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officers are elected or appointed by the Directors.
The League is noncommercial, and no one who
could gain financially from the shaping of its
affairs is eligible for membership on its Board.

“Of, by, and for the radio amateur,” ARRL
numbers within its ranks the vast majority of active
amateurs in the nation and has a proud history of
achievement as the standard-bearer in amateur
affairs.

A bona fide interest in Amateur Radio is the only
essential qualification of membership; an Amateur
Radio license is not a prerequisite, although full
voting membership is granted only
to licensed amateurs in the US.

Membership inquiries and general corres-
pondence should be addressed to the
administrative headquarters:

ARRL,  225 Main Street, Newington, CT 06111 USA.

Telephone: 860-594-0200

FAX: 860-594-0259 (24-hour direct line)

Officers

President: JOEL HARRISON, W5ZN
528 Miller Rd, Judsonia, AR 72081

Chief Executive Officer: DAVID SUMNER, K1ZZ

The purpose of QEX is to:
1) provide a medium for the exchange of ideas

and information among Amateur Radio experiment-
ers,

2) document advanced technical work in the
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3) support efforts to advance the state of the
Amateur Radio art.

All correspondence concerning QEX should be
addressed to the American Radio Relay League,
225 Main Street, Newington, CT 06111 USA.
Envelopes containing manuscripts and letters for
publication in QEX should be marked Editor, QEX.

Both theoretical and practical technical articles
are welcomed. Manuscripts should be submitted in
word-processor format, if possible. We can redraw
any figures as long as their content is clear.
Photos should be glossy, color or black-and-white
prints of at least the size they are to appear in
QEX or high-resolution digital images (300 dots per
inch or higher at the printed size). Further
information for authors can be found on the Web at
www.arrl.org/qex/ or by e-mail to qex@arrl.org.

Any opinions expressed in QEX are those of
the authors, not necessarily those of the Editor or
the League. While we strive to ensure all material
is technically correct, authors are expected to
defend their own assertions. Products mentioned
are included for your information only; no
endorsement is implied. Readers are cautioned to
verify the availability of products before sending
money to vendors.

Empirical Outlook

��

THE AMERICAN RADIO
RELAY LEAGUE

Familiar Faces in New Jobs
Please join us in welcoming Larry

Wolfgang, WR1B, as Managing Editor of
QEX. Larry comes aboard with consider-
able experience as a technical editor. His
ARRL duties also include being Senior
Assistant Technical Editor of QST. Pre-
viously, he was a member the “Book
Team” editorial staff. He was the han-
dling editor for Now You’re Talking,
ARRL’s Tech Q&A, The ARRL General
Class License Manual, ARRL’s General
Q & A, Your Introduction to Morse Code
— on cassettes and CDs — and The
ARRL Extra Class License Manual.
Larry was responsible for the video li-
censing courses, as well. He wrote Un-
derstanding Basic Electronics, a popular
book among young hams and hams-to-
be. Larry has also edited several chap-
ters of The ARRL Handbook.

Larry formats articles and shepherds
them through our production process,
among other things. His attention to
detail is a tremendous asset to our edito-
rial team. You’ll find him to be a techni-
cally savvy fellow with a positive attitude
and some very good ideas about how to
ensure that QEX remains the top peri-
odical in its field. Give him the support
you gave his predecessor and QEX will
continue to improve.

On January 20, 2006, Joel Harrison,
W5ZN, of Judsonia, Arkansas, was
elected League President for the next
two years. He succeeds Jim Haynie,
W5JBP, who chose not to run for a
fourth term in the uncompensated, vol-
unteer post. Gathering in Windsor, Con-
necticut, for its annual meeting, the
Board voted 10 to 5 to choose Harrison
over ARRL Central Division Director
Dick Isely, W9GIG, the only other nomi-
nee.

First licensed in 1972 as WN5IGF,
Harrison says he’s interested in virtu-
ally all aspects of Amateur Radio, from
HF DXing and contesting to VHF/UHF/
microwave and moonbounce. He’s an
ARRL Life Member. His wife, daughter
and son all are Amateur Radio licensees.
He’s the League’s 14th President since
its founding in 1914.

Harrison also says he’ll promote the
League’s Petition for Rule Making
(RM-11306) to regulate Amateur Radio
allocations by necessary (occupied)
bandwidth. “Right now we do that by
mode, and we’re one of the few countries
in the world that does that,” he pointed
out. “We need to change that and move
forward with this initiative of regulation

by bandwidth instead of mode.” Related
to that issue, the Board is in the process
of developing effective band plans to
support the rule changes it’s requesting
in RM-11306.

We feel RM-11306 is a much-needed
change. The existing rules are arcane
when it comes to allowing for the devel-
opment of new modes and the efficient
use of our spectrum, especially on HF.
We hope you’ve sent your comments to
the FCC.

The ARRL Board also elected Vice
President Kay Craigie, N3KN, as First
Vice President, succeeding Harrison,
and Delta Division Director Rick
Roderick, K5UR, to Vice President, suc-
ceeding Craigie. Both were unopposed.

As always, certain minor changes are
afoot here, as well. Note that we’ve
dropped Communications Quarterly
from our banner. The effects of our
merger with that erstwhile publication
have long since reached equilibrium.
Award-winning artist Sue Fagan has re-
styled our cover. We’re eliminating the
“In This Issue” portion of this editorial
because it regularly delays finalization of
the column, which in turn places undue
last-minute deadline pressure on the
staff. We’ll occasionally comment on cer-
tain content as conditions warrant.

You’ve helped us fill these pages with
some very interesting and informative
pieces and we’re not starving — good job!
Our article acceptance criteria are not
changing; but an increasingly important
criterion is whether submitted manu-
scripts are in the standard form. We
must be able to place your exhibits —
tables, figures and the like — where
they best fit within our published for-
mat. We therefore ask that you place
tables and figure captions at the end of
your manuscript, and place graphics in
separate files.

We use Microsoft Word for most of our
editing work but not for final page lay-
outs. We’d rather devote our editing
time to your text than to deleting embed-
ded exhibits, reformatting what’s left
and begging for graphics files. Many
magazines automatically return material
not in standard form because of the ex-
tra work required. Give your articles
their best chance of acceptance by re-
viewing “Preparing a Manuscript — The
Standard Form” on our Web page at
www.arrl.org/qex. To those of you
who’ve been heeding that advice:
Thank you! — 73, Doug Smith, KF6DX,
kf6dx@arrl.org
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9534 Appomattox Ct
Loveland, OH 45140-7140
gsteinbaugh@yahoo.com

Pizzicato Pulse Generator

By Gary Steinbaugh, PE, AF8L

Your oscilloscope and the Pizzicato create a time domain

reflectometer, a handy piece of  test equipment for

checking your transmission line’s characteristics.

An Amateur Radio station has
much in common with a violin:
the transmitter is like a bow, the

transmission line is like the strings and
the antenna is like the wooden body.
Now, a violinist will recognize the mu-
sical term pizzicato as a direction to
pluck the strings instead of using a bow.
The pulse generator described in this
article electrically “plucks” a transmis-
sion line; by observing the line’s reac-
tion on an oscilloscope, you can check
the line’s length, terminations, and pos-
sible defects.

The radio/violin similarity is actu-
ally mathematical, as both obey the
wave equation,

2

2

2

2 1

tc ∂
Ψ∂=Ψ×∇

The Scottish scientist James Clerk
Maxwell (1831-1879) collected, com-
pleted and combined the electromag-
netic equations of Gauss, Ampère and
Faraday, obtaining a wave equation for
the electric field, and a corresponding
wave equation for the magnetic field.
Maxwell showed that the wave
equation’s constant 1 / c2 (the prod-
uct of the permeability and permit-
tivity of free space) is equal to the
reciprocal of the square of the speed
of light in a vacuum (c = 299,792,458
m/s). He correctly theorized that light
is electromagnetic, and paved the
way for the likes of Hertz, Marconi,
and Einstein. The Nobel Prize-win-
ning physicist Richard Feynman

said, “From a long view of the his-
tory of mankind — seen from, say,
10,000 years from now — there can
be little doubt that the most signifi-
cant event of the 19th century will
be judged as Maxwell’s discovery of
the laws of electrodynamics.”1

You can think of a transmission line
or a violin string as a row of little
masses connected by springs (a lumped-
parameter model). Any given mass is
affected only by the two adjacent
masses connected to it by springs. Look
at the left column of Figure 1, which
shows a wave being “launched” by giv-
ing the left end a tug upward, then an
equal tug downward. You can see how
the masses and springs yank each other
up and down to form a wave that trav-
els toward the right end (note that the
1Notes appear on page 8.

steinbaugh.pmd 02/01/2006, 3:51 PM3
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Figure 1 — Wave in a lumped-parameter model.

Table 1
Velocity Factor Tabulation: Theoretical

Transmission Line meters / sec feet / sec Velocity Factor Round Trip meters / ns Round Trip feet / ns

Space (vacuum) 299792458 983571058 1.00 0.149896229 0.491785529
Air, 600 Ω open wire 293796609 963899637 0.98 0.146898304 0.481949814
450 Ω twinlead 263817363 865542531 0.88 0.131908682 0.432771266
300 Ω twinlead 245829816 806528268 0.82 0.122914908 0.403264134
Coax (foam)2 239833966 786856846 0.80 0.119916983 0.393428423
Coax (polyethylene)1 197863022 649156898 0.66 0.098931511 0.324578449
1RG-8, RG-11, RG-58, RG-59, RG-174, etc.
2Foam versions of above, and hardline.

masses do not move sideways).
What happens when the wave

reaches the right end depends on
whether the end is fixed, free to move
up and down, etc. The middle column
of Figure 1 shows the fixed case; notice
how the pulse becomes inverted
(changes phase) during its reflection.

You can try this yourself with a rope
tied to a doorknob. The right column of
Figure 1 shows the free case, where the
pulse is reflected without a phase
change. To verify this, add a length of
light fishing line between the rope and
the doorknob. If the right end is con-
nected to a shock absorber with the

right damping (matching impedance),
the pulse will be completely absorbed;
we aspire to this case for our antennas.

Speed and VF
By measuring the time it takes for

the wave to return and by knowing its
speed, we can calculate the length of

steinbaugh.pmd 02/01/2006, 3:51 PM4
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Figure 2 — Schematic diagram of the Pizzicato Pulse Generator.

Figure 3 — Oscillator waveforms.

BT1 — 9 V lithium/manganese dioxide
battery, NEDA 1604C.

P1 — BNC male panel mount, Alltronics
CB111.

S1 — 0.5 inch rotary switch, 2 pole,
6 position, Mouser 633-MRK206A.

S2 — 0.5 inch toggle switch SPDT on-off-on.

the line. Electromagnetic waves travel
slower in any material than in a
vacuum (if they didn’t, lenses wouldn’t
work), and this actual speed divided by
c is called the velocity factor. Tables 1
and 2 show these speeds in common
transmission media and their corre-
sponding velocity factors; also shown is
the out-and-back travel time, so dis-
tance may be calculated simply by mul-
tiplying the time between pulses by the
appropriate speed. These numbers are
too precise for real-world work, so prac-
tical values are also included. Some
cable manufacturers publish measured
velocity factors for their cables, and
using their numbers would increase the
accuracy of your results.

Resolution will be limited by the
rise time of both the oscilloscope and
the pulse generator. I began experi-
menting with a CMOS 555, but with
a minimum pulse width of 100 ns and
a rise time of about 15 ns, it was ap-
parent that it would be too slow. I
stumbled upon a pulse generator ar-
ticle in Electronic Design2 that used
Advanced CMOS, which is more suited
to this application, having a rise time
of 3.5 ns (yielding a resolution of about
11/2 feet) and an output source/sink
capability of 24 mA. Among other
modifications to that design, I used a
74AC04 hex inverter in a three-gate
ring oscillator circuit, with the remain-
ing three gates as buffers. Figure 2 is
the schematic diagram for the
Pizzicato, essentially a square wave
oscillator with a very low duty cycle.
C1 charges through R1, but discharges
through D1 and the parallel combina-
tion of R1 and R2 (and R3, R4, R5 or
R6, depending on the setting of S1, a
six-position miniature rotary switch
that also serves as the power switch).
This produces pulse widths useful for
the line lengths that Amateur Radio
operators are likely to encounter; the
oscillator waveforms are shown in Fig-
ure 3. R8 is included to keep the 9 V
and –3 V spikes from producing a gate
input current that exceeds the limit
of 20 mA. S2, an ON-OFF-ON toggle
switch, provides the proper impedance
for 50 Ω, 75 Ω and 300 Ω lines; obvi-
ously R9, R10 and R11 could be recal-
culated for other impedances.
Although I have only used the
Pizzicato for radio applications, it
should be useful for any transmission
line, eg, LAN cables and telephone
wires.

LiMnO2 for Longer Life
My circuits often seem to design

themselves. I had planned on using a
common 9 V alkaline battery, but the
AC logic series has an absolute maxi-

steinbaugh.pmd 02/01/2006, 3:52 PM5
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Figure 4 — Battery discharge curves.

Figure 7 — Inside view.Figure 6 — Bottom of board.

Figure 5 — Top of board.

mum Vcc of 7 V, so I added a 78L06 6
V regulator, with a 2 V dropout. This
meant that the battery terminal volt-
age had to be a minimum of 8 V, but
ordinary 9 V batteries discharge
quickly to 7 V. This led me to lithium/
manganese dioxide batteries, which
have higher initial voltages and much
longer lives. Figure 4 shows discharge
curves for carbon/zinc, alkaline, and
LiMnO2 batteries. The battery is re-
strained by the box lid, and by the two
switches, which are both 0.5 inch wide.

I built the circuit on a small scrap of
perforated protoboard, trying to keep
the leads as short as possible; Figure 5
shows the top of the board, while Fig-
ure 6 shows the bottom. The enclosure
is a RadioShack 270-1801 ABS box, 3 ×
2 × 1 inches with molded-in card slots.
I had to do a little plastic surgery with
a Dremel tool to remove some interfer-
ing bosses, and since the bottom would
become the front, I sanded off the feet.
Figure 7 is an inside view of the pulse
generator. Ordinarily, I would not sug-
gest such compact construction, but the
high frequencies involved begged for an
exception.

I had a RadioShack 276-068 red
LED in a chrome holder, but I was
appalled at the dim light level, even
at 20 mA (the entire rest of the circuit
draws 6 mA). Intending to substitute
a brighter LED, I carefully removed
the original, only to find that it was
4 mm in diameter instead of the stan-
dard 3 mm or 5 mm. Not to be
thwarted, I bought a 276-320 white
5 mm LED, chucked it in my hand
drill, and carefully sanded it down to

4 mm with an old emery board that
my wife had discarded. I soldered a
10 kΩ resistor to the positive lead and
glued the assembly in the empty
holder. The result is a brilliant pilot
light that draws only 500 µA.

Figure 8 is the front of the Pizzicato.
I made the decal by printing the
colored artwork on Micro-Mark Decal

Paper (item 82272, from www.
micromark.com), spraying it with
Krylon Crystal Clear Acrylic Coating
(1303A), and applying it like a common
decal.

Figure 9 displays the oscilloscope
screen with the Pizzicato “plucking” one
end of a length of foam-insulated
RG-8U with a 10 ns pulse; look closely

steinbaugh.pmd 02/01/2006, 3:52 PM6
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Table 2
Velocity Factor Tabulation: Practical

Transmission Line Velocity Factor Round Trip m / ns Round Trip ft / ns
Space (vacuum) 1.00 0.15 0.49
Air, 600 Ω  open wire 0.98 0.15 0.48
450 Ω twinlead 0.88 0.13 0.43
300 Ω twinlead 0.82 0.12 0.40
Foam  coax, hardline 0.80 0.12 0.39
Polyethylene coax 0.66 0.10 0.32

at the end of the cable, and you can see
that the other end is shorted. The re-
flected pulse is inverted, as predicted
by the wave equation. The oscilloscope
time base is set to 10 ns per division,
and the time between the leading edges
of the incident and reflected pulses is
45 ns. Multiplying this by 0.39 ns/ft, the
length of this cable was calculated to
be 17.55 feet long (a tape measure read
17.5 feet). Figure 10 is the same ar-
rangement, but with an open end.
Figure 11 is also an open end, but with
a 20 ns pulse; in Figure 12, with a
50 ns pulse, you see the superposition
that occurs if the reflected pulse returns
before the incident pulse is over. Use
whatever pulse width produces the best
reflected pulse. As Figure 13 demon-
strates, there is no reflected pulse when
the cable is terminated in its charac-
teristic impedance.

One Practical Application
A practical application of the

Pizzicato is shown in Figure 14. This is
my Butternut HF6V vertical antenna
at the end of 110 feet of direct-bury feed
line. Note that the oscilloscope time
base has been changed to 100 ns per
division, and that the pulse width is
100 ns. The step at 100 feet is the be-
ginning of a length of 75 Ω cable that
matches the vertical’s radiation resis-
tance of 35 Ω to the feed line.

Figure 9 — Shorted 10 ns pulse.

Figure 8 — Front view with violin.

Figure 10 — Open 10 ns pulse.

Figure 11 — Open 20 ns pulse. Figure 12 — Open 50 ns pulse.

steinbaugh.pmd 02/01/2006, 3:52 PM7



8  Mar/Apr  2006

An S-shape is characteristic of an an-
tenna, and the additional ornamenta-
tion is produced by the HF6V’s
bandswitching capacitors and coils. If
the feed line ever develops a flaw, I will
know within a foot or so where to start
digging!

If your transmission lines have
UHF connectors, a UG-255 BNC-to-
SO-239 adapter will be a handy ac-
cessory, as will an extender made of
a PL-258 double-female adapter (see

Figure 8) and a length of line with
PL-259 connectors. Be careful to sup-
port the transmission line so its
weight does not overstress the ABS
enclosure. Happy plucking with your
Pizzicato!

radar,’’’ Electronic Design, October 1,
1998.

Continuously licensed since 1964, Gary
Steinbaugh, AF8L, is an ARRL Life Mem-
ber and a licensed Professional Engineer.
He holds a BSEE from Case Institute of
Technology, plays (using the word advis-
edly) many different musical instruments,
and is a Certified Flight Instructor.
He may be reached at gsteinbaugh@
yahoo.com. ��

Figure 13 — Terminated with resistor. Figure 14 — Vertical antenna.

Notes
1Feynman, Richard Phillips. The Feynman

Lectures on Physics. Reading, MA:
Addison-Wesley, 1965.

2Englund, Gunnar. “Build your own ‘cable

Book Review

��

Practical RF Circuit Design
for Modern Wireless Systems,
Vol. 1 and 2
by Rowan Gilmore and Les Besser,
Artech House Publishers, ISBN
158053-522-4, $95 each volume.

Browsing one of my electrical engi-
neering trade magazines, my eye caught
on the publication notice for this two-
volume set. In recent years, the RF
designer’s world has expanded well be-
yond what can be captured in a single
handbook, leading to a blizzard of books
on various specialties, but few that cap-
ture “the big picture.” Would this be the
answer? I borrowed two copies from the
library to find out. The two weeks I had
the books was obviously not enough time
for an exhaustive review, but I believe I
was able to assess the books’ coverage.

The two volumes divide the RF world
into passive circuits and systems (Vol-
ume 1) and active circuits and systems
(Volume 2). Computer-aided techniques
get extensive coverage in each volume
and go hand-in-hand with each topic.
The books assume that the reader
understands the fundamentals of RF
design and has access to RF computer-
aided design, such as the limited-edi-
tion of Super-Compact from Compact
Software that can be downloaded by

hams (www.arrl.org/ard/).
Volume 1 starts with the basics, sur-

veys common radio architectures, lays
out the Smith chart and s-parameters
and then dives into impedance-match-
ing techniques. A section on the tech-
niques used to simulate and optimize
RF circuits is followed by a full 70 pages
on component models, an often-ne-
glected topic. The compromise is that
the next section, on filters and resonant
circuits, must cover much ground at a
medium to high level. There is so much
literature on filters that it would be un-
reasonable to expect that depth to be
reproduced here. The volume concludes
with a welcome discussion of the RF
characteristics of high-speed digital de-
signs, something that often comes as a
surprise to digital designers.

Volume 2 gets into the serious details
of RF amplification. It starts with lin-
ear RF amplifiers and continues to
optimization and comparisons of the
different designs. Modeling of active
devices and nonlinear circuits is then
covered as a detailed survey. Special con-
cerns of high-power amplifier design are
presented along with a design example.
Oscillators, mixers and multipliers each
get an overview. The final section covers
several system-level examples, such as
mobile telephony, software-defined ra-
dios and radio chipsets.

Even at 500 pages per volume,
there still isn’t enough space to
reach a detailed examination of
many topics. For example, there

aren’t enough example problem-and-
solution sets to really learn a sub-
ject exclusively from these books.
However, each section has an exten-
sive set of references for further
study. In numerous areas, the au-
thors present a useful set of design
equations and principles, but avail-
able space prevents them from
covering the interactions and sensi-
tivities that inevitably occur in ac-
tual designs. For these, readers
must do additional research. Never-
theless, there is enough solid foun-
dation material for an engineer to
create a basic design and enough
references to deal with some second-
ary considerations. My only com-
plaint is that the graphic style is
erratic, as is typical with heavy use
of reprinted material. Many of the
graphics would benefit as well from
a more refined use of line width,
style, and density, but these are mi-
nor distractions, at worst.

These texts are available through
inter-library loan, so you can evalu-
ate them before making the invest-
ment. At nearly $100 per volume,
these are professional tools. Yet, if
you work in the RF field and want a
solid handbook to unify your niche ref-
erences and theoretical textbooks, the
set would be a good use of your book
budget or a good addition to the com-
pany library. — H. Ward Silver, NØAX,
22916 107th Ave SW, Vashon, WA
98070; n0ax@arrl.net
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Frederick H. Raab, W1FR
240 Stamford Rd
Burlington, VT 05401
f.raab@ieee.org

A 100-W Class-D Power
Amplifier for LF and MF

By Frederick H. Raab, W1FR; Mike Gladu, N1FBZ, and Dan Rupp

Get high efficiency from a complementary

 pair of  inexpensive MOSFETs.

Introduction
This paper describes a simple, high-

efficiency transmitter for LF and MF
experimental operation. The power
amplifier (PA) is a class-D design
using a complementary pair of
MOSFETs.1 It operates from 165 V
and delivers 100 W with an efficiency
of 89%. The PA is configured for op-
eration at 500 kHz, but can be
adapted to any frequency from
100 kHz to 3 MHz by changing the
output filter. The driver is a single
gate-driver IC, and a one-transistor
circuit keys the drive for CW opera-

tion. The finished project is shown
in Figure 1.

Note: This is a project for experi-
enced experimenters. The 165-V dc-
supply voltage can be lethal. Treat this
circuit with the same respect you
would give a vacuum-tube amplifier.

Driver
The driver (Figure 2) operates from

+12 V and requires about 50 mA. The
signal input can be a sine wave of 3 V
(peak) or more (20 dBm), TTL, or a
square wave of about 1 V peak or
more. Resistor R101 provides a load
for the signal source. It should be re-
moved for TTL or if necessary to get a
sufficient output from the signal
source. An insufficient input signal
can lead to chaotic oscillations at high
power due to transients from the fi-
nal entering the input to the driver.

