima-
rily puts the entire structure at DC ground.
As an added benefit, the problem with pat-
tern reversal at twice the lowest operating
frequency is cleared up. This works on
LPDAs that cover 14 to 30 MHz. I did not
try this on LPDAs that cover a wider
range—for example, 10 to 30 MHz. For this
case, I suggest modeling it and confirming
it with F/B measurements.

Second, adding a parasitic director on 10
meters significantly improves the perfor-
mance. With Solar Cycle 23 on the rise, this
may come in handy.
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Propagation and Ground Effects

The XMW Propagation-

Prediction Program

By William Alsup, N6XMW
1120 Ashmount Avenue
Oakland, CA 94610

! LVMWis an HF propagation-prediction
program written in QBasic. The pro-
gram uses a mathematical model of

the earth and the ionosphere consisting of

a set of equations I developed to simulate

the way ionospheric propagation works.

The results are reasonably accurate in my

own experience and correlate reasonably

(but not perfectly) with selected IONCAP

predictions.

Based on its internal ionospheric model,

XMW generates several display formats,

including:

* A real-time, continuously updated
chart showing openings from your QTH
(or any other QTH) to various targets
around the world based on the solar flux
and K index.

* A similar chart for any given time and
date, not necessarily the current time or
date.

* A set of charts showing openings,
strengths, takeoff angles, between any
two points in the world displayed over
24 hours for any given date and set of
solar flux and K index values.

* A chart showing openings between any
two points in the world displayed for all
24 hours for twelve months of the year
for any given solar flux and K index.

The main idea is twofold—both to help
you plan in advance when to listen for DX
and to alert you—real-time—about what
paths (long and short) should currently be
open. There are other features too.

This was a genuine learning experience
for me. I did this project from scratch, writ-
ing all the code myself and developing the
basic model myself. By way of background,
- Iobtained a college degree in mathematics
and engineering (but wound up becoming a

trial lawyer). People at ARRL HQ critiqued
XMW along the way, but all its shortcom-
ings are strictly mine.

The lessons I learned, including some
important caveats, are woven into the fol-

lowing description. One transcendent
lesson, however, is this—every prediction
program is based on a set of assumptions.
And the results are only as good as the as-
sumptions. I once regularly used CAPMan
based on JONCAP, the industry standard. In
my own experience, IONCAP/CAPMan
predicted too many openings.

In turn, XMW is limited by the simplify-
ing assumptions of its own algorithms.
Roughly speaking, I have found that XMW
correlates about 70% with the openings in
the traditional QST charts and about 80%
with my own actual operating experience.
There is no doubt that anyone could easily
find some XMW predictions that do not
square with his or her own experience.
There is also no doubt that there are equa-
tions in the literature that I missed and could
have used in lieu of the homebrew substi-
tutes actually used. With those caveats in
mind, I still believe a DXer will benefit
from XMW, a copy of which is included on
the CD-ROM accompanying this volume. I
would love to hear from amateurs as to how

accurate the predictions are for them and
suggestions for improvement.

The Multi-Hop Model

The main engine of the program is a
multi-hop model of propagation. To deter-
mine if there is a multi-hop opening, the
model:

1. Finds the great-circle route between the
two positions and the average actual height
of the F layer for the path.

2. Calculates the smallest number of F-layer
hops possible between the two positions.
3. Determines the angles of the hops (using
the average virtual height of the path).

4. Estimates the F-layer critical frequencies
at the apexes of all hops.

5. Estimates the E-layer critical frequencies
for all upbound intersection points with the
E layer.

6. Determines if the angle of radiation will
be screened by the E layer (if so, subject to
one caveat below, then the path is deemed
closed).

7. Determines if the angle of radiation will
reflect off the F layer at all apex points (if
not, then the path is deemed closed).

The hop mode is open only if both steps
77



6 and 7 indicate the band is open. Then, the
same sequence (starting with step 3) will be
run for the next largest number of hops. For
example, if the fewest possible hops are three,
then the program will run the above steps for
that assumption, and then run them for four
hops, and then five, and so on, until the angle
of attack to the F layer is so steep that the ray
will penetrate the F layer at an apex.

An earlier version of XMW deemed a path
to be open only if both the F layer was ion-
ized enough to reflect the ray at all apexes
and the E-layer was de-ionized enough to
pass the ray atall points of intersection. This
was on the theory that if the E layer screened
the radiation at any point, then it would
probably be E-screened at others and the
signal would be too attenuated for DX, the
main purpose behind the program.

I found, however, that this assumption
was occasionally too restrictive and, com-
pared to [ONCAP, XMW missed some com-
bination E and F-hop openings. This as-
sumption was then altered so that XMW
would now tolerate one E hop but no more.
After one, any more E hops will close the
path. XMW assumes that if the E-layer
screens (that is, reflects) the ray at more
than one point, then it will become so at-
tenuated from multiple short hops that it
cannot go long distances and still be heard.
Since this program is directed at DX, this is

a

reasonable simplifying assumption.

Strictly E-layer or sporadic-E openings are
ignored by XMW. (Nor is any distinction
made between the F, and F, layers.)

The foregoing only tells us whether the
pathis open. Thatis acritical issue, but even
if a band is open, it does not tell us how
strong a signal will be. If the path is not
open, of course, it does not matter how pow-
erful the stations involved are! Assuming
that the path is open, however, the signal
strength is determined by a series of factors.
The starting points are the power to the
antenna and the antenna gain. The program
assumes 100 W to a rotatable Yagi antenna
with 6 dBi gain (over isotropic) and hori-
zontal polarization, at a height over flat
ground that you specify.

The power and 6 dBi gain of the antenna
are fixed and cannot be changed. You sim-
ply have to use these values as a benchmark
and adjust the results for your own particu-
lar situation. The program then takes into
account the following while computing sig-
nal strength on an open path.!
1.The signal strength varies with the dis-
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tance traveled in two ways. The primary
factor is simply the distance. In free
space, the strength of a signal diminishes
with the square of distance, but this is
because the pulse is assumed to expand
like an ever enlarging hollow sphere. On
Earth, any received signal is instead
trapped between the earth and the F

layer. Rather than an ever expanding
sphere, such propagation is more like a
flat circle that enlarges until the antipo-
dal equator is reached, whereupon the
circle begins to shrink and ultimately
converges to the antipodal point. This
seems more two-dimensional, like a cir-
cular ripple caused by a stone dropped
into a pond.

If a two-dimensional rather than three-
dimensional model is used, the strength
diminishes directly with the distance, not
with the square of the distance. XMW
uses a compromise between the two
models and uses a power of 1.5. A sec-
ondary factor is antipodal focusing. This
factor reduces the signal the most at the
antipodal equator and increases it the
most at the point of origin and the antipo-
dal point. In this way, antipodal focusing
is taken into account.

2.D and E-layer absorption reduce the signal

strength. The program assumes that these
are proportional to each other. During the
day, they are deemed to be proportional to
the critical frequency of the E layer, and
proportional to the cosine of the angle of
incidence to the E-layer (since the steeper
the angle, the less exposure the ray will
have to these layers) and inversely propor-
tional to the square of the frequency of the
radiation. This combined product is multi-
plied by an overall constant found, by trial
and error, to match observations by
N6XMW. During the night, this absorption
is deemed to be zero.

Absorption in the F layer is assumed to be
proportional to the sine of the angle of in-
cidence to the F layer, to the smoothed
sunspot number (times a constant), and
inversely proportional to the square of the
frequency, all again multiplied by a con-
stant selected by trial and error. During the
daytime, the F-layer absorption is substan-
tially less than D/E absorption. At night, it
is more (since D/E absorption is assumed
to go to zero at night), although still small
by absolute standards.? These absorptions
are added and used to form a percentage,
such as 21%, meaning that 21% of the sig-
nal strength is lost per hop on average for
the path. If the average absorption per hop
is 21% and there are, for example, four
hops, then 79% of the signal beginning a
hop survives each hop and 39% (0.79 x
0.79 x 0.79 x 0.79) of the original signal
gets through.

3.Auroral absorption must be estimated.

This was done by estimating the position
of the auroral oval and then determining
how much of the path is under its influ-
ence, weighing close encounters with the
auroral oval more heavily than less-close
encounters. The oval expands with the K
index. Its shape varies during the Earth’s
rotation because the geomagnetic poles

are off-axis. When the K index reaches 3,
for example, all QSOs between Califor-
nia and Europe are very weak with the
100-W assumption. XMW tries to simu-
late the auroral oval.

4.Earth losses must be taken into account at
the points where the hops bounce off the
Earth. The program determines, for each
touch-down point, whether the touch-
down is on salt water or ground. The de-
gree of attenuation then varies directly
with the cosine of the angle of incidence
to the earth, raised to a power that in-
creases more for ground reflections than
for salt water reflections. The power ex-
ponent is 5.0 for each ground reflection
and 1.0 for each sea reflection. This
means that paths over salt water and/or
paths at very shallow angles suffer little
earth reflection attenuation. Paths over
ground at angles like 15°, however, will
be substantially reduced after about four
hops. A single touchdown over ground at
30° will reduce signal strength by one-
half. The program treats all ground (as
opposed to sea) the same and does not
distinguish between mountains, desert,
fresh water or other ground.?

5.Vertical focusing must also be taken into
account. The higher the takeoff angle, the
greater will be the vertical focusing and
the lower the takeoff angle, the greater
will be the vertical de-focusing. This is
simply the result of the geometry of the
Earth, the ionosphere and the takeoff
angles. For example, if the amount of RF
energy emitted between takeoff angles 1°
and 2° is equal to the energy emitted be-
tween 21° and 22°, the latter, when re-
flected back to earth, will illuminate and
be spread out over a more concentrated
range (due to curvature of the Earth along
the great-circle route) than the former.
The longer the illuminated arc, the
greater the de-focusing. The shorter the
illuminated arc, the greater the focusing.
See Alsup, “The HF Illumination Profile
and the Bright Leading Edge of Illumina-
tion,” in The ARRL Antenna Compen-
dium, Vol 4 at p 131.

Noise is ignored or, really, is assumed to
be uniform worldwide in XMW. You must
make mental adjustments for the impact of
noise when considering circuits involving
higher or lower than normal noise profiles.
Noise does vary by season and position.

Now, I need to go back and discuss some
more the 100-W and 6-dBi assumptions.
While the program literally inputs 100 W
and 6 dBi, the final results are the function
of the math model and the particular coeffi-
cients used. After much trial and error, I
settled on coefficients that seem to provide
final results that simulate my own actual
experience and the results of JONCAP that




sampled. While the final results are about
70% to 80% consistent with openings, they
are perhaps 50% accurate for the strength of
the openings.

So far, the discussion has been concerned
with whether a path is open and with the signal
strength—I have assumed no gain or loss from
the vertical radiation pattern (“VRP”) of the
antenna. This pre-VRP calculation is useful to
know in and of itself, for it tells us how good
the signal is before applying the gains or losses
for the vertical radiation pattern for the par-
ticular antenna/terrain in use.

Usually, however, you will want to know
the impact of the VRP (which is a function
of antenna height and the terrain, always
assumed by XMW to be flat ground). For
example, even a strong signal at an incom-
ing angle of 1° is usually hard to hear be-
cause the usual VRP favors higher angles
and disfavors low angles (assuming hori-
zontally polarized antennas over flat
ground). It all depends on the shape of the
VRP and where the lobes and nulls are.

So, a final but optional step is to modify
the pre-VRP propagation prediction using
the VRP to get the final strength. For this
step of the program, I assumed horizontal
antennas over flat ground with perfect
reflectivity. You can, however, select the
antenna heights at both ends of the circuit.
If you have a vertical antenna, then the NO
VRP case (the same data one step before
application of the vertical radiation profiles
of both antennas) is the only one of interest.

To summarize for the multi-hop model built
into XMW, the program computes each
strength, for each hop configuration where the
band is open. Thus, for 14 MHz between Oak-
land and New Zealand, we may have calcula-
tions for 3F, 4F, 5F modes, and so on, until the
angle is so steep that the ray penetrates the
F-layer. The average signal strength will be
equal to the strongest hop mode that is open.
Although the results can be presented in dif-
ferent analytical formats, the methodology
outlined above is always followed when the
multi-hop model is used. This model is used
on both short and long paths.

The Chordal-Propagation Model

The multi-hop mode is the basic engine
that drives all of the propagation predictions
- of the program—with one exception, the
chordal-propagation model. The chordal-
propagation model looks for chordal-
propagation possibilities along the F layer.
This is a common mode for long-path propa-
gation, but chordal propagation can also
occur on short paths.

Chordal-propagation occurs when the
signal enters the F layer and rather than
encountering a profile of ionization that is
symmetrical on the up and down legs, it
encounters an asymmetrical profile so that
the down leg is bent less than the up leg. This

may occur, for example, near the grayline
as the signal heads in the direction of dark-
ness. On the up leg through the F Layer, the
ray is in sunlight but as it starts to turn
downward from the ionosphere, it enters the
nighttime where the ionization is falling off.

The down leg is bent less than the up leg.
If the gradient is strong enough, the down
leg will miss the surface of the Earth, and
will go straight across to another entry into
the F layer, all in a straight line, and all in
a chord along the great circle.

At the next apex in the ionosphere, the
gradient may still be decreasing (in which
case the next down angle will be even more
oblique) or there might not be any gradient.
That is, the ionization profile is symmetri-
cal (in which case the down angle will equal
the up angle). For the signal to continue at
all, the ionization must be strong enough to
refract the signal at each apex. Given the
oblique angles in question, however, low
ionization levels will work. That is a key to
chordal propagation.

The process will then be repeated. The
down legs will continue to “chord,” to miss
the Earth, and to reenter the F layer farther
along the path, forming a series of chords
along the great-circle route. This series of
chords will continue until the ray again en-
counters a sufficient gradient in the opposite
direction, such as the grayline on the other side
of the Earth. Here, the original asymmetry
will bereversed. The ray will enter the F layer,
will encounter ever increasing ionization. The
down leg will thus be steeper and, if steep
enough, will return to Earth to the lucky sta-
tion listening for chordal propagation. Signals
will go both ways on the same path under the
reciprocity principle.

The identifying feature of such chordal
propagation is a U-shaped profile as the
critical frequency of the F layer is traced
along the entire path, with a dip near the
middle and higher near the ends. There are
three circumstances that typically result in
a U-shaped profile:

1. The most effective is when both ends of
the path are near the grayline and the rest
of the path is in darkness. An example is
the path from California to Poland on
short-path summer evenings and long-
path winter mornings.

2. One end of the path is at the grayline and
the other, although in darkness, is near the
magnetic equator, with its higher critical
frequencies, and the rest of the path is in
darkness. Example: California to Sing-
apore on summer mornings.

3. Many polar routes, whether completely in
darkness or completely in daylight (or some
combination thereof), experience a weaken-
ing of the critical frequencies near the poles
and thus create a U-shape. Example: Ja-
maica to Japan on autumn evenings.

Near-Chordal Multi-Hop
Propagation

There is an intermediate case in which the
gradients of a U-shaped profile are not steep
enough to launch true chordal propagation,
but are strong enough to reshape the inter-
mediate hops so that more oblique angles
are created to the Earth and the F layer. On
the other end of the U-shaped profile, the
gradient corrects the shallower angle and
returns it to an angle somewhat similar to
(but not necessarily the same as) the origi-
nal takeoff angle. The advantage of such
propagation is that it reshapes the interme-
diate hop geometry in favor of more oblique
angles and longer spans. This results in
lower reflection losses, although the losses
are obviously greater than for true chordal
propagation. I call this intermediate case
Near Chordal Multi-Hop Propagation. It
can occur, once again, on either long-path
or short-path propagation.

How XMW Takes Chordal Propagation
Into Account

Both true-chordal and near-chordal
propagation reduce losses and increase sig-
nal strength, the former by eliminating in-
termediate hops altogether and the latter by
reducing their number and rendering their
angles more oblique. Whether short or long
path, XMW routinely checks for a U-shape
in the F layer critical frequencies along the
great circle route path. If the path is
U-shaped, then it is graded and given a tilt
rating. The more pronounced the U-shape,
the higher will be the tilt rating. The tilt
rating is then used to reduce the number of
intermediate hops and their angles. The
greater the tilt rating, the greater the effect,
which is always in the direction of reducing
losses and in increasing the frequencies that
will refract off the F layer. Trial and error
was used to find coefficients that simulated
my own observations.* The XMW program
does not ray trace. Instead, it looks for con-
ducive conditions and when the conducive
conditions are present, adjusts the operation
of the multi-hop model.

Finding The Critical Frequency

How does the program estimate the criti-
cal frequencies along the great-circle route?
The basic model takes into account many
variables. The answer must be computed
separately for various points along the path.

The E Layer

The E-Layer Critical Frequency (at Ver-
tical Incidence) is:

Ecrie = 0.9 x [(180 + 1.4 x SSN) x cosx]o‘zs

where % is the Zenith angle of the sun, ref-
erenced to vertical. This formula comes
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from Davis’s Eq 5.1, lonospheric Radio
Propagation, p 130 (1990).

The F Layer

There is no published formula I could
find for the F layer, so I devised the follow-
ing, which works well with my own obser-
vations from Oakland. At sunrise, the F
layer starts with minimum ionization and
builds as the sun gets higher and higher.
When the sun sets, the ionization begins to
fall off. The program assumes that the
F-layer critical frequency rises and falls in
the same general manner as a capacitor
would charge and discharge but the rates of
charging and discharging are a function of
the season and latitude, among other fac-
tors. During daylight:

F.it = Floor + Delta x

(1 Eq eBluelTimcConAM)

where Floor is the starting minimum criti-
cal frequency at dawn. Floor varies with the
smoothed sunspot number (SSN) as well as
the latitude and declination of the Earth.
Specifically,

Floor = (5.5 + 0.01 x SSN) x FnMinus

and

FnMinus = cos (Latitude x
K; — Declination2)¥16

Declination2 is the declination of the
Earth, slightly adjusted for a seasonal lag.
K; and K¢ were estimated by trial and er-
ror and are set forth in the COEFFICIENTS
subroutine in XMW. Thus, the dawn start-
ing pointis a function of the latitude and the
declination as well as SSN.

Delta is the difference between the Floor
and the greatest F.; possible for the lati-
tude, Declination2 and SSN. Specifically,

Delta = Ko x FnPlus

where

FnPlus = cos (Latitude x K,
+ Declination2)¥15

and again the constants K; and K;s5 were
estimated by trial and error and are in the
COEFFICIENTS subroutine.

Note that FnPlus and FnMinus vary in
opposite ways with the declination of the
Earth. This difference is used to simulate
the winter anomaly, whereby the peak day-
time critical frequency in the winter is
greater than in the summer (all other things
being equal) and the dawn critical fre-
quency is lower than in the summer.

Blue is the time elapsed since sunrise

expressed in radians (with one complete
24-hour period being 2xt). TimeConAM is a
time constant for the quickness (or slow-
ness) of the build-up in the mornings. In the
summer, this number is larger than in the
winter, so that the build-up is slower (and
vice versa). So this time constant is really a
variable and it varies with the portion of a
24-hour day that the latitude in question is
in daylight.
During the night:

Ferye = Dusk x (1 1/ eBlackiTimcConPM)

where Dusk is the last daylight F.j before
sunset. Black is the time elapsed since sun-
set expressed in radians (with one complete
24-hour period being 2m).

TimeConPM is a time constant that in-
creases in the summer and decreases in the
winter. Note: For both TimeConAM and
TimeConPM there is also a slight enhance-
ment of the steepness of the build-up or
falloff as the SSN gets greater and greater
(and vice versa).

In the afternoon, XMW makes a small ad-
justment to simulate a slight and steady
fall-off in the critical frequency (see the
FCRIT.CENTER subroutine). At all times,
there are further adjustments made to increase
the critical frequency somewhat just above
and just below the magnetic equator, includ-
ing a further increment there when the K in-
dex rises. The maximum increase will be at
20° on either side of the magnetic equator. At
night, to make sure that the critical frequency
will end up back where it started at dawn, a
curve is imposed from the known midnight
value to the known dawn value. Finally, from
The ARRL Antenna Book comes the conver-
sion from SSN to Solar Flux:

SSN = 33.52 x (85.12 + Flux)%> — 408.99

Significantly, the foregoing formulas
give the critical frequency at vertical inci-
dence. Higher and higher frequencies can be
reflected as the angle of entry into the iono-
sphere becomes more oblique. The relation-
ship used for the F layer is MUF = F_, /sin
(UpAng) where UpAng is the angle of
entry into the F layer. Note that UpAng is
not the same thing as the takeoff angle at the
antenna. UpAng is always larger, given the
curvature of the Earth. For the E Layer,
Emur = Egs /sin (UpAngE). (UpAngkE for
the E layer will be less than the UpAng for
the F layer, given their differences in
height.) The foregoing is an overall descrip-
tion of the equations used.

Finding the Virtual Height of the
F Layer

The program generally assumes that the
average actual height of the centerline of the
F layer is 190 miles, that it decreases more

and more as we close in on the daytime in
the dead of winter, and that it rises more and
more as we close in on the daytimes in the
middle of summer.

More specifically, the height center is a
function of the thermal condition of the at-
mosphere. That, in turn, is a function of the
season and the latitude. In the summers,
there is a thermal expansion of the atmo-
sphere. The height of the ionized regions
rise as the atmosphere and ionosphere ex-
pand. In the winters, there is a contraction
and there is a greater density of ions created
by the sun’s radiation.

At dusk, for all seasons, the electrons and
ions begin to recombine. In the winter, the
recombination rate is much faster, given the
closer proximity of the electrons and ions.
As a result, the F-layer center decays to its
190-mile standard quickly. In the summers,
the electrons and ions are a further apart and
it takes longer for them to recombine. XMW
simulates this pattern. The height is also
enhanced just above and below the magnetic
equator with the maximum boost at 20°
above and below the magnetic equator.

The virtual height is the height of the inter-
section of the extensions of the straight line
portions of the up and down legs of a hop. This
intersection will always be higher than the
actual refraction turn-around point within the
F layer. The virtual height will often be en-
tirely above the F layer. The virtual height is
a convenient way to determine the overall
geometry of the hop because it allows you to
use straight lines from the surface of the Earth
to the apex of the virtual height.

In XMW, the virtual height for a given hop
is found by starting with the actual height of
the F layer (take 200 miles as an example)
and increasing it slightly as the frequency
goes up (because the higher the frequency,
the longer it will take to turn the ray around),
decreasing it slightly as the ionization goes
up (for the opposite reason) and decreasing
it with the distance covered by the hop (the
shorter the hop, the steeper the up and down
legs will be). Thus, XMW uses the following
relationship:

Virtual Height = Actual Height x
(1 + Increment)

where
Increment = 0.02 x (Freq/ F.p;; ) X
(0.6/Angle)

where F; is the critical frequency at ver-
tical incidence and Angle is the angle sub-
tended by the distance of a single hop, as
measured from the center of the Earth (in
radians).

Thus, if the Actual Height is 200 miles
and the frequency is 14 MHz and the Fg; is
7MHz and Angle = 8° or 0.14 radians (about



560 miles per hop), then the Virtual Height
will be

200 x (1 +0.02 x 14/7 x 0.6/0.14)
= 234 miles.

Admittedly, this equation is homebrew
but it seems to capture the general effect of
the variables. In general, during the daytime
in winter, the effect is that the takeoff angles
go down for the same number of hops and
the entry angle also goes down, thus increas-
ing the MUF, and vice versa.

The program does not calculate the virtual
height for each hop individually. Instead, it
finds the average Actual Height (of the
centerline) and the average Ferit for all apexes
along the circuit, and then calculates an aver-
age Virtual Height for the overall circuit.

Once the virtual height is known, the
HOPDIMENSIONS subroutine in XMW
calculates the angles of entry into the F and
Elayers (UpAng and UpAngE) and the take-
off angles from the Earth. UpAng and
UpAngE are needed to find whether the
angle will be so steep that it pierces the lay-
ers. This calculation to determine whether
the ray penetrates the F layer is not made on
an average basis but is tested hop-by-hop,
using the critical frequencies of the actual
location of the apex in the F layer or passage
 through the E layer. (From the 31 samples

of E and F ionization taken along the route,
HOPDIMENSIONS selects those closest to
the location in question.)

We have now covered a summary of the
theory of operation. Now, let’s review the
way you can put XMW to use. The installa-
tion steps are on the CD accompanying
this book in a plain text file called
XMWGUIDE.TXT. Once you've installed
the program, you can enter XMW from your
root directory to start using XMW.

Have fun and please be sure to drop me a
note with comments and observations about
the program. [XMW is part of an integrated
package of logging, QSLing and propaga-
tion-prediction programs created by
N6XMW. Contact him directly forinforma-
tion on the complete package.—FEd. ]

Notes and References

For vertical antennas, you can elect to see
the signal strengths before application of
any vertical radiation pattern. While this
will not show the effect of the antenna, it
will show the ambient signal strength seen
by an isotropic antenna. If you are using a
vertical antenna, then you have to adjust
using your own judgment. XMW does not
yet simulate the radiation profile of a verti-
cal antenna.

2Why should absorption in the D/E layers be
proportional to the cosine of the angle of
incidence but absorption in the F layer

proportional to sine of the angle of inci-
dence? The difference lies in the fact that
the case we care about is where the ray
penetrates the D/E layers but does not
penetrate the F layer. Take the case of a
shallow angle that nonetheless pierces
the E layer. It will spend a lot of time in the
D/E layers (thus cosine is indicated to in-
crease absorption) and spend less time in
the F layer, since the turn-around will take
less time (thus the sine is indicated to de-
crease absorption).

3The program distinguishes between land
and sea as follows. For each touchdown
point, its latitude is rounded to the nearest
half degree. A file is consulted that corre-
sponds to that nearest half degree. This
file (and all such files) start at 180° West
longitude, the middle of the Pacific Ocean.
The file contains the longitudes of all bor-
ders of land/sea along that latitude, start-
ing at the 180° point and moving eastward.
The program consults the file until it first
finds a border that exceeds the touchdown
point in question. The character of the
land/sea just before this border then rep-
resents the character of the touchdown
point.

4The program rates U-shapes as follows: a
deep bowl is rated higher than a shallower
one. A steep gradient at the ends is rated
higher than more gentle gradients at the
ends. A longer span of the U-shape, end-
to-end, is rated higher than a path that has
a shorter U-shaped span. The program
then lowers the angles and intermediate
hop numbers accordingly.

81



Where the Holes Are and
How to Plug Them

By Dan Handelsman, N2DT
16 Attitash
Chappaqua, NY 10514

Introduction

All hams (especially DXers) long for the
perfect QTH. They dream of hilltops first
but if a hill isn’t available, they’ll dream of
large expanses of conductive, flat ground.
However, the majority of us never get to buy
that perfect QTH, since other matters in-
trude, such as family, job and expense.

So, if your QTH is like mine—neither on
the top of an unobstructed hill nor on the
prairie over farmland—you will have re-
flections ‘and diffractions that alter your
antenna radiation pattern. These may be
minimal or severe, but until the advent of
terrain-modeling programs we could only
guess at was happening to our signals. The
real-world elevation patterns are never the
same as those in The ARRL Handbook or in
any antenna book.' Nonetheless, most of us
assume wrongly that the pattern for flat
earth should hold true for our particular
installations.

My QTH

I have been a ham since 1957 but have
always had poor QTHs prior to moving to
my present QTH in 1975. One of the con-
siderations for choosing it was how good it
would be for ham radio, although this was
a relatively minor consideration—the fam-
ily came first. Still, I was delighted that for
the first time I was located on a hilltop. I
figured that the ridges and lines of hills in
the distance were too far away to affect my
signal and they never entered my stream of
consciousness. How wrong I was.

I began DXing earnestly in 1977 with my
new Extra Class call sign. As with most new
DXers, by the word “earnestly” I actually
mean “obsessively.” I eventually worked
them all but found that some headings on
various bands were extremely good while
others were quite the opposite. Initially, when
1 was using my first antenna, a two-element
quad at 50 feet in a topped-off oak tree, I
blamed the antenna and my lack of expertise.
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The first DXpedition I attempted to
work—Clipperton in 1978—should have
taught me a lesson early on but didn’t. I
worked them only on 20 meters. I shouted
and keyed my brains out but got nowhere on
10 and 15 meters.

Eventually I acquired more expertise and
graduated to a 70-foot tower and a KLM
KT34-XA at 70 feet and a KLM two-ele-
ment 40-meter Yagi at 90 feet. I then started
logging not only signal strengths but paths
and solar conditions. I began to get a feel for
DX that I could work on the proverbial “first
call” and for those countries where I knew
I would have to persevere, and maybe even-
tually work with difficulty. A pattern started
to emerge on the 10 to 40-meter bands. I
wasn’t active on 80 meters for many years.

I discovered the right combination for
contesting—I only operated on 10 and 40
meters. I chose those bands because I got my
most consistent results and could compete
better against the big multi-multis there.
While I did pretty well, I still didn’t under-
stand why [ had holes in some directions and
whispering galleries in others—where it
seemed I could work the DX with a loaded
coat hanger. I didn’t understand the incon-
sistent propagation until recently, when I
examined the local terrain with two terrain-
modeling programs.?

This article is to tell you what I found out
about the effects of my local terrain on
propagation and the remedies that I used to
overcome the holes. First, I will discuss the
idiosyncratic propagation at this QTH,
showing you where the difficult and the easy

paths are. Then I will analyze the terrain and
its effects on my signals and, lastly, I will
show how I attempted to overcome the
weaknesses.

Where the Propagation Holes Are

I had several difficult propagation paths
based on experience. One was the hole to the
southwest toward Oceania. This was most
evident on 10, 15 and 40 meters. My easiest
QSOs and strongest signal reports from
Jarvis, Wake, and Macquarie were all on 20
meters. I had to work very hard to make
QSO0s with that part of the world on 10 and
15 meters. If the long path was open, things
became a lot easier.

Another problem area was coverage to
the southeast. For example, during one
10-meter contest I had difficulty working
ZD8 and other DX in that direction. The
little guys with small tribanders on 50-foot
towers were having no trouble and I
couldn’t understand why I was.

There was also a narrow path over central
Africa that gave me trouble. This ranged
from 3C on the west coast to C9 and 5R8 on
the east. The difficulty was not to the same
degree as that of the southwestern path and
was highly variable. Some days things went
well and some days resulted in long periods
of frustration.

My Good Propagation Paths

With the exception of the poor paths dis-
cussed above, paths to the rest of the world
ranged from very good to exceptional. The
latter included beam headings of 0° to 30°



encompassing Central Asia, Asiatic SSRs
and the northern Indian Ocean. Other good
paths were toward Europe and the Middle
East, South America, JA and the northern
Pacific, and the gray-line and long paths that
lay to the southeast. Unlike the short path
into the South Pacific, the long path over
Europe was tremendous.

To illustrate some of these exceptional
paths T will give you some 10-meter ex-
amples. In 1981, at the peak of that solar
. cycle, I noticed that I could work the south-
eastern 10-meter longpath into Asia and
. VK6 with ease. The heading was some-
‘where between 140° and 160°. For almost
three years, I worked JA and VK6 long path
inthe early morning and on the short pathin
the evening. I had no trouble running JAs in
contests.

I also had almost daily contact over two

years during the fall-spring seasons with
Frank, VKINYG, a novice on Cocos Keel-
ing, who was running low power. He came
in on a heading of about 20° and on some
days no one else could hear him—some of
my friends thought I was talking to myself.
I'worked him sometimes on as little as 1 W,
and occasionally on both long and short
paths at the same time. One time I heard
echoes on his signal because of simulta-
neous reception on both paths.
The northwest direction toward JA and
the European paths were also exceptional
from my QTH, and I began to understand
why it was easy to have good runs in the DX
contests into the most heavily populated
areas of amateurs. These results held for all
the bands.

An Early Solution

My ZD8 problem led to the wrong con-
clusion, but the right solution. I thought that
['was having difficulty because my takeoff
angle was too low because my antenna was

too high—the effective height above ground
in that direction was 140 feet because of the
hill. After reading Les Moxon’s book on
antennas® and the influence of terrain on
their radiation pattern, I wrote a computer
program to calculate the takeoff angles of
antennas placed down the slope of a hill. 1
then hung a three-element 10-meter beam,
pointed to the southeast, from a tree near the
bottom of the hill. The antenna was about
20 feet above the slope of the hill and about
40 feet above the far ground. It got out like
gangbusters towards ZD8 and other areas to
the southeast. Signal strengths were much
higher than on the high antenna. I thought I
fixed my low-angle problem and thought
about placing an echelon of small beams at
various heights along the slope of the hill
and facing different directions to the east
and southeast.

Where the DX is Coming From

Twothings happened recently that made me
curious about the great propagation in some
directions and the holes in others. First, I saw
the light after reading N6BV, Dean Straw’s
chapter in The ARRL Antenna Book* on the
arrival angles of DX on the HF bands. To my
surprise, the arrival angles on virtually all the
bands and from all points on the compass were
low, much lower than T expected. For the most
part they were below 10°.

The second thing that happened was Y73
This is N6BV’s computer program that ana-
lyzes terrain and its effects on propagation. I
also bought TA, another 2-dimensional ter-
rain analysis program based on the same al-
gorithm but with a slightly different format.
After playing with both programs I found
that my initial assumptions about arrival
angles and antenna height were often wrong.
Surprisingly, I found that sometimes lower
antennas had lower takeoff angles. This ap-
peared to be due to diffraction by the ridge of

hills to the east of me. What I also learned
was that terrain up to 2 miles distant from an
antenna can influence my elevation pattern.

I then decided to systematically (OK,
obsessively) model the 360° azimuth sur-
rounding my QTH in 10° (sometimes 5°)
increments to see what was happening to my
signal. 1 taped two USGS’ topographical
maps of my area together, drew circles with
radii of one and two miles around my an-
tenna and plotted every hill and valley. The
results were both surprising and revealing.

My QTH

If you look at the topo map of the area
surrounding my QTH you will find that it is
a glacial landscape composed of parallel
ridges and valleys heading north and south,
You see a sharp drop-off in elevation to the
whole eastern hemisphere. My elevation is
470 feet above sea level (ASL) and the an-
tenna height is at 540 feet. The plateau to
the east below my antenna is at 400 feet and
the effective height, I thought, of the an-
tenna was 140 feet.

To the east, there is an almost parallel
ridge of hills going north-south anywhere
from 1500 to 2500 feet away and another
ridge at 5000 to 7000 feet in distance. The
near ridge varies in elevation between 480
and 600 feet and the far ridge has peaks at
over 700 feet. Because of the drop-off be-
neath my antenna and the flat plateau of
marshland until the ridge, it is not surpris-
ing that I thought my problems were due to
too much of a good thing and that my take-
off angle was too low.

Fig 1 is a plot of the terrain at a heading of
110° toward ZD8, where I have had problems
communicating. While the terrain does drop
off quickly from the tower base, which is at
470 feet ASL, within a half mile the land rises
up to 600 feet. And at a distance of a mile, the
land is almost 675 feet high. The angle from

Black Hole to ZD8

Terrain at N2DT at 110 Deg. Heading
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Fig 1—Terrain profile from N2DT's QTH in the direction of
ZD8 (from USGS topographic map). The terrain peaks at
roughly one-half and one mile create problems for signals
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Fig 2—The terrain toward Oceania, a heading that causes

major problems for N2DT.
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Fig 3—The computed 360° response of a 70-foot high
KT34XA Yagi on 28 MHz, at a 5° elevation angle launched
from N2DT’s tower, compared to the response for a six-
element reference Yagi mounted 70 feet above flat ground.

my antenna at 540 feet ASL (70 foot tower
plus 470 feet above sea level) to the 600-foot
peak one-half mile away is about 1.4°, effec-
tively blocking direct signals below this eleva-
tion angle. (Note that the different scales for X
and Y in Fig 1 exaggerate the steepness of this
angle, making the terrain look more severe
than it really is.)

Towards the west, about 2500 to 3000 feet
away, there is another valley and then an-
other ridge that reaches up to 680 feet in
altitude. The ridges and valleys continue to
alternate until one reaches the Hudson
River, which is about 6 miles to the west.

The southwest is my major problem head-
ing. There is rising terrain in that direction,
punctuated by hills with heights up to 670
feet. After close examination of the topo-
graphic map I began to see why I was hav-

ing trouble getting out. Fig 2 depicts the
terrain at a beam heading of 220° towards
Oceania.

My Terrain and its Effects on
Propagation

Because of the fact that almost all DX
propagation occurs at 10° or lower, I used
this angle as the high reference in my an-
tenna comparisons. The low reference angle
Tused was 5°, since it is frequently encoun-
tered and I found that it was consistent with
lower-angle propagation. That is, antennas
with good gain at 5° were also good at even
lower-elevation angles.

The antennas I used for modeling were
equivalent to my KLM KT34-XA tribander
in gain. On 10 meters I used a high-gain six-
element Yagi on a 29 foot boom, which was

Fig 4—The same response for 70-foot 28-MHz Yagi as in Fig 3,
except that the response for an identical 35-foot high Yagi Is
overlaid for comparison. Surprisingly, the lower antenna has
better gain in some directions than the higher one.

almost equivalent in gain to my tribander
with a 32-foot boom. The model antennas for
15 and 20 meters were the five-element
monoband HyGain HG-155 and HG-205CA.
On 40 meters I used a two-element Yagi
model similar to mine. For reference anten-
nas, I used the same models, but placed them
over flat terrain.

The antenna heights I used for reference
were 70 and 35 feet on 10 to 20 meters and
90 feet on 40 meters. I arrived at the 35-foot
height because it was the best compromise
for the lower antenna heightin atwo antenna
stack® on the three high bands.

Results of Terrain Modeling— Filling
the Holes

What I propose to do is give you an over-
view of the propagation around the circle sur-

330 “gaig
1)

310 '\‘-0 _-_“
wl A TER TR
20 l‘.‘;@jfﬁ"k\ o
i &
[ [
\.

' ‘f‘ &

[/ \ 3y
A
270 ‘-.;‘E = =S

SR /
\\\ !ﬁ. i‘!‘ ‘ v

21 MHz: 5 Deg. Elevation at 70'
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Fig 5—The computed 360° response of a 70-foot high
KT34XA Yagi on 21 MHz, at a 5° elevation angle launched
from N2DT's tower, compared to the response for a five-

element reference Yagi mounted 70 feet above flat ground.
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Fig 6—The computed 360° response of a 70-foot high
KT34XA Yagi on 14 MHz, at a 5° elevation angle launched
from N2DT’s tower, compared to the response for a five-
element reference Yagi mounted 70 feet above flat ground.



7 MHz: 5 Deg. Elevation at 90’
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Fig 7—The computed 360° response of a 90-foot high two-
element 7 MHz Yagi, at a 5° elevation angle launched from
N2DT’s tower, compared to the response for a two-element
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Fig 8—The terrain towards South Asia at a beam heading of
20°. This direction plays very well for N2DT!

reference Yagi mounted 90 feet above flat ground.

rounding my antenna and then analyze in de-
tail a sample of three directions that exhibit
exceptional propagation, and then three direc-
tions that present problems on all bands. In
each case, [ used the TA program to compute
the gain at a 5° elevation angle® and in each
case I compared the response with that for a
reference antenna over flat ground.

Fig 3 gives you an idea of what propaga-
tion is like, at an elevation angle of 5° de-
grees, in the 360° surrounding my QTH. The
results are consistent and show minima
around 45°, 70° to 110° and the whole south-

- western quadrant. The maxima are in the gen-
eral headings of 0° to 40°, 120° to 150°, 170°

to 190° and 300° to 340° degrees. On Fig 3
I’ve overlaid an excellent reference antenna,
a six-element 10-meter Yagi at 70 feet over
flat ground. T did most of my modeling at
28 MHz and in the rest of this article I will
only make comments if the propagation on the
other bands shows something different.

In General

Fig 4 is a bit more complicated to read,
since it overlays the gain patterns at 5° ele-
vation for 10-meter Yagis at 70 and 35 feet.
What is really interesting here is that the
lower antenna has better low-angle gain to
many parts of the world than the higher one.

For example, calculations show that my 35-
foot high antenna beats out my 70-foot high
antenna by about 4 dB at a 60° heading, and
by 8dB ata 150° heading, The computations
proved to me what I already knew—that my
little three-element Yagi at the bottom of the
hill had a better signal to the southeast than
the bigger and higher one.

Fig 5 through 7 show the patterns at 5°
elevation for my 15, 20 and 40-meter
antennas. There are similarities in all quad-
rants to the results for 10 meters. This is
better-than-average gain to the northwest,
northeast, southeast and the south and
worse-than-average gain to the southwest

N2DT to South Asia, 28 MHz
020 Degree Heading

Terrain at N2DT at 180 Deg. Heading
South America Is OK
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Fig 9—The computed elevation-pattern response at a 20°
‘beam heading for a 70-foot high Yagi, a 35-foot high Yagi
‘and the two in a stack at 70/35 feet, compared with a single
Yagi at 70 feet over flat ground. The elevation-angle
statistics from the 18th Edition of The ARRL Antenna Book
are overlaid on this plot to show what angles are required to
cover South Asia over the whole solar cycle. The peak angle
Is 4°, occurring 22% of the all the times when the 28-MHz
band is open on this path.

Fig 10—The terrain towards South America from N2DT, at a
heading of 180°. This terrain is rather benign, with the peak at
7000 feet from the tower far enough away and low enough so
that it doesn’t drastically affect the launch pattern.
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Fig 11—The computed elevation-pattern response for 70
and 35-foot high antennas at N2DT in the direction of South

330°. This is another

America. While the pattern isn’t quite as good as that in
Fig 9 towards South Asia, it is still excellent. For those
times when the angles are higher than 8°, the antenna at
35 feet would be the best performer, better even than the

stack at 70/35 feet.

and in the gaps mentioned above.

The “Good, the Bad and the Ugly”
Headings

I chose three representative good head-
ings to analyze further because they feature
different terrains and different resulting ef-
fects on radiation. These are at beam head-
ings of 20°, 180° and 330°. I will show you
the terrain profile and then the takeoff pat-
terns for individual antennas at 35 and 70
feet, plus the stacked-Yagi patterns.

20° Heading to South Asia

Fig 8 shows the terrain profile at a 20°
heading. The terrain is a general downward

slope extending out to 7000 feet. The an-
tenna elevation profiles in Fig 9 show ex-
ceptional low-angle gains for both the 35
and 70-foot heights. They are better than
that of the reference Yagi at 70 feet over flat
ground. Notice that the most frequent arrival
angle is 4° for signals from this direction,
statistically speaking, of course.

180° Heading to South America

My terrain to the south is shown in
Fig 10, which shows the altitude to be lower
than my antenna at 540 feet, up to a distance
of amile from the tower. Thereafter the land
rises and peaks at 630 feet at a distance of
6500 feet. The elevation pattern in Fig 11

Fig 12—The terrain towards Japan from N2DT, at a heading of

really excellent direction for him.

shows that there are effects due to diffrac-
tions at the nearby low hills and at the dis-
tant ones. The net effect is that there is a
peak in gain of about 5 dB for my 70-foot
antenna compared to the reference antenna
over flat ground. There is also a good fill
above about 6° for the low antenna. You can
see what the diffractions do—they fill in the
nulls in the elevation pattern. The stack of
both antennas at 35 and 70 feet interacts in
a complicated way with the diffracted and
direct waves, but still is superior to the
single reference over flat ground for the
whole range of elevation angles of interest,
from 1° to about 14°. What is clear from
Fig 11 is that there is no single best antenna

330 Degree Heading

N2DT to Japan, 28 MHz

Terrain at N2DT at 45 Deg. Heading
A Problem Direction to Europe

80

o Il
4 R 1L VIR, 1 4 7 i
o1 A N b 200 } t +
e o ol etk Ll e © A vl e - gl - e 0 1000 2000 3000 4000 5000 6000 7000
Elevation Angle, Degrees Distance from Tower, Fect
-7 - 35 e 70'Flat - Stack 7035 |

Fig 13—The computed 28-MHz elevation response in the
direction of Japan from N2DT’s QTH. The stack at 70/35 feet
is the best performer on this path, although the single 70-
foot high Yagi is not very far behind over the range of
elevation angles necessary on this path.

Fig 14—Despite his generally excellent response to Europe,
N2DT found that at a heading of 45° he has a significant hill
that can cause a problem.
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Fig 15—The terrain at a 50° beam heading is considerably

more benign than at 45° shown in Fig 14.

that covers all the arrival angles from South
America. At any point in time, the high an-
tenna, the low one or the stack of both can
be the most effective.

330° Heading to Japan

My terrain in Fig 12 at a 330° heading to
Japan shows a general drop off in elevation
until 7000 feet, and then rises to a peak of
500 feet beyond 8000 feet in distance.
Fig 13 shows the computed elevation re-
sponse of the separate antennas and the two
together in a stack. The statistical range of
elevation angles on 10 meters to Japan from
the East Coast is narrow, from 1° to only 6°.

Fig 16—The computed elevation response at a 45° heading into

Europe from N2DT. At all angles lower than about 9°, all his
antennas are down some compared to the single 70-foot high
reference Yagi over flat ground. This doesn’t seem to be a
major problem in practice, because he does well into Europe.

The stack is better than either antenna by
itself, but the 70-foot antenna holds it own
very well over the necessary range of eleva-
tion angles.

The bad holes in coverage that showed
up on all bands were at 45° and 80° to 110°.
The really ugly hole was in the southwest
quadrant. There were idiosyncratic holes
on 15 meters at a heading of 270° and on
20 meters at 280°.

45° Heading

The 45° hole is one I never really noticed
since the gains on either side of it are excep-
tional toward Europe. The 45° heading is

characterized by a hill that is higher than the
others on the ridge. The terrain at a beam
heading of 45° is shown in Fig 14, and
Fig 15 shows my terrain at a 50° heading. At
45° the hill shows a sharp rise at 2000 feet
distance to an altitude of 600 feet, and there
is another but lower peak 4500 feet away.
Note that the first peak is only 60 feet
above the height of the antenna. Fig 16
shows what happens to signals along this
45° heading. The nose of the vertical lobe is
raised up and the low angles are skimmed
off. The low antenna at 35 feet outperforms
the high one at 70 feet for angles below 9°
and curiously, the 75/35-foot stack is actu-
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Fig 17—The computed elevation response at a 50° heading
into Europe on 28 MHz. The 35-foot high lower antenna is
nominally better than the 70-foot one or the stack over the
relatively wide range of statistical elevation angles required
on this path over all times of the 11-year solar cycle. There
are times, however, at angles higher than about 9° where the
70-foot antenna’s second lobe gives the best performance.
At times like those when the higher antenna is dominant,
you might mistakenly belleve that the optimum angle is low,
when it is in actuality high.

Fig 18—The computed elevation response on 28 MHz towards
Africa, one of N2DT's problem directions. The operator down
in the flat land will do better than N2DT on his hill in this
direction.
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Fig 19—Another
challenging
direction from N2DT
is toward Oceania.
Again, the elevation-
angle response is
affected by the
uphill terrain at that
heading.
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ally inferior to the 35-foot antenna by itself
under these conditions.

Fig 17 shows the elevation pattern for a
50° beam heading on 10 meters. The stack
at35 and 70 feet is superior to either antenna
by itself for angles lower than 6° elevation,
but the 35-foot high antenna by itself is su-
perior to the stack from 6° to 9°, while the
70-foot antenna dominates at angles higher
than 10°. The peaks in the distance beyond
one-half mile are apparently still getting
into the diffraction act. For the path to Eu-
rope, the range of elevation angles is rather
broad, from a low of 1° to a high of 18°
(where the percentage of time is only 1% of
all the times the 10-meter band is open to
Europe over the whole solar cycle). Various
antennas at various heights will be dominant
at different times in the cycle, but the 35-
foot high antenna is nominally the best for
all times.

110° Heading to Africa

This is my ZD8 hole and is representative
of the problems in the 80° to 110° sector. The
terrain in Fig 1 shows a peak at 2500 feet and
another, higher one, at 1 mile. The near peak
is only 60 feet higher than my antenna but the
low-angle degrees are chopped off, as you can
see in Fig 18. The most common arrival angle
at this heading from southern Africa is very
low, at 3°, and all my antennas are disadvan-
taged at this angle compared to the reference

antenna over flat land. Other than putting the
antenna very high, so that it can look over the
top of the distant peaks, there’s not much I can
do in this direction. For example, raising the
tower to 130 feet would net me about 4 dB
more gain at 3° in this direction, leaving me
still just about 3 dB down compared to the
reference antenna!

220° Heading to Oceania

This “ugly” heading is representative of
what happens at 200° to 270°. The terrain
shown in Fig 2 rises continually, punctuated
by peaks to a distance of 4500 feet. The ele-
vation pattern is shown in Fig 19 for this
beam heading. At the peak statistical angle of
3° the 70-foot antenna is down about 8 dB
compared to the reference Yagi 70-feet over
flat ground. The stack has little effect on the
low-angle gain because the low antenna is
effectively shielded by the hills in the terrain
profile. Fortunately for me, there is little DX
in this direction! If you look at a polar-
projection map centered on New York the
quadrant to Oceania contains few countries.

Summary

Terrain modeling has brought a new di-
mension to DXing. Before these techniques
became available we had some general feel-
ings about what was happening to our sig-
nals but no clues about why things hap-
pened, nor how to improve the situation.

Since virtually no one lives on a flat antenna
range our signals are significantly affected
by the surrounding terrain.

Going bigger and higher is not a univer-
sal solution, since there are many instances
where a low antenna can outperform a high
one. Also we have no way to guess at how
the hills and valleys affect our signals, for
better or worse, and how much advantage a
stack could give us. In certain directions
either the high antenna, the low antenna or
the stack provide more low-angle gain and
the only way to know this is by terrain mod-
eling. The only conclusion I canreach about
the performance of a stack is that there is no
advantage if the low antenna outperforms
the higher one.

What I have shown in this article is the
effect of the terrain surrounding my QTH
and what measures I took to improve my
signal. As far as I am concerned, the conclu-
sions I came to after doing the modeling
seem to be valid, in that they bear out obser-
vations I have made over 21 years of DXing.
They confirm solutions I made empirically
to improve my signal. There is no reason
why all of us, with some patience and per-
sistence, cannot put these terrain modeling
programs to work to our advantage!
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3L. Moxon, HF Antennas for All Locations
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5See Note 2 above.
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Low-Angle HF—History and

Future

By Richard Silberstein, WOYBF
3915 Pleasant Ridge Road
Boulder, CO 80301-1717

Introduction

Anyone who has listened to small yachts
communicating all over the Pacific on the
14-MHz maritime-mobile nets, or who has
worked DX using vertical monopoles on
seaside beaches, or who has used any anten-
nas on favorable high sites realizes that low-
angle HF propagation can often achieve
spectacular results.

Most professional research on low-angle
communications appears to have ceased by
the late 1960s because of shortage of funds,
caused largely by the advent of satellite
communications. For the same reason many
fine internal research reports were never
~ submitted for publication in professional
Jjournals. However, amateurs have already
done much to fill the void in low-angle and
angle-control applied research, and the fu-
ture holds the promise of more exciting in-
vestigations.

Low Angles

The following is a very brief explanation
of why low-angle modes can improve iono-
spheric communication. Fig 1 (adapted
from Utlaut, 1962)' shows that HF iono-
spheric propagation inuncomplicated cases
takes place using one or more hop modes.
Combinations of reflections by different
ionospheric layers can exist. There can be,
on long-distance paths, propagation by a
number of hops with high elevation angles
Y and a smaller number of low-angle hops
at the same time.

InFig 1 large elevation angles y coincide
with small angles ¢ between the ray and a
normal to the reflecting region at the iono-
sphere. As the angle y decreases towards
the horizon at the transmitting site, ¢ in-
creases up in the ionosphere. For a given
frequency and ionospheric layer height, a
larger angle ¢ requires less ionization to
sustain refraction, and hence propagation
over a given ground distance. Since they
require lower levels of ionization, lower-
angle modes can provide longer periods of

useful propagation compared to higher-
angle modes.

Fig 1 also shows that for high elevation
angles there can be a “skip zone” because of
insufficient ionization for reflection. For
example, angle ¥, returns no signal until it
bounces off the Earth’s surface some 2700
km away from the transmitter. In Fig 1 any
energy radiated at an angle higher than
shoots right through the ionosphere out into
space. Lower angle ¥, manages to return
some signal at about 1700 km from the
transmitter because it is reflected off a lower
layer in the ionosphere.

The problem of exploiting low takeoff
angles becomes one of designing, construct-
ing and locating antenna systems that can
radiate and receive efficiently at low eleva-
tion angles (and even negative angles with
respect to the horizon at the transmitter).
The goal is to have enough HF energy to

overcome atmospheric and industrial noise
as well as the receiver noise floor, besides
overcoming the absorption of energy in the
lower ionospheric layers.

A History of Low Angle and Related
Techniques

Many experiments with vertical polariza-
tion and high antennas have provided great
thrills to many hams. However, no experi-
ment that depends upon rapidly varying pa-
rameters (such as ionospheric propagation)
can offer valid conclusions without compari-
sons with alternative methods, which must
occur as nearly simultaneously as possible.

Early 1920s

In December 1921, in what may have
been the greatest achievement by the
ARRL, the first successful large-scale ama-
teur transatlantic tests were performed (see

2000
1250 mi.

3000

Kilometers

Fig 1—Idealized multihop propagation with curved Earth and ionosphere.

(From Utlaut, 1962, Fig 1)




Kelley and Hudson,” 1996, and Warner,
1922).* The best reception was of 1BCG
using vertical polarization, but a question re-
mains about whether 1BCG was near enough
to Long Island Sound and had a sufficiently
unobstructed path to salt water for good
low-angle propagation in the direction of
Androssen, Scotland, where the receiver
was located. The Beverage antenna used for
reception in Scotland performed best on
vertically polarized signals over poor soil,
for which the beach at Androssen was well
qualified. We’ll be looking into the question
of polarization often in this article.

From the Late 1920s to World War I

AT&T’s Bell Laboratories performed
many low-angle HF experiments (Potter and
Friis, 1932)* during this period. Instrumen-
tation was very good in these experiments.
There were some comparisons of horizontal
and vertical polarization, but only in 15-
minute samples of each. At the time there
was relatively little knowledge of the iono-
sphere, so important interpretations of ad-
verse results were not made. Fresnel zones
were not mentioned.

A later choice for telephone communica-
tions with England was 24 in-line horizon-
tally polarized rhombics (the MUSA) over
a salt marsh with vertical-angle control
(Polkinghorn, 1940).°Itis questionable how
much of value was achieved with this array
beyond the successful relaying of a live
broadcast of the abdication address of King
Edward VIII. Since salt marsh is almost as
good as sea water for low-angle propagation
modes using vertical polarization, perhaps
the polarization choice for the MUSA array
was wrong!

World War Il and After

In 1943, Dr Newbern Smith, ex-3QY, Na-
tional Bureau of Standards, overcame poor
HF communication with a US air base in Ice-
land by installing a vertically polarized half-
rhombic antenna by the sea near Reykjavik.

Beginning in the late 1950s Soviet and
Chinese HF broadcast stations achieved
phenomenal results for reception at great
distances and even during some types of
ionospheric disturbances. One antenna ar-
ray was thought to be in Bulgaria and an-
other at a high mountain site, probably in
Asia. Angle-control was probably used,
being derived from distance obtained by
observing backscatter from audio peaks
(Bain, 1963).¢

An experiment by a US contractor on the
East Coast of the United States utilized a
high mountain for reception of CW test
transmissions from Asia and achieved spec-
tacular results near 7 MHz. However, acom-
parison reception site had serious problems
and the quality of the Fresnel zones near the
mountain were questioned. At that time,

20

satellite relays were beginning to replace
HF systems, so the project was discontin-
ued. I was a contract manager for the US
Army at that time.

Dr H. Brueckmann of the US Army Signal
Corps (later the US Army Electronics Labo-
ratory) developed a 24-element vertically po-
larized broadband HF array, which was built
on a slope in Maryland and oriented toward
Germany. Pulsed signals at 13.560 MHz
were provided by Dr Walter Dieminger,
DL6DS, then director of the Max Planck In-
stitute for Aeronomy. At that time I held the
call WA2UZO, and I operated the angle-
control equipment to demonstrate the im-
portance of angle control in reducing
multipath distortion, which constrained the
maximum speed of digital communication
(Brueckmann and Silberstein, 1963).”

Dr W. F. Utlaut (Utlaut, 1961)* performed
tests of long-distance HF reception with hori-
zontally polarized antennas at various heights
over some very long paths, showing low-angle
advantages. However, there were no compari-
sons made with other low-angle methods.
Fading rates were not considered to be exces-
sive, although the narrow lobes of high anten-
nas could possibly cause fading problems with
changes in the ionosphere.

In 1962 and 1963, Dr O. G. Villard, Jr,
W6QYT,’ran tests using horizontally polar-
ized antennas over some very long paths,
showing low-angle advantages at high an-
tenna heights, but did not make comparisons
with vertical monopoles utilizing sea water
foregrounds, even though a favorable site
might have been available.

In 1962, I conducted tests by contacting
DX stations in the 14-MHz band from the
westernmost point on the island of Kauai,
Hawaii, known then as the Barking Sands
area (now part of the Pacific Missile Range).
I made almost instant comparisons of verti-
cal versus horizontal polarization for paths
with all-ocean foregrounds to DX stations
located mostly to the southwest of Kauai,
and for paths with mostly all-land fore-
grounds to California and New Jersey. The
vertically polarized antenna was a monopole
with a low, elevated-radial ground plane on
the beach. The horizontally polarized an-
tenna was a multiple W8JK array about
40 feet high, oriented for a northeast and
southwest maximum. This was later re-
placed with a horizontal doublet in the same
orientation.

Fig 2 shows the monopole with the small
island of Niihau in the background. Fig 3
shows more details of the monopole with its
elevated ground-plane radials. Fig 4 shows
the late Fred Dickson (then K2HIJU, and
later W7LBH) with an assistant making
tests of the multiple W8JK array. Fig 5
shows some propagation paths from the
experimental site.

The vertical monopole was nearly always

best for an all-seawater foreground, and the
horizontal antenna was nearly always best
for the all-land foreground directions. The
foreground over land was flat within about
20 feet for the first 10,000 feet in the north-
easterly direction, but beyond there were
high ridges and deep valleys across the path.

In one interesting case, signals from
Guam went from 6 dB worse to 20 dB better

Fig 2—W@YBF’s improvised 20-meter
monopole at the edge of the beach at
Barking Sands. The outline of the island
of Niihau shows to the left on the
horizon.

Fig 3—Close-up photo of monopole,
showing gamma matching section and
elevated ground-plane radials.




- Fig 4—Fred Dickson, then K2HJU,
standing, offers suggestions as a helper
adjusts the feed line to a multiple W8JK
antenna at Barking Sands, Kauai.

on the monopole compared to the doublet
as the sun went down over the path. This
might indicate that the higher-angle modes
failed, leaving only a lower-angle mode.
In 1978 I went around South America on

Lo

Melbourne

t Monmouth

Fig 5—Great-circle paths from Kauai, Hawaii.

a ship and achieved surprising results with
QRP equipment and a vertical monopole.'°
However, no direct comparisons with hori-
zontal-antenna performance could be made.
One item of note is that some vertical whips
had been installed for the ship’s communi-
cations on the lower HF marine bands. The
operators discontinued use of them because

of reception of atmospherics from tropical
thunderstorms, for which good propagation
of vertically polarized ocean ground wave
could be blamed.

Some Pertinent Facts About the
Ionosphere

The 1993 Edition of The ARRL Handbook
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Fig 6—Ray trace of 14.0-MHz signals over the Hawaii to California path at 1800 UTC on Feb 21, 1973 (courtesy Naval Ocean

Systems Center).
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and also the 17th Edition of The ARRL An-
tenna Book provide rather good coverage of
the role of the ionosphere as a medium of
propagation of HF radio signals. Yet some-
times one wishes for just a little more expla-

nation. However, if everyone’s curiosity
were satisfied, a “handbook” would become
too large to carry on the back of an elephant!
For those with a serious interest in the pro-
fessional aspects of radio sky-wave propa-

Relative Received
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Fig 7—HF oblique sounder ionogram. This shows a typical chirpsounder
measurement on a 2500-mile path during midmorning in Mar 1973 from Hawaii

to Southern California.

gation and who lean toward mathematical
physics, I highly suggest a textbook like that
of Ken Davies.!' Then there are literature
searches by the Internet, which can yield
pertinent material rapidly if you know how
to interrogate the system.

Since there are some simple features of
propagation by means of the ionosphere that
are pertinent to using low-angle HF modes,
but which may not be obvious in published
material, it is appropriate to discuss them
here.

A computer output that shows how propa-
gation modes behave in an ideal case ap-
pears as Fig 5 in Chapter 22 of the 1993
ARRL Handbook, reproduced here as Fig 6.
This illustrates a ray trace of a 14-MHz sig-
nal propagated between Hawaii and San
Francisco at 1800 UTC on Feb 23, 1973.
This considers only the F, layer and as-
sumes that it is uniform over the entire
path. The distance was 2434 miles (3894
km). Fig 6 shows 2, 3 and 4-hop modes as
being possible under those assumed condi-
tions. Note that skip zones also appear.

What is not considered in Fig 6 is that
some modes could be combinations of
F-layer and E-layer hops. At this relatively
short total distance it is also reasonable to
assume that there are no departures from the
great-circle azimuth. |

Fig 7 (reproduced from Fig 6 in Chapter
22 of the 1993 ARRL Handbook) shows the
classical form of a ionospheric sounder pat-
tern for six F,-layer hops. The sounder is
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Fig 8—Oblique-incidence sunrise ionospheric sounder record, at M

1956 (from Fig 7, 1958 article by R. Silberstein).
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Fig 9—Oblique incidence ionospheric sounder records, Oct 25, 1956. At A, from Boulder, CO, and at B, from Maui, Hawaii (from

Fig 5, 1958 article by R. Silberstein).
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Fig 10—Oblique-incidence ionospheric sounder records
(from Fig 6, 1958 article by R. Silberstein).

an oblique-incidence system, which sweeps
the frequency using pulse transmissions at
one end and a synchronized receiver at the
other end of the same circuit.

Itis interesting to compare the computed
results using ray-tracing techniques on this
relatively short-distance path between Ha-
waii and California with actual ionogram
results for a longer-distance path, this time
from Sterling, Virginia, to Maui, Hawaii.
This longer path is 4779 miles (7647 km)
long." Figs 8, 9 and 10, reproduced from
figures in my original 1958 report, show
simultaneously  recorded ionospheric
sounder data and backscatter data yielding
information about the most-probable propa-
gation modes of 20.1-MHz pulses from
Sterling recorded at Kihei, Maui, and at
Boulder, Colorado. The ionograms show
relative delay times for arriving pulses as
the time of day advanced and as the ioniza-
tion level changed at various reflecting re-
gions along the path. The longer the
multipath trajectory, the longer the delay.

Failure times for the recorded modes
did not always agree with what was in-
ferred from simultaneous vertical-inci-
dence sounder data and backscatter data
that were also recorded. Some of the sub-
stantial differences between the pulse re-
cordings at several different times of day
and the departures of the recorded results
from ideal theoretical patterns suggested
that at times when regular ionization on a
longer path might have caused path failure,
non-great-circle modes would appear. We
saw this in a later experiment in 1965.'

At this point you might question the rel-
evance of some of the above experimental
results in cases where low-angle perfor-
mance was not examined as a separate topic

and particularly where wave polarization
was not considered. However, this material
is relevant because it shows the mode struc-
ture of ionospherically propagated signals
and their complexity and variability.

What is not generally realized is that po-
larization of received HF DX signals does
not at any one moment depend solely on the
polarization at the transmitting site. Briefly,
this fact is due to the effect of the Earth’s
magnetic field on oscillating electrons in
the ionosphere and the orientation of the
geomagnetic field relative to the propaga-
tion path. The efficiency of launching and
receiving DX radio waves at or near the
Earth’s surface at a given elevation angle
will depend on polarization as well as the
ground constants and the height of the an-
tenna. However, the ionosphere itself will
produce signals with mixed polarizations,
as a signal is affected by the geomagnetic
field. Signals of each polarization will then
fade in a largely uncorrelated manner,

A final point worth mentioning is that for
HF DX paths it is generally correct to as-

, Oct 26, 1956: at A, from Boulder, CO, and at B, from Maui, Hawali

sume reciprocity of modes. The ionosphere
will in general have the same effect on a
signal transmitted in either direction along
apath, although Davies has pointed out non-
reciprocity of polarization fading patterns,
suggesting that polarization diversity recep-
tion can sometimes help fading. What will
usually differ at each end of a path will be
the quality of reception, since this is af-
fected by interference plus atmospheric and
man-made noises.

The Antenna and Its Environment

What follows is a description of a rela-
tively simple method to determine the radia-
tion patterns of small antennas by means of
what is sometimes called the two-ray opti-
cal method. A flat Earth with uniform
ground constants is assumed. Fig 11 is a
detailed version of Fig 1, from Chapter 3 of
the 17th Edition of The ARRL Antenna
Book.

The point A represents the location of the
antenna at height h above ground. Using the
theory of images, a point B is placed at a

Antenna
Position
A

Fig 11—Direct and
reflected waves
from an antenna,
with image

Ground Plane geometry.
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Fig 12—Breakdown of optical ray theory as elevation angle of skywave is lowered.

depth h below the ground. A direct wave
radiates toward the ionosphere from A at
elevation angle y. There is also a reflected
wave from point P at the same elevation
angle. Since AP is equal to BP and AA is at
right angles to the emitted wave, then the
path PA is longer than A’P by BA’, but
BA’ = 2h sin y (Eq 1)
which causes the reflected wave to be ear-
lier in phase by an angle of

%Lﬁzh sin y = 4Tn h sin w, in radians
(Eq 2)
A reflection coefficient Ry or Ry ac-
counts for the phase shift and attenuation of
the reflected wave produced by the ground
constants and horizontal or vertical polar-
ization. The technique for deriving Ry and
Ry isexplained in part in the reference text
by Jordan and Balmain.'#
Starting with the well-known free-space
radiation pattern of an antenna, a relative

strength in the far field for each polarization,
Egy or Egy can be multiplied by a factor
to produce a radiation pattern formed by the
combination of the direct and reflected rays,
as follows, using exponential notation.

Since Ae/® = A cos 0 + j sin 8, dropping
the first term,

—j4mh siny
i A
EH—EOH 1+RH£: (Eq 3)
and similarly
—j4mh siny
E\r:Eov 1+Rve (Eq 4)

The expression in parentheses in Eq 3 and
Eq 4 is known as the propagation factor, or
the reflection factor or the cutback factor.
The first designation will be used here. The
propagation factor itself is a vector quantity
dependent upon frequency and ground con-
stants, as well as on the elevation angle. If
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Fig 13—Vertical radiation pattern of a quarter-wave
grounded antenna with perfect counterpoise on various

kinds of ground. The frequency is 10 MHz.
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Fig 14—Vertical radiation pattern of a quarter-wave antenna
with perfect counterpoise located /4 above various types of

ground. The frequency is 10 MHz. Note the deep nulls in the
elevation pattern for seawater and perfect land between
about 40° to 55° in elevation. These nulls are “filled in” when
the ground is not perfectly conductive (or close to that in the

case of sea water).
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Fig 15—Amplitude of the ground-reflection coefficient for
horizontal polarization, RH, for various types of ground.

The frequency is 10 MHz.

you plot this, you will see a lobe structure.

Anelementary idea of how these lobes are
formed may be gained from considering
reflections from an ideal, perfect ground.
Then Ry reduces to—1 and Ry reduces to
+1. It should be evident that in Eq 3 the
propagation factor reduces to zero for an
elevation angle of 0° for horizontal polar-
ization, and in Eq 4, the propagation factor
maximizes at 2.0 at 0° for vertical polariza-
tion. From the exponent of e in both Eq 3
and Eq 4 it is evident that as the elevation
angle \ is raised, maxima and minima ap-
pear. In this simple perfect-ground case,
angles for maximum of one polarization
produce a minimum for the other. Besides,
as the height term h in the exponent in-
creases in both equations, more and nar-
rower lobes are formed within any range of
elevation angles, with the lower lobes be-
coming increasingly lower,

Returning to the real world, with its non-
perfect ground, however, brings us to the
conclusion that the propagation factor must
be modified to obtain an antenna pattern.
Having been multiplied by the free-space
radiation pattern in Eq 3 and Eq 4, the propa-
gation factor must also be adjusted for the
antenna impedance and current distribution
that the actual antenna would have at the
actual operating position. Large antennas
can produce special problems, particularly
if the ground under them varies in conduc-
tivity or if it isn’t flat.

For vertical polarization the Brewster
angle of geometric optics is very important.

Fig 16—Phase of the ground-reflection coefficient for
horizontal polarization, RH, for various types of ground.

The frequency is 10 MHz.

Inradio this is an elevation angle sometimes
called the pseudo Brewster angle, or PBA.
It is an elevation angle around which the
phase and amplitude of Ry change rapidly
and is generally high for “poorer” ground. It
is only 0.8° for sea water and zero for a
perfect reflector. Antenna pattern distortion
can be seen near the PBA in The ARRL An-
tenna Book in Fig 14 on p 3-10, and in some
figures in Berry and Chrisman.!> Graphs
showing the changes of amplitude and phase
of Ry and Ry appear in both books. The
Brewster-angle phenomenon also makes
Fresnel zones for vertical polarization diffi-
cult to define precisely.

Of importance to the user interested in
obtaining the most out of low elevation
angles is the fact that even over flat local
terrain the simple two-ray concept derived
from geometric optics begins to break down
as the elevation angle is lowered beyond
about 1 or 2°, when diffraction by the
Earth’s curvature begin to take over. Fig 12
is a simplified illustration of what happens.
At moderately high elevation angles both
the direct and the reflected optical ray com-
bine into a sky wave.

At lower angles the reflected optical ray
becomes mixed with diffracted waves. At
W =0°, as shown, there are probably no direct
and reflected waves but a mixture of rays and
diffracted waves that reach the ionosphere and
produce long sky-wave hops. Finally, as y
goes into the negative region, some diffracted
waves producing very long hops with usable
signal strength can exist.

The behavior of diffracted waves can be
analyzed using complicated mathematical
procedures described as wave solutions, or
full-wave solutions. Such procedures have
been published at least since 1909 and are
an important component of standard broad-
cast-band ground waves. Different authors
use different mathematical approaches.

Most equations are not “closed form” but
must be solved for variable parameters that
must be calculated separately. Even so, cer-
tain approximations have to be made to
obtain solutions over certain ranges of
parameters. Berry carefully checked his
results over different ranges using the meth-
ods of other researchers.

Berry produced many useful graphs of
calculated antenna patterns for different
heights, polarizations and ground constants.
He also gave explanations of how one can
safely use his information in particular
cases. Unfortunately, the graphs had to be
in polar coordinates because the crowding
of the lobes as height is increased would
have made the use of rectangular coordi-
nates impossible. The patterns represent
full-wave solutions, but in cases where the
flat-Earth optical solution differs apprecia-
bly at low angles, this is shown by
plotted points. Figs 13 and 14 from Berry
show how a good ground enhances the low-
angle performance of a simple vertical
monopole, and how poor ground erases
that advantage.

Fresnel zones for ground reflection are
another important aspect of the environment
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vertical polarization, Ih, , for various types of ground.
-

The frequency is 10 M

since radio waves are not optical and there-
fore the reflecting region on the ground is
not a small as a doormat, or even a football
field. A frequently quoted report by Norton
and Omberg!% treats only a flat Earth and
does not consider ground constants.

Simple Fresnel zones are reflecting re-
gions on the Earth’s surface that are ahead
of the antenna structure. They are an adap-
tation of optical theory but can become very
complicated in real situations. In accor-
dance with formulas based on Huygen’s
Principle, each Fresnel zone is a region in
which wavelets from the antenna are re-
flected obliquely at phase shifts over arange
of 180°. The first Fresnel zone for a per-
fectly conducting Earth produces phase
shifts relatively from 0° to 180° and is an
ellipse, with its major axis along the direc-
tion of propagation. The minor axis crosses
at the point at which reflection is shown in
ray theory. The second Fresnel zone pro-
duces phase shifts from 180° to 360°. Its
inner boundary is the outer boundary of the
first zone and its outer boundary is another
ellipse. In the ideal case it can be shown that
contributions from all zones except the first
cancel, leaving only the first Fresnel zone
for consideration.

In a case of a real ground having finite
values of conductivity and dielectric con-
stant, the reflection coefficient R produces

96

30 50
Take - Off Angle, Degrees

Fig 18—Phase of the
vertical polarization,
frequency is 10 MHz.

amplitude and phase changes as the eleva-
tion angle changes. It should be evident
from Figs 15 and 16 that for horizontal po-
larization in the region of specular reflec-
tion, amplitude and phase changes are very
small over a large range of elevation angles.
Thus, relatively easy calculations of Fresnel
zones are possible for horizontal polariza-
tion. However, for vertical polarization,
Figs 17 and 18 (from Figures 8.1 and 8.2 of
Berry and Chrisman) show that there are
rapid changes of amplitude and phase even
in the specular reflection region, evident in
the mathematics of the Brewster-angle phe-
nomenon.

Figs 15 and 16 show these variations with
elevation angle. One can conclude that
Fresnel zones for vertical polarization, even
in the case of specular reflection, are hard to
define. Salt and fresh water appear to be
exceptions above about 10°, with minor
changes in amplitude and phase shown for
the higher angles.

For angles below about 2°, for both po-
larizations, as reflected waves become in-
creasingly more diffracted as the elevation
angle is lowered into the negative region, it
may be in any real situation almost impos-
sible to define Fresnel zones in simple
terms, especially considering that the ge-
neric direct wave vanishes as implied in
Fig 12. For alarge ocean foreground there is

ground-reflection coefficient for
Ry, for various types of ground. The

no need to know Fresnel zone sizes, since
the salt water acts almost like perfectly con-
ducting ground, at least in good weather.

Both Utlaut and Berry treat obstructions
in the Fresnel zones. Utlaut shows curves of
Fresnel zone dimensions for the horizontal
case and discusses compromises when ideal
zones are not available. Les Moxon, G6XN,
favors vertical polarization and has treated
Fresnel zones perhaps more than other
Amateur Radio author has.!7

Modern Achievements in Better
Utilization of the Ionosphere

Perhaps the most important advances as
far as the amateur is concerned are the de-
sign and construction of antenna systems
such as the stacked triband Yagi arrays built
by Dean Straw, N6BV, and Fred Hopen-
garten, K1VR, reported in Feb 1994 QST
and then in The ARRL Antenna Book,
starting with the 17th Edition. There arrays
were designed using Method-of-Moment
computer programs.

The vertically stacked arrays have the
advantage of using a relatively small hori-
zontal space, and the vertical separation
between antennas is large enough to mini-
mize the effects of the induction fields
between them. The use of the same length of
feed line for each tribander in the array
appears to be well justified since the authors




point out that the lower angles are the im-
portant ones for DX. Not pointed out by the
authors is the fortunate fact that for stacked
antennas the phase differences between the
transmitted as well as the received waves at
each antenna in the array diminish as the
elevation angle decreases, making it not
essential to use separate phasing lines to
each. The opposite is the case for an end-
fire array on a flat or sloping plane, such as
AT&T’'s MUSA or Brueckmann’s ISCAN
arrays.

Other advantages to stacked Yagis in-
clude diversity (which decreases the effect
of signal fading), the fact that each major
lobe covers a wide range of elevation
angles, and pattern changes can be made by
simple switching. However, one disadvan-
tage to some designs of stacked Yagi arrays
include azimuth response broadening for
~ the rearward lobes, which can increase re-
ception of QRM, QRN and industrial noise.

Amateur arrays need not be as compli-
cated as stacked tribanders or monobanders
to achieve some improvement in elevation-
angle usage. Switching between two opti-
mally placed simple antennas should
produce improved performance at different
times of day, depending on circumstances.

In England an antenna of intermediate
complexity called the skeleton slot has be-
come popular. When oriented in a vertical
configuration, the skeleton slot takes up
little space and works well on several ama-
teur HF bands. Atits design frequency it can
- beregarded as a stacked array. Two widely
spread open-wire, low-loss parallel vertical
conductors are fed in the middle with a bal-
anced line and are shunted at the top and
bottom to form two horizontal radiating el-
- ements, one element being stacked above
the other with a separation of a little less
~ than a quarter wavelength. The assembly is
lightweight and low-cost and can be easily
repaired if blown down. All vertical currents
almost cancel. Bill Capstick, G3JYP, de-
scribes a rotatable skeleton slot with an in-
teresting computer-derived elevation-angle
pattern on 21 MHz, showing good low-
angle response with no deep nulls.!8

Software for Antenna and Propagation
Analysis

Propagation Analysis

A parallel accomplishment in amateur
and professional circles over the last decade
has been the development of software for
computation of ionospheric behavior. These
programs often allow the performance of
realistic antennas to be modeled as well. The
ionospheric-assessment programs consider
a vast number of different parameters. The
original mainframe JONCAP program has
been simplified and made more “user
friendly” in a number of different imple-

mentations sold commercially and is even
available for free on the Internet as
VOACAP, aversion of IONCAP customized
by the engineers at Voice of America.

Tables naming the various programs and
outlining what they can and can’t do appear
in both The ARRL Antenna Book and The
ARRL Handbook in their chapters on propa-
gation.!%-20 Since software can be expected
to change rapidly in the commercial world,
I advise readers to watch advertisements in
various radio-amateur journals to keep up
with their evolution.

Elevation-Angle Analysis

Great effort was put into putting many
tables and graphs of statistical elevation
angles by N6BV in the 17th and 18th Edi-
tions of The ARRL Antenna Book.?! The
IONCAP program was used to predict the
percentage of time of optimum propagation
for the HF amateur frequencies, covering all
months over the full range of smoothed sun-
spot numbers, for a large number of DX
paths. N6BV is careful to mention the com-
plexities of the ionosphere, which even
IONCAP can never handle completely.

A study of records like those in Figs 8, 9
and 10 show the tremendous variability of
the ionosphere from day-to-day over DX
paths. I wish that I could see some instanta-
neous records of the actual elevation angles
as a refinement of the techniques I used on
Kauai in 1962. That would give me a direct
reality check compared to what the software
predicts on a post-event basis, some 37
years later!

I'd also like to see the above Antenna
Book graphs and tables reworked for those
amateurs and international broadcasters
who would benefit from listings of elevation
angles. The range of elevation angles would
be those necessary to provide communica-
tion over certain paths under widely vary-
ing ionospheric conditions. The connection
with the ability to radiate very low eleva-
tion angles, of course, is what I have been
most interested in over the years. Long ago
an Australian amateur reported that his abil-
ity to contact the US began 4 hours earlier
after he installed a vertical antenna over-
looking the ocean. Such an installation can
give excellent coverage of both very low
and medium elevation angles.

In Chapter 23 of the 17th Edition of The
ARRL Antenna Book, Figs 24 and 25 show
on the computed graphs that on certain
paths, at certain times of the day, relatively
high-angle modes are sometimes superior to
low-angle modes, and that this occurs more
at high levels of solar sunspot activity. I
sometimes noted the same thing on the 20-
meter Guam-to-Kauai path. Greater absorp-
tion of alow-angle wave can occur, because
it spends more time in the lower (more
lossy) ionospheric layers.

Another possibility is that the higher-angle
mode is a Pedersen ray. And there is also the
possibility of a true ducting mode. Or there
might be propagation between the E layer and
the equatorial bulge in the F2 layer, creating
what is known as a chordal hop.

Software for Antenna Analysis

Several popular programs for antenna
analysis are derived from the mainframe
NEC-2 program, developed at various US
government laboratories over the last 20
years. This program analyzes antennas best
over flat earth. It takes into account ground
constants, polarization and Fresnel zones in
the far field. One of the most popular com-
mercial implementations is EZNEC by Roy
Lewallen, W7EL.

There are also several commercial ray-
tracing programs available to analyze local
terrain and the effect it has on the launch
of HF signals for skywave propagation
through the ionosphere. Brian Beezley,
K6STI, markets TA (Terrain Analysis) and
the ARRL includes the program ¥T (Yagi
Terrain analysis) by Dean Straw, N6BV,
with the software provided in the 18th Edi-
tion of The ARRL Antenna Book. Both
programs use the Uniform Theory of Dif-
fraction (UTD) to ray trace a signal travel-
ing over actual terrain profiles created by
the user from USGS topographic maps. TA
can analyze either horizontally or vertically
polarized antennas.

YT is more specialized, in that it consid-
ers only horizontally polarized Yagis, in
vertical stacks of up to four antennas. ¥T'
can also compare the ray-traced patterns
with the statistical elevation-angles re-
quired for operator-selected paths around
the world. The operator can change the
height of the horizontally polarized Yagi (or
multiple Yagis in a stack) to see how the far-
field elevation pattern changes. I understand
that modern hams not only are scouting for
real estate located on hilltops—they’re now
looking for locations on the right sort of
hills, the ones with really favorable terrains
in important DX directions!

Choice of Methods and Sites for
Achieving Low-Angle DX Advantages

So what are some possible methods to go
about achieving low elevation angle take-
offs from your antennas?

Vertical Antennas

A vertically polarized antenna with a salt-
water or salt-marsh foreground is in many
ways the best method, but it is obviously
limited in choice. Salt marsh may in fact be
better than salt water is because large ocean
areas subjected to severe storms may spoil
the nearby Fresnel zones. This may never
have been formally studied.

Fig 19 is a set of simple curves depicting
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Fig 20—Graph showing elevation-pattern responses on

14 MHz for three types of antennas. These patterns are
compared to the elevation-angle statistics for the Hawali to the
US East Coast (Boston, MA). The elevation-angle statistics
cover the complete solar cycle, for all months, all hours. The
vertical antenna located over seawater has a distinct
advantage on this path—at 3° elevation it is 4 dB stronger than
a horizontal dipole mounted 100 feet over flat ground with
good conductivity. The vertical antenna placed over “good
ground” is at a severe disadvantage compared to either of the
two other antennas. In short, there’s nothing like a vertical
over salt water for a simple installation that can perform well!
(Elevation-angle statistics from private correspondence with
N6BV, ARRL HQ.) The right-hand Y axis is the percentage of
times the band is open at each elevation angle.

Fig 21—Similar comparison as shown in Fig 20, but this
time for the path from Hawaii to the US West Coast (San
Francisco, CA). Here, the angles rise to 8° during the
middle of the typical opening, but the band opens and
closes at very low elevation angles.

the possible gain of a vertical monopole at
ground level over sea water and over poor soil.
The performance of a horizontal doublet */sA
above flat ground is shown for comparison.
Computations were done using ray theory.
The relative insensitivity of horizontal polar-
ization to most ground constants below an
elevation angle of 10° appears quite obvious.
For vertical polarization you can see the
greatly inferior performance of the monopole
over poor soil. However, over seawater at 2°
the far-field elevation pattern is 15 dB better
than the doublet over most grounds. And this
is before considering the advantages of longer
hops at lower launch angles. These can domi-
nate when there is insufficientionization in the
ionosphere to support high-angle modes.
Diffraction theory shows that even more
advantage exists at lower angles than 2°,
Ground-wave reception of atmospherics and
noise is a negative, however, of vertical
antennas.
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High Horizontal Antennas

The main advantage of horizontal polar-
ization may be an easy choice of sites and
easier construction of arrays. As antenna
height increases, the lowest elevation lobe
goes lower, and the lobes become narrower
as their number increases. The same is true
for vertical polarization over seawater ex-
cept that maxima and minima occur at dif-
ferent elevation angles. Berry states that a
quarter-wave monopole over seawater is
better than a half-wave dipole at very low
angles unless the dipole is mounted more
than 5 A above the sea—but then it may have
nulls in its elevation pattern at desirable
launch angles.

Fig 20 uses the results from the ¥7 pro-
gram for three simple 20-meter antennas:
a horizontally polarized dipole 100 feet
above flat ground, a vertical dipole over
seawater and a vertical dipole over “good”
ground (conductivity of 5 mS/m and a di-

electric constant of 13). For comparison,
the elevation-angle statistics for the path
from Hawaii to the East Coast are overlaid
on the elevation-patterns for the three anten-
nas. The predominant takeoff angle on this
path is 3°, occurring about 27% of all the
times when the 20-meter band is open.

At the 3° takeoff angle, the vertical lo-
cated over seawater is some 4 dB stronger
than the 100 foot high dipole, and more than
15 dB better than a vertical over “good”
ground. For contrast, look at Fig 21, which
shows the same antennas graphed with el-
evation-angle statistics for the Hawaii-to-
West Coast path. Now, the predominant
takeoff angle is 8°, occurring some 16% of
the time the band is open and the high dipole
is 2 dB better than the sea-water vertical.
This amount of difference would be diffi-
cult to detect due to the fading characteris-
tic typical of HF propagation. During the
time needed to switch between the two an-
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expect.

tennas the signal difference would likely
change due to the fading.

Note that the secondary elevation-angle
peak in Fig 21 is very low, at 2°. This angle
is prevalent at the opening and closing of the
band. In between the Hawaiian morning
opening and the West Coast afternoon
closing, the takeoff angle rises to the 8°
average.

The optimum elevation angles changes
depending on ionospheric fluctuations. The
modern development of stacked Yagis over-
comes some of the objections to single-
height horizontal antennas, yet the simplic-
ity of the monopole by the beach cannot be
denied!

Long Terrain Slopes for Low-Angle
Response

The method is tantamount to tilting a
large region at one azimuth.* It is best at
only one azimuth but has the advantage of
shorter Fresnel zones, although what lies
beyond is still an issue. Fig 22 illustrates a
more -grandiose antenna setup in ¥T. The
antennas are assumed to be four-element
Yagis, 100 feet high, where each Yagi has 8
dBi of free-space gain.

The first Yagi is located over flat ground,
while the second Yagiin Fig 22 is located at
the edge of a long —3° slope. The peak in the
far-field elevation pattern has shifted down-
ward 3°, exactly as you would expect. The
gain difference at a takeoff angle of 3° is
about 7 dB, a quite substantial amount for a
fairly small slope. Terrain can make a pro-
found difference for DXing at low elevation
angles.

Fig 23—Graph showing elevation response for two different
antenna systems mounted over flat ground. The stack of two
four-element Yagis at 100 and 50 feet has more gain over a
wider elevation-angle “window” of useful elevation angles
than does the single Yagi at 100 feet. For example, where the
single Yagi has a deep null at 20°, the stack still has over 10

dBi of gain. At the peak statistical elevation angle, 8°, the
stack has about a 1 dB advantage.

Knife-Edge Diffraction and Similar
Phenomena

Knife-edge diffraction of radio waves
was perhaps first studied by Selvidge?? on
VHF frequencies, then in Japan and later in
Alaska.?? In view of outstanding DX results
by various amateurs located behind hills it
would seem that with the greater distances
to the “knife edge” required by the knife-
edge diffraction equations of optics,
comparable results at low angles could be
obtained.

A roughly similar phenomenon was ob-
served by H. V. Cottony, an antenna re-
search scientist. In a case of unusually
strong signals from the US received in the
Philippines, the signal strength was attrib-
uted to a mountain east of the receiving
station.2* Amateurs who obtain good DX
results in spite of a hill in the direction of
their beam orientation may be experiencing
favorable diffraction by the hill.

Very Large Ground Mats

Very large ground mats have been used to
some extent in the military, but the cost of
land, material and labor would be excessive
for any amateur!

Angle Control of Arrays

For some of the methods mentioned
above, angle control would make it possible
to optimize signals over a wide range of
ionospheric conditions. Amateurs with
switchable stacks have experimented with
controlling their takeoff angles. Most opera-
tors tend to leave the stacks in the circuit all
the time, rather than selecting individual

antennas in the stack. This is because the
wider elevation window covered by the
stack compensates for changing conditions
automatically.

Fig 23 shows the elevation patterns for a
single 100 foot high four-element Yagi over
flat ground compared to a stack of two of
the same Yagis at 100 and 50 feet over flat
ground. At the relatively high elevation
angle of 17° (which occurs some 6% of the
time), the stack is some 8 dB stronger than
the single antenna. Note that the single an- -
tenna at 17° is experiencing a null in its pat-
tern, which is deepest at just above the 20°
elevation angle. The stack is superior to the
single antenna at all the angles of interest on
this path.

Future for Amateurs in Experimenta-
tion and theory

With the demise of funding for profes-
sional research in HF low-angle and
angle-control techniques, some amateurs
have performed excellent work in design
and construction of antennas for optimizing
elevation-angle usage. Computer software
used by amateurs has largely evolved
from government development of compre-
hensive programs for ionospheric usage
(IONCAP) and antenna design and analysis
(NEC), started when HF ionospheric com-
munication for commercial, broadcasting
and military use was of prime importance.

Since those days, these programs have
been modified and improved by skilled ra-
dio amateurs for sale or distribution to HF
amateurs who desire top performance.
ARRL has pioneered in the publication of
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ionospheric prediction data.

As in any scientific field, much more
work always needs to be done. Below are a
few suggestions.

* Make real-time comparisons of perfor-
mances of different antennas with differ-
ent elevation-angle patterns, for selected
DX paths, months and times of day to
check computer-generated optimum-
angle data. Antenna patterns themselves
could be checked independently by
modeling antenna and terrain, or even
measuring using airplanes or balloons.
Such techniques have been used before,
but obtaining valid results especially at
low angles could be difficult.

* Rework computer data to show times of
day when low elevation angles are virtu-
ally the only means of HF communication
to specific DX areas.

* Study ducting in the ionosphere to deter-
mine if it is taking place and is a consis-
tent mode of propagation. Early ducting
tests were done using backscatter of
pulsed emissions. CW pulses with fast
break-in operation can be used to produce
backscatter reflections. The starting pulse
could trigger a sweep with time calibra-
tion marks, yielding mode structure
information. One problem would be the
relatively narrow passbands of SSB trans-
ceivers, resulting in a lack of resolution
of fine details.

* For a simple experiment, compare the per-
formance of two stacked dipoles with that
of stacked Yagis or of the vertical skel-
eton-slot antenna.
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Using HF Propagation

Predictions

By R. Dean Straw, N6BV

Senior Assistant Technical Editor, ARRL

5328 Fulton Street
San Francisco, CA 94121

ave you ever planned on traveling
Hto a distant land to operate a

DXpedition or a contest and won-
dered: “When are the bands going to be open
from down there?” And have you then
mused: “How loud am I going to be if I put
up such and such an antenna?” or “How loud
will I be into Europe or Japan compared to
the signals from New England or from Los
Angeles?”

Or have you ever considered raising the
tower at your home station, say, 20 feet
higher? Would that really open up another
layer of DX, as you’ve heard some of your
buddies say it did for them? Or have you
wondered whether your Saturday morning
schedule with your brother Charlie in Boise
would be better on 20 or 15 meters, or perhaps
in the afternoon rather than in the morning?

It wasn’t too long ago that the answers to
these questions would have been a matter of
pure gut feel and long-term experience “on
the bands.” Nowadays, you can call on
modeling programs that scientifically ex-
plore many possibilities on the computer
screen, well before you commit time and
money to that new skywire or before going
off on a DXpedition. It all starts with knowl-
edge of what the ionosphere is doing or will
be doing.

Some Personal Background

I've been fascinated by the HF bands for
the almost 40 years I've been a ham (first call:
WH6DKD in 1959). I've spent a great deal of
time and effort building HF antennas and
have operated many thousands of hours in
contests and in casual operating. Over the last
several decades, I've been interested in one
particular aspect of HF radio: system design.
By this I mean the process by which a ham
can scientifically exploit the properties of the
ionosphere and his local environment in or-
der to put the loudest signal possible into
distant (and nearby) areas of the world. And
let me be candid—my main motivation has
been to increase my contest scores!

I became motivated to write this article
because of two recent events. The first was
that I discovered a sneaky bug in one of my
software programs. The second was that I
was privileged to be part of a multi-talented
team at a major DXpedition to Jamaica,
6Y2A, for the 1998 CQ World Wide CW
Contest.

Hedging your Bets

The scientists who write propagation-
prediction programs carefully couch their
computations in terms of statistics.
Webster's 11 New Riverside University Dic-
tionary defines a statistic as: “An estimate
of a parameter, as of the population mean or
variance, obtained from a sample.” Therein
lies the essential clue to how we should view
a statistical entity. It is an extrapolation
from a smaller sample of data, with a certain
percentage of confidence stated for it.

For example, a hypothetical ionospheric
scientist might state that one minute ago,
when he directed his swept-frequency iono-
spheric sounder to ping the ionosphere, the
maximum frequency that returned an echo
from the F, layer directly overhead might
be, say, 10.1 MHz. Now he’s been doing this
for many years, and he knows that 90% of
the time he tried this—at the same time and
same day of the year and at the same level of

solar activity—the maximum frequency
was this value, provided that there wasn’t a
geomagnetic storm in progress. And he’ll
only know that there was a geomagnetic
storm from indirect data—perhaps even that
no echo came back at all!

Our scientist extrapolates from this mea-
sured data and states that he is 90% confident
that the ionosphere will return an echo at 10.1
MHz, provided of course that all conditions
are the same as previously stated. However,
he’s a responsible ionospheric scientist and
will definitely not say thathe is 100% certain
that this will happen, even if the day is the
same, the geomagnetic indices are exactly
the same and the time of day is the same. Our
scientist knows all too well that the iono-
sphere is like the weather in New England—
wait a minute and it’ll change!

I use the words long-term prediction to
mean a forecast for an interval that spans at
least several 11-year solar cycles. This inter-
val of time is sufficiently long to give a very
broad-brush view of how the ionosphere acts
and is particularly useful for designing effec-
tive antenna systems that are intended to stay
up in the air for long periods of time. In other
words, if you know the overall range of el-
evation angles that occur 99.9% of the time
for a particular path and a particular fre-
quency, then building an antenna system that
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covers this range of angles effectively will
ensure that you have done everything with
hardware that you can do to make a QSO.
Now it comes down to factors beyond your
control—how good the operator is at the
other end of the circuit; how bad the power-
line noise is at his receiver; how many stron-
ger, nearby stations are calling in a pileup;
what kind of thunderstorm is or isn’t happen-
ing while you are calling, etc.

I call short-term predictions ones that
cover at least a month’s worth of time; for
example, a forecast spanning plus/minus
two weeks about the middle of a particular
month. Short-term forecasts are particularly
useful for contest or DXpedition planning.
Data from short-term forecasts are useful
for strategy decisions before a contest,
never forgetting that the successful opera-
tors will change strategy whenever they
detect that the conditions have changed.

Long-Term Statistical
Elevation-Angle Data

The 17th Edition of The ARRL Antenna
Book first appeared in July 1994. Chapter
23 (Radio Wave Propagation) contained
abbreviated statistical tables of elevation
angles needed for 10 US transmitting sites
to important geographic areas throughout
the world, with detailed data files on the
diskette bundled with the book. The statis-
tical elevation-angle datareplaced a skimpy
set of data that had been in the Antenna Book
for many years, data that had been measured
during the low point of solar Cycle 17 in
1934, for a single path from New Jersey to
Slough, England. The 18th Edition of The
ARRL Antenna Book contained even more
statistical data on elevation angles.

The detailed Antenna Book data were gen-
erated using the JONCAP computer program,
a program that had (at the time of the 17th
Edition) been a work-in-progress for about
25 years by several agencies of the US gov-
ernment. [ONCAP is still being worked on,
sporadically, through a later offshoot and
improvement called VOACAP, a product of
engineers working for VOA, the Voice of
America. Unfortunately, funding for further
development of VOACAP is scarce or nonex-
istent and the program is being maintained
through the personal dedication of a single
engineer, Greg Hand, at NTIA/ITS (the Na-
tional Telecommunications and Information
Administration, Institute of Telecommuni-
cations Studies, a part of the US Department
of Commerce) in Boulder, Colorado. You
can visit their web site at: http://elbert.
its.bldrdoc.gov/hf.html.

Statistical Elevation-Angle
Methodology

The procedure used to generate the 1994
statistical elevation-angle data was to gen-
erate huge databases using IONCAP’s
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“Method 25,” the so-called *“all-mode”
method. The antennas I originally used for
each end of each circuit were 100-foot-high
flat-top dipoles over flat ground for frequen-
cies from 3.5 to 10.5 MHz, three-element
Yagis at 100 feet above flat ground from
10.5 to 20 MHz, and four-element Yagis at
60 feet above flat ground from 20 to 30 MHz.

Like any horizontally polarized antennas,
these had nulls in the elevation pattern, but
attempts on my part to use theoretical an-
tennas without any nulls (that is, “isotropic”
antennas in /JONCAP) had resulted in very
strange and unbelievable numbers on some
paths. It turns out that a number of factors
had conspired to fool me. In my defense, so
to speak, I will say that the documentation
for IONCAP leaves a lot to be desired and
about the only practical way to find how
things work in the program is to rigorously
and systematically experiment with things,
to see what changes.

I did the elevation-angle computations
using very large batch files that automati-
cally generated input data files for [ONCAP
for various levels of solar activity through-
out the months of the year. After much
number crunching, the output files are
automatically parsed and placed in huge da-
tabases, showing each and every mode, the
predicted signal strength, the elevation
angle and the reliability for paths from the
chosen transmitting site to locations all
around the world. At one time, there was a
computer at HQ dedicated to making these
IONCAP computations day and night. Even
now, using a 233-MHz Pentium PC from my
home office, a full set of computations for
one transmitting site takes about 2.5 hours
of number crunching.

When VOACAP first appeared in 1993, it
incorporated a number of improvements
over the JIONCAP core program. The engi-
neers at VOA had found a number of small
errors in [ONCAP. These small errors added
up to create some substantial errors for cer-
tain paths and certain conditions. Another
thing recommending the VOACAP program
was that it was compiled for a 32-bit proces-
sor and ran significantly faster than did the
16-bit DOS version of JONCAP. Unfortu-
nately, VOACAP was designed to be an in-
teractive Windows program, and until late
in 1998, it was not suited to working with
massive batch files.

For this reason, I turned to another 32-bit
implementation of the basic JONCAP com-
puting engine, CAPMAN, which proved to be
a well-done, robust program. But it too had
some foibles that made it less than satisfac-
tory for handling huge batch files, including
the designed-in refusal to use the all-mode
Method 25 for paths longer than 10,000 km.

A Sneaky Software Bug
In early 1998 some knowledgeable

friends began to question my use of “stan-
dard,” real-world antennas for the genera-
tion of statistical elevation-angle data. They
preferred to use isotropic antenna types,
because by definition these did not have any
nulls in their elevation patterns. I took their
concerns to heart and began to explore why
my previous attempts at using isotropic an-
tennas had failed. I found that an almost
seven-year-old portion of my code that did
statistical computations for the percentage
of time a particular angle is open to the tar-
get destination was not doing what I thought
it was doing.

The logic I thought I had implemented
was to count all instances of a received sig-
nal greater than 1 dBULV occurring for each
elevation angle from 1 to 70°, over all hours/
dates in the gigantic database. I then com-
pared this number to the sum total of all
instances to compute the percentage at each
angle. What my program was doing
internally, however, was determining the
strongest signal—and from that, the most
prevalent angle—for each hour/date. It was
in essence discarding all other modes/angles
other than the strongest mode for that par-
ticular hour/date. Horror of horrors, from a
statistical point of view!

When I tried to employ isotropic anten-
nas using this flawed internal logic, the pro-
gram would naturally choose the strongest
signal at the most-likely elevation angle,
which would usually be the lowest possible
angle, using the mode with the lowest num-
ber of hops. Thus the statistics for isotropic
antennas would bunch up badly atextremely
low angles, with very little statistical “scat-
ter” at higher angles/modes.

When I corrected the algorithm to do what
it should have been doing all along, I could
finally use isotropic antenna models. Or
rather, I could use a hypothetical “isotropic
antenna with gain” that would simulate the
gain of a horizontal Yagi, without the del-
eterious effects of nulls in the elevation
pattern. This was done for 1500 W of trans-
mitter power. I then tailored the internal
decision points in my statistical program (in
terms of dBLV and computed reliability) for
the various amateur bands.

Next, I got hold of Greg Hand at NTIA/
ITS and asked him to make modifications to
VOACAP that would allow it to work prop-
erly in my peculiar multi-step batch mode.
Greg was very accommodating and within
several days I had a version of VOACAP that
worked fine for my application. Then I
turned my computer loose for about a week
of concentrated number crunching for 96
different QTHs around the world, more than
had been available previously in the old da-
tabase supplied on the diskette with the 18th
Edition of The ARRL Antenna Book.

The result was a set of “enhanced” eleva-
tion-angle statistics that inherently (in




retrospect, anyway) looked more plausible
and realistic. Interestingly enough, higher
angles that might have fallen into nulls us-
ing the standard antenna patterns were only
marginally more evident in the new statis-
tics. What this meant, of course, was that
higher angles are still not that dominant a
phenomenon on HF propagation paths.

Further, the overall range of elevation
angles did not change that much from the old
numbers that firstappeared in 1994. It’s true
that the prevailing angles showing up in the
new statistics files are generally lower than
previously determined, but the end user
must realize that in order to use these really
low elevation angles, it is mandatory for you
to have antennas that work well down at
these angles. Only those amateurs lucky
enough to live on either steep mountains or
on saltwater marshes could really exploit
these kinds of low elevation angles that are
statistically most likely.

Fig 1 contrasts the old and the new
enhanced elevation-angle statistics from
Boston to London for all levels of solar ac-
tivity on 20 meters. In the new statistical
data, the peak angle has shifted down to 5°
for almost 13% of all the times the band is
open to Europe, while it was 11° at 18% in
the old data set. Bear in mind that 5° is an
angle that would require a 200-foot-high
Yagi for best performance. This 200-foot-
high Yagi would, however, have inferior

performance at higher angles because of its
deep null at 10°, where the new statistics
show that the band is open some 10% of the
time. Overall, an operator with a single Yagi
at 100 feet would be better able to cover all
the required angles on the 20-meter path from
Boston to Europe. Of course, a vertical stack
of Yagis would do even better, since it would
have a wider elevation window of coverage.

Confidence in the Long-Term Numbers

User confidence in long-term elevation-
angle statistics generated using a computer
model like JONCAP is only as good as his/
her confidence in how well the short-term
predictions model reality. And for confi-
dence in any modeling program validation
is required. The fact that programs like
IONCAP have been under almost continu-
ous development and improvement for 30
years by government scientists is certainly
reassuring. These scientists have accesstoa
wealth of data from observatories through-
out the world.

Aside from hiring a professionally cali-
brated antenna range to actually measure
incoming elevation angles over a full 11-
year solar cycle, the most viable way we
amateurs can validate prediction programs
is by doing “post-prediction” evaluations.
That is, we can take our log data and com-
pare it with what the computer program say
should have happened under the then-exist-

ing solar-terrestrial conditions.

Through the rest of this article I'll try to
show that the computer programs do indeed
produce believable results for monthly sig-
nal-strength predictions, and hence they
should be fine for the longer-term statistics
also. Yes, I will admit that does sound a bit
like backing into the truth!

Short-Term Propagation Predictions

To do short-term, monthly predictions, I
use the CAPMAN program. This is because I
can access the updated 32-bit computing
engine in CAPMAN directly under Windows
95—which was needed because of its
superior memory-handling—and CAPMAN
works on both of my computers. For some
reason the batch mode in VOACAP refuses to
work properly on my 100-MHz Pentium,
while it works fine on the 233-MHz Pentium.
Since I do most batch-file processing on the
older computer, leaving it running for days
(or even weeks), I decided to use CAPMAN
for short-term propagation predictions. (For
those of you familiar with CAPMAN’s an-
noying “beep” after it finishes a computa-
tion, the ability to disable the internal
speaker was very necessary to keep peace in
the house, literally.)

Like the long-term elevation-angle statis-
tics computed using Method 25 in VOACAP,
I use CAPMAN with gigantic batch files to
control the processing:

20 Meters, Boston to Europe
Elevation Angles vs Antenna Response

80 Meters, 6Y2A to USA
20 Elevation Angles vs Antenna Response

&k &
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Fig 1—Contrast between the old and enhanced elevation-
angle statistics for the path from Boston to all of Europe on
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20 meters (from The ARRL Antenna Book, 18th Edition). The
enhanced elevation-angle statistics cover about the same
range of angles (1° to 28°) as do the old statistics (3° to 29°),
but the peak percentages are at lower angles due to the
assumption of “isotropic” antennas for the enhanced data.
The enhanced data yields a 5° peak, at 12.5% of the time,
versus 11° at 18% for the older numbers. Overlaid on the
elevation statistics for reference are the responses for two
large 20-meter horizontally polarized antennas: four-element
Yagis at 100 feet and 200 feet over flat ground. Note that the
200-foot- high Yagi would be required to exploit the really low
elevation angles in the enhanced statistical database.

Fig 2—Enhanced elevation-angle statistics for Jamaica to the
USA on 80 meters. The range of angles is large because the
USA represents a big target area from Jamaica, from nearby
Miami, Florida, to the westernmost tip of Washington State.
Note the flat elevation response of a vertical array over
seawater. At low takeoff angles it has a considerable
advantage even compared to a 200-foot-high four-element
80-meter Yagi, something very few of us have up in the air.
For reference, a 100-foot-high dipole over flat ground is also
shown. While this is in reality a pretty good antenna, it pales
in comparison to the verticals on the beach!
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* For each of the 12 months in the year

* For six levels of solar activity, ranging
from Very Low to Ultra High

» For 40 target QTHs throughout the
world, located in each of the 40 CQ
Zones.

* For what we amateurs call “short path”
and “long path” headings

The batch files are as large as 400 kB in size,
since they might control more than 5760 indi-
vidual CAPMAN computations for a single
transmitting site. The results are all parsed and
automatically combined into very large data-
bases for additional processing.

I use a special combination of Method 21
(the so-called “forced long path” method)
and Method 22 (“forced short path™) in
CAPMAN to generate the short-term
monthly predictions. The terms “long path”
and “short path” used by IONCAP engineers
has long confused radio amateurs, who are
accustomed to think of a “long path” as
being “the long-way-around” the globe.

IONCAP (and its derivatives CAPMAN and
VOACAP) use the term “long path” to mean
a path that is more than 10,000 km long. A
“short path” to JONCAP is one that is shorter
than that. Inside the programs, the short-path
method uses an algorithm that “quasi ray-
traces” through the model ionosphere, which
is generated using parameters imbedded in
IONCAP’s long-term monthly database. This
database contains ionospheric data for almost
three complete solar cycles.

Inside the long-path model, a so-called
“two control-point” algorithm is used. To
quote from the instruction manual, A Guide to
VOACAP, concerning the long-path model:

The long path method does not pre-
dict normal modes, but indicates which
layer, F2, F1 or E, is the most likely
entry (transmit) and exit (receive) re-
gion for the ionospheric circuit. The
IONCAP long path method does not
force continuity with the short path
model and the two methods can give
considerably different predictions for
the same circuit.

... An ionosphere, reflectrix, and ray
set tables are calculated at points 2,000
kilometers from each end of the path,
rather than at a single controlling point
as in the short path model. [This is the
reason this method is referred to as a
“two-point” model.—N6BV]

... For long paths several physical
phenomena can occur which do not
exist on short paths. At about 10,000
km, the energy from the transmitter has
propagated one fourth the way around
the world. At this point and beyond, un-
til the antipode is reached, the energy
converges into smaller and smaller
annular rings, each having greater en-
ergy density. To account for this signal
build up, a convergence factor is intro-
duced, which maximizes at 15 dB at the
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antipode and then begins to decrease at
greater distances.

... On extremely long range paths
more and more energy is scattered
away from the distinct reflection points
of the normal ray path until the scatter
mechanism becomes dominant. Energy
can become ducted (guided between
layers) or it can be chordal (reflected
such that it travels on a path which does
not come back to earth until it is re-
flected from the ionosphere a second or
more times). The ionospheric absorp-
tion for the optimum rays at the end of
the path are averaged.

The portions of the path that undergo
either the normal D-E absorption or the
more exotic modes of propagation dis-
cussed above are determined by calcu-
lating the E-layer penetration frequen-
cies 1,000 km from each end of the path
and at the mid-point.

Thus, when expressed in plain English,
the so-called long-path method in JONCAP
(and CAPMAN and VOACAP) is a sort of
catchall. It can take into account antipodal
focusing, chordal hops and ducted modes,
without necessarily announcing them ex-
plicitly to the end user. The basic two-point
methodology has been employed by other
computer programs and is computationally
much less intensive than rigorous ray-trac-
ing, such as might be used in a more modern
program like PROPLAB PRO. However, the
signal-level numbers produced by [ONCAP
have been calibrated internally over the
years to reflect actual experience, whatever
the actual propagation mechanism actually
happens to be for a particular path and time.

Comparing the reported signal levels for
the JIONCAP long-path method to those gen-
erated by the short-path method does give
different values at ranges from about 7,000
to 10,000 km. It should be noted that
VOACAP engineers look on a difference of
6 dB as a pretty big deal, while we hams are
not fazed by such differences at all! The
engineers at VOA devised a simple math-
ematical smoothing algorithm to force con-
vergence of the signal levels calculated us-
ing the two different methodologies. This is
described in the VOACAP on-screen docu-
mentation, under: Help, General, Docu-
ments, Method 30, which states in part:

“In VOACAP, the user can request area
coverage plots using Methods 20, 21 or 22,
Method 20 may produce ‘cliffs’ or strange
looking coverage plots at the discontinuity
occurring at 10,000 km. Method 21, the long
path method, produces unrealistic coverage
plots at the shorter distances where the ray
hops should occur. Significanterrors occurin
the regions of mode transitions (e.g. between
the 1F2 and the 2F2). Method 22, the short
path method, may produce overly pessimistic
performance estimates at the distances beyond
the third ionospheric hop.”

I incorporated the “Method 30" smooth-
ing algorithm into my batch and program
files. For each path from the transmitting
site to a receiving QTH (in one of the 40
Zones), the Great Circle distance is com-
puted. If the distance is less than 7000 km,
only Method 22 is invoked. If the distance is
between 7,000 and 10,000 km, then both
Methods 22 and 21 are invoked. For dis-
tances greater than 10,000 km, only Method
21 is used. Then the resulting outputs from
each Method (where both are used) are com-
pared, smoothed if necessary and then com-
pared to a separate calculation done for what
we hams call the “long-path” azimuth. The
strongest signal of these long or short path
computations is chosen for display.

This sounds like it is hideously compli-
cated, and it is! It took several years to per-
fect this methodology. So, you ask: “Does it
work?”

Validation Needed

Ihave examined a number of contest logs to
see how closely the computer program would
post-predict QSOs found in those logs. Com-
puterized logs from major DX contests are
particularly useful because the activity is
worldwide, with large volumes of QSOs made
by the larger stations. Of particular interest are
the so-called “multi-multi” stations, which
have multiple operators simultaneously oper-
ating multiple transmitters on multiple fre-
quencies. In previous articles in QST I have
shown comparisons between the computer
predictions and the reality of what actually
happened in several such contests and I ar-
gued that these represent validations for what
the programs predict. My participation in
the 1998 6Y2A multi-multi operation from
Jamaica during the CQ World Wide CW con-
test in November 1998 provided a wonderful
opportunity for another first-hand attempt at
validation of propagation predictions.

Thecrew at 6Y2A appears to have setanew
world’s record in the multi-multi category,
with almost 18,000 QSOs after about 1000
duplicate QSOs were removed. This provides
a good-sized database from which compari-
sons and validations can be made to convince
you that “the proof is in the pudding.”

Elevation Angles for Jamaica

Fig 2 shows an example of the use of
long-term elevation angles from Jamaica to
all across the USA on 80 meters. The eleva-
tion-plane responses for some representa-
tive types of antennas are overlaid with the
needed angles for comparison. The patterns
for all antennas shown in this article were
computed using NEC-4.1.

I confess: I put the 4-element Yagi at 200
feetin Fig 2 for dramatic effect. It shows just
how heroic an effort you would have to go
through to mount a horizontally polarized
antenna high enough so that it would be a




real “killer” antenna on 80 meters. This
antenna would indeed be quite a performer,
but it would also be a gargantuan project for
- a l10-day DXpedition to install (not to men-
tion that we’d have to put up antennas for
five other bands too).

A simple two-element 80-meter vertical
~ parasitic array would be quite competitive
with the monster Yagi, provided that itis in-
stalled “on the beach” very near salt water.
Verticals do very well when surrounded by
salt water. For comparison purposes, a flat-
top dipole at a height of 100 feet is also
shown in Fig 2. It would be considerably
down from the two-element vertical array
on the beach.

Note that the range of angles needed on
80 meters into the whole USA ranges from
alow of 3° to a high that goes beyond 30°,
with predominant angles at 5° and 18°, each
occurring 7.5% of the time the band is open.
These angles represent all the angles neces-
sary on this path—for all months of the year
and for all levels of solar activity in an 11-
year solar cycle. This is exactly what I mean
by “long-term statistics.” All the antennas
used at 6Y2A are described in detail in my
other article in this book: “Antennas Here
are Some Verticals on the Beach...” That
article deals in considerable detail with the
matching of antenna response patterns with
the elevation angles needed for the Jamaica
to the world on all the HF bands.

I'wantto emphasize that the angles needed
from Jamaica to reach DX stations around
the world are not only low angles—although

low angles are extremely important. Higher
angles all the way up to 30° elevation are
important to cover all target QTHs also. The
response of vertical arrays located right
down on the ocean approximates rather well
the response of the perfectly theoretical iso-
tropic radiator used to compute the enhanced
elevation-angle statistics.

If we wanted to be successful on the
6Y2A DXpedition, we knew we needed we
needed to be loud everywhere. The vertical
arrays we chose to mount down on the
beach were a key ingredient in this success-
ful enterprise.

Fig 3 shows a comparison of the hour-by-
hour QSO rates for 1997 (6Y4A) and 1998
(6Y2A). The antennas for all bands in 1998
except for 40 meters were larger than in
1997, and the level of solar activity was also
quite a bit higher. These factors translated
into higher QSO rates and a total of about
3000 more QSOs for the whole contest.

Strategic Concerns

In the CQ World Wide DX Contest, a
QTH like Jamaica, counted as part of the
North American continent, is at a disadvan-
tage compared to stations located on other
continents. In this contest, a contact be-
tween two stations in North America is
worth two points, while a contact between
North America and another continent (such
as Europe or Asia) is worth three points.
Since Jamaica is close to the US mainland,
signals from the USA are very strong—and
vice versa, of course. As described in the

other article, we designed the main anten-
nas for the higher frequency bands with
nulls on the USA to level the playing field
for the Europeans. You should recognize
that Europeans represent not only three
points per QSO, but there are many country
multipliers on the European continent.

Who then would really be our “competi-
tion” working into Europe, other than the
Europeans themselves, who at the start of
the contest would busily be working each
other for points and lots of country multipli-
ers? We determined that the main competi-
tion would come from stateside stations,
particularly those on the upper East Coast,
since they enjoy a propagation advantage to
Europe because of their proximity. A station
in Boston is about 3500 miles from Paris,
while Jamaica is about 4800 miles away
from Paris.

It’s true that from 6Y we have a path that
takes our signal on a somewhat more south-
erly route compared to a W1 signal. This more
southerly path keeps our signals a bit further
away from the effects of the auroral oval on
the way to Europe. Granted, this might make
a difference when conditions were disturbed
by a geomagnetic disturbance, but nobody
was hoping for that to occur! We needed to be
loud for other reasons.

80 Meters

Fig 4 shows an 80-meter comparison be-
tween computed signals from Boston (W1)
and Jamaica to Europe, overlaying the QSO
rate for 6Y2A into Europe. The W1 is

Total Rate, QSOs/Hour
1998 6Y2A vs 1997 6Y4A

80-Meters, QSO Rate/Signals to Europe
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Fig 3—Comparison of total QSOs per hour rate for 1998 6Y2A
DXpedition to that for the 1997 6Y4A operation. The sunspot
conditions were notably better in 1998 than in 1997.

Fig 4—80-meter rate into Europe for the 1998 6Y2A operation,
compared to IONCAP signal-level predictions from Jamaica.
Also shown is the predicted signal strength in Europe for a
large station in Boston, Massachusetts. This signal-strength
comparison validates our pre-contest assumption that we
needed to put an S9 into Europe in order to be able to control
the huge pileups and to be heard over the strong East Coast
stations. Indeed, when our signal went over S9 in Europe at

about 23 UTC, the rate jumped dramatically. As expected, the

rate shrank to nothing after European sunrise, dropping on the
first night from 40 per hour at 06 UTC down to 2 per hour at 08
UTC when our predicted strength was only S8.
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assumed to be running 1500 W into a 100-
foot-high dipole over flat ground. The sig-
nal level for 6Y2A is computed using
1500 W into a two-by-one vertical array on
the beach. Note that the calibration of the
right-hand Y-axis is a little odd in that sig-
nals over S9 are labeled “10,” meaning that
they are more than 10 dB over S9. This
graphing technique compresses the data for
really high-level signals, but when you’re
§9 + 10 dB on 80 meters and you’re operat-
ing from the Caribbean, you're already
strong enough to be effective! John Dorr,
K1AR, is fond of saying words to the effect:
“Who cares if you're 20 dB over S9 and I'm
only 16 dB over S97” (The actual peak pre-
dicted signal strength from 6Y2A to Lon-
don was S9 +16 dB on 80 meters.)
Because of the performance expected
from our antennas right on the beach, we
knew we would be stronger into Europe than

a W1 with a 100-foot-high dipole and a kilo-
watt, a pretty decent station on that band.
Besides, the 6Y2A call sign would have
some advantage over a “garden-variety”
W1. We thus felt that we should be able to
hold our own against the majority of state-
side stations on 80 meters, providing that the
Europeans could hear us over the din of
other Europeans calling us in the pileups.
And believe me, the pileups were awesome
at times.

A quick VOACAP run shows that on
80 metersa YU in Belgrade, Yugoslavia, us-
ing 50 W into a 50-foot-high dipole over
flat ground, would be S9 + 13 dB in London.
Unless our signal was close to this level, a
relatively small European station could
keep all the others in Europe from hearing
us come back to them. We figured that we
had to have a minimum signal of about 89 to
be able to control the 80-meter European

pileups—as best anyone can “control” an
unruly pileup of Europeans desperate for a
Caribbean contact on 80 meters, that is.

At this point, some of you may well be
saying: “I've gotto be S9 +10 dB just to work
anyone?” My point is that you must have a
strong signal if you want to run big rates in
acontest. A smaller signal can still make lots
of QSO0s, especially if you can spread the
pileup in frequency. For example, you might
have people call 1 kHz up, or 2 (or even 5)
kHz up or down from your transmitting fre-
quency. That kind of strategy is not very
likely to work in a contest, however, where
every 250-Hz slot is already occupied by a
big CW station calling CQ!

Fig 5 is a printout for 80 meters of a cus-
tomized propagation-prediction run I made
for the 6Y2A operation, using the vertical
gain arrays we planned to install on the
beach front in Jamaica. This table is very
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similar to the 70,000 pages of such tables
included with the CD-ROM version of the
18th Edition of The ARRL Antenna Book.
These tables were computed using my stan-
dard antenna types, but the signal levels can
be extrapolated for different antennas.

We expected to be able to control the pile-
ups, since for most of the opening into Zone
14 we would be at least S9 + 10 dB, with S9
signals into the rest of the European conti-
nent. For several days before the contest we
tested the station and consistently received
tremendous reports into Europe. We were
also strong into the USA as well, for we had
another gain array of verticals pointed in that
direction. As the main 80-meter operator, I
figured that this was going to be fun!

The analysis above gave us the assurance
that we could plunk down almost anywhere in
the 80-meter band and be able to hold our own
into Europe. K2KW, the mastermind behind
the 6Y2A operation, suggested that we hang
out down near the bottom edge of the band,
where people would be able to find us quickly
as they starting tuning from the bottom up-
wards. More importantly, this is where only
Extra Class US stations could legally operate.
Sorry, non-Extra US stations, but while it may
sound cruel, the strategy does work. Fewer US
stations calling would allow the weaker Euro-
peans to come through, and they were worth
three points each.

Fig 4 also shows the 6Y2A hourly rates
into Europe. During the time the band was
open, we had steady rates hovering around
60 per hour into Europe. In 1998 we had a
dedicated reflector/driver pair of verticals

directed at Europe and another pair directed
at the USA, while in 1997 the 80-meter sta-
tion had a compromise single reflector/
driver pair aimed due North. On the first
night I stayed on 3500.5 kHz for the first
six and three-quarters hours, before moving
up to 3543.0 kHz to pick up many Advanced
and General class US stations—after the
main European runs had dried up, of course.
Fig 6 shows predicted signal strengths
into the USA and into Japan, overlaying the
hourly rates into these target areas. The pre-
dictions said that the USA would be easy to
work anytime during the hours of darkness,
while JAs proved to be possible, but not
easy, to work from 6Y2A. The prediction
was that our signal would peak only S8 in
Japan. The peak rate into JA was only 20,
much less than in 1997, when the peak rate
was 100. It’s not at all clear to me whether
the lower rate was due to the higher level of
solar activity, where stations would stay on
the higher bands for longer periods of time
rather than moving down to 80 meters, or
whether it was due to predicted signals less
than S9, as they had been predicted in 1997.
I certainly tried every frequency combina-
tion I knew where the Japanese can hear
foreign stations. Interestingly, the few Japa-
nese stations worked were quite loud and
clear; there just weren’t many of them.
There are many factors that enter into
whether, or whether not, a QSO is made. As
mentioned previously, one thing that might
diminish the number of European or Japa-
nese contacts from 6Y2A is that US stations
will be much louder than even the strongest

of Europeans or Japanese. In the “feeding
frenzy” at the beginning of a contest all the
big-gun US stations are picking off multi-
pliers left and right. Once the initial surge of
very strong US stations dies down, the Euro-
peans could come to the head of the pack.
Late in the night, when many US A operators
are sleeping, the JAs are able to make it
through the curtain of loud W stations.

A VOACAP computation fora 100-W sta-
tion in Philadelphia using a 50-foot-high
dipole shows that his signal would be S9 +
3 dB in Jamaica. A bigger station in Phila-
delphia with 1500 W and a 100-foot dipole
would be S9 + 22 dB in Jamaica. By com-
parison, a large German station would be
about 89 in Jamaica if he had a 1500-W
transmitter and a 100-foot-high dipole. It’s
not too hard to tell who would come through
first in a pileup at the start of a contest on
80 meters.

The azimuthal pattern on a single “two-
by-one” reflector/driver array is down only
about 5 dB on US signals when the array is
pointing into Europe. Perhaps we need to be
more ambitious in the future, with a two-by-
two 80-meter array pointed into Europe
to null out the US signals on the order of
20 dB, just like on the higher bands.

In the final analysis, I believe the 6Y2A
operation validates the propagation predic-
tions made beforehand for 80 meters. Our
prediction that we needed an SO signal in
Europe to keep up a good rate seemed to be
validated. The rate at the evening opening
doesn’t rise to more than 20 per hour until
23 UTC, when the predicted level rises to
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Fig 6—80-meter rate into Japan and the USA for the 1998 6Y2A
operation, compared to IONCAP signal-level predictions for
Jamaica. The rate into Japan on 80 meters in 1998 was a
considerable disappointment compared to 1997, when more
than 360 JA stations were worked on 80 meters. We suspect
that the JA stations were working DX late in their afternoon on
10 and 15 meters in 1998, since the sunspots were so much
higher in 1998 than in 1997. They were having too much fun to
consider going down to 80 meters to snag any Caribbean

stations at sunset.

Fig 7—40-meter rate into Europe for the 1998 6Y2A operation,
compared to JONCAP signal-level predictions from Jamaica.
This band was open somewhere for about 18 hours each day
from Jamaica. Again, the rate went up dramatically once the
signal strength in the target receiving area rose to S9 or
higher. Only with that kind of signal strength could the
massive pileups be kept under some semblance of control.
Note that a W1 in Boston would be able to work into Europe
about a hour earlier than we could from Jamaica.
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S9 for all Zones in Europe. I could hear Eu-
ropeans weakly as early as 1930 UTC, but
we couldn’t get their attention until several
hours later, when they would sometimes
come back with a question mark. An hour
after that we were running our brains out,
with huge pileups.

40 Meters

A similar propagation analysis on
40 meters using a vertical two-element re-
flector/driver array showed that we would
very strong in Western Europe (peaking at
S9 + 20 dB), stronger than any stateside
competitors using a kilowatt and a 100-
foot- high dipole. See Fig 7, which shows
that the 6Y2A 40-meter signal would be as
loud or louder than the W1 signal into Eu-
rope from 21 UTC on through 09 UTC, an
interval of 13 hours. That’s a lot of time to
make lots of QSOs. Just like on 80 meters,
there is adistinct falloff in QSOs in the early
morning hours from 02 to 04 UTC in Zone
14, followed by a peak in rate around East-
ern European sunrise from 05 to 06 UTC.
And just like 80 meters, we couldn’t get a
good rate into Europe started until our sig-
nal strength was S9 or greater.

Dave Patton, W9QA, was the 40-meter
6Y2A operator, and he had rates close to or
higher than 200/hour for the first four hours
of the contest. From that evidence, I would
hazard a guess that we were loud, just as
CAPMAN predicted.

In the afternoon opening on 40 meters
into Europe, the rate climbed to 60 per hour
at 21 UTC only after the predicted signal
strength went over S9. Again, it seems that
it takes an 59 or stronger signal on 40 meters
to attract and then control the pileups. Just

for reference, the prototypical 50-W YU sta-
tion with a 50-foot-high dipole would be S9
+ 13 dB in London on 40 meters too. So a
station outside of Europe has to have a pretty
substantial signal on 40 meters to make its
presence felt there.

Into Japan, Fig 8 shows a predicted level
of S9 for five hours a day on 40 meters.
While the JA QSO rates didn’t equal those
into Europe, they averaged about 50 to 60
per hour when the band was open after Eu-
rope had closed up around 08 UTC, through
until 12 UTC. There were 564 QSOs in Asia
on 40 meters in 1998, compared with 510
in 1997.

20 Meters

The 20-meter band is a lot more compli-
cated than either 80 or 40 meters. There are
also more stations available to work on this
band. At the High level of solar activity we
experienced from 6Y2A in November 1998,
the band is open to somewhere in the world
for 24 hours a day. Fig 9 shows the calcu-
lated signal levels into Europe for a W1 sta-
tion in Boston, using a three-element Yagi
100 feet over flat ground. This is contrasted
with the signal level for the 6Y2A “two-by-
two” vertical array on the beach in Jamaica.
The 20-meter band closes to Europe from
Jamaica only for about two hours a day.

The European QSO rate at 6Y2A on
20 meters is overlaid on Fig 9 as well. There
is a steep drop in the 6Y2A rate for roughly
four hours, between about 12 to 15 UTC.
Our signal strengths predicted for that time
frame vary from S9 down to S7. Part of the
reason for the rate drop is that the W1 in
Boston will be considerably louder in Eu-
rope during that time, at S9 + 10 dB most of

the time. Again, our old rule-of-thumb
seems to hold true: Big rates require signals
that are at least S9 on the 20-meter band.

However, it is not always brute signal
strength (or lack thereof) that strictly deter-
mines the QSO rate. The simple fact of the
matter is that the 15-meter band opens wide
into Europe about 10 UTC, and following
that within about an hour is the 10-meter
opening, which comes alive into Europe
from North America at about 11 UTC. Few
contest operators stay on 20 meters, bat-
tling it out with big multi-multi stations
there when they can be running at good
rates themselves on 15 or 10 meters! As [
say, 20 meters is ‘a complicated band.

Fig 10 shows the 20-meter page from the
customized propagation prediction for
6Y2A. As I stated previously, at a High
level of solar activity the 20-meter band is
open to somewhere 24 hours a day. This
prediction shows that on 20 meters there are
some long-path openings (indicated by as-
terisks), where the predicted signal
strengths are greater than for the short-path
heading. For example, look at Zone 29.
There are a number of asterisks showing for
this Zone. All three Zone 29 stations
worked in 1998 were worked late in the
afternoon with the beam heading toward
Europe. Weaker VK3s in Zone 30 also
came through on the European heading in
the late afternoon at 6Y2A.

Fig 11 shows how the predicted signal
strength varies with time into Japan and the
USA on 20 meters. 6Y2A could be expected
to put S8 or higher levels of signals into
Japan for about 19 hours of the day,
provided of course that the antennas were
directed in that direction. Remember, the
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Fig 8—40-meter rate into Japan and the USA for the 1998
6Y2A operation, compared to IONCAP signal-level predictions

from Jamaica.
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Fig 9—From Jamaica, 20 meters during a period of very high
solar conditions is a 24-hour QSO party to somewhere in the

world! The 20-meter band is “closed” to Europe (that is, with
signals less than S8) only two hours a day.
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Fig 10—Printout of customized propagation prediction page for
1998 DXpedition. This kind of information was helpful to schedu
operator had made a QSO. Many rare stations were moved from
6Y2A multiplier score considerably.

20 meters from 6Y2A, using the vertical arrays used in the
le QSOs for rare zones on the other bands after the 20-meter
one band to another in the course of the contest, boosting the
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Fig 11—QSO rate versus predicted signal strength from
Jamaica to Japan and the USA on 20 meters. QSOs were
- made into some areas of the USA for all 48 hours of the
contest!

Fig 12—Rate versus predicted signal levels from Jamaica to Europe
on 15 meters. Once the 15-meter band opened in the Jamaican
morning with S9 or better signals, the rate rose dramatically. The
IONCAP predictions are well validated by the actual QSO results.
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Fig 13—Rate versus predicted signal levels from Jamaica to
the USA and Japan on 15 meters. Note the early-morning
openings predicted to Japan about 11 to 13 UTC. These were
long-path openings, but we couldn’t take advantage of them
because of the steep cliffs behind the beach-front QTH in
Jamaica. That was the compromise we had to live with in
order to have direct over-the-ocean, short-path shots into

Europe, the USA and Japan!

main European array had a null towards the
USA and hence to JA.

The signals into the USA were predicted
to be equal to or higher than S9 for all 24
hours of the day. Even during the prime
European running hours, with the European
two-by-two array in use, strong USA signals
could and did work us on 20 meters during
47 of the 48 hours in the contest.

15 Meters

During a high level of solar activity in
November from the Caribbean, working
Europe on 15 meters is a matter of maximiz-
ing the rate, once the band opens about 10
UTC. Fig 12 shows predicted signal
strengths from both W1 and 6Y2A on this
band into Europe. The W1 actually has a
stronger signal for five hours during the
opening because of the higher gain of the
four-element Yagi at 60 feet used by the
program for W1 compared to the vertical
two-by-two array at 6Y2A. This didn’t
seem to hinder the peak rate achieved on
15 meters into Europe (140 per hour), fall-
ing below 100 per hour only after 13 UTC,
I’m sure this dip occurred because most
single operators were moving up to 10
meters around that time, not because the
6Y2A signal level drops to only S9!

Despite the allure of 10 meters, the shape
of the 15-meter QSO rate curve compares
favorably with the shape of the predicted
signal strength curve for levels higher than
about S8. It would appear that the band
“pops open wide” when signals go above
that level, into Europe anyway. Fig 13
shows the predicted signals and resulting

110

below S9 + 20 dB.

rates for the USA and Japan on 15 meters.
Here, S9 levels are apparently necessary for
either the USA or the JA rate to go up dra-
matically.

You will note in Fig 13 two relatively weak
long-path openings predicted for 15 meters
to the Far East during the European run be-
tween 11 to 14 UTC. Unfortunately for us at
6Y2A, the long-path direction was completely
blocked by a huge volcanic cliff behind the
station. We did get multipliers for most of
those Zones later in the day during the short-
path direct opening, so not all was lost to the
cliff. Besides, we were way too busy running
Europeans at 100+/hour rates to worry about
such exotic paths!

10 Meters

On 10 meters, the W1 in Boston will have
a shorter, but stronger, opening to Europe, as
shown in Fig 14. His signal will peak at S9 +
10 dB for 14 and 15 UTC, even though the
signal from 6Y2A will hit S9 earlier, at 12
UTC. As soon as the East Coast stations got
strong the rate for 6Y2A dropped down to an
average of about 110 per hour into Europe.
Both days seemed to enjoy the same condi-
tions on 10 meters, judging by the rate curve.
Again, it seems like a signal strength of S9 is
necessary to attract and then hold command of
a pileup on 10 meters into Europe.

Fig 15 shows the same long-path open-
ings to the Far East that 15 meters displayed.
Again, we were unable to take advantage of
these predictions because of the cliff block-
ing that direction towards the south. How-
ever, the direct-path opening to JA was
productive for us, with peak rates of almost

Fig 14— Rate versus predicted signal levels from Jamaica to
all of Europe on 10 meters. As many people have observed
before: “There’'s no meters like 10 meters.” The 10-meter
operator had several exhilarating 150+ hour rates into
Europe, while achieving almost 100 per hour into the USA
simultaneously. He reported that the S-meter rarely went

120 per hour at 22 UTC on Saturday after-
noon, right when our predicted signal
strength in Japan was S9. The rate fell off
dramatically when the predicted signal
strength dropped below S8 after 23 UTC.

And What About 160 Meters?

TONCAP and its derivatives don’t do par-
ticularly well below 2 MHz. They will op-
erate down that low in frequency, but I'm
not convinced that the numbers produced
are accurate. The problem is that [IONCAP
doesn’t explicitly take into account the ef-
fects of the geomagnetic field, which can be
severe at 1.8 MHz, close to the electron
gyro-frequency. Instead, Tom Frenaye,
KIKI, suggested a simple algorithm to ex-
trapolate 80-meter predicted levels down to
160 meters. His methodology, which is to
subtract 3 S units from the 80-meter pre-
dicted level, seems to be validated by the
results on this DXpedition and in other con-
tests as well.

Fig 16 shows the 160-meter rate into Eu-
rope, the USA and JA. The 6Y2A antenna
on Top Band consisted of a pair of 57-foot-
high loaded verticals with elevated radials.
One vertical was set up as areflector and the
other as a driver and the array was pointed
due North. Mounted close to the salt water
as it was, the 160-meter array played ex-
tremely well.

To me, the rate into Europe was truly in-
credible, especially when you consider that
USA stations were being worked at the same
time! Two JA stations were worked on 160
meters too, when the predictions said this
should be possible.




10-Meters, to USA/Japan
1998 6Y2A Rates and Predicted Signals

160-Meters, QSO Rates per Area
1998 6Y2A Europe & USA & Japan

S Units ("10"=89+10)

—=— Rate to USA

—=— Rate to JA

v USA Predicted Signals —&— JA Predicted Signals
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Fig 15—Rate versus predicted signal levels
to the USA and Japan on 10 meters. Again,

capitalize on the long-path openings to Japan because of

the cliffs behind us.

- Conclusion

In this article I have suggested that you can
derive much value from planning an operation
using both long-term and short-term propaga-
tion predictions. I have demonstrated that
long-term elevation-angle statistics can be
used to help plan an antenna installation,
whether your antennas are horizontal Yagis on

from Jamaica
we couldn’t

towers or verticals down on the beach.

I have given some tips on how to use
short-term, monthly predictions to plan
strategy and to anticipate band openings for
needed multipliers, whether in a contest or
in making day-to-day DX QSOs. At 6Y2A,
we found that passing multipliers between
bands was facilitated by detailed predic-

Fig 16—The 6Y2A rate in QSOs per hour from Jamaica on 160
meters. The two-element vertical array aimed North put out a
very potent signal into Europe and the USA.

tions showing when each band could be
expected to be open all throughout the
world. I'm sure that there must be other tid-
bits of information that can be gleaned from
such propagation predictions too.

See you in the pileups—perhaps from
some exotic location on the beach some-
where. May your signals be loud.
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Quad Antennas

Monster Quads

By Rudy Severns, N6LF
PO Box 589
Cottage Grove, OR 97424

uads are fascinating antennas. I've

been afflicted with the desire to

build them for over 40 years. The

first one was a two-element job I
built while serving with the Army in Ger-
many (DL4ND/DL4SFG) in the 1950s. To
this day I’'m not sure how I managed to
shinny up a 70-foot pole to install the quad,
but I was determined to get it working! And
work it did!

True madness did not come upon me until
I read Lindsay’s 1968 article on quads.' I
promptly built a six-element 20-meter mon-
ster (on a 60-foot boom) using the dimen-
sions in the article. While I was at it, I added
six elements on 15 meters and 11 elements
on 10 meters. During initial testing using a
small exciter (about 10 W) the first contact
was the Russian Antarctic station, long path.
After that I was hooked—and it’s been all
downhill from there!

If you live in an area where heavy icing is
aregular occurrence, this article should be
saved for April 1st. At my present QTH in
western Oregon we seldom have ice storms.
The most severe in the past ten years put
about '/2 inch of ice on my quad. The distor-
tion was alarming but no permanent dam-
age occurred. More ice than that, however,
would start to break things. Perhaps it is
~ possible to build quads to stand up to heavy
icing, but I doubt it is worth the trouble for

- antennas of the monster size discussed in
. this article.

The antennas I describe are large and re-
quire significant time, effort and money to
implement. The point of this article is to
give you some useful ideas and perhaps
some inspiration. I have included the dimen-
sions, performance predictions, many me-
- chanical details and some of the mistakes I
made along the way. You can, of course,
replicate any of these antennas directly but
you will get better results if you consider
them a starting point and then design an

antenna to meet your own particular needs
and preferences.

Modeling

Good NEC-2 and NEC-4-based software
is now available and is a worthwhile invest-
ment for a project of this size. Quads are
generally lower-Q antennas than compa-
rable Yagis and therefore somewhat less
sensitive to dimensional variations, sup-
porting structures and interlaced multi-band
elements. But you will still find the best
results can be had only by modeling the
complete structure and designing for your
particular needs.

I did all my modeling for this article us-
ing GNEC-4, which is NEC 4.1-based.? 1
modeled the WAHTH six-element quad in
free space, while my 40/20/15-meter multi-
band quad is centered at 100 feet, over av-
erage ground (€ = 13, 6 = 0.005 S/m) using
the Sommerfeld ground model.

While there is remarkably little interac-
tion between elements of different bands,
you must take some care to prevent unex-
pected resonances due to the matching sec-
tions and the open-circuited feed lines on
those driven elements not in use. I fed each
driven element separately and led the
feedline to a multi-pole coax relay mounted

at the center of the boom. I used the model-

ing program to select lengths of feedline that
did not result in any spurious resonances
that would upset the performance on another
band. This was not very difficult, but re-
quired some attention.

WOHTH Quad

Just for old time’s sake. I went back and
took a look at the multi-element quad I built
in 1968 to Lindsay's dimensions (see Table
1). In those days I didn’t have a computer on
my desk to do antenna modeling, so I just
relied on his information. The results had
been great, but I was curious to see how
modern modeling would compare with
Lindsay’s experimental work. Based on his

Table 1

Dimensions of 20-Meter WOHTH
Six-Element Quad

Element Location (ft)  '/s Length (ft)
Reflector 0 18.04
Driven 12 17.60
Director 1 24 17.28
Director 2 36 17.28
Director 3 48 17.28
Director 4 © 60 17.32
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Freq = 14.2MHz
Max. Gain = 11.60 dBi

(8) H—Plane Plot

Fig 1—W@HTH 6 element 20-meter quad,
free-space radiation patterns. At A, E-
plane pattern and at B, H-plane pattern.
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Fig 2—A method for accommodating a
larger boom diameter for a spreader hub.
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experimental work at 440 MHz, scaled
down to 14.2 MHz, Lindsay predicted a
forward gain of 13.4 dBi. It is hard to tell
exactly what the F/B ratio is from Figure ITI-
3A in his article but it looks to be roughly 15
to 20 dB.

With NEC-4.1 software the predicted
pattern is shown in Fig 1. I computed a for-,
ward gain of 12.1 dBi and a F/B of 14 dB.
This was not too bad, but I suspect that these
numbers could be improved with a bit of
fiddling with the model. I remember that I
adjusted the reflector length slightly for
maximum F/B when I built the antenna, and
the F/B was quite good.

For 15 meters I scaled the 20-meter ele-
ment dimensions (retaining the same
element spacing) and then adjusted the re-
flector for maximum F/B and the driven el-
ement for resonance. On 10 meters I again
scaled the dimensions and adjusted the re-
flector, but in the true ham spirit of “If
a little is good, more should be lots better,”
I added five more directors. I spaced each
10-meter element by 6 feet.

I made my boom from two 30-foot lengths
of 4-inch-OD irrigation pipe. Most commer-
cial spreader hubs are designed for 3-inch,
not4-inch, diameter booms, so to accommo-
date the larger boom, I placed spacer blocks

between the hub sections. See Fig 2. This
worked well for hubs made from four sepa-
rate pieces. However, some commercial
hubs have one-piece castings and can’t be
expanded like this. To match to 50-Q
feedline I used A/4 75-£ transmission line
sections on each band.

With an 1l-element quad on a 60-foot
boom, I noticed some interesting propagation
effects on 10 meters. On several occasions
the band dropped out during a transcontinen-
tal QSO, with signal strengths dropping from
S9+to justabove the noise level. Nonetheless,
we were able to continue the QSO for an ex-
tended period of time, when for all intents and
purposes the band was dead. There is nothing
like a big antenna!

A Two-Element 40-Meter, Three-
Element 20 and 15-Meter Quad

In 1989 I built another quad based on
Lindsay’s article. It had five elements on 20
and 15 meters—and nine elements on 10
meters—on a 50-foot boom. I did not yet
have antenna modeling software so again I
just used Lindsay’s dimensions. The an-
tenna worked very well but it also provided
me with a lesson on wind loading and wind
strengths on mountaintops in Oregon. The
antenna itself stood up very well, but my

40, 20 and 15 meter
Reflectors

L

3" Dia
Aluminum Boom

20 and 15 meter
Driven Elements

P

I

12

12'

40m Driven
15 and 20m Directors

Fig 3—NG6LF three-band quad dimensions: two elements on 40 meters; three on 20

and 15 meters.
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Fig 6—Gain and F/B characteristics on 15 meters.

72-foot unguyed tower collapsed in the first
real storm that year. The antenna did not
take kindly to this!

I replaced this system with a new tower
and a monoband six-element 20-meter
Yagi. The Yagi worked great but was only
good for 20 meters. At that time the sunspot
cycle was headed down the tube and it was
clear that 40 meters was going to be a big-
.~ time DX band for the next several years.
However, 20 meters was not going to go
away, and there would be some openings on
15 meters even at a sunspot low. So I began
to think about a new multi-band quad with
full-size 40-meter elements and good per-
formance on 20 meters.

Of course 40-meter elements are twice as
long as the 20-meter elements I was accus-
tomed to, so it was pretty intimidating. The
wingspan is over 50 feet! I found a source
for the spreaders and the hub hardware,? and
Inow had good modeling software to design
the antenna, so 1 went ahead with the
project. The antenna has been up since 1993
with no real problems. It has proven to be
durable, practical and a very good per-
former. Itis a real killer on 40 meters. Fig 3,
along with Table 2, gives the dimensions
and element arrangement of the antenna.

The predicted gains and front-to-back
(F/B) ratios for the three bands are given in
Figs 4 to 6. The 40-meter band is wide
enough thatitis very difficult to obtain high
gain and high F/B over the entire band with
a simple two-element array. I chose to em-
phasize the CW end of the band, and this can
be seen in Fig 4. I could have moved every-
thing up in frequency and improved the
phone-band performance but that would
have meant a poorer F/B in the CW band. In
my design, the F/B peaks at 16 dB and is
above 15 dB over the entire CW part of the
band. The gain peaks just outside the lower
band edge and I could have traded a bit of
F/B for a little more gain. The old rule that
you can’thave peak gain and peak F/B at the
same frequency definitely applies.

The 20-meter performance is very good.
In this case I chose to optimize at roughly
midband; Fig 5 shows a minimum F/B of
15 dB over the entire band, with a peak F/B
of greater than 22 dB. The gain is also very
flat over the entire band. Overall, this is a
very nice compromise for a three-element
array.

This is a good point to go back to Fig 3
and discuss the choice of boom length and
element placement. Normally a two-ele-

ment array has a boom length of 0.12 to
0.15 A for best performance. That would
have resulted in a 16 to 20-foot boom for
40 meters. However, even at a sunspot low
20 meters is still a workhorse DX band and
I'wanted to have areally good three-element
array on that band. Thus I made the boom a
few feet longer to improve the 20-meter per-
formance. The result on 40 meters was to
slightly reduce the gain and F/B, but the
longer boom had the advantage of present-
ing an approximately 112-Q feed-point im-
pedance. This could be easily matched with
a 75-8 (RG-11) A4-matching section. The
greater spacing also broadbanded the an-
tenna somewhat on 40 meters, which in the
end more than compensated for the lower
peak gain and F/B.

If you look closely at Fig 3 you will see
something unusual. Because the elements in
a three-element quad extend well below the
boom, the middle element must be moved off
center to stay well clear of the tower. In most
designs the driven element is moved closer
to the reflector. In my case, however, I went
the other way because I felt it gave me a
better set of compromises. The 20 and
15-meter driven elements are closer to the
director. This gave me very-nice perfor-
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mance on 20 meters but compromised the
F/B on 15 meters. Since I did not expect
15 meters to be a primary DX band during
the sunspot minimum I accepted this. This
reduced 15-meter performance is shown in
Fig 6. The gain is good and very stable over
the entire band but the peak F/B is low. T have
again deliberately emphasized the CW end
of the band just from personal preference.
Figs 7, 8 and 9 show the SWR perfor-
mance for several matching choices. On
40 meters, if you do no matching, the SWR
will be unacceptable (solid line inFig 7). By
adding a A/4-matching section of 75-Q line
the match is very good over the entire band,
as is shown by the dashed line in Fig 7.
On 20 meters you do not have to use a
matching section, since the SWRis less than
2:1 over all but the uppermost portion of the
band (solid line in Fig 8). However, because
I have a nearly 200-foot run of cable, every
little bit of loss hurts. I used a twelfth-wave
or series-section transformer using 50-Q
(RG-213) and 75- (RG-11) sections.** The
result is shown in Fig 8 as the dashed line.
On 15 meters there are several possible
choices. The solid line in Fig 9 shows the
SWR for no matching. It is acceptable over
most of the band but not at the band edges,
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especially considering my long feed line.
The dashed line in Fig 9 illustrates the ef-
fect of a A/4 75-L matching section and the
dotted line in Fig 9C shows the effect of a
A/12 matching section. The A/12 match is
better near midband but about the same as
the A/4 section at the band edges. I chose to
go with the slightly simpler A/4 section.

The forgoing discussion illustrates some
of the design trade-offs that you must make.
It is for this reason I suggested earlier that
these designs are more for inspiration than
exactreplication. You must decide for your-
self what the trade-offs should be.

Just for the curious, because of the
harmonic relationship between 15 and
40 meters, the 40-meter antenna has a low
SWR on 15 meters and can even be operated
on that band. There is some gain but the
F/B is essentially 0 dB.