U101 is a standard 4-A gate driver
that converts the input signal into
square-wave drive for the final. It is bi-
ased near the threshold by adjustment
of R103; hence, any input signal pushes
the output of U101 into either a high or
low state. To adjust the threshold, re-
move the signal input and look at the
drive output with a scope or voltmeter.
Adjust R103 to increase the bias volt-
age until a change is observed in the
drive output, then back off R101 slightly
so the output of U101 rests in the low
state. The resultant bias voltage is
about 1.5 V. (Alternately, R101 can be
adjusted so that U101 rests in the high
state.)

Keying for CW operation is accom-
plished by turning the drive on and
off. This is done by Q101 and the re-
lated components. An open circuit or
greater than +9 V at the key input

1Notes appear on page 13.
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J102 results in no drive, while a short
circuit or 0 V turns the drive on. This
allows operation from either key or
a programmable waveform genera-
tor with a range of 0 to 10 V. Capaci-
tor C110 and resistors R105 and
R106 control the shape of the wave-
form to avoid key clicks. The value
of 10 µF produces a rise/fall time of
about 10 ms.

Final Amplifier
The final amplifier (Figure 3) con-

sists of a complementary pair of
200-V power MOSFETs Q201 and
Q202. The MOSFETs are biased near
the threshold of conduction by R205 and
R206 so that any RF drive pushes one
into an on state and the other into an
off state.

Gate biases are supplied by two
Zener-regulated supplies. The bias for
n-channel MOSFET Q202 is derived
directly from the +12 V supply. The
source of p-channel MOSFET Q201 is
connected to the main supply VDD,
which may be variable. Consequently,
the bias supply for Q201 floats against
VDD. This is accomplished by coupling
the square-wave drive signal through
C205 to the floating supply consisting
of D203, D204 and C206, which pro-
vides a voltage of approximately
VDD – 12 V to operate the bias circuit.

Turning both Q201 and Q202 on si-
multaneously produces a short circuit.
Therefore, it is important to set the bi-
ases via the following procedure. Begin
by disconnecting C210 and C211 and
setting VDD to 0. Connect the +12-V sup-
ply, then adjust R205 to produce 0 V.
Apply drive, verify that the floating bias
supply is working, and set R206 to pro-
duce VDD – 0 V. Increase VDD and make
sure no drain current flows, then return
to zero. Temporarily connect a resistor
of approximately 100 Ω from the two
drains to ground. Set VDD to about 25 V.
Slowly adjust R206 until approximately
5 mA is flowing in Q201. The resultant
bias voltage is about VDD  – 2.7 V for the
VP1220N5, but may be different for
other MOSFETs. Turn off VDD, remove
the 100-Ω resistor from the drains, and
connect a voltmeter in its place. Return
VDD to 25 V and slowly adjust R205
until the drain voltage is about 12.5 V,
which implies equal quiescent currents
in the two MOSFETs. The resultant bias
voltage is about 3.5 V for the IRF610.
The drain voltage will drift and vary with
temperature, but the MOSFETs will re-
main sufficiently close to their thresh-
olds of conduction for proper operation
when drive is applied. Finally, reconnect
C210 and C211.

The output network provides a
50-Ω load to the drains, high imped-

Figure 1 — The LF/MF complementary class-D transmitter.

Figure 2 — Circuit of driver.

J104 — European-style binding post,
black, E.F. Johnson 111-0103-001.
Mount vertically.

R101 — 51-ΩΩΩΩΩ RC07 (omit for TTL input).
R102 — 4.7-kΩΩΩΩΩ RC07.
R103 — 5-kΩΩΩΩΩ trimpot, Bournes

3006P-1-502.
R104 — 620-ΩΩΩΩΩ RC07.
R105, R106 — 2.2-kΩΩΩΩΩ RC07.
Q101 — PNP BJT, 2N2907.
U101 — 4-A gate driver, TI UCC32325P or

equivalent.

C101 — 20-µµµµµF, 250-V electrolytic.
C102 — 3300-pF mica.
C103 — 0.1-µµµµµF, 50-WV chip,

ATC 200B104NP50X.
C104 — 0.1-µµµµµF disk.
C105-C109 — 1-µµµµµF, 50-WV X7R chip,

Kemet 1210C105K5RATCU.
C110 — 4.7-µµµµµF, 25-V electrolytic.
D101 — 1N751A, 5.1-V, 0.25-W Zener.
D102 — 1N746A, 3.3-V, 0.25-W Zener.
J101 — BNC jack.
J102 — Key jack, shorting.
J103 — European-style binding post,

red, E.F. Johnson 111-0102-001. Mount
vertically.
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Figure 3 — Circuit of final amplifier.

D201, D202 — 7.5-V 0.25-W Zener,
1N755A.

D203, D204 — MUR120 60-V 1-A ultra-fast
switching diode.

J201 — BNC jack.
J202 — European-style binding post,

green, E.F. Johnson 111-0104-001.
J203 — European-style binding post,

red, E.F. Johnson 111-0102-001. Mount
vertically.

J204 — European-style binding post,
black, E.F. Johnson 111-0103-001.
Mount vertically.

L201, L202 — 47.7 µµµµµH. 61 turns #24 AWG
enameled wire on Micrometals T200-2
toroid.

L203 — 30 turns #24 AWG on Ferroxcube
768XT188 3E2A toroid.

Q201 — Supertex VP1220N5 200-V, 2-A
P-channel MOSFET.

Q202 — IRF610 200-V, 2-A, N-channel
MOSFET.

R201, R202 — 1-kΩΩΩΩΩ RC07.
R203, R204 — 10-kΩΩΩΩΩ RC07.
R205, R206 — 10-kΩΩΩΩΩ trimpot, top-

adjustable, Bournes 3299X-1-103.
Heat sink — Extruded aluminum, 3.75-in

wide, Aavid 60675.
Insulating pads for Q201, Q202 —

Thermalloy 43-77-2.

ances to the harmonics, adequate
suppression of the harmonics in the
output, and single-knob tuning to the
frequency of operation. The T configu-
ration may be regarded as two back-
to-back L networks that match
upward to about 150 Ω at the center.
Inductor L201 has a Q of 3, which is
sufficient to ensure that third-
harmonic current circulating in the
drains is no more than 10% of the
fundamental-frequency current.

Adjustment is quite simple, since
maximum RF output, maximum dc
input, and maximum efficiency occur
so close to each other that the settings
are indistinguishable. Begin with VDD

set to 25 to 50 V. Adjust C214 for ei-
ther the maximum dc power or maxi-
mum RF output. Make a quick check
on the RF output (Figure 4) and the

efficiency to ensure the PA is oper-
ating correctly. Then increase VDD to
100 V and tweak C214 slightly to al-
low for any variation of drain capaci-
tance with voltage. Then increase
VDD to its full value of about 165 V
without readjustment. The dc-input
current should be about 0.72 A.

Performance
The waveforms are shown in

Figure 4 for operation at 500 kHz
from VDD = 100 V. In this case, the
input vi is a TTL signal. The drive
signal vDR produced by U101 is a
square wave that ranges from 0 to
12 V. The drain voltage vD produced
by the two MOSFETs is a clean
square wave. The complementary
configuration eliminates most of the
transients associated with charging

drain capacitance through the induc-
tance of a transformer.2,3 The small
droops are the result of drain cur-
rent flowing through the on-state
resistances of the MOSFETs. The
output vO is a pure sine wave.

The output and efficiency charac-
teristics for operation at 500 kHz are
shown in Figure 5. Output voltage
Vom varies linearly with supply volt-
age VDD. The transfer curve fits a
straight line with an rms error of only
0.2%, indicating excellent amplitude-
modulation linearity (IMDs less than
–50 dBc). The efficiency is about 89%
over most of the output range. It
drops slightly at high levels because
of increased MOSFET resistance
and slightly at low levels because of
increased drain capacitance.

The PA can be used at frequen-

C201 — 1-µµµµµF, 50-WV X7R chip, Kemet
1210C105K5RATCU.

C202, C207, C111 — 0.1-µµµµµF, 50-WV chip,
ATC 200B104NP50X.

C203, C208, C215, C217, C219 — 3300-pF
mica.

C204, C209 — 5-µµµµµF 25-V electrolytic.
C205, C210, C211 — 0.022-µµµµµF disk.
C206 — 10-µµµµµF 25-V electrolytic.
C212, C213, C218 — 0.1-µµµµµF, 200-WV chip

capacitor (American Technical Ceramics
900C104NP200).

C214 — Three-gang breadslicer, 15-525
pF per section, 70% closed at 500 kHz.

C216, C220 — 20-µµµµµF, 250-V electrolytic.

Raab.pmd 02/01/2006, 3:55 PM11



12  Mar/Apr  2006

cies from 100 kHz to 3 MHz. Its per-
formance is shown in Figure 6 as a
function of frequency. These tests are
based upon VDD = 165 V and simple
series-tuned output circuits instead
of the T network shown in Figure 2.
The power drops from about 100 W
at 500 kHz to 92 W at 3.5 MHz, and
efficiency drops from about 90% to
83%.

Adaptation to Different Voltages
and Powers

The basic design presented here
can be adapted to other MOSFETs,
supply voltages and output powers.
The output power of a complementary
class-D PA is:

Po = 2 Veff
2 / (π2 RPA) (Eq 1)

where RPA is the drain-load resistance.
The effective supply voltage is:

Veff = VDD RPA / (RPA + Ron) (Eq 2)

where Ron is the on-state resistance
of the MOSFETs. These equations al-
low determination of the drain-load
resistance RPA for a desired output
power Po and supply voltage, or vice
versa.

The T network can be regarded
as two back-to-back L networks
(Figure 7) that match upward to an
intermediate resistance Rm, which
must be larger than either the in-
put or output resistance. The capaci-
tor in the T network is the sum of
the capacitances in the two Ls. The
equations for design of the L net-
works (from the reference cited in
Note 1, Table 3-3.1) are

XL / R = –XC / Rm = Q (Eq 3)

and

Q 2 + 1 = Rm / R (Eq 4)

Above, R is RPA or Ro as appropri-
ate for the input or output L. The
design process can begin either by

Figure 5 — Power and efficiency at 500 kHz.

Figure 4 — Waveforms at 500 kHz.
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specifying Q and determining Ron or
by specifying Ron and determining Q.

In the previously presented de-
sign, the drain-load resistance is
50 Ω, which is the same as the out-
put resistance; hence, L1 and L2 are
the same. Operation at higher power
or from a lower VDD may require
transformation of the output resis-
tance, hence different values of the
inductors. Many different T net-
works can be designed that provide
the desired drain-load resistance.
For proper operation of the class-D
amplifier, however, the reactance of
L1 at the third harmonic must be
at least nine times the drain-load
resistance. Consequently, the reac-
tance of L1 at the fundamental fre-
quency must be three times the
drain-load resistance. Generally,
nothing is gained by making L1
larger than necessary, so its value
should be the minimum that pro-
vides the desired transformation
and the minimum harmonic imped-
ance.

• Shortening of all leads, and
• Elimination of the 3300-pF bypass

capacitors.

A better layout and closer bypass-
ing should allow operation from si-
nusoidal inputs of less amplitude.
This can also be accomplished by
placing a TTL line receiver to hard-
limit the input before driving U101.

Note: A shorter version of this ar-
ticle appeared in the May/Jun 2005
issue of The AMRAD Newsletter.

Notes
1H. L. Krauss, C. W. Bostian, and F. H. Raab,

Solid State Radio Engineering. New York:
Wiley, 1980.

2F. H. Raab, “Switching transients in class-D RF
power amplifiers,” Proc Seventh Int Conf HF
Radio Syst and Techniques (HF’97),
Nottingham, UK, pp 190-194, Jul 7-10, 1997.

3F. H. Raab, “Simple and inexpensive high-
efficiency power amplifier for 160-40
meters,” Communications Quarterly, vol 6,
no. 1, pp 57-63, Winter 1996.

Figure 6 — Output and efficiency as functions of frequency.

Figure 7 — T network viewed as back-to-
back L networks.
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Recommendations
This amplifier was made by adapt-

ing an existing prototype. Conse-
quently, the layout is somewhat of a
kludge and not recommended. Im-
provements in the layout include:

• Elimination of about 2 inches be-
tween the driver and final;

• Installation of 1-µF chip capacitors
right at the points to be bypassed;
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4780 Cove Rd
Ellensburg, WA 98926
rsparks@elltel.net

An Expanded Reflection-
Coefficient Equation for

Transmission-Line Junctions

By Roger Sparks, W7WKB

When the familiar reflection coefficient is applied to

a discontinuity in a transmission line, erroneous

conclusions may result. W7WKB offers a revised

formula and demonstrates how reflections

become zero when a match is achieved.

It is very unusual to see two know-
ledgeable men quarrel about tech-
nical matters in Amateur Radio

publications, but that is exactly what
has happened with a series of three
articles from Steven Best, VE9SRB,1

and one from Walt Maxwell, W2DU.2

This unusual occurrence prompted
me to study both articles and learn
more about transmission lines and
reflections than I really wanted to
know! Nonetheless, it was very inter-
esting, and I think my results are
worth sharing.

Rather than siding with either of

these gentlemen, I will present a dif-
ferent way of looking at the situation
with an expanded equation to find the
reflection coefficient for a discontinu-
ity. The result for a 1/4-wave matching
section will be the same as Steven Best
presented except for the canceling
waves. The concept of complete reflec-
tion is more like Walt Maxwell’s but
without the idea of open or short cir-
cuits created by wave interference.

quiet, we see waves generated when
we drop a rock into the water. The
waves travel each way from the point
of impact but leave the water surface
quiet at the point of impact. If it were
not for friction and if the canal were
infinitely long, the waves could travel
forever in both directions, carrying the
energy from the initial splash to dis-
tant regions. The waves have a veloc-
ity and frequency, and carry energy
just like electromagnetic waves trav-
eling on a wire.

We can place our transmitter at the
center of an infinitely long wire (I am
not sure how we would find the cen-
ter!) and generate waves which go in
each direction. We would be creating
a series of matching troughs and
peaks paired as they fly off down the
wire in opposite directions. By paired,
I mean that one trough going to the

1Notes appear on page 19.

Begin with Basics
Our radio transmitters send a

wave down a wire to the antenna. We
will begin by forming an idea of how
that invisible wave might look if we
could see it.

My favorite analogy is to look at a
canal or channel filled with water. The
canal is very long and narrow, filled
with some depth of water. Initially
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left will be paired with a peak going to
the right. The wave motion will be away
from the initial point but the current
for each trough-peak pair will be in the
same direction. See Figure 1A.

Next, we can take our infinitely
long wire and bend it into a U with
the transmitter at the bend. We have
now formed a transmission line. A
wave generated at the bend in the U
will travel down each side of the line
with current going in opposite direc-
tions. See Figure 1B. In this situation
the magnetic fields from the two cur-
rents cancel, as do the electrical fields,
so long as you are measuring them
from some distance away. If you mea-
sure really close to either wire, you will
find the fields very much present.

If we use our transmission-line con-
figuration but use a battery to gener-
ate the electrical pulse, we can ask
“How much current would flow down
the line when we make the battery
connection?” If the line is infinitely
long, will an infinitely large current
flow? No, it turns out that a wave front
is formed that charges the capacity
between the wires to the battery volt-
age. The wave just travels along the
wire charging the wire to the battery
voltage at some rate of current. The
speed of the wave is the speed of light
(in air) or the velocity of propagation
in a cable or insulated line. This ve-
locity limit allows the capacity of the
line to be charged only so fast, which
means that a ratio of voltage to cur-
rent can be found. Because the ratio
of voltage to current is resistance, ev-
ery transmission line will have a char-
acteristic resistance.

The familiar equation for the resis-
tance or impedance of a transmission
line is

LCZ =
where Z is the impedance, L the in-
ductance, and C the capacity. The
equation can also be written as

Cc
Z

1=

where c is the velocity of the wave, and
C is the capacity per unit distance.
This second form of the equation pro-
vides a rich insight into how the wave
moves to fill the available capacity of
the transmission line as it travels, and
gives mathematical form to the previ-
ous wave description.

When an electrical wave travels
down a wire in the real world, it al-
ways reaches a destination or end.
How does the source (the battery or
transmitter) know that the wave has
reached the end of the wires? Feed-
back to the source cannot travel faster

Figure 1 — (A) A transmitter at the center of an infinitely long wire generating wave pulses
that go in each direction creates a series of matching troughs and peaks paired as they fly
off down the wire in opposite directions. At B, the ends of the wire have been folded
together to make it a feed line.

Figure 2 — Which circuit is the correct representation for a reflected wave? It depends
upon how the waves interact. If there was no interaction at all, then circuit A would be
correct. By measuring voltages and currents, we find that the two waves interact in a
manner to result in equal voltage at all junctions, but the current will divide between two
(or more) resistive paths with the result that current into the junction equals current
leaving the junction. The division of leaving current depends upon both the resistance of
each possible path and upon the incoming current from each possible path. Circuit B is
the correct representation.

than the speed of light so the source
just keeps putting power into the
transmission line until the reflected
wave arrives back at the source. That
means that two waves are on the line
at one time if we consider the reflected
wave as a new wave as if it were from
a second source.

When the wave is reflected from an
open end, the current reverses but the
voltage retains polarity. When mea-
sured, we see that the forward and
reflected currents oppose but the volt-
ages add. In terms of impedance, an
open ended transmission line would
measure capacitive impedance.3

If the wave travels to a short cir-
cuit, then an inverted wave is re-
flected, with the reflected current
adding to the forward current but
the voltages opposing and canceling.
Thus you measure a high current
but no voltage at end of a shorted
transmission line. (Off subject, but
this is why a loop antenna always
has a low voltage point when mea-
sured equal distance from each side
of the feed point.) A short-circuited
transmission line would measure as
an inductive impedance.3

Both reflected and source waves

will have the impedance of the trans-
mission line carrying them. If the wave
travels to a resistance (terminated
with a resistance), there will be no
reflection if the resistance is the same
as the characteristic impedance of the
line. There will be a partial reflection
of an open line type (capacitive) if the
termination is a resistance higher
than the line impedance, and a par-
tial reflection of a short circuit type
(inductive) if the termination resis-
tance is less than the line impedance.

A transmission line terminated
with a matching resistor appears to
be infinite in length because there are
no reflections. On the other hand, a
mismatched line has reflections and
is said to be discontinuous (or to con-
tain a discontinuity).

Preparing to Derive a General
Reflection Coefficient

Now let’s ask a hard question:
What will the reflected voltage be if
some part of the power is delivered to
a resistor?

As we work toward an answer, we
will begin by selecting a circuit or vi-
sual model. The reflected wave trav-
els back down the wire it just came
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from. Will the circuit look like
Figure 2A or 2B? If we use circuit 2A
to build our mathematical model, the
line picked to carry the reflection
would look like a second resistance
placed in parallel to the load resis-
tance. In fact, circuit 2A is the circuit
for a resistor placed into a transmis-
sion line. The line carrying the re-
flected wave has the same impedance
as the source line, so the parallel com-
bination of load and reflection carry-
ing transmission line would always
result in an inductive reflection.

Based on measurements, we can
see that something else is happening
when reflections occur. The reflected
voltage or current adds or subtracts
from the source power depending upon
the resistive ratios. “Circuit” 2B must
be used. It doesn’t look like a circuit
does it? It is more like a graphical de-
scription of the wave movement. This
is how we will depict two waves flow-
ing in opposite directions on a trans-
mission line.

The familiar antenna reflection co-
efficient equation was derived from
the “circuit” in Fig 2B.

1

1

+

−
=

Zf

Zl
Zf

Zl

Vf

Vfr
(Eq 1)

where Vfr is the reflected part of the
forward voltage, Vf is the forward volt-
age, Zf is the line impedance and Zl is
the load impedance.

This equation was used very effec-
tively by Steve Best in his article as
he traced the multiple reflections that
ultimately result in a stable transmis-
sion-line condition.1

The “circuit” in Figure 2B works
fine for a transmission line terminated
in either a resistor or antenna, but it
must be expanded to include wave
fronts coming from two directions if
there is a discontinuity within the
transmission line. Power coming from
a second source will change the
amount of primary power reflected
from the discontinuity. Figure 3 is a
representation of the wave flow from
two directions at a discontinuity; it
shows both forward and reflected
waves.

We can use the familiar equation
(Eq 1) for inline discontinuities (as
Steven Best did), but the result leads
us to the conclusion that a reflected
wave from the discontinuity combines
with a reflected wave from the an-
tenna, which then cancels under
matched conditions. We are left with
the decidedly unsatisfactory notion
that positive power cancels negative Figure 4 — Matched transmission line using 1/4 wave transformer.

Figure 3 — A representation of the wave flow from two directions at a discontinuity; it
shows both forward and reflected waves.

power. The power just seems to disap-
pear, which we know to be impossible,
from the laws of physics.

We can remove this unsatisfactory
notion of canceled power by deriving
the antenna reflection factor from a
more general condition that includes
power coming from a second direction
on a conductor. To do this, we must
break from the traditional premise
that waves traveling in opposite di-
rections pass through each other
without effect. We substitute a
premise that the waves always inter-
act so that the resultant measurable
voltage or current at any point is the
sum of the voltages or currents of all
the waves traveling in any direction
on any one conductor.

If you are reluctant to give up the
premise that opposite traveling waves
pass without effect, look carefully at
Figure 1A and Figure 1B to consider
the differences between the two “cir-
cuits.” If the reflected wave were to
pass without effect, circuit (A) would
apply. Instead, consider how waves
travel when one wave rides “on top” of
the other wave. Comfort may come

after you understand how the ex-
panded reflection coefficient is devel-
oped and actually works.

The general version of the reflec-
tion coefficient is developed in the
sidebar “A Derivation of the Expanded
Voltage-Ratio Equation.”

The assumption that the voltage at
any point is the sum of four waves
rather than two deserves some expla-
nation. When we consider a disconti-
nuity, waves may source from both the
right and left sides and meet at the
point of consideration. A reflection will
occur at the discontinuity for both
waves. Thus, at the discontinuity, we
have source waves arriving from both
directions and reflected waves moving
away in both directions, four waves.
The voltage at the discontinuity is the
sum of the two waves on each respec-
tive side, which becomes a single volt-
age at the single examination point.

Each reflected wave contains en-
ergy from both source waves but no
instrument can identify from which
source wave the energy actually came.
Yes, it can be mathematically traced,
but for all practical purposes, the
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Table 1

Results of a spreadsheet to calculate the ratio of reflected voltage to source voltage (power is also calculated) using Eq 2 to
analyze a 1/4-wavelength impedance transformer. A stable reflection factor, Vfr/Vf = 0, is reached after five reflection events.
The voltage symbols for this spreadsheet/table are shown in Figure 4. The power associated with each voltage has a prefix
“P”and a suffix identical to the associated voltage “V.”

Input
Source impedance 50 Ω
Load impedance 150 Ω
Matching impedance 86.6 Ω
Source voltage 70.711

Calculations
Input
Pulse Vtr Vfr/Vf Vfr Pfr Vtf Ptf Vlr/Vl Vlr Plr Vl P Sum P
Number
1 0.000 0.268 18.946 7.179 89.657 92.822 0.268 24.025 6.665 113.682 86.157 100.001
2 24.025 0.019 1.358 0.037 96.094 106.629 0.268 25.750 7.656 121.844 98.973 106.666
3 25.750 0.001 0.096 0.000 96.556 107.657 0.268 25.873 7.730 122.430 99.927 107.657
4 25.873 0.000 0.005 0.000 96.589 107.731 0.268 25.882 7.736 122.472 99.996 107.731
5 25.882 –0.000 –0.002 0.000 96.592 107.736 0.268 25.883 7.736 122.475 100.001 107.736

source waves have been reformed into
two new waves with a life of their own.
The waves have been re-formed.