Some Mechanical Details

The support hub for the 20/15-meter
driven elements was a standard commercial
cast-aluminum piece made for 20-meter
quads. These hubs are, however, totally in-
adequate for a 40-meter quad. Fig 10 is a
sketch of the welded hub assemblies (two
each) I used for the 40-meter spreaders.

Fig 8—Solid line shows 20-meter 50-Q SWR with direct feed.
Dashed line shows 20-meter 50-Q SWR with a 50 + 75-Q series

high-density polyethylene insulation.® For
some time I used an uninsulated version of
this wire but even thoughIlive inarural area
with no pollution, acid rain or salt atmo-
sphere, I found that the wire still corroded.
This potentially could weaken the wire and
might increase losses. The insulated wire is
more than strong enough and shows very
little sign of corrosion even after several
years. The wire size is also large enough to
keep the losses acceptable (= 0.2 dB, ac-
cording to the model).

When I first built this antenna I made
some basic errors in the boom diameter and
wall thickness, and in the guying (or the lack
thereof). When I took down the 20-meter
Yagi, I used two sections of that boom for
the new quad. The boom tubing was 3 inches
in diameter with quite thin walls (= 0.060
inch) and I used only a single support guy to
each end, as shown in Fig 3. That was not
good enough—after a couple of windstorms
the boom started to bend sideways. No
doubt some better engineering up-front
would have told me that!

If you want to use 3-inch thin-wall tubing
you must use side guys. There is simply too
much mass and wind loading, even though
the lever arm is only 12 feet long. Besides
side guying, another approach would be to
use larger-diameter tubing with a heavier
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- Fig 10—40-meter spreader hub design.

- wall. For antennas larger than this example
you will certainly have to do both. Since
designing this antenna I have obtained cop-
ies of Leeson’s book” as well as articles by
Weber® and Bonney® on the mechanical de-
sign of large arrays. These have shown me
the error of my ways and I strongly recom-
mend you read them for any new design.

The spreaders for a 40-meter quad are
twice as long as the 20-meter ones. They are
also much heavier—3 to 5 times heavier. In
my past experience with 20-meter quads the

droop in the spreaders was very small and I
used only a light wire jumper across the
corners to keep the wire from sliding through
- the corner holder. In this antenna the stress
on this wire was much higher and one jumper
promptly broke, allowing the wire to slide
through the corner mounting devices. This
in turn allowed the spreaders to droop. The
result was distortion in the shape of the loop
. like that shown in Fig 11. The shape is more
like a trapezoid than a square. At first I
though this was no big deal but a quick check
showed the F/B had practically disappeared
at the low end of the band.

Modeling the “new” shape showed that in
fact the peak F/B had moved up to the high
end of the band and the gain was degraded.
The lesson is: Solidly anchor the corners of
the elements to the spreaders. Realize that
there will be a substantial load on this an-
chor due to the dead weight of the spreaders
and the wind loading.

- A commercial spreader hub for 20-meter
and higher frequency quads usually re-
sembles the one shown in Fig 2. While they
are generally pretty reliable, I wanted some-
thing more rugged. What I did was to use
two hubs, facing each other, trapping the

spreader ends between the two faces of the
hubs. The result is a much stronger anchor
at the base of the spreaders.

Any large array requires a first-class ro-
tator. I have been using an Orion OR-2300
rotator. It has given me more than a little
heartburn, but then again I did have practi-
cally the first one sold. The manufacturers
have been very responsive to problems and
I believe the latest version (OR-2800) is a
first-class rotator. The average ham rotator
won’t cut it in this league. With the large
mass of the 40-meter spreaders and the
heavy-duty hubs at the ends of the array, the
moment of inertia is large.

Once you get the array rotating, the rota-
tor has to bring it to a halt again. This can
result in high stress on the rotator and also
on the top of the tower itself, I can see the
whole top of my tower twisting a bit as the
rotator applies the brakes. To protect every-
thing I have adopted the policy of using a
low rotator speed for small angular changes.
For a large change in direction I use a faster
speed initially but then slow it down with
the speed control as I approach the desired
heading.

After the collapse of my old tower I in-
stalled an 89-foot motor-driven telescoping
model. You can believe I am now a fanatic
about keeping the tower down except while
actually using it. I don’t think the insurance
company would be nearly so nice a second
time. If a particularly severe storm is ex-
pected 1 will often throw a line over the
boom and lash it down to ease the strain on
the rotator.

More Madness
Because the present antenna has survived

Ideal Shape 7

W s
7
/‘)

Real Shape

Fig 11—Distortion due to the weight of
the spreaders when not anchored at the
corners.

Freq = 3.51 MHz 20

Max. Gain = 11.38 dBi

Fig A—B0-meter quad elevation pattern
at 3.510 MHz, at 100 feet above flat,
average ground, including losses in the
copper wire elements and Q = 250
inductor loading.

many years of hard use, it’s obviously too
small. T am in the processes of designing a
new antenna, now that the sunspots are
back. (By the way do you know how you can
tell that Shakespeare was a 160-meter man?
Who else would say, “Out, out, damned
spot”?)

The new antenna will have three elements
on 40 meters, five elements on 15 meters
and nine elements on 10 meters. Four of
the 10-meter elements will be Yagi-style
dipoles, because for single-band elements
they are simpler mechanically (not to men-
tion the fact that I have a 10-meter Yagi I
can cannibalize). The tentative boom length
is 50 feet, which is reasonable in the light
of my earlier work. I may also include ele-
ments for the 30, 17 and 12-meter bands
but that is still to be determined. Perhaps this
will be a topic for The ARRL Antenna Com-
pendium, Vol 7.

The ultimate madness is on the drawing
boards also. A full-size two-element 75/80-
meter quad. I intend to tune this behemoth
to cover the entire band with a simple relay
scheme. See the sidebar for a brief descrip-
tion. Stay tuned for the next installment—
coming to you as soon as I can get leave from
the asylum!
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The Ultimate Insanity

As shown in Ref 11, it is possible to build a full-size,
rotary, two-element quad for 75/80 meters. There are
two problems to be solved: First, how to tune it remotely
so that | can have good performance in at least the two
DX windows (3.510 and 3.790 MHz) or better yet, over
larger sections of the band. Second, how to solve the
mechanical problems imposed by the need for spread-
ers nearly 50 feet long and boom more than 50 feet long.

Bandspreading the antenna is not just a matter of an
acceptable SWR. You also need to keep the gain and F/
B as near peak values as possible. If you are going to all
the trouble to build this monster there is no reason to
compromise! | expect that I'll design the basic quad for
the higher end of the band, say 3.850 or 3.790 MHz and
then use relays to add in a small amount of inductive
loading in both the reflector and the driven elements. If
the elements are already near full size then the amount
of loading will be small and will introduce very little loss.
Of course, the inductors must still be designed for high
Q. | will try to optimize the antenna at 3.790 MHz with the
loading inductances shorted out with relays and then
open the relays for 3.510 MHz operation.

Table A shows the typical dimensions for such an an-
tenna, on a 44-foot boom at 100 feet above average
ground. The elevation radiation pattern at 3.510 MHz is
given in Fig A. Note that the effect of wire and inductor
losses are included in this model. In the right location this
would be a dominating antenna. By adjusting the load-
ing inductances, this kind of performance could be avail-
able at any point in the band.

Because it is not necessary that the entire length of the
spreader be insulated, 40-meter fiberglass spreaders
could be extended with 2-inch-OD aluminum tubing. In
effect, the hub would have a 44+ foot diameter. Model-
ing work indicates that this large a mass of metal inside
the perimeter of the antenna would have little effect on
the performance, so long as the longer support guys are
broken up with insulators. I'd probably make the support
guys from Kevlar or other insulating material.

The hub is designed along the lines of a bicycle wheel
and shown conceptually in Fig B. Note that Fig B is only
for the hub, the fiberglass spreaders are mounted on the
ends of the hub arms. Two of these hubs, one on each
end of the boom, would be needed. Obviously the boom
will have to be guyed to support the weight.

Table A

75/80-Meter Quad Dimensions

Element '/a Length (ft) /2 Diagonal (ft)
Driven Element 65.4 47

Reflector 68.2 49

(8)

Fig B—80-meter quad conceptual spreader-hub design.
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Improving the Cubex Three-
Element, Five-Band Quad

By Danny Mees, ON7NQ
Van De Reydtlaan, 86
B-2960 Brecht

Belgium

he Cubex three-element quad is a
Tmechanically sound antenna with

good basic performance. However,
through the judicious use of antenna models
and experimentation, improvements are
possible that make the antenna a consis-
tently good performer on all of its five
bands. My aim in this article is to describe
the adjustments I made to this quad to make
two significant improvements. First, I
achieved an independent 50-Q feed on all
bands without using 75-Q, '/4+-A coaxial
matching sections. Second, I improved the
gain, front-to-back ratio and operating
bandwidth on some of the bands—espe-
cially 10 meters.

Background

I used a Yagi for about three years, but de-
cided to take it down and sell it because I
wanted more gain on the higher bands. It
is not easy to compare antenna specifications
that many manufacturers advertise. I spent
several weeks collecting data from different
reflectors and Web pages. I also used NEC-2,
NEC/Wires and YO (Yagi Optimizer) to get a
better look at things by modeling various an-
tenna types. Although good multiband Yagis
have reached the market lately, my modest
tower cannot support a 30+ foot boom or a 90+
pound antenna.

Here is where the quad comes into play.
I went with a three-element, five-band
model by Cubex. When I modeled it using
NEC/Wires by K6STI, the gain figures
came close to the gain of standard three-
element Yagi monobanders. This antenna
weighs 50 pounds.

The quad’s weight caused me some anxi-
ety at first, as I was afraid the tower would
get more beating in the wind with the quad

on top compared to having a Yagi there.
Since I have a home-brew tram system on
the face of the tower, I decided to go ahead
with the quad plan. My idea was to take
down the antenna any time there was too
much wind. We are fortunate at my loca-
tion—this is not a windy area.

Why Cubex?

My choice to go with Cubex was purely
based on the references I received from dif-
ferent Cubex hardware users. [ opted for the
pretuned and ready-to-assemble antenna
because I did not have an accurate device to
measure the loop wires, and did not want to
spend weeks sorting it out. (With the kit
form of this antenna, the builder measures
the loop wires.) Many US amateurs recom-
mended Cubex hardware to me because of
the rugged spiders and good fiberglass
spreaders.

I received the quad about a month after
ordering it. It was shipped in two boxes. One
contained the boom and spreaders, and a
second held the wires, spiders, and other
hardware. It took me about three weeks to
construct the antenna by myself. I took my
time to ensure that I did not mix up the wires.

The tram system was very helpful in the
assembly and erection process. The antenna
was assembled with the boom about 12 feet
above ground. I chose the box, or square-
shape, configuration because this makes the
antenna look smaller than the diamond-
shape version, and it leaves some room for
low-band wire antennas.

Although Cubex had drilled holes in the
spreaders, I constructed my own wire con-
nectors. They consist of a hose clamp, wire
tie, and flexible PVC tubing. The holes may
have also been effective, but I did not want

to take the risk of breaking a spreader. I had
heard rumors about wires snapping in heavy
winds with the standard method.

Tuse an Ameritron RCS-8V five-position
remote coax switch in combination with
separate feed lines to the driven elements,
providing separate feeds for each band.
Amidon beads are used for feed-line
decoupling.

For 20 and 17 meters, direct 50-£2 feeds
were recommended to me by Cubex quad
owners. The other bands were reported to
need '/s-A, 75-Q matching sections. When I
modeled the whole design using NEC-2, 1
found that the 15 and 12-meter driven ele-
ments could also be fed directly with 50-Q
coax, and did not require matching sections.
However, the feed-point impedance on the
10-meter band was above 90 Q.

The Cubex design uses three sets of
spreaders. The 3-inch boom is 18 feet long.
The element spacing is as follows: reflector
to driven element, 10 feet; driven element
to director, 8 feet. These dimensions are,
obviously, constant for all bands.

Computer Model Checks—and
Rechecks

I used computer modeling software
(NEC/Wires by K6STI) to evaluate the an-
tenna. The SWR curve was measured with
an MFJ 259 at the base of the tower and
confirmed the model in NEC/Wires. The
results using the factory recommended loop
dimensions are give in Table 1.

According to the computer model, the
antenna’s 10-meter gain was poor compared
to the other bands. Also, the front-to-back
ratio varied considerably from band to band.
The diverse feed-point impedances could
also stand improvement. The bands with
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Table 1
Performance of the Stock Antenna

Frequency (MHz) Gain (dBi)

14.2 8.16 g o B
18.1 8.08 13.9
21.2 8.39 15.2
24.9 8.18 25.2
28.4 6.95 5.1

F/B (dB) SWR

Impedance (2)

182 332-18.2
119 1 42.7-]3.1
1.24  355+17.7
122 61+j0.8
1.82  90.5-/5.6

Note: Gain and F/B are from the free-space model. SWR and feed-point impedance are given

as modeled and confirmed by measurement.

Table 3

Antenna Performance After Modification

Frequency (MHz) Gain (dBi) F/B (dB) SWR Impedance
14.2 8.04 11.6 1.31 41.7+j9.3
18.1 8.29 17.6 1.23 40.7+j0
21.2 8.39 30.4 1.09 472 +j3.2
24.9 8.30 21.8 1.01 50.2-j0.4
28.4 9.06 TS 1.06 51.7+j23

Note: Gain and F/B are from the free-space model. SWR and feed-point impedance are given

as modeled and confirmed by measurement.

higher SWRs at the target frequencies had
relatively narrow 2:1 SWR bandwidths.
While tweaking the loop dimensions, it
occurred to me that the 12-meter director
was interfering with the 10-meter reflector,
which resulted in a poor front-to-back ratio
on 10 meters, Indeed, some of the revisions
I made are the direct result of making im-
provements to performance on adjoining
bands. The wires of a five-band quad inter-
act quite a bit, so arriving at dimensions for
any one band requires that the entire quad
be modeled at one time. Although this
procedure is time-consuming, it produces
reliable models whose dimensions can be
transferred directly to the antenna.

Dimension Revisions

After considerable modeling and testing,
I arrived at dimensions that suit my operat-
ing needs. The original and final dimensions
are listed in Table 2. Loop wire dimensions
are in inches per side. For a better sense of
the amount of each change, multiply the dif-

120

ference between the new and old dimen-
sions by four to arrive at the total change in
loop length.

Modeled and Measured Performance
after Revision

Table 3 shows post-tweaking perfor-
mance as modeled and confirmed by mea-
surement, where possible. My emphasis
was increasing gain and bringing feed-point
impedance close to 50 €, with front-to-back
ratio a secondary aim. The modifications
resultin more equal gain from band to band.
Allbands show a feed-point impedance that
eliminates the need for 75-Q matching sec-
tions. This permits me to place decoupling
beads at the driven element feed points to
maximize isolation.

On-the-Air Tests

On-the-air tests, while not equal to range
tests, do tend to confirm the improvements
predicted by the models. The additional
gain on 10 meters is noticeable, as is the im-

Table 2

Dimension Comparison, Before and
After Modification

Band/Element Original  Modified
20-m Reflector 217.25 218
20-m DE 211.25 213.74
20-m Director 207.25 206
17-m Reflector 170.5 169.61
17-m DE 166.5 166.5
17-m Director 161.5 161.5
15-m Reflector 146 144.8
15-m DE 142 142
15-m Director 139 138
12-m Reflector 124 124
12-m DE 120.75 120.75
12-m Director 117.25 118
10-m Reflector 107.125 109.2
10-m DE 104.125 105.6
10-m Director 100.8 104.2

Note: Dimensions are given in inches per
side.

provement in SWR bandwidth on all bands.
One thing I know for sure: The gap between
the guys who used to beat me in the pile ups
is closed on all bands. This was my primary
goal. This antenna, as revised, is a vast im-
provement over the stock one! I do not mean
to criticize the original quad, which offers
good performance. Also, further improve-
ments beyond those noted here might be
obtained by those who want improved
front-to-back ratio on 20 and 10 meters. I
offer these notes as a starting point for those
who, perhaps, need ideas for optimizing
their own three-element, five-band quads.
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Special Antennas

A Vertically Polarized Inverted
Softit Monopole Antenna

By Grant Bingeman, KM5KG
1908 Paris Ave
Plano, TX 75025

subscribe to the diversity theory of an-

tenna operation. In other words, I like
to be able to switch between several differ-
ent antennas when I am about to answer a
CQ in order to determine which aerial pro-
duces the best combination of received sig-
nal strength and reduced interference. In
order to operate QRP successfully, it really
helps to have a variety of good antennas. As
an antenna engineer it bothers me to see an
operator compensate for a bad antenna by
increasing his transmitter power.

After I begin a QSO, sometimes it turns
out that a different antenna will produce
better reception at the other end of the RF
propagation path, in which case I end up
switching between two antennas whenever
the conversation passes from one party to the
other. According to the theory of reciproc-
ity, the antenna that produces the highest
received signal strength is also the best an-
tenna for transmit effectiveness. However,
the ionosphere can be tricky, and I have of-
ten had better results when using different
transmitting and receiving antennas, par-
ticularly when there is a noise problem.

The ability to quickly switch among an-
tennas is particularly useful when more than
two stations are sharing the same QSO, or
when propagation conditions are changing
(which is often the case)."? And flipping a
switch is quicker than turning a rotator. You
may also be aware that the polarization of
anincoming signal can vary wildly and rap-
idly, and this change in polarization can
contribute more to QSB than an actual
change in signal amplitude. In other words,
sometimes it is your receiving antenna’s
inability to track a signal’s changing polar-
ization that causes a change in perceived
signal strength. If you can follow the chang-
ing polarization your QSO will be more
successful.

What I would like to convey in this ar-

Ioperate QRP SSB on 20 meters, and

ticle, besides the details of a specific verti-
cal antenna, which I call an inverted soffit
monopole, is a sense of how the practical
mechanical compromises in simple antenna
designs affect electrical performance. We
will look at polarization, pattern and imped-
ance bandwidths. We will do this by com-
paring the far-field performance of the
inverted soffit monopole to common dipole
designs. You may be surprised by the real-
world performance of the simple dipole
antennas presented in this article. For ex-
ample, not everybody understands that hori-
zontal wires radiate vertically polarized
signals. So dipole radiation behavior is a bit
more complex than ordinarily perceived.

I wanted to add a low-take-off-angle ver-
tically polarized (v-pol) antenna to my
14-MHz attic QRP antenna garden in order
to discriminate against QRM that arrives
from high elevation angles, and to improve
the strength of signals arriving from low el-
evation angles. I was also interested in com-
paring the relative received strength of
vertically polarized signals with horizon-
tally polarized signals. If a signal leaves an
antenna exclusively horizontally polarized
(h-pol), how much of that signal gets twisted
to v-pol during its ride through the iono-

sphere? Will a v-pol antenna be able to hear
what originates as an h-pol signal, and vice
versa? My existing horizontal dipole and
inverted V antennas emphasize the high-
angle signals, and do not have much gain at
low elevation angles such as 10°, where 1
would be looking for long-range (DX) com-
munications. My dipoles have a v-pol com-
ponent, but it is directional and weak as we
shall see later.

All my analysis is done over average
ground having a conductivity of 5 mS/m and
a dielectric constant of 13. [use EZNEC 2.0
software, and the current element, or seg-
ment length, is typically 1 foot. All wires are
copper, and all antenna input impedances
are close to 50 Q at resonance. The azimuth
angles correspond to the compass bearings,
where 0° is North, 90° is East, etc. Eleva-
tion angles range from 0° on the horizon to
90° straight up towards the zenith. All the
horizontal elements of the antennas are
aligned along an East-West axis, and
“broadside” is North-South. According to
their bearings, I refer to elevation plots as:
broadside (North), diagonal (Northeast) and
endfire (East). The azimuth plot is taken at
the average take off angle of the elevation
lobes.

121



I print an azimuth and three elevation pat-
terns for each of my antennas. I then glue
them on the top and three sides of an octago-
nal box (one box for each of my antennas—
See Fig 1). I mark the boxes with the com-
pass points associated with the actual ori-
entation of my attic antennas and use them
for handy reference in my ham shack. These
three-dimensional models of my antenna
patterns help me to quickly grasp what is
happening when I switch antennas, and how
best to take advantage of antenna diversity
and shifting propagation conditions.

It only takes about an hour to model an
antenna, print the patterns and glue them to
a box. I highly recommend that you build
three-dimensional models of your radiation
patterns. You might be able to simply cut
the patterns from your antenna manu-
facturer’s literature. You may also want to
try mounting the patterns on both the inside
and outside of the box to see which works
best for you.

A Plan Develops

Because the neighborhood homeowners
association does not permit obvious an-
tenna structures, I can’t easily erect anten-
nas outside. I needed a design for a compact
and inconspicuous antenna. Fortunately, I
have a large attic with up to 12 feet of head-
room, and this is where I have built my
air-conditioned ham shack. The highest
point on the roof is about 32 feet above the
ground, and the soffits (underside of the
eaves) are exactly 20 feet above ground.
Thereis lots of room inside my attic on three
sides of the shack partition for antennas.

I rejected the idea of a conventional ver-
tical monopole (ground plane antenna) that
would poke through my roof and have a set
of horizontal radials in the attic. I decided
instead to create an inverted monopole by
dropping a vertical wire from the soffit. The
wire drops about a foot from the exterior
wall of the house.

The counterpoise is located inside the
attic, where it is easier to install and main-
tain. That’s better than hanging it outside,
where it would be exposed to wind, weather
and the view of my neighbors. I especially
wanted to minimize the amount of time I
spent on a 20-foot ladder. By drilling a small
hole in the soffit from the interior attic side,
I was able to avoid using a ladder com-
pletely! The location of this inverted
monopole at the edge of the attic prevented
me from running the usual four-radial coun-
terpoise wires, so I decided on a pair of
collinear horizontal wires run along the sof-
fit. The configuration is shown in Fig 2.

There are two advantages that I found
attractive in the inverted monopole concept.
The first advantage is that the earth losses
are reduced by the relatively high location
of the counterpoise wires. The second is that
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Table 1

Impedance Bandwidth of Bow-Tie
Inverted Monopole

Freq Input Impedance SWR
(MHz) (©)

14.00 46.1-/9.4Q 1.24
14.05 46.5-6.0Q 1.16
14.10 47.0-j26 Q 1.09
14.15 475+j0.7Q 1.06
14.20 479 +j41Q 1.10
14.25 484 +j7.5Q 147
14.30 48.9+j109Q 1.25
14.35 49.4 + j14.3 Q 1.33

Fig 1—Photo of the KM5KG pattern box
for his bow-tie dipole antenna. Patterns
show horizontally polarized, vertically
polarized and total fields. See text.

OO0

Fig 2—Configuration of an inverted
monople antenna.

Fig 3—Configuration of a bow-tie
inverted monopole.

the feed point is much closer to the attic
transmitter than with a conventional base-
fed, ground-mounted vertical. Thus the sof-
fit antenna allows a shorter transmission
line that is protected from the weather. In
fact, my balun, counterpoise wires and con-
nectors are all installed inside the attic.

The bottom of the #20 AWG vertical wire
used in my soffit antenna is 1 foot above
earth. About 0.2 dB of gain is lost in the
copper wires, and this can be improved upon
by using larger diameter wire.

Bow-Tie Inverted Monopole

A bow-tie arrangement reduces copper
losses and improves bandwidth without
having to increase wire diameter. Of course,
a bow-tie does require twice as much wire,
but this is still more economical than using
a single very large wire having the equiva-
lent bandwidth.

My bow-tie vertical element consists of
two drop wires fanned out two feet at their
lower ends, which stop three feet from the
ground (see Fig 3).The wires are connected
to each other at both ends. Table 1 shows
the bandwidth of the bow-tie configuration,
which you can see is quite good. Gain is flat
over the entire 20-meter band and is, there-
fore, not shown in the table.

I adjusted the antenna for an impedance
of 50 Q at resonance. I did this by trimming
the vertical wires for 50 Q of resistance, and
trimming the horizontal wires for 0 Q of
reactance.

I always use a current balun with my an-
tennas, and the balun usually has some in-
ductive reactance, so I adjust the antenna
input impedance to be a bit capacitive in
order to compensate for the balun induc-
tance (about 15 Q at 14 MHz). Your 1:1
balun may be advertised as having no induc-
tance, but I recommend you terminate it in
a reliable 50-Q dummy load and measure
the balun input impedance just to be sure.

If your local ground conductivity is high
like mine (about 30 mS/m), you may have to
shorten your vertical wires to achieve an
input resistance near 50 Q. For that reason,
the lower end of my inverted monopole is a
bit higher than three feet above ground.

If you are using a solenoidal coil choke
made by coiling your coaxial cable at the
antennainput instead of using a transformer
balun to isolate the transmission line from
the antenna, I suggest you use the 10:1 rule.
That is, in a 50-Q system the choke should
produce at least 500 Q of inductive reac-
tance, which at 14.25 MHz is about 6 puH or
nine turns of RG-58 (about eight linear
feet) wound on a three-inch-diameter form.
Ferrite beads slipped over the coax cost
more, but are perhaps a bit more elegant and
convenient.

Since I operate QRP, I use #20 AWG cop-
per stranded, insulated wire for all the




antenna elements. In this application with
bow-tie elements this does not cause any
significant reduction in radiated power. If
you want to operate at higher power levels,
you will have to use larger wire to accom-
modate the higher currents.

The insulation makes the wires look
slightly longer electrically, perhaps 3%. In
other words, compared to bare wire, reso-
nance occurs on a shorter length of insulated
wire. Larger diameter wire will also tend to
shorten the resonant length, and has the ad-
ditional property of slightly improved band-
width. But in all cases you will want to start
with wires about 10% longer than the theo-
retical design values, and trim for the de-
sired performance.

My Installation

Because of limited space inside the attic,
1 folded the counterpoise wires. For the
same reason, I also placed the counterpoise
a couple of feet behind and above the exte-
rior vertical wire (see Fig 4).

The counterpoise, located slightly behind
the monopole, tends to create a slight reflec-
tor effect. The result is that the North field
intensity is about 1 dB greater than the South
field (see Fig 5). There is no h-pol compo-
nent on North and South bearings, and a

Fig 4—The KM5KG inverted soffit
monopole antenna.

small h-pol signal bearing East and West, so
the pattern is still essentially omnidirec-
tional and vertically polarized. The high-
elevation-angle v-pol null is not as sharp
when comparing the diagonal bearing pat-
terns, or the broadside bearing patterns.
Thus the desired pattern shape is not exactly
attained, and my overall goal is diluted by
the installation compromises. I decided to
try the bent configuration anyway, because
I could always get the ladder out and hang
an external counterpoise directly above the
vertical drop wires at some future date.
The average gain of the bent bow-tie
monopole is about 1 dB greater than that of
the single-wire monopole. Also, the bent
bow-tie monopole’s take-off angle is
slightly lower, which is an additional
advantage for DX. This is partly caused by
the fact that moving the counterpoise inside
the attic increased the height a couple of feet,
and partly by the bottom-loading effect at
the horizontal end of the bow tie, close to

ground. This bottom-loading changes the
current distribution on the monopole and
tends to make it look a bit longer than its
physical dimensions would imply. How-
ever, if we extend the bottom-leading con-
cept too far by making the bow tie even
wider, the earth losses also increase and
there is no significant improvement in gain,
unless we also increase the antenna height.

Horizontal Bow-Tie Dipole

My other attic antennas include a half-
wave horizontal bow-tie dipole and a bow-
tie inverted V. I like the high gain at high
take-off angles afforded by horizontal wire
antennas. Since the radiation off the ends is
weak, I installed the two antennas oriented
atright angles to each other. This allows me
to cover all compass bearings by switching
between them as the need arises.

The arms of my horizontal dipole are
about 14-feet long, and 2-feet wide at the
ends (see Fig 6). All wire is #20 gauge insu-

2
Freq= 14.25MHz
Max. Gain= 1,01dBi

Freq= 14.25MHz
Max. Gain= 1.02 dBi

Fig 5—At A, azimuth pattern of the bow-tie inverted monopole of Fig 4. At B,
elevation patterns at 0°, 45° and 90° azimuth.

123



2
14.2'

14.2'

Fig 6—Configuration of the bow-tie dipole.

lated copper. It is instructive to look at the
radiation patterns in Fig 7, and compare
them to our inverted monopole’s patterns
(Fig 5). The elevation pattern off the sides
of this dipole looks pretty conventional.
However, endfire radiation is vertically po-
larized and its maximum intensity is only
about 4.6 dB (less than one S unit) below that
of the horizontally polarized major lobe.
The take-off angle of the v-pol endfire
lobe is substantially higher compared to the
h-pol lobe (52° vs 32°). Visualizing these
patterns in three dimensions is much easier

when you use the octagon box paste-up
shown in Fig 1. Being able to hold such a
model in your hands while you look at the
world map can be helpful.

The azimuth pattern of the bow-tie hori-
zontal dipole shows that a vertically polar-
ized component of radiation exists on all
bearings except broadside. Similarly the
horizontally polarized component exists
everywhere except along the dipole axis.
But the average h-pol field intensity is the
stronger of the two polarizations when av-
eraged around the full horizon. My point is

Freq= 14.25MHz
Max. Gain= 7.21dBi

Freq= 14.25MHz
Max. Gain= 7.59 dBi

Fig 7—At A, azimuth pattern of the bow-tie dipole of Fig 6. At B, elevation patterns

at 0°, 45° and 90° azimuth.
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that the performance of a simple dipole is
really pretty complicated. Note that Fig 7A
is the azimuth pattern for an elevation angle
of 40° above the horizon, which is midway
between the take-off angle of the broadside
lobe (32°) and that of the endfire lobe (52°).
So when you think “horizontal dipole” you
should not be thinking “horizontal polariza-
tion only.”

Bow-Tie Inverted V

The arms of my attic inverted-V antenna
are skewed to one side (see Fig 8). This
changes the radiation pattern slightly com-
pared to an inverted V aligned entirely in
one vertical plane. The apex of the inverted
V is 30 feet above ground. The ends of the
arms are 23 feet above ground, and dis-
placed horizontally 7 feet behind the apex.
The horizontal distance between the ends of
the arms is 22 feet. The maximum width of
the bow-tie is 2 feet. The performance of
the bow-tie inverted V (either slanted or
vertical) is similar to that of the horizontal
bow-tie dipole.

The bow-tie slanted inverted V broadside
elevation pattern (Fig 9) compares favor-
ably with the bow-tie dipole. Since there is
physical symmetry about one plane of the
slanted V, but not about the other, we might
expect the slanted V’s pattern to be asym-
metrical about the zenith. But the major-to-
secondary lobe ratio of 0.09 dB is as close to
bilateral symmetry as you can get in the real
world. The radiation take-off angles of the
slanted inverted V are a few degrees higher
than those of the horizontal dipole, but the
maximum gains are similar.

Summary

The vertically polarized DX performance
of the inverted monopole antenna is signifi-
cantly superior to that of the horizontal dipole
and the inverted V, when you consider the
combination of transmission gain and high-
angle interference attenuation. The ideal sof-
fit vertical antenna receives no signal from the
zenith, and my soffit antenna reduces this sig-
nal by one or two S units compared to the
horizontal antennas. The soffit antenna v-pol
gains at low elevation angles are clearly supe-
rior to those of the horizontal antennas. Of
course the higher maximum h-pol gains ob-
tained from the horizontal antennas at higher
elevation angles makes them superior for
medium-range communication.

The omnidirectional characteristic of the
soffit antenna means that only one such
aerial is required. By contrast, the direc-
tional nature of the horizontal antennas re-
quires that I install two of them at right
angles to each other to cover all possibili-
ties. Thus, aminimum set of three fixed attic
antennas allows me fairly good all-around
coverage of the compass at high and low
take-off angles, and both polarizations.
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Fig 8—Configuration of the bow-tie inverted V.
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2
Freq= 14.25MHz
Max. Gain= 6.80dBi 180

0 4
Freq= 14,25 MHz (B) ez .43
Max. Gain= 6.94 dBi g
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Fig 9—At A, azimuth pattern of the bow-tie inverted V of Fig 8. At B, elevation

patterns at 0°, 45° and 90° azimuth.

One of the practical advantages of having
low-angle and high-angle antennas is the
fact that, by switching between the two
types, I can quickly determine if a signal is
DX before I hear the call sign. What I have
found in practice is that generally a DX sig-
nal is stronger on my vertical than on the

other antennas. Now that the sunspot cycle
is allowing incredible propagation, the DX
signals are so strong that you can no longer
assume that a weak signal is more likely to
be DX.

I have also found that odd noise sources
that can be heard on the soffit vertical can’t

be heard on the horizontal antennas, and
vice versa. In particular I have noticed some
occasional man-made noise that is decid-
edly v-pol in nature, but I have not yet deter-
mined ifitis local in origin. Lightning noise
may also have a stronger v-pol than h-pol
component, but I have not been able to
verify this empirically. However, it appears
that QRN in the 20-meter band can be sev-
eral S units stronger on the vertical soffit
antenna than on the horizontal dipole anten-
nas when an electrical storm is within a
couple hundred miles. This may be related
to polarization or it may be related to take-
off angle, or both. I have also noticed that
QRN is a bit stronger from my dipole that is
aligned broadside towards the Gulf of
Mexico, as opposed to the dipole that is or-
thogonal to that bearing. This is another hint
that electrical storms are the culprit, at least
during the daytime when they are more
prevalent.

A Directional Soffit Array

After a few weeks of listening to chroni-
cally higher noise on the soffit vertical, I
decided to add a second soffit antenna
spaced a quarter wavelength (17 feet) from
the first. I tuned the new element as a reflec-
tor (Fig 10). I had to change the dimensions
of the original soffit antenna a bit to keep a
reasonable impedance match when the sec-
ond element was added. The folded coun-
terpoise is now closed at the top. I also made
the bow-tie considerably fatter to broaden
bandwidth, which usually narrows with
increased gain.

I kept the dimensions of the second soffit
antenna the same as the modified original,
so I could easily switch driven and parasitic
elements to shift my directional pattern 180°
in azimuth. The patterns in Fig 11 show a
substantial increase in gain, and a front-to-
back ratio of about 13 dB. I made no particu-
lar attempt to optimize the theoretical for-
ward gain, front-to-back ratio, impedance
and pattern bandwidths, etc. I decided that
with the relatively primitive test equipment
I had on hand, T would not be able to verify
a few tenths of a decibel in performance
anyway.

At an elevation angle of 10° above the
horizon, the directional soffit array has a
gain of about 1.6 dBi, which compares very
favorably with the —1.3 dBi of my single
soffit antenna. This is an improvement of
almost 3 dB, whichis equivalent to doubling
my transmitter power. In the world of QRP,
this extra half an S unit can mean the differ-
ence between a QSL card and a negative
copy. Plus being able to switch among
beaming East, West and omnidirectional
adds great versatility to my QRP operation.

If you install relays, avoid the temptation
to simply switch the parasitic tuning reac-
tance from an inductor to a capacitor in
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Fig 10—The directional soffit array.
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Fig 11—At A, azimuth pattern of the directional soffit array of Fig 10. At B, elevation

patterns at 0°, 45° and 90° azimuth.
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order to shift from reflector to director opera-
tion. Such an arrangement requires less parts,
but the lesser performance of the director con-
figuration is not worth it. Instead install two
baluns, two lengths of coax and two tuning
coils with appropriate relays for the task.

T'used a + j 20 Q tuning coil between the
parasitic inverted bow tie and its soffit coun-
terpoise (on the left in Fig 10). If you want
to switch easily to omnidirectional opera-
tion, just install a relay that opens the tuning
coil connection in the reflector. However,
when you do this, your input resistance and
reactance will each fall about 14 Q. That's
right; the higher-gain directional soffit ar-
ray actually has an input resistance greater
than that of the lower-gain omnidirectional
single soffit antenna configuration. The
amount of resistance change will vary ac-
cording to the ground conductivity. If you
had perfect ground, your input resistance
would not increase as noticeably when you
switch from omnidirectional to directional
operation, and in fact it might even be lower
than the self resistance of the antenna, de-
pending on how much gain you tune for. In
other words, your input impedance depends
on where your reflector tuning coil is ulti-
mately tapped, and this is going to vary from
one site to the next. Don’t assume that 50-Q
resistance is going to give you the best gain!

Well, you don’t get something for nothing,
as you can see in Table 2. The pattern and
impedance bandwidths are not as good as they
were for the omnidirectional soffit antenna
described in Table 1. However knowing what
to expect is half the battle, isn’tit? As you can
see, the performance of the directional soffit
antenna favors the SSB side of the 20-meter
ham band. For adirectional antenna, the band-
width is not that bad actually.

When tuning this directional array, you will
need to monitor the relative current magni-
tudes at the top of each of the two vertical
elements. If you adjust the value of the reflec-
tor tuning coil for a reflector current about
75% of the driven element’s input current,
your pattern will be reasonably close to Fig
11. The relative phase of the two currents will
be about 110°, but you don’t have to worry
about measuring that. However, a word of
warning: if your parasitic soffit antenna is
smaller than the driven soffit antenna, or you
tune the parasitic element with less than the
optimal reactance, you could end up with a
director instead of a reflector. You want to
avoid this since a director will provide less
gain and bandwidth. You especially want to
avoid the point of maximum current and mini-
mum input resistance, as this creates a peanut
shaped azimuth pattern, higher losses, and
poor bandwidth. This peanut-shaped pattern
theoretically occurs when the two elements
areidentical, and the parasitic elementis tuned
close to zero reactance or a short-circuit.

Here is another tuning strategy for the




Bandwidth of Dual Bow-Tie Inverted Monopole (reflector tuned with

Table 2

20-Q coil)

Freq Input Impedance SWR
(MHz) (@)

14.000 38.5-/10.3 1.42
14.050 406-/7.1 1.30
14.100 428-j4.2 1.20
14.150 45.0-j1.6 1.12
14.200 47.0+j0.7 1.07
14.250 49.0+/2.8 1.06
14.300 50.8 +j4.7 1.10
14,350 52.4 +j6.5 115

Max Gain F/B
(dBi) (dB)
a7 6.4
3.8 7.3
3.8 8.3
3.8 9.2
3.8 10.2
3.8 118
3.7 11.9
3.6 12.6

dual soffit antenna: measure the input resis-
tance of the driven element with an open
circuit in place of the tuning coil (this is the
self resistance). Adjust the tuning coil until

you see the input resistance increase and
then begin to decrease again, but not far
enough to bring it back to the self resistance
value. This will put you in the ballpark.

Conclusion

The compact, easily installed soffit an-
tenna provides a vertically polarized signal
at low elevation angles that allows some
advantages over conventional ground-
mounted monopoles. These advantages in-
clude a shorter transmission line for attic or
second-story ham shacks, no ground sys-
tem, and no guy wires. However, it appears
that at times QRN may be two S units stron-
ger on the soffit antenna compared to the di-
poles, and the signal-to-noise ratio may ac-
tually degrade when the soffit antenna is
switched into use. This can be alleviated by
adding a second soffit antenna tuned as a
reflector to increase gain in the desired di-
rection and reduce gain at the back. Noise is
a strong reason for having a diverse collec-
tion of antennas from which to choose.

Notes

INichols, Eric P., “An HF Polarimeter,” Jun
1998 QST, p 61.

2Nichols, Eric P., “How the lonosphere Re-
ally Works,” Mar/Apr 1998 QEX, pp 37-40.
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Plastic Antennas, Part Two

By Patrick E. Hamel, WSTHT
1157 E Old Pass Road
Long Beach, MS 39560
phamel @datasync.com

n Vol 5 of The ARRL Antenna Compen-

dium I described the construction of an

HF log-periodic antenna based on PVC
plastic pipe. In the time since then, this an-
tenna has served me well, but I've also
learned a lot. I want to pass along the results
of these lessons, hopefully to make things
easier for other hams on a budget.

I still think that an uncut boom is the
strongest way to construct the antenna. I
have, however, continued experimenting
with regular Home Center 10-foot lengths
of PVC and fittings (Schedule 40). My origi-
nal method had involved using an uncut
20-foot length of PVC tubing to make the
boom. I had created the boom-to-mast joint
by laboriously carving and sanding out the
inside of a T-fitting to allow it to slide over
the uncut length of PVC pipe. My new tech-
nique to make the boom-to-mast junction is
to pin each end of a properly glued PVC Tee
with a cotter pin placed through a hole
drilled in the Tee. This produces a joint that
is just as strong, perhaps even stronger, than
my previous method. As an added bonus, the
new method also allows boom lengths
longer than 20 feet (the standard length of
PVC pipe), since lengths may be joined
without losing strength.

I also gave up on the use of various types
of rope as a truss to support the weight of the
boom and elements. Ata Home Center store
Ifound 's-inch steel cable with a heavy plas-
tic coating. This cable has lasted more than
two years without needing to be replaced or
tightened (as the rope did) and no rust is
evident—here in coastal Mississippi that is
unusual!

I also wanted to have a good 2-meter an-
tenna, so I put a smaller-diameter, 30-foot-
long PVC boom 60 inches above the HF
boom and tied them both together with di-
agonal cables for rigidity. I thus now have a
14-element 2-meter Quagi above the HF
log-periodic. I can’t tell any difference in
performance compared to the quad 8-ele-
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ment Quagis I ran a few years back, and the
total weight of this VHF/HF antenna is
about that of the quad Quagis alone.

By using one continuous plastic-covered
cable and turnbuckles, the booms become a
rigid structure against gravity. Side-to-side
they are still somewhat flexible, but I think
this is why they have survived the wind-
storms here on the coast.

Things to Avoid

If you are on a budget, don’t make the
same mistakes I did. I went for a drive and
bought some aluminum tubing from a sup-
plier 100 miles away. It turns out that what
I bought was too soft for what I was intend-
ing to use it for. If you look carefully in the
photo in Fig 1, none of the longer alumi-
num-tubing elements are straight—they
“wander” even though I have attempted to
bend them back as straight as I could man-
age to get them.

If you want an economical antenna, use
the wire-element “Telerana” construction
technique using PVC tubing and guy the
PVC arms back to the upper boom.' If
beauty is more important than cost, the alu-
minum tubing idea works, but I don’t see
any real difference in performance com-
pared to an all-wire antennas.

Originally, I had taped my transmission
line onto the HF LPDA boom to keep the

spacing constant. This attempt failed be-
cause flexing of the boom caused the wires
to move together, changing the characteris-
tic impedance of the transmission line. This
affected pretty dramatically the SWR per-
formance of the log periodic array. It took
several disappointments for me to learn that
even '/4 inch of movement in the spacing
of the wires was enough to make the SWR
unacceptable.

The simple way to cure this is shown in
Fig 2, where black vinyl tape is used to hold
back the two wires on opposite sides of the
boom, backed up by additional hold-down
tape over the initial tapes. [Tie wraps cov-
ered with black tape for UV protection
should work well also for the outer wrap.
—Ed.] Since I used this taping method, the
SWR has remained constant. This method
will not work with a metal boom, but the
PVC boom will not affect the spacing, which
will be the calculated value derived from the
formulas in The ARRL Antenna Book.

Multiple Resonances

LPDA antennas covering wide frequency
ranges have multiple resonances in the radi-
ating elements. Further, the transmission
line feeder connecting the elements can also
exhibit additional resonances. It is well
documented that a termination-end loop can
be used to provide an additional resonance




Caleulated

Hold - Back Tape
Hold - Down Tape Wrap (Exaggerated Both Sides)

(Top Wrap)

If only the top wrap Is used, the wires
will work their woy together.

Fig 2—Method to keep the feed line wires that connect the
LPDA elements together spaced properly and held in place on
the PVC boom. Separate vinyl tapes are used to hold back the
two wires, with hold-down vinyl tape wrapped over the top of

Fig 1—Photo of PVC-boom LPDA with long-boom 2-meter

Quagi mounted above it at W5THT. Note how soft aluminum
elements are difficult to keep in straight lines!

by acting as a “hairpin” on a frequency
lower than that of the longest element. My
first LPDA was designed for 15 meters and
up but a long shorted portion of feedline
made it a good performer on 17 meters too.

There are other possible multiple-reso-
nance situations that could be either frus-
trating or beneficial. When your antenna
just won’t work, even though the connec-
tions are good and the balun is OK, look at
changing the terminating loop. A problem
may show up in any portion of the frequency
range, not just at the low end of the fre-
quency range.

The idea of taping the terminating loop to
the bottom of the boom back toward the

mast seemed like a good one at one time, but
in my case this did not result in better SWR
or a usable 30 meter resonance, probably
because of coupling between the main feed
line and the stub.

Summing Up

PVC pipe allows the average family man to
build a useful and practical beam antenna a
few dollars at a time. The idea of using alumi-
num tape over PVC can produce a usable tem-
porary antenna, but weathering and corrosion
will require frequent attention. I recommend
sticking with wire elements.

Using the vinyl covered steel cable with
the proper connectors can eliminate the sag

the hold-back tape to make sure the wires don’t wander.

and rot problems of the rope I originally
used for the boom truss. The truss wire is
perpendicular to the radiators, so no unde-
sirable interactions come about due to it.
Painting the PVC black makes it less no-
ticeable and should also help withstand UV
deterioration. Don’t forget, however, to
make sure that the pipe can drain rainwater!

Reference

1M. Hansen, “The Improved Telerana, with
Bonus 30/40-Meter Coverage,” The ARRL
Antenna Compendium, Vol 4 (Newington:
ARRL, 1995), pp 112-117. A. Eckols, “The
Telerana—A Broadband 13- to 30-MHz
Directional Antenna,” QST, Jul 1981,
pp 24-28.
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The Diamondback Antenna

By Floyd Koontz, WA2WVL
8430 W Park Spring Place
Homosassa, FL 34448-2717

he Diamondback is a bidirectional
I wire array designed to hang off the
side of an existing tower. It is a con-
tinuous piece of wire running from the top
to the bottom of the tower as shown in
Fig 1. One or more diamonds can be used,
depending on the frequency of design and
the height of the tower. The characteristics
of this antenna are:

* Simple construction

* High gain

* Horizontal polarization

* Low takeoff angle

* Wide horizontal beamwidth (typically
80°)

= Bidirectional pattern

Lk Lok

NV A \V/4

Fig 1—Layout of WA2WVL's three-
dipole Diamond array for 21.3 MHz, with
current-vector arrows. The net result is
that the vertical polarized components

cancel while the horizontal components

add Iin phase.
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* Feed point close to the ground
* Radiates as vertically stacked dipoles,
broadside to the diamonds

Each side of a diamond is approximately
!/2 wavelength long, as can be seen in Fig 1.
All of the horizontal current vectors add
while the vertical components cancel to
yield horizontal polarization. The vertical
stacking of dipoles suppresses most of the
higher angle lobes, as shown in Fig 2, where
the Diamondback is compared to a single
dipole at the same top height.

Where Did It Come From?

The Diamondback antenna evolved as fol-
lows. For several years I have been using
Bisquare antennas on 20 meters with excel-
lent results. I got to thinking about stacking
two Bisquares and it became apparent that one
half of this antenna would also work and

would give a wider beamwidth (but less gain).
Fig 3 shows this progression, resulting in the
Diamondback. The Bruce antenna shown in
Fig 3D has a similar current distribution and is
a close cousin to the Diamondback.

For both the Bisquare and the Diamond-
back, the height of the supporting structure
determines the takeoff angle. I expect that
the Diamondback antenna will mostly be
used between 14 and 50 MHz and with struc-
tures of 50 to 100 feet high.

A Design for 21 MHz

Having only a dipole for 15 meters, [
decided to design a Diamondback for this
band. Using Brian Beezley’s AO (Antenna
Optimizer) program, I determined that the
vertical height of each diamond should be
32.6 feet at 21.3 MHz. Since I intended to
support this antenna from a 100-foot tower,

0dB = 11.99 dBi

21,300 MHz

Fig 2—Comparison of six-dipole WA2WVL Diamondback and a single flat-top dipole

at the same top height.
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Fig 3—Evolution of the Diamondback. At A, the Bisquare; at B, two stacked
Bisquares; at C, the Diamondback and at D, the Bruce array.

Table 1
Computed Characteristics of Diamondback vs Frequency
Freq (MHz) 21.000 21.100 21.200 21.250 21.350 21.450
Gain (dBi) 12.18 12.20 12.20 12.19 12.17 12.14
Z(Q) 73.1 62.3 53.6 50.0 44.2 39.9
Z (Q) -12.66 -8.28 -2.55 0.61 7.26 13.96
SWR 1.54 1.30 1.09 1.01 1.22 1.47
Table 2
Characteristics of Diamondback Antennas for Various Amateur Bands
Freq Number Gain  Height Takeoff Dipole Leg L-Net
(MHz) Dipoles (dBi) (Feet) Angle® Lengths (Feet) (pF/uH)
14,2 2 7.06 49 29 38.9 26.6/2.4
14.2 4 10.50 97 14 38.5/38.5 52.4/1.2
21.3 2 g 28 26.4 20.4/1.2
4 10.50 65 15 25.7/25.7 44.1/0.9
6 T2 0= gy 10 24.7/24.7/24.7 38.3/1.0
6 (opt) 1229 97 10 20.3/25.2/23.1 45.4/1.3
28.5 4 10.51 49 14 19.26/19.26 34.4/0.5
6 11.89 73 10 18.1/18.1/18.1 29.4/0.8
8 13.12 97 7 18.3/18.3/18.3/18.3 36.4/0.6
8 (opt) 13.84 97 7 12.3/17.4/19.6/17.1 55.1/0.5
50.4 [ 12.07 42 10 10.35/10.35/10.35 19.1/0.4
8 13.06 55 7 10.32/10.32/10.32/10.32 23.4/0.4
8 (opt) 13.73 55 7 6.76/9.64/11.15/9.73 30.0/0.35
10 13.85 69 6 10.29/10.29/10.29/10.29/ 25.4/0.4
10.29
10 (opt) 14.60 69 6 6.76/8.69/9.79/10.83/9.91 21.6/0.4
12 14.49 82 B 10.18/10.18/10.18/10.18/ 25.8/0.3
10.18/10.18
12 (opt) 15.26 82 5 6.76/8.29/10.00/10.5/10.47/  23.6/0.4
9.84
14 1471 94 4 10.11/10.11/10.11/10.11/ 27.1/0.3
10.11/10.11/10.11
14 (opt) 15.45 94 4 6.76/8.30/10.30/10.57/ 25.5/0.4

10.02/10.5/9.8

Note: the (opt) optimum numbers were generated by letting AO vary the wires lengths of

each diamond independently.

I used a vertical height of 30 feet for each
diamond. An optimum design is where the
wires slope down at 45° from horizontal, but
this is not very critical. Three diamonds
would fit on a 100-foot tower, so I chose the

feed point to be 5 feet off the ground.

Fig 4 shows the layout of my antenna. The
stranded #12 copper wire is held near the
tower in four places (95, 65, 35, 5 feet) with
3/32-inch Dacron rope' such that the antenna

100
95

\\/ Attachment Ropes

~.

2 IS e et T TR Sy S SIS

65 =

50

35 F-—

00— e

Pull Out
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Fig 4—Physical layout of WA2WVL's
three-dipole Diamondback, suspended
from a 100-foot tall tower.

is 2 feet from the tower. The centers of the
diamonds are pulled out with long Dacron
ropes to a post about 150 feet away. The
antenna was erected on the west side of my
tower so that the pattern would be north/
south. By the way, when I tie knots in
Dacron I usually tape the knots with black
vinyl tape to keep them from coming loose.

This three-diamond array had a calculated
feed impedance of about 750 £, so I decided
to use a simple L network to match it. I
mounted the matching network in a small box
on the tower leg just below the bottom rope. A
large stainless-steel hose clamp was placed
around the box and the tower leg.

I designed the L network using the ARRL
program TL, written by Dean Straw, N6BV .2
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Fig 5—At A, azimuthal response of WA2WVL's three-dipole
Diamondback. At B, elevation response for the antenna,
showing its excellent low-angle response.

Fig 6—At A, azimuth response of a Diamondback beam, using
coil-tuned reflector. At B, the elevation response. At C, the

layout of this antenna with azimuth pattern overlaid for

The result was a shunt capacitor of 38 pF
from the wire to the ground (tower) and a
series coil of 1.4 uH to the 50-Q input con-
nector. [ used a large feed-through insulator
to attach the wire since the feed voltage is
about 1000 V at a power level of 1.5 kW. If
children or others could possibly touch this
antenna while you are transmitting, you
need to take this into consideration when
youdo yourinstallation. The capacitor must
handle 5 A of RF current at 1.5 kW.

I used a porcelain capacitor made by
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comparison.

American Technical Ceramics, but you may
want to consider a transmitting air variable
of 50 to 100 pF max. The coil was wound
with #14 copper bus wire and measured with
an MFJ 259B antenna analyzer. After as-
sembly in the box, a 750-Q carbon resistor
was connected from the insulator to the
ground and the coil was adjusted for a 50-Q
input using the MFJ-259B. Fig 5 shows the
calculated azimuth and elevation patterns
for this antenna.

What about the bandwidth of this system?

The L network was added to the AO model
and re-computed over the entire 15-meter
band. The results are shown in Table 1.

Designs for 14 through 50 MHz

Table 2 lists designs for 20, 15, 10 and
6 meters. The designs are for heights from
24 feet to nearly 100 feet. Although I put it
in Table 2, I don’t recommend a two-dipole
design (half of a Bisquare), since a full
Bisquare could be used for more gain at the
same height. I also omitted the 30, 17 and




12-meter bands but you could scale the di-
mensions from Table 2.

The numbers in Table 2 assume the bot-
tom of the antenna is 1 foot from the tower
and the feed is 1 foot above the ground. I
found that this gave better performance than
the initial 21 MHz design.

I obtained the optimum numbers in Table 2
by letting the computer vary the wire
lengths-of each diamond independently. I
highly recommend that anyone attempting
to maximize the gain of a Diamondback an-
tenna run their final design on an optimiz-
ing program such as AO.

Feeding and Matching the
Diamondback

The Diamondback can be fed at the bottom
or in the center of any of the dipoles. The bot-
tom end is very convenient since it is close to
ground level and is an unbalanced feed point.
The slight increase in gain you get by feeding
the antenna in the center is more than offset by
the added coax loss running up the tower.
Matching can be done with a ferrite step-up
transformer, but to keep things simple I prefer
to use an L network.

A word about grounds—feeding with re-
spect to the tower means that there is some
excitation of the tower by the current flowing
to ground. This results in some vertically po-
larized radiation from the tower at angles
above 60° (in my 21-MHz example). This is
of no concern so long as the feed point is well
under '/+ wavelength from ground. The Dia-
mondback could also be fed against a ground
rod since it is a high-impedance feed. This
would reduce the tower excitation.

Some Other Ideas Involving Diamond-
back Configurations

Two at Right Angles

I modeled two Diamondbacks at right
angles, and they gave full 360° coverage as
anticipated. The use of the single Dia-
mondback in the October 1998 CQWW con-
test convinced me, however, that I didn’t
need the second antenna.

30, 17 and 12-Meter Bands

Someone who has a tower with a tribander
might wish to use the tower for one or more
Diamondback antennas to cover the 30, 17
and 12 meter bands.

Hanging the Diamondback from a
Tall Tree

I can imagine mounting a Diamondback
from a tall tree. You might use a bow and
arrow to shoot a 30-pound-test nylon line
over a 90-foot pine tree and then pull up a
heavier support line. Of course, the Dia-
mondback would have to be pulled out with
ropes from both sides. Good luck if you try
this—it would be interesting to see!

Hanging the Diamondback from a
Tall Building

It should also be possible to drop this
antenna over the side of a tall building (as-
suming you had permission) and feed it in
the center of the first dipole. It might cause
lots of TVI, however.

A Triband Diamondback?

I also modeled three Diamondbacks on a
common tower for 20, 15 and 10 meters.
The best design appeared to be one in which
the 20- and 15-meter antennas were nested
together and the 10-meter one was on the
opposite side of the tower. It might be pos-
sible to connect the three matching net-
works in parallel at the 50-£ connector but
I haven’t tried to design this.

Two-Wire Diamondback Beam

I investigated a two-wire Diamondback
beam with good results. For a two-element
parasitic design, you could attach alumi-
num tubes to the tower at the appropriate
places to make a supporting boom. Short
ropes would be attached to the ends of this
boom. I found that a 15-meter design (with
3x2 diamonds) was optimum, with a reflec-
tor spaced 8 feet behind the driven element.
Since both Diamondbacks were identical in
size, the reflector was tuned with a 1.66-puH
coil to ground. With everything at ground
level this antenna could be easily reversed
with two relays. Fig 6 shows the azimuth
and elevation patterns I obtained with AO.
(AllAO computations have been confirmed
using NEC-4.1.—Ed.)

Three-Wire Diamondback Beam

By using a parasitic director and reflector,
you can increase the gain. The azimuth
beamwidth drops to about 57°, as you’d expect.
In a reversible design, the front and back ele-
ments should be the same length and the back
one tuned as a reflector with a coil to ground.
The driven element’s length is not critical.

Two Elements in Broadside

Two Diamondbacks in broadside gave
impressive gain but reduced the 3-dB
azimuth beamwidth to a narrow 35°. At
21 MHz, when mounted 8 feet from each
side of the tower, the patterns in Fig 7 were
obtained. You should note that since the
feed points of the dipoles go in opposite di-
rections you must feed one of the two with
a '/>-wavelength longer coax to excite both
Diamondbacks properly in phase. The two
coax cables could then be paralleled (to
yield 25 Q) and matched back up to 50 Q
with either a 7/5 transformer or another L
network. At 21 MHz the L network requires
a coil of 0.2 pH from the 25 Q point and a
capacitor of 150 pF to ground at the 50-Q
point (the coil is in series from the 25-Q
junction point to the 50-£ connector).

10° Elevation 180
0dB = 15.53dBi )

©

Fig 7—At A, azimuth response of a pair
of broadside Diamondback antennas.
Note that the narrow, bidirectional nose
beamwidth. At B, the elevation
response. At C, the layout of this
antenna with azimuth pattern overlay.

Two Beams in Broadside

By using a pair of the two-element Dia-
mondback beams at 21.3 MHz (as in the 21
MHz example) a gain of more than 18 dBi
resulted. The patterns are shown in Fig 8. With
a beam as narrow as 35° it would be advanta-
geous to use beam steering to get more cover-
age. Feeding the left and right beams at 90° or
180° showed that headings up to£45° degrees
could be covered (with somewhat reduced
gain, and strange-looking patterns!). These
patterns are shown in Fig 9.

Summary

I think the Diamondback antenna has a lot
of potential as a DX antenna, especially for
those who don’t already have stacked 6 over
6 Yagis! You can easily add a Diamondback
to an existing tower, with minimal coax loss
because you don’t even have to run coax up
the tower.

Even though the Diamondback exhibits
very little high-angle radiation I have been
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Fig 9—At A, azimuth response of the same pair of Diamondback
beams, but with one fed 90° out of phase with the other. At B,
© azimuth response with feed to one Diamondback beam 180°

out of phase with the other. The beams can thus be steered

electrically somewhat to make up for the narrow nose beam-
Fig 8— At A, azimuth response of a pair of Diamondback width of the arrays when fed in phase.

beam antennas surrounding a tower and fed in phase. At B,
the elevation response. At C, the layout of this antenna with
azimuth pattern overlay.

surprised by its ability to work stations on  Notes Handbook. A more sophisticated version

: _  'Synthetic Textiles, Inc, 1145 North Grove called TLA (Transmission Line, Advanced)
icters at all distances. And as bonys fea- gy 0 b e "L aogda: is available on the diskette bundled with
tures, the Diamondback costs little, has low  zThe 7L (Transmission Line) program is the 18th Edition of The ARRL Antenna
wind resistance and requires no rotator! bundled with the software for The ARRL Book.
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The Bumbershooter

By John Sherrick, W3HVQ
3127 Harness Creek Road
Annapolis, MD 21403-1613

his antenna is made like an umbrella,
I or “bumbershoot.” The six hinged
arms shown in Fig 1 form a non-
conducting support framework, collapsing
much like the ribs of an umbrella. Such a
mechanical design means the antenna can be
large but can still survive winter icing—in
just a few minutes it can be collapsed into a
vertical “protective” mode. The antenna is
large enough that wire arrays for 40, 30, 20,
17, 15, 12, and 10 meters can all be sup-
ported by it.

In 1993 I completed a four-band version
of the antenna and it was very effective for
both routine QSOs and contests on 40, 20,
15 and 10 meters. I added 30-meter cover-
age in 1996, and then modified it in 1997 to
include not only 17 and 12 meters but also
to handle the legal power limit. I modeled
the antenna on my PC. It has good efficiency
and forward gain, together with high front-
to-back ratios. In short, it is a good
beam antenna on all bands from 7 MHz to
29.6 MHz!

The Bumbershooter can be built at mod-
erate cost and it can be rotated using a mid-
sized rotator. It works well on my unguyed
Rohn HDBX 48-foot tower. Using the
Bumbershooter feature, I can place the an-
tenna in a protective vertical mode that puts
the weight of heavy snow and ice directly
on the mast shown in Fig 2. I have used this
feature to protect the antenna from dozens
of ice and sticky snow storms over the years.
This same feature also allows me to climb
up inside the antenna to repaint it or make
fine-tuning adjustments of the element
lengths. See Fig 3.

This antenna has remained undamaged by
wind gusts of as much as 65 mph. Although
it’s not been tested (thank goodness), |
believe that even marginal hurricane force
winds can be tolerated, provided that the
antenna is collapsed and secured tightly to
the tower. So far I've collapsed the antenna
only to protect it from heavy wet snow or
ice, not from wind.

Fig 1—The Bumbershooter antenna at the author’s QTH.
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Fig 3—Bumbershooter, collapsed for
maintenance.

Mechanical Features

I made this antenna really big so it would
not be just another “ho-hum” multi-band
antenna! Itencloses a whopping 2187 square
feet of horizontal area, equivalent to three
tribanders side by side. The antenna stands
up well in high winds because of the tough
welded-steel construction of the mast, the
hexagonal shape and the many sturdy tri-
angles in the structural geometry. Unlike an
umbrella, which is deployed with push rods,
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the Bumbershooter is pulled up by cables
from above. The hinging, cabling and rotat-
ing configurations are shown in Fig 4.

The antenna rotator is mounted on a steel
plate just above the concrete base of the
tower. Itis connected to the antenna mast by
along torque tube. A winch is welded to the
side of this torque tube near the rotator at
waist-height above ground. The winch re-
volves on the torque tube when the antenna
is turned and therefore must have a remov-
able handle so everything is free to turn in-
side the tower. A woven steel cable from the
winch goes into the torque tube by way of a
pulley mounted just below it.

The winch cable travels upward about
40 feet through the center of the torque tube.
When it reaches the antenna mast just above
the lower bearing in the tower, the winch
cable is secured to a heavy steel ring inside
the mast called the cable ring. Six smaller
woven steel cables secured to the upper side
of this ring travel parallel to each other up-
ward in the antenna mast to six solid-brass
wheel pulleys. Above these pulleys is a
stainless-steel top hat that keeps the pulleys
free of snow or ice. These pulleys feed the
six cables out radially at a slightly down-
ward angle toward the support arm mid-
points. The catenaries provide sufficient lift
to the antenna’s six support arms to keep
them horizontal in the normal configuration
(springs also supply part of the needed lift).

The winch, torque tube, winch cable,
cable ring, catenary cables, pulley tube, six
pulleys, and top hat can be conveniently
built as a group, except for the welding of
the winch mounting hardware (two rebars
and two bolts) and two couplers at the bot-
tom of the torque-tube section.

Construction of the Rotator Plate, Torque
Tube and Internal Cabling

The rotator mounting plate shown in
Fig 5isa'/s-inch thick galvanized steel plate
held four inches above the concrete base of
the tower. The plate is secured by
'/>-inch diameter threaded rods that were
suspended in the concrete when the tower
base was poured. If the base is already in
place, outriggers to secure anchors in the
ground will serve as well. Plate height must
be sufficient that the bolts securing the ro-
tator can be inserted from underneath and
tightened with a wrench.

You will probably devise your own sys-
tem of tubing between the rotator and the
mast. The rotator applies considerable
torque to the torque tube when rotating the
antenna, but even more torque is applied in
braking the antenna in high winds. Slight
twisting due to torsional loading and un-
loading of the long torque tube in high winds
helps absorb the rotational forces applied to
the rotator. This helps prevent damage to the
rotator gears, bearings, and brake. The mid-

size CDR Ham III rotator used with my
Bumbershooter has never given me any
problems. If you wish to install the
Bumbershooter on a tower taller than 48
feet, I recommend that you use a motorized
winch and that the rotator be elevated up the
tower so that the torque tube does not ex-

ceed approximately 40 feet in total length
(use on a taller tower has not been tried to
date).

Fig 5 shows the three sections of torque
tube and the couplers between them. I
used twenty-foot lengths of (1!/>-inch OD,
*he-inch wall thickness) aluminum pipe for
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Fig 5—Torque-tube construction details.
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1. Cut six tobs in chain link fence tubing.

2. Drill 1/8" hole near end.
3. Bend 4" from the end as shown.

-

45°
/\/\

1/8" Hole

4. Bend tab into an "S" shape

Two more tight bends

5. Form "S" to fit eye of pulley
and secure with 1" pin made from
3/16 diameter nail.

6. Drill 3/16” hole and
secure pulley with pin

7. Drill 1/8” hole and
elongate with file.
Passageway through tab
for cotenary cables.

Small
Brass Pulley

7

o
/o )
P sa |

’

9. Secure hat with sheet

8. Make one final bend metal screws

Fig 6—Pulley-tube construction details.
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the two top torque tube sections. A 36-inch
long (2'/>-inch OD) black iron pipe was
chosen for the bottom section. Two 6-inch
long intermediate diameter (2 inch OD)
black steel pipes were telescoped into the
top and bottom ends of the lower section and
welded in place to served as couplers to the
rotator and the torque tube.

I used a '~-inch threaded rod as a pin
through the torque tube to secure the winch
cable pulley so that it is aligned with a
1'/+-inch by 23/s-inch window cut 12 inches
below the spool of the winch. A pulley with
a solid wheel should be used in this applica-
tion. The great tension on the cable would
crack the single-sided (hollow) wheel of a
typical inexpensive galvanized pulley. The
cable below the cable ring is !/s-inch aircraft
cable. The catenaries above this ring are the
same, except they are ¥32 inch in diameter.

Pulley Tube

Look at Fig 4 again. You will see that the
pulley tube plugs securely into the top end
of the mast. The penetration distance into the
mast is determined by the position of a U-
bolt (muffler) clamp mounted on the tube.
The pulley tube is held in place only by gray-
ity so that it can be easily removed should a
problem ever develop with the cables or
pulleys. Since this tube is well above the
tower, it must be lifted out of the mast using
a pole held from the highest climbable posi-
tion. An assistantunwinds winch cable as the
pole hook lifts up on the top hat. The pulley
tube then telescopes up and out of the mast.
As the winch is unwound further, the pulley
tube will lower down to a level that is well
within reach. While this maintenance fea-
ture may seem unnecessary, it can actually
save a lot of time if a cable ever gets caught
in a pulley. The alternative is to raise the
whole antenna up and out of the tower (us-
ing a gin pole), lower it to the ground, and
install it on a test stand low enough that this
part of the antenna it can be conveniently
worked on, although this is not a very attrac-
tive alternative!

Pulley Tube Construction

Construction of the pulley tube will re-
quire careful attention to the illustrations
and instructions provided in Fig 6. I made
my pulley tube from a 2-foot length of
1'/2 inch diameter chain-link fence post.
This does not require welding. You will
need some tools, including a vise, drill, pli-
ers and metal-cutting saw. Pins to secure the
pulleys are made from heavy spike-sized
nails cut to a length of 1'/2 inches. I created
the top hat by using a small flat-bottomed
stainless steel bowl.

Support Arms

You will need six 16-foot Douglas fir
poles to construct the inner halves of the six



30—-Meter Wire

PVC Used as
Standoff Insulator

Longer Struts Serve Also os Standoff

Insulater for 30—Meter Driven Element

to Balun

40—Meter Wires
to Balun

Ji=

.

Shim with PVC as
Necessary to Fit
Receiving Tube Snugly

Radiator hose clamps tightened while
heated with heat gun. After cooling,
hose clamps are removed.

Jumpers

Fig 7—Support-arm construction details.

support arms. I made the outer halves of
these arms using three progressively
smaller-diameter 5-foot lengths of thin-
wall PVC tubing (1.75, 1.25, and 0.75 inch
ID, with 3s-inch wall thickness). The
wooden inner halves have no struts, but the
outer halves have three sets of vertical and
horizontal struts each. One set is located at
the intersection of the Douglas fir pole and
the largest PVC tube. The other two sets are
further out where the PVC tubes change to
smaller diameters.

I stretched copper clad steel wire tightly
between the strut tips and anchor pins lo-
cated on the support arm. These lines keep
the arms straight by compensating for the
forces of gravity, wind, and weight of the
antenna elements. These conductive lines
must be kept short to keep them from being
any significant part of a wavelength at the
highest frequency. Since the strut material
isnonconductive, you needn’t provide insu-
lators at every connection. Drill separate
attachment holes at least one inch apart near
the strut tips for the wires so that they are
well insulated from each other even at high
RF potentials. There are six places along the
support arm where wires do contact each
other, where they wrap around the anchor
pins. Only four wires are joined at these
locations, however, and these travel in the
same direction for only the distance to the
next strut (4 feet).

Copper jumper wires bridge the strut in-
sulation at every opportunity on two of the
support arms to form the 40-meter biconical
element, shown in Fig 7. The remaining four
support arms have none of these jumpers.

Support Arm Construction

Fig 7 shows construction details for the
support arms. I couldn’t manage to tele-
scope the PVC tubes used to construct the
outer half of the arms without modification.

At each junction of these tubes, the larger
tube is first heated with a heat gun and then,
while still hot, a radiator clamp is tightened
around the heated area to compress it to the
correct size of the smaller (cold) tube. The
clamp is removed after the tubing has
cooled. The process is repeated at one other
point along the same junction where the
tubes overlap.

A heat gun is also used to advantage
making the vertical and horizontal struts
from PVC tubing. Heat the middle several
inches of each tube and then cut on opposite
sides of the hot area with a sharp knife. The
slits are then pried open while the material
is still very pliable. The holes are sized
while cooling using a deep socket of desired
size from a socket wrench set (or equivalent
forming device).

When you do this correctly, the strut will
slide over the small end of the support arm
and fit tightly at the arm location where it is
to be installed. Finally, drill a hole through
the strut and arm and insert a 4-inch long
pin made from a nail to keep the strut from
sliding or twisting on the arm. These pins
are made plenty long so that they can also
serve as the anchor points needed for the
strut wires. I used caulking to keep the pins
from falling out.

Four or more temporary stanchions
should be provided to keep the support arms
perfectly straight when you install the strut
wires. The wires I used to support the arms
are steel-cored copper electric-fence wire
(#17). Make loop connections at the ends of
the struts by drilling a hole, inserting the
wire end through it, and then wrapping the
wire back on itself (with pliers to make good
wraps and to preserve your fingers). Solder
all wire twists immediately to prevent any
slippage. At the inner end of each support
arm, install a shim of PVC tubing so that this
end of the arm has sufficient diameter to fit

snugly inside the receiving tube on the mast
(see mast construction details below).

Repeat the clamp-tightening-with-heat
method used before to make the PVC shim
fit the Douglas fir pole or use an expandable
filler such as a spray-foam insulation to
secure the shim on the arm. Once completed,
the arms should be sprayed with several
coats of paint. A light gray color blends well
with a hazy sky. Whatever color is selected,
you will want to paint the arms to protect the
wood from the rain and the PVC materials
from the sun.

Mast

In the earliest version of this antenna I
used steel TV masting for the mast material
and made the support arms of bamboo. The
mast bent about 2° further each time there
was a wind storm. Because the arms were
not collapsible in my first attempt, an ice
storm eventually turned the antenna into a
shape resembling a weeping willow tree.

So, the antenna was redesigned to be col-
lapsible in nasty weather. Also, at this time
the mast was made larger in diameter, of
thicker material, and in the area of the mast
where welds were required, I gave it adouble
wall. The Bumbershooter mast is shown in
Fig 8.

The support-arm receiving tubes consti-
tute hinges for, and provide a place to plug
in, the six support arms. These tubes also
provide convenient attachment points for
the lift-spring and travel-limit cables. The
lift-spring cables are in the shape of an up-
side down V. At the apex I connected a 2-
foot long, 1'/2 inch diameter spring sus-
pended from the upper cable anchor on the
mast. The bottom ends of the lift-spring
cable connect to clamps on support-arm
receiving tubes on opposite sides of the
mast. When the antenna is fully deployed,
the springs should be stretched only 1 inch.
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When the system is collapsed into its pro-
tective position, the springs will stretch to
at least twice their normal length.

Mast Construction

You will need to have a welder assist you
with the construction steps in this section.
Please wear appropriate eye protection, a
protective apron, boots and gloves if you
assistin this effort. Heat the middle 4 inches
of a2-footrebar until itis bright yellow (this
rebar, or iron rod, is '/2 inch in diameter).
With a short length of scrap !/2-inch rebar
clamped in the vise, wrap the heated rebar
all the way around it until the cold ends form
a70° angle with each other, as shown in Fig
8. Repeat this procedure until six such
looped rebars have been made. Trim the
ends to a length of 7 inches, as measured
from the center of the loop.