Here is the general reflection coef-
ficient equation which was developed
in the sidebar,

Assume that the impedance of the
source line is 50 Ω, the impedance
of the load is 150 Ω, and the trans-
forming line is 86.6 Ω. The input
power will be 100 W, which makes
the forward voltage in the source
line to be 70.711 V. The entire sys-
tem will be assumed to be without
losses so that we can focus on the
principles of the problem.

The beginning source wave, Vf, will
travel to the input of the 1/4-wave
transformer where it has the first re-
flection. Part of the wave, Vtf, will con-
tinue forward to the load where it will
divide between load, Vl, and backward
reflection, Vlr. The second part of the
source wave, Vf, will reflect from the
input of the 1/4-wave section back to
the source and will be identified as Vfr.
(The effects of Vfr on the source will
be ignored in this analysis for sake of
simplicity.) The part of the wave re-
flected back from the load, Vlr, is re-
labeled Vtr so that Vlr = Vtr when we
move to the next wave sequence. This
is done to clarify the sequence of
events as we trace the forward wave.
The entire sequence of events is re-
corded on line 1 of Table 1.

When the leading edge of the re-
flected part of the initial wave
reaches the input of the quarter
wave line (when Vtr first contacts
the leading edge of the second half
wave Vf at the discontinuity), a new
wave is formed at the input to the
1/4-wave line. Now we will use Eq 2
to find a new reflection coefficient
that accounts for the power input
from Vtr. The sequence of voltages

for the second 1/2-wave is recorded
on line 2 of Table 1.

This sequence of successive 1/2-wave
events continues and is recorded on
lower lines in Table 1 until the reflec-
tion coefficient Vfr/Vf becomes zero. At
that point, stability is reached.

Steven Best will be gratified to no-
tice that the steady state power excess
in the 1/4-wave transformer is 7.736 W,
the same as he discovered. Walt Max-
well will be glad to see that there is
no power reflected back toward the
source from the input of the 1/4-wave
transformer once a steady state is
reached. All of the power is properly
directed by means of voltage division
among resistive loads.

It is appropriate to emphasize the
role of the 1/4-wave transformer in this
example. In the 1/4-wave transformer,
the leading wave edge has traveled
exactly 1/2 wavelength before a portion
of it returns to the input as a reflected
wave (having entered the transformer,
traveled 1/4 wavelength to the load, and
1/4 avelength back to the input point).
On arrival back at the input, the lead-
ing edge “encounters” the second half
of the wave, which is always inverted
from the first half wave. We must ac-
count for this inversion by reversing
the sign for Vtr. This reversal allows
the reflection coefficient to reduce to
zero after several half waves have oc-
curred.

We have already mentioned that in
the steady state, the transforming sec-
tion of the 1/4-wavelength line always
contains more power than the
matched section of line (per unit

1
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=

Zf

Zl
Vf

Vlr

Zf

Zl

Vf

Vfr
(Eq 2)

where Vlr is the voltage reflected from
the load and Vf is the forward source
voltage.

One of the first things to notice
about Eq 2 is that it reduces to Eq 1 if
there is no reflected power. This is to
be expected if it is a more comprehen-
sive version of Eq 1.

The second thing to notice is that
Eq 2 reduces to the pre-existing load
reflection coefficient if there is no dis-
continuity in the transmission line.
This is also to be expected if Eq 2 is a
more comprehensive version of Eq 1.

Using the Expanded Reflection
Coefficient

An analysis of the frequently used
1/4 wave matching transformer is a
good way to show how the expanded
reflection coefficient is used. I have
attempted to use an example with the
same characteristics as used in both
the Best and Maxwell articles. This
makes comparisons to the previous
articles easier. Figure 4 shows the
symbols used in the analysis. The re-
sults are shown in spreadsheet format
as Table 1.
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A Derivation of the Expanded Voltage-Ratio Equation

A junction in a real transmission line often carries waves
traveling in both directions. What is the reflection factor —
expressed as a ratio of reflected voltage to forward voltage
— when power is flowing in both directions at a junction be-
tween two mismatched transmission lines?
Assumptions

1. Power entering the junction is equal to power leav-
ing the junction.

2. Current entering the junction is equal to current
leaving the junction.

3. The voltage developed at the junction is common to
all conductors making the junction.

4. The voltage at the junction is the sum of the forward
and reflected voltages for both the source and load sides
of the junction. These voltages could be measured by a
directional voltmeter.

Derivation
Refer to Figure A for a diagram and symbol description.

( )IfrIlrIfZlVfl −+=

−+=
Zf

Vfr

Zl

Vlr

Zf

Vf
ZlVfl (Eq S3)

   The reflection ratio is defined as Vfr / Vf. We can sub-
stitute, using Eq S1, to get

Vf

VfVlrVfl

Vf

Vfr −+=

Next, multiply both sides by Vf and substitute Vfl by
using Eq S3.

−++−=
Zf

Vfr

Zl

Vlr

Zf

Vf
ZlVfVlr

Vf

VfrVf

Carry out the multiplication

Zf

VfrZl

Zl

VlrZl

Zf

VfZl
VfVlr

Vf

VfrVf −++−=

then simplify and combine terms.

Zf

VfrZl

Zf

VfZl
VfVlrVfr −+−= 2

Divide both sides by Vf.

VfZf

VfrZl

Zf

Zl

Vf

Vlr

Vf

Vfr −+−= 1
2

Group all the terms containing Vfr on the left side and
factor out Vfr / Vf.

Vf

Vlr

Zf

Zl

Zf

Zl

Vf

Vfr 2
11 +−=+

Leave only Vfr / Vf on the left side to get the voltage
reflection ratio:

1
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(Eq S4)

Equation S4 is the voltage reflection ratio for a transmis-
sion line discontinuity with power coming from two direc-
tions. Notice that the ratio is dependent upon the ratio of
reflected load voltage (from the load) to the forward voltage,
as well as the ratio of impedances on each side of the junc-
tion. Notice also that the ratio becomes the familiar

1

1

+

−
=

Zf

Zl
Zf

Zl

Vf

Vfr
(Eq S5)

if the reflected voltage from the load is zero.

Zf = Impedance of the transmission line carrying forward
  power
Zl = Impedance of the transmission line carrying reflected
  power
Vf = Voltage of the forward wave
Vfr = Voltage of the reflected portion of the forward
  wave
Vlr = Voltage of the reflected wave traveling rearward
  from the load
Vfl = Voltage of the re-formed wave traveling forward to
  the load
If = Forward current
Ifr = Reflected current from junction
Ilr = Reflected current from the load
Ifl = Forward current of the re-formed wave traveling
  forward to the load

Based on our assumptions, we have:

VlrVflVfrVf +=+ (Eq S1)
Voltage on the forward side equals voltage on load side,
and

(Eq S2)
current flowing into the junction equals current flowing
out of it.

First, we find another definition for Vfl to reduce the
number of unknown terms. The basic transmission line
impedance is Z = V / I, where V is the input voltage and I
is the input current. Therefore, we can say

IflIfrIlrIf +=+

We can define Vfl in terms of Zf and Zl by using Eq S2
and the basic impedance relationship to substitute and
rearrange terms.

ZlIflVfl =
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length). The reflected wave is en-
tirely reformed during each half
cycle to contain just enough re-
flected power (extracted from the
power going to the antenna) to cause
the natural power division at the
discontinuity to be zero in the source
direction. At the same time, the
reflected power is re-reflected from
the discontinuity back to the an-
tenna in phase with the source
power. As a result, the transforming
section always contains power from
both the source wave and the re-
flected wave. In the example, the ex-
cess power is 7.736 W.

It is tempting to picture the re-
flections in the matching section as
waves bouncing between mirrors. I
would argue that it is more intellec-
tually correct to say that the re-
flected wave is actually re-forming
at each end using the power from
both the forward and previously re-
flected waves. I must admit that the
vision of mirrors has an appeal that
is seductive, but it does not conjure
an accurate conceptual framework.

Conclusion
We can take some of the mystery

out of transmission-line reflections
by using the expanded version of the
reflection coefficient. The problem
reduces to a sequence of voltage
divisions that are easily calculated.
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measurement point and the line termina-
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point of reversal is 1/4-wavelength toward
the source from the load. If the transmis-
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to the source from the first reversal point.
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Perfecting a QSK System

By Markus Hansen, VE7CA

A reed relay and a sequence timing circuit allow the author

to hear received audio between dots and dashes at 30 wpm.

The first item listed under
The Amateur’s Code in The
ARRL Handbook is “CONSID-

ERATE …never knowingly operates in
such a way as to lessen the pleasure of
others.” When we are operating CW,
trying to work a rare country and the
DX station is listening, “up 2,” we often
hear stations continuing to call the DX
station even though the DX station has
already begun an exchange with an-
other station. This is either the result
of bad manners or the offending sta-
tion is not equipped with a transceiver
that is capable of QSK operation.

Full break-in operation, or QSK,
has its roots in the early days of ra-
dio communication and CW traffic
handling. When an operator sent
QSK?, he was asking if the other op-
erator had the ability to hear between
CW characters when he was sending.
If both operators had QSK capability,
then they could easily interrupt each
other if they missed a word while
copying a message.

In the early 1960s I worked as a
commercial radio operator in the high
arctic. Our station employed separate
receive and transmit antennas spaced
a considerable distance apart. Our sta-
tion was thus capable of QSK opera-
tion, and it was a feature that I really
learned to appreciate.

When I built my own transceiver,
which I named the HBR-2000, one of
the features I decided to incorporate

was full break-in keying. My design
goal was to be able to hear other sta-
tions between CW elements at 30
words per minute. At 30 wpm the
length of a space between character
elements is 40 ms.1 I decided to aim

1ARRL Technical Information Service, Morse
Transmission Timing Standard, www.arrl.
org/files/infoserv/tech/code-std.txt. For
purposes of specifying code speed, the
“PARIS” 50-unit standard is used. From that
standard, the following relationship is de-
rived:

u = (1.2)/c
where:

u = period of one unit, in seconds
c = speed of transmission, in words per
     minute (wpm)

The length of a DOT and the space between
elements of a character is one unit. The
length of a dash is 3 units and the space
between words is 7 units.
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for a “transmit to full audio recovery
time” of 10 ms or less. At 30 wpm that
means the receiver is operating for
75% of the time between elements. As
an example, when sending the letter
“A,” the receiver will be fully recov-
ered from transmitting the dot for
30 ms or 75% of the length of the
break time before beginning trans-
mission of the dash.

To fulfill this requirement, a friend
helped me design a TR switching cir-
cuit to do the following:
1. On key-down: activate audio and IF

mute, CW sidetone and TR reed
relays.

2. 3 ms after key-down: turn on car-
rier oscillator.

3. On key-up: turn off carrier oscilla-
tor and sidetone oscillator.

4. 4 ms after key-up: TR relays
switched to receive position.

5. 10 ms after key-up: audio and IF
stages unmuted.

There is nothing unusual in this
design approach. After building the
circuit and implementing it in the
transceiver, however, I was greeted
with thumping/popping sounds in
the audio output when keying the
transmitter. It was very unpleasant
to listen to. The thumping/popping
sound became even more objection-
able when I switched to my narrow
250 Hz IF filter. Connecting an os-
cilloscope to the audio output of my
receiver, I was able to clearly see the
distortion. See Figure 1.

I was able to reduce the annoying
thumping by doing what commercial
Amateur Radio manufacturers do:
lengthening the time that the audio
stage remains muted after key-up to
about 27 to 30 ms rather than the
10 ms I desired. I tried this for a while
but I was not happy, as I could not hear
between dots when I was sending CW
at 30 wpm. Actually, it was just about
the same as using semi-break-in. Ob-
viously, I had to do something if I
wanted to meet my original design
goal of a full-break-in TR system.

To understand what is happening
you have to know a little about my
HBR-2000 architecture. The receiver is
a single-conversion receiver with no RF
amplifier. The receiver mixer is a high-
level +17 dBm double-balanced mixer
followed by a single-stage classic
W7ZOI-design 2N3688 post-mixer
amplifier, then a 6 dB pad. Five select-
able, relay-switched, crystal IF filters
are located between the post-mixer am-
plifier and the input to the IF stage. I
enclosed the different stages in boxes
constructed of circuit-board material,
and used BNC connectors for all RF
runs and feedthrough insulators for all

Figure 2 — Here you can see the sine wave on the break of the CW sidetone. That was
the cause of the low sounding thump.

Figure 1 — This is the oscilloscope trace of keying line and audio output, showing the
loud thumps when the receiver recovers. The oscilloscope time base was set to 5 ms per
division.

dc and control lines between the dif-
ferent boxes.

I use one reed relay for switching
the antenna between transmit and
receive (TR switching) and two more
reed relays to switch band-pass filters
(BPFs) between the receiver front end
and the transmitter low level ampli-
fier section. Since TR relays do not

provide 100% isolation between con-
tacts, there is some leakage of the
transmit signal through to the receiver
mixer and post mixer preamplifier
when transmitting.

To get an idea of the level of signal
at the receiver mixer port when in the
transmit mode, I measured the RF
level with a power meter when trans-
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mitting at 5 W. It was –59.6 dBm. I
switched my 100 W amplifier in and
out with separate input and output
reed relays. Five watts is equivalent
to +37 dBm; therefore there is about
77 dB of isolation between the trans-
mitter output and receiver input when
transmitting. This means that the re-
ceiver front end is being exposed to a
very loud 10-dB-over-S9 signal when
transmitting.

As mentioned above, after key-up,
the TR relays do not switch from
transmit to receive until 4 ms has
passed. Relays do not switch instan-
taneously and though the relay speci-
fications call for a switching time of
less than 1 ms, the contacts bounce a
little, producing a transient pulse.
Since it takes about 3 ms for the CW
carrier to diminish to zero, 4 ms is
sufficient time to ensure that I am not
hot switching the TR relay.

Transients produce the thumping/
popping sound in the receiver audio
output when switching between
transmit and receive. The transients
are produced by a combination of
events all happening very quickly: the
TR relay switching, the carrier oscil-
lator turning on and off and so on. The
transients flow between the TR relay
contacts and on to the mixer, post-
mixer amplifier and crystal filters
before reaching the IF input.

Previously I mentioned that the
thumping sound was particularly bad
when choosing the narrow CW IF fil-
ters. What I discovered was that when
a wide IF filter (2.5 kHz BW) was se-
lected, I only needed an audio mute
time of 10 ms after key-up to achieve
no thumping sound in the audio out-
put. When I selected my narrow
250 Hz IF filter, however, I had to in-
crease the audio mute time to 27 ms
to achieve the same clean sound.

The length of time that it takes RF
transients to diminish to zero varies
with the bandwidth of the stage
through which they pass. Compared
to a 2.5 kHz wide filter, a narrow fil-
ter such as my 250 Hz filter increases
the time that it takes a transient to
diminish to zero by a considerable
amount. That is why there is still
some RF energy at the IF input after
the TR relay and carrier oscillator
have switched to receive when listen-
ing with a narrow filter. In my par-
ticular case it takes about 17 ms
longer for a transient to diminish to
zero for the 250 Hz filter compared to
the 2.5 kHz filter.

It became obvious after the initial
investigation that if I wanted to
achieve my original goal of being able
to hear between CW dots, then another

Figure 3 — Here the low frequency sine wave has been eliminated. No transient in the
audio output, just receiver noise.

Figure 4 — This is the wiring diagram of the LO relay.

course of action had to be taken.
I reasoned that if I could come up

with another method of providing fur-
ther isolation between the TR switch
and the mixer input, I could achieve
my goal. One thought was to incorpo-
rate a diode attenuator in conjunction
with the TR reed relays to obtain ad-
ditional isolation. This in turn would
reduce the level of the transients be-
fore they reached the IF filters. I was
not keen on this idea, because I had
purposely avoided using diodes in the
receiver signal path. I wanted to avoid
the possibility of introducing diode-
associated IMD problems.

After explaining my problem to my
friend, who has helped me a lot when
I ran into problems while building the

HBR-2000, he suggested I should
switch off the LO power to the receiver
mixer while transmitting. Our first
thought was to use electronic switch-
ing but since I had an extra reed
relay on hand we decided to use the
relay instead, as it was easier and
quicker to incorporate than a diode
switch. When there is no LO power
applied to a double diode balanced
mixer, it is actually an electronic at-
tenuator. The LO power forward bi-
ases the mixer diodes and causes the
diodes to conduct.

Upon adding a reed relay in series
with the LO to the first mixer, I was
able to reset the audio mute time af-
ter key-up to 12 ms when listening
with the 250 Hz filter. The sound of
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the audio output was considerably
improved. The relay contacts switch
between the LO and a 50 Ω resistor so
that the mixer LO port is looking at a
50 Ω impedance on transmit. However,
there is still a little low frequency
thump when the CW sidetone breaks,
as Figure 2 shows.

The problem is that the sidetone
oscillator (a switching astable oscilla-
tor) produces a supply-to-ground
square wave having a half-supply bias
that produces a transient. This is the
low-frequency thump heard in the
audio output, upon key up. The com-
bination of the LP and HP filters be-
tween the oscillator output and 10 kΩ
level control will cause thumping if
their time constants aren’t matched.
By installing a coupling (0.01 µF) ca-
pacitor with a value matched for the
time constant of the LPF, the low
frequency thump was eliminated.
Figure 3 shows the result of our efforts.

I still had not reached my goal of a
10 ms receive recovery time, though.
As mentioned previously, I had wired
the LO reed relay so that when trans-
mitting, the receiver mixer LO port
was connected to a 50 Ω resistor. I de-
cided to change the wiring of the re-
lay so that when transmitting, the LO
port was grounded instead of being
connected to a 50 Ω resistor, hoping to
achieve further isolation in the mixer
stage. See Figure 4 for the revised wir-
ing. Very short leads from the BNC LO
input connector to the reed relay and
a shield between the relay and the
mixer all play a roll in improving the
isolation when the mixer port is
grounded by the relay.

This wiring change improved the
LO-to-mixer port isolation, and I was
able to reduce the receive recovery
time to 10 ms. By adding 0.01 µF ca-
pacitors across the coil contacts of all
the reed relays as well as a 10 mH
choke in series with the +12 V dc sup-
ply line on the inside of the box to the
post mixer amplifier, I was able to fur-
ther reduce the receive recovery time
to 8 ms. Could it be improved further?
If I had used better quality RF reed
relays I may have been able to achieve
an even shorter receive recovery time.
I believe that there comes a point of
diminishing returns, however. Re-
member that we are dealing with a
transmitter and a very sensitive re-
ceiver in the same box. Figure 5 shows

the receive audio waveform for the
final circuit.

How does the QSK system sound
after making the above-mentioned
changes? Wonderful! In fact, when I
am listening to a CW pileup, if I set
the CW sidetone oscillator level so
that it is at the same level as the in-
coming signals, I am not even aware
that I am transmitting (because I still
hear the other signals). The CW
sidetone oscillator blends in with the
incoming signals.

Figure 6 is a diagram of the final
version of the TR switching system
and sidetone oscillator. The sidetone
oscillator frequency is 650 Hz, which
corresponds to my transmit frequency
offset. Also shown is the audio FET
mute switch that is located in the au-
dio module box, which is in a separate
enclosure from the TR circuit board.

Recently I had the opportunity to
make side-by-side comparisons of my
HBR-2000 with three different com-
mercial Amateur Radio transceivers.
Not one of the commercial transceiv-
ers was capable of hearing signals be-
tween CW dots when operating at

Figure 5 — The final result.

30 wpm, using narrow CW IF filters.
Two transceivers in particular pro-
duced objectionable thumping sounds
that would be very difficult to bear for
any length of time. I suppose that ex-
plains why many operators still use
semi break-in when operating CW.

When you build your own equip-
ment, you have the option of optimiz-
ing it for your own use. With careful
measurements and some help from my
friend, I was able to achieve my goal
for a smooth and pleasant sounding
full break-in QSK system.

Markus Hansen has been an Amateur
Radio operator since 1959. He has no
formal electronics training but likes
experimenting and writing articles
about his experiences. He has had ar-
ticles published by ARRL in QST, QEX
and the Antenna Compendium series.
You will find Markus in many of the
HF CW contests as well as on 6 meters.
He is always on the lookout for the last
few countries that he needs for DXCC
honor roll. His Web site describes more
technical details of the HBR-2000 plus
other homebrew projects and antennas
that he has built. ��
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An L-Q Meter

By Jim A. Koehler, VA7DIJ

Build this 21st-century equivalent

of  a Boonton Q Meter.

Every radio experimenter will, at
one time or another, want to
measure inductance. Some

multimeters have some ranges for do-
ing this, and there are even better and
more inexpensive tools for doing so,
such as the AADE capacitance-induc-
tance meter.1 However, none of these
measures the Q of the inductance, and
that attribute may be as important as
the value of the inductance for the
design of things like filters.

The term “Q” comes from the word
“quality” and is a measure of how
closely the inductor approaches an

ideal inductor; that is, one with no
losses. A real inductor has losses and,
so, a real inductor can be represented
by a resistance in series with an ideal,
lossless inductor. The value of Q is
defined by Eq 1:

r

L
Q

ω= (Eq 1)

where ω is the angular frequency
(2πf), L is the inductance of the ideal
inductor, in henrys, and r is the equiva-
lent series resistance of the inductor
at that frequency. For any real induc-
tor, the value of Q depends on the fre-
quency of operation, which means that
r, itself, varies with frequency. An ideal
inductor would have a Q approaching
infinity because r would be zero. Real
inductors have Qs that vary depend-
ing on the geometry and the core. Typi-
cal inductor Qs range from 10 to 200.

So, how does one measure Q? To
start with, you cannot just measure
the resistance of the inductor with a
dc multimeter and say that is r. The
true value of r depends on the fre-
quency because, at radio frequencies,
r is greater than the dc resistance. This
is due to skin effect, radiation losses,
eddy-current losses and core losses.
You must measure r at the frequency
of operation, and that can only be done
indirectly by measuring Q and then
using that to calculate r. Surprisingly,
it is not difficult to measure Q.

Theory of Q Meter Operation
The classic instrument for measur-

ing Q is the Boonton Q Meter, Model
260-A, later manufactured by
Hewlett-Packard in the 1950s and
1960s. When I was a student in the
late 1950s, the lab in which I worked

1Notes appear on page 34.
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had one of these instruments and, over
a period of several years, I often used
this instrument to measure both the
inductance and the Q of inductors I
was making for various circuits. Many
years later, I came across this very
instrument in a university sale of sur-
plus assets, so I bought it and have it
at home. It is slow and tedious to op-
erate, very heavy (40 pounds), takes a
lot of bench space, but it still works as
well as it did 50 years ago.

The instrument consists, essen-
tially, of a signal generator and an RF
voltmeter. The signal-generator output
is connected to the inductor under test
in series with a variable capacitor. The
RF voltage across the capacitor is
measured by the RF voltmeter as
shown in Figure 1. If the output volt-
age of the signal generator is vg volts
and the voltage measured across the
capacitor, at resonance, is vc volts, the
Q of the inductor at that frequency is
given by the ratio

g

c

v

v
.

The dial for the variable capacitor
has two scales on it; one shows capaci-
tance and the other, inductance. At
specific frequencies, this inductance
scale is appropriate to show the value
of the inductance, in microhenrys, of
the inductor under test. Did you ever
wonder why the Q values for induc-
tors in catalogues are always shown
for frequencies of 2.5 MHz, 7.9 MHz
or 25 MHz? The Boonton Q Meter dial
was calibrated in inductance values
for those frequencies. Figure 2 shows
the Boonton Q Meter; notice the vari-
able capacitor dial showing both ca-
pacitance and inductance scales.

To measure L and Q with the
Boonton meter, one clamps the induc-
tor to be tested between the two ter-
minals, sets the signal generator to
one of the standard frequencies and
sets the output level of the signal gen-
erator as shown on one meter. One
then tunes the capacitance dial
through its range while looking for a
peak on the other meter. If it is the
correct frequency range for the par-

ticular inductor, the inductor Q value
is shown as the peak voltage on the
other meter, while the value of the in-
ductance can be read from the capaci-
tance dial. If one doesn’t get a peak, it
means that either the Q was too low
to measure or, more likely, that one
needs to change the frequency (either
up or down) to the next standard fre-
quency and try the procedure again.
It is a tedious procedure, and the nov-
elty of measuring inductance this way
soon wears off.

This article describes a modern ver-
sion of an L-Q meter that is a small,
fast and accurate means of measur-
ing both the L and Q of an inductor.
This instrument is shown in Figure 3.
It uses a modern direct digital synthe-
sizer (DDS) instead of a tunable oscil-
lator and a single Analog Devices
AD8307 RF detector IC instead of an
RF voltmeter. These two components
are controlled by a microprocessor that
also provides the human interface to
the instrument.

Revised Theory of Operation
The relationship

g

c

v

v
Q = (Eq 2)

is true if the source resistance of the
RF source is zero and if the voltme-
ter impedance is infinitely large. For
the Boonton Q Meter, the oscillator
was quite powerful; it used a 5763
tube with a plate voltage of over
300 V. Older hams may recall that
the 5763 was often used as a driver
for PA stages in transmitters or even
as the final amplifier in low-power
transmitters. In each of the eight
switched frequency bands covering
the range from 50 kHz to 50 MHz,
the output of this oscillator was
transformer coupled to provide a
low-impedance output source, which
the manufacturer specified at just
0.02 Ω! The high-power oscillator
was required to provide a reasonably
high-voltage output, even with this

Figure 1 — A circuit for a simple Q meter.

Figure 2 — (A) The Boonton Q meter.
(B) A close-up of the capacitance dial:
capacitance is read on the top scale and
inductance on the bottom scale.

(A)

(B)
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low impedance. The RF voltmeter
used a specially fabricated triode
vacuum tube with very high input
impedance, and the grid-leak resis-
tance was 100 MΩ, so this voltmeter
appears as a capacitance of a few
picofarads in parallel with 100 MΩ.
So, in the Boonton Q Meter, the two
requirements of zero source imped-
ance for the generator and infinite
input impedance for the RF voltme-
ter were almost perfectly realized in
practice.

In my modern version of the Q
Meter, the basic equation is no longer
true because, firstly, the output imped-
ance of my DDS module is not close to
zero; and, secondly, the input imped-
ance of the AD8307 RF detector chip
is finite. However, one can compensate
for these two factors in a way the origi-
nal Boonton designers probably never
conceived: we can use a microproces-
sor to calculate the correction factors
necessary to calculate L and Q for this
much more imperfect instrument.

A block diagram of the instrument
is shown in Figure 4. The details of
the calculations needed to determine
the actual Q of the inductor are given
in Appendix A. The calculation is com-
plex but the microprocessor doesn’t
care, and the calculation only takes a
fraction of a second.

Basic Operation
The instrument has two sets of

terminal/banana jacks on top (see
Figure 3): one pair for the external ca-
pacitor and one for the inductor to be
measured. In normal practice, the ex-
ternal capacitor will have some fixed
value appropriate for the frequency
range and inductance to be measured.
I have made up two small circuit
boards with banana plugs on them
that plug into the capacitor jacks, one
with an 82 pF silver mica capacitor
and the other with a 470 pF silver
mica capacitor

The inductance to be measured is
connected to the inductor terminals
and a push-button switch is pressed.
The microprocessor then causes the
DDS module to scan through the range
from 0.1 to 100 MHz in 201 logarith-
mically spaced steps, while looking at
the output of the RF detector. If it finds
a peak, it steps around this peak in 15
steps, either side, with a logarithmic
step-size one tenth of those in the origi-
nal scan. It then uses the frequency of
the highest peak in this range to cal-
culate the value of the inductance,
knowing the value of the external ca-
pacitor. Then, using the equations
shown in Appendix A, it calculates the
true Q value of the inductor. The whole

Figure 3 — The L-Q meter in operation. The external capacitance is connected between
the terminals at the back, while the inductor under test is connected between the
terminals at the front. In this photo, two component clips are inserted in the inductor
terminals to allow quick and easy placement of inductors.

Figure 4 — Block diagram of Q meter, connections between units not shown.
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Appendix A — Circuit theory
1. Calibration mode

In the calibration mode, a low-inductance strap is
placed across the inductance terminals, thereby connect-
ing the output of the low-impedance signal generator to
the detector. The simplified circuit diagram for this is
shown in Figure A.

Rs is the internal RF source impedance, which was
1.24 Ω. Ct is the stray capacitance of the fixture (which
was measured to be 13.5 pF in my case). Cc is the cou-
pling capacitance from the fixture to the AD8307 detec-
tor (9.4 pF in my case). Ci and Ri are the parallel input
capacitance and resistance, respectively, of the AD8307
RF detector.

This circuit can be redrawn to show the components all
as impedances. This is shown in Figure B.

Here, the source resistance, Rs, is replaced by an im-
pedance, Zs, and so on. Za is the impedance of the
AD8307. Let the voltage appearing across the AD8307
detector be vc. Then it is easy to show that it is related to
the source voltage, vs, by the following equation:

( )( ) c

spcca

pca

s

c F
ZZZZ

ZZ

v

v =
++

= (Eq A1)

where Zpc is the parallel combination of Zt with Zc and Za
in series.

2. Measurement Mode
In this mode, an inductor is placed between the low-

impedance signal generator and the detector. An exter-
nal capacitor is placed in parallel with the stray
capacitance. The equivalent circuit is exactly as in Fig-
ure A2, except that now, Zs is the source resistor Rs in
series with the inductor. The inductor can be represented
by a perfect inductance, L, in series with a resistance, r.
Zt is now a parallel combination of the stray capacitance
and the external capacitor; let us name it Z ′t. The equiva-
lent of Zpc will be called Zm; it consists of Z′t in parallel
with the series combination of Za and Zc.

The analysis is simplified because, at resonance, the
inductive reactance cancels out the capacitive reactance
of Zm , which we calculate. This allows us to then calcu-
late the value of the inductance, L. It is easy to show that,
at resonance, the voltage appearing at the detector, vm ,
is related to the source voltage, vs, by the following equa-
tion:

( )( ) ms

m
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s

m
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F

ZZRrR

ZZ

v

v
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= (Eq A2)

(A)

(B)

Here, Rm  is the resistive component of Zm .
In both equations the voltage ratios have both real and

quadrature components. The AD8307 detector, however,
only measures magnitude, so we really need only calcu-
late the magnitude of Fc and Fm in these equations after
the multiplications and additions have been done, taking
into account the phase relationships. Fortunately, com-
plex-number manipulations are available as a library of
functions in C, and these were used in the microproces-
sor program.4 Then at any frequency, all values are
known except r and we can solve for this as follows: We
substitute the value for vs from Eq A1 into Eq A2 and,
after rearranging, get the final equation:

( )ms

cm

m RR
FQ

F
r +−= (Eq A3)

where Qm, the measured Q, is the measured ratio of
vm / vc. The true value of Q for the inductor is, then, just
the inductive reactance divided by r.

To summarize, the L-Q meter determines the inductance
and Q by scanning through the frequency range, looking
for a peak in the detected RF voltage. When that frequency
is found, a series of calculations are done to determine a
value for the reactive component of Zm . This gives us the
inductance. The ratio of the peak voltage detected at reso-
nance to the voltage measured during the calibration cycle
is the measured Q; Qm. Then, using Eq A3, we can calcu-
late r, and hence, the true Q of the inductor.

process, including the calculations
takes about 2 seconds, most of this time
being taken by the scan. At the end of
the process, the inductance — in
microhenrys — is shown on the top line
of the display. The bottom line shows
the true Q of the inductance and the
resonant frequency.

There are two push-button
switches on the instrument panel,
along with a rotary optical encoder.
One switch, labeled SELECT, changes

mode of operation while the other, la-
beled SET, does an action. For example,
when the instrument is turned on, it
is in a “measurement”  mode and
pressing the SET button causes a mea-
surement of inductance, as described
above, to take place. Pressing the SE-
LECT button once moves the instru-
ment to a capacitance mode, where one
can use the rotary encoder to tell the
instrument the value of the external
capacitance. When you’ve got the

correct capacitance on the LCD dis-
play, pressing the SET button causes
the instrument to store that value of
capacitance in its internal EEPROM
non-volatile memory, which ensures
that this entry will be available for
later use, as appropriate.

The next mode, accessed by press-
ing the SELECT switch again, is one in
which the rotary encoder changes the
frequency of operation. In this mode,
with an inductor in place, the bottom
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Figure 6 — A photo showing the interior of the RF compartment. Note the eight 10-ΩΩΩΩΩ
resistors soldered symmetrically around the L terminal at the top right. A 47 Ω Ω Ω Ω Ω resistor
goes from that terminal to the SMB connector providing RF input to the unit.

line of the LCD display acts as a bar
graph showing the voltage across the
external capacitor. In this mode, one can
vary the frequency and see the peak at
resonance. Pressing the SET switch
when the frequency has been set to the
peak causes the instrument to display
the Q at that frequency. This mode is
useful if one wants to know the Q of an
inductor at a particular frequency.

I have made a variable capacitor fix-
ture that plugs into the capacitor jacks
and has a dial calibrated in pF. You set
the frequency with the rotary encoder
and use the variable capacitor con-
nected to the external C terminals to
get a peak on the bar graph. Then, press
the SET button to choose a mode where
you can use the rotary encoder to set
the value of the capacitance at reso-
nance and press the SET button again
to measure the Q at this frequency.

Finally, the fourth mode is used to
calibrate the instrument. In this mode,
one connects a very low inductance
strap between the two “inductance”
terminals and presses the SET button,
which causes the instrument to scan
through its frequency range and store,
internally, the value of the detected
voltages at those frequencies. These
are the source generator voltages, vc ,
as described in Appendix A. This pro-
cedure is needed only once, when the
instrument is first powered up, or if
some of the internal circuit compo-
nents have been changed. The calibra-
tion values are stored in EEPROM.

Because EEPROM is used to store
the calibration and capacitor values,
the instrument keeps these values for
the next time it is turned on.

The DDS Module
The DDS module is based on an

Analog Devices AD9951 DDS inte-
grated circuit. Tom Alldread, VA7TA,
and I designed the module, and it pro-
vides an output from zero to 200 MHz
in steps of 1 Hz. The components are
all surface-mounted on a 1/32-inch-
thick circuit board that is 2.65×1.4
inches (6.7×3.6 cm). This DDS mod-
ule has been the basis of several in-
struments that Tom and I designed
and built; it is a very nice little unit.
This module actually has two
AD9951s and is controlled by its own
built-in Atmel ATTiny26 microproces-
sor. The DDS module was designed to
be driven either by an external oven-
controlled crystal clock (OCXO) or an
internal crystal. For this application,
the accuracy and stability of an OCXO
isn’t needed and an internal crystal
clock is used. For this application, only
one of the AD9951s is installed. The
interface to the built-in controller is

Figure 5 — A photo of the DDS module. Frequency control is provided by a serial
protocol via three wires going through three feed-through capacitors along the bottom
side of the unit. Power is provided through a feed-through capacitor at the top side of the
unit. RF comes out the SMB connector on the bottom-left side.
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Figure 7 — Schematic of the master DDS circuit.

via a three-wire serial protocol.
Figure 5 is a photograph of this unit,
built into a small, surplus Mini-Cir-
cuits milled enclosure with the RF
output on an SMB connector.

The Shielded RF Compartment
This enclosure was built with

double-sided pc-board material all sol-
dered together. The RF input from the
DDS module comes in at an SMB
connector. The center pin of this con-
nector is connected to a series 47 Ω
resistor that connects directly to the
banana-jack/terminal, which is for one
side of the inductor under test. Sol-
dered to this jack are eight 10 Ω, 1/4-W
resistors arranged symmetrically

around the jack. The other ends of the
resistors are soldered to the pc-board
ground plane. This arrangement may
be seen in Figure 6. After this photo
was taken, I soldered some copper foil
to the enclosure walls completely
around the terminal jack to shield it
and the input SMB connector from the
rest of the enclosure.

The connection between the other
terminal of the inductor pair and one
side of the external capacitor was
made from a strap of copper foil ma-
terial, to minimize its inductance. The
stray capacitance of this strap (and the
terminals connected to it) to ground
is about 13.5 pF, as measured with a
capacitance meter. This capacitance

value is needed in the calculations.
The coupling capacitor — a nomi-

nal 10 pF ceramic disc — goes from
this strap, with very short leads, to a
feed-through lead (not a feed-through
capacitor!) into a separate compart-
ment that holds the AD8307 RF de-
tector IC. I measured the value of the
coupling capacitor with a capacitance
meter before soldering it in place.

The RF Detector
The RF detector is the AD8307 IC.

I had built some very small boards
that have nothing on them but this IC,
a few components and a 5 V regula-
tor; I used this board as the detector.
The board is 1/32-inch thick and has a
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Figure  8 — Schematic of the
Controller Circuit and Linear
Regulators.

groundplane on the bottom side. The
board is mounted by just soldering its
groundplane to the enclosure. The
AD8307 input is equivalent to a
1.2 pF capacitor in parallel with a
1.1 kΩ resistance; these are the val-
ues used for Ci and Ri, respectively.

The Microprocessor, LCD Display,
Switches and Rotary Encoder

I used the Atmel ATMega32 micro-
processor for this unit. This inexpen-
sive IC has 32 k bytes of flash memory,
1k bytes of EEPROM, 2 k bytes of
RAM and four eight-bit I/O ports. The
internal A/D converter has eight chan-
nels of 10 bits each. The internal clock
runs at up to 16 MHz, and most in-
structions are executed in one clock
cycle. The firmware was all written in
C using the GNU GCC compiler for

the Atmel AVR series of microproces-
sors. This is a very mature C compiler
and it’s completely free! The code pro-
duced by this compiler is very good
and the price cannot be beat. There is
a very nice package (consisting of the
GCC-AVR compiler, an editor,
debugger and other utilities) that was
written to run on Windows machines;
it is called WinAVR.2

I added a serial EIA-232 interface
to the microprocessor, mainly for de-
bugging. It is not used in the normal
operation of the instrument.

The LCD display is a standard two-
line, 16-character per line LCD dis-
play. It is connected to one port of the
microprocessor. The push-button
switches are simply each connected to
ground and to one line of a port. The
microprocessor has provision to pro-

vide internal pull-up resistors, so a
switch push is detected by the line
going low. The rotary encoder is con-
nected so that one phase generates an
interrupt; the direction of motion is
then detected by looking at the other
phase in the interrupt routine.

Other Considerations
There is a potential problem when

using the instrument with very high-
Q inductors, and Appendix A discusses
it in detail. For these inductors, the
RF resistance, r, of the inductor is very
small. We calculate what it is by sub-
tracting two calculated values from a
measured value of resistance. Because
of measurement errors, it may turn
out that our calculated r is negative,
which is not possible for a real induc-
tor. For these cases, I have written the
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Figure  9 — Schematic of the ATMega32 board used in the L-Q meter.

program so that the instrument shows
the apparent Q, not the calculated Q,
and indicates that it is apparent, not
true, by a comment on the display. This
is an annoyance more than a problem
since, if the Q is very high, we can nor-
mally treat the inductor as if it were
perfect anyway.

Finally, I would like to point out
that if you already have a good signal
generator with some way of setting the
frequency from a serial or other port,
it is possible to make an L-Q meter
using that generator and just build-
ing a test “pod” consisting of the RF
compartment and AD8307 RF detec-

tor. If you control the generator with
a PC and can read the output voltage
of the AD8307 into the PC, you can
effectively make an LQ meter without
having a dedicated microprocessor
controller as I have used here.

Figures 7 and 8 are the schematic
diagram of the DDS module. Figures 9
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Figure 10 — Interconnections of the
microprocessor to the rest of the
instrument.

koehler.pmd 02/01/2006, 4:14 PM33



34  Mar/Apr  2006

and 10 show the controller and inter-
assembly wiring. Figure 11 is the sche-
matic of teh RF detector module. A copy
of the source code, written in AVR-GCC
C, is available on the ARRL Web site.3

Conclusion
It is worth saying a few words about

accuracy. The calculated value of r is
the result of a subtraction of two cal-
culated numbers based on measure-
ments, which can never be absolutely
accurate. Because of measurement
errors, especially when r is small (that
is, when Q is high), it is possible for
the final error in true Q to be very
high. For this reason, whenever the
calculated value of Q is greater than
about 300 (or if r is calculated to be
negative — which is impossible), I
wrote the program to display just the
measured value of Q and to indicate
that the true Q of the inductor will be
greater than this measured value.
Unlike Q meters such as the Boonton
260A, the accuracy of the true Q de-
termined by this instrument gets bet-
ter as the Q of the inductor decreases!

For the particular value of coupling
capacitor I used, at frequencies lower
than about 250 kHz, the measured volt-
age ratio will not be very accurate, be-
cause the voltage going into the
AD8307 is too low, when calibrating, to
give a useful measurement. Therefore,
at these frequencies, the displayed Q is

Figure 11 — Schematic of the AD8307 RF detector.

just an estimate. I am not usually in-
terested in winding inductors for these
lower frequencies. If I were, I would
have increased the value of the coupling
capacitor and thereby increased the
accuracy at the lower-frequency end of
the range at the expense of reduced
accuracy at the upper end.

The accuracy of the value for the in-
ductance is not affected by any of these
errors; its accuracy depends only on the
accuracy with which the capacitances
have been measured previously and the
accuracy of the resonant frequency
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found by the instrument. I used an
AADE L/C meter (see Note 1) to mea-
sure the various capacitances, and I
believe they are accurate to about ±2%.
The algorithm used to find the peak fre-
quency of resonance is accurate to bet-
ter than 0.5%, and the frequencies gen-
erated by the DDS are accurate to about
one part in 100,000. In general, I would
expect L to be determined with an ac-
curacy of about ±2%.

Notes
1AADE Electronics L/C Meter IIB;

www.aade.com.
2winavr.sourceforge.net.
3You can download this package from the

ARRLWeb at www.arrl.org/qexfiles/. Look
for 3x06Koehler.zip.

4www.phanderson.com/complex/cplx_
c.html.
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at age 15. He became VE5FP in 1966
when he returned from living abroad for
a few years. He spent most of his profes-
sional life as a Professor of Physics and
Engineering Physics at the University
of Saskatchewan, both teaching and
doing research in upper-atmospheric
physics. He retired in 1996 and moved
to Vancouver Island in British Colum-
bia, where he indulges in his hobbies
and generally enjoys the good life, the
superior weather and the complete ab-
sence of mosquitoes.
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Blocking Dynamic
Range in Receivers

By Leif Åsbrink, SM5BSZ

An explanation of  the different procedures and definitions

that are commonly used for blocking dynamic

range (BDR) measurements.

Introduction
Blocking dynamic range (BDR)

may actually mean quite different
things at different laboratories. Cir-
cumstances and what definition of
BDR is being used affect performance
comparisons among receivers in the
presence of a strong, off-channel inter-
fering signal.

Dynamic range in general is the
ratio (or difference in decibels) be-
tween the weakest signal a system can
handle and the strongest signal the
same system can handle simulta-
neously — without an operator switch-
ing attenuators or turning volume

potentiometers. The concept is quite
general and by no means limited to
radio receivers. Human sensors like
the ears and the eyes have very large
dynamic ranges, for example. The un-
damaged ear can detect a 1 kHz sound
wave at a level of 10–12 W/m2 while the
upper limit is about 1 W/m2, where we
start to feel pain. The dynamic range
of our ears is thus about 120 dB. Our
eyes can detect the light from a star
in the dark sky when about ten pho-
tons per second reach the retina,
which converts to something like
10–13 W/m2. The Sun, with its 300 W/
m2, does not damage our eyes unless
we look straight into it.

Another example of dynamic range
is the dynamic range of a vinyl music
record. It may be on the order of 60 to
80 dB only, much less than the dy-
namic range of our ears.

The above examples show the dy-
namic range for a single signal. The
corresponding dynamic range for a
receiver is not particularly interesting.
It relates the strongest on-channel sig-
nal the radio can handle, without se-
rious distortion (or damage), to the
weakest signal it can receive. We may
observe that a local very strong SSB
station sounds severely distorted
when we tune to it even though the
same station does not cause any in-
terference when we listen to other sta-
tions on the same band. This is not
likely to be any problem to a radio
amateur. The example is given just to
show the wide meaning of the concept
of dynamic range.

The rest of this article will deal with
the dynamic range pertinent to situa-
tions where a single strong signal is
causing interference to the desired sig-
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nal. This kind of dynamic range —
blocking dynamic range (BDR) — may
be the most important figure of merit
for some radio amateurs while others
may find that the interference created
by the simultaneous presence of two
or more strong signals is the limiting
factor. In such cases, the intermodu-
lation-free dynamic range is the num-
ber to look for when selecting what
receiver to use.

The intermodulation-free dynamic
range is discussed frequently in ama-
teur publications. It may be techni-
cally challenging to measure properly
but there is no controversy about what
it means.

The Weakest Signal
The weakest signal a receiver can

handle is usually taken as the total
noise power that reaches the output
as measured with a true RMS voltme-
ter. This means that the low end of the
dynamic range is taken as the signal
at the antenna input that doubles the
output power from the receiver. The
measurement has to be done without
AGC, and the doubled power output
means that the weak signal power
equals the noise power at the output.
Any room-temperature resistor pro-
duces a noise voltage that would trans-
fer –174 dBm/Hz to a matched cold
resistor. With the RF preamplifier dis-
abled, a typical HF receiver may pro-
duce 20 dB more noise with a room-
temperature dummy load at the input
than would an ideal receiver that
would not add any noise of its own
(only amplifying the noise from the
dummy load). A receiver adding 20 dB
of noise is said to have a noise figure
of 20 dB. If the bandwidth were
500 Hz, the noise floor referenced to
the antenna input would be –174 + 20
+ 27 dBm = –127 dBm. (Note that 10
log 500 ≈ 27.) This signal level is some-
times improperly called MDS (mini-
mum discernible signal) for such a
typical receiver, even though a CW
operator would easily copy a signal
that is 10 dB weaker.

Picking the noise floor as the low
end of the dynamic range is typical for
all dynamic ranges, not only in radio
receivers. The noise floor power is pro-
portional to the bandwidth and there-
fore a receiver will have 10 dB more
dynamic range when measured at a
bandwidth of 200 Hz compared to
when it is measured at a bandwidth
of 2 kHz. It is the same receiver,
though, and the dynamic range differ-
ences that depend on bandwidth
should not be included when different
receivers are compared.

For that reason, receivers should 1Notes appear on page 39.

Figure 2 — The loudspeaker output from an FT-1000D with a dummy load at the antenna
input. All settings are identical to those of Figure 1.

Figure 1 — The loudspeaker output from a Yaesu FT-1000D transceiver with a very leaky
transformer close to it causing a fairly strong, but still absolutely inaudible, 50-Hz hum
signal.

be measured at a standardized band-
width. It could be 1 Hz, 500 Hz,
2.4 kHz, or something else. Since there
is no de-facto standard, each labora-
tory has to specify what bandwidth
they use to allow correct comparisons
to results from other labs.