Clamp a 1-foot length of */4 inch diameter
scrap steel pipe into the vise for use as a
bending aid. Heat one end of a looped rebar
to the same bright yellow temperature as
before, and insert this end 2 inches into the
bending aid. Apply a lateral force on the
cold end of the rebar to bend it. Bend it in
the plane that includes the loop and bend it
toward the loop. If the bar is inserted the
proper distance into the bending fixture, a
tight bend 5 inches from the loop and 2
inches from the end will result. Continue
bending the rebar until you have an angle of
approximately 125° Allow this to cool
briefly and then dash it into cold water. Now
bend the other end of this rebar. When fin-
ished, hold the newly formed bracket
against the work bench. Verify that the two
bent ends lay flat against the table top and
that the loop is 3'/2inches above the table. A
scrap %/s-inch rebar should pass easily
through the loop, as shown in Fig 8. Repeat
to make a total of six such brackets.

Form a 3-foot length of %s-inch rebar
into an 8'/2 inch diameter circle. This will
also require the vise and rebar bending aid.
Heat and bend the rod every '/2 inch as you
slowly pull it out of the bending fixture.
When you’ve formed it into a circle cut the
ends so that they overlap approximately 1
inch (at this point we don’t yet know the
exact size needed).

Make the six support arm receiving tubes
by cutting 2 inch ID, */s-inch, thick-walled,
aluminum pipe (or equivalent) into 3-foot
lengths. A °/1s inch diameter hole is drilled
straight through both walls of the pipe at a
distance 1 inch from the end. Orient these
holes horizontally and drill a hole through
one wall of the pipe vertically (for connec-
tion of the raise-limit-cable). See Fig 8.

Clamps for connecting the lift-spring
cables can be hand made from metal strap-
ping. Install these on the receiving tubes
21 inches from the hinge. The hinge brack-
ets and support arm receiving tubes are
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Fig 8—Mast construction details.

“threaded” alternately onto the open circu-
lar hinge ring just made (bracket-arm-
bracket-arm and such.). The waist-band
tube (an 18 inch long, 2.5 inch ID black-iron
pipe with tabs cut into the ends) is
inserted in the center of the ring so that all
twelve bracket ends contact it. Then weld
the bracket ends to the waist band such that
they support the hinge ring. Trim the hinge
ring of excess circumference and make it
continuous by welding its ends together.
The waist band is then slipped down over
the top end of the mast and positioned so that
thering is 5 feet 3 inches down from the top.
Bend the tabs at both ends of the waist band
equal amounts down against the mast sur-
face, using light taps with a hammer. Once

the tabs are all in contact with the mast and
bent uniformly the tabs are welded to it.
Finally the seams between the tabs are
closed to the weather by welding them shut.

Weld short lengths of rebar on either side of
the mast two inches from the top and
2 feet below the hinge ring. Screw a 2'/>-inch
pipe nipple into a 5-inch pipe flange and cut
tabs into the other end of it. Slide the nipple
onto the mast from the bottom end and bend
the tabs equally to contact the mast surface,
using ahammer as before. The tabs are welded
to the mast pipe at a location immediately
below the lower cable anchor. The plane of the
pipe flange must be perfectly normal to the
axis of the mast (this flange applies the weight
of the antenna to the top tower bearing).




Install the raise-limit cables between the
lower cable anchor and the holes in the ends
of the receiving tubes. Be sure to use a non-
conductive cable material. Install the lift
springs between the upper mast anchor and
the apexes of the v’d lift-spring cables. The
lift spring cable ends are attached to two dia-
metrically opposed receiving tubes (located
on opposite sides of the mast) using the
clamps already installed on them. (See Fig
8.) Drill two '/2-inch holes at the bottom end
of the mast for attachment of the torque-tube
coupler. Two inches above the upper hole
Just drilled, drill a */s-inch hole all the way
through the mast to accommodate the cable
lock pin.

Antenna Mechanical Assembly

The winch cable, lock ring and six cat-
enary cables are now stuffed through the
mast from the top end. Keep the catenary
cables parallel while pulling them into the
top of the mast. Look into one of the lock
pin holes using a flashlight. When the cable
ring comes into view and is centered on this
hole insert the lock pin through the mast to
capture it.

Temporarily remove the top hat from the
pulley tube and stuff the six parallel catena-
ries into the other end of this tube until you
can reach the cable ends with long-nose pli-
ers. Push each catenary cable end through a
center passageway in one of the tabs (see
Fig 6) and over the wheel of the pulley
connected to the tab. Reinstall the top hat,
being careful not to rotate the pulley tube
(keep the catenaries parallel and untwisted).
Plug the pulley tube into the top of the mast.
Continually take up slack in the six catenary
cables while it is being telescoped. Install a
U-bolt clamp on the pulley tube and adjust
it so that half of the tube is inside the mast.

Tens of feet of loose winch cable entering
the bottom of the mast will not be needed
for a while and it could become damaged. I
folded them in zigzag fashion and stuffed
them into the bottom of the mast. I then
taped the end of the mast to keep the cable
from falling out. Insert the mast into a
ground-mounted test stand pipe (a 5-foot
length of 3 inch diameter steel pipe half-
buried in the ground). With the help of an
assistant, insert the support arms into the
receiving tubes and hold them horizontal
while the catenary cables are secured to the
support arms. A stepladder will be required
because this connection is made to the top
end of the innermost vertical strut. Before
twisting this connection tight, the length of
the catenary is carefully adjusted to set the
support arm exactly horizontal.

With all support arms installed and sup-
ported by the catenaries, set the vertical
struts perfectly vertical and then drill a ¥/s-
inch hole all the way through each receiving
tube (through the shim and support arm that
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Fig 9—Active wires for each band.
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are inside the tube as well). Install a
3/s inch, OD 5 inch long spike nail through
this hole as a pin to secure the arm in the
receiving tube. Bend excess nail down
against the receiving tube to secure the pin
permanently in the hole (this pin will bear
one-sixth of the icing load).

At this stage you should set the support
arms exactly 60° apart. I suggest that you
use inexpensive lines, such as nylon cord,
between the support arms to initially set the
angle between them. Connect equal length
lines between the arm ends and midpoints.
The difficult mechanical work is done.

Electrical Design

I use NEC-2 antenna modeling software
that can handle more than 4000 wire seg-
ments. I have done extensive modeling of
the entire antenna using this model, includ-
ing the traps and the log-periodic feed line.
The results show good performance relating
to all parameters that matter to the
average ham operator (gain, front-to-back,
efficiency, and SWR). You can always im-
prove on a design as complex as this one,
however, especially if a particular band or a
subset of bands are of special interest.

You might want to insert additional traps
in the Yagi elements of the log-Yagi portion
of the antenna, for example, to enhance per-
formance on the WARC bands (although
this might adversely impact power-handling
capability). Data files are available for those
wishing to model my antenna (or a portion
of my antenna) themselves.

You can best understand the electrical
characteristics by considering that only cer-
tain wires in the antenna will be resonant, or
nearly resonant, when a particular band is
used. Wires with no current on them can be
ignored. The operator must select either the
low-band coaxial feed cable (30/40 meters)
or the high-band feed cable (20 through 10
meters). I used a coaxial relay at the base of
the tower to do the actual switching between
feed cables. Keep in mind that the main lobe
changes direction 90° when the low-band
cable is selected.

The 40-meter portion of the antenna is an
almost full-sized, wide-spaced 3-element
40-meter Yagi. I used two diametrically
opposed support arms to construct a 55 foot
long biconical driven element for 40 meters.
Biconical elements (capacitively loaded)
are shorter than the standard half-wave
length. To create the needed capacitive
loading, I simply soldered jumper wires
across all of the homemade strut insulators
in these two arms. This is shown in Fig 7.

This formed 14 footlong, cylindrical wire
cages varying from 4 to 2 feet in diameter at
both ends of the element. Pairs of #14 steel-
core copper wires spaced 4 inches apart
stretch between the balun and the cages to
make the middle portion of the element. Due
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to the high capacitance at the ends of this
element, the resonant frequency can be
trimmed by inserting or deleting parallel
wires in this middle section. The resonant
frequency decreases with additional paral-
lel wires. I used a commercial 1:1 balun at
the center feed point.

A 40-meter Yagi director and reflector
are placed at the periphery of the hexago-
nal-shaped support frame, as shown in
Fig 9. These and all remaining elements
are made of twisted pairs of #17 aluminum
electric-fence wire. The alloy used in alu-
minum wire of this kind is amazingly tough
and the wire has not broken even after years
of use on the Bumbershooter. The twisted
pair style I wanted is not available commer-
cially, so I made it by hand. I had originally
paired these wires to decrease wire resis-
tance and thereby accommodate the legal
limit power level, but later I found that the
twisted pair wire also seemed to hang bet-
ter, without coiling or snagging, while the
support arms were being raised up from the
collapsed position.

Iinstalled traps in the 40-meter parasitic
elements to provide a director and reflector
for the 30-meter band. These traps had an
insignificant effect on the 40-meter beam.
(See trap construction details below.) I con-
nected a 30-meter half-wave driven element
to the balun in parallel with the 40-meter
biconical driven element. After installing
the 30-meter beam, I discovered that the
antenna patterns of the higher frequency
band antennas (20 through 10 meters) were
improved. Apparently, the traps had broken
up some unwanted harmonic resonances
occurring in these wires in my original con-
figuration. T had originally thought that add-
ing the 30-meter traps might reduce the
power-handling capability of the Bum-
bershooter, but then I realized that the legal
power limit on 30 meters is only 200 W. No
other traps are used in the antenna.

I added a standard log-periodic dipole
array (LPDA) covering 20, 17, 15, 12, and
10 meters inside the 30/40 meter antenna by
installing it at right angles to the 30/40-
meter Yagi. (See Fig 9.) These LP elements
had to be at right angles for electrical isola-
tion. This was important to obtain good
antenna patterns and SWRs below 2 to 1.

I made a very lightweight feed line for the
LPDA from aroll of aluminum flashing ma-
terial and a single shortened element from
anold 10-meter beam. See the sectionon LP
feed-line construction below. The target
characteristic impedance for this feed line
was 100 €. On the third attempt at building
it, I measured 95 Q (off by only 5%) and so
I stopped experimenting. The feed line re-
sembles an upside-down eaves trough with
a pipe running the length of it and centered
in it.

To optimize the performance of the bands

I used in contesting (20, 15, and 10 meters),
I added as many Yagi parasitic directors for
these bands as possible ahead of the LP sec-
tion. Thus this portion of the Bumbershooter
became a log-Yagi antenna. Also, I added a
Yagi reflector for 20 meters behind the LP
section to enhance the front-to-back ratio on
that band.

Construction of Elements, Traps and
LP Feed Line

Construction of the antenna elements re-
quires plenty of #17 aluminum electric-
fence wire. Ironically, the smallest size
spool of this kind of wire you’ll find at a
farm/garden store will contain a half of a
mile of it so this won’t be a problem! (The
steel-core copper wire required for the sup-
port arm struts comes in big spools also.)
Make a twisted pair of bare wire using indi-
vidual wires off the spool. Stretch one wire
between two points and temporarily coil up
the second wire in your hand. Wrap the sec-
ond wire, coil and all, around the first—
playing out wire from the coil as you go. Pull
the wire tight often as you do this. Three or
four tight twists per foot and you've got it.

Fig 10 shows the lengths and locations of
the elements you will be installing, using the
test-stand framework. Suspend the wires
with 400 pound test, deep-sea fishing line
and terminate the support lines with ferrule
loops. The smaller numbers shown in paren-
theses in Fig 10 indicate where the wire bend
points or traps are located. These numbers
also show the element half-lengths in feet
connected to the LP feed line. The numbers
above the LP feed line indicate the element
separations. The larger numbers indicate
overall element lengths.

Fig 11 shows details of the LP feed line,
as well as the four 30-meter traps used in the
director and reflector of the 40-meter Yagi.
These traps are made using waterproofed
Christmas-wreath styrofoam forms sold at
craft stores. [ applied a water-based weath-
erproof coating to the wreath forms and al-
lowed them to dry. The trap coils are most
conveniently made outdoors because they
are actually an integral part of the 40-meter
parasitic element wires. That is, these ele-
ments are stretched out in a straight line and
the wire ends are then used to wind the to-
roidal coils. Start the coil-winding process
at the correct distance from the center of a
40-meter wire, or the traps will not be the
correct distance apart when completed.

The wreath forms I used were 6'/2 inches
in loop diameter and the Styrofoam mate-
rial itself was 1'/2 inches in diameter. What
is required is to continually “put the thread
through the eye of the needle” until the
wreath has 43 toroidal turns, spaced about
3fs inch apart. This is done most easily
with the assistance of another person—the
“thread” in this case is a twisted-pair wire




30—Meter
Trap

61.1*

88,7

Trap (89)

Notes:

Asterisk () indicates length excludes
trap coil wire (approx. 11 feet each)

All element wires except 30— /40 meter
driven elements are twisted bare #17
AWG aluminum electric fence wire

LP Feedline

(16.8)

(8.4)

30-Meter
Trap

(7.3)

Strut wires and 30 and 40-meter
driven elements are not shown (See
Figs 4 and 7).

Solid dots show wire continuation.
Open dots show wire termination.

Fig 10—Wires and nonconductive leaders.

with a beginning length of 18.5 feet (direc-
tor) or 20.1 feet (reflector). The object is to
avoid cutting the wire if possible, since it is
aluminum and hard to splice. The process
must include installing a strain insulator at
the trap terminals. Compress each turn of
wire you add down against the toroidal form
before starting the next turn.

A 10,000-V doorknob capacitor is con-
nected in parallel with the toroid coil using
two short lengths of twisted element wire to
connect it. Refer to Fig 10. A 50-pF capaci-

tor should resonate the coil at 10.1 MHz. If

a grid dip meter or impedance meter shows
otherwise, the number of turns in the toroid
should be adjusted to obtain this frequency.

One-inch ferrules made from '/s-inch alu-
minum tubing should be crimped over these
wire twists as insurance that the joint will
maintain good electrical continuity. It is
essential that any aluminum joints that you
must make have a constant pressure applied
to them by a crimped ferrule, screw or other
means.

The log-periodic feed line was made from
a roll of aluminum flashing material. This

material is very thin and would not be suit-
able were it not for the sturdy % inch
diameter aluminum tubing running through
the center of it, forming one half of the feed
line. The shape and dimensions of this feed
line can be seen in Fig 11. An insulating
bracket between the outer end of the center
tube and the upper side of the support arm
mounts one end of the LP feed line on the
antenna. A similar bracket between the
other end of the center tube and the associ-
ated receiving tube mounts the other end of
the transmission line. See Fig 10.
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Atthisend, the feed line is allowed to pass
along side of (and contact) the nonconduc-
tive spring lift cable. An insulator at each
point where elements connect to the feed
line keeps the aluminum tubing and the alu-
minum flashing separated. When connect-
ing the elements to the feed line, be sure to
connect them so that the left and right con-
nections alternate, as shown in Fig 11. A Insulators
9-inch shorted stub connected across the
rear element reduces the SWR at the bottom
end of 40 meters.

Remember that you can do maintenance
of this sort in a manner of minutes using the
antenna collapsing feature, but please
always use your climbing belt. I wound
RG-8/U coax into a 5-turn choke balun on a
5 inch diameter form and installed it at the

LP feed point. Teflon
Antenna Installation ___\ ) A
/ m\ ¥

The antenna without the torque tube will <

weigh about 175 pounds; keep this in mind
in the following steps. Remove the antenna
from the test stand and bring it within a foot
of the tower by temporarily disconnecting

Cut and Shaped 3/4." Aluminum

some of the element support lines on one (A) from Aluminum Tibing €' Long
side. Reconnect these lines on the other side Roof Flashing g (see text)

of the tower and hoist the antenna up above \=

the tower using a gin pole (attach the lift ) 4 _________

rope to the top anchor point on the mast, T N -

where the springs connect). Insert the mast
into the thrust bearing at the top of the tower.
The HDBX 48 tower has a mast-sized
hole through the rotator mounting plate
where the lower mast bearing will be in-
stalled. With the antenna properly seated in 50 pF Weather Protected Both
the two bearings, the winch cable is now Aluminum ‘0-‘1’89 A"‘*" Ends with Clear Caulking
untaped and allowed to hang freely from the Ferrule
bottom end of the mast, ready for insertion
through the torque tube sections as these are
installed. -
The torque-tube sections are installed top i
to bottom. See Fig 5. You may need to trim
the bottom torque tube for it to fit perfectly
into the antenna rotator clamp. The rotator
clamp is tightened with the rotator set to
north and the log-Yagi pointed north. With
long-nose pliers the winch cable is pulled
through the pulley mounted inside the wall
of the torque tube. It is connected to the (B)
winch spool and trimmed in length if neces-
sary so that 10 feet is wrapped around the
spool. The winch is now cranked until there
is evidence that the weight of the antenna
is totally on the winch and completely
removed from the cable ring lock pin.
Then remove the lock pin. Crank the
Bumbershooter down into the protective po-
sition and then back into the normal posi- - B 8 e
tion to verify that it functions normally.
Make sure you then remove the handle from
the winch when you are finished!

Distance to Element
Center = 23' (Refl)
or 22" (Dir)

Toroid with Enough
Turns to Resonate at
10.125 MHz (Approx.
43 Turns Using Ends
of 40—Meter Element,
See Text)

Wound on
Weatherproofed
Christmas Wreath
Form (See Text)

Operating Fig 11—Construction of log-periodic feed and 30-meter trap. At A, the LP feed line,
made of aluminum tubing and aluminum roof flashing material. At B, details of the
A hinged heading placard for the antenna  30-meter trap.
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rotator control box is an operating aid that I
consider to be indispensable. See Fig 12.
When you change to 30 or 40 meters, you
will'want to flip this placard up across the
face of the bearing indicator so that you
won’t have to mentally add 90° to the beam
headings indicated.

In the six years I’ve used the Bumber-
shooter, I've found it to be great during
contests, where you need a little extra signal
to bag multipliers, to hold a CQ frequency
or to work that rare Yukon Territory station
in a deep Sweepstakes pileup. I've also
enjoyed using the Bumbershooter on
40 meter SSB at night, turning the beam
away from all of the European broadcast in-
terference and chatting with stateside hams
to the west. Often hams found in this part of
the band say they’ve never had such a suc-
cessful QSO on 40-meter SSB at night.

Being able to use any of the WARC bands
allows me to avoid the congestion present
on the older frequency bands and take best
advantage of the WWV propagation infor-

Rotator
Control Box

|

| cCW Brake cw

7 |8ss

Placard Down: Unshifted Headings

CCW Brake CW

ufuls

Tape Hinge

Placard Up: Shifted Headings
for 40/30—Meters

Fig 12—An indispensable operating aid
for the Bumbershooter—this helps tell

you which way it’s pointing depending

on the frequency band in use.

mation. All this makes the Bumbershooter
really fun to use.

I received a BSEE degree from
Valparaiso Technical Institute in 1972. My
sincere thanks go to daughters Annie
(N3EBR) and Jennifer (N3TRP) and wife
Margaret for their valuable assistance and
support during the development of the
Bumbershooter. Thanks also go to W3LPL,
KE3Q, KIHTV and W3AZ, who encour-
aged and assisted me with this documenta-
tion. Finally, I must acknowledge my tutors
in the art of home brewing ham antennas:
W8HKH (now W5RSK), WSAKR (SK) and
W3KS (SK).
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Towers and Practical Tips

Through-the-Roof Antenna
Mounting System

By H. Kaz Soong, K8KS
3902 North Michael Rd
Ann Arbor, MI 48103
hksoong @ umich.edu

t one time or another, many of us
A have been thwarted in our efforts to
erect antennas of our liking. This

often results from local restrictive cov-
enants, shortage of space, sympathy for our
neighbors or simply aesthetic reasons. Most
of us, myself included, perceive beauty (al-
beit somewhat perversely) as an 80-foot-
high, tower-mounted, multielement beam
antenna. Our opinions, of course, are
skewed by our vested interest in owning a
high-performance antenna system, whether
it be due to smoking our competitors in a
contest, being the king of the mountain in a
DX pileup or merely being able to ragchew
without being adversely affected by the
ethereal elements. But when I detach myself
for a moment from my preconceptions and
somewhat wayward biases, I can see that,
according to universal aesthetic standards
and common sense, all that hardware on and
around an otherwise beautiful home is ugly.
Ilive in a suburban development that has

a clearly spelled-out antenna restrictive
covenant, specifically including towers,
either ground-mounted or roof-mounted.
Being an avid DXer, I noted that a multi-
band vertical antenna was fine for the work-
ing the first 275 countries, but for the last
remaining countries (the real gems and rare
ones), the pileups were going to be intense
and impossible to break. I no longer was sat-
isfied with being the hyena in the feeding
frenzy. I have a wife and three children and
thus could not afford to waste hours in a
mega-pileup. I wanted an antenna with gain.
I needed a beam antenna, a tribander, that
could be mounted high enough off the
ground to work well, yet not require a tower.
After picking the minds of several of my
ham buddies (NU8Z, WBS8DKX, and
WBBVDC), I decided to place the tower
inside the attic (Fig 1) and extend the mast

Fig 1—Four-legged roof-mount tower
bolted to attic floor at K8KS. Two parallel,
6-foot lengths of 2x8-inch boards support
the tower. These boards are, in turn,
bolted to all the floor joists they contact.
See text for details of the noise-reduction
methods in use in this installation.

through a single hole in the roof, The basic
concept is not new. The setup is relatively
low-profile, with only the mast and Yagi
visible from outdoors (Fig 2A and 2B), and
most of the “ugly” stuff (tower and rotator)
tucked away in the attic. If need be, the
coaxial feedline could be hidden inside the
mast—an option that I elected not to take.
Aside from an aesthetic standpoint, the
setup has a comparatively low wind profile.
Moreover, the attachments of the mast and
the tower to various structural points inside
the attic really secures the system well.

Tower Assembly

My attic has a 16-foot clearance between
the floor and roof peak. Although this is a
higher clearance than most attics, this scheme
would also work in attics with vertical clear-
ances as low as 6 feet. In attics with even lower
clearances, one might forego the tower alto-
getherand instead mount the rotator assembly
directly to the floor or to adjacent structural
supports inside the attic.

I used a 4'/2-foot-tall roof-mount tower
(Glen Martin Engineering RT-424) and
bolted all four of its legs to two parallel six-
foot lengths of 2x8-inch wooden slats,
which were in turn bolted crosswise to at
least three consecutive floor joists. The slats
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(A)

(B)

Fig 2—At A, a front view of the house reveals only the antenna and mast. At B, the waterproof rubber boot, Fernco coupler,
and mast grounding wire are visible from the rear.

are cushioned from the underlying floor
boards by an inexpensive bathroom rug
sandwiched between them. The metal tower
legs are cushioned from the 2x8-inch wood
boards by rubber grommets at each of the
bolts (cut up squares of old tires, mouse pads
or rubber porch mats can be used here). The
cushioning minimizes rotator noise and
wind vibration transmitted through the attic
floor to the rooms below.

The rotator plate fits on a shelf mounted
at the tower’s midsection. A thrust bearing
at the tower apex is highly recommended to
assure minimum vibration and wobbling of
the mast during rotation.

Mast Assembly

The mast may exit the house exactly at the
roof peak or slightly to one side. I chose the
latter, since my house has a peak vent along
the entire length of the roof. Therefore, I
positioned the mast exit point 6 inches lateral
to the peak, on the slope of the roof facing the
rear of the house and away from the street.
This reduces the visible profile (Fig 2) from
the front of the house. Many tall pine trees
on my lot also help conceal the assembly. A
2-inch-OD galvanized steel mast passes
through a 1'/2-foot section of a 2'/+-inch-ID
steel pipe welded at 45° (the roof pitch) to a
'/s-inch-thick steel plate (see Fig 3). This
short pipe section then passes through a 2'/s-
inch hole cut in the roof. Emotionally, this
was by far the most difficult part of the entire
process—putting a hole this size in my roof!
To make matters worse, during installation of
my antenna, one of the helping hams glibly
quipped that I “had reduced the value of my
home by several thousand dollars the moment
the hole was made.” I was wrought with angst
and guilt, but only for a few minutes.

The steel plate is bolted to two roof rafters

148

straddling each side of the hole. The mast
rotates concentrically inside the slightly
wider 2!'/s-inch outer pipe. The 1'/>-foot
length of outer pipe seems optimum in that
it provides adequate restriction of sideward
mast movement during antenna rotation and
in high winds, yet it is not so long as to cre-
ate excessive friction against the mast. The
steel plate assembly, the mast and the tower
are grounded for safety.

Weather Sealing

To prevent precipitation from entering
the attic, I spread Mastic brand sealant in

Safety First

Under high-wind conditions, the
airflow pattern surrounding an
antenna and mast varies unpre-
dictably according to: (1) roof
height, configuration, and angle;
(2) trees, other surrounding
objects and terrain; and (3)
antenna size and shape.

From a safety standpoint, it's
imperative to avoid overloading the
system with an excessively long,
unguyed mast or an unsuitably
high-windload antenna. Mast
diameter and mast alloy material
should be selected as appropriate
for the anticipated wind stress.
Unlike the more straightforward
tower-mounted antenna, the roof-
mount situation is characterized by
additional airflow complexities in
which the mechanical bending and
twisting stresses are more difficult
to predict and anticipate. It's
therefore best to be conserva-

tive.—K8KS

and around the hole. In addition, the 2'/s-
inch pipe is passed through a constrictive
rubber boot made for fitting around roof
ventilator pipes. The upper part of the rub-
ber boot base plate is then tucked under the
shingles immediately above, and the lower
part of the plate is placed on top of the
shingles below. The rubber boot plate essen-
tially functions as a shingle, enhancing
waterproofing.

A cylindrical rubber skirt is clamped
around the mast slightly above the upperend
of the 2'/+-inch pipe section. The hem of this
rubber skirt should drape over and cover the
wider pipe, thus sealing the gap between the
two concentric pipes. Tused arubber plumb-
ing coupler (Fig 4) designed for joining two
disparate-diameter pipes (a Fernco cou-
pler). These are available at most hardware
and plumbing supply stores. I used a cou-
pler of 2-inch ID on the mast end and
2'/s-inch ID on the other end. The Fernco
coupler is clamped only on the mast end; the
hem end rotates freely around the 2'/s+-inch
pipe. These couplers come in many sizes
and combinations, readily fitting other pipe
diameters. I recommend that these rubber
couplers be checked at least every 3 years
for signs of mechanical fatigue or photo-
chemical breakdown from the sun’s ultra-
violet rays.

As an alternative to a Fernco coupler, a
cone-shaped, sheet-metal skirt could be
fashioned and attached around the mast.
Another udderly ingenious alternative would
be to befriend a dairy farmer and ask for a
large rubber suction cup from his milking
machine.

After the mast assembly is complete, it’s
time to mount and secure the antenna to it.
A gin pole may make the job easier and
safer. The top of my mast extends about
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Fig 3—Steel plate and
through-the-roof pipe
assembly. At A and B, front
and side views of the
bearing pipe welded to the
steel plate. The hole must be
oval to fit the inclined slope
of the roof, unless the mast
exits at the peak or the roof
is flat. At C, a schematic
diagram of the completed
assembly. D and E show
front and side views of the
whole works.
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Fig 4—The Fernco coupler tightly
adapts the bearing pipe to the mast.

7 feet above the peak of the roof (45 feet
above the ground). This amount of ground
clearance appears to be sufficient to isolate
the antenna adequately from my house; I
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notice no bad effects such as high SWR and
poor directivity. For a roof of less than 45°
slope, ie, a flatter one, I recommend using
a longer mast to obtain better electrical iso-
lation and clearance from the structure.

Once the antenna is mounted to the mast,
cap the mast with a screw-on cover to keep
water from entering the pipe. Hardware
stores carry these galvanized-steel endcaps
for various pipe sizes.

Epilogue

It has been more than four years since I
installed the through-the-roof assembly and
I have had absolutely no problems. Being
very concerned about leaks, I initially in-
spected the attic roof from the inside daily
(twice daily after a rain) during the first
month. After gradually gaining confidence,
my forays to the attic dropped to once every
two months. There have been no leaks or

damage so far.

It is sure nice to be able to perform main-
tenance work on the tower and rotator
within the well-lit convenience, comfort
and safety inside the house, and not out-
doors on a tower at the mercy of the heights
and the elements. The rotator, being in-
doors, never ices in the winter. The attic heat
also seems to keep ice from forming at the
Fernco joint—an unexpected benefit. This
is only time I actually have appreciated the
poor heat insulation in my attic!

About the author: Kaz is an eye (cornea)
surgeon at the University of Michigan Medi-
cal Center and has been a ham for 6 years.
Two of his children are hams: Michael,
AASMN, and Brian, KB8PWX. His wife and
daughter are not, but are nevertheless un-
derstanding and tolerant of our hobby.




Motorizing Your Crank-up

Tower Isn't Difficult

By Allan H. Fusler, KIZNF
2943 W Topeka Drive
Phoenix, AZ 85027-4927
trekkie-hamcat@juno.com

crank-up tower can help soothe re-
A lations between amateurs and

neighbors. It also provides an easier
solution to working on antennas, especially
if you have a tower that offers the tilt-over
option. Extending and retracting the tower
manually is not a problem when you have a
healthy 14 to 18 year old son at home who
likes to exercise his biceps and pectoral
muscles, orif you are physically strong. But
what happens when that son leaves for col-
lege or for “greener pastures,” or you are
otherwise unable to provide the necessary
muscle power?

The easiest way to motorize the tower is
to purchase a complete electric winch setup
from the tower manufacturer, if it is avail-
able. Being one that likes a challenge, I
decided to investigate the possibility of
motorizing the tower and by doing the work
myself, save some money. The July 1994
issue of World Radio featured an article
from an amateur in California who had
motorized his crank-up tubular tower, and
that gave me some ideas to expand upon.

I own a US Tower model TX-455 trian-
gular tower, which [understand is their most
popular model. My tower has the TRX-80
tilt-over fixture. I did not want to modify the
Fulton model K1550 winch, which is part of
the basic tower package. That way, if the
gear motor or the 120 V ac power ever
failed, I would still be able to use the hand
winch to extend or retract the tower. Fur-
ther, the gear motor and mounting bracket
had to be detachable from the tower without
having to remove any part of the tilt-over
option, or without having to tilt the tower
part of the way downward.

Since I don’t use the tilt-over fixture very
often, I did not motorize its K1550 winch.
However, I wanted the hand crank on that
tilt-over feature to be completely usable

after I had motorized the crank-up winch.
Since I normally keep my tower retracted
unless I’m using the radio, I did not feel a
need to be able to remove the gear motor and
bracket when the tower is extended. The
appendix explains how you can do that.
To use the hand crank, the bottom part of
the bracket, with the gear motor attached,
has to be removed. The coupling on the
K1550 winch shaft is removed next, and
then the hand crank can be used. If the tower

Photo of the completed assembly.

is retracted, the job is relatively easy. If the
toweris extended, it’s a little more difficult,
but it can still be lowered by removing the
gear motor from the bracket and the cou-
pling from the shaft of the K1550 winch.
Then the hand crank can be used to lower
the tower by turning the winch a half turn at
atime, similar to the way that you use a box-
end wrench in a limited space. This is a very
slow process, but at least the tower can be
retracted manually.
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Close-up of the
gear-motor
mounting bracket.

Side view showing the gear motor, its bracket and couplings, all attached to the
K1550 winch.

The remainder of this article is devoted
to a step-by-step solution to motorizing my
tower, and others like it. I've given you
complete directions, part numbers and
sizes. I'm sure there are many substitutions
that can be made. I did no analysis of the
stresses on the mounting bracket, because
the gear motor weighs only 30 pounds.
Also, I used miscellaneous steel that I had
at hand, so the exact sizes are not critical.

I determined the gear-motor power re-
quirement by measuring the torque (force x
lever arm) with a scale. When the tower is
almost fully extended, it requires about
450 in-1bs of torque to raise the tower.
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Ineeda 120 V ac single-phase gear motor
at my QTH, and since it's exposed to
weather, it needs to be of the TEFC (totally
enclosed, fan-cooled) type. The motor has
to be reversible, and a split-phase motor is.
The gear motor shouldn’t operate above
30 RPM. The friction brake of the K1550
winch would heat up too much during tower
retraction if the speed is much higher.

I selected a 22 RPM, '/2 hp Dayton brand
gear motor that has 1105 in-1bs of full load
torque. The motor pulls a maximum of
7.9 Aat 120V ac. It has quite a bit more than
the necessary full-load torque, but a split-
phase motor has only a medium amount of

starting torque when compared to its full-
load torque. Therefore, I selected the gear
motor size so that it would be able to raise
the stopped tower from a less-than-fully
extended position.

Grainger’s stock number for this gear
motor is 6Z403 in their 1996 catalogue.
After installation, the gear motor raised the
tower from the fully retracted position of
22 feet to the fully extended position of
55 feet in approximately 3 minutes. I mea-
sured the current with an induction type
ammeter, at 5 A while running. The instan-
taneous start-up currentis 20 A. I made both
measurements with the tower mostly ex-
tended. In the interest of safety, I put this
gear motor on a 20-A GFI (ground fault
interrupted) circuit using 12-gauge 2-wire
with ground cable. If you run underground
power lines to the tower, be sure to use UF
(underground feeder) wire. Electrical codes
call for different burial depths for wires that
are GFI protected and ones that aren’t.
Check and follow your local electrical
code—it exists for your safety!

The connection between the gear motor
and the K1550 winch has to permit some
misalignment. For this, I selected a pair of
Boston Gear couplings and a spider insert to
connect between them. The coupling that
attaches to the motor shaft is a */s-inch
bore Boston Gear size FC20, Grainger part
number 2L039. This coupling has a 0.188-
inch keyway, and that matches the keyway
on the gear motor.

The coupling that attaches to the K1550
winch shaft is a '/2-inch bore Boston Gear
FC20, Grainger part number 2L036. The
winch shaft has two “flats” on opposite
sides. The 0.125-inch key, which is pur-
chased separately, slips into the keyway in
the !/2-inch bore coupling and against the
flat on one side of the winch shaft. To obtain
a longer bearing surface between the key
and the flat surface of the K1550 winch
shaft, I removed one of the two crimped hex
head nuts. It served as a spacer and as insur-
ance that the first crimped nut would not
back off and loosen the brake and ratchet
assembly of the K1550 winch.

To accommodate more clamping power on
the opposite flat, I replaced the setscrew sup-
plied with the '/2-inch bore coupling with a
1/4NC x 1'/s-inch long nickel-plated, hex-head
bolt. When tightened down onto the flat, it
provides a tight fit that functions properly.

After checking for properfit, I primed and
painted the outside of both couplings. Dur-
ing final installation, I applied Locktite
thread sealant to both the setscrew in the
gear motor shaft coupling and the bolt in the
winch-shaft coupling. I also installed and
snugly tightened the winch coupling against
the remaining crimped hex nut on the shaft,
so that the internal mechanism of the K1550
winch continues to function properly.




Close-up showing the hand crank on the tilt-over fixture clearing the mounting
bracket.

The spider insert, which serves as a link
between the couplings, is an FC20 Bost-
Bronze insert, Grainger number 2L070. The
catalogue lists that insert as having a maxi-
mum torque rating of 1000 in-Ibs, which is
quite close to the 1105 in-1b capacity of the
gear motor. The two other types of available
inserts have torque ratings much lower than
this, and they are not acceptable!

A special switch, known as a drum
switch, is required to operate the gear motor
in either forward or reverse without having
to change the wires manually. For safety
reasons, I believe that only a momentary-
contact switch should be used in this type of
setup. That means a person must physically
turn the switch to one position or the other
and hold it there. The instant the switch is
released, the spring loading returns the
switch to the NORMALLY OFF position and
the circuit is broken.

Use of a maintained-contact type of
switch can lead to disaster if a person turns
the switch on and forgets about it or is dis-
tracted for a few minutes by something else.
The tower can be damaged if the gear motor
is strong enough to extend the tower past the
stops that are installed to prevent the tower
from going past its designed travel limits.

One way to prevent this type of potential
damage is to use limit switches to terminate
operation when the tower has reached the
end of its travel in either direction. Limit
switches are mandatory if the tower is
controlled by remote operation. With limit
switches, a maintained type of contact
switch may be used. However, that level of

sophistication is not necessary and so I
chose the momentary-contact drum switch.

I painted a red stripe on the outermost
vertical legs of the tower that face the winch
as well as near the bottom of the next inte-
rior assembly leg that align when that inte-
rior leg is 2 inches below maximum height.
This serves as a visual indication of when to
release the switch.

I mounted the drum switch directly on the
connection box of the gear motor. I did this
using the screws on the cover plate to attach
the back of the switch to the junction box on
the gear motor. Since it is exposed to the ele-
ments, a weatherproof switch is necessary.
The only available switch that seems to meet
all of the above requirements is a plastic-cased
unit made by Advanced Controls, Inc. This
switch will handle up to 16 A at either 120 V
ac or 240 V ac. The Grainger part number is
6C014 and the Advanced Controls, Inc part
number is A1734/SRC/S35.

I wired the switch so that extending the
tower requires turning the handle counter-
clockwise and retracting the tower necessi-
tates turning the handle clockwise. Small
forked connectors are installed on the four
wires coming from the motor and on the
white and black wires of the 120 V ac power
chord. Even though the connectors are
crimped on the wires, I soldered these six
wires to their connectors to prevent a poor
connection from developing. Tused the pro-
vided connector to connect a jumper wire
between the ground on the motor housing
and the green colored ground wire in the
power cord. Table 1 lists the connections I

Table 1
Switch Connections

Wire Number on Switch
120 V ac white wire L1

120 V ac black wire L2

Blue (gear motor) 11

Yellow (gear motor) T2

Red (gear motor) 8

Black (gear motor) 12

made to the rotary switch.

Iplaced the UP OFF DOWN decal on the top
of the switch box so that the arrow on the
handle points to the position that the tower
moves. If you wish to reverse the operation
of the handle, simply interchange the red
and the black wires at the rotary switch.

I used silicone sealant between the motor
and the back of the switch box. I sealed the
opening of the unused cable guard with a
small piece of neoprene rubber sheet that I
cut to fit the opening.

I built the gear-motor mounting bracket
from 1'/2 X 1'/2 X *1s-inch angle iron. The
horizontal arm, which supports the motor,
is 1'/2 x 1'/2x '/s-inch angle iron. The brace
is a */s-inch diameter rod.

Since the vertical leg of the gear motor
bracket has to fit through the winch bracket,
the part of the gear motor bracket that bolts
to the tower cannot be made as a one piece
“I” shape. I welded a */s-inch hex-head nut
to the inside of a tab on the top angle so a
/s X 1'/2-inch long bolt can be used to attach
the bottom part of the inverted “T” shaped
portion of the bracket.

I installed the gear motor mounting
bracket, and after checking alignment of the
motor and couplings, marked the holes in
the gear motor “feet.” Next I drilled /1c-inch
diameter holes in the '/s-inch thick bracket
plate for the */s x 1'/2-inch long bolts, which
with flat washers and friction nuts mount the
gear motor to the bracket plate. Fig 1 shows
the dimensions I used for this particular
application. If yours is the same model num-
ber of tower and the same gear motor and
couplings, the bracket dimensions and con-
figuration should work for you. Please be
sure to check dimensions before you be-
gin—just to be sure.

The photos show the finished assembly.
With some additional thought, it may be
improved, but it is a good basic design that
should be quite serviceable for many years
to come.

I'spent about 24 hours investigating, pur-
chasing, building and fitting this one-of-a-
kind motorized winch. Much of my time
went into establishing the exact centerline
of the winch shaft with respect to the winch
bracket bolts, since no plans were available for
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Fig 1—Details of the bracket assembly. See text for details.
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the winch and its bracket. I had a drawing that
shows the pertinent information required for
the gear motor, but most of the bracket had to
be fit by clamping everything in place. I then
made final adjustments, removed the bracket
and then took it to be welded at a different
location. I would have saved time if I had had
a portable welding outfit.

The total cost of the gear motor, cou-
plings, insert, drum switch and miscella-
neous hardware came to less than $500,
including tax. You must determine if your
time is worth the difference between that
amount of money and the cost of a motor-
ized winch purchased from the tower
manufacturer. I trust that much of what is
discussed in this article could help greatly
in eliminating costly errors and wasted time
in pursuit of unsatisfactory solutions.

If you have any comments or further ques-
tions, you may e-mail me at trekkie-

hamcat @ juno.com or telephone me at: (602)
262-1279 (weekdays, 6:30 AM to 3:30 PM
MT) or (602) 582-1044, evenings and week-
ends. You can write to me at the address given
at the beginning of this article. If you wish a
reply, please send an SASE. Good luck on
your tower motorizing project!

APPENDIX

How to make the gear motor and
bracket removable at any time

Four bolts attach the K1550 winch to
the tower. You'll need to replace the two
*s inch x 2-inch long flat head machine
screws, as well as the two /s inch x 2-inch
long hex head bolts with four 2'/2-inch long
bolts.

Since neither pair of bolts can be replaced
with the tower fully retracted, the tower
must be raised until the adjacent inner sec-
tion is above the winch bracket. Next, insert

knot-free lengths of quality 2 x 4 lumber
through the cross bracing of the outermost
section and underneath the bottom of that
next inner section. Now lower the tower
until the weight of the inner sections is rest-
ing on the wood. With the load removed
from the winch, the bolts may be replaced.

After the winch bracket has been replaced
and the nuts fully tightened, the tower may
be raised until the wood can be removed.
The gear-motor mounting bracket mounts
onto the four replacement bolts and is se-
cured by a second set of four friction nuts.
Now the gear motor and mounting bracket
can be removed without having to loosen
the winch bracket. Remember, you can't
remove the winch bracket when the tower
is extended and the winch is under load.

Allan H. Fusler, KI7NF, is a Registered Pro-
fessional Engineer in Arizona and Ohio.
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Weatherprooting Coaxial

Cable

By Jack Warren, WB4MDC
4 Tomahawk Dr
Merrimack, NH 03054-2335

ver since the invention of coaxial
Ecable, moisture has been wicking

into the braid at the exposed end of
the cable. I call it wicking because the me-
tallic braid that is used for the shield acts
just like the wick in Grandma’s old time
coal-oil lamp. If there's moisture nearby,
the capillary action of the woven metal
shield strands will pull the moisture into the
cable. Once the moisture gets in there, it’s
only a matter of time until the cable’s elec-
trical and physical properties deteriorate
and the cable will no longer be usable.

What Makes a Coaxial Cable

Coaxial cables commonly available to the
radio amateur are made from a center con-
ductor, an insulator that surrounds this con-
ductor, a woven metal shield that surrounds
the center insulator, and finally an outer
jacket that surrounds everything else. Co-
axial cable gets its name from the relation-
ship of the parts used to make the cable.
Each of these items shares the same axis.
That is, the center of each part is the center
of every other part. When you look at the
end of a piece of coaxial cable, you see all
parts of the cable creating circles around the
center of the center conductor.

The center conductor of the coaxial cable,
or coax, can be a single piece of wire or many
smaller strands of wire twisted together. This
varies from one type of coax to another and
each type has specific applications.

The center-conductor insulation can be
made from solid plastic, plastic foam (plas-
tic with tiny bubbles) or a combination of
small ribs of plastic that support the center
conductor in a virtual air space inside the
cable. The latter insulating method makes
very low loss cables, but is more expensive
to manufacture and not as common as the
other insulating methods.
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The shield is a woven metallic mesh placed
over the center insulator. It is usually made of
fine strands of copper wire and in less expen-
sive cable is not plated. Better-quality coaxial
cables have their shields and center conduc-
tors plated with tin or silver. Plain copper tends
to corrode very quickly when subject to mois-
ture. Tin-plated copper fares a little better, but
silver-plated copper lasts the longest. You get
what you pay for, however. Coaxial cable with
silver-plated conductors is more expensive
than other types of coax the amateur is likely
to use.

The physical properties of the cable
change over time, due to exposure to sun-
light and to any moisture that enters the
cable. The most noticeable change is that the
outside insulating jacket becomes hard and
brittle. Age cracks appear, and eventually
moisture enters through these cracks and
renders the cable useless. Long before this
happens, however, if moisture is allowed to
enter the end of the cable at the braid, the
chemical reactions that take place cause the
center insulator to become brittle and its
insulating properties to degrade. When this
happens, the cable’s loss increases, causing
more of your precious transmitter power to
end up as heat in the cable instead of being
delivered to the antenna and radiated.

If Moisture Is the Enemy, How Can We
Fight Back?

The major cause of coaxial cable deterio-
ration is moisture entering the cable,
especially at the ends of the cable where
connectors are either not required or not
suitable for one reason or another. Over the
last several years I've been using an idea I
developed to weatherproof the ends of the
coaxial cables that I use on my wire dipoles
for 80, 40 and 10 meters.

The following paragraphs describe a
weatherproofing method for small diameter
coaxial cable like RG-58 and RG-59. This
method is also applicable to larger diameter
cables such as RG-8, RG-213 and RG-214.

The Step by Step Instructions

As you can see in the photos, the assem-
bly is rather straightforward. The following
items are required for weatherproofing a
piece of coaxial cable: the coax (a piece of
RG-59 in this example), a length of #16
stranded wire (possibly as large as #10
stranded for larger diameter coax), some
hot-melt glue and a piece of heat-shrink
tubing large enough to be slipped over the
cable. The size of the heat-shrink tubing,
after shrinking, should be no larger than the
diameter of the coaxial cable.




As Fig 1 shows, start by removing the
outside jacket from the coaxial cable. Re-
move enough to allow the cable to hang
nicely from the center insulator. A good rule
of thumb is to remove a piece of the outside
jacket at least as long as the insulator.
Next, prepare the #16 stranded wire by re-
moving enough insulation from it so the
bare wire can be wrapped around the shield
atleast once. Solder this connection using a
medium sized soldering iron. The trick to
soldering coax is to do it quickly. Use a
rather large-tipped soldering iron that can
hold the heat instead of a small tip that cools
off too quickly when trying to solder the
connection. Tuse a 45-W iron with a */s-inch
chisel tip. When compared with a 120-W
soldering gun, a 45-W iron may not sound
like much, but when you compare the ther-
mal mass of the two tips, the */s-inch tip wins
every time. Don’t move the cable while it’s
still hot because any movement could cause
the softened center insulator to deform and
allow the center conductor to migrate inside
the insulation. This might allow the center
conductor to short to the shield.

After the soldered connection has cooled,
trim off the shield that extends from the
connection to the end of the cable. This
exposes the center insulator with the center
conductor inside. Adding the stranded wire
to the assembly provides substantially more
support for the coax than the shield would
provide under the same circumstances. The
wire is also easier to work with than the
loose strands of the shield. With the shield
gone, the wicking action is gone, too. The
stranded wire has a certain amount of
wicking associated with it, but soldering the
wire to the dipole will bond the strands,

Fig 1—Remove a length of the outside
jacket from the end of the coaxial cable.
Strip enough insulation off a length of
stranded copper wire to allow one or
two wraps around the braid, then solder
this wire to the braid. Do not move the
coax while the wires are hot.

eliminating the wicking. Slide a 2-inch-long
piece of heat-shrink tubing over the coax,
beyond the wire, onto the outside jacket, but
don’t shrink it yet. See Fig 2.

The next operation uses hot-melt glue.
For the purposes outlined here, almost any
type of hobby or home craft quality hot-melt
glue can be used. There are special glues that
are made specifically for their RF dielectric
properties. The glue used here does not need
to be of this type, since it is not used as in-
sulation. The glue remains on the outside of
the coax and is used to close off any spaces
that might allow moisture to enter. In addi-
tion, the temperature at which the glue be-
comes molten is much lower than would
cause damage to the coaxial cable. Liberally
coat the intersection of the shield, the wire,
and the outside jacket with hot-melt glue.
While the glue is still hot, quickly slide the
heat-shrink tubing toward the end of the
cable, over the glue until the tubing
straddles the glue.

Now comes the fun part. [ use an old paint-
stripper heat gun to shrink the tubing. Be-
fore I found the heat gun at a yard sale, [ used
matches, candles, cigarette lighters, even a
propane torch; in short, just about anything
that would get hot enough to shrink the tub-
ing. I've found that the heat gun does the best
job, however, and is much safer than most of
the other heat sources. So use an appropriate
heat source, and start shrinking the tubing in
the middle, at the glue bump, working out-
ward toward the ends of the tubing. By roll-
ing the coax between your fingers and mov-
ing the heat from the center of the tubing to
each end in turn, you can get the excess hot-
melt glue to flow again and to ooze out of the
shrinking tubing, gluing everything together
and making a waterproof bundle. As Fig 3
shows, you end up with the coax coming out

Fig 2—Slide a piece of heat-shrinkable
tubing over the end and beyond the
joint. Now cover the connection with
hot-melt glue.

one end of the heat-shrink tubing and the
center conductor and shield pigtail coming
out the other. Depending on the amount of
excess glue you put under the tubing, you
may have glue droplets form at the ends of
the tubing. You can let the glue droplets re-
main or remove them.

Install the coax as you would in any other
situation by soldering the center conductor
to one side of the center insulator of the
dipole antenna and the shield pigtail to the
other. Now you can stop worrying about
moisture damaging your dipole’s coax for a
long time.

When I first developed this idea, I made
two lengths of coax with ends like this. I put
one on my 80 meter dipole and hung the
other over a tree limb for a life test. After a
year, I cut the life test one open to see if any
moisture got in. It didn’t. The shield inside
the coax was as shiny as it was when I put it
together, a year earlier. I'm very pleased
with the performance of this simple coax
weatherproofing scheme and use it on
every antenna I install.

Weatherproofing Connectors on Coax

The coax weatherproofing scheme de-
scribed above is fine for cables that don’t
need connectors to attach them to an an-
tenna. What do you do when you have to
attach a cable to an antenna that has a con-
nector, and wrapping the connection with
electrical tape or any one of several model-
ing-clay-like sealing compounds doesn’t
provide an adequate solution?

While planning the ground rod installation
for my 160 meter vertical antenna, I realized

Fig 3—While the hot-melt glue is still
warm, slide the heat-shrinkable tubing
over the joint and apply heat from a
heat gun or other source to shrink the
tubing. Roll the coax and joint in your
fingers to squeeze some of the glue out
of the ends of the tubing. Be careful
though, because the hot glue can stick
to your skin and cause a painful burn.
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I needed to come up with a way to weather-
proof the connections between the coax and
the antenna. The following idea describes the
electrical connections and weatherproofing
method I used for the assembly of the ground
rod, coax feed line, 300-€ twin lead (used for
the driven element of the folded monopole)
and radial wires.

I'wanted to have a connection method that
would be easy to assemble in the field with
little more than a screwdriver. All of the
component parts had to be easily constructed
using ordinary hand tools and materials
readily available from the local hardware
store or electronics supply warehouse. I also
wanted to be able to temporarily use the
coaxial cable that ran from the house to the
vertical on other antennas that I might want
to install in the woods for testing. This last
item could be accommodated by putting a
connector on the coax. This also meant that
I had to mount a mating connector on or near
the vertical antenna ground rod.

The Ground Rod Connection Details

I purchased an 8-foot long, ¥/s-inch diam-
eter copper plated ground rod from the local
electrical supply warehouse. While I still
had it in my workshop I cleaned the top end
of the ground rod and wrapped and soldered
a 1'/s-inch wide copper strap around it. The
copper strap is made from a piece of roof
flashing, and is long enough to fold back on
itself. The soldered connection between the
copper strap and the copper ground rod is
mechanically rugged and electrically supe-
rior to using only a mechanical clamping
arrangement. After soldering, I cut to size
the copper tab that sticks out from the side
of the ground rod, and drilled it to hold an
S0-239 UHF connector using four machine
screws. Up to this point I had what looked to
be a very rugged assembly. The antenna
driven element is made using 300-Q twin
lead, so I had to devise some sort of strain
relief for it because the wind would be blow-
ingitaround, causing considerable strain on
the fragile wires.

The Twin-Lead Strain Relief

My junk box provided the answer. I used
a 3-inch square piece of '/is-inch-thick un-
clad glass-epoxy circuit board. At one end
of the board, I drilled five holes to pass the
mounting hardware and threaded body of
the SO-239. I made two '/>-inch-long slots,
oriented horizontally across the board, and
slightly offset from the connector. These
were just wide enough to pass the twin lead.
The offset allows one conductor of the twin
lead to be soldered to the center pin of the
connector and the other to be soldered to the
connector’s mounting flange. The first slot
is about an inch above the SO-239 and the
second slot is spaced about */s inch away
from the first slot. Aligning the connector
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and the slots in this way allows the twin lead
to be passed through the board (twice) and
soldered to the connector. The insulation on
the twin lead supplies all of the required
strain relief without using cable ties,
clamps, or other mechanical fasteners. I
stripped the insulation off the twin lead
wires and tinned them with solder. I tempo-
rarily mounted the UHF connector to the
glass-epoxy board so that the connector’s
mounting flange was on one side of the
board and the threaded body sticks through
to the other side. Starting from the flange
side of the board, I threaded the twin lead
through the slot farthest from the connector,
then through the slot in the center of the
board until the twin lead wires rested on the
connector’s center pin and flange, where
they were soldered.

Most vertical antennas need radial wires,
and this antenna is no exception. If I wanted
to stay with the screwdriver only assembly
scheme, I'd have to find a way to attach them
to the assembly at the top of the ground rod.
I decided to use the SO-239 connector’s
mounting hardware for that purpose. I used
stainless steel machine screws long enough
to pass through the copper mounting strap,
glass-epoxy circuit board material and the
connector body and still have enough length
to hold a few solder lugs. I soldered a ring-
terminal lug to one end of each radial wire
for connection to the machine screws.

The Last Piece of the Puzzle

The electrical parts for the antenna were
ready for installation. Without some sort of
cover, however, I'd only have a fair-weather
antenna. What I needed was an inexpensive
cover with a snap-on lid.

Inexpensive to me means I should start
looking in the household recycle bin. I
didn’t have to search very long. I found a
white plastic one-quart whipped-topping
container with a snap-on lid. Imagine the
plastic container setting up on its edge, with
its snap-on lid facing you. This orientation
allows the lid to be removed and provide
access to the connections. It also allows any
moisture that accumulates to drip from the
lowest point; the edge of the container. Two
holes have to be cut into the container be-
fore it can be mounted on the ground rod.

I cut a *s-inch hole about /s inch from
the lip of the container using an auger bit.
This hole passes the ground rod, radial
wires, and the twin lead. I brought the twin
lead out this hole because I didn’t want holes
in any location other than on the bottom of
the container after it was mounted. The other
holeis '/sinch in diameter and allows access
for the coax feed line. I cut it into the con-
tainer using a sharpened piece of brass tub-
ing. The spacing between the centers
of the two holes is equal to the center-to-cen-
ter spacing of the ground rod and the

Fig 4—This photo shows the connector
side of the vertical antenna assembly.
See text for construction details.

Fig 5—This photo shows the back side
of the assembly, with the radial wires
attached to the mounting screws.

S0-239. To allow installation and removal
of the container, I used tin snips to make
a cut from the lip of the container to the
*/s-inch hole and another between the two
holes. Since there is only one cut across the
lip of the container, the lid holds the con-
tainer firmly in place on the ground rod.
Moisture drains out of the container at the
lowest point through the holes and the cut.




The Field Trip

The antenna installation was rather easy
even though I ended up using a sledge ham-
mer along with a screwdriver. Being care-
ful thatI didn’t deform the copper strap with
the sledge hammer, I drove the first 6 feet of
the rod into the ground. This is not an easy
thing to do here in New Hampshire. After
all, there is a reason why it is known as The
Granite State.

I placed the threaded portion of the
S0-239 UHF connector next to the copper
tab on the ground rod. With my trusty
screwdriver, I bolted the copper tab, the
unclad glass-epoxy board, the UHF connec-
tor, and the ring terminals from the radial
wires together to form a single unit. Figs 4
and § show the front and the back of the
completed assembly. Notice that the ground
radials are bolted directly to the UHF con-
nector flange. This places dissimilar metals
against each other. This could present a
corrosion problem and should be inspected
periodically. I used stainless steel hardware
and tinned the copper flange at the mount-
ing holes so the stainless steel screws would
be against solder instead of the copper. This
assembly order decreases the chance of cor-
rosion and increases its life expectancy. I
could have soldered all of the connections
for longer life, but that would have meant
soldering the connections in the woods.

The plastic bowl was installed by bend-
ing the lip of the bowl so I could slide the
coax into the '/s-inch hole and then slide the
bowl onto the ground rod. The twin lead
comes out of the */s-inch hole and I loosely
tied it with nylon cord to the ground rod
about 6 inches below the bowl. This keeps
the bowl from deforming from the strain

Fig 6—Here are the plastic-container
mounting details. Notice that the only
cuts in the container are at the bottom,
where any moisture can easily drain
out.

placed on the twin lead as it goes into the air.

I installed a PL-259 UHF connector on
the end of the coax and used a UG-646/U
UHF right-angle adapter to attach it to the
S50-239. Fig 6 shows the placement of the
bowl before the lid has been snapped into
place. Cutting the extra hole in the plastic
bowl allows me to remove the coax without
disturbing the other wires. This provides a
piece of coax that runs from the woods into
the house, which I can use for temporary
antenna testing,

I stretched the radials out on top of the
leaves in the woods and since then they have

Fig 7—This is the complete
weatherproof assembly for the coaxial
cable connection at the antenna feed
point.

been covered by additional leaves. I ran-
domly sprayed the bowl with flat black
spray paint to decrease its visibility. A
bright white color is very easy to see in the
woods and I wanted to make it blend in with
the surroundings.

This installation, shown in Fig 7, has been
in use for three years. During two of the
winters the feed point has been completely
covered with snow with no ill effects—elec-
trical or mechanical. Every once in a while
I take the cover off of the plastic bowl and
remove the spiders and their nests. It looks
like it needs another paint job soon.

159



Tuners and Transmission Lines

A Remote Tunable Center-
'Loaded Mobile Antenna

By Jack Kuecken, KE2QJ
2 Round Trail Drive
Pittsford, NY 14534

typical ham HF mobile antenna
Auses a center-loading coil to cancel

the reactance of the shortened whip
and to permit areasonable approximation of
an impedance match. This has been written
about at great length by John Belrose,
VE2CV'*? in the context of ham radio and
by R. C. Hansen* in the commercial venue.
Several companies manufacture ham anten-
nas, with names such as the Texas Bug
Catcher and the Hustler antennas.

In my own professional work I have de-
veloped military antenna couplers for land,
air and maritime-mobile applications. For
my own ham radio mobile antennas, I have
typically used a simple straight whip and a
remotely tunable (or automatic) antenna
coupler at the base.>*’

There are good elements in each ap-
proach. A fixed, center-loaded antenna is
simple to construct and radiates effectively.
On the other hand, it is not well suited to all-
weather operation and rough terrain opera-
tion, where the antenna may strike all
manners of obstacles, such as branches. The
center-loading coil also requires consider-
ably more inductance than a base-matched
antenna. The center-loader has relatively
larger radiating currents below the coil but
this effect may be offset by the higher losses
in the much larger inductive reactance re-
- quired to tune the antenna to resonance.

Mobile Antenna Requirements

A military or commercial land-mobile HF
antenna coupler/antenna system should be
capable of:

Tuning the entire HF band 2 to 30 MHz
without leaving the vehicle

Capable of operation in virtually any
weather

Rugged enough to withstand at least some
contact with branches and fixed obstacles

It should be capable of operation at highway
speeds without guying or special preparation.

Be quickly and easily stowed for low-clear-
ance situations

Operable in the stowed position.

I was able to accomplish all of these goals
with the base-tuned antenna coupler ar-
rangement. The stainless-steel whip oper-
ated well at highway speeds supported only
by the base spring. The occasional clipping
of leaves or branches near the top didn’t
bother it a bit. The coupler case mounted on
the rear bumper was easy to make weather-
proof and the overall operation proved quite
satisfactory.

With the purchase of a new automobile, a
few difficulties reared their heads. With
most of the new cars taking on the shape of
a jellybean (that is, very rounded), the old
coupler box, which rested very well above
the rear bumper, no longer wanted to fit. If
I hid the box in the trunk I would have had
the capacitance of a length of wire operat-
ing at very high impedance to run out to the
antenna base. This would have had incurred
more loss and RF would be a nuisance in-
side the car. It was time to consider some-
thing new. Maybe I could come up with a

center-loaded arrangement that met all of
the six criteria above.

Evolution—the Mechanical
Considerations

To begin with, it seemed that a big center-
loading coil was one of the most vulnerable
points for damage from collisions. I figured
that if the coil were kept below the roof line
on the car, the chance of a direct collision
would be minimized. I contemplated locat-
ing the coil spring on top of the coil. That
way, when the antenna is stowed, the peak
height where the spring bent over would be
about 7 feet above the pavement.

The antenna is mounted on a plate that
picks up one of the bolts on the “5-mph
bumper” compression member. See Fig 1.
The plate is made of */1s-inch aluminum al-
loy and the back end of the plate is supported
by two standoff posts attached to the
unibody. In the event that the bumper is
bashed the posts will shear off and the com-
pression member will not be defeated. The
plate is 12 inches off the pavement.

In the initial experimental design (Model
#1) I wound the coil on a 12-inch length of
2-inch ID PVC pressure water pipe. The
pipe itself served as a structural member,
carrying the loads from the spring and whip
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Fig 1—Drawing of the antenna base mounting plate. It is attached to the steel frame
of the rear bumper, which on modern cars is part of the “5-mph compression
member.” The standoff posts on this base are designed to shear off in the event of

a collision.

on top down to the 1-inch diameter alumi-
num tubing on the bottom. Maple plugs
were turned to join the PVC pipe to the alu-
minum fittings. These joined the coil to the
lower tube and the 3/sx24 thread fitting for
the spring. The PVC pipe was first turned
down to 2.3-inch OD and a 10-inch length
was grooved at 10 turns per inch (tpi). The
coil was wound with #16 tinned bus wire,
giving a turn spacing of two wire diameters.
Fig 2 shows the mechanics of my experi-
mental coil, with the coil’s fairing in the
background.

Fig 2—Photo of experimental coil, with fairing in the background. This coil used a

Since the coil was a structural member I
couldn’t very easily rotate it. Instead a slider
was fitted on a slider rod, which was con-
nected electrically to the lower end of the
coil. The slider carried a set of spring fin-
gers that moved along the coil, varying the
inductance. A windlass mechanism moved
the slider. The windlass was operated by
bevel gears from the center of the lower end
of the coil by a shaft extending up the center
of the lower radiator from the box at the base
of the antenna. [The whole slider mecha-
nismresembled a dial-cord driven slide-rule

sliding contact moved by a windlass mechanism similar to the “slide-rule dial”

found on old radios.
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dial mechanism in an old radio.—Ed.]

Fig 3 shows the complete assembly on the
car with the whip in the stowed position. The
coil fairing serves as a weather cover and an
air drag reducer for the coil. Note also the
insulated strut bracing the bottom end of the
antenna. The bottom radiator tubing was
clamped to the end of the strut with a hose
clamp.

The unit measured 50 inches from the
pavement to the top of the coil. The spring
was 4 inches high and the whip was 84
inches tall, bringing the top of the whip to
11.5 feet off the pavement. This was low
enough for all of the Interstates; on old small
roads, however, it was sometimes necessary
to stow the antenna.

The coil measured 83.9 pH with the slider
all the way at the bottom. The whip and
spring plus strays worked out to be 27 pF.
The antenna would tune 80, 40, 30, 20 and
15 meters and most of the frequencies in-
between. Tuning tended to be a bit jumpy
because of the turn-at-a-time action of the
slider. Once tuned, however, the coil would
stay tuned while driving and transmitting. I
worked nets up and down the east coast on
40 meters and from Pittsford in central NY
to St Louis with 50 W. I will discuss the
drive box in more detail later.

Model #2 Coil and Antenna

From experience gained with the first
antenna, I decided to move on to Model #2.
For one thing, the coil and fairing on Model
#1 were pretty big and the inductor had more
inductance than required. I found that the
aerodynamic fairing on the antenna was

Fig 3—Photo of experimental coil and
fairing mounted on author’s rear
bumper. The fairing is substantial in
this design!




strong enough to make it a structural part of
the antenna. It is an example of a mono-
coque or “stressed skin” fairing, resembling
an airplane fuselage. This type of fairing
should be able to let me use a roller coil,
which would make the tuning much less
“steppy” since this is infinitely variable.

The roller coil was threaded at 13 tpi, with
a total of 54 turns in just over 4 inches. A
!/>-inch allowance at each end for the sup-
port spokes gave a total length of 5 inches.
The maximum inductance was 72.8 wH. The
new coil is less than half the length of the
original coil and the faired construction is
only 8 inches tall. Fig 4 shows the new
roller-coil design in its aerodynamic fairing.

At each end of the coil I turned down a
l-inch diameter brass shaft to a '/2-inch di-
ameter section. I drilled two holes at right
angles in this '/2-inch section to take the
brazing-rod spokes used to support the coil.
The shafts at both ends of the coil run in
Babbit bearings. At the lower end of the coil,
the bearing is fitted into a brass plate that
carries the spring-load mechanism and the
shorting rod on which the roller runs.

The airfoil-shaped end plates were sawed
out of '/2-inch-thick rock maple. A second,
smaller airfoil-shaped piece was laminated
on. The turned fitting at the bottom was
hollow to accept the propeller shaft from the
bottom. The top fitting carries the top bear-
ing and the /s x 24 thread for the spring. The
airfoil fairing is attached to the maple end
plates by #6 x '/-inch sheet-metal screws.

The shorting-rod mechanism is a bit novel
since it had to fit into the rear “teardrop” of

m‘;nl,“'@”

the airfoil. The shorting rod is suspended on
arod at each end that is pushed in toward the
coil by a coil spring around the rod. Inward
travel is limited by a collar on the rod. At the
lower end the guide for the rod is attached to
a brass strip that also carries the bottom
bearing. At the upper end a dielectric guide
insulates the shorting rod. Fig 5 shows the
antenna mounted on the car in the stowed
position.

The Fairing

The fairing is obviously a significant part
of the construction. A proper aerodynamic
shape can reduce the air drag by factors as
large as 4:1. The shape used is one devel-
oped by NACA (National Advisory Com-
mittee for Aeronautics, a predecessor to
NASA) for low-speed airplane struts. I have
not had the opportunity to test this in a wind
tunnel myself.

I made the fairing out of Plexiglas sold at
building supply stores for glazing storm
doors. It is about 1/16-inch thick with a
protective paper or film on each side. I cut
out a rectangular piece using a 24 tpi blade
and stripped the protective coating off. I
then made a mold from plywood, shown in
Fig 6. Next, I put the Plexiglas on the top of
the mold in our oven and set the temperature
to 300°F. As the oven temperature rose
above 200° the Plexiglas began to droop and
became very pliable.

When the sheet had drooped into a “U,” I
removed the entire assembly from the oven
and then molded the tail on the mold, wear-
ing heavy work gloves. After cooling, I
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Fig 4—Photo of “Model #2" roller-inductor in its streamlined clear plastic fairing.
The roller moves on a shorting bar designed to fit in the sharp end of the teardrop-
shaped fairing. The rotating coil is turned by a shaft extending through the bottom
aluminum support tubing at the left-hand side of the coil in this photograph. Note
also the Plexiglas spacers (mounted with L-brackets) used to space things properly
before the monocoque plastic fairing is screwed to the wooden end frames.

molded a pair of '/2-inch strips of Plexiglas
to shape and cemented them to the top and
bottom edges for reinforcement. The ce-
ment [ used is available at model and hobby
shops and is the type where the pieces are
clamped together and the liquid is brushed
sparingly on the joint. It wicks in by capil-
lary action and partially dissolves the
Plexiglas.

As shown in Fig 6, I used a series of three
Plexiglas spacers to support the end plates
during assembly and to hold the entire as-
sembly together with the proper spacing. I
then slipped the fairing over the coil and
drilled holes for the screws, starting at the
rounded side of the fairing. I inserted screws
alternately on the right and left sides. When
the assembly was complete, I put a piece of
clear vinyl packing tape to seal the back
(pointy) edge, leaving a small gap on the
bottom for drainage.

Since it is difficult to make this assembly

Fig 5—Photo of author’s car, showing the
Model #2 antenna in stowed position. The
fairing is much smaller in this design,
compared to the one in Fig 3.

Fig 6—Photo of the mold used for
bending the Plexiglas into the proper
shape.
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support the bottom of the antenna.

precise enough to be watertight on top, I
fitted an extra piece of Plexiglas to overlap
the top and added a '/>-inch drip strip around
the rounded edge.

The Box on the Bottom

The box on the bottom contains the drive
mechanism for remotely tuning the whole
mechanism. Here I had to make a choice. At
the minimum, I needed a motor to turn the
coil, with limit switches to protect from
overrunning the ends. The tuning servo also
requires a multi-turn potentiometer”’ to sig-
nal the position of the coil roller for the op-
erator. If I placed the motor and the poten-
tiometer inside the coil housing, I'd have to
provide RF choking for at least 5 leads—
two for the motor and three for the potenti-
ometer. These choke(s) would shunt the
antenna feed point.
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Fig 7—Photo of the inside of the bottom box, showing the
leadscrew mech-anism and gearing used to spin the roller
inductor. Note the limit switches actuated by the runner
block moving along the lead-screw. The neoprene O-ring
used to turn the pulley on the 10-turn potentiometer is driven
from the leadscrew shaft. The top of the metal box is open,
with a top made of a thick plastic insulator strong enough to

Conversely, if I
placed the motor,
potentiometer and
limit switches in the
base and operated at
RF ground poten-
tial, it would only be
necessary to isolate
the propeller shaft.
This was the option
I selected for this
design. Fig 7 shows
the bottom box with
the cover open. The
top insulatoris a '/s-
inch-thick Lexan
plate, to which I
screwed a turned
fitting for the bot-
tom radiator. The
Oldham coupling
serves to insulate
the propeller shaft
and to make up for
any misalignment.
The motor gear
drives the lead-
screw gear, and the
propeller shaft is coupled to the leadscrew
through the Oldham coupling.

The leadscrew also serves as a counting
device for the limit switches. As shown in
Fig 7, the leadscrew is suspended between
two bearing blocks and fitted with a plastic
runner block. As the leadscrew turns, the
runner travels along it and eventually en-
counters a limit switch, preventing further
travel in that direction. Each switch is
shunted with a diode so that a reversal of
polarity will let the motor back out of the
stop. The leadscrew is a '/+-inch brass rod
threaded at 28 tpi. I chose the plastic bear-
ings and runner for lubricating properties
rather than for insulation.

The coil and leadscrew require 54 revolu-
tions to send the roller from one end to the
other. However, the position sensing potenti-
ometer is a 10-turn device, so a reduction of

slightly more than 5.4:1 is required for the
potentiometer drive. I accomplished this with
a small pulley on the leadscrew and a larger
one on the potentiometer. The belt is actually
aneoprene O ring. When an arrangement like
this is well-tensioned and lightly loaded, slip-
page does not seem to be a problem. The motor
is a permanent-magnet dc type equipped with
a gearhead that turns about 180 rpm. It takes
alittle over 20 seconds for the coil to run from
one end to the other.

Operation

The roller coil moves smoothly into an
SWR minimum, following the potentiom-
eter on the control panel. The minimum
SWR is below 1.5:1, with the exception of
small areas around 5 and 21 MHz. There
seem to be resonances in the car body at
these frequencies. As far as the efficiency is
concerned, the antenna seems to be compa-
rable to my older antenna systemusing a full
antenna coupler.
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- Use Low-Loss “Window” Ladder
Line for Your 2-Meter Antenna

By Hal Rosser, W4PMJ
4781 Orchard Hill Drive
Grovetown, GA 30813

l adder line? What good would it do
me to use ladder line? My radio has
a50-Q output. How would I go about

using ladder line, even if I wanted to? Sound

familiar? Well I was in the same boat until

I heard that ladder line had very low losses,

and it costs a lot less than “low-loss” coaxial

cable.

[True ladder line is an open-wire feed-
line constructed from two parallel conduc-
tors held evenly spaced apart using some
form of insulating rods or bars. The rods
form the “rungs” of the ladder, giving this
line its name. The characteristic impedance

of such a feed line is determined mainly by ‘\
the spacing between the wires. Parallel-con- ) Conductors
ductor feed lines are much easier to manu- A T
facture using a solid plastic ribbon with the = - -

wires formed into the edges. One common \ /

form of such a feed line is 300-Q TV-type

twin lead, in which the conductors are Spacers g

Air for This Type of Line
spaced about '/2 inch apart. Another type of

commercial line uses a similar construction,
but with about a 1-inch conductor spacing.

Blocks of the plastic ribbon are cut out to 300-0hm Twin—Lead

form windows in this line, producing a (B) =

450-Q feed line. This type of feed line is -
often referred to as “window line.” Fig 1 4 =

shows examples of these types of feed Conductors RREEAe  Rriaticn
line.—Ed.]

Let me say here at the start I do not pro-
fess to be any form of expert on this subject o] ey
of antennas and transmission lines. I'm only ©) 450-Ohm_“Window" Line
reporting on how I brought together differ-
ent articles written by experts in the field,
and used them to make it work for me. And
yes, even a “newbie” can make use of it.

Here are the main reasons to use window
line or twin lead:

1. It has very low loss. Fig 1—Parallel conductor feed lines. At A, ladder line, with insulating spacers every
2. It has low cost. few inches. At B, common 300-Q TV twin lead. At C, the construction of 450-Q
3. It is very light in weight. (I use ropes Wwindow line.

Conductors
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to pull up my antennas—but that’s an-
other article.)