The Strongest Signal
There are two vastly different BDR

definitions that may give completely
different, although perfectly reproduc-
ible, results. Michael Tracy, KC1SX,
described them in QST.1 He writes:
“BDR as a lab measurement normally
refers to the point at which the weak
(presumed desired) signal is reduced
by 1.0 dB (‘blocked’) by the presence
of a strong (presumed undesired) sig-
nal.” The procedure followed at the

ARRL Lab for BDR measurements is
set up to find the point of 1 dB gain
loss.2 A quite different definition de-
fines the strong signal as the signal
that causes a predetermined degrada-
tion of signal-to-noise ratio (SNR) for
a weak signal (1 dB or 3 dB). In some
cases, the two different definitions
may give the same result; but in other
cases, the resulting BDR may differ
by 40 dB or more.

The two different phenomena that
lie behind the two definitions are called
saturation and reciprocal mixing, al-
though the physical phenomena in the
receiver may be something else. A re-
ceiver that uses front-end AGC to avoid
saturation, and that compensates for
the gain loss after the bandwidth-
defining filters, will lose sensitivity
when the off-channel signal turns the
front-end AGC on. As a result, the noise
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floor will increase to cause a reduced
SNR for a weak signal even though the
total gain is unchanged. An RF ampli-
fier that is supplied with inadequately
decoupled dc voltage or that has a high
impedance for audio frequencies on the
base and very low impedance for au-
dio frequencies on the emitter will
amplitude-modulate the strong off-
channel signal. Both these examples
would be classified as reciprocal mix-
ing even though the mechanism is
quite different from what the classifi-
cation implies.

The ARRL Lab definition of BDR
through the procedure in Note 2 trans-
lates to this definition in plain En-
glish: “The BDR is the amount above
the noise floor for an off-channel sig-
nal that degrades the receiver for
strong signals.” It may be appropriate
for crowded HF bands where the de-
sired signal typically is high above the
internal noise floor of the receiver. A
receiver with a very high number ac-
cording to this definition is convenient
to use because the operator does not
have to use an attenuator to shift the
dynamic range up and down as condi-
tions change. Radios that reach
150 dB in the ARRL test reports are

Figure 3 — The loudspeaker output from an FT-1000D with a noise source at the antenna
input. All settings are identical to those of Figure 1.

Figure 5 — The loudspeaker output of an FT-1000D with a
14.178 MHz on-channel signal at a level of –77 dBm (10 dB below
the on-channel CP1) as a function of the off-channel signal level
at 14.158 MHz. The dots are the on-channel signal level measured
at 5Hz bandwidth, the small crosses are the power (10 Hz to
24 kHz) and the big crosses are the power measured without the
on-channel signal.

Figure 4 — The loudspeaker output of an FT-1000D with a
14.138-MHz on-channel signal at a level of –77 dBm (10 dB below
the on-channel CP1) as a function of the off-channel signal level
at 14.158 MHz. The dots are the on-channel signal level measured
at 5 Hz bandwidth, the small crosses are the power (10 Hz to
24 kHz) and the big crosses are the power measured without the
on-channel signal.

not uncommon. The other definition
translates to this in plain English:
“The BDR is the amount above the
noise floor for an off-channel signal
that degrades SNR for a very weak
signal.” This BDR is typically about
100 dB.

The first definition is similar to the
dynamic range for ears and eyes as
defined above. It is the total useful sig-

nal range but it does not contain any
information about the ability to detect
a weak signal in the presence of a
strong undesired signal. The second
definition is the true dynamic range
in the case of a single dominating off-
channel signal. It defines the strongest
signal that may be present simulta-
neously while the weakest signal is
detected.
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Table 1

MDS measured with a wideband RMS voltmeter and noise power in 1 Hz bandwidth as
measured with a spectrum analyzer in the loudspeaker output.

Transformer

ON OFF
MDS(dBm) –110.3 –122.5
NPD(dBm/Hz) –151.8 –151.8

Measurement Accuracy Issues
with the Weakest Signal

Finding the noise floor by connect-
ing an RMS voltmeter to the audio
output may give inaccurate results.
The human ear does not respond well
to hum from the ac mains frequency
of 50 or 60 Hz. Figure 1 shows the
loudspeaker output from a Yaesu FT-
1000D HF transceiver that had a very
leaky transformer placed close to it.
This pure 50-Hz hum is absolutely in-
audible despite the fact that it is
about 30 dB above the noise floor in
the spectrum, which has a bin width
of 12 Hz. This inaudible 50-Hz hum
dominates the loudspeaker signal. It
actually lifts the reading of a typical
RMS voltmeter by 12 dB and its pres-
ence degrades the MDS value by the
same amount. The FT-1000D performs
absolutely as well with the leaky
transformer next to it; there is no au-
dible difference whatsoever and the
huge sensitivity difference is an arti-
fact of the measurement procedure.

Even without the leaky trans-
former, there are some low-frequency
spurs in the FT-1000D, as can be seen
in Figure 2. This signal is 27 dB
weaker than the 50-Hz hum caused
by the leaky transformer, so it is only
about 2.5% of the total power that
reaches the loudspeaker and the er-
ror it introduces is only about 0.1 dB.
Figures 1 and 2 were recorded in CW
mode with the FT-1000D bandwidth
set to 500 Hz. It is pretty obvious from
Figure 2 that noise outside the desired
bandwidth gives a noticeable contri-
bution to the total power seen by an
RMS voltmeter. The passband is well
visible in Figure 3, where a noise
source is connected to the antenna
input. From Figure 3 we can estimate
the noise floor in a 500-Hz window
above the passband to be about 28 dB
on the relative dB scale. From Fig-
ure 2, we can read the noise floor
within the passband as 35 dB. That
means that the noise power in the
range 900 to 1400 Hz is only 7 dB be-
low the noise power within the desired
passband, and therefore causes a read-
ing that is about 20% higher than it
would be if a selective voltmeter were
used. The noise above the passband is
well audible, but it is not really dis-
turbing and it does certainly not de-
grade the effective sensitivity of the
FT-1000D by as much as 20%, as the
MDS value would indicate.

By use of exactly the same settings
as for Figures 1 to 3: Preamp off (IPO),
AGC off, max RF gain, 50% AF gain,
500 Hz bandwidth in CW mode, MDS
was measured at 14.120 MHz as de-
scribed in Note 2 using an RMS volt-

meter that was flat from 10 Hz to
24 kHz. The measurement was made
with and without the very leaky trans-
former that makes the difference be-
tween Figures 1 and 2. The results are
shown in Table 1, which shows the noise
power density (NPD) referenced to the
antenna input. These settings form
kind of standard settings for a trans-
ceiver test and they are used in all mea-
surements presented in this article.

The noise power density is 22.2 dB
above –174 dBm/Hz, which means
that the noise figure of this particular
receiver is 22.2 ±1.2 dB with the con-
trols set as in this test. The noise
power density can be used to compute
the noise power that would pass an
ideal filter with a bandwidth of
500 Hz. The result is –124.8 dBm
which is 2.3 dB better than the result
obtained in the MDS measurement
with the RMS voltmeter. The noise
power density is a selective measure-
ment and any 50-Hz hum does not
affect it at all.

Since the actual detection is done
in a much narrower bandwidth than
500 Hz either by machine or by a hu-
man being, I argue that the noise
power density in the vicinity of the
signal is the true noise floor for an
MDS measurement. Any wideband
noise, hum or high-frequency audio
signal that may add several dB to an
RMS voltmeter measurement is insig-
nificant — and in those cases where
it is audible, there should be a note
saying, “This radio suffers from hum
or high frequency noise.” It may be
appropriate to mention here that the
mains hum originating in poorly fil-
tered power supplies typically is a
pulse train at twice the mains fre-
quency. Contrary to the magnetically
coupled pure 50/60-Hz sinewave, 100/
120-Hz pulse trains are well audible.

The noise power density can be mea-
sured easily with a spectrum analyzer
that will give the noise surrounding a
carrier in dBc/Hz. With a carrier of
known power at the antenna input, the
noise power density comes out directly.

SNR loss for a weak signal is chosen,
there are no accuracy problems be-
cause the definition requires SNR for
a weak signal to be monitored. The
definition in Note 2, where the read-
ing of an RMS voltmeter is monitored
while the off-channel signal is in-
creased, that may lead to unexpected
results sometimes.

To illustrate the problems, the BDR
of the FT-1000D was measured with
the procedure in Note 2. The loud-
speaker output was also monitored on
a spectrum analyzer on which the
level of the on-channel signal was
measured. The on-channel response of
the FT-1000D is linear from the noise
floor at –122.5 dBm up to –70 dBm.
The point of 1-dB compression is
–67 dBm. Following the procedure in
Note 2, the on-channel signal level was
set to –77 dBm. Figures 4 and 5 show
the result of the measurement at a fre-
quency separation of 20 kHz above
and below the desired frequency.

An inspection of Figures 4 and 5
shows that the reciprocal mixing noise
is equal to the noise floor power (MDS)
for an off-channel signal level of
–26 dBm regardless of whether the on-
channel signal is above or below the
off-channel signal. The dynamic range
is therefore –26 dBm – (–122.5 dBm)
= 96.5 dB. If the noise floor (MDS)
were measured by means of the noise
power density, the same dynamic
range would result because then the
reciprocal mixing noise power density
would equal the FT-1000D noise
power density at a signal level of
–28.3 dBm.

The FT-1000D has lost sensitivity
by 3 dB at a signal level of –28.3 dBm
although the gain is unaffected up to
–22 dBm (20 kHz below) and –14 dBm
(20 kHz above) an off-channel signal.
The first nonlinear phenomenon that
happens is that the gain increases. The
point of 1-dB compression as measured
with a selective voltmeter is +8 and
+10 dBm, respectively. When measur-
ing the loudspeaker output with an
RMS voltmeter, 1 dB compression oc-
curs at +12 dBm when the on-channel
signal is 20 kHz above the off-channel
signal; but when the on-channel sig-
nal is 20 kHz below the interference,

Measurement Accuracy Issues
with the Strongest Signal

If the BDR definition in terms of
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the reading of the RMS voltmeter re-
mains constant within 0.5 dB all the
way up to an interference power level
of +20 dBm (100 mW). It would prob-
ably remain constant at much higher
input levels until the front end was
damaged.

It should be quite clear from Fig-
ures 4 and 5 that the procedure used
up to now at the ARRL Lab may give
very inaccurate results because the
RMS voltmeter does not distinguish
between the desired signal and noise.
Using the average from 20 kHz above
and 20 kHz below, BDR as defined
from the point of 1-dB saturation is
131.5 ±2.2 dB above MDS using the
ARRL definition for MDS, or
133.8 ±2.2 dB when MDS is defined
in terms of the noise floor power den-
sity. The much higher values reported
in QST is caused by the use of an RMS
voltmeter.3

Conclusions
When using the concept of dynamic

range in Amateur Radio, we should
refer to signals present simulta-
neously at the antenna input. This
means that BDR — implying that
blocking means that the ability to copy
the desired signal as blocked by a
strong off-channel signal — for the
FT-1000D is 96.5 dB. When the de-
sired signal is placed at –77 dBm (see
Note 2), the point of saturation, which
was +20 dBm in QST (see Note 3) has
to be compared to –77 dBm for a dy-
namic range of 97 dB, not to the MDS
value measured under quite different
circumstances. The value of 150 dB
reported in QST is not the dynamic
range for two simultaneously present
signals. It is the dynamic range for a
single signal and is not of much inter-
est to a radio amateur. The point of
1-dB saturation is 133.8 dB above the
noise floor, which means that the op-
erator can place the system noise floor
up to 37 dB above the internal noise
floor of the FT-1000D without serious
problems because of gain compression
on strong signals. This leaves ad-
equate margin for a VHF enthusiast
who uses the FT-1000D together with
a transverter that might lift the noise
floor by 10 dB and a mast mounted
preamplifier that has to lift the noise
floor by another 16 dB to get a system
noise figure that is within 0.1 dB of

the preamplifier itself.
Both BDR definitions convey im-

portant information on the usefulness
of a receiver. ARRL is considering the
use of an AF spectrum analyzer and
the reporting of both measurements
in future product reviews.

Editor’s note: Leif ’s observations
about human vision form an apt anal-
ogy to receiver dynamic range. The
baseball outfielder who drops a fly ball
when the Sun shines in his eyes knows
about blocking effects. He employs an
attenuator (his sunglasses) to reduce
the interference but the attenuation
may, in fact, put the image of the de-
sired signal (the baseball) below his
noise floor. That’s the same as what a
front-end AGC does to your receiver: It
raises the noise figure and may actu-
ally make it harder to recognize the
desired signal.

The point is that you must measure
the small-signal end of dynamic range
under the same interference conditions
used to measure the large-signal end.
Only then do you truly measure dy-
namic range. In addition, the band-
width in which noise-floor power is
measured must be accurately known. It’s
not enough to dial in a nominal 500-Hz
filter and assume its effective band-
width is exactly 500 Hz. An uncertainty
of ±150 Hz in bandwidth would result
in additional uncertainty of at least
2.6 dB in noise powers between receiv-
ers. Passband and stopband shapes af-
fect effective bandwidth. You cannot go
by the 3-dB points alone.

As early as 1998, we noted the dif-
ference between blocking dynamic
range and reciprocal-mixing dynamic
range on these pages. Now it is a mat-
ter of how previously measured data
are corrected or models recharac-
terized, and procedures updated, in-
cluding measurement uncertainties. To
the best of our abilities, we must adopt
procedures that accurately measure
real effects in receivers.

A 3rd-order IMD dynamic range mea-
surement on an analog-to-digital con-
verter, for example, may be superfluous
when performance is dominated by over-
load instead. Likewise, another mea-
surement, such as BDR, should not be
characterized as “noise-limited” when
the noise contribution can be discerned
separately from the modeled effect.

Notes
1M. Tracy, KC1SX, “Product Reviews —

In Depth, In English,” QST, Aug 2004,
pp 32-36.

2Ed Hare, KA1CV (now W1RFI), “Swept
Receiver Dynamic Range Testing in the
ARRL Laboratory,” QEX, Jun 1996, p 16.

3Product Review, QST, Mar 1991, pp 31-36.
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PO Box 4445
Annapolis, MD 21403

An Analysis of Stress
in Guy-Wire Systems

By William Rynone, PhD, PE

Have you ever thought about the forces on your tower guy lines?

This article shows you how you can calculate those forces.

Introduction
Because of our litigious society, I would like to state

that my area of expertise is sparks and arcs rather than
snaps and cracks. Therefore the following should be used
as an educational tool rather than as an analysis or design
format for specific tower installations.

My interest in antenna tower mechanical consider-
ations was precipitated by my Amateur Radio club’s
interest in erecting one or two additional towers. It
appears that tower and antenna manufacturers generally
provide adequate information regarding tower installation
parts and procedures, such as tower mounting base
materials and construction, guy-wire size and pre-loading,
anchor methods, etc. The recommended guy-wire
specifications are given without mentioning the actual
stress that the wires will experience under various load
conditions. For example, if a tower manufacturer specifies
3000-lb guy-wire cable, I wondered what the actual stress

would be. Typical cable specifications are those listed in
Table 1, taken from literature that is supplied by the Wire
Rope Corporation of America.1

Page 22-6 of The ARRL Antenna Book, 20th Edition,
contains a brief description of guy-wire materials.2 The
book says, “At rated working loads, dry manila rope
stretches about 5%, while nylon rope stretches about 20%.
Solid galvanized steel wire is also widely used for guying.
This wire has approximately twice the load ratings of
similar sizes of copper-clad wire, but is more susceptible
to corrosion. Stranded galvanized wire sold for guying TV
masts is also suitable for light-duty applications, but is
susceptible to corrosion. It is prudent to inspect the guys
every six months for signs of deterioration or damage.”

Since a wire rope manufacturer usually has a minimum
order length or dollar value, and since the average
Amateur Radio operator will only require small lengths
of guy wire, buying directly from a manufacturer is usually
not possible. However, some tower suppliers also sell
ancillary equipment or parts to aid in the tower

1Notes appear on page 45.
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installation. From the Texas Towers’ web site (www.
texastowers.com), both galvanized steel and a non-
conductive cable, Phillystran, is available in various
tension ratings and lengths. Also, the minimum length of
galvanized steel cable that they will sell is 100 feet. From
the Wirerope Works Structural Strand And Wire Rope
Catalog, an Amateur Radio operator would also consider
the following to be pertinent when installing a guyed
tower.3 “Assuming the applied tension does not exceed the
elastic limit, structural strand and wire rope return to
their original length once tension is released. Construc-
tural stretch, on the other hand, results in a permanent
set or increase in length.”

General Analysis of Guy-Wire Stress
There are various forces creating tension in guy wires.

For example, wind load on the tower and mounted
antennas, pre-load in the guy wire, and to a lesser extent,
wind load on the guy wire itself and the weight of the guy
wire must all be considered.

The tower experiences various loads. These loads
manifest themselves in compression, buckling and shear.
Compression is due to the downward vertical force from
the guy wires (due to all of the above-mentioned forces on
the guy wire), the weight of the tower and the weight of
the antennas. Shear is developed due to side loads on the
tower and mounted antennas. It is possible that because
of varying wind loads and variations in guy-wire
tensioning, at a particular instant, one section of an
antenna tower will be tending to bend in one direction
while another section will be tending to bend in the
opposite direction. I estimate that investigating all of these
loads would generate sufficient data and descriptions to
create a textbook (which may already exist).

The following is just the analysis of the load on the guy
wires due to wind load on the tower and antenna. Usually
a single set of guy wires is employed for towers of height
equal to or less than 40 feet. To minimize the complexity of
this analysis, this condition will be analyzed with only a
single-layer dipole antenna. Also, tower twisting due to an
asymmetric antenna load is not examined.

The associated computer program enables the user to
input various tower and antenna dimensions and a wind
speed. The program then computes the guy-wire tension
for various guy-wire radial distances from the tower base.
The program neglects the contribution to the total guy-
wire tension due to wind loading on the guy wire and
weight of the guy wire.

It is appropriate to mention that the guy wire pre-load
is a trade-off. The greater the pre-load, the less tower sway

due to varying wind speeds and directions, but at the
sacrifice of a greater compression load on the tower and
tension in the guys. The ARRL Antenna Book contains the
following statement: “Many troubles encountered in mast
guying are a result of pulling the guy wires too tight. Guy-
wire tension should never be more than necessary to correct
for obvious bowing or movement under wind pressure.”4

To perform this analysis, the following tasks must be
accomplished. Evaluate the:

1. pressure developed on the antenna due to the wind.
2. transverse antenna tower torque due to the antenna

force.
3. transverse antenna tower torque due to wind pressure

on the horizontal members of the supporting web.
4. transverse torque due to wind pressure on the three

vertical members.
5. transverse torque due to wind pressure on the

diagonal members of the supporting web.
6. total torque and the resulting horizontal force at the

top of the tower where the guy wires are attached.
7. force generated in the guy wire for various declination

angles.

Equation Symbols:
Antenna —

HA = Height of Antenna (ft).
ED = Element Diameter (ft).
EL = Antenna Element Length (ft).
FA = Force that the Antenna applies to the antenna

tower (lbs).
TA= Torque due to the antenna (ft lbs).

Vertical members —
VD = Vertical member Diameter (ft).
TVM = transverse Torque due to a Vertical Member

(ft lbs).
HT = Height of Tower (also equals vertical member

height) (ft).
Web members —

WW = Web Width (horizontal space between vertical
members) (ft).

WH = Web Height (vertical space between adjacent webs)
(ft).

RD = Rebar Diameter (ft).
THW = Torque due to all Horizontal Web members (ft

lbs).
TDM =Torque due to Diagonal Members (ft lbs).
HWM = Horizontal Web Member.

Tower —
GWFP = Guy-Wire Force Perpendicular to tower (lbs).
GWTF = Guy-Wire Tension Force (lbs).

Table 1

Physical Properties of Zinc-Coated Steel Wire Strand

Minimum Breaking
Strength of Strand (lbs)

Nominal Number Nominal Approximate Utilities High Extra High
diameter of wires diameter wt. of Grade Strength Strength
of strand of coated strand
(in.) wires (in.) (lb/1000 ft)

3/16 7 0.062 73 — 2850 3990
7/32 7 0.072 98 — 3850 5400
¼ 7 0.080 121 — 4750 6650
9/32 7 0.093 164 — 6400 8950
5/16 7 0.104 205 — 8000 11200
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Figure 1 — This drawing of a cross section
of Rohn tower illustrates the dimensions
needed for wind-load calculations.

Figure 2 — This drawing shows how the effective surface area of the tower legs affects
wind loading.

Figure 3 — By calculating the wind loading on a small section of
each tower leg and then adding all those effects for the full tower
height, you can calculate the total wind-loading effects.

V = Wind Speed (Velocity) (mph).
P = Wind Pressure applied to antenna and tower (lb /

ft2).
R = Radius of guy-wire anchors to tower base (ft).
TT = Total transverse Torque due to wind (ft lb).
Cd = Coefficient of drag.

Analyses:
1. Pressure developed on the antenna due to wind. (This

analysis only deals with a steady wind.)
The Wirerope Works literature has an old publication

that gives the pressure developed on square and round
smoke stacks:5

P = 0.0042 × V2 (Square) and
P = 0.0025 × V2 (Round).

The equation for a round smoke stack is similar to one
given in EIA-222-F  for cylindrical surfaces.6

The force developed on one antenna element due to a
wind that is perpendicular to the element, is given by
FA = A × P × Cd.
Where:
Cd = 1.2 for long cylinders (such as antenna beam
elements). Re-writing:

FA = EL × ED × P × Cd

2. Transverse antenna tower torque due to antenna force:

TA = M × FA × HA
TA = M × EL × ED × P × Cd × HA (Eq 1)

Where
M = the number of horizontal antenna elements.

3. Transverse antenna tower torque due to wind pressure
on the horizontal members of the supporting web:

The number of webs, NW is determined by dividing the
tower height by the web height.

NW = HT / WH

Each web cell has one horizontal element. See Figure 1.
The wind pressure on each horizontal web member is

given by P = 0.0025 × V2

The force on each web member due to the pressure
is given by:

FW = Area × Pressure × Coefficient of Drag = WW × RD ×
          P × Cd

The torque is the force times the lever arm, where each
horizontal web member force is equal, but the lever arm
(as measured from the antenna base), increments by the
web height.
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Figure 4 — The diagonal cross braces between tower legs have
an effect on wind loading. Again, you can add the effects on each
small segment to calculate the total wind loading.

Figure 5 — This diagram shows the horizontal and vertical forces
exerted by the guy wires on the tower.

Where:
y = Height from antenna base to an incremental area of
the vertical member
dF = An incremental force due to wind pressure on an
incremental area of the vertical member
dA = Incremental Area
Solving the above:

HTHTHT y
VDPdyyVDPdyVDPydT

0

2

00 2
=== ×××××=×××Τ

HTy
VDP

T 0

2  
2

 = ××

Figure 2 shows the sum of the forces generated on
the two rear members is equal to the force on the
member facing the wind.
Therefore, for three sets of webs,

[ ]1)+(= NWNWWHFWTHWM ××× (Eq 2)
4. Transverse torque due to wind pressure on the three

vertical members:
Analyzing the torque due to one vertical member, Figure

3 illustrates the pressure on a single vertical member.
The incremental torque due to the wind pressure is

given by:

dyVDPydT

ydAPydFydT

×××
××××××

=

widthPressurearmlever ===

Table 2

Data Output From the Author’s WIND_LOD.EXE Computer Program

For a Tower Height of 40 Feet and a Wind Speed of 60 mph

  X Radius (ft) Wire Length (ft) Mast Angle (Degrees) Ground Angle (Degrees) Guy Tension (lb)
  1 40.0 56.6 45.00 45.00 298.2
  2 38.0 55.2 43.5 46.47 306.1
  3 36.0 53.8 41.99 48.01 315.2
  4 34.0 52.5 40.36 49.64 325.5
  5 32.0 51.2 38.66 51.34 337.5
  6 30.0 50.0 36.87 53.13 351.4
  7 28.0 48.8 32.99 55.01 367.6
  8 26.0 47.7 33.02 56.98 386.8
  9 24.0 46.6 30.96 59.04 409.8
10 22.0 45.7 28.81 61.19 437.5
11 20.0 44.7 26.57 63.43 471.4
12 18.0 43.9 24.23 65.77 513.8
13 16.0 43.1 21.80 68.20 567.7
14 14.0 42.4 19.29 70.71 638.2
15 12.0 41.8 16.70 73.30 733.7
16 10.0 41.2 14.04 75.96 869.3
17 8.0 40.8 11.31 78.69 1075.0
18 6.0 40.4 8.53 81.47 1421.2
19 4.0 40.2 5.71 84.29 2118.8
20 2.0 40.0 2.86 87.14 4221.8
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2

2
= HT

VDP
TVM ××

Where:
P = K × V2 (From Wirerope Works, Inc, Bethlehem Wire
Rope Applications Notes)3 and
K = 0.0042 for flat stacks and 0.0025 for circular stacks.
For all three members,

2

2

3
= HTVDPTVM ××× (Eq 3)

5. Transverse torque due to wind pressure on the
diagonal members of the supporting web:

The total torsional effect of discrete diagonal members
of each web cell may be treated as a single long ribbon
that extends from the ground to a height equal to the tower
height. Figure 4 shows a cross-section of a diagonal rebar
member. From that drawing we note that:

222 =+ xRDz
222 = RDxz −

22= RDxz −
Referring to a diagonal section of the webbing,

 =
WH

RD

WW

z
Substituting

WH

RD

WW

RDx
=

22 −

RD
WH

WW
RDx ×−  = 22

2

2

2
22  = RD

WH

WW
RDx ×−

22

2

2
2   + = RDRD

WH

WW
x ×

Figure 6 — This graph shows the exponential increase in guy-wire stress as the radial
distance from the tower decreases from a distance equal to the tower height.

1+ =
2

2
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However,
dyxdA  =

dAPdF ×=

dFydT ×=

dAPydT ××=

dyxPydT ×××=
From the above,

dy
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RDPydT ×+××× 1=

2
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For three sets of webs,

2

2

2

1= HT
WH

WW
RDPTDIAG ×+×× (Eq 4)

At this point, the total tangential torque is simply the sum
of each of the individual torques:
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TT = TA + THWM + TVM + TDIAG

The perpendicular force applied to the top of the tower
by a guy wire attached at the top may be calculated by
recalling that the torque is equal to the product of force
times lever arm:

TT = GWFP × HT

Solving for the force:

HT

TT
GWFP =

Figure 5 illustrates the guy-wire length calculation.
22  + )(=Length Wire Guy RHTGWL=

)(
arctan=   

wire guy andtower  betweentower  of topat  Angle=

HT

R

θ

Also, to determine the guy-wire-tension force, GWTF:

equate spacing between the antenna base and the guy-
wire-anchor location. The reader will note that the guy-
wire stress increases exponentially as the spacing de-
creases. Some articles pertaining to guy-wire installa-
tion recommend that the minimum spacing be equal to
or greater than 1/2 the antenna height, assuming that
the guy wire is attached to the top. Referring to Figure
6, where the antenna height is 40 feet, you will note
that for spacing of less than 20 feet, the stress begins to
increase rapidly.

The author’s computer program, WIND_LOD.EXE is avail-
able for download from the QEX file section of the ARRL Web
page.7
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This formula is incorporated into a computer program,
WIND_LOD.EXE that enables the user to input wind speed,
tower height, tower width and effective cross sectional area.
The resulting output data consists of guy-wire tension ver-
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PO Box 301
Somerset Mall 7137
Republic of South Africa
zs6al@mweb.co.za

An Accidental
Discovery Put To Work

By Vidi la Grange, ZS1EL

The author added 15-m

performance to a

monoband 20-m Yagi

by using linear

resonators. Learn

how he built the resona-

tors in this article.

As a young physics student, I re-
ceived my first ham license in
1956. A common student prob-

lem was that pocket money was not in
abundance and I had to provide for both
hobby and social activities. In this situ-
ation very delicate decisions had to be
faced, especially when young ladies
came into the picture. Vacation work at
the Entomology Department of the Uni-
versity of Stellenbosch made it possible
to buy a battered Hallicrafters SX-43
and a few pieces of surplus equipment,
around which a CW transmitter could
be built. Two bamboo poles held up the
ends of a Windom antenna. DX contacts

like only yesterday, I was listening with
envy to other more established local
operators, working DX with S9+ reports
both ways. I could not believe that a
Yagi made such a big difference com-
pared to a wire antenna and dreams of
having one of my own became stronger
and stronger.

My heart nearly left my rib cage in
one big beat the day my Elmer, Jack
Snyman, ZS1OU, phoned to say that he
would like to give me his old home-built
Yagi. He no longer needed it, after buy-
ing a brand new, shiny, Moseley in a box!
A copy of CQ Antenna Roundup,
published in 1963 carried a detailed de-
scription of my new toy.1 It was an in-
genious antenna pioneered by Captain
G. A. Bird, dubbed the “G4ZU Mini
Beam.” In the ’60s and ’70s, before

1Notes appear on page 50.

were few and far between but with some
perseverance soon became great fun
and provided for big thrills. It seems

laGrangTEST.pmd 02/01/2006, 4:55 PM46



  Mar/Apr 2006 47

Figure 1 — This drawing illustrates the
principle of a linear resonator, as
described by Les Moxon in HF Antennas
for All Locations.

commercial trap Yagis appeared on the
market, the G4ZU was a very popular
triband Yagi, built by hams the world
over. A commercial version was also
available for a short while.

The design used a unique 3.5-m-
long double boom. Parasitic element
resonances on three bands were clev-
erly found by using a part of the twin
boom, tuned in a trombone fashion.
This section of the twin boom was au-
tomatically switched in and out by
quarter-wavelength stubs made of
300-Ω line, depending on the operat-
ing band. The stubs were tucked con-
veniently into the boom, and to
prevent their detuning by touching the
boom, were threaded through corks
like a string of evenly spaced beads.
Living in the heart of South Africa’s
wine country at that time, corks
were available in a big variety of fla-
vors!

I was only able to really enjoy this
antenna several years later, after find-
ing a lightweight 12-m tower. As did
many others, I soon discovered that the
Mini Beam’s major shortcoming was a
serious lack of gain and directivity on
20 m. In contrast, performance on 15
and 10 m was quite remarkable.

In time, the poor performance on
20 m became more and more of an is-
sue, especially when 10 and 15 m
faded because of a low point in the
sunspot cycle. Lots of time was spent
to fine tune the switching stubs and
accurately adjust the twin boom
“trombones” in efforts to improve per-
formance on 20 m. Before long quite a
few short pieces of 300-Ω feed line cut-
offs lay scattered around the antenna
as proof of all my futile efforts. Had
computers and modeling software
been available in those years, a lot of
time and 300-Ω line would have been
saved and put to better use! It was
great fun, nevertheless. After every
attempted refinement I eagerly tested
the antenna on the air, only to discover
that it was still the same old story!

I finally decided that improved per-
formance on 20 m was only possible
by changing the G4ZU into a two-
element, 20-m monoband antenna,
thereby sacrificing the two higher-
frequency bands. A quick survey of
what material I had available in the
G4ZU showed that very little extra
aluminum tubing was needed to
make up the two full sized 20-m ele-
ments. The original boom had very
solid element mounting brackets and
it made sense to use it as is, for the
monoband antenna. An attractive
feature of this mounting method was
that the elements were insulated
from the boom and split at the cen-

ter, ideal for experimental work.
Once completed and back on the
tower, this antenna performed
streets better on 20 m compared to
the G4ZU. I could at long last enjoy
more consistent S9+ signal reports
both ways and work the weak ones
on the ever-faithful 20-m band. In
many tests on the air, the front-to-
back ratio was on the order of two S
units and front-to-side rejection was
like a deep, complete null.

Quite predictably, over some time,
15 m and 10 m started showing signs
of activity again! For a while, hav-
ing a monobander was not much of
a handicap because there was always
something to do on the 20 m band.
However, listening to mouth-water-
ing DX on 15 and 10 m, it became
clear that I had to do something
about the two higher-frequency
bands. Wheels kept turning in my
mind, searching for an idea to add
at least one more band without re-
sorting to traps, trombone tuning,
300-Ω switching stubs or adding in-
terlaced elements.

Les Moxon’s book, HF Antennas for
All Locations contains a myriad of
antenna ideas, many of which are still
well known and widely used, even 20
years after this publication first ap-
peared on Amateur Radio operator’s
bookshelves.

One of Moxon’s concepts, which
immediately reached out to me, was
his “accidental discovery” that the ad-
dition of a linear resonator, resonant
on 21 MHz had very little influence
on a basic 14 MHz element.2 So, I
asked myself the question: What is
a linear resonator and how can I
make it work for me?

A linear resonator is an LC circuit
consisting of a one-turn, rectangular-
shaped, linear inductor, shown in Fig-
ure 1 as B - C - E - F, and having its
resonating capacitor at D. Half of the
inductor, B - F, is common to the basic
element A - G. Resonance is there-
fore shared by the linear inductor

and the basic element, thereby show-
ing two distinct resonant frequen-
cies. The basic element frequency is
determined by its physical length
A - G, and the second, higher reso-
nance by the added LC circuit,
B - C - D - E - F.

This means that a full-sized 20-m
element can also be resonant on 15 m.
The following very attractive features
were realized immediately:
• Hardware needed for adding a lin-

ear resonator to an existing 20-m
element can be lightweight and
much simpler than any other
method of adding a second band.

• An entire 20-m element would reso-
nate on 15 m and not only 66% of
it, had traps been used to isolate
the unwanted parts of the element.

• No interlaced elements were
needed to clutter, or add wind re-
sistance to a lean, two-element
Yagi.
Les Moxon refers to linear resonators

in more than one chapter of his book but
he does not give much detailed guidance
for building and adjusting them. Despite
this, and no matter how sketchy the
notes were, I could not wait to build a
first test set up.

Geared with a full-sized two-ele-
ment 20-m Yagi, a length of 4-mm OD
aluminum rod and an absorption dip
meter for checking resonances, I tack-
led this new approach with a great
deal of enthusiasm. But, in the back
of my mind was the memory of all the
futile experiments with the G4ZU,
which reminded me that this could
turn out the same way.

To describe the building of a dual-
resonant Yagi using linear resonators,
let us take the reflector as an example.

Basic Element
The basic element (A - G in Fig-

ure 1) is made of aluminum tubing ta-
pering from 25-mm OD in the middle
to 19 mm at the tips, with a total length
of 11 m. Mounting of the element can
be plumbers delight in theory, but I pre-
ferred insulated element-to-boom
mounting, so that I could measure its
resonance and make adjustments if
needed during early experiments.

The Inductor
The linear resonator inductor con-

sists of two 4-mm OD aluminum rods
of 1.2-m length each, B - C - D and
D - E - F respectively, in Figure 1. They
are mounted in line and parallel to the
main element. Figure 2 shows one half
of a resonator and its connection to the
main element. One rod connects to the
left and its mirror image to the right
of the basic element, spaced at a
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vertical distance of 100 mm from the
main element. At point D in Figure
1 there is a gap of 20 mm between
the left and right-hand rods, bridged
by the adjustable tuning capacitor
described later. At this position an
insulated support made of clear plas-
tic keeps the left and right rods in
position. The far ends of these two
rods are mounted to the main ele-
ment by bending the last 150 mm of
each rod at 45° towards the element.

A small loop at each bent-down tip
provides a mechanical and electrical
anchor point to the main element.
Clamps bent out of 20-mm-wide alumi-
num strip and 4 mm × 15 mm stainless
steel hardware secures each linear reso-
nator tip to the elements, as shown in
Figure 3.

The Capacitor
A coaxial type capacitor was de-

vised, which had the necessary ad-
justment range and is ideally suited
for this application. It is positioned
in the middle of the linear inductor,
supported by the plastic insulator
mentioned earlier.

The dielectric is a 300-mm length of
clear automotive fuel pipe, which
passed the microwave test. This fits
snugly over the end of one of the rods,
say the left, thereby forming the inner
electrode of the coaxial capacitor. The
outer electrode consists of a 16-mm OD
aluminum tube, 250 mm long and hav-
ing a 1.2-mm wall thickness. This slides
over the dielectric like a sleeve. A grub
screw at the right end of this sleeve
provides mechanical and electrical con-
nection to the right hand rod, shown in
Figure 4. An exploded view of the ca-
pacitor is shown in Figure 5.

By moving this sleeve from left to
right, capacitance varies over a suffi-
cient range. Minimum capacitance is
with the sleeve moved to the extreme
right shown in Figure 6 and maximum
capacitance has the sleeve to the ex-
treme left, as shown in Figure 7. The
grub screw locks the sleeve securely
in any particular position when the
correct setting is found. The dielectric
has a wall thickness of about 3 mm,
which leaves a lot of space between
the capacitor electrodes. This allows
rain water ingress without any notice-
able change in capacitance. It also al-
lows movement in windy conditions.
A few holes were made in the outer
pipe for drainage. It is a good idea to
seal off the ends of the dielectric with
self vulcanizing tape.

Tuning the Resonator
With the linear resonator in posi-

Figure 2 — This photo shows one of the linear resonator rods attached to the main
antenna element.

Figure 4 — This photo is a close-up view of the sliding coaxial capacitor.

Figure 3 — Here is a close-up view of a mounting clamp and resonator rod.
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Figure 5 — The capacitor pieces are laid
out ready for assembly. The plastic spacer
is on the outer-sleeve tubing and will also
attach to the main antenna-element tubing.

Figure 6 — In this case the capacitor is set
for minimum capacitance, with the outer
sleeve pulled back as far as possible.

Figure 7 — Here the outer sleeve of the
capacitor is pushed fully on to the inner
section for maximum capacitance.

Figure 8 — Use a dip meter to adjust the capacitor for the desired operating resonance.

Figure 9 — This graph shows the double resonance of the antenna, as predicted by the
EZNEC 3.0 antenna modelling software.

tion on the 14-MHz reflector,
the next step is to fine tune it to
20.5 MHz. This is, according to lit-
erature, the rule-of-thumb resonant
frequency of a 15 m reflector. Armed
with a dip meter, this is where the
fun starts! Checking resonance of the
linear resonator at first will probably
be a bit tricky, but the sweet spot
will be found near either extreme of
the linear resonator, in the area of
the 45° bends. See Figure 8.

Checking Resonance of
the Main Element

According to Les Moxon, the basic
resonance of the element is not af-
fected by the addition of the linear
resonator. Since I had a split element
to start with, verification of this was
fairly simple. A single-turn loop made
of heavy aluminum wire was placed
over the 20 mm gap between left and
right halves of the main element at
the element to boom mounting
bracket. The dip meter coupled to
this loop confirmed that the basic
resonance of the element was not
affected by the linear resonator. This
step was therefore omitted in further
applications.

Confirming Resonances with
Modeling Software

After antenna-modeling software
became available, the configuration
and resonances of the 20 and 15-m
elements were verified. Figure 9 is an
EZNEC 3.0 SWR plot. The following
interesting facts came to light:
• The second resonance of a basic

element obtained by addition of a
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linear resonator has to be at least
40% higher than the basic ele-
ment resonant frequency. For ex-
ample, efforts to tune a 14-MHz
element to 18 MHz were not pos-

sible, while 21-MHz resonance
could be found without any prob-
lem. This phenomenon has to be
recognized in other applications.

• The LC ratio and shape of a linear
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resonator — for example the length
C - E and the spacing from the main
element B - C, as shown in Figure 1,
is quite critical but can be verified by
modeling software.

• The influence of a linear resonator
on an existing element’s normal
resonance is negligible. If anything,
it might drop the basic element
resonance slightly due to induc-
tive center loading.

Feeding the Yagi
Construction of the driven ele-

ment was similar to that of the re-
flector and was split at the center. A
6-turn coil of 50-Ω coaxial cable was
used as an RF choke at the feed
point, with pigtails of about 75 mm
per side connected to the left and
right-hand halves of the main ele-
ment.

Matching was checked by measur-
ing SWR close to the driven element
while the antenna was supported
3 m above ground in a temporary test
set up. Fine tuning of the element
length and adjustment of the reso-
nating capacitor made it possible to
obtain a match of better than 1.3:1
SWR at band centers. There was a
frequency range of roughly 800 kHz
between 2:1 SWR points.

On-the-Air Performance
During several years of use and

reports from numerous DX stations, I
found that the forward gain was simi-
lar to, or marginally better than com-
mercial three-element trap triband
Yagis used by friends in the neighbor-
hood. The side-null on the dual band
antenna was very deep but the front-
to-back ratio was not as dramatic as
in the case of a commercial trapped
tribander. The general average F/B
ratio was 2 S units, although under
certain conditions much greater ratios
were found. As a matter of fact I found
it a bonus to be able to be more aware
of what is going on “behind” me while
the two sharp side nulls were suffi-
cient to eliminate strong QRM.

Reflecting back on my many years
as an Amateur Radio operator, the
influence of people like my Elmer,
ZS1OU, the G4ZU Mini beam and Les
Moxon’s “accidental discovery,” this
very successful two-element Yagi for
20 and 15 m is an outstanding ex-
ample of a young ham’s dream come
true, albeit several decades later.

Notes
1CQ Antenna Roundup, Cowan Publishing

Corp, 1963.
2Les Moxon, HF Antennas for All Locations,

RSGB, 1993, p 134.

Vidi la Grange, ZS1EL, ZS6AL and K1VL
was born in George, South Africa on 24
May 1936.

He studied at the University of
Stellenbosch and graduated with a degree
in Physics in 1961. He obtained his first
Amateur Radio call sign, ZS1AL, during
that time. His interests in Amateur Radio
centered mainly around experimental an-
tenna work and building of various pieces
of station gear. His favorite mode of oper-
ating is CW and he has been member of
the First Class CW Operators Club (FOC)
since April 1960.

He worked as a Research Officer at the
Johannesburg Satellite Tracking and
Data Acquisition Facility. Here, data was
collected for various research projects con-
ducted by NASA in the early days of space
research. Vidi gained a lot of practical elec-
tronic knowledge and experience during
this part of his career.

In 1972 he accepted a position as Pro-
duction Engineer at the South African
Iron and Steel Corporation, at their steel
rolling mill south of Johannesburg. While
there, he obtained a further academic
qualification in Management. Before re-
tiring from the steel industry in 1994, Vidi
held the position of Manager, Tin-plate
Technology.

After retirement from the steel indus-
try, he accepted a position as Quality Sys-
tems Manager at a company producing
plastic and resin automotive components.
He was instrumental in getting their first
ISO 9001 listing in 1996.

During early 1994 Vidi met Hester,
N4MPQ, on 20 m CW. She was living in
Hendersonville, North Carolina at the
time. After a rather lengthy DX romance,
they were married in 1996. Vidi and Hester
live in Somerset West, a village about 35
km from Cape Town, South Africa.

Recently, Vidi has spent time applying
his years of practical experience in linear
resonators to a Force 12, C3S antenna.
The end result is very exciting because he
managed to get true two-element perfor-
mance on each of five bands. Details of
this work may be subject matter for a fol-
low-up article. ��
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1434 High Mesa Dr
Knoxville, TN 37938-4443
cebik@cebik.com

Antenna Options

By L. B. Cebik, W4RNL

Wire and the HF Horizon: the Ys
and Wherefores

The ½-λ dipole and its kin (the in-
verted-V, the quadrant, etc) are far
more competent antennas than many
folks give them credit for being. They
provide good gain with a fairly wide
beamwidth and are bi-directional. In
fact, if we rotate a ½-λ dipole in 120° in-
crements, we obtain full horizon cover-
age with only a small gain deficit in the
pattern overlap region, as shown on the
left in Figure 1. With an antenna tuner
and parallel feed lines, we can use the
antenna at higher frequencies. Up to
about 1.5 times the resonant frequency,
the beamwidth is still great enough to
give us less than a 3-dB gain deficit in
the pattern overlap region. See the right
side of Figure 1. For full-horizon cover-
age with no more than a 3-dB gain
deficit (about ½ S-unit), we need a half-
power beamwidth of about 60° from each
of the three antenna positions.

Now let’s give ourselves a limitation.

Figure 1 — Ideal horizon coverage from three ½-λλλλλ dipoles at 120° angles to each other at
the fundamental frequency (A) and at 1.5 times the fundamental frequency (B).

We shall take away the rotator and use
wire for the dipole. We end up with a
very inexpensive but fixed antenna. For
full-horizon coverage, we shall need at
least three dipoles at approximately

120° angles to each other. The question
then becomes how to arrange the three
dipoles. The arrangement must acti-
vate one dipole, leaving the other two
inert or inactive. Figure 2 shows full-Y
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Figure 2 — Full-Y and triangle arrays of
dipoles. See Figure 3 and the text for
limitations.

Figure 3 — Radiation pattern limitations of the full-Y (A) and triangle (B) arrangements of
dipoles resulting from interactions near dipole self-resonance. Antenna outline inserts
are oriented correctly for the patterns shown. The active wire element has a circle
indicating the feed point.

and triangular (or delta, ∆) arrange-
ments. The sketches assume that each
dipole has a feed line, and that all feed
lines are the same length. They run
from the feed points to a central loca-
tion. That location may be at the sta-
tion equipment or a remote switch at
the center of the arrays.

The full-Y array requires four sup-
ports, with one at the center and three
for the far dipole ends. The triangle
only needs three supports, since each
support handles two dipole ends. How-
ever, if we wish to use the arrays at or
very near to their resonant frequencies,
we hit a snag in the form of very non-
dipole patterns. Since the antennas are
near their resonant frequencies on the
lowest frequency of use, the two most
obvious schemes fail us.

On the left in Figure 3, the full-Y ar-
ray produces a bi-directional pattern
with a narrow beamwidth. Interaction
with the inactive dipoles produces
north-south bulges and narrows the
east-west pattern. In contrast, the inac-
tive dipoles in the triangular array form
reflectors to produce a spade-shaped
pattern in one direction. In other appli-
cations, we might capitalize on this pat-
tern, but for our project, it defeats the
goal of covering the entire horizon. Most
of the interactive effects disappear if the
operating frequency is more than about
30% distant from resonance. However,

that requirement would defeat our de-
sire to have a three-dipole array that is
highly usable on several ham bands and
able to cover the horizon.