On long runs to your antenna, using
RG-58 could cost you '/2 to %/ of your sig-
nal, both on transmit and receive. So if you
now have a 100 foot or so run of RG-58,
mini-8, or even some brands of RG-8, you
would notice a big improvement in recep-
tion, and be able to hit that repeater on lower
power. You may even hear repeaters you
couldn’t hear before if you switch to win-
dow line. Yes, the magic of radio is in the
antennas and transmission lines you use.

Here’s a quick and easy way to use
450-Q window line for that run to your an-
tenna. The ARRL Handbook and The ARRL
Antenna Book are full of very good infor-
mation. The ideas for this article came from
material in those books.

First, I saw an interesting section in The
ARRL Antenna Book, 18" edition, on page
24-12 in the Transmission Lines chapter:
The paragraph labeled “Impedance Trans-
formation with Quarter-Wave Lines,” in
effect says you can use a '/4-A section of line
to transform one impedance to another.
WOW! The easy part is that all you need to
do is multiply 50 § times the other imped-
ance you want to match, then take the square
root of the product to see what impedance
the '/s-A section needs to be. Hmm, interest-
ing...sotomatch 50 Q to 450 , I multiply
them then hit the square root button. That
calculates to be 150 Q, but I don’t have
150-Q coax.

That brings me to another part of the
book—page 24-18. Here it says you can use
a combination of lines to make lines of dif-
ferentimpedances. (Two 75-€ coaxial lines
in parallel make a 150-Q balanced line, for
instance.) That section also says “balanced

in, balanced out.” See Fig 2.

This leads us to still another article. We
need to go from 50-£ unbalanced coax to
450-Q balanced line, so somewhere in this
conversion we need to get balanced so we
won’t tip over. Now on page 26-22 of The
ARRL Antenna Book there’s a nice sketch
of a 4:1 balun made from a '/2-A section of
coax and bent into a U-shape. See Fig 3.
Now there’s the way to get us balanced. But
that’s a4:1 balun. If we start with 50-Q coax
(unbalanced), this gadget will get us up to
200 Q balanced. Here’s an opportunity to
use 300-Q TV twin lead if you can live with
1.5:1 SWR. As a matter of fact, I've used
this setup with good success. When I told
folks I was using TV twin lead, it always
incited an interesting conversation. But
here we are going for the 450-Q match.
Well, we have all the tools, so with a calcu-
lator and an inventory of available coaxial
cable, we can start.

In our sample inventory we have some
50-Q coax, some 75-Q coax, some 300-Q
twin lead, and of course some 450-Q win-
dow line. A few calculations will let us
know what we can do.

Remember, to calculate the impedance of
the '/s-A section we needed, we multiplied
the two end impedances and took the square
root. To do this in reverse (starting with the
'/s-A section of known impedance and find-
ing out what we can match), we just need to
square 50 or 75 or 300 or 450 or some com-
bination of '/4-A section impedance we can
make, then divide that by 50 to find out what
impedance we can match.

Starting with 75-Q cable, we have 75% =
5625. Now divide 5625 by 50 = 112.5. That
means if we use a 75-Q '/s-A section on the
end of our 50-Q coax, we can step up the

Balanced
Input

Balanced
Input

(A)

(G)]

Balanced
Output

Balanced
Output

Fig 2—Shielded balanced transmission lines use standard small-size coaxial cable,
such as RG-58 or RG-59. These balanced lines may be routed inside a conduit or
near large metal objects without adverse effects. The characteristic impedance of
the two parallel cables shown at A is equal to the sum of the coaxial cable
characteristic impedances. The characteristic impedance of the four-cable line
shown at B is equal to half the sum of the characteristic impedances of the cables
used for either side of the parallel transmission line.
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impedance to 112.5 Q.

Now, with 112.5 in your calculator, mul-
tiply by 4 (the 4:1 balun stuff) and there we
have it—450 Q exactly. What did we just
do? A '/s-A section of 75-£ cable steps up to
112.5 Q, then we can use that '/>-A U-bent
section to make a4:1 balun. Not only are we
now at 450 Q, but we are balanced. That is,
voltage to ground from both conductors is
equal. Fig 4 shows the construction.

What about loss? Practically none, as-
suming you solder all the connections well.
When I changed from coax to window line,
I realized an improvement of 2 S-units!

What else can we do? Make a matching
section to match 50-Q coax to 75-Q coax by
using two pieces each of 50-Q and 75-Q
coax in a series-parallel combination, then
make that 4:1 balun so we can use 300-Q
twin lead, or without the balun so you can
use that piece of free 75-Q Hardline some-
one gave you. See Fig 5.

300 N Balanced

| 75-0 Coax

75— Coax Any Length

75 Q Unbalanced

Fig 3—A balun that provides an
impedance step-up ratio of 4:1. The
electrical length of the U-shaped
section of line is /2 \.




Barrel Connector; PL259's

AN

50-0 Coax to Radio

This setup uses a combination of
1) a 1/4—X section to go from 50 to 112.50Q

1/4=% 75-0 Coax

1/2- X 75-0 Coax

2) @ 1/2-A 4:1 balun to go from 112.5 to 450 0 (balanced)

450—-0 window—line to antenna, where a
mirror—image of this setup will step back
down for a 50-Q antenna.

|

Solder all braids together and
weatherproof the connections very well

Fig 4—This diagram shows the "/«-A matching section and '/>-1 balun used to match 50-Q coax to 450-Q window line. A similar
arrangement can be used at the antenna to transform back to a 50-Q antenna impedance. If the antenna input impedance is not
50 Q, then a different matching arrangement should be used. It is important to note that the lengths for the matching section
and balun are frequency dependent. If you set it up for 2 meters, it will not work for 6 meters, 70 cm or other bands. Different

lengths will be required for each band.

50-0 to 75—0 Matching Section Assembly

e

_0

75-0 2

50-0
j
75-0
2 50-0 B—— 1
»—E) 50-0
1
—-£) 75-0

i

Fig 5—This setup will closely match 50-Q coax to 75-Q coax. A 4:1 '/>-A balun can
be used to match closely to 300-Q twin lead. Solder all braids of the matching

section together and waterproof them well.

No other connection is made to the

coaxial braids of the matching section. By the way, the matching section
measurements are made from the end of the braid on one end to the end of the

braid on the other end.

I've found that the published velocity
factors of most coax and twin lead are pretty
accurate. To calculate the physical lengths
of those '/s-A and '/2-A sections, calculate the
free-space wavelength and divide that result
by 4 or 2, then multiply by the velocity
factor. For a '/s-A section of 75-Q coax, we
first find the free-space wavelength and di-
vide by 4. Here is an example for 2 meters:

Length (in feet) = f(Ll\;HZ)-
in
984

=——=6.74 feet
146

Then divide this length by 4 to find a
quarter wavelength:

6.74 feet S gees 12 inches
4 foot

= 20.22 inches

Now multiply by the Velocity Factor
(VF), which is always less than 1—mine
was (.75—so the !/4-A section for 146 MHz
of my coax is:

0.75 % 20.22 inches = 15.16 inches

Feed Line Lengths At 146 MHz for
Various Velocity Factors

Velocity Va-A fa-R
Factor (Inches) (Inches)
0.60 12.13 24.26
0.65 13.14 26.29
0.66 13.35 26.69
0.68 13.75 27.50
0.70 1415 28.31
0.72 14.56 29.12
0.74 14.96 29.93
0.76 15.37 30.73
0.78 18.77 31.54
0.80 16.18 32.35
0.85 17.19 34.37
0.90 18.20 36.40

The length of the '/2-A line for the 4:1
balun is just twice the length of the '/s-A sec-
tion, so it will be 30.32 inches.

Here is a hint for measuring the lengths.
Many measuring tapes have the inches
marked off in 16" of an inch. So in this
example you want the closest number of
16" to make 0.16 inches. Just multiply 0.16
times 16 = 2.56. So on your measuring tape,
to find 15.16 inches, go past the 15-inch
point 3 marks (16™).

They say “Give a man a fish and you feed
him for a day, but teach him to fish. . . etc.”
I hope I've not only shown a few of you a
beginning lesson of how to fish, but maybe
even raised an interest in experimenting
with transmission lines while you do the
same with antennas.

By the way, I hope most have figured out
that you can convert impedances the same
way up at the antenna to get the impedance
back to 50  (if that’s the impedance of your
antenna), and if you decide to use an antenna
of something other than 50 €, you have a
tool to use for matching.

Construction Hints for Your Imped-
ance Conversion Assemblies

You can mount the assembly inside a
piece of 1'/s inch PVC pipe. Drill a hole to
pass the barrel connector through on one
end, and terminate the 450-£ end with some
stainless-steel screws. Be sure to provide
strain relief for your connections. A piece
of Plexiglas with slots for the window line
can be screwed on to one end of the PVC
pipe for strain relief, or make the pipe long
enough so you can tape it or tie-wrap the line
to a section of the pipe.
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FilTuners—a New (Old) Approach
to Antenna Matching

By John Stanley, K4AERO
ARRL Technical Advisor
8495 Hwy 157

Rising Fawn, GA 30738

Today most hams have some kind of a
black box between their transceiver
and their antenna. We may call it a
Transmatch, a Matchbox or an Antenna
Tuner. This black box may be a big help
putting a signal on the air—or it may be
a pretty good dummy load. Recently the
possibility of modern tuners being very
lossy in some situations has received some
attention.'?

It is ironic that the transmitters of the
1950s did not need a black box, because the
networks designed into the transmitter
made it possible to match a wide variety of
impedances. Thus the No-Tune rigs that we
use today are in many cases not what they
are represented to be. Tuning is still re-
quired—it has just been moved outside the
transceiver cabinet!

In the process of essentially dividing the
transmitter into two parts, we have made it
possible that the networks matching our ac-
tive output devices (transistors) to the antenna
are not optimal. Many of the tuners commonly
used today are more suitable for use with a Pi-
network tube-type transmitter than for a mod-
ern broadband transmitter. And our receiving
ability may have been compromised as well,
without our realizing it.

Some of us can still remember when ev-
ery (tube) transmitter or transceiver had a
Pinetwork in the output and we could match
just about anything by adjusting the PLATE
TUNE and LOAD knobs. We can also remem-
ber when almost every receiver or trans-
ceiver had a knob labeled ANTENNA, or per-
haps TRIM or PRESELECTOR. This knob has
in effect been moved to the antenna tuner.
And it may do rather poorly what the old
knob did on the tube rigs.

Admittedly, the typical modern antenna
tuner does some of the same things the old
Pi network and the antenna trim knob did.
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That is, it helps match the output power
stage of the transmitter and the input stage
of the receiver to the antenna. But many
modern tuners fail to do something the old
methods did, and that is to filter the receiver
input and the transmitter output,

Some attention may have been paid to the
filtering aspect of modern antenna tuners,
but they are tuners first and filters second.
By contrast, in the old days we had tuned
input circuits on our receivers and tuned
output circuits on our transmitters that did
every bit as much filtering as matching. The
strong filtering of a properly designed Pi
network is only partly replaced by the low-
pass filters on the outputs of our modern
solid-state rigs. And the tuned RF input cir-
cuits in our receivers have been replaced by
a set of wide band-pass filters. Now that our
ham rigs sport general-coverage receivers,
even the once fairly narrow, ham-bands-
only front-end filters of the early transceiv-
ers have been broadened for coverage from
150 kHz to 30 MHz, using a small number
of switched filters. Where antenna tuners
have been used for additional filtering, usu-
ally the goal is some additional harmonic
attenuation, not band-pass filtering. This
adds more low-pass filtering, which is prob-

ably already adequate, but does nothing in
the way of narrow bandpass filtering, which
is woefully inadequate.

The result is that for both transmitting and
receiving, our modern radios (even including
any external matching circuits) are broader
than the equipment used in the 1950s. And
for this we pay a price. The most obvious price
is in the receiver. The ability of modern
receivers in terms of dynamic range and the
resultant resistance to cross modulation and
desensing by reasonably strong close-in sig-
nals is very good. This is due to sophisticated
mixer design and the careful distribution of
gain throughout the front end.

For unreasonably strong, but not quite so
close-in signals, our radios are less capable.
Most of us don’t realize that by having no
narrow filter (less than 1 MHz bandwidth)
in the front ends of our receivers, we are
opening ourselves up to a host of problems,
Itis not by accident that modern rigs have up
to 30 dB of attenuation (counting the
10 dB removable preamplifier) that can be
switched into the front of the receiver. It is
evident that this attenuation is often needed
to prevent problems from the huge unwanted
signals we often find in our front ends.

If you have ever tuned across the interna-




tional short-wave broadcast bands, you
know that there are some really strong sig-
nals there. A look at the HF spectrum with
aspectrum analyzer shows huge peaks in the
international broadcast bands. And some of
these bands lie close to our ham bands. In
the last few years, the 41-meter broadcast
band, (7.3 to 7.6 MHz in the western hemi-
sphere) has filled up with domestic short-
wave stations with as much as 500 kW trans-
mitting power, not to mention 20 dB gain
antennas. The 16-meter band is very close
to our 17-meter band; the 13-meter band is
next to our 15-meter band. The 19-meter
band is close to our 20-meter band and the
31-meter band is next to our 30-meter band.
Thus, there will be cases where a signal 60
to 80 dB over S9 will be within the front-
end passband of your modern rig. This is as
much as 0.2V, even if you don’t live within
the ground wave range of the stations.’

This level of undesired signal not only can
make reception difficult, even with your
attenuator switched in, but it can even pro-
duce spurious products from your transmit-
ter. For example, if you are on 7.25 MHz, a
strong signal on 7.45 MHz can get into the
output stage of your transmitter and produce
a strong spur on 7.05 MHz—and this spur
will be radiated very efficiently. You are
legally responsible for this spur. It may not
be strong enough to be heard by sky wave,
but your ham neighbor will surely hear it!
Of course, he may also be hearing a
spur produced in his own receiver by the
mixing of your signal and the strong one on
7.450 MHz.

Another transmitter-related problem in
modern no-tune rigs is the wide-band phase
noise they often produce. This noise often
shows up when a number of transmitters are
located in close proximity, such as during
Field Day. The best solution in all these
cases is to use a narrow filter between the
rig and the antenna.

In the old days, the design of networks
between the transmitter tubes and the an-
tenna (and between the antenna and the
receiver tubes) used well-developed ap-
proaches that gave fully as much attention
to filtering as to matching. That is, the
antenna tuner network had to fulfill both
functions well to be considered a success.
Modern tuner design has not followed this
old, tried-and-true example.

I am, therefore, suggesting that we revise
our thinking when it comes to that box we
connect between our transceiver and an-
tenna. Instead of thinking of it as a match-
ing network with a bit of selectivity, let’s
think of it as both a filter and a matching
network. That way, we can look for an op-
timal design providing both, just as the old
Pi network/receiver preselector did. I have
built many such filter/tuner combinations
over the years, and [ would suggest that the

name FilTuner seems appropriate. The dif-
ferences between traditional design goals
and the goals for FilTuner design are listed
in Table 1.

Since it is unlikely in the real world that
all design goals will be perfectly met, you
should realize that for some applications the
FilTuner design goals may not be the most
suitable. For example, if all-band operation
using a single tuner is an absolute necessity,
the FilTuner may not be the best choice. In
addition, before the simpler designs for
FilTuners can be “sold” to the general ham
population, the obsession witha 1.0:1 SWR
may have to be overcome. Actually, there
are relatively simple ways to make a perfect
1:1 match possible with a FilTuner, but I
consider most of them a nuisance and un-
necessary. Therefore, designs I will present
aim at a good but not a perfect match in
every case.

The FilTuner consists of a tuned circuit
whose operating Q (also commonly called
the loaded Q) is chosen to give an optimum
trade off between bandpass filtering (high
Q) and low loss (low Q). In ordinary tuners
the loaded Q is allowed to vary, and thus
there is no guarantee either of good filtering
or of low loss. On the other hand, in a
FilTuner design the loaded Q is controlled
and predetermined by the design. The secret
to achieving controlled Q is to couple the
source (transceiver) into the tuned circuitin
a controlled manner. Adjustments must not
be provided that will allow this relationship
to be changed. This is what is essentially
accomplished in the pi network used with
tube circuits, where a fixed coil was used for
each band. Once the loaded Q is selected,
typically about 10, and designed into the
circuit, it cannot be changed (assuming nor-
mal power/ loading). A loaded Q of 10 gives
a typical loss of a few percent, along with
good filtering.

Since modern rigs omit the pi network,
the antenna tuner can take over its function,
For it to do so, however, a similar design
philosophy is called for. This means a con-
stant-Q design.

I will present a few design examples I've
built and tested many times, with consistent
results. Ilook forward to others applying the
FilTuner (constant-Q) concept and coming

up with other, even better designs than
these. There is also room for clever me-
chanical designs using the basic circuits. It
is my sincere hope that once the logic of the
FilTuner concept is accepted, typical ham
ingenuity will step forward to provide a
constantimprovement in the state of the art.

Example 1

The simplest FilTuner that I have come
up with consists of nothing more than a
single LC tuned circuit with an input and an
output link. See Fig 1 and see the Appendix
for more detailed design information. This
type of tuner is something that the average
ham could put together from junk box parts
in a matter of minutes. Yet the results, both
in terms of receive filtering and transmitter
matching, should be pleasing to you.

Let’s say you are using coax to feed a
beam or some other type of coax-fed anten-
nas. If you already have an SWR of under 3
or 4:1, this FilTuner should be sufficient to
reduce your SWR to under 1.5:1 so that your
solid state rig can put out full power.

If your SWR is more that about 4:1, you
should consider fixing or tuning your an-
tenna. Except for very short feed lines or
very low frequencies, it is not very wise to
operate an antenna system with high SWR
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Fig 1—A fundamental form of the
FilTuner network, using separate input
and output link coils for flexibility in
matching. Once the turns ratio N3:N2
for the output link is fixed, the loaded Q
of the network is determined by the load
resistance transformed across the
parallel tank circuit. Once the N2:N1
turns ratio is set up properly, the proper
SWR measured at the input of the
FilTuner will indicate that the tuner’s
loaded Q is proper.

Table 1
Design Goals for Antenna Tuners

Traditional Design Goals

1. All-band operation

2. 1:1 SWR at input

3. Matching wide range of loads
4. Low-pass filtering

5. Low losses for all matches
(These are all listed in order of importance)

FilTuner Design Goals

1. Band-pass filtering

2. Low losses

3. Match anticipated loads to < 1.5:1 SWR
4, Ability to match < 1.5:1

5. Multi-band operation
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on a coaxial feeder. [Since the SWR on a
80-meter dipole typically is close to 6:1 at
the edges of this very wide band, you may
have to extend K4ERO's definition of what
is *high” SWR to about 6:1 for common an-
tennas on the lower HF bands.—Ed.]

In addition to the losses, the power rating of
the line will be compromised to the point
where arcing and heating can occur. This is
not to say that you can’t make contacts with a
5:1 SWR on a coaxial feed line. But since the
whole idea of the FilTuner concept is to keep
total losses to a fraction of a dB, I would be
remiss if I did not point out the inadvisability
of running a high-loss feed line. This is so,
even if your present tuner (perhaps with a few
dB of additional loss) can give you a perfect
match at the transmitter.

Example 2

This circuit will allow you to match vir-
tually any high-impedance load, including
most so-called “long-wire” antennas and a
variety of other types, while maintaining a
constant loaded Q. See Fig 2. It may be
advantageous to place this FilTuner away
from the rig, for example at the base of a
tower, or at the window where your long-
wire antenna enters the shack. This will
avoid radiation in the shack that might oc-
cur if the single wire ran around the room
before it connected to the antenna tuner.

This FilTuner works very well for por-
table QRP operations, where the simplest
antenna is a wire tossed over a nearby tree.
Such operations are frequently single band,
where this type of tuner is most at home,
although several adjacent bands are quite
feasible. If by chance the wire will not
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Equivalent Parallel Resistance = (ﬁ) X R = Rp
Q= Rp/Xi2= Rp/Xcy

Fig 2—Another common form of the
FilTuner network. The loaded Q (also
known as operating Q) is determined by
two things: (1) the transformed
equivalent load resistance Ry across
the tuning coil, and (2) the reactance of
the tuning colil. The load resistance R
is transformed by the tap on the main
tuning coil to the desired Ry across the
whole coil. For a design Q, = 10, the
maximum value of the Ioa& resistance is
10 x X, , where X, is the reactance of the
loading coil at the frequency of
operation. The input link is designed to
provide the desired resistive load
(usually 50 Q) for the transmitter.
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match, a slight change in length will make a
match possible.

The resistor R represents the load, which
can be either purely resistive or a complex
impedance that includes reactance as well as
resistance. The primary link couples power
from the transmitter to the parallel-tuned main
tank at a constant ratio—if the load seen by
transmitter is correct (that is, 50 £ for modern
transmitters), the loaded Q is proper. The load
can be coupled to the tank at any point needed
for such a match using the variable tap. The
tuning capacitor will be adjusted as needed
to cancel out any reactance in the load
impedance. (See the Sidebar “Is the Q Really
Constant?”)

With this circuit, and in fact in all
FilTuner circuits, the loaded Q is deter-
mined by the choice of components and the
effective turns ratios between the input (and
output) link and the main inductor. Once
these values are chosen (and they are pur-
posely not made variable), nothing that you
do to find a match will upset the optimum
loaded Q. Note that the load in Fig 2 is
shown connecting to a given turn on the
tank. The appropriate connection will be
determined as part of the matching process.
I often use an alligator clip here, since each
and every turn can be selected. If you want
to select the tap with a switch, the turns can
be selected in a geometric ratio and the SWR
can usually be reduced to an acceptable
value. Typically a 5 or 6-position switch
will be adequate, but more positions could
be used to give a finer selection and thus a
lower achievable SWR.

Example 3

The circuit shown in Fig 3 shows a
FilTuner for balanced, open-wire feeders.
This circuit should be very familiar to many
hams, since it has been around for a long
time. However, the FilTuner philosophy
requires several modifications. Old timers
will remember that an adjustable input cou-
pling, either in the form of a swinging link
or a series variable capacitor was usually
used in this type of antenna tuner. This has
been removed from the FilTuner. In order to
maintain a constant loaded Q, the coupling
between source and tank must not be al-
lowed to change.

This means that the matching must all be
done between the tank and the load. This is
accomplished by adjusting the two taps, in a
symmetrical fashion to retain balance. Again,
the tuning capacitor compensates for any re-
active part in the load impedance. Like the
single-ended version in Example 2, this cir-
cuitis best at matching high-impedance loads,
which are most typical for balanced lines.

There are only a finite number of turns
available, especially on the higher-fre-
quency bands, where only a small total num-
ber of turns may be needed for the coil. Thus
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Fig 3—A FilTuner designed for balanced
transmission lines. The taps at the
secondary are adjusted symmetrically to
provide the desired parallel resistance Rp
across the total reactance of the tuning
coil. Again, the system is designed so
that the loaded Q is kept constant (by
changing the output taps), with a fixed
link coil at the input so that the resistive
load for the transmitter is 50 Q.

the ability to achieve a 1.5:1 or lower SWR
may be compromised. This may be improved
by adding a pair of variable inductors or
capacitors in series with the output leads
without affecting the operating Q value. If
some compromise in the FilTuner philoso-
phy is acceptable, a very slight variation in
the input coupling may be allowed, just to
provide a fine tune control on SWR. In ac-
tual practice, I have never found this neces-
sary. It will certainly not be needed on the
lower bands, where many turns in the coil
provide ample fine steps in the matching.

Example 4

The FilTuner shown in Fig 4 is an ex-
ample of what can be done where extra fil-
tering is needed, such as during a Field Day
operation or when operating from other
“hostile” environments with lots of RF
around. This double-tuned circuit provides
much better skirt selectivity. There is provi-
sion for adjustable coupling between the

Cc3

c1 Cc4
to I L2
Transmitt

er 2 c5 R,
500

Fig 4—A more complicated FilTuner
network designed to provide sharper
band-pass characteristics to provide
sharper selectivity, particularly for
receiving. The variable coupling
capacitor C3 at the top of each tank
circuit is adjusted as needed for
overcoupled (wider bandwidth) or
undercoupled (narrower bandwidth)
performance.




Is the Q Really Constant?

The key to a constant loaded Q is that the source see the
most lossy element in a consistent manner. In the circuit in
Fig 2, the load resistance is transformed by the square of
the effective turns ratio between the two closely coupled
coils into the resistance seen by the transmitter at the input
of the network. Note that the effective turns ratio is only
equal to the physical turns ratio when the coupling coeffi-
cient is perfect—that is, 1.0. In a practical circuit, the cou-
pling coefficient will be less than 1.0; usually it is less than
0.2. What this means in practice is that you vary the num-
ber of turns in the link to achieve the turns ratio you would
like to have. In the case of a tap on the output side of the
antenna tuner, the tap is chosen by trial and error so that
the SWR at the input of the tuner is what you want.

For an effective turns ratio of 10:1 and a 5000-Q resis-
tance in parallel with the parallel-resonant circuit, the in-
put resistance will be 5000/102 = 50 Q. If the coil has an
inductive reactance of 500 Q, the loaded Q will be 5000/
500 = 10, the design value.

A 5000-Q load would be connected directly across the
entire coil, but if the load were only 500 Q, it would be
connected at a tap effectively 33% from the bottom of the
coil. This would again transform to 5000 Q across the
entire coil and the loaded Q would be the same. For ev-
ery value of resistance less than 5000 Q, there is (at least
in theory) a tap that would provide the proper transforma-
tion. In every case the match would be correct, and the Q
would remain at the value chosen.

If a complex load is connected, the analysis is a bit
more complicated. To see what happens, we convert the
load to its parallel equivalent. For example, a load of 500
—j100 Q in series converts to an equivalent parallel load
of a 520 Q resistor and a capacitive reactance of —2600 Q
at the same frequency. We pick a tap on the coil such that
the 520 Q resistance is transformed to 5000 Q across the

whole coil. The perfect-coupling turns ratio needed is
4/5000/520 = 3.10:1 and this transforms the capacitive re-
actance across the coil to —2600 Q x 3.102 = —25000 Q.
The effect of the load’s reactance (after transformation by
the effective turns ratio) is to put a small capacitance
across the coil and we must retune the main tuning capaci-
tor to reestablish resonance. Clearly, the Q is the same as
before when the load was purely resistive.

If the transformed parallel reactance is inductive, some
additional capacity will have to be added to compensate
for it. In this case the determination of Q is somewhat
more subtle. The losses in the main coil will not change,
since after resonance is reestablished the power, voltage
and current it will be unchanged. There will be additional
current in the capacitor, due to its increased value, but the
voltage across it will be unchanged. Thus the losses in the
capacitor will increase so far as they are related to cur-
rents, but not as related to dielectric losses. Thus, the
losses in the tuner will be only slightly more, since the
inherent Q of a typical capacitor is far greater than a typi-
cal inductor. Assuming that the tuning capacitor is set to
the center of its range for resistive loads, the extra loss
cannot be more that four times the normal loss, which
should limit it to a small fraction of a dB for any reason-
able type of capacitor.

Thus we can see that the FilTuner provides essentially
constant Q, with none of the undesirable effects of vari-
able-Q circuits, which can exhibit either drastically in-
creased losses where the loaded Q is too high or a sharp
loss of filtering where the loaded Q is too low. The bottom
line is that the constant relationship between the source
and the main tuning coil of the tuner forces all matches to
be done such that the coil losses are constant. Once the
input coupling is done correctly, it is not possible to tune
up with the wrong loaded Q value!

two tuned circuits, allowing for a real-time
tradeoff between bandwidth and insertion
loss. The coupling capacitor can be varied
to allow anything from a considerably un-
der-coupled situation to a slightly over-
coupled setting.

This flexibility allows you to exclude
unwanted signals, while still allowing sig-
nals through on the desired frequency. This
circuit will match about a 3 or 4:1 SWR,
which would typically be the range that
might be encountered on a coaxial-fed an-
tenna. The circuit shown is a simplified ver-
sion of a three-band FilTuner that I operate
from the site of HCJB in Ecuador. It covers
160, 80 and 40 meters, with band switching.’

In spite of the very strong filtering action,
the loss in this FilTuner is typically under
1 dB. This slight loss of transmit power is
insignificant compared to the benefits on both
receive and transmit of using the circuit. The
benefits on transmit, by the way, also include

not having my rig shut down due to incoming
RF signals that are interpreted as ahigh SWR!

One caution: a good FilTuner will require
tweaking for relatively small frequency ex-
cursions. There is simply no way to avoid
this since the whole idea is to provide a nar-
row front-end filter for your rig. Broadband
tuners and wide bandpass filters are won-
derfully convenient provided you can hear
what you want through what you don’t want
to hear. Antenna tuners that you don 't have
to be touched up after amajor QSY are prob-
ably “broad as a barn door.”

Those of you who are using small trans-
mitting loops have learned to accept the
aggravation of having to retune after a
30 kHz QSY. You folks may also have no-
ticed how well the loops receive. The main
reason is that they are very narrow. Adding
a narrow FilTuner to a small loop is unnec-
essary since you already have one. Instead,
if you live where you can do this, try a

FilTuner with a full-sized antenna and see
what a narrow filter plus an efficient antenna
will do for your reception.
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Appendix: Tips on Designing FilTuners

The ARRL Radio Designer software
(ARD) is a very useful tool for designing
and optimizing circuits, especially for the
more complex forms of FilTuners (such as
that in Example 4 in the text).* I usually
allow between 0.2 to 1 dB of loss in the
tuner as a design goal, depending on the
particular situation.

One advantage of the FilTuner approach
over other types of tuners is that with a
FilTuner the insertion loss is part of the
design. In normal usage, the loss will be
close to the design value. This avoids the
problem found in some other types of tun-
ers where loss can be nearly nil on some
antenna/frequency combinations, but can
shoot up to 10 dB or more in other cases.
When that happens, you may be happy
with the 1:1 SWR and not even realize that
you are putting 90% of your power into
what amounts to a desktop dummy load
and only 10% into the antenna. You may
end up attributing your difficulties mak-
ing QSOs to poor band conditions!

You might end up buying a linear ampli-
fier when what you really need is a better an-
tenna tuner. A linear is sometimes needed is
certain types of operation, but I think you
should buy one only after improving your
signal with simple and cheap methods.’

The FilTuner concept means taking a
design for a bandpass filter and optimiz-
ing it for loss, bandwidth and tuning range.
So far, I have not attempted to cover more
than three bands with a single FilTuner and
often design for a single band. This is be-
cause the loaded Q—and therefore the
tradeoff between narrowband response
and loss—will change if you simply tune
the capacitor(s) and nothing else. The
more complex the FilTuner, the more it
will need optimization for each band. Band
switching is one answer, but one must re-
member that the parts of the circuit that are
supposedly switched out are really still
there and may be coupling signals from
input to output. You may not have explic-
itly modeled such strays in your modeling
software and unless you enter every stray
capacity, inductance and loss resistance,
no computer program can model the re-
sponse properly. And every component in
a tuner has strays.

Quick Design for a Simple, Practical
FilTuner

It’s easy to get bogged down modeling
things on a computer and never actually
building anything useful. Some call this
design paralysis! So here’s a simple pro-
cedure on how to go about making a prac-
tical FilTuner using the schematic in Fig
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1. First, select a variable capacitor with a
reasonable spacing. A split-stator broad-
cast-band tuning capacitor will be fine for
the lower bands. A 50 pF capacitor will
work for the higher bands (21-29 MHz) or a
split stator with 100 pF per section can be
used. Use about double that for 20 or 30
meters. If a single-section capacitor is used,
you will need to float it on insulators and
use an insulated knob or a nonconductive
shaft. Don’t forget that RF can travel
through the setscrew on the knob and reach
your unsuspecting fingers. I speak here with
the voice of experience!

Select or wind a coil about 1 inch in diam-
eter, with enough turns to resonate with the
above capacitor at about the center of its
tuning range. Count the turns on the coil.
Tightly wind about 10% that many turns on
each end of the coil using insulated wire.
Make the turns on one end as close to the
end as possible and on the other end, move
the turns away just a little bit. They can be
held in place with tape for tests but later you
can fasten them with glue or tie them in
place with string (even dental floss). Con-
nect the input and output links to a pair of
coax connectors.

Now set up your tuner as a receiving
FilTuner and tune for maximum signals.
Then go to transmit into a dummy load and
tune for best SWR into the tuner and its load.
Try reversing the input and output coax con-
nectors for best SWR if you want. That’s all
there is to it! If you think you are losing too
much power in the FilTuner, use a few more
turns on each of the small coupling coils. If
the power loss is very small and the filtering
action insufficient, use fewer turns at the
input link for a higher loaded Q. For 50 Q
into the tuner, with a load of 50 £, use the
same number of turns on each link coil. If
you want to transform to a different load
impedance, use a turns ratio between the two
links that is the square root of the imped-
ance ratios.

Alarge toroid can be used for the coil also.
In this case, wind the coupling coils at 180°
to each other on the periphery of toroid. The
idea of using the ends of the main coils for
the links is to reduce the direct capacitive
coupling from one link to the other, since
this would result in a poor rejection floor.

Try different coils and capacitors and
turns ratios on the bench until you get what
you want. Then mount it all inside a nice
metal box, or for lower transmitter power
use an open breadboard. Use some Plexiglas
shields to help you keep your fingers away
from RF. If you make it look nice it will be
a thing of pride as well as a useful tool, and
it will also give your shack an “old time

look™ that will impress visitors.

Ultimate Rejection

The more-complicated two-resonator
FilTuner shown in Example 4 promises
100 dB rejection to some out-of-band fre-
quencies when modeled on ARD. Don’t
you believe it! The actual device has a re-
jection floor of just over 30 dB on the
higher HF frequencies when tuned on
160 meters. This is good enough for most
applications, since at frequencies higher
than 160 meters the bandpass filters in
your rig are providing good rejection. In a
demanding situation, the floor could no
doubt be improved with more careful parts
layout, elimination of band switching or
addition of some simple low-pass net-
works. The same FilTuner has about 60 dB
ultimate rejection both above and below
the selected frequency when switched to
the 40-meter position.

For example, a top capacitively coupled
double-tuned circuit tends to have a worse
floor at high frequencies compared with
one using inductive coupling. For most ap-
plications, however, the close-in filter
shape is more critical than the ultimate re-
jection because close-in is where our
present equipment is most lacking.

Handling the Power

A major part of the design will be the
selection of components with suitable
power ratings. The higher the Q and the
narrower the passband of your FilTuner,
the higher will be the voltages and currents
that the components must withstand. This
does not mean, however, that exotic parts
are needed, especially at the 100-W level.
ARD has convenient features for calculat-
ing the voltages on complex networks and
the currents are easily calculated once the
voltages are known.

You may be tempted to make a tuner
for receive-only applications, and this can
be quite worthwhile. However, parts that
are large enough to have high Q and low
losses are also big enough to allow at least
100 W of transmitter power to pass. For
QRO beyond the 100-W level, one ap-
proach is to put the FilTuner between the
linear amplifier and the transceiver. In this
case, the benefits on receive can be real-
ized, the match between the rig and the lin-
ear can be optimized and any broadband
transmitter noise will be eliminated. This
could be a reasonable compromise ap-
proach since the components for a narrow
FilTuner rated at 1.5 kW could be rather
formidable. In addition, if your amplifier
uses tubes, it already has a normal Pi or Pi-




L output network and may not need addi-
tional filtering on transmit.

A simple approach to empirical design
is that if your capacitors arc you need more
spacing. Similarly, if your coils get hot
you need bigger wire! Permanent damage
is not usually found in either case. How-
ever, if you try to bridge your variable caps
with low-voltage dipped mica capacitors,
for example, you might damage one per-
manently (the mica, that is).

One approach with marginal components
is to lower the loaded Q by heavier loading
and by settling for less filtering, less loss and
less voltage. This, however, will not work as
well as amore robust design. And remember
that any high-Q circuit will step up the volt-
age enough to give you RF burns, even with
100 W, so don’t touch the coil or the capaci-
tor while transmitting. All final designs
should include a full enclosure. When doing
experimental work be very careful where
you put your fingers.

How Low is a Low SWR?

The circuits in Examples 2 and 3, may not
always achieve a 1:1 match, depending on
the flexibility you build into them in terms
of the tap positions. However, it is always
good to remember that the difference be-
tween 1.5:1 and 1.0:1 will never be heard on
either end of the QSO. In addition, anything
below 1.2:1 is a fiction anyway, unless you
are using a laboratory grade directional cou-
pler. Otherwise you are just matching the
small imperfections of your antenna to the
imperfections of your directional coupler!

Therefore, I do not consider it a disadvan-
tage that some implementations of the
FilTuner will not be able to reduce the SWR
seen by the rig right down to an exact 1.0:1
SWR. This philosophy is reflected in my
reluctance to use either a swinging link or a
series capacitor in series with the input link.
Either system allows adjustment of your
SWR meter down to 1.0:1, but at the ex-

pense of allowing the Q to stray from the
optimum value.

Some Parting Thoughts

Detailed parts lists are not included here
since this is not intended to be a construc-
tion article but rather an attempt to get
hams thinking about antenna tuners in a
different way. I'd like to get us trying dif-
ferent methods for matching our rigs to our
transmission lines, hopefully using stuff
you have on hand.

If you want to get into the really nitty-
gritty design aspects of link-coupled tuner
design, I suggest you read the remarkable
material on antenna tuner design by L. B.
Cebik, W4RNL, on his web page (http:/
web.utk.edu/~cebik/link.htm) describ-
ing “Link-Coupled Antenna Tuners.” Note
that W4RNL describes all variations of the
basic link-coupled type of tuner, whereas
I’ve been emphasizing ones that have an
essentially constant Q.
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Balanced Transmission Lines
in Current Amateur Practice

By Wes Stewart, N7WS
9550 W Rudasill Road
Tucson, AZ 85743

Introduction

The increased number of HF ham bands,
along with the decreased size of the average
ham’s backyard, has made multiband opera-
tion of random-length wire dipoles an at-
tractive option. This has brought about
renewed interest in the use of balanced par-
allel-wire transmission lines, commonly
called ladder line, to feed these antennas.'
There is historical precedence for the use of
these antennas; however, there are differ-
ences between earlier practice and today’s
methods. Judging by on-the-air conversa-
tions and Internet group discussions, “con-
ventional wisdom” seems to be that ladder
line has such low loss that it can be used in
almost any situation without suffering any
significant additional loss. Operating on the
principle that if it sounds too good to be true
it probably is, I decided to take a closer
look at the subject.

This paper presents some of the results of
my investigation. In it, T will attempt to
correct some of the myths that surround the
use of balanced transmission lines by con-
temporary radio amateurs. I will also
present some data, both calculated and mea-
sured, on the losses associated with 450-Q
ladder lines as they are used today. I will
discuss mainly the transmission line itself.
It cannot be overemphasized, however, that
other components necessary to use ladder
line, namely the antenna tuner and the balun,
are equally important parts of the antenna
system.

“0Old Time” Practice

Balanced two-wire transmission lines are
not new—they were common in early ham
stations. These early lines were truly open-
wire lines and were usually constructed of
relatively large wires separated by widely
spaced insulators. Wire spacing was on the
order of 2 to 6 inches. A well-heeled ham
used Steatite spacers; everybody else used
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wooden dowels waterproofed with paraffin
or something similar. The lines were typi-
cally under tension and dressed carefully
away from other objects.

The lines directly fed the antenna, which
may or may not have been resonant. Because
the antenna impedance almost never
matched the transmission line impedance,
the lines were resonanated as “tuned feed-
ers” and often operated with very high
standing wave ratios (SWR). At the station
end, the line was connected to the transmit-
ter by link coupling to the final stage.
Tune-up consisted of adjusting the output
coupling and plate tuning to maximize the
antenna current using an RF ammeter?® or a
light bulb for an output indicator. No baluns,
antenna tuning units or SWR meters were
to be found in these early shacks.

Later the advantages of non-resonant (or
“flat”) lines were recognized. Antennas
themselves were made resonant and were
designed to match the transmission line. A
procedure for graphically determining SWR
and matching the line to the antenna was
described in QST as early as 19427

The line construction, care in installation
and the inherently balanced systems all con-
tributed to high efficiency in these early
applications.

Contemporary Practice Versus Old
Time Practice

Speaking generally, there are significant
differences between modern usage of bal-

anced lines and earlier practice. First, and
the focus of the majority of this paper, is the
line itself. As stated previously, early
amateurs constructed their open-wire lines
using a minimum of spacers, so the dielec-
tric between the wires was predominately
air. Wire size might be #12 AWG or larger,
This combination made for an extremely
low-loss line.

While this kind of line is still used today,
we usually see lines made with a ribbon of
polyethylene dielectric separating the wires.
TV-type 300-Q rwin-lead is sometimes
used, but most hams who use open-wire line
nowadays use 450-Q ladder line.

This line is basically the same as the TV-
type line, except for some holes (windows)
punched in the dielectric and somewhat
wider spacing between the wires. There is
much more dielectric between the wires and
the wire sizes are considerably smaller than
in older open-wire lines. These factors
combine to increase the losses over a true
open-wire line.

The second difference between old and
new practice is in the antenna tuners used.
Yesterday’s tuners, when used, were typi-
cally constructed using large, air-wound or
ceramic-supported inductors and air or
vacuum dielectric variable capacitors. Usu-
ally, the tuner was an inherently balanced
tuned circuit with link or balanced tap cou-
pling. The enclosure, if there was one, was
large and the inductors were spaced well
away from the box to maintain their high Q.




Today’s tuners, with rare exceptions,* are
unbalanced devices. They are likely to have
eitherroller or tapped toroidal inductors and
smaller variable capacitors, often with
switched fixed values in parallel. Because
of their smaller sizes, these components
tend to have lower unloaded Qs than their
larger counterparts. These lower values of
Q can be a source of significant loss in the
tuner. Roller inductors can be particularly
troublesome in this regard.

The third difference is in the use of baluns
in today’s systems. Baluns have been well
described in the amateur literature® and their
function will not be discussed in detail here.
Baluns operated in severely mismatched
systems can be a significant contributor to
overall system loss, however.

Why Ladder Line?

The usual rationale for using ladder line
is the fact that its attenuation is lower than
commonly available coaxial cable. Second-
ary advantages are its lower cost and weight
compared to coaxial cable. Unfortunately,
one popular myth is that the line attenuation
is insignificant and isn’t even a consider-
ation in an antenna system,

While a line with low matched loss is
always desirable, it is particularly so when
operating at the elevated SWRs encoun-
tered with off-resonant or harmonic anten-
nas. To see why this is true, and to debunk
the myth, we will examine the sources of
line attenuation and its effects.

Line Attenuation—The Matched Case

When a transmission line is terminated
with load impedance that matches the line
impedance, the line is said to be matched.
When the line is matched, all of the power
reaching the load is absorbed; there are no
reflections on the line; the SWR is 1:1 and
line attenuation is at its minimum value.

Attenuation in this context describes the
ratio of power applied to the input end of a
line to the power at the load end. Attenua-
tion is usually expressed either in decibels
or in nepers where:

out

Attenuation = 10 log(%’-’—) (dB) (Eq1A)

Attenuation = - ln( Pin ) (nepers)
2\ Pou

(Eq 1B)

There are two primary sources of loss in
a transmission line: 1) loss due to the finite
conductivity of the conductors and 2) loss
in the dielectric that separates the conduc-
tors. In the case of unshielded balanced
lines, there can also be loss due to radiation®
or coupling into other structures. This third
loss is difficult to quantify, as it will be

highly dependent on installation. However,
with proper installation and operation at HF
to VHF, it should be negligible.

Descriptions of conductor and dielectric
losses can be found elsewhere,” so they will
not be discussed in detail here except to note
that conductor loss depends both on the
metal from which the conductoris made and
the frequency, because of the frequency-
dependent skin depth effect.

In a two-wire (copper) transmission line
with a well-developed skin effect, the
matched loss is given by:

02+F
- d
A=434 Z) +2.78F ,Je, Fp Eq2)
(dB/100 ft)

Where d is the conductor diameter in inches,
F is the frequency in MHz, g, is the effec-
tive dielectric constant, Fp is the power
factor of the dielectric and Zg is the line
impedance. The first term in Eq 2 describes
the conductor loss, while the second term
describes the dielectric loss.

There is another misconception that is
common in the amateur community—the
idea that the dielectric is a major source of
loss. For polyethylene, the most commonly
used transmission line dielectric, the power
factor is 0.0002 and the dielectric constant
is 2.26 throughout the HF and VHF range.?
Using these values in Eq 2 demonstrates that
the dielectric loss per se is negligible. For
constant line impedance and constant wire
spacing, an increase in the effective dielec-
tric constant requires that the conductor di-
ameter must be decreased. This can be seen
in the following equation for the impedance
of a two-wire transmission line:

120 e, il
Z,=——cosh™ = Eq3
0 \/E d (Eq 3)
where D is the center-to-center spacing be-
tween wires in the same units as d. The de-
creased wire diameter and attendant in-
creased skin-effect loss is the cause of the
increased line attenuation.

Line Attenuation—The Mismatched
Case

For a linear source, maximum power is
transferred to a load when the load imped-
ance is the complex conjugate of the source
impedance. When a conjugate match does
notexist, there is a mismatch loss. Mismatch
loss describes the ratio by which the power
transferred from the source falls short of
what would be delivered if the source and
load were conjugately matched.

It is entirely possible to have a situation
where a matched (properly terminated)
transmission line presents a mismatched

load to the source. For example, a 100-Q
line terminated in 100 Q could be the load
for a source with 50- output impedance.
In this case, the generator will not deliver
all of the available power into the line, al-
though the line will be operating witha 1:1
SWR and line attenuation will be minimal.
Introduction of a lossless conjugate match-
ing network between the source and line can
correct this situation and restore full power
transfer into the line. [In the old days, the
operator would adjust the plate output tank
until the loading was correct, no matter
whether the impedance at the end of the
transmission line was 50 Q or not!—Ed.]

When the load impedance, Z;, does not
match the line impedance, a portion of the
power delivered to the load is reflected back
to the source. One of two things can happen
to this reflected power. It is either dissipated
by the source or it is re-reflected back into
the line. The first case is typical in labora-
tory signal generators, where either a lossy
pad or an isolator dissipates the reflected
power.

The second case is typical of our trans-
mitting situation, where the load does not
match the line and the resulting line input
impedance does not match the load imped-
ance for which the transmitter was designed.
Here either the transmitter tank circuit or
antenna tuner can be used to create a conju-
gate mismatch that causes the re-reflection.
Walter Maxwell in his book, Reflections,’
offers an excellent description of conjugate
matching.

In this second situation, absent any voltage
breakdown, the line attenuation is increased
because of increased circulating current in the
line due to the SWR. It is important to note
that increased current flows through all parts
of the feed system on the antenna side of the
match point, including the tuner and any
balun. The loss in the tuner can be evaluated
separately.'® The effect of balun loss is less
easy toanalyze. As an approximation, the loss
can be treated as an increase in the line loss.
Remember—a 1 dB loss in the balun can be
just as detrimental as a 1 dB loss in the trans-
mission line.

To determine system loss, it is imperative
that accurate values for line impedance, line
loss and load impedance be known. If you
require precise electrical lengths of line for
matching transformers or stubs, you must
know the velocity factor or phase constant
as well. Because published data are not
readily available for typical ladder line, you
must either calculate or actually measure the
line’s electrical parameters.

It is tempting to use the previous equa-
tions to calculate these parameters. Unfor-
tunately, for the polyethylene-insulated
types g, is not known, so Z; cannot be de-
termined. If you trust the published Z; (I
don’t) and you need to cut a line to some
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particular electrical length, you can “back
into” g, by measuring the physical proper-
ties of the line and rearranging Eq 3.

The Measurements

Without trustworthy calculated data, we
are usually left with making electrical mea-
surements. Skilled amateurs, with rather
simple instruments, are sometimes capable
of making astonishingly accurate measure-
ments. More often, however, the operator is
less aware of measuring equipment limita-
tions and/or is misled by the instrument
maker’s advertising. Simplified antenna
analyzers, especially those with digital
readouts, can lull the user into unjustified
confidence in the accuracy of his/her mea-
surements.

A major problem with simple equipment
is the fact that the better the thing is that
we’re trying to measure, the harder it is to
get accurate data! This is especially true
when trying to measure small attenuation
values. Popular methods of determining line
loss such as shorting the far end and measur-
ing SWR and calculating the loss are particu-
larly suspect—especially when the line loss
(and hence the return loss) is very low.

Because I'm blessed with access to high
quality instrumentation, I decided to obtain
some samples of readily available ladder
line and gather data on them under labora-
tory conditions. I procured samples of four
different types of 450-Q ladder line from
The WireMan." These were WireMan types
551, 552, 553 and 554. The samples are all
window lines, with two conductors held
approximately 0.8 inches apart by a polyeth-
ylene ribbon with rectangular holes punched
in it. The primary difference between types
is in the conductor size and wire type.

The equipment I used for the measure-
ments was a Hewlett-Packard vector auto-
matic network analyzer (VANA). This
instrument is capable of making error-
corrected one- or two-port measurements
over the frequency range of 45 MHz to
26.5 GHz. (See Appendix A.) For the mea-
surements presented here, the frequency
range was limited to 50 to 150 MHz, and the
two-port (through) configuration was used.

One problem in the use of ladder line with
such a network analyzer is that you must per-
form unbalanced-to-balanced transforma-
tions. For these measurements, the problem is
more complicated. Both measurement ports
on the analyzer are coaxial and the line is bal-
anced, so abalunisrequired ateach end. Tused
baluns consisting of four 1-inch-long Type 47
ferrite sleeves slipped over the lengths of
RG-142 coax I used to extend the measure-
ment ports of the VANA.

The effects of the coax and balun inter-
connects were removed by performing an
open-short-load-through calibration at the
balanced output terminals of the baluns.
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During the through calibration, the balun
outputs were connected center-to-center
and shield-to-shield, respectively. As a test
of balance, after performing the through
calibration, the balun connections were re-
versed. The change in the indicated inser-
tion loss was less than 0.1 dB.

Because of space limitations in the labo-
ratory, each sample was cut to a length of
exactly 12 feet. During each measurement,
the sample was stretched horizontally with-
out any twists and at least 2 feet of clearance
from any objects. A 201-point stepped-fre-
quency sweep was made on each sample and
the data were stored on magnetic disk for
later analysis.

A second measurement was then made
after wetting the line with water to simulate
what might happen in a typical outdoor ap-
plication. Initially, the water tended to bead
up and run off, making it difficult to make
meaningful measurements. I believe that a
typical line used outdoors would quickly
lose its water-shedding ability as it degrades
from sunlight and as it accumulates dust
and other pollutants. To simulate this, I
added a wetting agent to the water to create
a water film on the surface. The results of
this are probably worst-case and not some-
thing that would necessarily be encountered
in a typical installation.

Fig 1 shows the results of the measurement
of a typical sample. At first glance, Fig 1 may
be disconcerting, so a few words of explana-
tion are in order. The network analyzer test
ports are well-matched 50-€2 terminations and
the analyzer measures the s-parameters of the
device under test.'” Consequently, when the
impedance of the line under test is other than
50 Q, there is a mismatch loss, as was dis-

cussed earlier. This situation is different from
the way that we normally operate our lines in
antenna feeder applications, but it is the easi-
est way to characterize the line over a broad
frequency range.

The figure displays “s,;” (the forward
transmission coefficient) expressed in deci-
bels. Both the so-called gain of the line,
which of course is negative, and the effects
of mismatch are expressed in the data. As
presented, there isn’t too much to be gleaned
from Fig 1 except that the velocity factor,
and hence the effective dielectric constant,
can be determined by computing the electri-
cal length of the line and comparing it to the
known physical length. The frequency
where the line is a half wavelength long is
easily determined by determining the fre-
quency spacing between the ripple peaks.
You can determine other line parameters by
mathematical means. However, I used an-
other powerful tool, ARRL Radio Designer
software,'” to determine the line impedance,
velocity factor and insertion loss per unit
length.

ARD features a circuit optimizer that can
be used to adjust various circuit parameters
to closely approximate given target values.
A circuit block using the ARD two-wire
transmission line model was created with
the physical line length fixed at 144 inches
and the line impedance, dielectric constant
and loss coefficients set as optimizable val-
ues. The measured s-parameter data sets
were used as circuit modeling goals and the
optimizer was turned loose to make the
model’s response look like the measured
data. In addition to the polyethylene-insu-
lated lines, an air-insulated line made from
#16 AWG enameled wire, spaced 0.75
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Fig 1—Plot of the forward transmission coefficient ( s54) of 12 feet of WireMan type
554 line in a 50-Q system. Shown is the response with the line both wet and dry.

Note the large change when the line is wet.




inches apart, was also measured as a “sanity
check.” The measured parameters of this
open-wire line correlate well to the values
calculated using Eq 2 and Eq 3. The results
of the computations are shown in Table 1.

A couple of things are immediately obvi-
ous from the table. First, the impedance
values are considerably below the nominal
450-Q value commonly ascribed to ladder
line. Second, notice the large increase in
attenuation that the lines suffer when they
are wet. While these data are less accurate

than when the lines are dry, they certainly
point out a troubling trend.

The reason for lower accuracy of the wet
measurements is that it was difficult to
maintain uniform wetness during the
several seconds it took to make the
measurements. Nevertheless, this lack of
control is not much different from the ac-
tual conditions a line might encounter in the
field. Anecdotal evidence from users of
ladder line confirms the changes in tuning
required when lines are subjected to rain

Table 1
Line Parameters at 50 MHz
Line Dry Line Wet
Type R, Eqff V'c| dB/100/ft R, 8ot Vp dB/100/ft
551 405 1.23 90.2% 0.33 387 134 86.4% 5.8
552 379 1.19 91.7% 0.38 362 1.28 88.4% 5.2
553 397 1.23 90.2% 0.38 381 1.33 86.8% 4.8
554 359 1.16 92.8% 0.41 343 L2N 2 B8.7%. .6:1
#16 at .75" 399 1.01 99.5% 0.30 NC NC NC NC

NC = No Change

Appendix A
Error Correction and Network Analysis

Any electrical measure has a fundamental accuracy limitation, as there are
always some errors involved. A simple example would be the use of a low-
impedance voltmeter to measure a high-impedance source. The meter loads
the source, so the reading is lower than the true open-circuit voltage. There is
a measurement error caused by the less than ideal instrument. However, if both
the meter and the source impedance are known, the open-circuit value can be
calculated. The results can then be “corrected” for the measurement system
error.

In network analysis there are several sources of measurement errors. A de-
tailed discussion of these is well beyond the scope of this paper but simply put,
by measuring one or more standard or known devices, the systematic errors
can be identified. Once identified, modern microprocessor-controlled analyz-
ers can remove these measurement errors and correct the answers.

Typically, the known devices include, but are not limited to, an open circuit,
a short circuit, a precision termination (load) and for two-port (insertion) mea-
surements, a through connection of the measurement ports. Each of these
standards has an expected response, which when not realized, indicates the
presence of systematic error. For instance, a perfect short-circuit should cre-
ate a 100% reflection with a 180° phase shift. If anything other than this is mea-
sured, it indicates an error that can be accounted for in the measurement of
the device under test. To characterize all of the systematic errors, both the
magnitude and phase response of the standards must be measured, hence the
terminology vector network analyzer.

Once this process, commonly called calibration, is complete, modern net-
work analyzers are capable of amazing accuracy. Amplitude resolutions of
hundredths of a dB and phase resolution of fractions of a degree are readily
achieved. For reflection measurements, equivalent directivities of 50 dB or
better are possible.

If, as in the case of the measurements presented in this paper, it is necessary
to add some cable between the instrument test port(s) and the device under test,
the calibration is performed at the far end of the intervening cable, thereby remov-
ing its effects. The major accuracy limitation in the measurements is the result of
uncertainties in the reference standards. For instance, the open circuit has some
residual capacitance that is normally taken into account with precision calibration
standards but was not done for these measurements. Nevertheless, it is believed
that the data presented herein are sufficiently accurate for amateur applications.

and snow and the data show why this is the
case.

The loss at other frequencies can be esti-
mated using Eq 4. This equation neglects the
effects of dielectric loss but is accurate
enough for any practical calculations.

aB(1)= | £ aB(50)

where dB(f) = the loss per 100 feet at fre-
quency, f, and dB(50) = the loss data from
Table 1. The impedance of a transmission
line is usually complex; that is, it has a re-
active as well as aresistive component, Line
reactance can be found from:

(Eq 4)

Xo=-igRo (Eq 5)

where o = line loss in nepers per unit
length, Ry is the resistive part of the line
impedance and the phase constant, B, in ra-
dians per unit length is found from:

13=2nl/-51 (Eq 6)

Once Through—With Numbers

A popular multiband wire antenna is the
so-called G5RV.'* This antenna is rarely
used as was intended by its originator Louis
Varney, but for some reason the 102-foot
length has taken on mystical properties, so
I used it for an example. I assumed that the
wire was at a height of 40 feet and was fed
with 100 feet of WireMan type 554 line.

Using EZNEC" 1 calculated the feed-
point impedance of the wire at the middle of
each of the HF ham bands. Then using a
Mathcad'® worksheet and equations from a
paper by Macalpine,'” I calculated the SWR
atboth ends of the line, the input impedance
at the station end of the line and the total line
attenuation. (See file N7WS.MCD.) For
those without Mathcad, later versions of
Dean Straw’s TL program'® will compute
the line reactance in addition to a number of
other useful parameters, including the total
mismatched line loss.

Space doesn’t allow the presentation of
data for each band but the worst case oc-
curs on the 160-meter band, where the an-
tenna is considerably shorter than one half
wavelength long. The 1.9 MHz matched-
line attenuation of 0.08 dB/100 feet in-
creases greater than 10 dB due to the mis-
match. When the wet attenuation value is
used, the total line attenuation is greater
than 22 dB!

Another item of note is the effect that
changing the length of the line has on the
total line attenuation. One might expect that
a change in line length from say 100 feet to
50 feet would reduce the loss by one half
(3 dB), but in the previous example, it actu-
ally decreases 5 dB. In other words, it pays
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to do the calculations.

Closing Thoughts

Contrary to conventional wisdom, ladder
line is not a panacea for every transmission
line problem. As stated in the introduction,
when planning an antenna installation, it is
important to look at the transmission line
and antenna as an antenna system. This pa-
per has attempted to provide useful data on
one piece of the system—the electrical char-
acteristics of solid-dielectric ladder line. I
hope that the material presented serves to
inspire the reader to take a critical look at
all of the factors included in a system analy-
sis—performance, cost, ease of installation
and maintenance—before committing to a
particular antenna design.
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Transmission Line Properties
from Manufacturer's Data
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Introduction

The information provided by cable manu-
facturers is, of necessity, limited. Fortu-
nately, for many applications it is sufficient.
However, when the specific cable loss is
important, or when the transmission line
is used as a resonator or a network element,
the information provided is only a start-
ing point. Further, when measurements
are made at one end of the line and the im-
pedance of the load at the other end of the
line and the cable loss are sought, more
detailed cable information is required.

Mathcad has proven to be an excellent
addition to the arsenal of the technically
oriented radio amateur.' In this article I will
describe a worksheet that I developed for
Versions 6.0 and 8.0 of Mathcad. This
worksheet greatly expands the information
about a particular cable. The basic fre-
quency-dependent cable parameters are de-
termined, and from these the electrical be-
havior of the transmission line at any fre-
quency and for any length is found.

Part of the value of the Mathcad work-
sheet is that it contains a collection of

~ transmission line formulas from a variety

of sources. I avoid approximations, since
they are not necessary when using a tool
with the computational power of Mathcad.

Mathcad worksheets TLMANV6.MCD
and TLMANVS8.MCD are located on the
accompanying CD-ROM. They should not
be confused with TLA.EXE, the very ca-
pable transmission line and antenna tuner
program written by Dean Straw, N6BV, and
which is bundled with The ARRL Antenna
Book. TLA.EXE provides a useful analysis
of an antenna feed system (feed line plus
antenna tuner) using practical components.

Companion worksheets TLMANDATAVG.
MCD and TLMANDATAVS8.MCD include
other sets of manufacturers’ and suppliers’

data for a variety of cables. These can be
substituted for the data in TLMANDATAVG.
MCD or TLMANDATAV8.MCD using a
copy and paste procedure. Data for other
cables may be pulled from catalogs and sub-
stituted for the worksheet data.

If you do not yet have a copy of Mathcad
Version 6.0 or later, see the rich-text format
(*.RTF) and PDF (*.PDF) files on the
CD-ROM for the mathematical details and
the accompanying documenting comments.
Also, to learn more about Mathcad itself,
visit the MathSoft Web site at www.
mathsoft.com.

Because of the inherent accuracy of
Mathcad, Ilike to use currently accepted val-
ues for the speed of light in free space
(299.792458 megameters/sec) and length
conversion factor (0.3048 meters/foot).
Also, where conversion factors may be cal-
culated by Mathcad, those values are used.
Anexample of this is conversion from nepers
to decibels. A useful fallout from using reli-
able values is that results using alternative
derivations may be compared. Such accuracy
is not normally required in practice, and it is
inconsistent with the manufacturing vari-
ability encountered in real-life cables.

It is important to not lose sight of the
forest for the trees in this exercise. Mathcad
is capable of making very accurate calcula-

tions based on the input data furnished. The
input data can be flawed for several reasons,
however. The first is the manufacturing tol-
erances associated with making cable. We
will use the catalog information which is
only claimed to be “representative” of the
actual product. So if you buy some cable of
atype analyzed by this Mathcad worksheet,
do not expect its behavior to exactly match
the calculated values. Use the Mathcad
analysis only as a guide as you use the cable
in your specific application.

The second reason you should use the
results with caution is that a manufacturer’s
data could be in error. It takes professional
grade laboratory test equipment with cur-
rent calibration in the hands of competent
personnel to provide accurate data. Anyone
who has taken meaningful measurements on
transmission lines recognizes that there are
many pitfalls and subtle causes for inaccu-
racy. So beware.

In any event, the Mathcad worksheet
should prove to be a useful tool in helping you
to intelligently use transmission lines and as a
way of learning more about them. The effort
is well worthwhile, since transmission lines
play such an important role in amateur radio
applications. Also, the self-documenting style
of Mathcad provides a handy compilation of
transmission line formulas.
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Available Data

Cable suppliers furnish both electrical
and physical information on their products.?
The kind of data supplied by cable manu-
facturers is typified by the information
supplied by the Belden Company in their
product catalog. Much of the data is
physical dimensions. However, with few
exceptions, we will be concerned with the
electrical data. Specifically, we want to
know the characteristic impedance, the ve-
locity factor, the capacitance per foot, the
maximum voltage and the matched loss at
several frequencies. The maximum voltage
is important, since we will be able to see if
it is exceeded in our applications. I also
include in TLMANDATAV6.MCD the maxi-
mum- allowable temperature and diameter
of the cable. They are not used in this ver-
sion of TLMANV6.MCD, but will be useful
in a future version that will calculate the
temperature of the cable for a given power
stress. The information for a specific cable
is listed in Table 1.

Some of the specifications listed above
are redundant. It turns out that the product
of the characteristic impedance (ohms), the
velocity factor and the capacitance per foot
(pF/foot) is a constant from cable to cable.
The value of the constant is

10°

WL sec
=1016.703—— (gq 1
CEng]ish ft ( )

where Cgpgishis the velocity of light in
free space in Megafeet/sec

Soitis possible to perform a consistency
check by calculating that product. I define
a term in the worksheet called “consis-
tency” which is derived from the ratio of the
product and the constant value or its in-
verse, The ratio selected is the one less than
one and is expressed in percent by multiply-
ing by 100. For the example of Table 1, the
consistency is very good—99.97%.

Before proceeding with the determination
of the cable properties, the velocity factor is
adjusted to achieve 100% consistency of the
characteristic impedance, the velocity fac-
tor and the capacitance per foot. In the case
of Table 1, the velocity factor was changed
from 0.66 to 0.660197. In most cases, this
step does not have any practical impact, but
I have run across some cases where low
consistency has caused me to question the
validity of the supplier’s data.

Derivation of Cable Parameters

Matched Loss

The data provided by the manufacturer is
sufficient to derive a very good estimate of
the properties of the cable over a very wide
frequency range. All that is required is a
transmission-line model that provides a
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Table 1

Belden 8259—RG-58A/U Type
Manufacturer’s Data

Frequency Matched Loss

(MHz) (dB)
1 0.44

10 1.4
50 3.3
100 4.9
200 7.3
400 11.5
700 17.0
900 20.0
1000 21.5

Solid polyethylene insulation
Characteristic Impedance = 50 Q
Velocity Factor = 0.66
Capacitance = 30.8 pF/foot
Maximum Voltage = 1400 V RMS
Maximum Temperature = 75°C
Diameter = 0.193 inch

good match to the furnished data. We start
with the matched-loss data. It can be broken
into two components, the loss due to the
conductors and the loss due to the insulation.

Fortunately, the loss due to the conduc-
tors follows a predictable behavior, increas-
ing in proportion to the square root of the
frequency because of “skin effect.” The loss
due to the insulation, which is usually neg-
ligible at lower frequencies, is not as pre-
dictable. A reasonable assumption is that it
increases in proportion to frequency raised
to some power. We can find the exponent in
this relationship, g, from the loss data.

The equations for the frequency depen-
dence of matched loss are thus:

Agror(f) = Agconn(f) + Ags(f) (Eq2)
Agconn(f) = Agconn (Frer) \/FL
REF

(Eq 3)

g
Aoms(f) = Ao (Frer) (ffg) (Eq4)

where Fgppp is one of the frequencies
where data has been provided by the manu-
facturer, Agror(f) is the total loss in dB/
100 feet, Agconp (f) is the loss due to the
conductors, and Agps (f) is the loss due to
the insulation.

The Mathcad worksheet forces the total
matched loss to exactly agree with the loss
figures provided at two frequencies. I manu-
ally adjust the insulation exponent, g, to
minimize the RMS error for the entire set
of loss data. The net result is shown in
Table 2. The third and next-to-last data
points were chosen to be exact matches.
Two different data points could have been
selected. For the data points selected for an
exact match, g = 1.1 yields the best RMS
error of 0.032 dB.

The significance of the above procedure
is that we have separated the two loss-pro-
ducing elements of the transmission line.
Further, it has been done in a way that these
elements may be evaluated at any fre-
quency, not only the specific frequencies for
which data were supplied by the manufac-
turer. See Fig 1 for a plot of the matched loss
from 1 MHz to 1 GHz.

Since the loss due to the non-ideal con-
ductors dominates at low frequencies, and
the loss due to the insulation becomes more
important at higher frequencies, it is inter-
esting to calculate at what frequency the two
loss contributions are equal. I call this fre-
quency the loss crossover frequency, Fy.
For the Belden 8259 cable the worksheet
calculates Fy to be 2277 MHz.

At Py and only at Fy the characteristic
impedance is real. Below Fy the imaginary
part of Zg is negative, and above Fy it is
positive. The value of the characteristic im-
pedance at Fy is the same as the character-
istic impedance supplied by the manufac-
turer.

Propagation Constant

We want to know the propagation con-
stant, v, of the transmission line. The value

Table 2

Belden 8259—RG-58A/U Type
Manufacturer Versus Mathcad data

Frequency Belden Matched Mathecad Matched Error
(MHz) Loss (dB) Loss (dB) (dB)
1 0.44 0.43 -0.01
10 1.4 1.39 -0.01
50 3.3 3.3 0.00
100 4.9 4.89 -0.01
200 7.3 7.39 +0.09
400 18 11.46 -0.04
700 17.0 16.74 -0.26
900 20.0 20.0 0.00
1000 21:6 21.58 +0.08

g= 1.1
RMS error = 0.032 dB
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Fig 1—Matched loss versus frequency for Belden 8259 cable.

Y=o + jP is a complex number that de-
scribes the propagation properties of the
line. The real part, o, the attenuation con-
stant, is a measure of the dissipative loss of
energy along the line. Its units are nepers
per foot. The imaginary part, B, the phase
constant, describes how the phase of volt-
age or current change along the line. Its
units are radians per foot.

In(10)

o(f)= 3000 “oToT (f) (Eq 5)
2t
B(f) = m (Eq 6)

where f is the frequency in MHz, and VF is
the velocity factor.

Complex Characteristic Impedance

In order to make detailed transmission
line calculations, we need the complex
characteristic impedance as a function of
frequency. We use the classical transmis-
sion line model which contains series in-
ductance and resistance per unit length and
shunt capacitance and conductance per unit
length. For convenience the unit length is
1 foot. In general, all of these elements
vary with frequency. Over the 1 MHz to
1 GHz frequency range we can assume that
the inductance and capacitance per unit
length are independent of frequency.? One
of these parameters, the capacitance per
foot, C in pF/ft, is usually supplied by the
manufacturer. The inductance per foot, L in
HH/ft, may be calculated from the other pro-
vided parameters as follows:

2
I = uc
108
where Z; - =real part of the characteristic
impedance in ohms—the resistive value

(Eq7)

supplied in typical data sheets. Here, I use
the term Zgy - to denote the value of the
characteristic impedance provided by the
manufacturer. As noted above, the charac-
teristic impedance is complex at all but one
frequency, Fy.

The resistance per foot, R, is due entirely
to the cable’s conductors and may be as-
sumed to vary in proportion to ./frequency
because of skin effect. The conductance per
foot, G, is due to the insulation and varies
nearly in proportion to the same power g
discussed above. The formulas for R and G
in Q and siemens, respectively, are:

R(f) = In(10)R, Eg)ogocom (f)

(Eq 8)

G(f) = In (10) R, (f) Am;s ()
1000[Z (£)

(Eq9)

where Rg(f) is the real part of the complex
characteristic impedance, Z (f).

The complex characteristic impedance is
given by:

R(f)+ j2nfL(f)

Zo( )=\/G(f)+j2nfc(f)x10‘6
(Eq 10)

Examination of Eqs 8 and 9 reveals that
Z, must be known before R and G can be
calculated. Also, from Eq 10, Z; depends
on knowledge of R and G. Further, Ry is
frequency dependent. This dilemma is
readily handled by the Mathcad worksheet
by using an iterative process.

First, Eqs 8 and 9 are applied by using the
“real” characteristic impedance supplied by
the manufacturer as estimates for Ry and
IZy1. Then an estimate of Z; is calculated
using Eq 10. Then those values of Z; and
R are used in Eqs 8 and 9. Z is recalcu-
lated. The new value of Z, is used to calcu-
late R and G, and Z is recalculated again.
This process provides a very good formula
for the frequency-dependent complex char-
acteristic impedance.

Properties for Any Length of Cable at
Any Frequency

Now we are armed with everything we
need to make detailed calculations of a
given cable segment at any frequency in the
1 MHz to 1 GHz range. To demonstrate this
capability, we will look at the properties of
a 50-foot length of Belden 8259 cable at
28.8 MHz. See Table 3 for a summary of the
results from the Mathcad worksheet.

Transmission Line Calculations for
Any Termination, Frequency, Length
and Input Power

All of the properties determined thus far
are independent of the load impedance.

Table 3
Belden 8259—RG-58A/U Type
Properties for 50 feet at 28.8 MHz

Electrical length 798.34°

Wavelengths 2.218 L

Interesting Half Wavelength 11.27 feet
Lengths Quarter Wavelength 5.64 feet
at 28.8 MHz Eighth Wavelength 2.82 feet

Interesting Half Wavelength 6.494 MHz
Frequencies Quarter Wavelength 3.247 MHz
for 50 feet Eighth Wavelength 1.623 MHz

Characteristic Impedance
Attenuation Constant
Phase Constant

50.002 - j0.436 Q
2.809x1073 nepers/foot
0.279 radians/foot

Resistance/foot 0.2619 Q
Inductance/foot 0.077 uH
Conductance/foot 7.611x10° siemens
Capacitance/foot 30.8 pF

Matched Loss 1.22 dB
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Table 4

Belden 8259—RG-58A/U Type
100 Feet at 14 MHz with 1500 W Applied

Load Impedance = 50 - j 500 Q

Table 5
Belden 8259—RG58A/U Type
100 Feet at 14 MHz with 1500 W Applied

Input impedance = 12.3719 — j 25.6079 Q

Matched Loss 1.66 dB S PR j
Total Loss 13.15 dB
Total Loss 13.15 dB
Ipl at Load 0.978
Ipl at Load 0.978 SWR at Load 90.37
SWR at Load 90.37 ket '
Ipl at Input 0.667
Ipl at Input 0.667
SWR at Input 5.01
SWR at Input 5.01 Load Imped 50 - j 500 Q
Input Impedance 12.3719 - j25.6079 Q Moa : mpavalrtlce St 619-6{ V RMS
Maximum Voltage Stress 619.4 V RMS Max!mum Voi o R o 1406 V RMS
Maximum Voltage Rating 1400 V RMS RXiEA Vojtage:Hatlng

Maximum Power Stress

27.7 W per foot

Maximum Power Stress

27.7 W per foot

Since a frequent application involves the
influence of various terminations on the loss
and SWR of the line, I placed these calcula-
tions on separate Mathcad pages. One set
of pages covers the case when the load im-
pedance is known and the input impedance
is to be found. The other set of pages is for
the opposite situation.

You must specify the frequency, length,
input power and cable’s load impedance (or
inputimpedance). This gives us enough data
to find the loss, reflection coefficient, SWR
and input impedance (or load impedance)
for any length cable at any frequency with
any load impedance (or input impedance).
The frequency, length, input power and
load impedance (or output impedance) may
be changed in the Mathcad worksheet so that
other examples may be solved. The
worksheet also calculates the maximum
voltage and power stress along the cable.