There are alternative array configu-
rations that do not result in interactions
of the type we obtain from the full-Y and
delta arrays. In the 1930s, some opera-
tors used a half-Y formation. The Y was
full, but each element was half of a

dipole. Each half-dipole leg came to-
gether at a center point and each had
one of the feed lines already connected.
Hence, the array ended up with three
feed lines. To select a dipole, we simply
used two of the three lines. Many of
these early operators used the antenna
on a single band. Therefore, they cre-
ated twisted triplets for the feed line.
The close spacing and wire insulation on

Figure 4 — General outline (with wire dimensions) of a 20-meter Y-dipole array. The array
is sometimes called the “half-Y” array, since each leg is ½ of a bent dipole. Part B shows
the feed-point region and the triple feed line.
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Table 2

Modeled Performance of 20-Meter Y-Arrays in Free Space and Over Ground
Free Space
Array Maximum Gain Beamwidth Source Impedance
Type dBi degrees R ± jX Ω
Dipole 1.71 85 59.1 – j0.2
Square 3.02 88 99.2 – j0.9
Rectangle 3.75 87 49.3 – j0.8

50' Above Average Ground
Array Maximum Gain Take-Off Beamwidth Source Impedance
Type dBi Angle degrees degrees R ± jX Ω
Dipole 7.05 19 88 58.9 + j5.6
Square 7.99 22 90 92.0 – j3.2
Rectangle 8.14 23 91 47.9 – j2.8

the feed lines gave a reasonably con-
stant and fairly low characteristic im-
pedance for any wire-pair in the group.
Determining the correct dipole to use
simply required selecting the feed line
pair that yielded the strongest signal.

Figure 4 provides an outline sketch of
the wire portion of the array cut for
20 meters. The dimensions are overly
precise, since we shall be using the ar-
ray with parallel feed line and an an-
tenna tuner. However, the dimensions
are based on first resonating the di-
poles in free space and then transfer-
ring those dimensions to a model over
ground. Any equal wire lengths within
a few inches of the values in the figure
will work as well. Table 1 provides a
recap of the critical dimensions, along
with the dimensions of some other ver-
sions of the half-Y array.

The pair of wires that we select forms
a dipole that is bent to include a 120°
angle. Like any antenna with a slight
V, we lose a bit of gain and some of the
side null depth of a standard dipole. As
shown in the top lines of Table 2, that
gain loss relative to a standard dipole is
under a half dB at 20 meters. However,
in exchange for the maximum gain defi-
cit, we obtain very workable patterns
for many bands. The left portion of
Figure 5 overlays patterns from 20
through 10 meters. The gain is remark-
ably consistent from one band to the
next. Only on 10 meters do we find suf-
ficient interaction between the two
active wires and the inactive wire to
produce a 0.9-dB front-to-back ratio.

Operation on 10 meters presses the
array to its limits as a means of cover-
ing the entire horizon with three bi-di-
rectional patterns. The right side of
Figure 5 shows the deeper nulls in the
overlap region between maximum gain
points. As well, there are other cautions
to observe when using the half-Y array
in multiband service. Table 4 lists some
of the modeled performance figures, as
well as indicating the bands most likely
to yield excellent performance. Below
20 meters, we obtain an even broader
beamwidth. However, the source im-
pedance has a low resistance and a very
high reactance. With the standard high
impedance lines that we are likely to
use for the array, this situation will
likely result in a challenging matching
situation for most tuners and intro-
duce significant line losses. On 12 and
10 meters, the source impedance values
reach levels that may challenge tuners
in the other direction, depending upon
the impedance components that exist at
the terminals as a result of the line
length and characteristic impedance.
However, consistent operation on 20
through 15 meters — with 12 meters
also a possibility — should be easy.

For the upper HF region, installing
the half-Y should require only three

Table 3

Modeled Dimensions of Y-Arrays for 20 to 10 Meters
Note:  Dimensions given are for one leg.  Correlate remaining dimensions via Table 1. H
indicates the horizontal dimension for all versions, and S indicates the vertical side dimension
for the loops. All dimensions derived from NEC-4 with a source impedance within 0.5-Ω of
20-meter version. All dimensions in inches: multiply by 0.0254 for length in meters.

Frequency Dipole Square Rectangle
MHz Hd Hs Ss Hr Sr
14.175 203.6" 110.0" 220.0" 80.0" 278.6"
18.118 159.2"   86.2" 172.4" 63.0" 218.0"
21.225 135.8"   73.7" 147.4" 53.7" 186.5"
24.94 115.5"   62.8" 125.6" 45.7" 159.0"
28.4 101.4"   55.2" 110.4" 40.1" 139.2"

supports, one at each dipole end. The
triple feed line that forms an equilat-
eral triangle as a cross-section can sim-
ply drop from the center point. If the
curve that the line forms on its way to
the shack entry is shallow enough, you
can maintain equal-length lines along
the entire feed line run. Under these
conditions, you should not need signifi-
cant retuning when switching from one
pair of dipole legs to the next. Hence, a
simple switching scheme should give
instant recognition of which dipole pair
yields the strongest signal.

There will be a temptation to use a

center support and to place the feed-
line wires symmetrically around the
support. This method will work if the
support does not form a conductor or
semiconductor. Trees and telephone
poles notoriously change their conduc-
tive properties with the weather and
the seasons. They can create losses
along the line that take up much of the
energy before it ever reaches the an-
tenna. Unless the center support is cer-
tifiably non-conductive for the HF
region in all weather, it may be better
to offset the three feed lines from the
support and to maintain sufficient

Table 1

Dimensions of 20-Meter AWG No. 12 Dipole, Square and Rectangle Y-Arrays

Note: All dimensions in inches for AWG no. 12 copper wire. Multiply by 0.0254 for length in
meters. See Figure 6 for abbreviations applied to a diagram of the square and rectangular
arrays.

Dipole Square Rectangle
Horizontal Length from Center (Hd, Hs, Hr) 203.6" 110.0"   80.0"
Corner-to-Corner Length (Ld, Ls, Lr) 352.6" 190.7" 138.6"
Perpendicular (Mid-Side to Apex: Pd, Ps, Pr) 305.4" 165.0" 120.0"
Vertical Side Length (Ss, Sr) —— 220.0" 278.6"
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Figure 7 — A comparison of elevation
patterns for the dipole, square, and
rectangle versions of the Y-array on
20 meters. Note the reduction of wasted
high-angle radiation with the square and
the rectangle at the selected top-wire
height (about ¾ λλλλλ).

Figure 6 — General layout for 20-meter Y-square and Y-rectangle arrays, originally
suggested by Ron Wray, WB5HZE. See Table 3 for 20-meter wire dimensions.

distance to minimize interactions be-
tween the support and the lines.

The half-dipole Y is not the only pos-
sible form for the array. Ron Wray,
WB5HZE, wrote to me about some inter-
esting possible variations to suit his
needs. Instead of using ¼-λ  legs for each
branch of the Y, he considered using half
loops. In effect, the active pair of half
loops would form a 1-λ quad loop with a
120° V. He also suggested that we need
not replicate the isolation of the inactive
element at the top or unfed point. The
result would be a set of loops that had
special advantages. First, for the same
top height as the dipoles, they would
yield additional gain. Second, a single
top junction would simplify construc-
tion. Third, the entire array would oc-
cupy only half the lateral space required

Figure 5 — Typical (free-space) azimuth pattern produced by the Y-dipole array (A).
Part B shows the worst case coverage on 10 meters. Primary-use bands extend through
12 meters.

by the ¼-λ dipole legs. Finally, if a
builder desired to use tubing or similar
materials, a single center support could
hold the entire array. See Figure 6.

I modeled the revised system and
ended up with the dimensions shown in
the remaining lines of Table 1 for a
20-meter version of Ron’s antenna. In
addition to the standard square loop,
we can also form a rectangle with a
50-Ω impedance on the fundamental
band. The table also shows the dimen-
sions for such a loop, with reduced lat-
eral spread. The rectangle is only 40%
as wide as the version using linear di-
pole legs. However, it is significantly
longer from top to bottom.

Table 2 shows the free-space and 50 ft
modeled 20-meter performance data for
the three versions of the half-Y array.

The square and rectangular loop ver-
sions lose about a quarter dB relative to
flat versions of those antennas. The
loops both form in-phase-fed pairs of
horizontal elements and show gain over
the single dipole. As well, the loops
show slightly higher beamwidth values.
I chose a certain maximum height (50 ft)
for the comparisons because that is
likely to be the factor limiting most an-
tenna builders. With a maximum top-
wire height, the loops show slightly
higher take-off (TO) angles than the di-
pole version, since the element with the
feed point is lower than for the linear
element antenna. For any loop, the
height that determines the TO angle —
when referenced to a single linear ele-
ment — is about 2/3 of the way from the
lower to the upper loop wire. (The same
approximation applies also to stacks of
Yagis.)

The source of the added gain for the
loops on the fundamental frequency
becomes apparent from Figure 7. The
graphic overlays the elevation patterns
for the three versions of the loop with
the 50 ft top-wire height. The square
loop shows considerable suppression of
high-angle radiation due to the use of
two wires, one above the other. As we
move toward the rectangle, the horizon-
tal portions of the antenna come closer
to a ½-λ spacing, at which point, radia-
tion toward the zenith would disap-
pear. It is not possible to reach a full
½ λ and still have a loop. However, the
50-Ω rectangle has about 10 dB lower
levels of zenith radiation than the lin-
ear dipole. As a result, there is more en-
ergy for the lowest lobe.

You may choose any fundamental
band for a half-Y array in any of the
three forms shown in these notes. Table
3 provides a starting point by giving the
free-space resonant dimensions for the
arrays using no. 12 copper wire as a
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Table 4

Modeled Anticipated Multiband Performance of Y-Arrays Resonant on
20 Meters for the Upper HF Amateur Bands

Note: All antennas have a maximum height of 50' above average ground and use AWG no.
12 copper wire. See Table 3 for dimensions. An asterisk (*) indicates the most usable bands.
See text for cautions and exclusions.

Frequency Max. Gain TO Angle Beamwidth Approximate
MHz dBi degrees degrees Impedance

R ± jX Ω
20-Meter Dipole Y-Array
10.125 7.0 27 95 20 – j460
14.175* 7.1 19 88 60 + j6
18.118* 7.0 15 82 160 + j440
21.225* 7.2 13 77 340 + j960
24.94* 7.2 11 68 1900 + j2000
28.4 8.1 10 58 3200 – j1900

20-Meter Square-Loop Y-Array
10.125 6.5 29 98 85 – j1100
14.175* 8.0 22 90 90 – j3
18.118* 8.3 18 89 380 + j1200
21.225* 7.5 13 106 3600 – j3200
24.94 4.3 10 117 220 – j540
28.4 3.3 9 116 270 + j180

20-Meter Rectangular-Loop Y-Array
10.125 6.2 30 99 50 – j1100
14.175* 8.1 23 91 50 – j2
18.118* 8.9 18 91 190 + j1200
21.225* 7.3 14 113 2200 – j4700
24.94 3.3 10 146 150 – j560
28.4 1.8 9 106 190 + j140

material. Obviously, the higher the
fundamental frequency of the loop, the
easier it will be to form an array that
requires only a single support. With
some adjustment of the loop size, you
can use tubular horizontals and wire
vertical elements. You may also create
a one-support structure by using a set
of non-conductive horizontal supports
with all-wire loops stretched between
them. The variations are as unlimited
as your creative adaptation of locally
available materials.

Any of the three versions of the half-
Y array will provide horizonal coverage
on the primary bands because the
unfed element is largely inert. The
horizontal portions of the third element
are at right angles to the active loop or
dipole, despite the 120° V. Since the in-
active element is also not fed, the cur-
rent level remains near zero all along
its length. Figure 8 shows an EZNEC
portrayal of the relative current magni-
tude on the elements of both the
Y-dipole and the Y-rectangle versions
of the array on 20 meters, the funda-
mental frequency. Note that, for both
versions of the antenna, the current
level on the inactive element is com-
pletely insignificant, compared to the
current on the active wires.

Table 4 provides the modeling data for
all three versions of the array for a top-
wire height of 50 ft above average
ground. We have already noted the cau-
tion about operating the antennas at
30 meters, due to the low feed-point
resistance and the high ratio of source
reactance to resistance in all three an-
tennas. For multiband operation, the di-
pole version of the half-Y array shows
lower gain than the square and rectan-
gular versions on 20 and 17 meters.
However, the loop versions of the array
lose any significant gain advantage on
15 meters. On 12 and 10 meters, the
dipole array produces usable patterns,
although the high feed-point resistance
and reactance may present some an-
tenna tuners with a challenge.

The loop versions of the Y-array show
a steep decline in gain as the frequency
climbs above 21 MHz. The situation is
considerably worse on 12 and 10 meters
than the gain values in the perfor-
mance table indicate. Figure 9 shows
the elevation and azimuth plots for the
rectangular Y-array on both 15 and
12 meters. Similar patterns emerge for
the square array and for the same set of
reasons. At 21 MHz, the loops still show
mainly broadside radiation, which is
natural to a loop with a circumference
in the vicinity of 1 λ. However, by the
time the operating frequency reaches
24.94 MHz, the array is operating like
a 2-λ loop, with strong radiation off the
edges rather than broadside to the loop
face. As a result of the change in oper-
ating conditions, the loop patterns

show a very strong component directed
straight upward as well as strong side-
to-side radiation. In terms of total cov-
erage of the horizon, the loop-based
forms of the Y-array lose their utility as
the loop circumferences grow to about
1.75 λ or larger.

The potential Y-array builder thus
has to decide whether he or she wants
more gain on 20 and 17 or the possibil-
ity of extended operation to include 12
and 10 meters. Since the final decision
will likely also contain strong consider-
ation of what will fit within a given an-
tenna space and how many supports
are available, I can only suggest careful
planning before attempting to con-
struct any version of the Y-array.

The planning should also include
careful attention to the method of han-
dling the triple feed line. If you plan the
system as a monoband array, you can
create your own twisted triplet of wires
using well-insulated AWG no. 12 or
larger wires. If you use good quality
wire with one of the modern plastics for
insulation, the feed line will likely have
low — or at least acceptable — losses in
the HF range. Do not use computer ca-
bling, since the wires are likely too thin
for even QRP power levels. The low-
impedance line may not be a match for

the source impedance, so you will still
need a tuner. However, tuners built
into modern transceivers may be all
that you need to effect an adequate
match.

For multiband use, the situation
changes. Figure 10 shows the basic sys-
tem of feeding the antenna with home-
made transmission lines that have a
relatively high characteristic imped-
ance. With 1 inch spacing, AWG no. 12
or 14 wire will show close to 400 Ω as
the characteristic impedance. It is pos-
sible to make periodic spacers from
plastic discs. The goal is to hold all
three wires in perfect alignment from
the antenna source to the antenna
tuner terminals or to some intervening
switching system. If there is a center
support, the wire-spacing disc can be
the end portion of a larger piece of plas-
tic material used to space the entire set
of wires well away from the support.
The plastic should have good RF prop-
erties in the upper HF region and be
resistant to UV radiation. UV-pro-
tected polycarbonate is readily avail-
able from plastic supply houses and
other sources.

If the run of line is fairly long and the
spacers are anchored, you may also
move the wire positions by one hole with

cebik.pmd 02/02/2006, 12:30 PM55



56  Mar/Apr  2006

each new spacer. Make each position
shift in the same direction, either clock-
wise or counterclockwise, so that the re-
sulting line has a stiffening twist along
its total length. The ultimate goal is a
set of three possible line combinations
such that, when switching from one com-
bination to the next, no antenna tuner
changes are necessary. The result will
be the ability to switch from one combi-
nation to the next to determine in-
stantly which one produces the
strongest signal. The strongest received
signal normally indicates the best set-
ting for the strongest transmitted sig-
nal.

You may switch the system manually
or remotely anywhere along the line.
The top portion of Figure 11 shows a
simplified manual switching system
suitable for use in the shack near the
tuner output terminals. The numbered
lines are the three wires from the loop or
dipole halves. The lines marked A and B
represent the two-wire parallel feed line
from the switch to the antenna tuner.
Because the impedance at the switch
may be either very high or very low, use
as large of a ceramic rotary switch (two-
pole, three-position) as you can obtain,
depending on the power that you plan to
use. The terminals should be well
spaced and heavy to handle either high
voltage or high currents. You may add a
third wafer to ground the inactive line.
A metal enclosure is not necessary, but
the entire assembly should adhere to all
safety precautions concerning unwanted
contact by either the operator or shack
visitors.

The lower portion of Figure 11 shows
the bare bones of a remote relay-con-
trolled switching system. In the sketch,
the normally closed contacts are up-
ward to simplify the drawing. The relay
control switch is in the shack, while the
relays might normally live very close to
the array feed points. The schematic
does not show the normal reversed di-
ode across each relay and the extensive
use of bypass capacitors and other com-
ponents needed to keep the relay con-
trol lines free of RF. Like the manual
switching sections, the relays need
widely spaced contacts to handle high
voltage and large contact surface areas
to handle high currents. The remote
system allows the use of one of the com-
mercial parallel transmission lines for
the run from the switching box to the
antenna tuner. The relay system re-
quires careful weather proofing. I pre-
fer a double-shell system, with weep
holes well separated. If one shell has a
hidden leak, the second shell sustains
protection. Debug the relay housing(s)
at least once or twice per season.

The half-Y array is not an answer to
every upper-HF operating need. Its goal
is to provide full horizon coverage for the
general operator with limited space and

Figure 8 — Relative current magnitudes on the active and inactive wires of a Y-array.
Note the very low current magnitude on the inactive wires. The rectangular version has a
common junction of top wires, and only the inactive lower wire is isolated from the active
wires.

a budget that does not include a rotator.
Antenna and feed-line switching with
less expensive components substitutes
for an expensive and high-maintenance
rotator system. One or another version
of the antenna may be suitable for po-
tential use on any of the HF amateur
bands as the fundamental frequency.

The triangular or Y-array concept is
adaptable to many variations. For ex-
ample, if you have a need for diverse tar-
get areas rather than whole horizon
coverage, you might consider a triangle
of extended lazy-H antennas. With suf-
ficient separation, you can create a
switchable triangle of Lazy-H arrays
targeted by the best compromise rela-
tive to the broadside pattern of each one.
The extended Lazy-H uses 1.25-λ ele-
ments on the highest frequency of use,
with ½-λ to 5/8-λ spacing between the
upper and lower elements. A perfect tri-
angle is not necessary, so you can modify
the broadside direction of each Lazy-H

to accommodate the narrower beam-
width that gives you the higher gain. As
well, the longer elements will be more
immune to interaction with the inactive
antennas. If you begin with 1.25-λ ele-
ments and a vertical spacing of 5/8 λ at
10 meters, you can cover several lower
bands with good patterns and signifi-
cant gain before the array approaches
the size at which interactions with the
inactive wires create pattern distor-
tions. The array trades beamwidth for
gain, so full horizon coverage cannot be
a goal. However, you can obtain good
signal strength to up to six target com-
munication areas.

Alternatively, especially for the lower
bands, you can create triangles of verti-
cal dipoles. By judicious switching, you
can drive one dipole and let the other
two form a set of reflectors. The leads to
a central remote switch can comprise
inductively reactive loads for the reflec-
tors, to create the right amount of
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lengthening for optimum parasitic re-
flector service. Vertical antenna pat-
terns normally have a larger beamwidth
than horizontal antenna patterns, and a
120° beamwidth is not difficult to ob-
tain. Therefore, you can cover the entire
horizon with just three vertical dipoles.

The Y-arrays and some of the pos-
sible triangles provide examples of
what we can do with wire when faced
with a limited budget and limited in-
stallation space. The basics for the ar-
rays that we discussed have very old
roots, but are ripe for re-use, refresh-
ment, and contemporary adaptation to
increase our antenna options. “Why” is
a question, but for some operators, “Y”
may be an answer.

[You can download the EZNEC an-
tenna model files associated with this
article from the ARRL Web at
www.arrl.org/qexfiles/. Look for
3x06_Cebik.zip — Ed.]

Figure 9 — Elevation and azimuth patterns of the Y-rectangle array on 15 and 12 meters.
The 15-meter pattern remains broadside to the loop face. The 12-meter pattern shows
strong loop edge radiation, resulting in pattern changes in both plotting planes. The
Y-square patterns are similar.

Figure 10 — The general scheme for
feeding a Y-array via an antenna tuner.
The sketch shows that lines 1 and 2 are
connected and active, with the inactive
line (3) connected to an (optional but
advisable) earth ground. See text and
Figure 11 for possible switching schemes.
Maintaining a constant spacing between
the 3 feed-line wires is crucial to effective
array operation.

Figure 11 — Simplified schematic diagrams for manual in-shack switching and for
remote relay switching of the feed lines to select the active dipole. The diagram of the
remote version does not show relay protection diodes and RF bypass capacitors for
simplicity. Both schemes activate lines 2 and 3. ��
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Letters to
the Editor

RF Power Amplifier Output
impedance Revisited
(Jan/Feb 2005)

Dear Sir:
In my letter in the Mar/Apr 2005

issue of QEX, regarding Bob
Craiglow’s article, I referenced a
simple mathematical proof that an RF
power amplifier (RFPA) was conju-
gately matched with its load when the
load was adjusted to draw maximum
power. In his response in the May/Jun
QEX, Bob dismissed this proof claim-
ing I did not “…adequately model all
the essential features of a nonlinear,
non-time-stationary RF power ampli-
fier.” The quoted statement is true. I
did not model any nonlinear features.
But this is irrelevant. The proof is in-
dependent of any linearity arguments.
The only assumptions required are
that there is a maximum in the power-
output-load resistance relation and
that the output current be differen-
tiable by the load resistance. The proof
stands, and despite Bob’s conclusions,
RFPAs are conjugately matched with
their load when the load is adjusted
to draw a maximum power. See also
the numerical calculations below.

Regarding the value of the equiva-
lent source resistance, I now acknowl-
edge that Bob is correct and that the
equivalent source resistance for a PA
operating with fixed bias is RS = ∆Εp /
∆Ip1, given by the relation 2πrp / (θ +
sinθ). The key to me was Bob’s remark
in private correspondence that Ep
should/could be regarded as the termi-
nal voltage of a counter generator con-
nected across the RFPA’s output ter-
minals. In this view, Ep can clearly be
taken as an independent variable and
this eliminates my objection to his pro-
cedure in differentiating Ep with re-
spect to Ip1. For PAs operating with a
fixed conduction angle, the equivalent
source resistance is 2πrp / (θ + sinθ).

It is necessary to recognize that his
equation (Eq B1) is correct in so far
as it is a way to calculate the load cur-
rent. In this equation, θ is a number.
It is the operating angle of the RFPA.
It is a parameter, not a variable.

The following results of numerical
calculations illustrate these points.
For these calculations I have taken
µEg = 14.1493 V, µEbco = –5.0 V (Ebco is
the bias beyond cutoff), rp = 1.0 Ω and
the operating angle at maximum out-
put as 120°.

The output power is a maximum
when the load resistance equals the
source resistance. The RFPA is conju-
gately matched to its load at the load
drawing maximum power.

In the immediate vicinity of the
maximum power the RFPA is repre-
sented by a Thevenin equivalent cir-
cuit with an open circuit potential of
8.298 V and a series resistance of
2.1224 Ω.

However, the source resistance is
not constant and the variation be-
comes appreciable for large changes
in the load resistance, although on a
plot of Ep against Ip1 the deviation from
linearity is difficult to identify.

Regarding Bob’s Appendix C, his
conclusion that if a test signal were
phase displaced the source impedance
would be reactive, leads to an impos-
sible situation. If Bob is thinking (or
perhaps if I am thinking that he is
thinking) he will measure the imped-
ance with a test signal with α = 0.0, I
will need a pure resistance to draw
maximum power. But if he is thinking
of making the measurement with a
signal where α  ≠ 0, I need a reactive
load to draw maximum power. I note
also that the magnitude of the source
admittance changes with α, even when
purely resistive.