Continuing with our example using
Belden 8259 cable, Tables 4 and 5 show the
Mathcad calculations for 100 feet of cable
at 14 MHz, when the input power is 1500 W.
In Table 4 the load impedance is specified
as 50 —j 500 Q. In Table 5 the input imped-
ance used is 12.3719 - j 25.6079 Q, the re-
sult shown in Table 4. Note that four
decimal digits were used. This precision for
the input impedance specification was re-
quired to get the same numerical results for
both tables.

Notice that even for this high SWR load

on a low-power cable with 1500 W applied,
the voltage limit is not exceeded. On the
other hand, the power stress of 27.7 W per
foot would probably lead to cable damage
through overheating. The source of most of
the heating is along the surface of the center
conductor of the cable. It would be nice to
be able to determine whether this power
stress at a given ambient temperature would
lead to excessive cable internal temperature.
I hope to include this calculation in future
versions of the worksheet.

Designing Transmission Line
Resonators

A transmission line segment can be used
as a resonant circuit.* This behavior occurs
at frequencies that are multiples of a quarter
wavelength. For example, a shorted quarter-
wavelength cable behaves like a parallel-
resonant circuit and an open-circuited quar-
ter-wavelength cable simulates a series-
resonant circuit.

When the resonant frequency is given, the
properties of interest are the required length,
the Q of the resonator and the reactance (or
susceptance) level at resonance. The reac-
tance (or susceptance) level, X (or B), is the
reactance (or susceptance) at resonance of
the inductor or capacitor of the equivalent
lumped element resonant circuit that would
have the same properties.

The resonator calculations are made for
four cases: All combinations of quarter- and

Table 6

Belden 8259—RG-58A/U Type
Series Resonator at 21 MHz

Open circuited  Short Circuited
Quarter-Wave Half-Wave
Length 7.73 feet 15.461 feet
1Z\! 0.916 Q 1.832 Q
X Level 39.26 Q 78.44 Q
Q 42.85 42.82

Table 7

Belden 8259—RG-58A/U Type
Parallel Resonator at 21 MHz

Open circuited  Capacitive
Half-Wave Quarter-Wave
Length 15.461 feet 7.73 feet
1Z N' 1365 Q 2729 Q
B Level 0.03137 0.0157
siemens siemens
Q 42.82 42.85
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half-wavelength cables with either a short or
an open at the far end. In the worksheet I take
advantage of the knowledge of the
frequency dependence of Z; and 7 to find
“exact” values for X (or B) and Q. The fre-
quency dependence is required because a
derivative with respect to frequency must be
taken. The Q of all the resonators are almost
the same, however the reactance and
susceptance level can be changed by using
different length resonators.

Examples of the use of the worksheet for
resonator design at 21 MHz are shown in
Tables 6 and 7, for series and parallel resona-
tors, respectively. The length, impedance
magnitude at resonance, reactance (or
susceptance) level and resonator Qs are given.

Designing Inductive and Capacitive
Reactances from Transmission-Line
Segments

A transmission-line segment shorter than
a quarter wavelength is a convenient way to
realize an inductive or capacitive reactance.
The segment is shorted at the far end to yield
an inductive reactance and open circuited to
yield a capacitive reactance.

When the frequency and desired reac-
tance are given, the properties of interest are
the required length, the complex impedance,
the equivalent inductance or capacitance
and the Q of the equivalent inductor or ca-
pacitor. The component Qs realized in this
manner are often low, so they are worth
knowing. I arranged the worksheet so that
both of these cases are calculated.

As an example, 100-Q inductive and capaci-
tive reactances at 21 MHz are realized using
short segments of Belden 8259 cable. See
Table 8. Notice that the sum of the cable lengths
for the inductive reactance and the capacitive
reactance equals a quarter wavelength.

Summary

You can see how Mathcad can be used not
only to make accurate calculations on trans-
mission lines, but that it is also a useful




Table 8

Belden 8259—RG-58A/U Type
100 Q Reactance at 21 MHz

Inductive Capacitive
Short-Circuited  Open-Circuited
Length  5.45 feet 2.28 feet
Z, 43+/99.9Q 03-/100Q
Effective 0.757 uH 75.79 pF
LorC
Q 23.4 3145

learning tool. Starting with the limited data
supplied by the cable manufacturer, you can
find many useful properties of the line. Ex-
treme applications, such as resonators,
where the SWR on the line is very high, are
readily handled. These properties are avail-

able for any frequency for which the trans-
mission line model is valid. Of course, the
value of the calculated results depends on
how well the input data represents the cable
of interest.

A companion paper uses the same tech-
niques to find the properties of a transmis-
sion line when the starting point is short and
open circuit measurements of impedance.’

Notes and References

'W. E. Sabin, “Mathcad 6.0: A Tool for the
Amateur Experimenter,” QST, Apr 1996,
pp 44-47.

2Some suppliers of transmission lines for
Amateur Radio applications are:

Belden Wire and Cable Co
PO Box 1980

Richmond, IN 47375
800-BELDEN-1
www.belden.com

(Catalog available on line)

The Wireman, Inc.

261 Pittman Road
Landrum, SC 29356
800-727-WIRE
www.thewireman.com
n8ug @thewireman.com

Radio Works

Box 6159

Portsmouth, VA 23703
800-280-8327
www.radioworks.com
jim@ RadioWorks.com

°R. A. Chipman, Theory and Problems of
Transmission Lines, Schaum’'s Outline
Series (New York: McGraw-Hill, 1968),
pp 134-135.

‘Frank Witt, “Broadband Matching with the
Transmission Line Resonator,” The ARRL
Antenna Compendium, Vol 4 (Newington:
ARRL, 1996), pp 30-37.

*Frank Witt, “Transmission Line Properties
from Measured Data,” elsewhere in this
volume.
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Transmission Line Properties

from Measured Data

By Frank Witt, AI1H

41 Glenwood Road

Andover, MA 01810-6250
aith@arrl.net; fiw@world.std.com

Introduction

With two simple measurements at a
single frequency, you can calculate the im-
portant properties of a transmission line.
From these properties, prediction of the
behavior of the line for other lengths and
frequencies is possible. These calculations
are made using Mathcad worksheets,'
which takes advantage of the ease with
which Mathcad handles complex numbers.
I created these worksheets using Mathcad,
and it may not work with earlier versions.
Each worksheet uses techniques that are ex-
tensions of some BASIC programs written
by Walt Maxwell, W2DU,” and it comple-
ments some other useful transmission line
programs.**

I will address some interesting issues
regarding transmission lines, such as the im-
portance of using complex characteristic
impedance and alternative methods for deter-
mining cable loss. Some of the references used
for the transmission-line calculations are
listed at the end under Notes and References.

The Mathcad worksheet contains many
exact formulas, without any approxima-
tions. The literature available to most radio
amateurs has often lost sight of the exact
formulas. Along with the exact values, [ will
show some useful approximations, so that
you can make comparisons.

The worksheet also shows how closely one
can estimate certain cable characteristics with
some easy measurements. And along the way,
I will demonstrate that the matched loss is not
the minimum loss of a cable.

Copies of Mathcad worksheets are located
on the CD-ROM in the back of this book. The
workhorse is TLMEASV6.MCD. Its input data
are measurement results for a 22-foot 3'/2-inch
segment of RG-58C 50-£) coaxial cable mea-
sured at 3.6 MHz. With other input data, the
same worksheet may be used for other trans-
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mission lines, A PDF and an RTF-format

printout of the Mathcad worksheet are also
on the CD-ROM. The second worksheet,
TLMEASDATAV6.MCD, provides additional
data that can be substituted for the data in
TLMEASV6.MCD using a copy and paste pro-
cedure. (Worksheets for Mathcad Version 8
are also on the CD-ROM).

The transmission-line model assumes that
the line does not radiate any of the energy it
carries. For coaxial cable, this means that
the shield is essentially perfect (hence no
leakage of radiated energy) and that no cur-
rent flows on the outside of the shield.® For
balanced lines, the assumption means that
the spacing is very small compared to a
wavelength, and the currents in the two
wires are equal and opposite at all points
along the line.

One application of the worksheet is to cal-
culate the properties of cable from the same
batch at other frequencies and for different
lengths. Also, you may determine the proper-
ties of transmission line resonators and reac-
tances made from the same cable batch. I have
also found the worksheet useful for compar-
ing the manufacturer’s published data with the
cable’s calculated properties. If you have an
old piece of cable whose quality is in question,
you can measure it and then compare with

calculated values to see if its properties have
deteriorated.

I do caution you to keep the results re-
ported by the worksheet in perspective. The
kind of accuracy achieved on the computer
screen is usually not required in real-world,
practical applications. Further, manufactur-
ing tolerances for the cable properties are
limited, and the accuracy of the equipment
used for measuring the input data is another
limitation. You should always remember
that the results provided by the worksheet
are only as good as the accuracy of the
measured data and, of course, the validity of
the transmission line model.

The axiom “garbage in, garbage out”
definitely applies here! The quality of the
RF impedance measuring equipment that
have been brought to market lately has been
rapidly improving. The transmission-line
model based on quantities per unit-length,
has stood the test of time. If need be, as-
sumptions regarding frequency dependence
of the per-unit-length quantities can be re-
fined and modified in the worksheet.

The tutorial and reference value of the
Mathcad worksheet lies in having in one
location a host of transmission-line formu-
las that came from many sources. The
worksheet is self-documenting and shows




the formulas used to solve each particular
problem.

Physical Constants and
Conversion Factors

Because of the inherent accuracy of
Mathcad, 1 like to use currently accepted
values for the speed of light and conversion
factors. Also, where conversion factors may
be calculated by Mathcad, those values are
used. Anexample of this is conversion from
nepers to decibels. Table 1 shows the val-
ues used in the Mathcad worksheet. One
good thing about using reliable values is
that you can easily compare results using
alternative derivations.

Input Data

In order to demonstrate the use of the
worksheet with real data, Pete Schuch,
WB2AUQ, measured a 22-foot 3'/>-inch
segment of RG-58C 50-Q coaxial cable
(Wireman 127) at 3.6 MHz. He measured
the impedance with the far end both open
and cshort-circuited, using a Hewlett
Packard Model 8753B Network Analyzer.
He chose a frequency at which the cable is
near an odd multiple of '/s wavelength. This
maximizes the accuracy of the measure-
ment.” The results were:

Zoc =0.80 - 50.20 Q
Zsc =3.53+j51.78Q

You must enter an estimate of the veloc-
ity factor in order to resolve an ambiguity
arising from the calculation of the phase
constant. The estimate for the velocity fac-
tor is the published value of 0.66. The
choice of this value is not critical for the
example at hand because the length of the
cable is less than a quarter wavelength. For
cables longer than a quarter wavelength a
rough estimate is required for the worksheet
to resolve the ambiguity.

I assume that the conductance per unit
length increases exponentially with fre-
quency. This means that the loss due to the
insulation will increase at the same rate.
This is analogous to the loss due to the con-
ductorsincreasing as ,/frequency due to the
skin effect.

To account for the different rates at which
the insulation loss increases, I define the
insulation exponent, g. For the cables I have

studied, g is near unity. If g is unknown,
unity is a good choice. The insulation expo-
nent may be found by using manufacturer’s
published data. The insulation exponent
chosen is the one which gives the best fit to
the matched-loss data over the published
frequency range, usually 1 MHz to 1 GHz,
but sometimes as high as 4 GHz. See my
other article “Transmission Line Properties
from Manufacturer’s Data” elsewhere in
this volume. For the RG-58C cable used in
the example, g = 1.0.

Basic Cable Properties at the
Test Frequency

In the spreadsheet, a large number of
decimal digits are often shown. This is done
to demonstrate the degree of equivalence
between two quantities. The approach in-
volves deriving the cable parameters that
are valid over the entire length of the cable
at the measurement frequency. Then, with
assumptions of how these parameters vary
with frequency, a set of frequency and
length-dependent cable parameter functions
are derived. Using these functions, you may
determine a wide range of cable properties
for arbitrary frequencies and lengths.

Characteristic Impedance

Note that the formula for characteristic
impedance, Zj, yields a complex number.
The real part of this number is much greater
than the imaginary part, so the imaginary
part is often assumed to be zero. Except for
lossless lines and for a very special case,
called the distortionless line case, which
occurs at a single frequency, the imaginary
part of Zg for any line with loss will not be
zero. We will see later instances when the
full complex value is required in order to get
the correct answers.

One way of describing the characteristic
impedance is that it is the impedance that
yields no standing waves when the line is
terminated in it. There would be no reflected
voltage or current wave for this case. It is
often referred to as a matched line. How-
ever, as will be demonstrated later, it is not
the termination that yields the minimum
loss on the line.

Propagation Constant

At the measurement frequency, we want
to know the propagation constant of the

Table 1

Values Used in the Mathcad Worksheet
Parameter Value Source
Speed of light ¢ 299.792458 Mathcad
in Megameters/s

Feet per meter 0.3048 (exactly) Mathcad

Nepers per dB In(10)/20

Mathcad calculation

transmission line, y. Here, y= 0.+ j P is a
complex number that describes the propa-
gation properties of the line. The real part,
o, the attenuation constant, is a measure of
the dissipative loss of energy along the line.
Its units are nepers per unit length. The
imaginary part, B, the phase constant, de-
scribes how the phase of voltage or current
change along the line. Its units are radians
per unit length.

We can derive the propagation constant
from the open and short-circuit impedance
data, but there is an ambiguity in the phase
constant because of the cyclic nature of the
arctangent function. There is no problem if
we know the line is less than a quarter wave-
length long. By using an estimate of the
velocity factor, however, we can find out the
nearest number of half wavelengths that
make up the cable length and thereby re-
solve the ambiguity.

Velocity Factor and Effective
Dielectric Constant

Earlier, we made an approximation in the
input data for the velocity factor. Once B is
known, we can calculate the actual velocity
factor. One implication of the assumption
that the capacitance per unit length is inde-
pendent of frequency is that the velocity
factor is also independent of frequency. This
is equivalent to an assumption that the ef-
fective dielectric constant of the insulation
isindependent of frequency, which for most
practical cables is a fairly good assumption.
The effective dielectric constant is also cal-
culated in the worksheet.

Resistance, Inductance, Conductance and
Capacitance per Foot

The usual model assumed for a transmis-
sion line supports a single mode of propaga-
tion and may be thought of as having dis-
tributed resistance, inductance, conduc-
tance and capacitance per unit length. You
may calculate these distributed elements
from the complex characteristic impedance
and propagation constant. The reactive ele-
ments, L and C, are almost independent of
frequency, and the contributors to cable
loss, R and G, increase with frequency. R is
due to ohmic losses in the cable conductors
and G accounts for the imperfect insulation.

Frequency Dependence

Characteristic Impedance and
Propagation Constant as a Function
of Frequency

By taking advantage of knowledge of the
way in which the per-unit-length properties
vary with frequency, we can derive Z; and y
for other frequencies. The capacitance perunit
length may be regarded as constant to the
extent that the effective dielectric constant
of the insulation does not change with fre-
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quency. I assume no variation with frequency.

The inductance per unit length varies
because skin effect influences the current
distribution in the conductors (and hence the
magnetic field). However, over the fre-
quency range of interest, 1 MHz to 1 GHz,
we can assume that the inductance per unit
length is independent of frequency. The
resistance per unit length is assumed to be
due to skin effect and proportional to
yfrequency . The conductance per unit
length is assumed to increase exponentially
with frequency, as discussed earlier.

The frequency-dependent characteristic
impedance and the propagation constant
will be used to find the cable properties at
other frequencies and lengths. If the origi-
nal input data is error-free, the only sources
of error are the transmission line model and
the per-unit-length frequency dependence
assumptions. :

If the measured data is in error, the
amount of the error can be magnified for
frequencies away from the test frequency.
For example, if the measurement is made at
lower frequencies, where the loss is prima-
rily due to the conductors, the calculated
value of G, the conductance per unit length,
will be very small, and the error in its calcu-
lated value could be large. The impact of the
error will be very small at HF, but at VHF
and beyond, the error in G and the loss due
to the insulation may be large. A more accu-
rate determination of G will come from a test
frequency in the VHF region. For this case,
since the impact of G is small at HF for
common cables, the calculation of cable
properties at HF will usually be valid.

Matched Loss versus Frequency

Matched loss occurs when the cable is ter-
minated in its characteristic impedance. Un-
der this condition, the reflection coefficient is
zero along the line and the line is considered
flat; ie, the magnitude of the voltage and cur-
rent along the line always decreases as we
move away from the generator. There are no
standing waves along the line. The attenuation
constant, o, is the matched loss per unit
length expressed in nepers per foot. We usu-
ally express matched loss in units of decibels
per 100 feet.

The matched loss may be broken down
into two elements, that due to losses in the
conductors and that due to the insulation. To
a first order, the loss due to the conductors
is proportional to ./frequency , and the loss
due to the insulation increases with fre-
quency raised to the g™ power. When these
two components of loss are separated, it is
seen in the matched loss versus frequency
graph that conductor losses dominate at HF,
and that it is only at VHF and above where
insulation losses begin to show up.

The Mathcad worksheet shows the
matched loss over a wide frequency range.
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Note that the total matched loss versus fre-
quency graph in the Mathcad worksheet re-
sembles those published in The ARRL Hand-
book and The ARRL Antenna Book.

Loss Crossover Frequency

Since the loss due to the non-ideal conduc-
tors dominates at low frequencies and the loss
due to the insulation becomes more important
at higher frequencies, it is interesting to calcu-
late the frequency where the two loss contri-
butions are equal. I call this frequency the loss
crossover frequency, Fy .

At Fy the characteristic impedance is real.
The Mathcad spreadsheet takes advantage of
this fact by calculating Fy in two steps, first
atthe measurement frequency and then at Fy .
Below Fy the imaginary part of Zj is nega-
tive and above it is positive. The value of the
characteristic impedance at Fy is the same as
the “Physical Characteristic Impedance” that
I will describe later.

The value of Fy of 65 GHz for the
example given in the appendix is unreal-
istically high. Here is an example where
the measurement frequency is too low
(3.6 MHz) to yield valid cable characteriza-
tion beyond the HF region.

Solutions for Arbitrary Frequency
and Length

For each of the following calculations,
the same frequency and/or length are used.
I define the new frequency to be Fypw and
the new length to be Lengthygw. The fol-
lowing quantities are calculated at the new
frequency and length, which were arbi-
trarily selected to be 28.8 MHz and 50 feet,
respectively.

« Electrical angle

* Length in wavelengths

= Half, quarter and one-eighth wavelength
cable lengths for the new frequency

« Frequencies at which the cable is a half,
quarter and one-eighth wavelength for the
new length

* Characteristic impedance at the new
frequency.

Evaluation of Approximations

In the remaining sections of the Mathcad
worksheet, I evaluate the accuracy of some
approximations for various transmission line
parameters. These methods are useful because
they allow you to use simple test equipment
and data furnished by the cable manufacturer
to ascertain other useful cable information and
to validate the furnished data.

The procedure I use is to assume that the
cable properties derived from the open and
short-circuit impedance measurements are
the actual properties. Then I compare the
estimated values with those values. I have
found that this technique provides much
insight in dealing with alternative methods
for obtaining cable properties.

“Real” Characteristic Impedance

Cable manufacturers furnish a value for
the characteristic impedance of a cable. Itis
always a real number and is never shown to
be dependent on frequency. Since we know
that the actual characteristic impedance
is complex, but mostly real, what is the
meaning of the published “real” character-
istic impedance?

Here are some candidates for the mean-
ing:

« “Physical” characteristic impedance is de-
fined as that established by the inductance
per unit length and the capacitance per unit
length. It is defined as:

ZOLC =, %Xloﬁ

The 10 factor is necessary because the units

for inductance and capacitance are in

microhenrys and picofarads, respectively.

* It is a real number and is independent of
frequency to the extent the capacitance
and inductance per-unit-length are inde-
pendent of frequency.

* The real part of the characteristic impedance,
Ry, is nearly independent of frequency.
The magnitude of the characteristic imped-
ance, | Zgl, is also nearly independent of
frequency.

The three quantities are not identical, but
for most applications the differences are
inconsequential. All three values are com-
pared in the worksheet. Since Zg ¢ is most
nearly independent of frequency in practice,
it is reasonable to interpret the published
“real” characteristic impedance tobe Zgic.
Manufactures of cable need not really define
what they mean by their Z; specification
because the differences among the above
candidates are much less then the manufac-
turing tolerances for that specification.

“Real” Characteristic Impedance
from Capacitance per Foot and Velocity
Factor

The following approximation is some-
times used to find the characteristic imped-
ance of a transmission line:

_ 1016.703

ZoLe = G VE

Some digital multimeters measure ca-
pacitance very accurately. The measure-
ment frequency is conveniently very low.
By measuring the capacitance of a length of
cable and dividing by the length in feet, C
(in pF/foot) may be determined. The veloc-
ity factor may be obtained from furnished
data or by a variety of measurement meth-
ods, usually involving finding the frequency
where the cable length is some integer mul-
tiple of a quarter wavelength. The very close
agreement seen for the examples is typical.

The equation for the “real” characteristic




impedance shown above may be rewritten
as follows:

Zorc x Cx VF =1016.703

ZoLc,Cand VF are usually provided by the

suppliers of cables. This equation provides
a good way of checking the consistency of
cable specifications.

Complex Z; from Propagation Constant

Suppliers of transmission lines do not
provide a complex value for characteristic
impedance. The reason for this is that the
imaginary part of the complex impedance is
frequency dependent. To find an estimate of
the complex Z; for the case when most of
the loss is due to the conductors and not the
insulation, the propagation constant may be
used. You can compute the propagation con-
stant, Y= 0.+ jp, from the data provided. The
suppliers provide the attenuation in dB per
100 feet, Agpg, at some reference fre-
quency, Fg, the velocity factor, VF, and
Zyr ¢, the “real” characteristic impedance.
Calculate o (in nepers/foot) from:

In(10)
%R =000 Aorr

To find o at the frequency of interest, F,
use:

a=ak\/%

B (in radians/ft) may be calculated from:

B_21:1=><106
~ ¢xVF

An estimate of the complex characteris-
tic impedance is given by:

o
Zoest = ZoLc (1 = E)

This estimate is useful at frequencies
where the cable loss is dominated by con-
ductor loss.

Inductance per Foot from Capacitance
and an Estimate of the Physical Z

The inductance per foot may be calcu-
lated from an estimate of the physical char-
acteristic impedance and C. This quantity
is difficult to measure directly and is usu-
ally not provided by the cable manufac-
turer.

Magnitude of Zy and One-Eighth
Wavelength Frequency from Impedance
Measurements

One technique for finding cable character-
istics capitalizes on a property of a cable
whose electrical length is one-eighth wave-
length. For such a cable, the magnitude of the

input impedance will be close to | Zg| when
the far end is terminated in a resistor of any
value. This equivalence is exact if Z is real,
but we know this is never true except at F, or
if the cable is lossless. This section of the
Mathcad application illustrates how close this
equivalence is in practice. The error is ex-
pressed as a percentage of the actual magni-
tude of the characteristic impedance.

The measurement technique is as follows:
Estimate the frequency at which the cable
an eighth wavelength, Terminate the farend
of the cable with the AI1H Geometric Re-
sistance Box.3? Measure the magnitude of
the near-end impedance as the load resis-
tance is changed.!? Change the frequency
until the measured quantity is approxi-
mately the same for the highest and lowest
load resistances. The frequency is the
eighth-wavelength frequency and the value
of impedance at the highest and lowest load
resistances is a good approximation to the
magnitude of the characteristic impedance.
This value is very close to the real part of
the characteristic impedance and the physi-
cal characteristic impedance.

Matched Loss from
Reflection Coefficients

An accepted method for determining the
matched loss of a cable is to measure the re-
flection coefficient, or equivalently the
SWR, at the generator end when the other
end of the cable is either open or short cir-
cuited. The theory behind this method is
based on the concept that a wave launched
at one end, which is totally reflected at the
far end, will experience twice the matched
loss while traversing the cable. Twenty
times the log of the reflection coefficient is
called the return loss. Half of the value of
the return loss is an estimate of the matched
loss in decibels.

The accuracy of this method depends on the
reference impedance used for measuring the
reflection coefficient. Ideally, the reference
impedance should equal the line’s complex
characteristic impedance. In that case, the
method gives the correct result when the line is
terminated in either a short or an open circuit.

However, this measurement is usually
made with a resistive reference impedance,
rather than the complex characteristic im-
pedance of the cable. Note that when you use
a resistive reference impedance, the results
are different for a short and for an open ter-
mination, and neither value is correct. The
errors are larger when the cable length is
short compared with a wavelength. How-
ever, notice that the geometric mean of the
two reflection coefficients (obtained with the
open- and short-circuit tests) yields a very
good approximation to the matched loss. I
recommend that this geometric averaging be
used when loss is measured this way.

Minimum Loss

Itis commonly believed that the matched
loss, treated in the last section, is the mini-
mum loss that a cable will have. One impact
of the fact that Zg is complex is that the
cable loss can be lower than the matched
loss. While this is an interesting scientific
result, it has little practical value. The ac-
tual minimum loss occurs when the cable
termination is the conjugate complex of the
characteristic impedance. Through the use
of the abed matrix parameter representation
of the cable, I calculate the loss in the
worksheet. It is slightly less than the
matched loss.

For the true matched-loss case, the stand-
ing wave ratio is 1:1. The line behaves as
though it were terminated in a line of infi-
nite length and hence no reflections occur.
However, when the load is the conjugate of
the characteristic impedance, the cable loss
will be at its minimum value, and there will
be voltage and current standing waves on
the cable, albeit low in magnitude. This
SWR is calculated in the worksheet. Thus
there are standing waves on a cable when it
is terminated in the impedance that provides
minimum loss.

Transmission Line Calculations for
Any Termination, Frequency and
Length

All of the properties calculated thus far
are actually independent of the load imped-
ance. Since a frequent application involves
the influence of various terminations on the
loss and SWR of the line, these calculations
are located on separate Mathcad pages. One
page covers the case when the load imped-
ance is known and the input impedance is to
be found. The other page is for the opposite
situation.

You must choose the frequency, length
and cable’s load impedance (or input imped-
ance). This gives us enough data to find the
loss, SWR and input impedance (or load
impedance) for any length cable at any fre-
quency with any load impedance (or input
impedance). The frequency, length and load
impedance (or output impedance) may be
changed in the sample Mathcad worksheet
so that other examples may be solved.

For one of the cases, the loss is calculated
in two ways, using modified reflection co-
efficients!'! and then by using the abcd ma-
trix representation of the transmission line.
The results are identical.

Designing Transmission Line
Resonators

A transmission line can be used as a
resonant circuit. The behavior occurs at
frequencies that are multiples of a quarter
wavelength. For example, a shorted quarter-
wavelength cable simulates a parallel resonant
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circuit, and an open-circuited quarter-wave-
length cable simulates a series resonant circuit.

When the resonant frequency is given, the
properties of interest are the required length,
the Q of the resonator and the reactance (or
susceptance) level at resonance. The reac-
tance (or susceptance) level, X (or B), is the
reactance (or susceptance) at resonance of
the inductor or capacitor of the equivalent
lumped element resonant circuit that would
have the same properties.

The resonator calculations are made for
four cases: all combinations of quarter and
half-wavelength cables with either a short
or an open at the far end. Note from the
worksheet that we take advantage of the
knowledge of the frequency dependence of
Z and yto find “exact” values for X (or B)
and Q. The frequency dependence is re-
quired because a derivative with respect to
frequency must be taken. The Q of all the
resonators are almost the same; however,
the reactance and susceptance level can
change by using different length resonators.

Approximate values for X (or B) and Q
are also shown. Note that a derivative with
respect to frequency is not required for these
calculations. Also note that the calculated
resonator Q is the same for all four resona-
tors at a given frequency. Examination
of the equations shows that for a given
cable type, the Q will increase with the
4/frequency . Also, a comparison of the
approximations with the exact result shows
that the approximations are excellent.

Designing Inductive and Capacitive
Reactances from Transmission Line
Segments

A transmission line segment that is
shorter than a quarter wavelength is a con-
venient way to realize an inductive or ca-
pacitive reactance. You short the segment
at the far end for an inductive reactance and
open circuit it for a capacitive reactance.

Given the frequency and desired reac-
tance, the properties of interest are the
length, the complex impedance, the equiva-
lent inductance or capacitance and the Q of
the equivalent inductance or capacitance.
The components realized in this manner
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often exhibit low Qs, so this calculation is
important. The worksheet calculates both
the inductive and capacitive cases.

Summary

You can see how Mathcad can be used to
not only make useful calculations on trans-
mission lines but also as a useful learning
tool. Starting with only two impedance mea-
surements on a single segment of cable at a
single frequency, you can compute many
useful properties of the line. These proper-
ties are not only available at the measure-
ment frequency but at other frequencies. Of
course, the value of the calculated results
depends on the accuracy of the input data.

I appreciate the valuable comments of
Walt Maxwell, W2DU, Bill Sabin, W@IYH,
Chris Kirk, NVI1E, Charlie Michaels,
W7XC, and Fred Griffee, N4FG. I thank
Pete Schuch, WB2UAQ, for making the
measurements on the line in worksheet
TLMEASV6.MCD.

A companion paper in this book uses the
same techniques to find the properties of a
transmission line when the starting point is
the limited data furnished by the cable
manufacturer.!? The matched loss versus
frequency graphs in the Mathcad work-
sheets resemble those published in The
ARRL Handbook and The ARRL Antenna
Book. I recommend that the methodology
presented there be used to validate and/or
update the ARRL graphs.
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Vertical Antennas

Elevated Vertical Antennas Over
Sloping Ground

By Al Christman, K3LC
Grove City College

100 Campus Drive

Grove City, PA 16127-2104

some hams in Sweden who were prepar-

ing to construct an elevated four-square
vertical array. The ground at their site was
not level, but sloping, and they wanted to
know the best way to orient the antennas and
the radials. I gave them an initial answer,
based on some analyses that I had performed
using ELNEC.! Since then, I've obtained
better software, and this article presents the
results of that updated study.

In mid-1994, 1 received a letter from

Computer Simulation

All of the computer modeling shown here
was carried out using EZNEC pro.? This is
an improved version of Roy (W7EL)
Lewallen’s widely used ELNEC software,
but it incorporates NEC-4° as its computing
engine rather than MININEC.* Because of
this upgrade, EZNEC pro can model anten-
nas that touch or even penetrate the
ground, and it also handles real ground
much more accurately than ELNEC. My
1988 QST article on elevated vertical anten-
nas® was derived from computer analysis I
had completed using NEC-GSD, a special
version of NEC-3 that was configured to
efficiently model vertical antennas with
large numbers of symmetrically disposed
radials and/or top-hat wires. NEC-4 is, it-
self, a descendant of NEC-3, and is similar
to it in many ways.

Fig 1 shows a single vertical monopole
antenna with four horizontal radials; each
conductor has an electrical length of 0.25 A at
a frequency of 3.8 MHz. All wires are #12
AWG (radius = 1 mm) and the base of the
antenna is 15 feet above the ground. The
monopole and the outer ends of the radials are
supported by metallic masts, which are an-
chored to the earth via 5-foot ground rods.
The height of the radial-support masts is
15 feet, and they are separated laterally from
the tips of the radials by a distance of 6 inches.
The central mast supports the monopole, but

is only 14.5 feet high, so it is not electrically
connected to the vertical radiator. This ar-
rangement, which I called “isolated feed” in
the earlier QST article, reduces the amount of

No Connection
Between Radial
and Mast

S
:

Radial

'/—— Monopole

~— Feed Point

*\—— Must} Five l

Ground Rod | Places

Fig 1-Physical layout of an elevated-
vertical antenna with four elevated,
horizontal radials. The coax shield is
connected only to the four radials, and
not to the central support mast (so-
called isolated feed). Height=15 feet.

current that flows on the center mast.

At this point I ran into a minor problem
caused by a limitation in EZNEC. My earlier
NEC-GSD model had used an aluminum
monopole and copper radials, plus steel masts
and ground rods, while EZNEC requires that
all metallic conductors be composed of the
same material. To overcome this difficulty I
used an EZNEC pro model in which all the
conductors were made of aluminum. The con-
ductivity of aluminum is intermediate be-
tween those of copper and steel, so I felt that
selecting aluminum for the entire antenna
would be a good compromise.

Finally, I decided to change the conductiv-
ity of the soil for the EZNEC pro computer
models. Back in 1988, 1 had used a conductiv-
ity value of 0.003 Siemens/meter, in conjunc-
tion with a dielectric constant of 13. Since
W7EL includes several standard sets of
ground constants, I chose to follow his lead
and assume a soil conductivity of 0.005 S/m,
which allows me to keep the dielectric con-
stant fixed at the previous value of 13.
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Sloping-Ground Strategy

The next area of concern is the technique
for modeling sloping ground. With NEC it
is possible to construct a ground composed

" of two regions, each with its own conduc-
tivity and dielectric constant. However, the
authors of the code didn’t anticipate the
need to model a large expanse of smooth but
sloping ground. The easiest way to do this
is simply to tilt one or more portions of the
antenna so that the geometrical orientation
of the tilted antenna over flat ground is iden-
tical to that of a normal upright antenna over
sloping ground. This concept is illustrated
in Fig 2; rotating the drawing at (a) by o in
aclockwise direction produces the drawing
at (b). Of course, EZNEC doesn’t know that
you have done this, so all of the elevation-
plane radiation patterns that it produces
will be correct for flat ground, and these
must also be rotated clockwise by a to
make them correct for sloping ground.

Throughout this article I have used a
slope angle of 8°, which means that the
ground is fairly steep. I chose such a large
angle for two reasons. First, I am sure that
some amateurs have antenna farms situated
on terrain similar to this, or even worse. In
the mid-1970s I worked in the coal mines of
southern West Virginia, and I had almost
two hours less daylight at my QTH “down
in the hollow” than the fellows who lived
50 miles away in the flatlands. Second, I
wanted to make sure that any slope-induced
changes in the radiation patterns were big
enough to be easily discernible on the plots,
and the best way to accomplish this was to
use a large angle.

Evaluation Approach

To appropriately answer the original
question, namely, what’s the best way to
erect a four-square over sloping ground, it’s
necessary to take some intermediate steps
to get to the core issues. In this article, I'11
first look at a few configurations for a single
vertical with elevated radials, then a pair in
a cardioid array (90° spacing and phasing),
and finally the four-square. Each analysis
is based on four radials per element, except
in certain specific situations where the an-
tenna geometry allows combining radials;
in these situations, I’11 state how the models
are configured.

Once this basic analysis is done, I'll draw
some conclusions about the best approach
to take for the single element, cardioid, and
four-square array, depending on your par-
ticular location and goals. You can draw
additional conclusions from this material as
well—such as the trade-offs and advantages
of building vertical antennas and arrays
using sloping radials over flat ground.

Single Elevated Vertical Antenna
There are a number of different ways to
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configure a single elevated vertical-mono-
pole antenna over sloping ground, since
either the radials and/or the monopole can
be tilted with respect to the local earth sur-
face. I decided immediately to always
orient the monopole so it was perfectly ver-
tical (“straight up and down”), because I
don’t think anyone would deliberately try
to support a large quarter-wave radiator in
an inclined position.

If we specify that all four of the elevated
radials must lie in a single plane, then there
are only two ways to orient this plane, as

illustrated in Fig 3. Antenna A in the figure
shows the radial-plane located parallel to
the local (sloping) ground. Here, each of the
four radial wires is always at the same height
above the ground along its entire length.
(Notice that the plane containing the radials
is not perpendicular to the vertical mono-
pole.) The other option is illustrated as
antenna B, where the radial plane is perpen-
dicular to the vertical monopole, but no
longer parallel to the local ground-level.
Now the radials form a plane that is per-
fectly horizontal, but their height above lo-
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Fig 2-A tilted antenna over flat ground looks like a normal antenna over sloping
ground. The tilt angle, a, is the same as the ground-slope angle.
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Fig 3-If all four radials must be coplanar, only two placement options exist: At A,
the radial plane is parallel to local ground; at B, the radial plane is perpendicular to

the vertical monopole.
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Fig 4-If all of the radials do not need to lie in the same plane, then two more
options appear: At C, the uphill radials are parallel to local ground while the
downhill radials are perpendicular to the vertical monopole; at D, the uphill radials
are perpendicular to the vertical monopole and the downhill radials are parallel to

the local ground.




cal ground may vary from place to place.

In contrast, if we do not force all four of
the elevated radials to lie in the same plane,
then two more variations in their position-
ing become possible, as shown in Fig 4.
Antenna C of this figure has the uphill
radial(s) drawn parallel to the local (slop-
ing) ground, with the downhill radial(s)
depicted as perpendicular to the vertical
monopole. For antenna D the downhill
radial(s) are parallel to the sloping ground,
with the uphill radial(s) drawn perpendicu-
lar to the vertical monopole.

After the elevation-plane orientation of
the radials has been selected, the next task is

to determine the azimuth positioning of the
four radials with respect to the sloping
ground. There are many possibilities, but
Fig 5 shows the only two variations that will
be discussed in this paper. In part (i), two of
the radials lie parallel to the “line of steep-
est descent,” while the remaining two
radials are perpendicular to this line. For
example, if the ground slopes directly
downhill along a line that runs from north
to south (toward 180° azimuth), then the
four radials would point to the four cardinal
points of the compass—north, south, east
and west. Part (ii) illustrates the second al-
ternative, wherein the radials all are turned

at 45° with respect to the line of steepest
descent. Thus the four radials point to the
northeast, southeast, southwest and north-
west, respectively.

The four elevation choices (A, B, C and D
of Fig 3 and Fig 4) in combination with the
two azimuth selections (i and ii in Fig 5) yield
atotal of eight different possible ways to con-
struct a single elevated-radial vertical-mono-
pole antenna. Table 1 summarizes the com-
puter-predicted performance of each configu-
ration, showing the maximum gain in various
directions (downbhill, uphill, either side of the
hill) as well as the amount of non-circularity
in the azimuth-plane radiation pattern.

Table 1A

Power Gain versus Direction, Noncircularity, Front-to-Back Ratio and Front-to-Side Ratio for Eight Configurations
of a Single Isolated-Feed Vertical Antenna with Four Elevated Radials with a Ground Slope Angle of 8°

Power gain (dBi)

Config- Downhill Uphill
uration

Ali) 0.24 0.12
B(i) 0.77 -0.42
C(i) -0.02 -0.77
D(i) 0.78 0.07
Alii) 0.21 0.16
Bi(ii) 0.72 -0.60
C(ii) 0.47 -0.15
D(ii) 0.56 =0.21
Table 1B

Sides Noncire- Front/Back Front/Side

ularity (dB) Ratio (dB) Ratio (dB)
0.22 0.12 0.12 0.02
0.08 1.19 1.19 0.69
0.44 1.21 0.75 —0.46
-0.40 1.18 0.71 1.18
0.18 0.05 0.05 0.03
0.16 1.32 1.32 0.56
0.18 0.62 0.62 0.29
0.21 0.77 0.77 0.35

Power Gain versus Direction, Noncircularity, Front-to-Back Ratio and Front-to-Side Ratio for Eight Configurations
of a Single Isolated-Feed Vertical Antenna with Four Elevated Radials with a Ground Slope Angle of 4°

Power gain (dBi)

Config- Downbhill Uphill
uration

A(i) 0.25 0.19
B(i) 0.53 -0.09
C(i) 0.14 -0.22
D(i) 0.56 0.22
A(ii) 0.22 0.19
B(ii) 0.51 -0.16
C(ii) 0.36 0.03
D(ii) 0.39 0.02
Table 1C

Sides Noncirc- Front/Back Front/Side

ularity (dB) Ratio (dB) Ratio (dB)
0.23 0.06 0.06 0.02
0.19 0.62 0.62 0.34
0.39 0.61 0.36 -0.25
-0.04 0.60 0.34 0.60
0.20 0.03 0.03 0.02
0.20 0.67 0.67 0.31
0.20 0.33 0.33 0.16
0.21 0.37 0.37 0.18

Power Gain versus Direction, Noncircularity, Front-to-Back Ratio and Front-to-Side Ratio for Eight Configurations
of a Single Isolated-Feed Vertical Antenna with Four Elevated Radials with a Ground Slope Angle of 12°

Power gain (dBi)

Config- Downhiil Uphill
uration

A(i) 0.20 0.02
B(i) 0.94 -0.75
C(i) -0.21 -1.42
D(i) 0.89 -0.22
Afii) 0.20 0.12
B(ii) 0.85 -1.11
C(ii) 0.54 -0.31
D(ii) 0.70 -0.51

Sides Noncire- Front/Back Front/Side

ularity (dB) Ratio (dB) Ratio (dB)
0.21 0.19 0.18 =0.01
-0.15 1.69 1.69 1.09
0.41 1.83 1.21 -0.62
-0.79 1.68 1.1 1.68
0.14 0.08 0.08 0.06
0.10 1.96 1.96 0.75
0.14 0.85 0.85 0.40
0.20 1.21 1.21 0.50
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This table contains several items of inter-
est, First, if true omnidirectional coverage
is desired, configuration A(ii) produces a
radiation pattern that is almost perfectly
circular, despite being constructed over
sloping ground. This antenna has its four
radials oriented at 45° to the line of steepest
descent, in a plane that is parallel to the lo-
cal ground.

All eight configurations have more gain
in the downhill direction than uphill, so I
have chosen to equate downhill with the
front of the radiation pattern. Antenna D(i)
has the most gain toward the front, and is
especially notable for having the least
amount of radiation to the sides, as well as
the largest front-to-side ratio. The honors
for highest front-to-back ratio belong to
antenna B(ii), which also holds third place
in both forward-gain and front-to-side ra-
tio. Antenna B(i) is the runner-up in no less
than three categories: front-to-back ratio,
front-to-side ratio, and forward gain, where
itloses to antenna D(i) by only 0.01 dB. The
uphill-downhill elevation-plane radiation
patterns for all three of these antennas are
shown together in Fig 6; remember that
(here) the ground slopes downhill toward
the right edge of the page. Fig 7 illustrates
the side-to-side elevation-plane radiation
patterns for the same three antenna configu-
rations.

None of these antennas produces maxi-
mum gain in the uphill direction, but C(i) is
very unusual because its peak gain occurs
to the sides rather than uphill or downhill.
As aresult, its front-to-side ratio is actually
negative, if we consider downhill to be the
front. This configuration produces more
signal to the sides, and less signal going
uphill or downhill, than any of the others.

Rus Healy, K2UA, suggested that it
would be helpful to examine what happens

to the radiation pattern of a single elevated
vertical antenna if the ground was sloped at
some angle greater or less than 8°. There-
fore, information for a slope angle of 4° is
listed in Table 1B, and Table 1C includes
data for a 12° slope. For both of these addi-
tional slope angles, all eight configurations
still have the most gain in the downhill di-
rection. Increasing the steepness of the
ground causes the front-to-back and front-
to-side ratios to increase proportionally,
while the reverse is true when the ground
becomes flatter. As before, configuration
A(ii) always yields the most circular azi-
muth-plane pattern, while C(i) continues to
produce more gain alongside the hill than it
does downbhill.

So, by adjusting the manner in which its
four radials are positioned with respect to

Line of
Steepest Descent

Y
Downhill
(South, or 180° Azimuth in Text Example)

Fig 5-Top view of an elevated vertical
with four elevated radials, showing two
ways to position the radials (in azimuth)
with respect to the sloping ground: At
(i), the radials are parallel to the line of
steepest descent; and at (ii), the radials
are oriented at 45° to the line of
steepest descent.

local ground, the enterprising ham can build
asingle elevated vertical-monopole antenna
with either an omnidirectional radiation
pattern, or a very modest beam effect. None
of these antennas have any side-to-side di-
rectivity; that is, each radiates the same
amount of signal on both sides of the line of
steepest descent.

Two-Element Vertical Arrays

Normally, a ham constructing a two-ele-
ment phased vertical array wants the antenna
system to be electrically symmetrical. In
other words, when building a cardioid array
with 90° spacing and phasing, the operator
would like the gain, front-to-back ratio and
relative driving-point impedances to remain
unchanged (or nearly so) as the array is
switched from one direction to the other.
Thus, the antenna should “look the same”
and perform the same (electrically) in both
directions of fire. Similarly, for bi-direc-
tional two-element arrays (such as those
with 180° spacing and phasing) the goal
would be to have two equal-sized lobes of
radiation for a given directional setting.

However, there are two potential strate-
gies that may be pursued by the amateur who
has sloping ground at his disposal: One,
construct an array designed to counteract
the (undesired) directive effects of sloping
ground, so that the resulting antenna system
performs in a more or less symmetrical fash-
ion, despite the sloping ground; or two,
build an array that deliberately combines the
normal directivity of the phased radiators
with the previously undesired effects of the
sloping ground to produce enhanced gain
toward a particular compass heading. This
array would, no doubt, be highly asymmetri-
cal, and would probably be designed to
beam in only one direction (downhill). We
have already seen that an isolated vertical

Freq= 3.8 MHz
Max. Gain = 0.78 dBi

Azimuth Angle = 0.0 deg.

Freq= 3.8MHz
Max. Gain= 0.16 dBi

Azimuth Angle= 90.0 deg.

Fig 6-Principal elevation-plane radiation patterns for several
elevated-vertical antennas. Downhill is toward the right edge
of the drawing. The outer ring of the plot represents 0.78 dBi.

Solid line = configuration D(i)
Dashed line = configuration B(ii)
Dotted line = configuration B(i)
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Fig 7-Elevation-plane radiation patterns at right angles to the
uphill/downhill line shown in Fig 6. (Downhill is perpendicular
to the paper.) The outer ring of the plot represents 0.16 dBi.

Solid line = configuration D(i)
Dashed line = configuration B(ii)
Dotted line = configuration B(i)




monopole, unless carefully oriented, tends
to radiate mostly downhill, so it might be
possible to use this to our advantage.

Fig 8 illustrates two ways to position a
two-element array over sloping ground. At
(A) the antennas are placed in an uphill-
downhill fashion along the line of steepest
descent, while in (B) the two vertical mono-
poles are located side-by-side at the same
elevation. These are the two limiting cases,
and intermediate orientations have not been
considered, for the sake of simplicity. This
figure shows configuration (ii) for the radi-
als (all are oriented at 45° to the line of
steepest descent), but this was done simply
for convenience, and is purely arbitrary;
configuration (i) could have been drawn just
as easily. Both will be modeled, and are
discussed below.

First I will analyze case (A), where one
antenna is higher than the other in terms of
absolute elevation. As before, eight permu-
tations will be modeled, using the four pos-
sible choices (A, B, C or D) from Figs 3 and
4 in combination with the two different ra-
dial selections (i or ii) from Fig 5. Since this
is an endfire array, the main lobe of radia-
tion will be directed either uphill or down-
hill, when the antennas are positioned as
shown in Fig 8A.

The results are summarized in Table 2,
which lists the forward gain, front-to-back ra-
tio, and input impedances for all eight possible
antenna systems, firing both uphill and down-
hill. Several configurations have performance
characteristics that are worthy of mention,

Array C(ii) has excellent gain in both di-
rections, with a variation of only 0.03 dB
between uphill and downhill. This system
would be the logical choice for those who
want an array that performs as if it were
mounted on level ground. However, there is

Line of
Steepest Descent

Y
Downhill

Fig 8—Two possible arrangements for

a two-element cardioid phased vertical
array (90° spacing and phasing)
mounted over sloping ground: (A)
uphill-downhill; (B) side-by-side. The
orientation of the radials as shown in
the figure is arbitrary; either config-
uration (i) or (ii) from Fig 5 may be used.
Both are discussed (with their resuits)
in the text.

a noticeable change in the driving-point
impedances when reversing the direction of
fire, so it might be advisable to build rwo
matching networks (one for each direction)
to realize the full potential of this system.
Fig 9 shows both of the principal elevation-
plane radiation patterns.

Array C(ii) would also be preferred if you
only wanted to fire uphill, since it has the
best uphill gain. On the other hand, if you
were planning to just shoot downhill, array
D(ii) has the highest gain in that direction,
along with a decent front-to-back ratio. See
Fig 10 for the elevation-plane radiation pat-
terns in this scenario.

Array D(i) is the optimal selection if you
need an antenna that is easy to get working.
Its driving-point impedances are very simi-
lar in both directions of fire, so a single
matching network will do a good job, if
properly designed. However, it has better
gain and front-to-back ratio when aiming
downhill than up, as illustrated by the radia-
tion patterns shown in Fig 11.

Now let's review the case shown in
Fig 8B, where the two antennas are mounted
side-by-side at the same absolute elevation.
Once again, eight permutations will be mod-
eled, using the four possible choices (A, B,

C or D) from Figs 3 and 4, in combination
with the two radial configurations (i or ii)
from Fig 5.

The results are summarized in Table 3,
which lists the forward gain and front-to-back
ratio for all eight different antenna systems.
Since the two verticals are now installed side-
by-side, rather than uphill-downhill, both di-
rections of fire are perpendicular to the line of
steepest descent. Because of this, the array
looks the same, physically and electrically, in
both directions. Thus, there is no change in
the gain, pattern shape, front-to-back ratio, or
relative driving-point impedances within the
array, when the directivity is reversed. This is
in marked contrast to the situation discussed
earlier (as highlighted in Table 2) wherein
most of the electrical parameters were highly
dependent upon the direction of fire.

What does occur in the side-by-side case,
however, is a certain amount of skewing in
the azimuth-plane radiation patterns of
these arrays. Normally we would expect the
peak gain to occur in the plane that contains
the two verticals, but this is no longer the
case. As shown in Table 3, the nose or peak
of the radiation pattern is actually shifted
slightly downhill in seven of the eight
mounting configurations. The column la-

Table 2

Power Gain, Front-to-Back Ratio and Input Impedances for Eight
Configurations of a Two-element Cardioid Array of Vertical Antennas
with Elevated Radials (90° Spacing and Phasing)

The elements are oriented in an uphill-downhill fashion as shown in Fig 8A.

Configuration Gain(dBi) F/B (dB)
A(i) Downhill 3.65 16.40
Uphill 3.26 14.40
B(i) Downhill 3.74 14.96
Uphill 3.02 12.41
C(i) Downbhill 3.69 15.20
Uphill 3.27 14.71
D(i) Downhill 3.70 15.10
Uphill 3.01 12.01
A(ii) Downbhill 3.70 13.06
Uphill 3.19 12.40
B(ii) Downhill 3.69 13.56
Uphill 3.1 13.45
C(ii) Downbhill 3.63 11.81
Uphill 3.66 14.76
D(ii) Downhill 3.77 14.41
Uphill 3.53 15.29
Notes

Input Impedances ()

18.0 =/ 12.0, 50.6 +j 15.2
19.8 -/ 10.5, 48.8 +/13.6
20.6 =j11.2, 47.8 +j 16.1
18.2 -j10.4, 50.1 +j 15.2
19.3 —/11.2, 47.5 +j 15.8
18.4 —j 9.2, 48.3 +j13.7
19.4 -/ 12.0, 50.9 +j 15.5
19.6 = 11.7, 50.6 +j 15.1
20.8 —j 15.3, 59.6 +/ 26.2
27.1 -j 9.7, 53.3 +j 20.8
21.8-/15.3, 48.0 +j19.3
16.5-/13.5, 63.1 +/17.5
20.2-/18.1, 49.8 +j 18.5
17.7 -/ 151, 52.3 +/ 15.8
22.3 - 13.6, 57.4 +j 25.1
18.8 = 11.7, 60.4 +/23.0

Since the two antennas are spaced only 0.25 A apart, and the radials are 0.25 A in length,
all the arrays which use arrangement (i) for their radials can use a common radial between
them. Thus, these systems have a total of only seven radials rather than eight; the extra

radial is omitted.

Two sets of radials in arrangement A(ii) cross at right angles, and could touch each other
if suspended at the same height. Insulated wires would prevent this occurrence: | solved it in
my computer model by offsetting the height of each antenna by 1 inch (the uphill antenna is
15 feet, 1 inch above ground, and the downhill antenna is at 14 feet, 11 inches).
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Freq= 3.8 MHz
Max. Gain = 3.66 dBi

Azimuth Angle= 0.0 deg.

Freq= 3.BMHz
Max. Gain= 3.77 dBi

Azimuth Angle= 0.0 deg.

Fig 9—Principal elevation-plane radiation patterns for a two-
element cardioid phased vertical array (90° spacing and
phasing) positioned in an uphill/downhill fashion along the
line of steepest descent, using radial configuration C(ii). The
outer ring of the plot represents 3.66 dBi.

Solid line = firing downhill
Dashed line = firing uphill

Fig 10—Principal elevation-plane radiation patterns for a two-
element cardioid phased vertical array (90° spacing and
phasing) positioned in an uphill/downhill fashion along the
line of steepest descent, using radial configuration D(ii). The
outer ring of the plot represents 3.77 dBi.

Solid line = firing downhill
Dashed line = firing uphill

Freq= 3.8 MHz

Max. Gain= 3.70 dBi Azimuth Angle= 0.0 deg.

Freq= 3.8 MHz

Max. Gain = 3.64 dBI Azimuth Angle = 90.0 deq.

Fig 11—Principal elevation-plane radiation patterns for a two-
element cardioid phased vertical array (90° spacing and
phasing) positioned in an uphill/downhill fashion along the
line of steepest descent, using radial configuration D(i). The
outer ring of the plot represents 3.70 dBi.

Solid line = firing downhill
Dashed line = firing uphill

Fig 12—Elevation-plane radiation patterns for several two-
element cardioid arrays (90° spacing and phasing) where the
antennas are mounted side-by-side, perpendicular to the line of
steepest descent. Downhill is perpendicular to the paper toward
the reader. The outer ring of the plot represents 3.64 dBi.

Solid line = configuration A(i)
Dashed line = configuration A(ii)
Dotted line = configuration D(ii)

270

Freq= 3.8MHz

Max. Gain= 3.65 dBi 180 Elevation Angle= 22.0 deg,

Fig 13—Azimuth-plane radiation patterns for
several two-element cardioid arrays (90°
spacing and phasing) where the antennas are
mounted side-by-side, perpendicular to the line
of steepest descent. Downhill is toward the
right edge of the drawing. The outer ring of the
plot repesents 3.65 dBi.

Solid line = configuration A(i)
Dashed line = configuration A(ii)
Dotted line = configuration D(ii)
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Table 3

Power Gain, Elevation-Plane Front-to-Back Ratio and Azimuth-Plane
Pattern Skewing for Eight Configurations of a Two-element Cardioid Array
of Vertical Antennas with Elevated Radials (90° Spacing and Phasing)

The elements are oriented side-by-side as shown in Fig 8B.

Configuration ~ Gain(dBi) F/B (dB) Azimuth Pattern Skewing

A(i) 3.48 15.10 None

B(i) 3.41 15* 19° downhill (gain = 3.53 dBi)
C(i) 3.34 12.99 9° downhill (gain = 3.36 dBi)
D(i) 3.47 17.14 15° downhill (gain = 3.52 dBi)
A(ii) 3.46 12.88 1° downhill (gain = 3.46 dBi)
B(ii) 3.53 13.51 10° downhill (gain = 3.55 dBi)
C(ii) 3.39 11.92 5° downhill (gain = 3.40 dBi)
D(ii) 3.64 14.47 6° downhill (gain = 3.65 dBi)
Notes

Since the two antennas are spaced only 0.25 A apart, and the radials are 0.25 A in length,
all the arrays that use arrangement (i) for their radials can share a common radial between
them. Thus, these systems have a total of only seven radials rather than eight; the extra
radial is omitted.

Two sets of radials in all of the arrays that use arrangement (ii) cross at right angles, and
could touch each other if they were suspended at precisely the same height above the
ground. In the real world, the use of insulated wires would prevent this occurrence:; | solved
it in my computer model by changing the height of each antenna by 1 inch (one antenna is
15 feet, 1 inch above ground, and the other is at 14 feet, 11 inches).

“The front-to-back ratio given for configuration B(i) is only an estimate, since there is no
distinct rear lobe in the elevation-plane radiation pattern developed by this array.

Fig 14—Two
ways to configure
a two-element
cardioid array
over flat, smooth
ground: At A,

i Doprisie ¢ radials are

% parallel and

perpendicular to
the array axis;
and at B, radials
are all at 45° to
the array axis

z (the x-axis).

beled “Gain” in this table lists the maximum
power gain along the theoretical direction
of fire, which is perpendicular to the line of
steepest descent. The right-most column
shows how far the peak of the radiation pat-
tern is skewed from the expected azimuth
angle, and the maximum gain at this other
compass heading.

Examining Table 3, we can see immedi-
ately that only configuration A(i) has no
pattern skewing. The other seven versions
exhibit varying amounts of pattern skewing,
ranging from as much as 19° with antenna
B(i) to as little as 1° for configuration A(ii).
Version A(ii) has slightly less gain and
front-to-back ratio than A(i). Antenna D(ii)
has the highest forward gain of all eight
configurations, and although it has 6° of
pattern skewing, the difference in gain at the
two azimuth angles is only 0.01 dB. At low
takeoff angles, the front-to-back ratio of the
D(ii) array is intermediate to that of con-
figurations A(i) and A(ii). Fig 12 illustrates
the elevation-plane radiation patterns for
these three antennas; the azimuth-plane
patterns are shown in Fig 13.

By this time you may be thinking, “Fine,
but what about the performance of the car-
dioid array when it is installed in a normal
(flat-land) setting?” Fig 14 shows two dif-
ferent ways to orient the radials with respect
to the array axis. In Fig 14A we see that the
radials are either parallel or perpendicular
to the array axis. Only seven radials are
needed, since one can be shared by both
vertical monopoles. Eight support masts are
required—two for the radiators themselves,
and six more to hold up the ends of the
radials.

Part B shows the alternative configura-
tion, where each vertical has its own set of
four radials, with no common connections.
Now we need eight radials and ten support
masts. Notice that if all the radials were
actually at the same height above ground
(15 feet) then there would be two places
where pairs of radials would touch. To pre-
vent this, I raised one antenna an extra inch
(to 15 feet, 1 inch) and lowered the other by
one inch (to 14 feet, 11 inches).

Fig 15 shows the principal elevation-
plane radiation patterns for the two ver-
sions, and Fig 16 does the same for the azi-
muth-plane patterns. Array (A) has slightly
more forward gain (3.52 dBi versus 3.50)
than antenna (B), but the take-off angle is
the same (22°) in both cases. The front-to-
back ratio of configuration (A) is clearly su-
perior to that of (B), whether viewed in the
elevation or azimuth planes. When com-
bined with the lesser number of masts and
radials required to build the antenna, sys-
tem (A) is the clear winner.

A review of Tables 2 and 3 reveals that, as
we might have suspected, several of the slop-
ing-ground cardioid-array configurations
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Freq= 3.8 MHz

Max. Gain = 3.52 dBi Azimuth Angle = 0.0 deg.

Fig 15—Principal elevation-plane radiation patterns for the
two radial configurations illustrated in Fig 14. The outer ring
of the plot represents 3.52 dBi.

Solid line = configuration A
Dashed line = configuration B

270

150

Freq= 3.8BMHz

Max. Gain= 3.52 dBi 180 Elevation Angle= 22.0 deg.

Line ot

Steepest Descent

Sk sk
>kw >l< v ®

Downhill

(South, or 180° Azimuth
in Text Example)

Fig 177—Two possible physical orientations for the four-
square phased vertical array, when installed over sloping
ground: At (A), a square; at (B), a diamond. The orientation
of the radials shown in this figure is purely arbitrary; either
configuration (i) or (ii) from Fig 5 may be used. Both are

Fig 16—Principal azimuth-plane radiation patterns for the two
radial configurations illustrated in Fig 14. The outer ring of
the plot represents 3.52 dBi.

Solid line = configuration A
Dashed line = configuration B

Freq= 3.8MHz

Max. Gain = 5.52 dBi Azimuth Angle = 45.0 deg.

Fig 18—Elevation-plane radiation patterns for two of the four-
square configurations discussed in the text. The monopoles
are arranged in a square fashion. Downhill is toward the right,
while uphill is toward the left edge of the drawing. The outer
ring of the plot represents 5.52 dBi.

Solid & dotted lines = configuration D(i)

discussed (with their results) in the text.

produce more forward gain than can be
achieved from the same antenna system when
it is constructed over level ground.

Four-Square Vertical Arrays

The classic four-square array, using quar-
ter-wave spacing and progressive 90° cur-
rent phasing, is popular with low-band
DXers. There are several ways to orient this
antenna on sloping ground, and two are il-
lustrated in Fig 17.

Version (A) shows a square which has
two of its sides running uphill-downhill
(parallel to the line of steepest descent)
while the other two sides are perpendicular
to this line, and extend alongside the hill.
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Dashed & dot-dashed traces = configuration D(ii)

Since the antenna system actually transmits
along a diagonal line connecting opposite
corners, the four directions in which this
configuration radiates are all oriented at an
angle of 45° to the line of steepest descent.
For example, if the line of steepest descent
pointed directly toward the south, then the
array would fire to the northeast, northwest,
southwest, or southeast.

The second method for siting the four
monopoles, drawn as version (B), looks
somewhat like a diamond, and this array
fires either straight uphill, straight down-
hill, or in either direction alongside the hill
(perpendicular to the line of steepest de-
scent). If downhill is due south, then this

system radiates to the north, east, south, or
west. I have chosen to call these two con-
figurations square and diamond, respec-
tively, even though both of them are actu-
ally square in their geometry, to distinguish
one from the other.

Initially, I will analyze case (A), where
the array resembles a square. Eight differ-
ent versions will be modeled, using the four
possible choices (A, B, C or D) from Figs 3
and 4, in combination with the two different
radial selections (i or ii) from Fig 5. Recall
that, with these eight permutations, the main
lobe of radiation will be directed either par-
tially uphill (the two lines of fire will be 45°
to either side of the line of steepest ascent)




Table 4

Power Gain and Front-to-Back Ratio Data for Eight Configurations of the
Four-Square Array of Vertical Monopoles with Elevated Radials

The elements are oriented in a square configuration, as shown in Fig 17A, and fire in
four directions oriented either partially uphill or partially downhill.

Forward Change in Front/Back Ratio (dB)
Configuration Gain(dBi) Gain (dB) Elevation Azimuth
A(i) Downbhill 5.47 30" 29.55
Uphill 5.23 0.24 30* 33.13
B(i) Downhill 5.45 25" 27.60
Uphill 5.07 0.38 25.44 26.39
C(i) Downhill 5.39 30* 29.59
Uphill 5.13 0.26 29.82 31.60
D(i) Downhill 5.52 30* 34.03
Uphill 5.16 0.36 29.22 30.16
A(ii) Downhill 5.22 23.44 24.65
Uphill 4.86 0.36 22.56 23.60
B(ii) Downhill 512 20.58 23.89
Uphill 5.33 0.21 20" 25.30
C(ii) Downbhill 5.04 22.00 23.60
Uphill 5.15 0.1 24.09 25.67
D(ii) Downbhill 5.29 21.54 23.98
Uphill 5.43 0.14 23.36 25.41
Notes

Since all four sides of the Square are 0.25 A, and the length of the radials is 0.25 A, those
arrays with arrangement (i) for their radials can share several common radials. Thus, these
systems have a total of only 12 radials rather than 16, with the four redundant radials be-
ing omitted.

All of the arrays using radial arrangement (ii) have a quarter-wavelength radial extending
from the base of each monopole directly toward the exact center of the array. Since these
radials partially overlap each other, these four interior radials were deleted and replaced
by two longer radials that span the diagonal distance across the center of the array. Thus,
these systems have a total of 14 radials; 12 are 0.25 A and the other two are 0.3535 A.

Several sets of radials in the arrays that use configuration (ji) cross at right angles, and could
touch each other if suspended at the same height. Insulated wire would prevent this oc-
currence; | solved it in my computer models by raising two of the radials by 1 inch (to 15
feet, 1 inch above ground) and lowering the other two to 14 feet, 11 inches.

"The actual front-to-back ratio for those configurations indicated by an asterisk is uncertain,

since there is no distinct rear lobe in the radiation patterns of these arrays. The value given
in the table is therefore an estimate.

Fig 19—Azimuth-plane
radiation patterns for
two of the four-square
configurations
discussed in the text.
The monopoles are
arranged in a square
fashion. Downhill is
toward the right edge
of the drawing. The
outer ring of the plot
represents 5.52 dBi.

Solid and dotted lines =
configuration D(i)
Dashed and dot-dashed
traces = configuration
D(ii)

Freq= 3.8MHz
Max. Gain= 5.52 dBi 180

Elevation Angle= 21.0 deg.

or partially downhill (the two lines of fire
will be 45° to either side of the line of steep-
est descent).

Information on the forward gain and
front-to-back ratio for all eight configura-
tions is listed in Table 4. Although the array
has four directions of fire, the results for
the two downhill quadrants were always
extremely similar to each other, as was true
for the two uphill azimuths. Thus, only two
sets of values are shown for each arrange-
ment of radials.

In many of the configurations that were
modeled, the elevation-plane radiation pattern
did not have a distinct rear lobe, so it was im-
possible to accurately determine a specific
number for the front-to-back ratio, as noted in
the table. An azimuth-plane radiation pattern
was also derived for each version (at the
takeoff angle where maximum forward gain
occurred) and this value of front-to-back ratio
was recorded from the plot.

Table 5 includes the computer-predicted
driving-point impedances when the anten-
nas are firing in different directions, along
with the average variations of the input re-
sistances and reactances, as the beam is
switched from partially downhill to par-
tially uphill. Together, these two tables con-
tain much important data. We can see that
only configuration A(ii) fails to achieve at
least 5 dB of gain in all directions of fire.
Version D(ii) has the highest average gain,
at 5.36 dBi, followed closely by A(i) at 5.35
dBi, and D(i) at 5.34 dBi. Configuration
D(ii) is very consistent as we switch the
direction of fire, with no more than 0.14 dB
variation in forward gain from one quadrant
to another. This version also yields an aver-
age front-to-back ratio of well over 20 dB.
The main disadvantage with configuration
D(ii) is the relatively large change in both
input resistance and reactance that occurs
when switching directions. One possible
solution would be to use two separate phas-
ing/matching networks, one for downhill
operation and another for uphill.

Configuration D(i) has the smallest over-
all variations in its driving-point imped-
ances, averaging about 3 Q for the real parts
and just 0.5 Q for the imaginary parts. It
should be possible to construct a single
phasing/matching network for this array, if
the design calculations use median values
of resistance and reactance as the input pa-
rameters. This antenna has very good gain
when firing both uphill and downhill, with
anaverage of 5.34 dBi, just 0.02 dB less than
the best performer. Version D(i) also pro-
vides the highest overall front-to-back ratio
in the azimuth plane, at more than 30 dB in
any direction of fire, while the front-to-back
ratio in the elevation plane is at least 25 dB
at most take-off angles. Gain variations
when switching from uphill to downhill
amount to 0.36 dB, nearly the worst of any
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Table 5

Input-Impedance Data for Eight Configurations of the Four-Square Array

The elements are oriented in a square configuration, as shown in Fig 17A.

Reactances

7.32

3.47

3.34

0.52

9.52

5.75

3.09

Vertical Monopole Average Variation (Q2) in

Configuration Input Impedances (Q) Resistances
A(i) Downhill 68.6 +/52.3, 37.8 -/ 1.7, 35.8 -j 8.9, 7.4 —j 0.7

Uphill 66.8 +j45.1, 36.0 —j9.2, 37.7 -j 1.7, 9.1 +/6.7 1.80
B(i) Downhill 61.5 +/48.3, 34.7 —j4.7,43.4 -j2.3, 11.4 +j 4.8

Uphill 72.4 +j52.7,39.7 -j 2.2, 32.7 —j 6.8, 6.3 +j 2.2 7.93
C(i) Downhill 60.7 +j46.4, 34.4 —j5.3,37.6 —j 5.9, 8.6 —j 0.7

Uphill 65.6 +j43.8,35.6 —-j9.4, 32.8 -j3.4,7.2 +j 3.3 3.06
D(i) Downbhill 69.6 +j54.3, 38.2-j1.0,41.5—j5.5, 10.3 +/ 4.6

Uphill 73.7 +j 54.0, 40.1 —/1.9, 37.4 —j5.3, 8.2 +j 5.4 3.05
A(ii) Downhill 73.5+j69.7,47.6 +/6.5,44.2 —j2.4,9.2 —j2.4

Uphill 70.4 +j58.9, 44.6 —j 1.8, 47.2 +/8.2, 12.1 +j 6.1 3.02
B(ii) Downbhill 62.8 +/59.2, 40.4 +j 1.6, 54.6 —j 6.6, 12.7 —j 9.3

Uphill 80.6 +/62.6, 48.5 6.9, 36.7 —j 9.7, 4.0 —j 1.1 13.12
C(ii) Downhill 60.5 +/57.0, 39.1 +j 2.9, 45.3 —j2.7, 11.8 —j 5.1

Uphill 68.0 +/58.0, 42.9 —j 1.8, 37.6 —j 4.1, 8.0 +j 0.2 5.70
D(ii) Downhill 76.5 +/72.6, 48.1 +j4.7, 55.8 -/ 3.6, 10.0 —j 5.6

Uphill 88.2 +/72.5,51.8 —j4.0,42.7 —j4.7, 6.5 +/ 3.4 8.01

4.78

array in the table, but not unreasonably
large.

Fig 18 shows the principal elevation-
plane radiation patterns for arrays D(i) and
D(ii), when firing either partially downhill
or partially uphill. System D(i) has a slight
gain advantage when firing downhill, but
D(ii) has the edge when the directivity is
reversed. At low takeoff angles, D(i) has
superior front-to-back ratio in all four quad-
rants, while the same is true for D(ii) at el-
evation angles above roughly 50°. Plots for
the corresponding azimuth-plane radiation
patterns are included as Fig 19.

All eight configurations yield a very
slight azimuth skewing in their radiation
patterns. The nose of the beam does not
occur precisely at the expected compass
angle, but is shifted by 1° or 2° because of
the effects of the sloping ground. However,
the impact of this azimuth offset upon the
performance of the arrays is minor, and can
probably be ignored.

Now let’s look at the results from case (b)
of Fig 17, where the four-square array is
oriented to resemble a diamond. This ar-
rangement produces radiation in any of four
quadrants: straight uphill, straight downhill,
or in either direction perpendicular to the
line of steepest descent. As usual, eight dif-
ferent permutations must be modeled, using
the four choices (A, B, C or D) from Figs 3
and 4, in combination with the two possible
radial orientations (i or ii) from Fig 5.

Table 6 lists the gain and front-to-back
ratio for each of the eight configurations.
These arrays are capable of firing in four
different quadrants, of course, but the re-
sults for the two directions which are ori-
ented alongside the hill were always quite
similar to one another. Therefore, only three
sets of data are displayed for each version.

As was true before, some of the elevation-
plane radiation patterns did not have a dis-
tinct rear lobe, and in these cases the front-
to-back ratio had to be estimated. An azi-

muth-plane radiation pattern was also plot-
ted for each configuration, to determine the
front-to-back ratio at the take-off angle
where maximum forward gain occurs.

The driving-point impedances for the
eight antennas, in various directions of fire,
are supplied in Table 7. This compilation
also includes the average variations in input
resistance and reactance values, as the main
lobe was switched around the points of the
compass.

An examination of these two tables re-
veals that version D(ii) has the highest av-
erage gain at 5.405 dBi, followed by A(ii)
with 5.355 dBi, while arrangement B(i) fin-
ishes a very close third at 5.350 dBi. These
values are so similar that they would prob-
ably be indistinguishable on the air. How-
ever, the average front-to-back ratio of
configuration B(i) is less than 25 dB,
clearly inferior to that of both A(ii) and
D(ii), which typically attain values of 30 dB
or more. When switching from one quadrant

Freq= 3.8 MHz
Max. Gain = 5.62 dBi

Azimuth Angle = 0.0 deg.

Fig 20—Elevation-plane radiation patterns for two of the
four-square configurations discussed in the text. The
monopoles are arranged in a diamond fashion. Downhill
is toward the right edge of the drawing. The outer ring
of the plot represents 5.62 dBI.

Solid and dotted lines = configuration A(ii)
Dashed and dot-dashed traces = configuration D(ii)
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Table 6

Power Gain and Front-to-Back Ratio Data for Eight Configurations of the
Four-Square Array with Elevated Radials

The elements are oriented in a diamond configuration, as shown in Fig 17B.

Forward Change in Front/Back Ratio (dB)
Configuration Gain (dBi) Gain (dB) Elevation Azimuth
A(i) Downhill 5.27 23.95 25.15
Uphill 4.76 22.48 23.46
Sides 5.05 0.51 22.88 24.02
B(i) Downhill 5.01 16.39 18.71
Uphill 5.69 23.98 26.73
Sides 5.35 0.68 21.80 25.84
C(i) Downhill 4.88 20.17 20.84
Uphill 5.10 20" 21.35
Sides 5.18 0.30 22.03 25.19
D(i) Downbhill 5.39 18.63 21.28
Uphill 5.34 17.64 21.99
Sides 5.26 0.13 18.80 22.05
A(ii) Downbhill 552 28.82 29.48
Uphill 5.18 33.81 36.16
Sides 5.36 0.34 30" 30.8
B(ii) Downhill 562 25* 27.08
Uphill 4.99 27.40 28.33
Sides 5.27 0.53 25.41 26.3
C(ii) Downhill 5.47 30" 29.67
Uphill 5.05 28.95 30.0
Sides 5.28 0.42 33.37 33.71
D(ii) Downhill 5.62 30* 33.41
Uphill 5.16 30.17 31.12
Sides 5.42 0.46 33.45 33.55

Notes

All of the arrays using radial arrangement (i) have a quarter-wavelength radial extending from
the base of each monopole directly toward the exact center of the array. Since these radi-
als partially overlap each other, these four interior radials were deleted and replaced by
two longer radials that span the diagonal distance across the center of the array. Thus,
these systems have a total of 14 radials; 12 are 0.25 A and the other two are 0.3535 A.

Since all four sides of the square are equal to 0.25 A, and the length of the radials is 0.25 &,
those arrays that use arrangement (ji) for their radials can share several common radials.
Thus, these systems have a total of only 12 radials rather than 16; the four redundant ra-
dials were omitted.

Several radials in the arrays using configuration (i) cross at right angles, and could touch
each other if suspended at the same height. Insulated wires would prevent this occurrence;
| addressed this issue in my computer models by raising two of the antennas by 1 inch (to
15 feet, 1 inch above ground) and lowering the other two to 14 feet, 11 inches.

*The actual front-to-back ratio for these configurations is uncertain, since there is no distinct
rear lobe in the radiation pattems of these arrays. The value given in the table is an estimate.

Fig 21—Azimuth-plane
radiation patterns for two of
the four-square config-
urations discussed in the
text. The monopoles are
arranged in a diamond
fashion. Downhill is toward
the upper edge of the
drawing. The outer ring of
the plot represents 5.62 dBi.

Solid and dotted lines =
configuration A(ii)

Dashed and dot-dashed
traces = configuration D(ii)

Freq= 3.BMHz

Max. Gain= 5.62 dBi 180 Elevation Angle= 21.0 deg.

to another, the gain of arrangement A(ii) is
more consistent than D(ii), but only by
about 0.12 dB. Comparing the variations in
driving-point impedances, A(ii) does well
in terms of input resistance, but rather
poorly for reactance, while the reverse is
true for D(ii). Overall though, version D(ii)
has better performance in this area, and a
single set of phasing/matching networks
should suffice for driving this array.

Fig 20 shows the principal elevation-
plane radiation patterns for arrays A(ii) and
D(ii), when firing either downhill or uphill.
System D(ii) has a very small advantage
when firing downhill, but the forward gain
of both systems is virtually identical when
the directivity is reversed. At low takeoff
angles, D(ii) has superior downhill front-to-
back ratio, while A(ii) is better when beam-
ing uphill; the reverse is true for both anten-
nas at elevation angles above roughly 45°.
Plots for the corresponding azimuth-plane
radiation patterns are illustrated in Fig 21.

When configurations A(ii) and D(ii) are
firing alongside the hill, the resulting eleva-
tion- and azimuth-plane patterns are given
in Fig 22A and B, respectively. Patterns for
only one side of the hill are displayed, since
their size and shape are the same in both
directions. We can see that version D(ii) has
a bit more forward gain at most elevation
angles, plus better rejection of undesired
signals off the back of the beam at all take-
off angles, when the antennas are firing
alongside the hill.

All of the eight diamond configurations
modeled for this section of the analysis pro-
duced a slight azimuth skewing of the radia-
tion pattern when the arrays were firing
alongside the hill. Here, maximum gain
does not occur precisely at the expected
azimuth angle, but is shifted from 1° to 3°
due to the sloping ground. As before, the re-
percussions seem to be negligible, and most
hams probably could not detect the change.

Four Square over Flat Ground

Finally, for comparison, let’s examine the
performance of the four-square array when
itis installed over flat, level ground. Fig 23
is a top view showing two ways to orient the
radials of the system with respect to the
sides of the square. In part (A) we see that
the radials are either parallel or perpendicu-
lar to the sides of the square. Only 12 radials
are needed, since several are shared by each
vertical monopole; similarly, just 12 sup-
port masts are required.

Part (B) shows the second configuration,
where all the radials are at a 45° angle with
respect to the sides of the square. One radial
from each monopole normally extends di-
rectly toward the geometrical center of the
array, and would partially overlap the radial
coming from the diagonally-opposite cor-
ner, if allowed to do so. This is prevented by
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Freq= 3.8MHz
Max. Gain= 5.42 dBi

270

240

210

Freq= 3.8 MHz
Max. Gain= 5.42dBi

120

150

(B) Elevation Angle= 21.0 deg

Fig 22—At A, elevation-plane radiation patterns for two of the four-square
configurations discussed in the text. The monopoles are arranged in a diamond
fashion and firing alongside the hill. At B, the corresponding azimuth-plane
radiation patterns for A. The outer ring of the plots represents 5.42 dBi.

Solid line = configuration A(il)
Dashed line = configuration D(ii)

replacing the four quarter-wave radials that
occupy the interior of the system with two
long radials that span the diagonals of the
square. As a result, the total number of
radials is reduced from 16 to 14. Notice
however, that if all of these radials were ac-

tually at the same height above ground (15
feet), there are several places where two
radials would intersect as they cross each
other at right angles. To solve this problem,
I raised two of the antennas by one addi-
tional inch (to 15 feet, 1 inch) while simul-

(A)

(8)

Fig 23—Two ways to configure a four-
square array over flat, smooth ground:
At A, the radials lie parallel and perpen-
dicular to the sides of the square; at B,
radials are all at 45° to the sides of the
square.

taneously lowering the other pair by an inch
(to 14 feet, 11 inches).

Fig 24 compares the elevation-plane ra-
diation patterns for the two radial arrange-
ments, while Fig 25 does the same for the
azimuth plots. Configuration (A) has more
peak gain (5.39 versus 5.07 dBi, both ata21°
takeoff angle); in fact, (A) seems to have
higher gain at all takeoff angles below about
50°. Similarly, version (A) provides about 10
dB of extra rejection off the back at low el-
evation angles, and is roughly equal in per-
formance at higher angles. Since (A) also
requires two less radials and four fewer
masts, it is definitely the preferred choice.

As mentioned earlier, Tables 4 through 7
indicate that several of the four-square ar-
rays constructed over sloping ground can

Freq= 3.8 MHz
Mox. Gain = 5.39 dBi

Azimuth Angle= 45.0 deg.

Fig 24—Elevation-plane radiation patterns for the two
flat-ground four-square arrays of Fig 23. The outer ring
of the plots represents 5.39 dBi.

Solid line = configuration A
Dashed line = configuration B
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Table 7

Input-impedance Data for Eight Configurations of the Four-Square Array with Elevated Radials
The elements are oriented in a diamond configuration, as shown in Fig 17B.

Average Variation (§2) in
Resistances Reactances

Vertical Monopole

Configuration Input Impedances ()
A(i) Downbhill 74.1 +/71.8, 46.0 + 1.8, 46.0 +/ 1.8, 8.6 —j 4.2

Uphill 69.8 +/56.8, 46.0 +/ 3.4, 46.0 +/3.4, 12.7 +j 7.7

Sides 72.0 +/64.5, 47.9 +/9.3, 43.7 —j 4.1, 10.7 +j 2.0 i
B(i) Downhill 58.6 +/59.1,48.3 -j1.5,48.3 1.5, 11.2 —j13.2

Uphill 82.0 +/59.0,39.6 7.2, 39.6 - 7.2, 4.0 —j 2.1

Sides 71.9 +/62.5, 36.3 /5.7, 51.7 =/ 11.1, 8.7 —j 4.2 13.66
C(i) Downhill 58.1 +/58.6, 47.8 +/ 0.3, 47.7 +j0.3, 9.9 —j 4.6

Uphill 69.4 +/56.9, 43.8 +/ 1.2, 43.8 +j1.3, 5.9 -/ 5.0

Sides 69.3 +/61.4, 36.4 - 3.9, 43.9 —j 4.4, 13.5 —j 1.1 8.54
D(i) Downbhill 74.8 +j72.3,46.4-/0.4,46.4 —j0.4, 9.9 -/ 12.6

Uphill 83.4 +/59.2, 40.5 - 6.1, 40.5 /6.1, 12.0 +j 11.6

Sides 74.2 +j65.6, 47.1 /7.3, 50.5-11.3,5.5 /0.8 8.05
A(ii) Downhill 68.9 +j54.1, 36.8 —j 5.6, 36.8 - 5.6, 6.9 - 1.9

Uphill 66.3 +/44.0, 36.9 —j5.8, 36.9 —j 5.8, 9.4 +/8.5

Sides 67.8 +j48.4, 38.1 /0.1, 35.5 -/ 10.2, 8.3 +j2.7 1.94
B(ii) Downhill 59.7 +/47.8, 39.0 - 3.1, 39.0 —j 3.1, 13.5 +/ 5.9

Uphill 76.0 +54.7, 34.6 —j 5.0, 34.6 — 5.0, 5.9 +j 2.4

Sides 66.2 +/50.0, 32.7 —j 6.4, 44.4 —j1.2, 8.0 +j 2.9 10.02
C(ii) Downhill 58.8 +/45.1,35.2 /5.9, 35.2-j5.9, 8.6 — 1.6

Uphill 64.6 +j42.2,33.2 /6.9, 33.2 -j 6.9, 6.6 +/ 3.1

Sides 61.6 +/43.7, 32.4 -j 4.6, 36.2 /8.3, 7.6 +/ 0.9 3.41
D(ii) Downhill 70.4 +j57.1,41.5-j2.3,41.5-j2.3, 11.0 +/5.3

Uphill 78.3 +/56.9, 39.0 —j 3.2, 39.0 -/ 3.2, 8.0 +/ 7.1

Sides 74.1 +/56.9, 37.9 —j2.3, 43.2 /3.3, 9.2 +j6.2 4.65

10.49

7.51

4.8

15.4

7.75

4.39

3.09

0.99

270

Fig 25—Azimuth-
plane radiation
patterns for the two
flat-ground four-
square arrays of Fig
23. The outer ring of
the plot represents

Freq= 3.8MHz

Max. Gain= 5.39 dBi 180

Elevation Angle= 21.0 deg.

5.39 dBi.

Solid line =
configuration A
Dashed line =
configuration B

150

achieve higher peak values of forward gain
than their level-ground counterparts.

Conclusion

This article has evaluated the perfor-
mance of elevated vertical-monopole an-
tennas and phased vertical arrays when they

are located over sloping ground. Alternative
configurations were modeled using the
EZNEC pro software package, with the re-
sults described in both tabular and graphical
form. Many of the choices that were pre-
sented have values of forward gain that are
similar (within a decibel or s0), although the

front-to-back ratios can vary much more
widely. In certain instances, the driving-
point impedances change quite a bit as the
directivity is switched from one azimuth to
another. Some of these variations can be
tolerated by the commercial boxes in use
today, but other situations may require the
construction of several properly designed
feed networks to assure correct operation. I
hope that the information presented here
will help those who are planning to build an
elevated vertical antenna in hilly terrain.

Notes

'ELNEC is available from Roy Lewallen,
W7EL, PO Box 6658, Beaverton OR
97007.

“Several versions of EZNEC are available
from Roy Lewallen. See Note 1.

°G. J. Burke and A. J. Poggio, “Numerical
Electromagnetics Code (NEC)—Method of
Moments” (San Diego: Naval Ocean Sys-
tems Center, January 1981).

*J. C. Logan and J. W. Rockway, “The New
MiniNEC (Version 3): A Mini-Numerical
Electromagnetic Code” (San Diego: Naval
Ocean Systems Center, September 1986).

®*A. Christman, “Elevated Vertical Antenna
Systems,” QST, Aug 1988, pp 35-42,
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A Close Look at the Flattop
Vertical Antenna

By Thomas Kuehl, AC7A
620 S Avenida Princesa
Tucson, AZ 85748

hen it comes to a simple and ef-
fective antenna, the half-wave
dipole installed a half wave-

length above ground, is hard to beat. It
offers good overall performance with the
low radiation angle needed for DX commu-
nications. Many can accommodate the hori-
zontal span of the dipole on their lot, but it
is that half-wave above ground that is often
a problem. This is especially true on 40, 80
and 160 meters, On 40, the half-wave hei ght
requirement is about 66 feet, and this
doubles, and then doubles again as the fre-
quency is moved down to 80 and 160 meter
bands. Erecting, or even obtaining the ap-
propriate supports, can prove difficult. For
these reasons, or others such as aesthetics,
many hams resort to a full-sized or short-
ened vertical to attain the much desired low-
angle performance.

Almost everyone who experiments with,
orbuilds their own, antennas is familiar with
the quarter-wave (A/4) vertical formula:

L (ft) = 234/f (MHz) (Eq 1)

A quarter-wave 40 meter (7 MHz) verti-
cal, as an example, requires a length of about
33 feet—a height usually managed without
too much difficulty. Aluminum tubing or
TV mast can often satisfy this requirement.
But when the frequency is moved down to
the lower bands, 80 and 160 meters, the el-
ement lengths increase to 66 and 134 feet,
respectively. Only a single tall vertical ele-
ment is required, but that may still pose a
problem.

An alternative is a vertical that uses ca-
pacitive top loading to reduce the overall
antenna height. One such design is the
flattop vertical antenna. In its simplest form
it consists of a vertical element, less than a
quarter wavelength long, with two oppos-
ing horizontal top wires. It looks much like
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the letter T and is sometimes referred to as
a T-top antenna. The horizontal top wires
provide capacitive loading that brings the
short vertical section to resonance.

The vertical element length may be al-
most any convenient length; as long as
sufficient horizontal space is available to
accommodate the width, or span, of the top
wires.

Keep in mind, as with any shortened ver-
tical, making it progressively shorter brings
along some unavoidable compromises:
lower radiation resistance (R;), and a
narrower operating bandwidth. Low R,
usually isn’t a problem by itself, but effi-
ciency suffers when it is combined with high
ground resistance (Rg). By using a flattop
the problem is not as severe as it could be;
it will always produce higher efficiency
than its equally tall, inductively loaded ver-
tical counterpart. The reasons for this will
be explained later.

A variety of flattop schemes are possible
but the most easily understood and built use
the single-wire-T design. Multiple-wire
designs are also practical and do allow for
substantial reductions in the horizontal real

estate requirements. Both designs will be
examined.

The Single-Wire Flattop Antenna

Fig 1A shows the current distribution
along a quarter-wave vertical. The vertical
element is divided into 12 segments and an
average current is listed for each segment.
A normalized reference current of 1 A has
been established at the feed point. From the
figure it is evident that the current distribu-
tion is maximum at the feed point, then
slowly decreases as you move upward along
the element, dropping off rapidly toward the
end of the antenna. If you plot these points,
you'll see that the current distribution fol-
lows a cosine function along the antenna’s
quarter-wave (90°) length. !

In a similar fashion, Fig 1B shows the
current distribution along the vertical and
horizontal lengths for a practical flattop-
antenna design. Once again the feed-point
current has been normalized to 1 A. Start at
the flattop’s base, and compare the vertical-
segment currents to those of the quarter-
wave vertical and you’ll see that they are
nearly equal in value. At the top of the ver-
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Fig 1—Comparison of current distribution in a

'/+-). vertical (A) and a typical flattop

vertical (B). Both antennas are resonant at 1.825 MHz.

tical element, where the horizontal wires

different in magnitude, but have propor-

join, the current splits into two equal, but
opposite, components. If these two segment
currents are summed, their value is very
close to that of the corresponding quarter-
wave-vertical segment. Thus, the current
distributions produced by the two antennas
are nearly identical. Because the vertical
and flattop will have unequal feed-point
resistance in practice, the currents will be

tional distributions.?

Fig 2 shows EZNEC far-field elevation
patterns for the quarter wave and the flattop
vertical antennas. The quarter-wave verti-
cal produces a slightly lower takeoff angle.
Thus, little pattern difference exists be-
tween the two antennas, even though the
flattop is much shorter!

Because of the flattop’s lower R,, its

Freq= 1.825MHz

Outer Ring= 0.51dBi
Max Gain = 0.51dBi

1/4 \ Vertical
Flat Top at 0°
Flat Top at 90°

Fig 2—Elevation patterns for '/s-A and flattop verticals with 16 '/s-) radials elevated

0.5 feet over real ground. The flattop pattern at 0°

is for the plane that contains the

flattop, and the pattern at 90°

for the plain that is perpendicular to the flattop.

pattern is less than that of the full-sized
vertical. While the quarter-wave vertical of
Fig 1A has an R, of 39.3 Q, the flattop in
Fig 1B has an R, of 12 Q. Assuming all
other losses are 0.5 Q, and Ry is 6 Q, the
efficiency (1) for the two antennas is 85.8%
and 64.9%, respectively. Antenna efficiency
is equal to:

n =100 [R,/(R,+R;) 1% (Eq 2)

where R, is the sum of the loss resistances,
which is mostly Ry for each of the two
antennas.’*

Establishing the vertical element length is
often dictated by available end supports.
Taller is better, but in restricted height ap-
plications very short heights can be tolerated
if a good, low resistance ground return can
be provided.

Once the vertical length is decided, it is
then a matter of resolving the correct top-
wire lengths. Lacking more information, it
has been a common practice to start with a
horizontal (H) length, plus vertical (V)
length, equal to a quarter-wavelength. This
may serve as a starting place, but it isn’t
always accurate.

Tounderstand what is involved in determin-
ing the proper top-wire lengths, it is best to
visualize each top wire and the earth below it
as parts of an open-wire transmission line. The
top wire is easy to visualize as one conductor,
but the earth return is more complex and is not
as easily visualized. It consists of the earth
beneath the top wire, and any conductive
ground radials. Its boundaries are much more
difficult to define than that those of the top
wire, but nonetheless do exist. The spacing of
these two conductors, their effective diam-
eters, and the dielectric characteristics of the
materials between them—earth and air—de-
fine the transmission line properties; the surge
impedance, Z,(usually hundreds of ohms),
and the velocity factor (VF), which is always
less than unity.

The far end of this transmission line is an
open circuit, or more correctly, the line is
unterminated. With a length less than a quarter
wavelength, the unterminated line will appear
as a capacitance to the vertical element. Addi-
tionally, the top wires exhibit capacitance di-
rectly to the vertical element. Together, each
top wire contributes to the total capacitance. If
the lines are of the correct length, they will add
Jjustenough capacitance to overcome the short
vertical’s capacitive reactance and bring it to
resonance.

Some physical transmission-line vari-
ables, like the ground-conductor diameter,
are not readily determined. And that in turn
makes determining the line characteristics
and top-wire lengths difficult. One solution
is to use a modeling program, such as
EZNEC, that takes into account the antenna
environment. The ground conductivity and
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dielectric constant can be selected, and even
two different ground media can be mod-
eled.’ Using this approach, and starting with
a vertical slightly less than a full quarter-
wavelength, the horizontal top-wire lengths
can be adjusted until the antenna is resonant
at the desired frequency.®

I used this method to establish the rela-
tionship between the flattop’s vertical (V)
and horizontal (H) lengths. Results from
the modeling are shown in Fig 3, where the
V and H relationship is expressed as the
ratio V/H. For any vertical length (V), from
0.025 A to 0.2375 A, the corresponding top-
wire length (H) can be determined. The
vertical lengths are listed and entered as a
decimal fraction of a wavelength on the
horizontal axis. While the vertical axis gives
the V/H ratio.

As earlier stated, conductor diameter is a
factor in determining the transmission line
impedance (Z;); therefore, three different
length-to-diameter (1/d) curves are given in
Fig 3. 1 used ratios of 25,000:1, 1000:1 and
100:1 in the modeling. These nonlinear
curves reveal why simply using V + H =
!4 A is often inaccurate.

When relating a quarter-wavelength to a
length in feet, as in Eq 1, the constant 234
provides the conversion factor that takes
into account the speed at which radio waves
travel in free space, and antenna end effects.
Likewise, conversion constants are pro-
vided for each of the 3 flattop 1/d ratios, but
here they differ from Eq 1, in that they are
being specified for a full wavelength:

For I/d = 25,000:1

A (ft) = 961/f (MHz) (Eq 3)
For 1/d = 1000:1

A (ft) = 950/f (MHz) (Eq 4)
For I/d = 100:1

A (ft) = 930/f (MHz) (Eq 5)

Since the flattop’s V/H ratio will be a
function of the selected vertical length, it
was decided to use a full quarter wavelength
as the 1/d reference value. Just take a full-
size quarter-wave vertical’s length, the ele-
ment diameter, and calculate the 1/d ratio.
Although a 25,000:1 1/d ratio may appear a
bit high at first, a 160-meter flattop made
with #14 AWG wire has this ratio. On the
other end, a 10-meter flattop made from
I-inch tubing would have an 1/d ratio of
about 100:1. Therefore, the above 1/d ratios
pretty well cover most designs.

Due to the wide V/H range presented in
Fig 3, resolving the ratio precisely can be
difficult. Most installations will tend to use
short vertical lengths, so expanding the
scales for these lengths helps improve reso-
lution. In Fig 4, the graphs have been ex-
panded to better show the V/H details for
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vertical lengths of 0.025 A to 0.125 A.

Use of the V/H graphs is not difficult.
Consider a flattop for 1.825 MHz. A verti-
cal length must be decided upon: let's use
the 44 foot length from Fig 1B. The antenna
will be constructed of #14 AWG wire, which
has a diameter of 0.064 inch. Plugging 1.825
MHz into Eq 1, and then dividing by 0.064
provides an l/d ratio of about 25,000:1.
Next, using A Eq 3, take 961 and divide by
1.825. One wavelength, for this antenna
design, is then 526.6 feet. Now taking 44
feet, and dividing by 526.6 feet, yields
0.084—the vertical section’s fraction of a

wavelength (0.084 A).

Using the expanded scale of Fig 4, enter the
Vertical Element-Fraction of a Wavelength
scale at 0.084 A, and follow it up to where it
intersects the 25,000:1 curve. Moving straight
across to the V/H scale produces a ratio of
about 0.66. This means the vertical (V) ele-
ment has a length 0.66 times that of each hori-
zontal (H) top wire. The 44 foot V length di-
vided by 0.66 indicates a top-wire length of
66.7 feet. The total flattop span is twice this;
about 133.4 feet—about the same length as
shown in Fig 1B.

To test the V/H information of Figs 3 and
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4, T constructed a 6-foot tall 20-meter
flattop from #12 wire. From Fig 4 the top-
wire lengths (H) were derived and estab-
lished at 8.5 feet per side. The test antenna
was built using this length, but when all the
pruning was done, the top wires were actu-
ally closerto 7.25 feet—about 15% shorter!

I was a bit concerned at first, but further
analysis of the EZNEC model provides a clue
why this happened. The V/H graphs were de-
veloped using R equalto0Q. Whena higher
R was included in the model, the top-wire
length decreased. The test antenna’s ground
return had been hastily constructed using
four quarter-wave radials, suspended a few
inches above landscaping pebbles. Certainly
this is a high loss ground return at most loca-
tions. All this suggests that ground has a
greater-than-expected effect on the antenna’s
transmission line characteristics.

To test the idea, 12 additional quarter-
wave radials were added to the original 4.
This would have the effect of substantially
reducing Ry from its former value. SWR
measurements made before and after the
radial additions, indicated an increase in the
resanant frequency by nearly 300 kHz! Ad-
ditional top-wire length was required to

reestablish resonance. In most practical ap-
plications where the ground return is not
ideal, the top-wire lengths will be 5 to 15%
shorter than called for in the ideal case, but
it is easier to start out too long and then trim
the wires shorter for resonance.

If a less-than-optimum ground return is
employed, one with few radials, the return
currents must flow through the lossy earth.
The earth then plays a larger part in the
transmission line characteristics; acting not
only as one conductor, but also as part of the
dielectric between the two conductors. As a
result, the transmission line characteristics
change considerably from the ideal case;
not only in impedance (Z;), but also by re-
ducing the velocity factor (VF). The VF
reduction causes the speed at which the
electromagnetic wave propagates along the
antenna length to slow. Therefore, for the
wave to traverse the quarter-wavelength in
the same allotted time, the length must be
made shorter. This effect is also at work in
coaxial cable, where the dielectric causes
capacitance to increase and the velocity fac-
tor to decrease.

As I stated earlier, reducing the flattop’s
vertical length (V) results in progressively

lower R, as illustrated in Fig 5. Follow-
ing the flattop’s R, curve, it increases in a
sine-like manner until it converges on
36 Q maximum at a quarter-wavelength.

Curves for base and center-loaded verti-
cals using lossless loading inductors are also
included in Fig 5 for comparison. These
produce exponential and nearly straight-
line curves, respectively, which also con-
verge on 36 Q. At that point, the antenna is
a quarter-wavelength vertical with no load-
ing. Fig 5 shows that the flattop always
provides a higher R, than an equally tall
base- or center-loaded antenna. For this
reason, it will always operate with higher
efficiency. And because the base and cen-
ter-loaded antennas use loading coils, with
their inherent losses, it further reduces their
efficiencies.’

The flattop’s advantage is even more dra-
matic when the vertical length isin the range
of 0.125 L to 0.2 A, and a low Ry return is
present. These longer lengths often use a
tower as the vertical element on the low
bands. An HF beam antenna atop the tower
will provide capacitive loading in the same
way as top wires.

Efforts must be made to minimize the
ground return resistance, Rg, if maximum
efficiency is to be attained with any ground-
dependent antenna. This dictates that many
buried ground radials, or alternately el-
evated radials, be employed at the base of
the antenna.® Radio waves penetrate the
earth more deeply at lower frequencies, and
the earth becomes more lossy at higher fre-
quencies.® An extensive ground-return sys-
tem will lessen the antenna’s sensitivity to
the earth directly surrounding the antenna
by making the antenna less dependent on the
earth return.

One might assume that using large diam-
eter conductors could provide an antenna with
asubstantially shorter horizontal span, but the
curves of Figs 3 and 4 suggest the contrary. It
is true that a top-hat with larger surface area
will result in greater capacitance to ground,
however, itis the current distribution along the
vertical element that has a profound affect on
the final dimensions. This can bring some
surprising results.

Using the earlier 160-meter flattop ex-
ample, Table 1 gives the horizontal top-
wire lengths required to bring a 44-foot

Table 1

Relationship of Element Diameter and Required Length for the 160-meter Flattop

Vert Element Vert Horiz Element
#14 wire 44 ft #14 wire

1.5 in. tube 44 ft #14 wire

1.5 in. tube 44 ft 1.5 in. tube
#14 wire 44 ft 1.5 in. tube

Top Wire (per side) Feed Point R,
66.7 ft 9.8 Q
78.8 ft 9.9 Q
68.5 ft 9.80Q
55.5 ft 9.7 Q

2:1 SWR BW
38 kHz
50 kHz
54 kHz
40 kHz
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vertical element into resonance when the
vertical and horizontal sections use the
same, or different, conductor diameters.
Two element diameters have been selected
for the example; 0.064 inch diameter wire
(AWG #14) and 1.5 inch tube.

When the vertical and horizontal element
diameters are the same, as in the first and
third cases, the antenna dimensions are not
considerably different, but note that the
thinner diameter does result in a somewhat
shorter top wire. Now look what happens
when the element diameters are mixed; a
difference of over 23 feet per side takes
place between the second and fourth cases!
The case of the thin vertical element, and
the wide diameter horizontal element
clearly provides the antenna with the most
compact dimensions; while a thick vertical
element and thin top-wire element produce
the opposite effect—unfortunately!

A thin vertical element, while desirable
from a size standpoint, may not be optimum
from a bandwidth standpoint. As might be
expected, the 2:1 SWR bandwidth is narrow-
est when the elements are made of thin wire,
and broadest when the elements are made of
tubing. These bandwidths will increase as
greater ground loss (R, ) is introduced into a
real antenna system. The bandwidth—narrow
or wide—should not be of any consequence
when a transmatch and low-loss feed line are
employed at the station.

Multiple-Wire Flattop Antenna

The previous example shows that the
horizontal top-wire length can be reduced
significantly if its diameter is made large
compared to the vertical element. In fact this
may not be practicable. Conductors of large
diameters can be heavy and difficult to sup-
port over a wide span, but the same benefit
can be realized by using multiple parallel

wires of smaller diameter. The more wires
used, and the wider they are spaced, the
greater the span reduction will be. The
parallel-wire configuration changes the
transmission line impedance ( Zg ) such that
it provides the required loading capacitance
in a shorter length.

Fig 6A shows a simple, multiple-wire
flattop using three parallel wires, each
spaced 1 foot apart. For direct comparison,
I've used a 44-foot vertical element tuned
to 1.825 MHz. In this antenna the three par-
allel wires are connected together at the cen-
ter and at each end. Each wire carries nearly
identical current and maintains the same
phase relationship with its adjacent wires.

This flattop arrangement produces an an-
tenna with a total span of 78.8 feet, an R,
of 9.7 Q, and a bandwidth of about 38 kHz.
‘When compared to the single-wire equiva-
lent, with a 134.4 foot span, the width is
reduced by about 40% with almost no
change in R, or bandwidth! Such a design
permits a 160 meter flattop in a space not
much larger than a 40 meter dipole.

Fig 6B shows another three-wire flattop
with one important difference; only the cen-
ter wire connects to the vertical portion. In
this configuration, the required horizontal
span is reduced to 132.8 feet. This is not
much difference in length, but it is quite
different from a current distribution stand-
point as you will see.

If the antenna of Fig 6B is momentarily
opened at points “a” and “b” little change in
resonant frequency will be noticed. (It may
move up slightly.) That is because the cur-
rent at these points is nearly zero and open-
ing them has little affect. The majority of
the current flow is in the center wire, and it
divides as it reaches the end of its length. It
then folds back in the outer wires flowing in
the opposite direction. The outer wire cur-
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Fig 6—The three-wire flattop. At A, all horizontal wires are connected at the center
and at each end. At B, only the the center wire connects to the vertical portion. All

elements are constructed of #14 wire.
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rents are thus out of phase with that in the
center wire, but drop off rapidly so their
interaction is minimal. Performance of this
designis virtually identical to that of Fig 6A.

Using the same method described for the
single-wire flattop, I developed a similar
V/H graph for a three-wire flattop, like that
of Fig 6A. Since most applications will
likely use the shorter vertical lengths, the
graph shown in Fig 7 is expanded like Fig 4.
This graph represents a 25,000:1 1/d ratio,
and a length-to-spacing (1/s) ratio of about
132:1. Once again, for purposes presented
earlier, the spacing is also referenced to a
full quarter wavelength.

A nice feature of the flattop is that for a
given vertical element length the feed-point
R, is essentially independent of the top-wire
design. Single and multiple-wire flat-tops, of
mostany design, will resultin nearly identical
R —provided the wires lie in the same plane
or have the same slopes to them. This is shown
in Table 1 for single-wire flattops when dif-
ferent top-wire lengths are employed. When
the three-wire designs are used, they all have
nearly equal R —about 9.8 Q.

If the flattop spacing, shown in Fig 6A, is
stretched and the ends are pulled in, so that a
square is formed, aconventional top-hat struc-
ture is created. With appropriate sizing, the
top-hat and flattop produce equivalent top
loading and the same R . Note that the mul-
tiple-wire flattop can employ as many wires
as can be practically accommodated resulting
in even greater span reductions.

Coaxial Line Radiator Flattop

In a previous article, I suggested using an
80-meter dipole as a top-loaded vertical
(flattop) on 160 meters.'® This is accom-
plished by shorting the feed line at the end
nearest the transmitter, and driving the feed-
line (the vertical) and dipole (the horizontal
top wires) against a ground-return system.
The coaxial line becomes the actual radia-
tor. Typically, the coaxial line is whatever
length happens to be in the installation and
that length may not be optimum for this
particular application. That may result in an
inability to achieve resonance on the band,
and the radiation pattern may differ from
expectations. Therefore, give some thought
to the antenna dimensions before attempt-
ing this approach.

Let’s replace the 44-foot vertical wire
with a 44 foot length of coax. The coax ends
nearest to ground are shorted together, while
the other ends connect across the dipole
center insulator. It may not be obvious, but
in operation the coax is now serving a dual
role. First, the actual radiation takes place
along the outside of the coax braid. Second,
the inside of the outer braid and the outside
of the inner conductor form a transmission
line stub. This can best be visualized with
the help of Fig 8A. Here a single wire rep-
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Fig 8—At A, EZNEC model of the 160/80-meter two-band antenna. At B, a design
based on Eichenauer. See text.

resents the radiating coax braid, while a
parallel coaxial line represents the stub.
This is exactly the way it can be modeled in
EZNEC.

A 44-foot coaxial stub, made from RG-8
or RG-58, will have an impedance of about
52Q, and have a velocity factor (VF) around
0.66. Divide 44 feet by the 0.66 VF, to find
an electrical length of 66.7 feet—approxi-
mately '/s wavelength on 160 meters.

A '/s wavelength shorted stub will yield an
inductive reactance (X;) equal to the line’s
surge impedance (Zg), or in this case; 52 Q.
Since the radiating braid connects to one side
of the dipole, the stub lies in between it, and
the other side of the dipole. Therefore, one side
of the dipole has the equivalent of a 52 Q in-
ductor in series with it.

The addition of this inductor on one side
unbalances the top-wire currents such that
they are no longer equal and opposite. This
effect results in some minor pattern distor-
tion in the form of an increased horizontally
polarized field component. Additionally,
the inductor loads the antenna and causes it
to resonate at a lower frequency, and re-
duces the antenna’s bandwidth.

For this example, where the inductive reac-
tance (X)) is relatively low, the effects are
small and the horizontal field increases by just
a few decibels. Typically, it is down about 30
dB from the vertical field. But as the stub is
made longer, X, increases and the loading
and pattern distortion effects become more
pronounced. To compensate for the added
loading, the top-wire lengths must be reduced
to reestablish resonance on 160 meters. At the
same time, the top wires are becoming too
short for resonance on 80 meters.

Elimination of the stub’s inductive effect
can be achieved by placing a capacitor be-
tween the center conductor and braid at the
feed point. The coax braid is then driven
against ground. For the 44 foot, eighth-
wavelength example, the capacitor should
have a reactance ( X ) equal to the imped-
ance of the transmission line, eg, 52 Q. Con-
nected in this fashion, the 52-Q X_ will
appear as a short (0 Q) across the dipole in-
sulator, completing the top-wire connec-
tion. Since high voltages can develop across
the capacitor in this application, one should
assess the voltage and current handling re-
quirements to make certain the component
can withstand the applied levels.

Use of a balanced feed line, such as open-
wire or ladder line, eliminates the stub prob-
lem altogether. Ideally, the current divides
equally between each side of the balanced
line and flows to the corresponding top wire.
Each side sees the same loading and no stub
is formed.

Probably the biggest drawback to using
this approach for a two-band antenna is that
the ideal feed point R, is significantly dif-
ferent for each band. For the previous ex-
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Antenna control box used at AC7A. The
box contains relays and a broadband
torroidal matching transformer.

ample R, will be about 10 £ on 160 meters
and 40 Q on 80 meters. Even though ground
loss resistance will raise the total antenna
resistance on 160 meters, this suggests the
use of an impedance matching network for
160, and then the ability to switch it out
when using 80 meters. A better approach is
one offered by Eichenauer in his 1983 QST
article.!" The basic layout is shown in Fig
8B. Although similar in design to the co-
axial flattop, the feed line now only serves
to feed the antenna. The antenna feed-point
impedance is transformed to a value closer
to 50 Q on 160 meters, and is already near
that on 80 meters. No complex matching or
switching required!

Matching

A few words need to be said about match-
ing the flattop’s low feed point R, . Fig 5
clearly shows that R, will usually be much
lower than the 52-Q coax impedance often
used in Amateur Radio applications. Even
when R; is summed with R, , the total will
likely result in a SWR that exceeds the 2:1
that most transceivers will tolerate. This can
be handled in a number of ways: using a
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broadband multi-tap, autotransformer of the
kind presented in the author’s previous ar-
ticle, or a Sevick multi-impedance unun.'>?
Similarly, a simple LC network suchasanLL
network can be employed. Their design is
covered in The ARRL Antenna Book.

Probably the easiest feed method to apply
is to feed the antenna directly with a low-
loss coaxial cable such as Belden 9913 or In-
ternational 9089, and then rely on a
transmatch to provide the 1:1 SWR. This
would even relieve one from having to pre-
cisely tune the antenna for lowest SWR.
Yes, the SWR may be high 3, 5, oreven 10:1,
but the losses will almost always be toler-
able if the feed line length is kept reason-
ably short. This is easily realized at the lower
frequencies where this type of antenna is
most likely to be used. Operating with high
SWR and high power levels can lead to high
voltage levels being developed within the
transmission line. But the voltage only in-
creases by the square root of the SWR, over
that of the 1:1 SWR condition; so in most
cases the cable will be able to withstand the
higher peak voltage.

Conclusions

The flattop antenna offers another possi-
bility for an efficient, reduced-size antenna
that should appeal to those who can’t erect
full-sized dipole or vertical antennas, but
still want a low-angle radiator. Even though
the text concentrated on the lower bands,
these principles can be applied equally to
antennas for the higher HF bands and be-
yond. Putting this in perspective, one can
imagine an 11-foot, under-the-eve flattop
for 40 meters, or a 2- or 3-foot 10-meter
flattop barely visible above the roofline, or
even a much improved replacement for your
VHF hand-held’s rubber ducky!
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Broadbanding the Elevated,

Antenna

By Sam Leslie, W4PK
1038 Lone Pine Terrace
Goode, VA 24556-2545

- Inverse-Fed Ground Plane

onstructing an antenna that will op-
‘ erate with reasonable SWR in the
CW DX segment at the bottom end
of 80 meters and the SSB DX segment at

3.8 MHz has always been a challenge. I dis-

covered the approach I'll describe here quite

by accident while evaluating Tom (N4KG)

Russell’s inverse-fed, elevated ground-

plane concept (described in June 1994 QST)

on my tower.

To make a long story short, what I found
was that two sets of radials at 90° with re-
spect to each other could each be cut to
achieve a low SWR at their respective parts
of the band, producing two dips in the SWR
curve. As ON4UN states in his ARRL book,
Low Band DXing, two in-line radials pro-
vide good ground-plane performance. Thus,
one pair is dedicated for the CW portion of
the band and the other pair is set for the SSB
portion of the band. This, of course, assumes
that the radials are sufficiently elevated to
avoid coupling losses with the ground.

The challenging part is to find the right
spot on the tower to make this technique
work. Basically, this is where the electrical
length of the tower, as loaded with anten-
nas, is equivalent to 90° (A/4) above the feed
point. N4KG’s article describes a procedure
you can use to estimate this, both in terms of
an equation derived from ON4UN’s book,
and with a table describing the effective
equivalent loading effect of several types of
Yagi antennas.

A step-by-step approach to constructing
this antenna is as follows:

1. Approximate the electrical height (in de-
grees) of your tower from the equation in
N4KG’s article as follows:

L = 0.38F[H+(2S)'?]
where F is in MHz, H is in feet, and S is

the equivalent area of the Yagi(s) in
square feet of wind area. This number
must be greater than 90° (/s 1) for this
concept to work. An electrical length of
120° or more will assure that the radials
are sufficiently elevated above ground for
reasonable performance.

2. Next subtract 90° from the number ob-
tained above to determine the electrical
height (in degrees) above ground that rep-
resents the target “sweet spot.”

3. Now convert degrees into feet or meters
for the frequency halfway between your
two target SWR minima (ie, 3.65 MHz).
For feet, the relationship is simply:

_ (Electrical length, degrees) x 492
it 180° % Fyp,

In meters, the relationship is:

Feet

_ (Electrical length, degrees) x 150
Meters = 180° X Fygpyy

This will be the starting point for finding the
“sweet spot” above ground level for your tower.

4. Cut one pair of !/s-wavelength radials
near the bottom end of the 80-meter
band. I used 69 feet each, or a total of
138 feet from radial tip to radial tip for
3.550 MHz.

5. Cut the second pair of radials for the
phone portion of the band (65 feet each
for 3.8 MHz)

6. Join all four radials together at an insula-
tor temporarily hooked to the calculated
“sweet spot” in step 1 above. Make sure
that the CW radial pair is at right angles
to the SSB radial pair. Also, pull the ra-
dials out to temporary posts such that the
ends are at least 8-10 feet off the ground,
and that the sag is minimum (less than
3 feet or so).

7. Connect the center lead of a short piece
of coax cable (less than 2 feet) to the cross
point where the radials are joined to-
gether, and temporarily connect the braid
of the coax to the tower. Since the imped-
ance of this antenna will be quite low,
connecting a 50:25-ohm unun trans-
former at the end of this short piece of
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coax may make measuring SWR easier.
Connect the 25-Q port of the unun to the
short piece of coax, and connect the SWR
meter to the 50-Q port.

8. Measure the SWR, and determine whether
the SWR minima are low or high with
respect to the target. NOTE: Do not at-
tempt to adjust the length of the radials to
move the SWR minima! You will likely
not be successful if you are too far from
the actual “sweet spot” on the tower. The
goal is to move the connection point on
the tower to where a reasonable SWR
match is obtained for both portions of
the band.

If the SWR minima are low in frequency,
then you need to raise the connection point
on the tower. Likewise, if the SWR minima
are higher than desired, you will need to
lower the tower connection point. An easy
way to do this is to climb the tower with your
handy battery-powered SWR box and have a
helper loosen and then retighten the radials
as you work your way up or down the tower.

The hard way (my way) is to climb down
each time you make an adjustment and
check the SWR. If you check the SWR at the
bottom of the tower, connect a length of
coax from the 50-Q port on the unun, and
run this coax down inside the tower to the
base. I made my measurements at the tower
base primarily to remove any temptation to
drop the SWR analyzer while I was on the
tower. With either method, you will find that
the final adjustment will be a matter of
inches to balance the SWR minimum at each
target frequency.

I used Amidon’s multiple-tap unun (part
number W2MFI-1.78:1-HMMUSD) since 1
was expecting a fairly low impedance (below
18 Q or so). However, I found that drooping
the radials at an angle of 35-45° from hori-
zontal raised the impedance above 20 Q. Be
careful about getting the ends of the radials
too close to the ground. T had observed some
unpredictable effects when the ends were less
than 6 feet or so from ground. Eight to 10 feet
or higher should be okay, and would be pre-
ferred anyway if you have large mammals
roaming the area. The 50:22.16- tap on the
Amidon unun proved to be the best match in
my case. Any 50:25-Q unun rated at your pre-
ferred power level should work just as well.

A quarter-wave matching network cut for
3.65 MHz and made from 75-£ coax as de-
scribed in N4KG’s article may work just as
well. It might be worth a try if you wish to
save the cost of an unun transformer and
minimize complexity.

Note that the above approach assumes
that your guy wires are insulated from the
tower and that the guys are either broken
into nonresonant lengths or made of insulat-
ing material.
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An Example

Fig 1 represents my specific application.
I have a rather large multiband beam on a
24-foot boom that covers 40 through 10
meters. In addition, I have a dual-band
VHF/UHF gain antenna on top of this tower
(more on this later). Applying the formula
in step 1 above (and ignoring the VHF/UHF
gain antenna on top), [ calculated an electri-
cal height of 144°.

Subtracting 90° from this number gives a
point on the tower where a quarter wave-
length at 3.65 MHz remains above the tar-
get “sweet spot.” This point is thus 54°
above ground. The initial starting point is
therefore (54°x 492)/(180° x 3.65 MHz), or
40.4 feet above ground. My initial try re-
sulted in two SWR minima, with one at
around 3.2 MHz and the other at about
3.5 MHz. This indicated that I was too low

on the tower, and that the VHF/UHF gain
antenna was contributing, as expected, to
the tower’s electrical length.

I then raised the attachment point until I
found the best compromise for operation in
the desired band segments. This point was
46 feet above ground. Again, do not suc-
cumb to the temptation to trim the radial
lengths to move the points where the SWR
minima occur. I found that it’s better to
move the attachment point on the tower in
increments as small as six inches, if neces-
sary, to achieve the desired balance. The key
point here is that you should try to find the
point where an equivalent antenna length of
90° above the connection point is halfway
between your two desired band segments.
With the 50:22.16 transformer in place, the
SWR curve that I ended up with for this ar-
rangement is shown in Fig 2.

Extension Above Beam
(UHF Antennas, etc)
et
6.8m
Cross - Section View
of Radial Connection,
= Beam = View from top.
W f T
|
Coax Inside TTow:lr, |
| of Tower R ]
| 80m Radial
UNUN
’ 50 : 22 :
|
18.5 Ft |
5.9m
| Braid Insulators :
| )L )] |
i {75 m Radiol et u |
80m Radial
Center |
o s SRR o L B
PL
//
46 Ft 2 Pairs of Radials, One for
1% 75m, the Other for 80m

Fig 1—Details of the reverse-fed ground-plane at W4PK. The inset shows the feed-
point details. Keep the two sets of radials as close to 90° from each other as
possible. Don’t try to resonate the antenna by adjusting radial lengths.
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Fig 2—SWR curve of the reverse-fed
ground-plane antenna installed on
W4PK’s tower. The antenna is placed
on the tower at a height that places the
SWR minima at 3.55 and 3.8 MHz. This
equates to 90° above the feed point at
3.65 MHz. The antenna is fed with a
50:25-Q unun transformer or quarter-
wave coaxial matching section.

Note that the VHF/UHF antenna on my
tower contributes as a part of the radiator for
the elevated ground plane. If you have a
similar arrangement, be sure to check the
3.5-MHz RF signal level at the input to your

VHF/UHF equipment. Likewise, check the
level of your VHF/UHF transmitted signal
at the input to your HF transceiver. In my
case, I routed the coax for the VHF/UHF
antenna down the inside of the tower to re-
duce coupling from the 3.5 MHz signal onto
the coax shield. In addition, I employ two
VHF/UHF lightning protectors (one at the
tower base, the other at the entry point to the
house) rated for 30 MHz and above. They
provide some degree of attenuation at
3.5 MHz, and the signal at the input to my
VHF/UHF equipment is at a very safe
—40 dBm level with akilowatt applied to the
80-meter antenna.

You may need to employ a high-pass or
band-pass filter if the level that you measure
is significantly higher. I also found that the
signal level from the VHF/UHF equipment at
the HF transceiver input to be negligible. Note
that the VHF/UHF antenna is not necessary
for the successful application of this approach.

Results

I have been very pleased with this
antenna’s performance. I installed it as a
temporary arrangement while I was con-
structing a full-size 4-square antenna for
75/80 meters. I had the opportunity to com-
pare its performance with the first vertical
of the 4-square, under which I had 72 buried
radials of nominally 0.31 A each. Basically,
I found that the difference in signal levels
with a local ham about two miles away was
less than 1 dB. On-the-air listening tests on
low-angle signals from Europe further con-
firmed that there was no discernible differ-
ence in received signal levels between the
full-size, ground-based vertical and the
elevated, top-loaded groundplane. For ref-
erence, [ have since completed the 4-square
array, and as expected, the 4-square does
show a solid S-unit (4-5 dB) improvement
in its favored direction over the elevated
ground-plane.
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Short Radials for Ground-
Plane Antennas

By Rudy Severns, N6LF
PO Box 589

Cottage Grove, OR 97424
Rudys @ordata.com

ean Straw’s (N6BV) article' in this
D book describing the 6Y2A opera-
tion and beach-front verticals for
DXpeditions shows how useful a vertical or
vertical array can be—if you can put it over
or adjacent to saltwater. For 20 meters and
higher in frequency it is practical to use
A2 verticals with little or no ground plane.
For 40 meters and lower in frequency, how-
ever, a A/2 height becomes prohibitive and
a A4 ground-plane with elevated radials is
a more practical form of vertical. Unfortu-
nately, as you go down in frequency the
length of the quarter-wave radials becomes
very long (approximately 132 feet on 160
meters), and this takes up a lot of area. In
addition, most DXpeditions can’t place the
radials very high off the ground. This results
in a number of wires to trip over or strangle
on. And if you have several verticals, the
beach really becomes an obstacle course!
One way to reduce the problem is to
shorten the radials (leaving the vertical part
of the antenna as near a quarter-wave as
possible) and use either a loading inductor,
a top-loading hat or some combination of
the two. The question is, “How much do you
lose as you shorten the radials?” I took a
look at this using GNEC-4, a NEC-4.1-
based modeling program, and the following
is what I discovered. Keep in mind of course
that all this assumes NEC knows what it’s
talking about!

A 160-Meter Vertical

I have been planning on a beach-front
160-meter vertical for some property I have
on Willapa Bay, WA, so I started with that
model. While you probably wouldn’t try to
construct a full-size quarter-wave 160-
meter vertical for a DXpedition, the com-
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puted results are very similar no matter what
band you use with a beach-front vertical.
The antenna I am planning will use four
elevated radials and will be made of #13
wire. I was planning to use a wooden A-
frame made from three Douglas fir trees (as
shown in my QEX article?) to support the
antenna. For modeling, the initial lengths of
the radials and the vertical were made equal
and adjusted for resonance at 1.840 MHz. |
then progressively shortened the radials
(keeping the vertical height the same) and
re-resonated the antenna with a single se-
ries inductor feeding all four radials at the
feed point.

An inductor QQ of 250 was assumed and
with alittle care this should be readily achiev-
able. In a salt atmosphere you must put the coil
in a sealed enclosure, or by morning the Q will
be close to zero. I modeled the base of the
antenna at 1 foot and at 10 feet, and for com-
parison used three types of ground: perfect,
seawater (€ = 80, the dielectric constant, and
o = 5.0 S/m, the conductivity) and average
(€ =13, 0 =0.005 S/m).

The results are shown in Figs 1 and 2.
These graphs include both the ground loss

and the loss due to the series resistance of the

loading inductor. The small wire loss was not
included. We can see from Fig 1 the advan-
tage of seawater over average ground: about
4.2 dB more gain for full-length radials. In
addition, the peak gain occurs at an elevation
angle of 7° for seawater, as opposed to 21°
for average ground. As the radial length is
reduced the peak gain angle changes very
little, but the peak gain goes down. The
height of the radials over seawater made very
little difference, and the difference between
ideal ground and seawater was also very
small. The primary difference over seawater
is the added loss in the loading inductor.
While Fig 1 shows the peak gain, you can
see the variation much better in Fig 2, where
the change in gain is plotted. Even if you
use radials only 40 feet long (0.07 A!), over
seawater the loss is less than 0.2 dB. This is
very attractive for DXpeditions. The value
of the loading inductor is very nearly the
same for all the grounds and heights so that
the loss due to the inductor’s series resis-
tance is pretty much the same at each radial
length. Over average ground, however, the
gain reduction is much larger due to in-
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Fig 1—Peak gain for (\/4-high vertical with four, coil-loaded
short radials on 160 meters. The loading coll is assumed to
have an unloaded Q of 250. Over seawater, the peak gain

160 meters.

doesn’t change much, even for quite short radials, while the
gain is close to 5 dB less over ground with average

conductivity and dielectric constant.

creased ground losses as the radials are
shortened.

At some sites the antenna may actually
be over seawater, but it is more likely it will
be up on the beach adjacent to seawater.
How much effect will that have? That de-
pends on two things: the beach’s ground
characteristics and the distance to the wa-
ter. If the ground under the antenna is regu-
larly flooded with seawater the conductiv-
ity is going to be pretty high. But that may
not always be the case, and fairly poor
ground characteristics may be encoun-
tered—especially on coral islands.

To check this out I modeled the 160-
meter antenna site as though it were a circu-
lar island located in a sea of saltwater. The
island was made up of ground with average
conductivity and dielectric constant, and
the distance to the saltwater was varied by
changing the radius of the island. The re-
sults are shown in Fig 3. As soon as you
move away from the water (thatis, you have
a larger-diameter island) the peak gain
starts to drop and the increased ground loss
due to shorter radials shows up.

The message is simple—select a nice salt
marsh that is flooded twice a day, or put the
antenna out on the reef with water under it!
Otherwise, put the antenna as close to the
water as practical.

Reducing Losses

We know that the losses due to use of a
loading device such as a coil can be reduced
by using a higher-Q coil, by moving a load-
ing coil from the base of the antenna to a
more optimum location up the vertical ra-
diator, by top-loading or some combination
of these.** For a '/s-A vertical with short-
ened, loaded radials over seawater the

ground losses are very small, and even the
losses due to base loading of a shortened
vertical radiator are small. It is question-
able, therefore, whether it is worth the
trouble to spend much time trying to mini-
mize the loading loss, except for the case
where a vertical’s electrical height is much
shorter than A/4.

Unfortunately, short verticals with load-
ing are often used for 80 and 160 meters. On
those bands all of the tricks for minimizing
losses will have to be used, because short-
ening the radials as well as the vertical itself
can seriously degrade performance, even
with a seawater ground.

I'looked at modifying the ground plane to
see if a more complex radial structure would
help. Using eight radials, the difference in
ground loss was insignificant. However, the
additional radials did reduce the reactance
needed to resonate the antenna by almost
'/2. That would reduce the loading coil loss,
since a smaller amount of inductance would
be needed.

I then looked at tying the ends of the ra-
dials together with cross conductors to form
a square wagon-wheel shape with four radi-
als. Again, the ground losses were not re-
duced greatly (= 0.2 dB). There appears to
be no substitute for long radials if you want
that last fraction of a dBi in gain. We really
have known this since the 1930s!57 The
reactance, however, was greatly reduced
and with the wagon-wheel structure the an-
tenna is resonant—without loading—with a
radius of 58 feet, less than half that for nor-
mal radials.

Given the fierce corrosion experienced
over or near seawater, it would be a good
idea to use insulated wire for the radials,
some paint on the vertical tubing, conduc-

Fig 2—The same data presented in Fig 1, but magnified by
showing the change in peak gain versus radial length on

tive joint compound and very careful seal-
ing of all joints and connections.

A Closer Look at Ground Losses

The increase in ground loss with shorter
radials is worth a closer look. The additional
loss shows up as an increase in feedpoint
resistance over that for ideal ground. Fig 4
is a graph of feedpoint resistance as a func-
tion of radial length, without the resistance
of the loading inductor. Over seawater the
effect of ground loss is very small. It’s hard
to see it on the graph. Over average ground,
however, the effect is very obvious and the
loss increases at lower heights.

When generating the data for Fig 3, I
noticed that the feedpoint resistance was
constant for different values of “island” ra-
dius. This is due to the way NEC computes
impedance, where it takes into account only
the first ground characteristic and assumes
for this purpose that the ground under the
antenna is infinite. For far-field calcula-
tions, however, the two ground zones (that
is, the ground under the vertical and the
seawater surrounding our model island) are
taken into account. This means that the
ground loss in the model, as reflected in the
feedpoint resistance, may be higher than it
actually is when close to the water.

NEC can provide a direct calculation of
total ground losses using the so-called “RP”
card. This card sets the parameters for ra-
diation patterns and can provide a calcula-
tion of average gain. An example is given in
the Appendix.

Conclusions

If you are lucky enough to be near or on
seawater, you can drastically reduce the size
of your elevated ground-plane. With a little
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Fig 3—Peak gain for a (A/4-high vertical with four, coil-loaded
short radials on 160 meters, but this time where the antenna
is located on a circular island in a saltwater ocean. Three
different radial heights are shown over average ground. The
radius of the circular island is equal to the length of the
shortened radials in this model. Obviously, you should mount

Fig 4—Feed-point resistance as a function of radial length
and radial height above ground. Here, the loss resistance of
the loading inductor is removed. The effect of ground loss
over soil is large compared to that over salt water.

your antenna and radials over—or at least as close to—salt

water, as you possibly can!

care, loss due to the loading components can
be small, on the order of a few tenths of a
dB. If you must place the antenna over
poorer ground, such as the beach, you
should try to get as close to the water as
possible and keep the radius of the ground-
plane radials greater than A/8. You can, of
course, use a smaller ground plane if you are
willing to accept the reduced peak gain.

And here is another important consider-
ation: Even with A/4 radials, you should
decouple the feed line from the antenna
with a common-mode choke (balun). As
the radials become shorter this becomes
even more important, since the voltage be-
tween the base of the antenna and ground
increases.
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Appendix

The average gain for a lossless antenna in
free space is 1.0 (or 0 dBi). For a lossy an-
tenna the average gain will be lower by the
amount of the total loss. If yon model using
ideal conductors and lossless loads, then the
reduction in average gain directly reflects the
ground loss. Inserting the correct parameters
for average gain can be a little tricky, how-
ever, until you get used to it. For example,
when modeling an antenna over ground, in-
stead of averaging over the surface of a
sphere, the averaging is done over a hemi-
sphere. Because the total power is radiated
into only half as much space, the gain of a
lossless antenna will be 2.0 (or 3.01 dBi).

You have to keep track of these things as
you go along. As a check on my “card” en-
tries (following the terminology for the
FORTRAN-based NEC-4 software) when
starting a new analysis, I make the ground
perfect and the conductors lossless. I thus
should get an average gain very near 1.0 or
2.0, depending whether I'm modeling in
free space or over ground. If all is well, then
I insert the real ground constants and pro-
ceed with the modeling.
The RP card has the following format:8?

RP 11121314 F1 F2 F3 F4 F5 F6

where:

I1 = Selects the mode of calculation; I1 =0
for this example

12 = Number of values of theta at which the
field is to be calculated

I3 = Number of values of phi at which the
field is to be calculated

I4 = An integer consisting of 4 digits

(XNDA), each of which has a different

function
X = Controls antenna output format; X = 1

for this example
N = Causes normalized gain to be printed,

N = 0 for this example
D = Selects either power gain or directive

gain; D = 0 for this example
A = requests calculation of average gain;

A =2 for this example
F1 = Initial theta angle
F2 = Initial phi angle
F3 = Increment for theta
F4 = Increment for phi
F5 and F6 are not needed for this example.

Greek letter 6 (theta) is the angle mea-
sured from zenith (directly overhead) down-
ward. For a free-space antenna, 8 will vary
from 0° to 180° and for an antenna over
ground, the range is 0° to 90°. Greek letter
¢ (phi) is the angle moving counter-clock-
wise (viewed at the antenna from the X axis
towards the Y axis) rotating around the Z
axis. The range of ¢ is 0° to 360°. The num-
ber of values for theta (I12) and phi (13) will
be the range selected divided by the incre-
ment (F3 or F4) plus 1. The number of val-
ues must be an integer.

The number of increments of theta and
phi must be large enough to cover the entire
field, unless there are known symmetries
that can be exploited to reduce the number
of calculation points. For example, a free-




space antenna will require a sphere, and an
antenna over ground will require a hemi-
sphere. For the case of an elevated-radial,
ground-plane antenna with four radials, the
field will repeat every 90° of phi. It is thus
only necessary to compute one quadrant of
the hemisphere. The accuracy of the aver-
aging will depend on the number of points
over which the gain is averaged. Fewer
points mean less accuracy but much faster
computation. The way you check your setup
is to calculate the average gain for a lossless
system, with perfect ground, no wire loss,
etc. Under those perfect conditions the av-
erage gain ideally will be 1.0 or 2.0. The
difference in the actual calculation is the
error due to specification of overly coarse
steps in the angles. The error in dB, for an-
tennas over ground, can be expressed as
error = 10 log (average gain/2). This gives
the error directly in dB. Typically, I accept
an error of 0.01 dB.

I usually start with 2° increments and go
up or down after checking the lossless gain.
The number of field points generated with
'/2° increments can be quite large and notice-
ably slows the computation even on a work-
station. This great a resolution will seldom
be needed but you should always check an
ideal version of the antenna model before
proceeding with a real ground and lossy
antenna.

In some cases where the field does not
vary greatly with either 6 or ¢ you can use
larger increments in one plane to reduce the
computation time. For example, with a four-
radial ground-plane antenna, the field varia-
tion with ¢, at a fixed 0, is quite small and
usually needs only two values for $—, that
is, 0°and 90°. This greatly reduces the com-
putation time. However, for a two-radial
antenna, the pattern is asymmetrical and you
must use smaller increments for ¢.

A key point is to recognize that the num-

ber of points (I2 and 13) must be adjusted to
give total coverage of the desired sector
(sphere, hemisphere, or quadrant) when the
increments (F2 and F3) are selected. Don’t
forget to include one extra point for the
ends.

My RP card looks like this for one quad-
rant and 1° increments:

RP0919110020011

With four radials and only a small error
this can be reduced to:

RP09121002001 90

For an antenna over ground with a pattern
symmetrical about the X axis:

RP09118110020011

The average gain will appear at the end of
the output file in terms of absolute gain. You
can convert it to dB by using 10 log (abso-
lute gain) or 10 log (absolute gain/2).
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Antennas Here are Some

Verticals on the Beach...

By R. Dean Straw, N6BV

Senior Assistant Technical Editor, ARRL
5328 Fulton Street

San Francisco, CA 94121

To me it was a contest adventure of a
p lifetime—I was to be a member of the
team operating 6Y2A on the 1998
DXpedition for the CQ World Wide DXCW
Contest. My 84-year-old father came along
too. Although he’s not a ham, for almost 40
years he’s watched me doing radio and has
helped me put up lots of antennas. On this
trip, he had ample opportunity to put up and
take down lots and lots of antennas!

As aresult of a lot of planning, hard work
and dedication, the 6Y2A team set a new
world’s record for the multi-operator, multi-
transmitter classification. The world record
was particularly remarkable since we ac-
complished it from the continent of North
America, where contacts with the USA and
Canada only count for two points, rather than
the three points accorded QSOs made with
other continents, such as Europe or Asia.

We operated from a rented villa on the
north coast of Jamaica. This location had
been carefully chosen for its clear, over-the-
ocean shot towards Europe, the USA and
Japan. While long-path directions toward
the south were blocked by a nearby steep
volcanic cliff, the spectacular short path
more than made up for that deficiency! As
hams are fond of saying, “We could practi-
cally see Europe from our front porch.”

Located about an hour from Montego
Bay, we were well removed from the usual
tourist haunts. This meant that expenses
were moderate rather than tourist-level.
And most importantly for our mission, we
didn’t suffer from the electrical noise typi-
cal in a densely populated urban environ-
ment. We had rented two villas. One was for
operating the contest; one was for sleeping.
Since the villas were side-by-side we had a
beach front of about 800 feet on which we
could place antennas. The story of the plan-
ning and execution of those antennas is the
real subject of this article.
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Planning, Planning, Planning

Except for myself, the rest of the 6Y2A
team had operated the CQWW CW contest
as 6Y4A in 1997 from the same location.
6Y4A had come in second worldwide to
5V7A in Togo. The 5V7A team was intend-
ing to go all-out to defend their title in 1998,
and the 6Y2A crew publicly announced that
we were going to give them some heavy
competition, even if only from a “two-
point” country. Then we heard that there
were going to be two other serious North
American continental entries: the J6DX
group was trying out the multi-multi cat-
egory and so was a team headed by world-
famous contester N6TJ, operating the
superstation of TI2CF in Costa Rica. They
were going to reactivate the TI1C call sign.
I felt some irony in the situation, because
the last time I had done a serious multi-multi
from outside the USA was at TI1C in 1984,
some fourteen years ago, together with fel-
low six-landers N6TJ, N6AA, N6ZZ and
N6AW. I'll never forget the kindness and
gracious hospitality of Carlos, TI2CF, on
that trip. He had put together a really terrific
station, with very big antennas.

The three teams from the North Ameri-
can continent were all gunning for a new
North American record, but few among us
hoped to seriously challenge the world’s
record, simply because we were operating
from two-point land. The team at 5V7A was
operating from the continent of Africa,

where every European, USA or Japanese
QSO was worth three points. Then, just be-
fore the contest we heard that there were
some problems in Togo with the hotel from
which 5V7A operated last year. This was
really becoming an interesting horse race!

In 1997 the team at 6Y4A had engaged in
what seemed then to be a daring experi-
ment—they had used verticals near the salt-
water, rather than horizontal Yagis on high
towers. We intended to expand this ap-
proach in 1998.

What Elevation Angles Did We Need?

The first step planning an antenna system
is to determine what elevation angles must
be covered. Our operating credo could be
summarized in the personal motto of Dave
Patton, W9QA, the 40-meter operator at
6Y2A: “Beloud or be hosed!” We wanted to
be loud in all areas around the world with
large ham populations, especially on three-
point continents. That meant that we needed
to be loud, nay very loud, in Europe and
Japan. Since the path to Japan from Jamaica
is right through downtown Kansas City, we
figured we might just as well be loud in the
USA also.

Fig 1 shows an overlay of the enhanced
elevation-angle statistical data from the
18th Edition of The ARRL Antenna Book on
CD-ROM. This is for the 80-meter band
from Jamaica to the continent of Europe.
The bar graph shows elevation angles



ranging from 1° to 27°. This statistical el-
evation-angle data was generated from
thousands of computer runs using the
VOACAP program. The data show the per-
centage of time a particular angle is open to
Europe, for all months of the year and for all
levels of solar activity. The biggest bar-
graph spike occurs at an elevation angle of
12°, representing about 11.5% of all the
times the 80-meter band is open from Ja-
maica to Europe. A secondary peak occurs
at7°, for almost 10.5% of the time when the
band is open.

That these angles are quite low angles is
not readily apparent from a casual glance at
Fig 1, at least not until the other lines on the
graph are viewed carefully. The line with
the small black rectangles represents the
elevation pattern response of a really large
80-meter antenna—a three-element Yagi
placed 200 feet above flat ground. Its peak
response is at a 20° elevation, and at 7° the
response is down some 5 dB from the peak.

Next, look carefully at the line with the
small, lighter-shaded ovals. This represents
the response of a two-element vertically po-
larized parasitic array on the beach right next
to the saltwater. This array, a two-element
Yagi turned on its side to be vertical—if you
will, a Vagi—is just a bit stronger at an eleva-
tion of 7° than its 200-foot high three-element
horizontal cousin. At 3° the two-element ver-
tical array is some 8 dB stronger than its lofty
cousin and at 17° elevation it is down only
about 4 dB. Note how “flat” the response of
this simple vertical parasitic array is over the

range from 1° to 30° elevation. This is actu-
ally one of its distinct advantages, since
there are no nulls in the response, especially at
higher elevation angles where signals often
occur. We’ll examine this important consid-
eration some more later.

Let’s examine the responses for some
other types of 80-meter antennas. The line
on Fig 1 with the small upward-pointing
arrows represents the same kind of two-el-
ement vertical parasitic array, but this time
located over “good ground,” well removed
from saltwater. This is typical for the kind
of farmland found in parts of the US Mid-
west, with a conductivity of 5 mS/m and a
dielectric constant of 13. This landlocked
vertical array is down uniformly some 7 dB
from its brother located at the edge of the
ocean. The only difference between the two
vertical arrays is the quality—or should I
say, the lack of quality, so far as RF is con-
cerned—of the ground. Sea water is hard
stuff to beat when it comes to making loud
signals with verticals.

Next, we have what most people would
consider a darned good antenna, a dipole
located 100 feet above flat ground. At 7°
elevation, the dipole is down about 12 dB
compared to the saltwater verticals and
about 6 dB down at 12°. In other words, a
darned good antenna, something most hams
could only dream about, would be about 2 to
3 S-units down from the 80-meter antenna
planned for 6Y2A for the range of elevation
angles needed to cover Europe. (This as-
sumes that a typical modern transceiver is
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Fig 1—Statistical elevation angles needed for all months, all levels of solar activity,
from Jamaica to Europe, compared with typical elevation-plane patterns for some
80-meter antennas. The array of two verticals (reflector/driver) located over salt
water is superior even to a 200-foot-high three-element Yagi for angles less than 8°.
Note that the same vertical array placed over soil with good conductivity is greatly
inferior to the array over salt water, although the land-locked vertical would be
superior to a 100-foot high flattop dipole until about 13° in elevation. Verticals do

best, however, over salt water!

calibrated for about 4 dB per S-unit.)

Fig 2 shows the another 80-meter plot,
but this time for the path from Jamaica to
Japan. The prevailing angles are even lower
than for the path to Europe. The elevation
response of a parasitic array on the beach
would be even more advantageous on this
path compared to even a 200-foot high
three-element Yagi. By the way, this an-
tenna is not just a figment of our fervid
imaginations. Rumor had it that one of our
competitors had just such an antenna ready
to play during the contest. (It turned out that
the antenna was tuned for phone and wasn’t
actually used during the CW contest.)

Fig 3 shows the elevation angles needed
on 40 meters plotted together with the re-
sponses for two types of antennas. The one
with black rectangles is a common type of
contest antenna on 40 meters, a two-ele-
ment horizontally polarized Yagi mounted
100 feet over flat ground. Compared to this
is the elevation pattern of the antenna used
at 6Y2A, a pair of “ZR” vertical dipole an-
tennas by Force 12, with one dipole tuned
as a parasitic reflector. This is a very inter-
esting antennain thatitis only 15 feet high!
I'1l describe it in more detail later on.

Again, theory says that a two-element
vertical parasitic array on the beach should
be very competitive with a much higher
horizontally polarized Yagi antenna. And
like the situation on 80 meters, this setup
would be even more favorable for the 40-
meter path from Jamaica to Japan, where the
prevailing angles are very low, peaking at
2° for some 22% of the time when the band
is open. Theory says that the vertical array
should be loud on this band, and it was loud.

Fig 4 shows the situation on the 20-meter
band from Jamaica to Europe. For angles
less than about 11°, a vertical parasitic ar-
ray located at the seashore would have the
upper hand over a four-element Yagi lo-
cated 100 feet over flat ground. At 6Y2A,
we ended up using the array labeled “2x2
Verticals” in Fig 4 on 20 meters for some
very practical reasons, despite the fact that
the array labeled “4 Halfwave Verts” exhib-
its about 2 dB more gain over the range of
angles needed. I'll discuss the different
types of vertical arrays shown in Fig 4 in
more detail later on in this article.

Fig 5 illustrates the important 15-meter
situation towards Europe. We all felt during
the planning stages that 15 meters was going
to be a very important band in 1998, where
many QSOs were going to be made. Here
again, vertical arrays on the beach should
be very competitive with an installation us-
ing a four-element Yagi mounted 60 feet over
flat ground. This is the sort of antenna that
an ambitious DXpedition might install. We
intended to operate six stations from 160 to
10 meters. If we didn’t put up a lot of verti-
cals, we would have had to install no fewer

217



80 Meters, 6Y2A to Japan
Elevation Angles vs Antenna Response

40 Meters, 6Y2A to Europe
Elevation Angles vs Antenna Response

¥}

"9 11 13 15 17 19 21 23 25 27 29
Elevation Angle, Degrees

o

g
i <
g 4 e & 81
: : 3
0 g 61
-2 (-4 44
R B RO B A
6 §§ ....... 4 24
i
-10H..H.i.EJ%E!HHH::HHHHaG 0
3 ForiQ 41 1315, 1719 21 234252729
Elevation Angle, Degrees
{ Elevation Statistics —=- 200' 3-Ele Yagi = -*- 2 Verticals ~v- 100’ Dipole |

||::| Elevation Statistics -=— 100' 2-Ele Yagi

o 2Vertical ZRs |

Fig 2—Statistical elevation angles for Jamaica to Japan on

80 meters, again for all months and levels of solar activity.
The needed angles are much lower on this path than they are,
statistically speaking, on the Jamaica-to-Europe path. Again,
the two-element reflector/driver array over salt water has a
decided edge over most of the elevation-angle range.

than three tall towers, probably even more to
be really effective.

Note that the vertical array in Fig 5 should
cover nicely all the angles needed from 1° up
to as high as 26°, while the single 60-foot high
Yagi on 15 meters would be at a considerable
disadvantage at both ends of this wide range
of angles. Although not shown, the situation
towards Japan would involve even lower
angles, with a peak elevation angle occurring
at 1°. This would be the prevailing angle al-
most 24% of the time the 15-meter band is
open from 6Y to JA. Statistically speaking,
the highest possible angle to Japan would be
11°, which would occur only 1% of the time.
Antennas with very low takeoff angles are
vital to be really loud into Japan from Jamaica
on 15 meters.

Fig 6 shows the 15-meter situation from
Jamaica to all of the USA. Here we see that
the range of elevation angles is surprisingly
large, varying from 2° all the way up to 30°.
Actually, this shouldn’t be surprising, con-
sidering that the USA is a very large target
area. The distance from Jamaica to the
lower 48 states varies from a minimum of
575 miles to Florida, to a maximum of 3340
miles to Washington state. The vertical ar-
ray labeled “2x2 Halfwave Verticals” cov-
ers this wide range of elevation angles much
better than would a single Yagi at 60 feet,
which would have degraded performance
because of the null in its response from
about 14° to about 28°.

This aspect of vertical performance—
wide elevation coverage—is often over-
looked in the Amateur literature. Avoiding
such nulls is the reason why vertical stacks
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Fig 3—Comparison of needed elevation angles and typical
antenna elevation-plane responses on the 40-meter path from
Jamaica to Europe. Here, the antennas are a reflector/driver
pair of 15-foot-high “ZR” verticals by Force 12 over salt water
compared to a 100-foot high two-element Yagi. The vertical

array over salt water is stronger for most of the range of

necessary angles.

of horizontally polarized Yagis are becom-
ing so prevalent among really serious con-
testers and DXers at their home stations.
Putting up multiple stacks on a DXpedition
would have required an effort beyond our
enthusiasm for the sport of contesting.

Fig 7 showsthe needed elevation angles and
antenna patterns on 10 meters for the path to
Europe. Once again, a vertical array on the
seashore should be a potent performer over the
whole range of angles needed—and it proved
so in reality. The pileups calling us on 10
meters from Europe were truly phenomenal.

We also wanted to be loud on 160 meters
into our targeted geographic areas. The eleva-
tion-angle statistics from the 18th Edition of
The ARRL Antenna Book don’t cover 160
meters, because VOACAP is not designed to
operate reliably below 2 MHz. The team knew
from experience in 1997 at 6Y4A, however,
that a single 160-meter vertical on the beach
could do very well. And we were prepared to
up the ante for 1998!

The choice of what types of antennas to
use at 6Y2A was set—it would mainly be
verticals, backed up by a few rotatable hori-
zontal Yagis at relatively low heights.

Why Verticals?—Some Other
Parameters

Other than raw gain at low elevation
angles, we had other important parameters
to consider about the 6Y2A antennas. First,
they had to be light and compact enough to
qualify as regular carry-on baggage on the
airplane. Remember, this operation was
supposed to resemble a Field Day setup
(minus generators, of course), not a typical

major multi-multi contest station with huge
towers and monoband Yagis.