For example at α of 0.0° and 90° the
measured impedances, both resistive,
are 2.1224 rp and 5.1151 rp. Changing
the phase of the test signal has
changed the “source resistance” by a
factor of more than two, with no
change in the amplifier! Further, this
effect is independent of the magnitude
of the test signal. Even an infinitesi-
mal test signal with α  ≠ 0 causes the
source impedance to break into resis-
tive and reactive components and to
change in magnitude as above. Bob’s
conclusions in this area are wrong.
— Bert Weller, WD8KBW, sodiumflame
@sbcglobal.net

Dear Doug,
Bert and I now agree that the

source impedance is defined as Zs =
–∆Ep / ∆Ip. We also agree that the
output or source resistance is
Rs = 2π rp1  / [θ + sinθ] for a PA with

fixed dc bias,1 and Rs = 2π rp / [θ – sinθ]
if the bias, Ebco, is adjusted so as to hold
the conduction angle, θ, constant with
changes in Eg and Ep.2 Call the first
case fixed Ebco and the second fixed θ.
Finally we agree that, for a fixed θ
design, the load resistance that maxi-
mizes the power output for a fixed grid
drive voltage, RLd, equals Rs and there-
fore gives a conjugate match.

However, for a fixed Ebco design,
Bert maintains that the load that
maximizes the power output is still
equal to the source resistance and
therefore still gives a conjugate match.
However, I maintain that maximum
output always occurs at RLd = 2πrp /
[θ – sinθ], which does not give a conju-
gate match for this case. The deriva-
tion of RLd in Appendix B gives the load
for maximum power output as RLd =
2π rp / [θ – sinθ], which depends only
on the fixed parameters rp and θ and
is therefore applicable to both fixed
Ebco, and fixed θ designs.

Below is a table, identical to Bert’s
fixed Ebco table, except that it investi-
gates the region around a nominal
load impedance of RLd = 5.115 Ω in-
stead of the region around to RS =
2.122 Ω. The bias voltage required to
adjust θ to 120°  with µEg = 14.149 V
is now µEbco = –3.537 V. The maximum
power output for RL = RLd is 4.893 W
instead of 4.056 W for RL = RS, as
shown in Bert’s table. This shows that
the power output is 20% greater for
RL = RLd than for a conjugate match
(RL = RS).

Calculated RFPA characteristics, Pmax at θθθθθ = 120°.

θ RS Ip1 Ep1 RL Power
126.71 2.0852 2.5017 3.0 1.1992 3.753
123.99 2.0991 2.2627 3.5 1.5468 3.960
120.00 2.1224 1.9550 4.1493 2.1224 4.056
117.58 2.1382 1.7904 4.5 2.5134 4.028
113.75 2.1662 1.5880 5.0 3.2093 3.895

Calculated RF PA characteristics.

    θ RS Ip Ep RL Pout

126.7 2.08 1.77 6.26 3.54 5.54
124.0 2.10 1.60 6.62 4.13 5.29
120.0 2.12 1.38 7.07 5.11 4.89
117.6 2.14 1.27 7.32 5.78 4.63
113.7 2.17 1.10 7.68 6.96 4.23

Bert’s second criticism is that an
RFPA’s source impedance, ZS = –∆Ep /
∆Ip, cannot possibly be reactive. Cer-
tainly, ∆Ep is small and so is ∆Ip but
this does not imply that their ratio
is small. The instantaneous plate

1See Eq A1 with Ebco = [Ec + Eb / m].

2See Eq A3 where the fixed bias term, mEbco
= [mEc + Eb], is replaced by Eq A2.
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current, ip, flows only during the con-
duction interval of –θ / 2 < φ < θ / 2.
Therefore, ∆Ip will tend to be some-
what in phase with Ep and, if ∆Ep is
not in-phase with Ep, –DEp / DIp may
have a reactive component.

The output admittance is YS = GS +
jBS = –∆Ip / ∆Et where ∆Et  = –∆Ep cos(φ
+ α), ∆Ep is the magnitude of the test
signal, and α is its phase relative to
the ac grid voltage. For a fixed Ebco
design, the instantaneous plate cur-
rent is given by Eq A1. When the small
test voltage is added, the instanta-
neous current becomes ip = [µEbco +
(µEg – Ep) cosf – ∆Ep cos(φ + α)] / rp.
Therefore the change in the instanta-
neous current is ∆ip = –[∆Ep cos(φ + α)]
/ rp. The corresponding change in the
fundamental ac component of current,
that is in-phase with the test voltage,
is

−
⋅+⋅∆=∆

2/

2/
)cos(1

θ

θ
φαφπ diI ppI

]2[/)]sin()2cos([( ppp rEI
I

⋅+∆−=∆ πθαθ
so that

 
Therefore the conductance is GS =

–∆IpI / ∆Ep = [θ +cos(2a) sin(θ)] / [2π rp].
Similarly, the quadrature compo-

nent of ac current, relative to the
phase of the test voltage, is:

−
⋅+⋅∆=∆

2/

2/
)sin(1

θ

θ
φαφπ diI ppQ

ppp rEI
Q

⋅∆−=∆ πθα 2[ /)]sin()2[(sin(

so that

]
Therefore the suseptance is BS =

–∆IpQ 
Most published RFPA analyses are

for fixed θ designs while implementa-
tions are normally fixed Ebco designs. It
appears possible, at least in theory, to
design a linear, class C, SSB, RFPA with
a fixed θ design, using a grid bias con-
trol circuit based on feedback of the RF
output envelope voltage. This appears
to offer an opportunity to design a high
efficiency, linear, class-C SSB PA.

/ ∆Ep = [sin(2α) sin(θ)] / [2π rp].

— Bob Craiglow, craiglowrl@juno.
com

W5OLY, “Letters to the Editor,” QEX,
Jan/Feb 2001, pp 59-61.)

2. Resistance in an amplifier’s
source impedance implies the conver-
sion of energy from one form to an-
other. Absent radiative effects, only an
ohmic resistance that converts electro-
magnetic energy to heat can explain
that resistance. The question is: Is a
measurement of an amplifier’s s22
(output reflection coefficient) equiva-
lent to a measurement of its source
impedance? Or is it a measurement of
the conjugate of its optimal load im-
pedance? (D. Smith, KF6DX, “Resis-
tance — The Real Story,” QEX, Jul/Aug
2004, pp 51-53.)

3. The establishment of the ratio of
voltage to current at a source is an
indication of the load impedance and
not necessarily of the source imped-
ance. Example: A 3-W night light
might be plugged into a 120-V ac wall
outlet. That ratio V / I is much more
than that of a 3-kW amateur ampli-
fier drawing its full current. Does that
imply anything about source imped-
ance?

I’d say it’s time to lay it on the line
— Doug Smith, KF6DX, QEX Editor,
kf6dx@arrl.org.

Quadrature Phase Concepts
(Nov/Dec 2005)

Hi Doug,
I felt uneasy about the conclusion

that quadrature techniques cannot
eliminate one sideband in a receiver.
After all, the equivalent of Figure 2 is
in fact frequently used to eliminate the
unwanted sideband in direct-conver-
sion receivers.

It seems that there is an error in
how the 45° phase shift in the signal
path (not the oscillator path) is taken
into account. When a sine wave of fre-
quency f, given by cos(2πft), undergoes
a phase shift, the result can be denoted
by cos(2πft + c), for some c. A positive
phase shift corresponds to advancing
time t, so a positive phase shift is rep-
resented by positive c if f > 0, and nega-
tive c if f < 0 — and conversely for a
negative phase shift. KC7FHP,
however, unconditionally represents a
positive phase shift by a positive c
(first line of second column on
page 21), even though the frequency
here (in F – O) may be either positive
or negative.
— 73, Pieter-Tjerk, PA3FWM, pa3fwm
@amsat.org

realizations successfully use the
phasing method to make SSB without
passband filtering.

Here is the mistake, according to
me:

[Eq 5] and [Eq 6] are actually only
correct if F – O > 0, and Gary implic-
itly thinks that they remain the same
when F – O is negative. If F – O < 0,
the equations in fact take another
form. So when Gary says (p 21): “As-
suming F – O is positive or F – O is
negative, it doesn’t matter…” It actu-
ally matters, because the equations
are not the same in the two cases. This
is why the demonstrations that follow
are incorrect.

The fact that the equations are not
the same for positive and negative fre-
quencies comes from the Hilbert
Transform properties, in which sign of
frequency is of crucial importance. For
example :

HT[cos(2 π F T)] = sin(2 π  F T) if F > 0,
and –sin(2 π  F T) if F < 0

HT[sin(2 π  F T)] = –cos(2 π  F T) if F > 0,
and cos(2 π F T) if F < 0

Note that in Figure 2, p 21, if Gary
had made a difference instead of a sum
at the end of the treatments, he would
have obtained zero, and would have
achieved what he wanted: eliminating
part of the frequency spectrum! He
speaks of “subtraction” in the modu-
lator (p 20), but unfortunately not in
the demodulator!

Thank you for this article. It was
a good opportunity for everybody to
dive deeply into Hilbert Transform
theory!
— 73, Christophe Bourguignat,
F4DAN, 15, rue Poirier de Narçay,
75014, Paris, France

Source Coding and Digital Voice
for PSK31 (Nov/Dec 2005)

Hi,
I just read your interesting article

on using PSK31 to transmit speech.
In your system, unlike pure text-to-
speech systems, you really do have
access to the original accent, phras-
ing, and intonation information. You
also have access to the timing info. In
fact, the “time warping” goes to great
length to remove this info, so it must
be detecting it. Therefore, it doesn’t
seem unreasonable to encode some of
this information with the signal, at
some increase in bandwidth. One idea
would be to have a special message
that says “the next word is accented”
or “the pitch curve slope is such-and-
such” or “the playback rate slope is
such-and-such.” To determine how fea-
sible this would be for the extreme

Gentlemen,
I’m glad to see new information in

your debate but theories need testing
for confirmation. That’s what we’ve
lacked for the last several years.

Certain assertions previously ad-
vanced on these pages remain unchal-
lenged and unconfirmed. They include:

1. Resistive load-variation testing
cannot confirm a conjugate match be-
cause a magnitude-only measurement
at the load measures only the magni-
tude of an amplifier’s source imped-
ance. That type of test can refute a
conjugate match, however. (W. Bruene,

Hi Gary and Doug,
In my opinion, the conclusions

made in this article are wrong. Hun-
dreds of amateur and professional
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case of PSK31, a “thought experiment”
such as you did would be required. Yet
another idea for increasing fidelity
would be to make a pitch range and
spectral characterization of the source
voice and transmit that as a header;
this could be used to pick a synthesis
voice that partially matches the origi-
nal. At the very least it could be used
to select between female and male
voice synthesis.
— Best regards, David A. Jaffe, K6DAJ,
David.Jaffe@analog.com

Hi David,
Thanks for your note. You’re right

that additional information could be
transmitted to take care of the things
you mention. I’m glad to see you’re
thinking about that. As you did, I also
thought about transmitting informa-
tion that would allow the synthesized
voice to match the original. Of course,
many methods exist for it that are
well-documented.

Other neat things you can do with
digital voice include: adding header
information to CQs that indicates the
interests of the caller, establishing
store-and-forward operation phone-
grams, which would be neat for sol-
diers overseas), interspersing image
data and so forth. The ARRL regula-
tion-by-BW proposal has something to
say about all that, I think. Other ideas

can be found in the reports of the
ARRL Digital Voice Working Group,
under Committee Reports from the
last five years in the Announce terri-
tory of www.arrl.org.

As I’ve stated before, standards are
firmly established only by their popu-
larity, and not just by committees. It
remains, therefore, for someone to get
interested enough to start coding. I
wish I had the time for it.
— 73, Doug, KF6DX

Quantifying SETI (Jan/Feb 2006)
One reader reports that he was re-

ferred to the following Web pages by
author H. Paul Shuch, N6TX, to
learn how to build an amateur SETI
station and more: www.setileague.
org/editor/magic.htm and www.
s e t i l e a g u e . o r g / a r t i c l e s /
minimeta.htm. We’re happy to pass
those URLs along. — Doug, KF6DX

Pspice for the Masses
(Jan/Feb 2006)

Hi Doug,
Just got the new issue — as usual,

interesting. Though of no great conse-
quence, the curve identifications in
Figure 4 are reversed. Most readers
will hopefully recognize this.
— 73, Bob Hicks, W5TX, w5tx@w5tx.
com ��

Our Italian friends Paolo Antoniazzi,
IW2ACD,  and Marco Arecco, IK2WAQ,
return with a study of helical feeds with
disk reflectors for Phase-3E parabolic
antennas at 2.4 GHz. They also look at
Phase-5A, 10-GHz possibilities for fu-
ture Earth-Mars communications. Ex-
tensive computer modeling is balanced
by the authors’ experience in microwave
antenna construction. Don’t miss this
one!

40th Anniversary CSVHFS
Conference, 27 – 29 July, 2006
Bloomington, MN
(Across from the Mall of
America)
Call for Papers

The Central States VHF Society is
soliciting papers, presentations, and
Poster displays for the 40th Annual
CSVHFS Conference to be held in
Bloomington, Minnesota (across from
the Mall of America) on 27 – 29 July,
2006. Papers, presentations, and Post-
ers on all aspects of weak-signal VHF
and higher-frequency Amateur Radio
operation are requested. You do not
need to attend the conference, nor
present your paper, to have it pub-
lished in the Proceedings. Posters will
be displayed during the two days of
the Conference.

Topics of interest include (but
are not limited to):
• Antennas, including modeling/de-

Upcoming Conferences

��

Tech Notes (Jan/Feb 2006)
We want to clarify that in last

issue’s Tech Notes, Eq 5 is properly
called the standard deviation of the
mean. The standard deviation of the
mean is an estimate of the standard
uncertainty to be associated with the
mean, or average, of a set of measure-
ments or calculations. — Ed.

sign, arrays, and control.
• Construction of equipment, such as

transmitters, receivers, and
transverters.

• RF amplifiers (power amps) includ-
ing single-band and multi-band
vaccum tube and solid-state pream-
plifiers (low noise).

• Propagation, including ducting, spo-
radic E, and meteor scatter, etc.

• Test Equipment, including home-
brew, using, and making measure-
ments.

• Regulatory topics.
• Operating, including contesting, rov-

ing, and DXpeditions.
• EME.
• Digital signal processing (DSP).
• Software-defined radio (SDR).
• Digitial modes such as WSJT, JT65,

etc.

Generally, topics not related to
weak signal VHF, such as FM repeates
and packet radio are not accepted for

presentation or publication. There are
always exceptions, however.

Please contact either the Technical
Program Chairman, Jon Platt, WØZQ,
or the Proceedings Chairman, Donn
Baker, WA2VOI/Ø at the the e-mail
addresses below.

The deadline for submissions for
the Proceedings is Monday, 1 May
2006. For Presentations to be deliv-
ered at the conference the deadline is
Monday, 3 July 2006. The deadline
for Posters to be displayed at the con-
ference is Thursday, 27 July 2006.
(Bring your poster with you!)

Further information is available at
the CSVHFS Web site (www.csvhfs.
org). See “The 2006 Conference,” and
“Guidance for Proceedings Authors,”
“Guidance for Presenters,” and “Guid-
ance for Table-top/Poster Displays.”

Contacts
Technical Program Chairman: Jon

Platt, WØZQ at w0zq@aol.com.
Proceedings Chairman: Donn

Baker, WA2VOI/Ø at Proceedings.
WA2VOI@OurTownUSA.net.

In the next issue of
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Explore the possibilities of using
Amateur Radio to see and talk with
other hams! With home computers,
widely available software, and gear
may hams already own, it’s easier
than ever to enjoy the imaging
modes: Narrow-Band Television
(NBTV), Amateur Television (ATV),
Slow-Scan Television (SSTV), and
Weather Satellite Imaging (WEFAX).

The ARRL Image
Communications Handbook
by Dr. Ralph E. Taggart, WB8DQT

Book includes CD-ROM with
software utilities.

ARRL Order No. 8616—$25.95*

*shipping: $8 US (ground)
$13.00 International (surface)

Sales tax is required for orders
shipped to CA, CT, VA, and Canada.

Available from ARRL Dealers
EVERYWHERE.

QEX 1/2006

ARRL The national association for

AMATEUR RADIO
www.arrl.org/shop In the US call our toll-free number 1-888-277-5289 8 AM-8 PM Eastern time Mon-Fri.

225 Main Street, Newington, CT 06111-1494    tel: 860-594-0355 fax: 860-594-0303

The ARRL

COMMUNICATIONS
HANDBOOK

IMAGE

YOU’RE....
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Transmitting

& Audio Tubes

• COMMUNICATIONS

• BROADCAST

• INDUSTRY

• AMATEUR

An Address to Remember:

www.rfparts.com

E-mail:

rfp@rfparts.com

FAX: 760-744-1943 or 888-744-1943

3CPX800A7

3CPX5000A7

3CW20000A7

3CX100A5

3CX400A7

3CX400U7

3CX800A7

3CX1200A7

3CX1200D7

3CX1200Z7

3CX1500A7

3CX2500A3

3CX2500F3

3CX3000A7

3CX6000A7

3CX10000A7

3CX15000A7

3CX20000A7

4CX250B

4CX250BC

4CX250BT

4CX250FG

4CX250R

4CX350A

4CX350F

4CX400A

4CX800A

4CX1000A

4CX1500A

4CX1500B

4CX3000A

4CX3500A

4CX5000A

4CX7500A

4CX10000A

4CX10000D

4CX15000A

4X150A

YC-130

YU-106

YU-108

YU-148

YU-157

572B

807

810

811A

812A

813

833A

833C

845

866-SS

872A-SS

5867A

5868

6146B

7092

3-500ZG

4-400A

M328 / TH328

M338 / TH338

M347 / TH347

M382

– TOO MANY TO LIST ALL –

Immediate Shipment from Stock

MILLIWATTS to KILOWATTS

From

More Watts per Dollar

s m

s m

Se Habla Español • We Export

TECH HELP / ORDER / INFO: 760-744-0700

ORDERS ONLY:

800-RF-PARTS • 800-737-2787

Electronics Officers
Needed for U.S. Flag

Commercial Ships Worldwide
Skills required: Computer, networking,

instrumentation and analog electronics
systems maintenance and operation.

Will assist in obtaining all licenses.
Outstanding pay and benefits.

Call, Fax or e-mail for more information.

American Radio
Association, AFL-CIO

Phone: 504-831-9612
Fax: 775-828-6994

arawest@earthlink.net

Great Training | Great Jobs | Great Pay 

ELKINS Marine Training International 

P.O. Box 2677; Santa Rosa, CA 95405 

 Phone: 800-821-0906, 707-792-5678 

Fax: 707-792-5677 

Email: info@elkinsmarine.com 

Website: www.elkinsmarine.com 

ELKINS, with its 54-year history in the radio and communications field, 

is the only school in the country providing all the training and licensing 

certification needed to prepare for the exciting vocation of  

Radio Officer/Electronics Officer in the Merchant Marines. 

Great Training | Great Jobs | Great Pay 

ELECTRONICS OFFICER 

TRAINING ACADEMY 

The Complete Package To Become A Marine 

Radio Officer/Electronics Officer 

Call, Fax or Email for More Information: 

Expanded Spectrum Systems • 6807 Oakdale Dr • Tampa, FL 33610
813-620-0062 • Fax 813-623-6142 • www.expandedspectrumsystems.com

Flash Crystal Frequency Synthesizer
• Clean, Stable RF Signal Source – Great for local oscillators

and lab test equipment applications!
• Several Models Available – Covering from

7 MHz up to 148 MHz
• Can Store Up to 10 Frequencies – Board-

mounted mini rotary dip switch for frequency
selection

• Completely Re-Programmable – Program
the 10 frequencies using any PC running
Hyperterminal (included in Windows operating
systems)

• Economical – A fraction of the cost of comparable
lab-grade RF signal synthesizers

• Outputs Approximately 5 mW (+7 dBm) – Female SMA RF output
connector

• Fully Assembled, Tested, and Ready to Go! – Just $80 (plus $4.30
S/H in US)

• Super Compact – Measures less than 2 by 2 inches!
• Power Requirements – 8 to 15V dc at approximately 55 mA
For Further Details, Visit Our Web site for the Owners Manual

HC-49 Crystals
• Frequencies: 3535, 3560, 7030,

7038, 7040, 7042, 7058, 7122,
7190, 7195, 10106, 10125, 10700,
14057, 14058, 14060, 21060,
24906, 28060, 28238, 28258 kHz

• Specs: +/–100 ppm, 18 pf

Cylindrical Crystals
• Frequencies: 3560, 7030, 7038,

7040, 7042, 7190, 10106, 10125,
14025, 14200, 14285, 18096,
21026, 21060, 24906, 28060 kHz.

• Specs: +/–100 ppm, 18 pF,
3x8 mm. (3560 crystal: 3x10 mm)
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We Design And Manufacture
To Meet Your Requirements

800-522-2253
This Number May Not

Save Your Life...
But it could make it a lot easier!
Especia l ly  when i t  comes to
ordering non-standard connectors.

RF/MICROWAVE CONNECTORS,
CABLES AND ASSEMBLIES

• Specials our specialty. Virtually any SMA, N,
TNC, HN, LC, RP, BNC, SMB, or SMC
delivered in 2-4 weeks.

• Cross reference library to all major
manufacturers.

• Experts in supplying “hard to get” RF
connectors.

• Our adapters can satisfy virtually any
combination of requirements between series.

• Extensive inventory of passive RF/Microwave
components including attenuators,
terminations and dividers.

• No minimum order.

12240 N.E. 14TH AVENUE
NORTH MIAMI, FL 33161

TEL: 305-899-0900 • FAX: 305-895-8178
E-MAIL: INFO@NEMAL.COM

BRASIL: (011) 5535-2368

NEMAL ELECTRONICS INTERNATIONAL, INC.

*Protoype or Production Quantities

URL: WWW.NEMAL.COM

858.565.1319   FAX 858.571.5909
www.NationalRF.com

7969 ENGINEER ROAD, #102, SAN DIEGO, CA 92111

■ 7-Digit Display

■ 160 kHz to 55 MHz Range

■ For Receivers & Transmitters

■ Works with Increasing & Decreasing LOs

■ 7 BNC Inputs for Multiple Rigs!

■ Hook Up Tips Included!

■ 4" H X 5" W X 3" D

■ 12 V dc, ~135 mA (ps included)

NFD-1 Digital
Display for
Vintage Gear

NEW!

Visit Our Site for Complete Info!

Easily add the convenience

of a digital frequency readout

to vintage gear by National,

Collins, Hammarlund, etc.

NDB-Series
RF Milliwatt Meters

These

milliwatt meters deliver

lab-grade measurement

capabilities at prices

anyone can afford! The

NDB-3 also features a

10 mV/dB dc signal

output – terrific for scoping

filter response, and more!

NEW!

■■■■■ Measurement Freq. Range: ~15 kHz to 500 MHz

■■■■■ Maximum RF Input (Approximate):

  +10 dBm (0.010 W) at 0 dB Attenuator Setting

  +24 dBm (1/4 W) at –20 dB Attenuator Setting

■■■■■ Minimum Sensitivity: Approx. –73 dBm (~40 µV)

■■■■■ Accuracy: +/–2 dB, Typical

■■■■■ Power Source: 6 Internal AA Batteries

■■■■■ Size: 5"H X 4"W X 3"D

Price: NDB-3 $289.95; NDB-2 $269.95,

plus $7 S/H

The ARRL Antenna Book is THE
SOURCE for current antenna theory
and a wealth of practical, how-to
construction projects. Fully searchable
CD-ROM included.

The ARRL
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