We also had to take our transceivers,
power amplifiers, computers, coax, and
other peripheral equipment in our carry-on
baggage. Luckily, the weather in Jamaica
does not require much heavy clothing.
Shorts and tee-shirts were perfect for our
operation. I wore a set of blue jeans on the
plane for “formal” occasions, and because
the temperature in San Francisco when we
left was about 50° F, just a bit different from
85° F in Jamaica.

Second, we didn’t want to pay excess
baggage fees, as we would have had to do if
we were hauling hundreds of feet of tower,
guy wires, rotators and large Yagis! Getting
large antennas and towers through Customs
has always been a challenge I've tried to
avoid as much as possible—both arriving in
a foreign country and returning to the USA.

Tom Schiller, N6BT, of Force 12 Anten-
nas and Systems, made all of the antennas,
some of them entirely custom-manufac-
tured specifically for 6Y2A. Tom was one
of our “secret” advantages. Not only is he a
superb operator, but he managed to fitall 19
of the antennas we used into six fiberglass
“golf-bag carriers.” Each golf-bag carrier
could transport individual pieces up to four
feet in length, setting the size limit for each
telescoping piece of aluminum tubing. Each
item was carefully inventoried and packed
so that each carrier weighed 69 pounds, just
under the 70-pound limit for a carry-on
item. One other advantage with golf-bag
carriers—Airline personnel are very famil-
iar with them, especially when your desti-




nation is a tourist spot like Jamaica. By
the way, not only antenna parts went into
the golf-bag carriers, They also held about
14 pounds of 6Y2A tee-shirts, all the tools
and four large containers of Gatorade (an-
other secret weapon in the tropics).

Bigger and Better

Experience from the 1997 6 Y4A operation
indicated that more gain would be desirable
on 20 through 10 meters. On the higher-fre-
quency bands, it is easier for others to erect
reasonably competitive antenna systems.
Remember, “Be loud or be hosed” was our
operating credo. Fig 5 shows that a relatively
modest station with a four-element Yagi at
60 feet would have a peak gain that is just a
bit more than the two-by-two vertical array
at 6Y2A. While such a horizontal Yagi at
60 feet would not have the same elevation re-
sponse at very low elevation angles, it would
still be a very competitive station for much of
atypical opening to Europe. Fig 4 shows that
more heroic efforts are required on 20 meters
to be really competitive with our verticals on
the beach, but nonetheless, a 100-foot high
Yagi on 20 meters will be much more com-
petitive than will an antenna at that height on
40 or 80 meters. The lower bands are where
the verticals really shine in terms of dB per
foot of height.

With the wide expanse of beach-front real
estate available to us, we chose to use three
sets of “two-by-two” vertical arrays for the
all-important path into Europe on 20, 15 and
10 meters. The basic building block is a
parasitic reflector and driver, spaced ap-
proximately 0.25 A, tuned mainly for gain,

with a compromise 9 dB front-to-back ra-
tio. This first set of verticals (a “two-by-
one”) is fed in phase with another such set,
spaced by about 0.6 A. Fig 8 is a bird’s-eye
view of the physical layout of this two-by-
two array.

Each half of the phasing harness was
made up of a 0.25-A long RG-59 cable, in
series with a 0.25-A long RG-8X cable go-
ing to the feed point—enough to make up
half the 0.6 A physical spacing between the
driven elements. The quarter-wave sections
transformed 50 Q at the end of the RG-8X
sections to 100 £ at the tee, where connect-
ing two such impedances in parallel resulted
in 50 Q. From the tee to the shack we used
RG-213 coaxes (or RG-8X on the lower
bands). The coax run to the 160-meter ver-
tical array (yes, we used a parasitic array of
two verticals on 160 meters too) were rather
long; about 500 feet long, in fact.

For 20 meters we chose to use vertical ele-
ments that were 1/4-wave high. For 15 and
10 meters half-wave long vertical dipoles
were used. We did this because half-wave long
dipoles compress the elevation-plane pattern
down further towards the horizon than do
quarter-wave elements, yielding additional
gain. Fig 9 shows elevation-plane patterns
comparing four quarter-wave-long and four
half-wave-long dipoles in the two-by-two ar-
ray shown in Fig 8. The two curves cross over
at about 25° elevation and the peak gain of the
array using half-wave long elements is a sig-
nificant 2 dB more than the array using quar-
ter-wave verticals.

However, there is a physical problem
associated with half-wave elements on

20 meters—they would have to be about
35 feet long, almost the same length as the
shortened 80-meter vertical elements
(which will be described in detail later on).
For this reason, the 20-meter two-by-two ar-
rays at 6Y2A used quarter-wave high vertical
elements, with two elevated radials. Only two
radials, you say? Yes, only two radials were
used for each quarter-wave vertical element.
Computations showed that there would be a
negligible effect on the gain or the pattern. The
system must have worked, because we had
more than 4200 QSOs on 20 meters. Youdon't
achieve these kinds of numbers without being
really loud.

The half-wave vertical dipoles on 15 and
10 meters required no radials, a definite
advantage when trying to walk through the
forest of 28 verticals on the beach. Fig 10 is
aphotograph looking down the beach show-
ing some of these verticals. It was bad
enough having to gingerly hop over the eight
20-meter radials, which were about 3 feet
above the incredibly sharp volcanic rock and
coral. It was, however, just a little weird to
see that the 15-meter arrays were taller than
the 20-meter arrays located nearby.

Besides compression in the vertical pat-
tern, what else happens when a two-by-two
array is used to increase the gain of a sys-
tem? Fig 11 shows the azimuth-plane re-
sponse of a 15-meter half-wave dipole array
at a 10° elevation angle, compared to the
pattern of a single set of verticals arranged
as a reflector/driver pair. The peak gain of
the four-vertical array is increased by about
4 dB compared to the two-vertical array,
coming at the expense of a narrower azi-
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Fig 4—Comparison of needed elevation angles and typical
antenna elevation-plane responses on the 20-meter path
from Jamaica to Europe. Here, the antennas are a 100-foot-
high four-element Yagi and two types of two-by-two vertical
arrays over saltwater. The first type uses quarter-wave
elements, while the second type uses half-wave long
elements, compressing the elevation-plane response
somewhat, but increasing the gain at lower angles.
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Fig 5—Comparison of needed elevation angles and typical
antenna elevation-plane responses on the 15-meter path from
Jamaica to Europe. At low angles the two-by-two array of
half-wave verticals over salt water has the advantage, but a
60-foot- high Yagi is still quite competitive.
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Fig 6—Comparison of needed elevation angles and typical
antenna elevation-plane responses on the 15-meter path from
Jamaica to the USA. Although it would have been nice to have
a two-by-two vertical array on this path, a single pair of half-
wave verticals over salt water still does a very credible job, and
its high-angle response is better than a single 60-foot-high

Yagi above about 20° in elevation, where signals occasionally
come in on this band at high levels of solar activity.

muthal beamwidth, as you would expect.
The higher-gain array also has much more
distinct nulls in the azimuthal pattern.

In our case, the nulls in the higher-gain
pattern were used to advantage. You will
remember that we wished to improve our
performance working three-point QSOs
from 6Y2A. This means that not only did we
need more gain into Europe but we actually
needed to discriminate against North
American stations, which by nature of their
proximity would be much louder than the
Europeans. The European antenna arrays at
6Y2A were carefully aimed to null out USA
stations off the sides. That helped equalize
the playing field for the Europeans. Our fi-
nal percentage of Europeans (three points)
versus USA stations (two points) was higher
in 1998 than in 1997.

One disadvantage to narrow-beamwidth
arrays aimed into Europe should be obvious.
We needed separate arrays for working
Japanese and USA stations. Thus we in-
stalled five separate two-element vertical
arrays aimed at Japan/USA for 80 through
10. meters, in addition to the three two-by-
two vertical arrays for Europe for 20, 15 and
10 meters and the two-element European
vertical arrays for 160, 80 and 40 meters.

You Can Never Have Too Many
Antennas

Another possible disadvantage associ-
ated with the use of narrow-beam two-by-
two European arrays is that off-azimuth sta-
tions from Africa and South America would
be tougher to work than in 1997, when only
the wider beamwidth two-element arrays
were employed. To cover these directions
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we erected specially designed, very light-
weight two-element horizontal Yagis for 20,
15 and 10 meters. These were placed on
portable masts that were a half-wave high.
Now “half-wave high” sounds pretty im-
pressive, until yourealize that this means 15
feet on 10 meters! Rotating these Yagis was
by the tried-and-true Armstrong method;
that is, by hand. When pointing in the same
direction as the two-by-twos, the Yagis
were usually down 2 to 3 S-units, sometimes
more. The 20-meter two-element Yagi
shows up in the background of Fig 10.

Another “secret weapon” we employed at
6Y2A in 1998 was WX@B Array Solution’s
StackMatch boxes.? These allowed our 20,
15 and 10 meter operators to selectively use
one, two or all three of the antennas they had
on those bands. Fred Cady, KE7X, one of
the 15-meter operators, built special control
boxes for the StackMatches tailored to our
antenna configurations. (Fred and Dennis,
AFT7Y, also custom-built our operating
tables from scratch!) For example, the 15-
meter operator could simultaneously dis-
tribute his transmitter power equally among
the European two-by-two verticals, the JA/
USA one-by-two verticals and the rotatable
2-element Yagi. When a multiplier called in
from, say, Africa, he could flip a switch to
select the horizontal Yagi, which was often
aimed in that direction (when it wasn’t
aimed into the Pacific).

We proved the old ham adage “you can
never have too many antennas” many times
over during the contest. We only wish we had
some antennas that were high enough to peek
over the 200+ foot high cliffs located about
a quarter mile behind the villa. I'm sure we

Fig 7—Comparison of needed elevation angles and typical
antenna elevation-plane responses on the 10-meter path from
Jamaica to Europe. While the 60-foot-high four-element Yagi
is a serious competitor on this band, the two-by-two vertical
array over salt water still holds its own, particularly at
extremely low elevation angles.

Gain

0.25

L. Reflector

0.6\

® Driver @ Driver

® Reflector

Fig 8—Bird’'s-eye view of two-by-two verti-
cal array. The spacing between reflector
and driver is approximately 0.25 A, and
the side-by-side spacing is 0.6 \.

missed some multipliers because of the cliffs,
but you can’t have everything, can you? Fig
12 shows the propagation prediction for 15
meters for 6Y2A for the month of November
1998, with a High level of solar activity (a
Smoothed Sunspot Number of about 100,
equating to a solar flux of 140). This is one of
the 70,000 pages of customized predictions
that are included on The ARRL Antenna Book,
18th Edition CD-ROM. These predictions
cover a full spectrum of amateur QTHs around
the world, for all months of the year and all
levels of solar activity.

The 40 CQ Zones are listed in the left-hand
column and the UTC hours are listed in the
top row. The table is calibrated in S units,
assuming that S9 is 50 pV on 50 Q at the
target receiver’s input and that the receiver
is calibrated at 4 dB per S unit. The transmit-
ting and receiving antennas for this 15-meter
table are assumed to be four-element Yagis



4 )\/4 Elements

180

Freq = 14.05MHz

Max. Gain = 14.11 dBi

Fig 9—Elevation-plane pattern for a vertical array of four half-
wave dipoles compared to four quarter-wave vertical mono-
poles with radial systems. The half-wave dipole system has
about 2 dB more gain, at the expense of a somewhat

compressed elevation lobe.

that are 60 feet above flat ground, and the
transmitter power is assumed to be 1500 W.
Look at the table entry for 10 UTC in Zone
14, located in England. The band opens from
Jamaica at 10 UTC, with a fairly weak signal
of S2. By 11 UTC, the band has opened bet-
ter, with an S8 signal in London from Ja-
maica. From 12 to 14 UTC, the signal peaks
at S9+, which means that it is at least 10 dB
above §9. The band closes at 20 UTC, for a
total predicted opening of 11 hours at this
level of solar activity in November.

Now, look at the entries for JA1, in Zone
25. Note that there are some signal predic-
tions with asterisks (*). For example, see
the entries for 03 and 04 UTC and for the
times between 11 and 14 UTC. The aster-
isks indicate that the dominant signals are
by means of the long path. Although they
won’tbe very strong (peaking only S4 at 11
UTC), they will be there. In comparison to
signals coming from Europe at §9+, how-
ever, it’s unlikely that the long-path JA sig-
nals will be very useful. And besides, JA

Freq = 21.05MHz

90 Max Gain = 13.84 dBi

signals are predicted to hit an §9 level in the
afternoon opening starting at 21 UTC. We
concluded that the long path blocked by the
cliff behind us would not be a major factor
to us. It would have been nice to have a good
shot in all directions, but we figured that we
should find the multipliers we needed on
short-path beam headings over the ocean.

SOME PRACTICAL TIPS

The first practical tip for someone who
goes to operate from Jamaica is “keep mov-
ing.” Now why would I say that? We arrived
atthe villa a full week before the contest was
scheduled to start, so that we could put up
all the antennas and the six stations. As
enumerated previously, we ended up with
28 vertical elements, not to mention the
three horizontal Yagis and the receiving
Beverages, the EWE and the low dipole!
Every day out on the rocky coral beach we
would be joined by a crew of very large, very
ugly turkey buzzards, “John Crows” as the
locals call them. These things spent all their

Fig 11—Azimuth-plane patterns for two-by-two (four element)
15-meter vertical array over salt water compared to an array
with a single pair of verticals. Each element in this com-
parison is a half-wave-long vertical dipole. The two-by-two
significantly compresses the pattern in the azimuthal plane,
achieving about 4 dB of extra gain in the process, but making
aiming of the main lobe more critical.

Fig 10—Photo looking along the beachfront of the 1998
6Y2A operation from Jamaica. In the foreground is the
two-by-two vertical half-wave array for 15 meters into
Europe. The 10-meter two-by-two array is behind this,
and the two-element horizontal 20-meter Yagi at 30 feet
shows up in the background.

time gliding in lazy circles high overhead,
watching us expectantly, or so it seemed.
We made sure that we looked very much
alive! One morning after a big storm blew
by overnight, about 20 of these disagree-
able-looking birds noisily congregated on
the rocks overlooking the 80-meter arrays.
They kept busy fighting with each other and
scanning the seashore. I figured that their
fondest hope must be that a dead whale
would wash up on the beach.

Beware the High Voltage

The second practical tip for those who
would install verticals on the beach is to
have a very healthy respect for the levels of
voltage that exist on the ends of radials and
wherever high impedances exist. Salt spray
is guaranteed to provide a ready path for
arcing to occur when you transmit at full
power. The ends of radials are particularly
vulnerable points if you don’t pay a lot of
attention at installation.

Fig 13 shows what I call the “turkey-buz-
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around the world for the month of November,

which indicates long-path predictions.

zard-wing” (TBW) radial system, in honor of
our omnipresent feathered companions.
(Most folks would probably call them “gull-
wing” designs, but I'm fond of the term
TBW. Curiously, we didn’t see many gulls
on Jamaica. Maybe the turkey buzzards in-
timidated them.) We supported the ends of
each radial with pieces of driftwood, most
often bamboo, that washed up on the shore.
The relatively short radials used on 20 meters
are pretty much self-supporting in the ar-
rangement shown in Fig 13. However, the
longer radials used on 80 and 160 meters
required intermediate supports, since the ra-
dials started out typically about 8§ to 10 feet
above the ground at the vertical element. Sag
in any long span of unsupported wire would
cause them to droop down onto the coral and
voleanic rock, which was washed constantly
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by salt water,

One evening before the contest K7CO/
6Y5 was operating on 75-meter phone when
I'took a stroll out in the moonlight. I walked
past the 80-meter array and noticed a pecu-
liar flashing near the end of one of the re-
flector radials. This radial had been propped
up near its end with a piece of semi-wet
driftwood. Close (but careful) examination
showed that the wood was arcing and actu-
ally smoking each time there was a trans-
mission! I asked the operator to stop trans-
mitting and performed an emergency repair,
consisting of putting lots of black vinyl tape
at the point where the wire ran over the drift-
wood. By the way, all the driftwood pieces
used for such supports were either held up
by placing them in natural holes in the vol-
canic rock or by placing a pile of coral and

at a High level of solar activity. Note signals levels followed by an asterisk (*),

rock around the base. Not all the beaches on
Caribbean islands are made of pure white
sand like the ads show.

Another example of how high the RF volt-
age can get was vividly demonstrated on the
half-wave dipoles used on 15 and 10 meters.
Vertical dipoles have a high-voltage point at
their top and bottom ends. The 10-meter ar-
rays were located within 10 feet of the ocean
and were regularly washed by salt spray
when the wind picked up, as it often did. The
bottom of the aluminum tubing used to make
each half-wave dipole was perhaps a foot off
the rock. In broad daylight I observed arcing
at the bottom insulator of the 10-meter JA/
USA driver element. The insulator itself was
about six inches long, made of solid fiber-
glass rod. The arcing created a permanent
carbon track that had to be carved off the
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Fig 13—Drawing of 20-meter quarter-wave high vertical system, including the two “gull-wing” shaped radials used to fine-tune
the resonant frequency. At 6Y2A, rocks were piled up at the insulated base of the verticals to help hold them vertical, along
with nylon “parachute cord” used as guys.

insulator with a knife and the insulator
washed with fresh water before operation
could resume. The reason I was out investi-
gating such a phenomenon was that the arc-
ing in the 10-meter array created a broad-
band noise that interfered with both the 20
and 15-meter radios during the contest.

Another place where the RF voltage canrise
to surprising levels is in the loading system
used to tune the 80 and 160-meter verticals.
See Fig 14. I refer to this scheme as “Deltoid
Loading,” rather than “linear loading” since
the shape of the wires resembles the Greek
uppercase Delta symbol (A), rather than the
usual form of linear loading made with two
parallel wires. The Deltoid Loading wires are
at a high-impedance point, although not as
high an impedance as the end of radial wires.
Every morning we would walk the “vertical
forest” to see what damage the wind, salt and
RF had wrought overnight, especially while
we were operating on 80 and 160 meters,
where the radials were long and the Deltoid
Loading was necessary.

For several days before the contest, we
struggled with arcing at the Deltoid insula-
tors due to salt-spray accumulation. Then
we finally resorted to a home-grown solu-
tion—we used Red Stripe beer bottles as in-
sulators! Tie-wraps, overlaid with black
vinyl tape to make sure they didn’t drift,
were used around each end of these impro-
vised insulators and they worked just fine.
Red Stripe bottles also served as excellent
coil forms for the hairpin-match inductors
at the 80 and 160-meter feed points.

Incidentally, we standardized on the Red

Stripe bottles after a smaller bottle we found
on the beach (it looked like some sort of medi-
cine bottle) broke at one of the Deltoid load-
ing points. Apparently, this occurred as a re-
sult of RF heating of the Deltoid wire, which
in turn cracked the glass. The broken medi-
cine bottle was discovered when the 160-
meter array began putting broadband noise
into the other radios. Although it was danger-
ous to do so, N6BT walked out at night onto
the jagged coral and found the 160-meter ver-
tical was acting like a flame-thrower!

Another word of caution: You don’t want
to fall down on coral, day or night. Not only
do you getinstant nasty cuts and bruises, but
you usually get a nasty infection later.

Tuning the 20, 15 and 10-Meter Arrays

As alluded to previously, the vertical
arrays were all designed by computer. Ac-
tually implementing the antennas required
adisciplined approach in the field, or rather,
on the beach. The following procedure de-
scribes how we tuned the 20-meter two-by-
two array (a reflector and a driver in each
“cell” of the two cells). In essence, each
reflector is tuned without the presence of the
driver, which is physically installed, but the
feedpoint is left open. Once a reflector is
tuned, its vertical element and radials are
shorted together to make it into a parasitic
reflector and then the associated driver is
resonated. Finally, each driver/reflector cell
is impedance-matched at the desired fre-
quency for the array. (With a 0.6-A spacing
between the two parasitic reflector/driver
systems, the mutual coupling between each

reflector/driver cell can be ignored—each
system is tuned independently and then the
phasing harness is connected.)

All of the antennas consisted of telescop-
ing aluminum tubing sections that were
pop-riveted with aluminum rivets. This
made for secure electrical connections that
could survive the rigors of the salt-spray en-
vironment. We used WD-40 to “grease” the
sections so that they’d go together and come
apart easily; WD-40 is marvelous stuff.
(And yes, we had to drill out the rivets when
we disassembled the antennas after the con-
test was over. A battery-operated drill was
essential to the 6Y2A operation.)

Computer modeling shows that a vertical
with radials can be tuned by varying the
length of the vertical radiator and/or the
length of the radials. What I didn’t realize
(until N6BT showed me) was that a variable
TBW radial design (Turkey-Buzzard-Wing,
or “gull-wing radial” if you insist) can be
used to fine-tune the radials and hence the
system. See Fig 13 again. The radial wires
were supported from the vertical element by
nylon cords ending in a loop made with a
plastic tie-wrap. By sliding the loop along
the radial wire, the effective height of the
radial could be varied slightly, fine-tuning
the radial/vertical system.

We coarse-tuned the radials by connect-
ing them as a dipole (a rather low dipole, to
be sure) and tuning them to resonance using
an MFJ-259B SWR Analyzer connected
through a multi-bead Force 12 choke balun.
The closer this pseudo dipole was brought
to the very lossy volcanic rock, the broader
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Fig 14—Drawing of one of the 80-meter vertical systems, including the two “guli-
wing” shaped radials and the “Deltoid Loading” system used to bring the 37-foot-
high vertical radiator to resonance. The insulators attached to the bottom of the
Deltoid Loading wires were changed to beer bottles when other insulators failed
under the high voltages present on this loading system when salt spray from the

ocean was blown onto the wires.

and shallower the resonant “dip” became. At
radial heights greater than about two feet off
the rock on 20 meters the dip was sharp and
distinct and the feed-point impedance was
close to the theoretical value for that height.

For the reflector, the frequency was set to
the resonant frequency determined in the
computer model when the driver was re-
moved from the model. This was to elimi-
nate the effect of the strong mutual coupling
that occurs between the driver and the re-
flector, which are spaced apart by about
0.25 A. Once a reflector radial pair was
coarse-tuned, the two radials were shorted
together at the base of the vertical and the
resonant frequency of the vertical/radial
system was fine-tuned, using the gull-wing
height, to the desired reflector frequency.
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Then the vertical reflector and its radials
were shorted together.

Next we connected the MFJ-259B to the
driver radials and resonated them to the de-
sired array operating frequency. For ex-
ample, on the 20-meter arrays this was at
14.05 MHz. Finally, we connected the driver
radials to the base of the driver vertical and
fine-tuned this system (which now included
mutual coupling to the parasitic reflector)
using the gull-wing radial height again. Im-
pedance matching to bring the feed-point
impedance to 50 Q was done using a small
“hairpin” coil at the drive point.

Then the second driver/reflector cell was
tuned. Finally, the phasing harness was con-
nected and the SWR at the feed-point tee was
verified to make sure the whole two-by-two

was properly configured. This procedure
sounds complicated, but we managed to
build, install and fine-tune a 20-meter two-
by-two array in about six hours from start to
finish, using a crew of two people most of
the time, supplemented by a few others dur-
ing the actual installation phase.

Installation and tuning of the half-wave
dipole arrays on 10 and 15 meters took less
time, since they didn’t have radials with
which to contend. Imagine, however, how
much time it would have taken to install
three or four 60 to 100-foot towers and ro-
tatable Yagis.

The 160 and 80-Meter Arrays

The verticals for 160 and 80 meters were
custom designs by Force 12. The 80-meter
verticals were 37 feet long and weighed a mere
9 pounds. These were made up of pop-riveted,
telescoping aluminum tubing that was strong
and supple, yet light enough to be hoisted to
the vertical position by a single person. We
used nylon parachute cord for guys, attached
about halfway up the vertical element with
small egg insulators and tie-wraps.

The same tuning procedure outlined
above was used for each 80-meter element
in each two-by-one array, except that the
vertical element was tuned (after its two
resonant radials had been separately reso-
nated) with the Deltoid loading system.

The 160-meter array was truly a thing of
beauty. Tom Schiller had TIG-welded alu-
minum tubing and rod to create what I like
to call “Rohn 12 and a half” mini-tower
sections that fit inside the golf-bag carriers
and yet connected together to form a sturdy
20-foot high base for each 57-foot long ver-
tical radiator. The face of each triangular
mini-tower section was about 6 inches wide
and each element weighed just 25 pounds.
A pairof Deltoid loading systems were used
with each vertical radiator, along with the
now-standard pair of gull-wing radials. Six
men were required to install each vertical—
three on the top guys, two at the base and
one pushing upward along the mast as itrose
to a vertical position. Each vertical went up
with surprising ease thanks to such a coor-
dinated effort. Fig 15 is a photograph look-
ing up from the base of one of the 160-meter
“mini-towers.”

We installed a single 160-meter vertical and
tested it out for the first few nights we were
there on the island. The reports from all around
the USA indicated that we were very strong.
One W7 in Arizona said that we were louder
than most of the W6s that he heard calling us!
So we were confident that when the reflector
was added to steer the beam North we would
have a really outstanding signal on Top Band.
The numbers tell the story: During the contest
1161 QSOs were made on 160 meters, with 22
Zones and 86 countries. Not bad for a couple
of short verticals on the beach, don’t you think?



The 40-Meter ZR Arrays

As promised, I'll try to describe the 40-
meter antennas used at 6Y2A, which are the
same arrays used so successfully in 1997 at
6Y4A. “ZR” stands for “Z-Axis Radiator,”
Tom Schiller’ s unique name for what amounts
to a vertically positioned, loaded half-wave
dipole. To me, the ZR looks like a rather large
box kite, without paper on the ribs, of course.
Itis 15 feet high and 8 feet wide, and is fed in
the center through a current-mode ferrite-bead
balun. At the top and the bottom, both ends of
the short dipole are wound into a sort of spiral.
Although they superficially resemble a clas-
sic “top hat,” the top and bottom is really a
continuous conductor extending the electrical
length of the dipole.

We set up two ZRs pointed into Europe as
a reflector/driver pair, with another pair
pointed into Japan/USA. They were placed
at the edge of a small embankment about 8
feet above sea level and about 20 feet from
the ocean. Did they work? You bet they
did—W9QA had 3976 QSOs, with 36 Zones
and 134 Countries during the contest. After
the contest we pulled Dave’s chain, telling
him that in both 1997 and 1998 he had de-
finitively proved that it’s impossible to
work 4,000 QSOs on 40-meter CW...

And If We Do It AGain?

It’s hard to imagine topping the exhilara-
tion of making 19,100 QSOs (18,000 after
dupes) in a weekend and ending up with a
raw (unchecked) score that is about 20%
higher than the existing world’s record.
Perhaps we’ll all simply rest on our laurels
and sit out the next competition, but then
again maybe not. . .

What would we do differently if we were
to make a new assault on the world’s record?
One obvious thought is to seek a three-point
location; one that is easy to get to and that
has a lot of ocean-front property in the right
directions. We’re convinced that vertical
arrays on-the-beach are the right way to go.

We’re also convinced that there are a lot of
reliability problems associated with any an-
tenna located where salt spray can get directly
to it. The amount of corrosion we found on the
antennas after taking them down was pretty
astounding—and these antennas had only
been upin the air for about a week. It would be
useful to know exactly how far from the

ocean’s edge you can move (to get away from
the direct spray) without losing the advantage
of the over-the-saltwater shot. Preliminary
modeling indicates that it may be possible to
move back from the shoreline some, but not
too far. The main effect appears that the wide
“window” of elevation angles illuminated by
a vertical array from the horizon up to about
30° in elevation is narrowed the further you
move from the ocean’s edge. The surprising
part is that the model shows that the higher
elevation angles are the most affected, not the
lower angles as intuition would indicate.

Another interesting aspect of the model-
ing for verticals located back from the ocean
is that the actual front-to-back ratio is higher
than if the array were located directly over
saltwater in all directions. The difference is
due to the poor ground characteristics in the
back of the antenna compared to the saltwa-
ter in the foreground. We experienced a sort
of “double whammy” due to this effect dur-
ing the contest. The cliffs toward the south
have been mentioned previously. Add in an
increased front-to-back ratio due to the
poorer ground in the rearwards direction
and that means that South American signals
were weaker than a glance at Fig 9 or Fig 11
would seem to indicate.

Groundwave measurements done in the salt
flats of San Francisco Bay a couple of years
agodon’t seem to follow part of what the com-
puter model is showing, however. We’re not
sure whether to believe the models in this re-
gard, although the models certainly seem to

Fig 15—A view looking
up from the base of one
of the 160-meter “mini-
towers” constructed by
N6BT especially for this
DXpedition. The overall
height of each radiator
is 57 feet and the tower
face is about 6 inches
across. All the welds
were made with a
TIG-welding system.

mirror reality for how well verticals can do
right at the shoreline. To make a very bad pun,
stay tuned. More experimental work needs to
be done in this area.

While the antennas and the location were
major factors in the success of the 6Y2A
operation in the 1998 CQ World Wide CW
DX contest, other factors were equally im-
portant. It’s hard to imagine putting eleven
“Type-A” personalities together in the
same room without friction and bickering.
You know the old saw about “Put 5 contest-
ers in the same room and there’ll be 6 opin-
ions,” don’t you? But this team worked and
played together exceedingly well.

The leadership and planning were su-
perb. Kenny Silverman, K2KW, is an in-
credibly detail-oriented manager who kept
things on track for the entire year it took to
plan and execute this operation. Not inci-
dentally, having a year to plan everything
down to the last detail gave us a material
advantage over other teams we knew we
were going to be competing against—de-
tailed planning for 6Y2A started as soon as
the 1997 6Y4A operation ended.

Having team members who were versed
in many different aspects of contesting was
another crucial element in the success too.
If something broke down, there were many
willing hands capable of fixing it.

And what did my Dad think of all this?
He had a great time and would do it again
at the drop of a hat! The raw numbers for
the contest from 6Y2A were:

Band QSOs Zones Countries
160m 1161 22 86

80m 1913 29 107

40m 3976 36 134

20m 4213 38 151

15m 3508 39 151

i0m 3228 33 126

Band Captain Antennas
N6BT
N6BV
W9IQA
NE6TV, W4SO
AG9A, KE7X
K2KW

2x1 Vertical, 57’ high

2x1 Europe, 2x1 JA/USA, 37’ high

2x1 Europe, 2x1 JA/USA, 15" high ZR arrays

2x2 Europe, 2x1 JA/USA, A/4 high, 2-ele. Yagi @30’
2x2 Europe, 2x1 JA/USA, A/2 high, 2-ele. Yagi @25’
2x2 Europe, 2x1 JA/USA, A/2 high, 2-ele. Yagi @15’
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VHF/UHF Antennas

The Expanded Quad (X-Q)
Antenna for 144 MHz

By Fred Smith, W6DV (SK)

he expanded quad (X-Q) antenna is a

I quad-type array that has a loop pe-

rimeter of two wavelengths—twice
that of the conventional quad antenna. The
driven element loop is also known as a bi-
square antenna.' In addition, the elements
are not continuous loops, but are divided
into two one-wavelength sections, insulated
at the top. The X-Q antenna can be derived
from the Lazy-H array or four-element ar-
ray by folding the ends of the H back to form
a square with each side equal to '/> wave-
length.? The crossover feed system
between the top and bottom elements of
the Lazy-H is eliminated, and the resulting
array is fed at the middle point of the bottom
side, as shown in Fig 1.

A gain of 5 dBi is claimed for the quad
loop, and 9.5 dBi if a parasitic element is
added. The maximum gain occurs at an el-
ement spacing of 0.125 A with a variation of
0.5 dB with spacing from 0.1 to 0.25 A. The
driven-element impedance falls in the range
of 2 to 4 kQ.

The X-Q array with a parasitic element
provides somewhat greater gain than a tra-
ditional three-element Yagi parasitic array.
It is also less expensive to construct, since
its supporting structure is made of wood
rather than aluminum. I’ ve used this antenna
for 2-meter SSB work, but it has enough
bandwidth to cover the entire 2-meter band
with a low SWR. I've built four, five and
six-element X-Q antennas for 2 meters. A
six-element X-Q antenna has been used at
220 MHz. The antenna is inexpensive to
build and easy to adjust with an SWR meter
and a simple field strength meter.

The 2-meter X-Q antenna is based on the
X-Q antenna designed for lower frequencies
discussed in All About Cubical Quad Anten-
nas.* It consists of five quad elements: a
reflector, driven element, and three direc-

tors. These elements are mounted on a

7-foot boom. The reflector is tuned for
maximum front-to-back ratio and the three
directors for maximum gain, using stubs. A
coaxial transmission line is matched to the
driven element using a parallel-resonant
circuit. All About Cubical Quad Antennas
gives a discussion of other feed methods,
and a table of dimensions for 6 through
40 meters.

Construction

The basic quad element uses four lengths
of */s inch-diameter wood dowel for the
spreader arms and a wooden hub, and shown
in Fig 2. The arm lengths, designated Al,

A2, A3 and A4, are given in Table 1 for the
each element. The X-Q loop wires are made
from #18 wire. The half-loop lengths are as
follows: reflector, 81'/z inches; driven ele-
ment, 78'%/1s inches; directors, 75'/+ inches.
These dimensions include '/2 inch for sol-
der-lug connections and 1'/2 inches for loop-
ing and twisting at the top insulator.

Arm Al is slightly longer than the others
so that the feed-point insulator can be
moved outward from the hub to put tension
in the loop wires. The dimensions of the
feed-point and top insulators are shown at
the bottom of Fig 2. They are made from
'/s-inch plastic. They are fastened to the ends
of arms Al and A3 by long #4-40 machine

e e

X

o o

N2 £l N2

| ¥

Lazy-H Array

=8~ Point of Maximum Current
=+ Point of Maximum Voltage

Expanded Quad

Fig 1—A pictorial showing the evolution of the X-Q array from the lazy H.

227



4d Finish
Nail

«— #18 Wire

Wood Hub

/ 1-1/2" Thick
1/4" Hole for

i Bolt Mounting
| Element to
I[ ’ Boom

1/4" = fe—1/4" — e 1/4"

1/4"

@

$12

&
l

5/8" I
Diameter e |‘_ 7/8" —»] *

fe———1-3/4" — |

Feedpoint Insulator

1/4"

o i* :
©,
Dlusr/;E:er—/ : |-I_7/3._- f

o 1-3/4" —

-
|

Top Insulator

Fig 2—Details of the X-Q element structure. The spreaders, A1-A4, are made of
wood. Dimensions are given in Table 1 for these pieces.

screws or small wood screws.

The three director elements and the re-
flector are tuned by stubs made from pieces
of 300-Q twin lead, each 15 inches long. A
piece of aluminum foil 2 inches wide is
wrapped around the twin-lead stub as
shown in Fig 3 to tune the stub. The #18
wire loop ends are connected to the twin
lead with solder lugs and 6-32 machine
screws through the holes in the element
insulators.

The driven element is matched to the
50-Q transmission line by a parallel-reso-
nant circuit, as shown in Fig 4. This circuit
is mounted in a 27/s X 1%/s x 1/s inch clear
plastic box mounted on the feed-point insu-
lator on arm A1 of the driven element. Two
6-32 machine screws secure the plastic box
to the feed-point insulator and provide con-
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nections between the split-stator capacitor
and the #18 wires forming the quad loop.
This box may have to be larger, depending
on the size of the split-stator capacitor. In-
ductor L1 consists of six turns of #14 wire,
and is */4 inch long and '/2 inch in diameter.
Capacitor C1 is 10 pF per section. Inductor
L2 has 2%4 turns close-wound and is 1 inch
in diameter. Capacitor C2 has a 50 pF maxi-
mum value.

The five quad elements are mounted on
the 84-inch boom made from 1'/s-inch alu-
minum tubing. A single 3'/2-inch hex bolt,
'/s inch in diameter, secures each quad ele-
ment to the boom. The element spacing is
shown in Fig 5. For horizontal polarization,
arm A1l should extend vertically downward
from the boom. For vertical polarization,
arm A1 should be horizontal. The 1¥/s-inch

Table 1
Spreader Arm Lengths

(All dimensions are in inches).

Spreader Reflector Driven Directors
Element

A1l 28'/s 27%s 26

A2 28%1s 28 26%/s

A3 2755 267/s 25'/2

Ad 28%/1s 28 26%/s

wood-dowel mast is secured to the boom
with U bolts and a '/s-inch-thick aluminum
plate 5'/2 x 3% inches. The length of
the wood dowel depends on the particular
installation.

The wooden hubs for the quad elements
should be mounted on the boom, and the
holes drilled in the boom, before the arms
are installed. The hubs can be positioned
along the boom at the specified locations,
and each one temporarily secured using a
hose clamp on the boom, a small angle iron,
and a C clamp. The bolt holes should be
drilled in the hubs before mounting them on
the boom. The rotational position of the
hubs can be set by inserting 6-inch lengths
of '/s-inch dowel in the bolt holes and sight-
ing down the boom. Once the holes have
been drilled in the boom, the hubs can be re-
moved and the arms inserted into the hubs.
Be sure that arm Al is located in the same
orientation on each hub. The arms are se-
cured to the hub using water-resistant glue
and a finishing nail driven through the hub,
as shown in Fig 2. Coat all wood parts at
least twice with spar varnish or other pro-
tective material before intalling the antenna.

Element Tuning

You will need the following items to tune
this antenna: an SWR meter, a 2-meter
hand-held transceiver (or other RF source
sufficient to drive the SWR meter) and a
simple field-strength meter. A long piece of
small coax can be used to connect the field-
strength meter circuit with the indicating
meter, so that you can locate the meter
where you can see it during tune-up. Here’s
the tune-up process I use:

1. Locate the antenna at least 5 or 6 feet
above the ground, and the field-strength
meter circuit and its antenna at least 30
or 40 feet from the antenna.

2. Adjust the driven-element capacitors for
minimum SWR at the center of the de-
sired band.

3. Position the antenna so that it faces di-
rectly away from the field-strength meter
antenna, and slide the aluminum foil
along the twin lead on the reflector to
obtain minimum field strength indica-
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Fig 3—Stub attachment and element tuning. The elements are tuned using sliding
sections of aluminum foil, then permanently shorted with soldered connections

once tune-up is complete.

tion. Check the SWR and adjust the ca-

pacitors as necessary.

4. Aim antenna directly at the field-strength
meter and slide the aluminum foil along
the twin-lead stub on the first director to
maximize the field-strength reading.
Check the SWR and adjust as necessary.

5. Repeat step 4 for directors 2 and 3, each
time checking the SWR and adjusting the
match if necessary.

The X-Q array has an SWR under 1.5:1
over the 144-148 MHz range. An approxi-
mate measurement of the azimuthal
beamwidth (and the assumption that the
horizontal and vertical-plane beamwidths
are similar) yield a calculated gain of about
12 dBi. This matches closely the gain pre-
dicted in computer simulation over ground.?

The aluminum foil should be taped to the
twin lead, or (preferably) a short soldered
across the twin-lead conductors, once the
tuning is complete.

References

'R. Straw, The ARRL Antenna Book, 17th
Edition (Newington: ARRL, 1994), p 8-43.

2W. Orr and S. Cowan, All About Cubical
Quad Antennas, 3rd Edition (Wilton, CT:
Radio Publications, Inc, 1982), pp 53-54.

SR. Bibby, “The K5BO Bi-Square Beam,”
The ARRL Antenna Compendium, Vol 5
(Newington: ARRL, 1996), pp 55-56.

Fig 4—The driven-element matching
network brings the antenna’s high (2 to

4 kQ) driving impedance down to 50 .
C1 should be a split-stator capacitor with
10 pF per section. C2 should have a 10 to
50-pF range. You may want to remove the
variable capacitors, measure their values,
and replace them with fixed, dipped-mica
capacitors after the array is tuned.
Choose an appropriate voltage rating for
your capacitors based on the power level
you plan to use with the antenna.

Fig 5—X-Q element spacing along the
7-foot boom. The mast mounts at the
mechanical balance point. Be sure to
attach the feed line before deciding
where to attach the mast, as this shifts
the balance point significantly toward
the driven-element end.
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A Portable 900-MHz Corner
Reflector Antenna

By Jack Warren, WB4MDC
4 Tomahawk Dr
Merrimack, NH 03054-2335

of a portable antenna for 900 MHz.

For Field Day our local radio club
tries to put a CW station and a phone station
on every band. We decided to do ATV for
the phone part of the 33 cm band. I didn’t
have any test equipment that covered this
band, so I decided the antenna should be
easy to construct, the materials should be
easy to work with using simple hand tools,
it should require little or no tuning and pro-
vide some gain. That sounded like a corner
reflector to me.

S ome time ago, I found myself in need

Why Use a Corner Reflector?

Corner reflector antennas have been
around for a very long time. In fact, in the
early 1950s, I watched the local TV service
shop owners, Ray Coover, W3ESV, and his
brother Leon, W3JKZ, install what they
called abow-tie antenna for my parents. The
antenna had two reflectors mounted at right
angles to each other, made from a series of
closely spaced aluminum rods and a bow-
tie shaped dipole positioned half way be-
tween the reflectors. The halves of the di-
pole were connected to one end of a piece of
300-Q twin lead. The other end of the twin
lead eventually ended up at the TV set’s
antenna terminals. The dipole was tapered
like a bow tie to increase the bandwidth of
the antenna to cover the entire UHF TV
band stretching from 470 MHz to 890 MHz.

I was planning to use my corner reflector
for TV, butI only needed enough bandwidth
to radiate all of my ATV signal sidebands.
I could get that much bandwidth from a
folded dipole. Folded dipoles are easy to
build and tune, but they require a balun to
couple their balanced feed point to the un-
balanced coaxial transmission line. By
placing the dipole in the middle of a con-
ductive 90° reflector, the antenna would
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have some gain and directivity. I just had to
find the right dimensions for the antenna
parts. I checked the reference material I had
lying around the shack and found a good
description of the corner reflector antenna
in Antennas by Kraus.'

Putting the Theory into Practice

According to Kraus, if I spaced the dipole
between '/4 A and /2 A away from a 90° cor-
ner reflector, I could realize a gain of ap-
proximately 10 dB over a dipole in free
space. The ARRL Antenna Book’® states that
the terminal impedance of a two-wire folded
dipole changes more slowly with a change
in frequency than that of a single-wire di-
pole. This implies that the SWR would re-
main relatively constant for a larger change
in frequency. This benefits the broad-band
characteristics of a TV signal. A folded di-
pole has a balanced feed point. Its imped-
ance is also about four times the value of
commonly available coaxial cable, so I de-
cided to use a '/2 A, 4:1 coaxial balun to
match the balanced dipole feed-point im-
pedance to the unbalanced 50- coax.

I determined the relative size of the an-
tenna, starting with the driven element. One
wavelength at 915 MHz is nearly 13 inches

long, which means the '/>-A dipole should
be almost 6'/2 inches long. In the end, I
shortened my folded dipole to 5'/2 inches to
make it resonant at that frequency. Accord-
ing to the drawings in the reference text,
each reflector should be 1 A long on each
side and the dipole should be mounted '/2 A
from the corner. These dimensions certainly
meet my portability requirement. Also, with
this driven-element-to-corner spacing the
gain is very close to 10 dB over a single
/2-A dipole.

The Corner Reflector Construction
Details

The small size of this antenna lends itself
to simple construction techniques. For the
reflectors, 1 found two 12-inch-square
sheets of 1/16-inch-thick double-sided cop-
per-clad glass-epoxy circuit board material.
I wanted 13-inch-square reflectors, but free
was the operative word here. Single-sided
cladding might have worked, but I was
worried about sunlight warping the board
because of the unequal stresses caused by
having copper on only one side of the board.
Copper makes a really good heat sink, and
with cladding on both sides, warping is
minimized. Irounded all the corners of each



reflector panel to reduce the chance of per-
sonal injury. I drilled four equally spaced
holes, "/1s inch from one edge of each panel
and large enough to pass #8 sheet-metal
screws. The holes are used to attach the
reflector panels to a corner spine.

I constructed the corner spine from a
piece of wood 12 inches long, 2 inches wide,
and 1 inch thick. When assembled, the spine
holds the reflectors rigid and at 90° to each
other. I beveled the 1 inch sides of the spine
lengthwise at a 45° angle so that when I
screwed the reflectors to the "/s-inch wide
beveled edges, the included angle would be
90° and I would have a flat surface on which
to attach the driven element mounting post.
I drilled a hole in the exact center of the
2 inch side of the spine, large enough to
pass the mounting post’s ¥/s-inch-diameter
threaded bushing.

I assembled the corner by attaching a
piece of adhesive-backed copper foil to the
back surfaces of the wooden spine, sticky
side to the wood. I placed the two pieces of
copper-clad glass-epoxy board against the
copper foil and fastened them using eight
#8 sheet-metal screws. The copper foil
electrically connects the two reflectors. I
punched a hole in the foil to expose the hole
for the mounting post. These details can be
seen in Fig 1.

The Mounting Post

The driven-element mounting post is con-
structed from a s inch outside diameter,
2 inch long threaded brass bushing pur-
chased from the electrical supply store, two
4'/2 inch long pieces and one 3'/2 inch long
piece of brass tubing purchased from the

Fig 1—This view of the 900 MHz corner reflector shows the
construction from the back side of the antenna.

hobby shop. The threaded bushing is of the
type normally used to attach a lamp socket
to the lamp. The outside diameter of the
middle sized brass tubing is the most criti-
cal. I selected it by taking the bushing to the
hobby shop and finding a size that would
just slip into it. Tubing with an outside di-
ameter of */3 inch was a very snug fit into
the */s inch bushing. Cleaning off the slight
burr on the inside edge of the bushing would
make this fit a little easier. I then selected
two other sizes of tubing: one to go inside
the /32 inch tubing ('/4 inch) and one to go
outside (°/is inch). The outside tubing,
which is 3'/2 inches long, should provide a
tight friction fit because that piece is not
soldered to the other tubing.

The 4'/z inch long pieces of brass tubing
are telescoped together and soldered into
one end of the bushing. The double wall of
the telescoped tubing provides the added
strength needed during rough handling of
the portable antenna.

I attached the mounting post to the corner
by pushing the brass bushing of the driven-
element mounting post through the copper
foil and the hole in the corner spine, and then
secured it with a brass nut and washer on
each side. The brass tubing soldered into the
brass bushing sticks out into, and bisects,
the 90° corner.

The Folded Dipole

The feed antenna is a folded dipole, made
from a length of #12 copper house wire. I pre-
pared the dipole wire by placing one end of a
14 inch long piece of the wire in my bench vise
and stretched it alittle bit using a pair of pliers.
This takes the kinks out of the wire and gives

it a somewhat springy quality.

I placed two 180° bends in the wire about
2*/s inches from the center to form the folded
dipole. The internal dimensions of the dipole
are 5'/2 inches long and /4 inch wide. A wire-
bending jig helps make good clean bends.

The copper dipole has to be supported me-
chanically in a way that allows it to be attached
to the mounting post. I constructed a center
insulator from a 7/s inch long, '/2 inch wide
piece of /is inch thick single-sided glass-ep-
oxy board. I drilled a hole in the center of the
insulator to accommodate a #6 machine
screw. I drilled two more holes, '/s inch from
the long edge of the insulator, /2 inch apart
and centered on the machine screw hole to
allow passage of the #12 wire. After the holes
were drilled, Iremoved a '/s inch wide piece of
copper cladding that covered the two holes just
drilled for the wire. I bent the feed point wires
90° so that when they were pushed through the
two holes in the insulator and crimped against
the insulator, the dipole would be laying flat
against the insulator. After crimping the wire
ends, I cut off the excess wire that stuck out
past the insulator. I soldered the top of the
folded dipole to the remaining copper clad-
ding. These details can be seen in Fig 2.

To provide a rugged attachment between
the dipole assembly and the mounting post,
I constructed a dipole support tube. I cut the
third piece of brass tubing to a length of
3'/2inches using a small tubing cutter. Since
my tubing cutter wasn’t very sharp, it
rounded the cut end of the tubing. I found
this to be an advantage because the de-
formed edge of the tubing held a #6 machine
nut inside while I soldered it in place. I
cleaned up the other end of the tubing with

Fig 2—Here is a close-up view of the folded dipole driven
element. The machine screw attaches the double-sided glass-
epoxy circuit board material to the brass-tube antenna
support. The copper circuit material is removed from the
bottom half of this side, allowing the dipole antenna wires to
go through the board and connect on the other side without
danger of being shorted.
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Fig 3-This balun provides a 4:1 imped-
ance step-up ratio. The electrical length
of the U-shaped section of coax is '/2 A.

Fig 4—The completed driven element with /2 L coaxial cable
balun is secured with a piece of heat shrinkable tubing, and
the whole assembly is fastened to the antenna-support tubing
with a length of heat shrinkable tubing over both the coaxial
feed line and the support tubing.
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a file so it would slip onto the driven ele-
ment mounting post. Using a #6 machine
screw, an outside-toothed star lock washer,
and an inside-toothed star lock washer, I
attached the support tube to the dipole insu-
lator so that the screw head and outside-
toothed lock washer are on the same side of
the insulator to which the dipole is soldered
and the inside-toothed lock washer is be-
tween the insulator and the support tube.

Feed Line Jumper and Balun

The next items I constructed were the
coaxial jumper that goes between the dipole
and the main feed line and the 4:1 coaxial
balun that matches the feed line to the di-
pole. See Fig 3 for a diagram of the balun.
I practiced my coax stripping skills by mak-
ing the feed line jumper first. I used a piece
of RG-58 coax to connect the dipole and
balun to the main feed line, but I limited its
length to 18 inches because most small coax
exhibits very high attenuation characteris-
tics at 900 MHz. I began by stripping a
’/s inch long piece of outside insulation off
of the coaxial cable, while trying to keep the
braid from fraying. Using a solder pot and
some liquid flux, I quickly tinned the ex-
posed braid and was careful not to move the
coax until it cooled. I removed a s inch
length of the braid, leaving '/4 inch of it
sticking out from the outside insulator. I
stripped the center insulator back until I had
a '/s inch long piece of it sticking out from
the braid. This left a '/z inch long piece of
center conductor for connection to the di-
pole and balun. I cut another piece of RG-58
coax to a length of 5'/2 inches to use for the
balun. Using the same dimensions [ used for
the dipole feed line, I prepared both ends of
the balun coax, making sure I ended with a

total shield length of 4'/4 inches. This is the
most critical dimension of the entire antenna
because it has to be electrically /2 A long at
915 MHz, taking into consideration the coax
velocity factor, which was 66% in my case.

Assembling the folded dipole, balun, and
feed line pigtail requires a bit of manual
dexterity. Refer to Fig 4 to gain a better
understanding of the next several details. I
began by bending the jumper’s center con-
ductor 90° where it comes out of the center
insulator. I placed the coax jumper beside
one end of the balun so their shield ends were
even and parallel, and I carefully wrapped
the jumper’s center conductor around the
balun’s center conductor and soldered the
connection. I bent the balun coax into a U
shape so all of the shields would line up with
each other. When looking at the end of the
coaxial bundle, the balun ends are at 4 and 8
o’clock, with the jumper at 6 o’clock. Hold-
ing the three coaxial ends together with their
shields lined up, I wrapped a small-gauge
piece of bare wire around the shields to hold
them together while I soldered them. This
operation left two center conductors stick-
ing straight out of the end of the soldered
bundle. At this point I slipped a short length
of %4 inch diameter heat shrinkable tubing
over the coax ends, but I didn’t shrink it yet.

To connect the balun to the dipole, I bent the
two coax center conductors away from each
other so they were pointing in opposite direc-
tions. I placed the jumper coax in line with the
support tube so that the center conductors laid
against the crimped ends of the folded dipole
and soldered each conductor to its respective
dipole feed point. Then I placed a piece of heat
shrink tubing over the coaxial jumper and sup-
port tubing. Finally, I shrank all the tubing to
hold the pieces together.

Fig 5—A pair of wooden blocks are used to mount the corner
reflector to a support mast. By loosening the wing nut on the
right the antenna can be rotated 90° to produce horizontal

polarization.



Fig 6—Here is the completed 900 MHz corner reflector antenna ready to go. The
solder connections on the ends of the folded dipole driven element are the result
of having to shorten the dipole from the original dimensions.

To complete the corner reflector antenna
assembly, I crimped the end of the antenna
support tube slightly, then slipped it over the
driven element mounting post. This pro-
vides enough friction that it stays in place
and still allows movement for adjustment.
It also allows me to remove the dipole ele-
ment for transporting the antenna. The
folded dipole is positioned '/2 A from the
apex of the corner (about 6'/: inches). You
can slide the antenna closer and farther away
and experiment to determine the best opera-
tion of your antenna.

Mounting the Completed Antenna

There are various ways to mount this an-
tenna. I wanted a method that provides con-
venient no-tools setup because I use it for
portable operations. [ devised what I call my
universal mount.

The universal mount is nothing more than a
5 inch long 1'/2 x 1'/2 inch wooden block with
a hole centered on one of the 1'/2 inch faces
that’s large enough to pass a 4 inch long
*hs inch carriage bolt. Both ends of the hole

are counterbored to allow the bolt head and
nut to be recessed into the block. The nut
keeps the bolt from rotating during the adjust-
ment of the wing nut. Fig 5 shows how the
block is attached to the back of the antenna’s
wooden spine using drywall screws.

My portable operations usually involve
the use of a two-piece 6 foot long pole that
attaches to a round base. To attach the cor-
ner reflector antenna to the pole, I use an-
other wood block that has */16 inch holes
through the narrow face at both ends and a
1'/2 inch hole drilled through the wide face
atone end. I made a saw cut from the end of
the wood block into the large hole and use
a '/ainch bolt, washer, and wing nut to clamp
the block to the pole. The corner reflector
attaches to the other end by slipping the car-
riage bolt through the hole and adding the
wing nut. Using the two bolts with wing
nuts, I can rotate the antenna for azimuth
and polarization.

The completed 900 MHz corner reflector
antenna is shown in Fig 6. The antenna is
positioned for vertical polarization.

Antenna Performance

I was fortunate to have the SWR for this
antenna measured on a network analyzer
and found it to have a 2:1 SWR bandwidth
of about 150 MHz, centered at 916 MHz. I
haven’t had the opportunity to measure the
gain, but it exhibits very good front-to-back
ratio. I attribute this to the solid reflector.

I'was also rather amazed at the change in
signal strength when changing the polariza-
tion of the corner reflector. When Iloosened
the wing nut and rotated the entire antenna
through a 90° arc, the ATV signal strength
went from a P5 signal to a very snowy P1
on my TV monitor. This demonstrates in
practice the theory that says cross-polarized
signals will be down as much as 20 dB as
compared to both stations using the same
polarization.

Some Observations

I'haven’t made significant adjustments to
the antenna’s dimensions. This is because I
don’t have access to the necessary test
equipment to verify the results of changes
in the dimensions. I did, however, have to
shorten the length of the driven element
from my original design to get the antenna
to resonate in the middle of the 33 cm band.
Fig 6 shows this modification, where you
can see solder joints at the ends of the folded
dipole. The dimensions given in this article
represent my final version.

I was not too sure that I should have used
soft copper wire for the driven element, but
have found from several portable operations
that having to bend the dipole back into align-
ment is better than having to reconstruct it
from scratch as I would have to do if I had
used a stiffer material such as brass tubing.

Allin all, I am very pleased with the perfor-
mance of this antenna and am considering
building one for the 70 cm ATV band. Large
diameter copper wire is too heavy for the
folded dipole so I'm considering using the
copper-plated aluminum center conductor
from a piece of CATV Hardline. For the re-
flectors, I'd use *6 inch aluminum rods at-
tached to a pair of % inch aluminum U chan-
nels. [haven’t worked out the exact details yet.

Notes

' J. D. Kraus, Antennas, McGraw-Hill Book
Company, Inc, New York, 1950, pp 328-336.

2R. Dean Straw, N6BV, ed, Folded Dipoles,
The ARRL Antenna Book, The American
Radio Relay League, Newington, CT,
1998, p 6-1 ff.
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Building Log-Periodic
Antennas for VHF and UHF
Applications

By James Watterson, Ph.D, KBARJG
3280 S Meridian

Colorado Springs, CO 80929
jmwphd @ rmi.net

Introduction

After much research I determined that a
Log Periodic Dipole Array (LPDA) was the
best way to create the antenna of my dreams.
But when I checked out the prices for com-
mercial models I reeled from sticker
shock—the commercially made antenna I
wanted would cost almost $400!

My needs seemed simple enough: I just
wanted a 130 through 1300 MHz, high-gain,
low-SWR antenna that was also physically
small and cost effective... There were few
offerings in the retail market (and they were
expensive) and I was skeptical about some
of the gain claims. So, like any good ham, I
decided to strike out on my own and build
my own antenna.

The chapter on LPDAs in The ARRL
Antenna Book looked incredibly daunting but
a third reading brought enlightenment.! The
LPDA is simply a series of half-wave dipoles
electrically joined together in a continuous
array. This allows you to operate across many
bands with a single antenna. Best of all, the
LPDA provides almost constant SWR, gain
and front-to-back ratio over the entire design
bandwidth. As mentioned in the Anrenna
Book, no other antenna can do this.

The magic of an LPDA occurs when an
active region becomes energized for a fre-
quency of interest. This happens auto-
matically, using nearby combinations of
elements. Those elements that are too short
or long electrically are not used by the
active region. The high and low fre-
quency extremes of the antenna set the lim-
its of the operational bandwidth for the
whole antenna.

Imagine a smooth flow between the long-
est and shortest elements as the various fre-
quencies are received or energy is transmit-
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ted, as shown in Fig 1. Since this is an article
geared toward building and using the LPDA,
if you want to get into the really technical
details you should get a copy of The ARRL
Antenna Book. 1 will first discuss the soft-
ware I created for designing the LPDA. Then
Iwill discuss the construction of the antenna,

along with materials, assembly and use.

Software Description

I decided to write a BASIC program to
design an LPDA. It allowed for multiple
trial designs and gave me a printout of all
the required design specifications after I

Fig 1—A log-periodic
dipole array (LPDA). All
elements are driven.
The forward gain of the
array as drawn here is
to the right.

Feed Point




was satisfied with the results.? The LPDA
BASIC program incorporates all of the
mathematics from Chapter 8 of The ARRL
Antenna Book. I've verified the program
for accuracy, which can be used to design
LPDAs over a wide range of frequencies. It
runs in DOS as an executable file on all
machines. I’ve included the BASIC source
code, which can be run using QBASIC.EXE.
(Note that QBASIC.EXE may not be in-
cluded in the root directory of machines
running Windows 95 or later.)

After you load and start LPDA, the first
thing you will be asked to do is to enter a high
and alow frequency of interest, in MHz (deci-
mals can be included but do not type in “MHz”
after the frequency values). Next, you have to
choose T (Greek letter tau) and o (Greek letter
sigma). The letter T represents a design con-
stant and o represents the relative spacing
constant. In brief, the intersection of these
values from Fig 2 allows you to choose the
desired gain of the antenna. Keep in mind that
as T increases so do the number of elements,
and as o rises the boom will lengthen. Experi-
ment with these values to reach the compro-
mise you like.

I wanted a design that covered 130 to
1300 MHz with an approximate free-space
gain of about 7.5 dBi. I eventually chose
0.84735 for T and 0.15 for o. This gave me
a final design with 18 elements, a boom
length of just over 7 feet and a longest ele-
ment just shy of 4 feet total length (2 feet on
each side of the boom).

I decided to forgo the 6-meter band when
I realized that an antenna that would cover
50to 1300 MHz would have been 9 feet long
with a maximum element length of more
than 9 feet. With a 130 to 1300 MHz antenna
I could work multiple amateur bands, satel-

lites, and also receive FM/TV and multiple-
band scanner signals over the entire band-
width.

The next thing the software will do is ask
for the diameter of the shortest element, ele-
mentn. This is an empirical decision and you
need to consider readily available materials.
I chose to make my booms of 1-inch copper
pipe and my elements of */xu-inch brass
welding rod. You could also choose to use
brass tubing, which only comes in 12-inch
lengths. You will find, however, that you
will have to telescope various diameters of
tubing together to make elements suitable
for the longer elements.

Welding rod, on the other hand, comes in
36-inch lengths and it’s cheap. Using rods
increases strength, decreases the work and
cost, and only marginally affects the SWR
over the band. (By the way, my entire an-
tenna cost less than $50.) At the prompt
from the LPDA program asking for the
diameter of the smallest element, I enter
0.09375 inch, the diameter of welding rods.

The next prompts in the software are the
feed-point impedance and the diameter of
the feeder conductor. You don’t need to use
these parameters directly for VHF/UHF
applications, but I included them for HF
LPDA use. At VHF/UHF, the feeder spac-
ings become ridiculously small so I decided
to go with the straight 72-Q feeder design I
will describe shortly. For HF or VHF use
refer to The ARRL Antenna Book for a de-
scription of the feed-point and feeder di-
mensional values and the construction of a
phased feeder system. For my VHF antenna
Ienter 72 for the feed-point value and 0.403
inch (RG-11 size) for the conductor value.
The calculations will not effect the elements
or their spacings, the values that you are
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Fig 2—LPDA directivity (gain over isotropic, assuming no losses) as a function of ©
and g, for a length to diameter ratio of 125 for the element at the feed point. For
each doubling of length-to-diameter the directivity decreases by about 0.2 dB for
ratios In the range of 50 to 10,000. (After Carrel, followed up by Butson and

Thompson.)

really interested in knowing.

The program will prompt you if you want a
hard copy printout. You will probably answer
“Y,” once you’ve experimented with differ-
ent values for o and T. Most of Section 1 of the
printout contains summaries and values that
are technical in nature. However, the overall
boom length and number of elements are
there. When you buy copper pipe for your
boom, include the extra length (in inches)
obtained from the Section 1 listed as “Distance
of Stub... Behind Longest Element” and add
an extra '/4 inch to this number. This allows
you to connect the feedline to the booms and
gives a bit of room to drill for the first (short-
end) element.

Section 2 in the printed report covers sev-
eral things. Column 1 shows the full size of
each half-wave element, in inches, from the
longest (element 1) tothe shortest (element n).
Column 2 is the half wavelength in cent-
imeters (used for measuring and cutting ele-
ments precisely, very important at VHF/UHF
work). Note that in my design, one-half of
each element length in Column 1 or 2 is
mounted on each boom half. Column 3 gives
you the actual half-wave resonant frequency
for each of the element pairs. If you divide
492 by Column 3 you will get Column 1
(492/f = resonance of a half wave in feet).

Section 3 gives you the spacings be-
tween each successive element pair running
down the boom from the longest to the
shortest elements. Column 1 is in inches,
Column 2 is in millimeters and Column 3 is
in feet (useless for precision work at
VHF/UHF, but fine for HF use).

Section 4 of the printout shows you the
element diameters you’ve chosen, together
with the computed length-to-diameter ratios
for each element. I included this informa-
tion to give any perfectionists among you
the ability to determine the ideal length-to-
diameter ratios of each element. Keeping a
constant length-to-diameter ratio would re-
sult in constant electrical characteristics
(that is, SWR) across the entire bandwidth
of the antenna. As I said, I decided to be
practical and used welding rod!

Construction Details

Get some */s or 1-inch copper pipe for your
boom. You will need two pieces the same
length. T used I-inch pipe, but s-inch pipe is
workable if you use RG-59 feed line, as ex-
plained below. You can roughly figure this
from the second and third sections of the print-
out. Take the centimeter column lengths of
Section 2 and cross-reference them with each
element pair diameter from Section 4.

Now, multiply cm times 10 (to obtain
mm) and divide by 2. This gives you the
length of one side of the element pair. Care-
fully measure the length of the element and
add 5 mm (for a mounting stub). Cut the
element pairs using wire cutters or a small
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tubing cutter. I stuck each pair vertically in
green floral styrofoam, with a numbered la-
bel of masking tape to indicate which ele-
ment pair was which.

Once all of your elements are cut, slide a
circle template just over one end of the cop-
per boom pipes and make a mark at 0° and at
180°. Then lay a board against the pipe or
use a door frame and line the edge up with
the mark you made. Run a line down the
entire length of the pipe on both sides with
a permanent marker while having someone
hold the pipe firm to the board or door frame.
Using the element spacings from Section 3
and the stub distance from Section 1, make
your first mark beginning at one end of the
pipe plus 1 inch. Using a mm scale, mark off
each spacing running down the line on the
pipe until you get to the last element. You
should have a small bit left after the last
mark. Do this on the other side and repeat
for the other section of pipe.

Now, referring to Fig 3, run down one side
of the pipe and mark all of the even-
numbered element holes with a permanent
marker (these are the “keepers” for drilling).
On the opposite side, mark all of the odd-
numbered holes. Repeat this on the second
boom pipe also. You can go back and erase
the unused holes on each side of the two
boom pipes if it confuses you. Place the
pipes vertically and side-by-side and make
sure the respective sides’ holes match
closely, if not perfectly.

Get a drill (or better yet use a drill press)
and begin to drill out the holes using the
correct drill bit. I found the best way to work
was to use a machinist’s V-block to hold the
pipe while drilling and soldering. If you
can’t find a V-block, you can fashion one out
of a 2 by 2 with two opposing 45° angled
pieces of thin wood tacked to the ends.

Once the booms are done it’s time to sol-
der. I used lead-free 4% silver solder from
Radio Shack. It’s strong stuff and easy to
use. Get several tubes and use it liberally
around the bases of each element pair. You

will need a propane torch and soldering tip
or the small torch extension with feed tube
and regulator. (Forget the tips that come
with this extension; there’s not enough heat
transfer.) The best way to attack this job is
to purchase two wooden dowels. One is ap-
proximately 5 mm smaller in diameter than
the inside diameter of the boom. The second
dowel should be 10 mm smaller than the
boom diameter. Slide the larger dowel into
the pipe several feet and insert each element
into its respective hole.

Then apply your heat and coat the area with
a good ring of silver solder. After you have a
puddle of solder tight against the perimeter of
the element, reheat it, true up the element with
pliers and then allow the solder to set. Cool the
area with a wet towel or sponge and move on.
You don’t need to be overly precise making
the elements true at this point as they will get
bent a bit as you work. However, make sure
they are basically perpendicular to the boom
drilling line and parallel to each other as you
work down the line.

Sight down the row from time to time and
ensure that the elements all lie in a fairly true
plane. If not, reheat the solder on the offend-
ing element and reset it. Wear gloves when
working—the boom conducts heat very
quickly.

When you finish one side rotate the boom
in the V-block and clamp it down to com-
plete the other side. At this point I used
spring clamps to hold the boom ends onto
two sawhorses. Slide the thinner wood
dowel into the boom to ensure equal depth
for the opposite side elements. Set the entire
affair down flat when you finish to avoid
dropping it, something that could ruin your
whole day.

When both booms are done, you need to
polish and clean the entire unit. I used
Tarnex metal cleaner, fine steel wool and
some applications of flux remover. Be care-
ful around the thin elements and polish them
by drawing the steel wool in one direction
away from the boom. When you finish, give

Element 1

Back of Boom

Front of Boom

Fig 3—Boom drilling details for KBORJG’
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s LPDA. Both booms should be identical.

each boom a couple coats of quality spray
polyurethane to keep corrosion at bay.

To secure one boom to the other you will
need some hardware. Get six 6/32x3 inch
brass panhead screws and nuts. I used brass
because it is nonferrous and holds up well in
weather. To insulate the two booms from each
other, I used some nylon “shoulder washers”
I found in a bin at a local Home Base
Superstore. Mine were '/>-inch long and the
6/32 screws slid through them easily. If you
use a */s-inch boom, you will need shorter
shoulder washers. Get 24 shoulder washers
(four for each bolt).

For the end of the booms you will need
two insulators, made of '/s-inch thick
Plexiglas, 2 inches wide by 6 inches long.
From the end of each boom, mark holes at
2 inches and 5 inches. Drill completely
through each boom at these points (perpen-
dicular to the elements), using a '/s-inch bit
so that the shoulder washers fit in these
holes. Line up the Plexiglas insulators at the
end of the booms and drill corresponding
holes through them.

Slide one shoulder washer over a screw
and place it in the hole at the end of one
boom. Place another shoulder washer over
the screw protruding from the boom, fol-
lowed by the Plexiglas spacer and another
shoulder washer. Place the end of this screw
through the second boom, followed by the
last shoulder washer and a nut to secure
everything. Then do the same thing at the
other end of the two booms.

Now lift the antenna and find the balance
point. Mark points on one of the booms
1 inch on each side of the balance point and
drill holes through the booms, making sure
that they are perpendicular to the elements.
Prepare another piece of '/s-inch thick
Plexiglas about 4 inches wide by 12 inches
long. This will be the center insulator and the
boom-to-mast plate. Position this Plexiglas
plate between the two booms so that the top
of the plate is 1 inch above the two booms.
Drill through the plate using the previously
drilled holes as guides. Secure the plate
sandwiched between the two booms as be-
fore, using screws and shoulder washers.
You will probably have to loosen the hard-
ware at the ends of the booms. When you
finish, check with a multimeter to make sure
there is no continuity between the booms.

Feed a length of RG-59U (for a Y/s-inch
boom) or RG-11 (for a l-inch boom)
through one of the booms, leaving several
feet sticking out of the smallest-element end
and several inches out the back. This takes
some patience and twisting to snake the
coax past the screws holding the two booms
together but it can be done. Strip 2 inches
of the outer insulation off the coax at the
back of the LPDA and separate the shield.
Cover all but a '/2 inch of the shield with
shrink tubing. Strip about % inch of
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Fig 4—Schematic drawing of feed system used with dual-

boom LPDA for VHF/UHF designs.

Table 1

SWR Readings for the LPDA Using Cross-Needle

SWR/Power Meter
Frequency (MHz) SWR

144 1.8:1 430
145 1.8:1 435
146 1.6:1 440
147 1.3:1 445
148 1.8:1 450

foam off the center conductor.

Fig 4 shows the feed mechanics. I used
a sheet-metal screw to tap into the top
boom for the center conductor, but I used a
'/s-inch screw and nut through a hole drilled
'/4 inch from the end of the bottom boom to
attach the shield. This prevents cutting into the
outer insulation of the coax. I used a small
crimped lug for the shield. Prepare your coax
and attach the shield and center conductor.

You can attach a BNC or N connector to
the free end of the feed coax. Use good
quality coax, Belden 9913-F or RG-214-U
to the shack. The RG-59U coax running
through the boom creates a balun that deliv-
ers 72 Q at the feed point, but this will only
work for VHF/UHF antennas. HF log
periodics require baluns and special feed-
ers that cannot use the boom. The small
72 to 52-Q mismatch will not harm your
efforts.

Finally, take a piece of 2-inch PVC pipe
about 3 feet long and cut a '/+-inch wide slot
down its center for the Plexiglas boom-to-
mast plate to slide into. The slot should be
deep enough so that the entire antenna rests
on the top of the pipe, while the bottom of
the Plexiglas plate rests on the bottom of the
slot. See Fig 5.

Drill three centered holes through the
pipe and Plexiglas and secure with /4 x
3'/2inch brass bolts, nuts and lock washers.
You can now mount the mast to the rotator
directly, although you may want to run a

Fig 6—Photograph of KBORJG's
completed LPDA.

wooden dowel secured with wood screws
through the PVC mast to make sure it isn’t
crushed when the rotator clamps are tight-
ened. Remember to use a nonconducting
mast to make sure that it doesn’t interact
electrically with the vertical elements.

When you are finished, gently true up the
elements. If your drilling was slightly off,
don’t try to force the elements too much or
you will crack a solder joint. Your antenna
is now ready to go to work!

Results

After all the assembly came the moment of
truth. How would my antenna work? After
hooking up with an N connector and Belden
9913, I plugged the other end into my dual-
bander. The results for 2 meters and 440 MHz
are shown in Table 1. Not bad at all.

Bolts with Nylon @ Odd
Shoulder Washers \ Numbered
\\ \ Hole
\\
i\
Plexiglas ‘\%
Slotted
PVC Mast
Frequency (MHz) SWR
1.8:1
1.3:1
1.9:1
1.9:1 Fig 5—Mounting details for KBORJG’s LPDA. The Plexiglas
2.0:1 boom-to-mast plate is sandwiched between the two booms and

also acts as an insulator. The elements are mounted vertically.

Reception for my scanner showed an im-
provement of three to four S-units all across
the bandwidth, although one should not as-
sume 24 dBi of gain from such a measure-
ment, given the nonlinearities involved with
most S-meters!

Not only did my new antenna fulfill all of
my needs but it looks so similar to a TV
antenna that the neighbors didn’t notice it.
Fig 6 is a photograph of the finished an-
tenna. It is satisfying to realize that there is
nothing mystifying nor difficult about
building and using log periodic antennas in
the VHF/UHF spectrum.

My Elmer, Bill Berendt, WOHNI, was
instrumental in the consultation phase of
this project.

Notes
1The ARRL Antenna Book, 17th Ed.
(Newington: ARRL, 1994), pp 10-1

through 10-6.

2The BASIC program TAPER is also re-
quired for LPDA design using telescoping
tubing elements. A compiled version is
included here. It is also available from
ARRL as part of The Antenna Book, 17th
Edition, software.

3p. C. Butson and G. T. Thompson, “A Note
on the Calculation of the Gain of Log-
Periodic Dipole Antennas,” IEEE Trans
Ant Propag, Vol AP-24, No. 1, Jan 1976,
pp 105-106.

4R. L. Carrel, “The Design of Log-Periodic
Dipole Antennas,” 1961 IRE International
Convention Record, Part 1, Antennas and
Propagation.
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