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Radio Frequency Interference…EC-006
Learn to identify sources and victims of interference. Tips and
suggestions for solutions and for handling those ticklish problems
that crop up with difficult neighbors and other aggrieved parties.
Tools to help foster ingenuity, intuition, and determination for
solving interference problems.
Member: $65 / Non-member: $95

VHF/UHF—Life Beyond the Repeater…EC-008
An introduction to Internet linking, amateur satellites, direction
finding, APRS, weak signals, VHF contesting, microwaves,
amateur television, and high speed multimedia radio. Great for
both the newly licensed and more experienced hams.
Member: $65 / Non-member: $95

Technician License Course…EC-010
The course prepares students to earn their first Amateur Radio
license. There are no prerequisites. Individually assigned online
mentors assist students as they advance toward successfully
completing the course. Registration includes the ARRL book,
Now You’re Talking! and online graduate support.
Member: $99 / Non-member: $139

Register Online! www.arrl.org/cce

Online courses are produced by American Radio Relay League, Inc. and are available
through ARRL’s partnership with the Connecticut Distance Learning Consortium
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Connecticut colleges and universities. Continuing Education Units (CEUs) are available
for all ARRL Certification and Continuing Education courses. The ARRL Certification
and Continuing Education Program is funded in part by course fees from interested
hams who support public service and quality continuing education.
For further information, e-mail your questions to cce@arrl.org, or write to
ARRL C-CE, 225 Main Street, Newington, CT 06111.

Analog Electronics…EC-012
Students learn about the use of instrumentation, Kirchoff’s Laws,
Diodes, Rectifier circuits, Bipolar and Field Effect Transistors,
various amplifier configurations, filters, timers, Op-Amps, and
voltage regulators. Most lessons include a design problem and
optional construction project. (College-level course.)
Member: $65 / Non-member: $95

Digital Electronics…EC-013
Student learn about Basic Boolean, Basic Gates, Flip-Flops,
Counters and Shift Registers, Latches, Buffers and Drivers,
Encoders and Decoders, Parallel Interfaces, Serial Interfaces,
Input Devices, Displays, Logic Families, Microprocessor Basics,
Connecting to Analog Electronics, Understanding Data Sheets
and Design Resources.  Most lessons include a design problem
and optional construction project. (College-level course.)
Member: $65 / Non-member: $95

There’s no better time to improve your skills. Online Classes
are Available Now through the ARRL Certification and Continuing
Education Program. Complete 100% of your training via the
Internet:

• Self-paced (asynchronous) format—you attend class
when and where you want.

• High quality web experience enhanced with graphics,
audio, video, hyper-linking and interactive modules.

• Online Mentoring. Individually assigned instructors help
advance each student toward successfully completing the
course material.

• Pre-register Now! Classes open regularly.

Available Courses

Antenna Design and Construction…EC-009
Students become familiar with antenna design theory and
experience hands-on construction techniques. The course
includes several optional antenna construction projects for
HF, VHF, and UHF.
Member: $65 / Non-member: $95

Antenna Modeling…EC-004
This course is an excellent way to learn the ins and outs and the
nitty-gritty details of modeling antennas. In the last decade the
science of modeling antennas using computer software has
advanced by huge leaps and bounds. While some absolutely
unique, brand-new antenna designs have resulted from computer
studies, the real progress has been in our understanding of how
even common, ordinary antennas work.
Member: $85 / Non-member: $115

HF Digital Communications…EC-005
Understanding HF digital Amateur Radio communications and
developing awareness and stronger skills for many HF digital
modes. Member: $65 / Non-member: $95

Level 1 Amateur Radio Emergency Communications…EC-001
Introduction to Amateur Radio Emergency Communications. A
basic course to raise awareness and provide additional knowledge
and tools for any emergency communications volunteer.
Member: $45 / Non-member: $75

Level 2 Amateur Radio Emergency Communications…EC-002
Intermediate Amateur Radio Emergency Communications.
A more in-depth study into amateur radio emergency communica-
tions to enhance the skills and knowledge received from previous
experience. Requires prior completion of EC-001.
Member: $45 / Non-member: $75

Level 3 Amateur Radio Emergency Communications…EC-003
Advanced Amateur Radio Emergency Communications. Bridging
the gap between basic participation and leadership. Requires prior
completion of EC-001 and EC-002.
Member: $45 / Non-member: $75

Radio Frequency Propagation…EC-011
Explore the science of RF propagation, including the properties
of electromagnetic waves, the atmosphere and the ionosphere,
the sun and sunspots, ground waves and sky waves, and various
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THE AMERICAN RADIO
RELAY LEAGUE
The American Radio Relay League, Inc, is a
noncommercial association of radio amateurs,
organized for the promotion of interests in Amateur
Radio communication and experimentation, for
the establishment of networks to provide
communications in the event of disasters or other
emergencies, for the advancement of radio art
and of the public welfare, for the representation
of the radio amateur in legislative matters, and
for the maintenance of fraternalism and a high
standard of conduct.

ARRL is an incorporated association without
capital stock chartered under the laws of the
state of Connecticut, and is an exempt organiza-
tion under Section 501(c)(3) of the Internal
Revenue Code of 1986. Its affairs are governed
by a Board of Directors, whose voting members
are elected every two years by the general
membership. The 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 at 225 Main Street,
Newington, CT 06111 USA.

Telephone: 860-594-0200

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

Officers

President: JIM D. HAYNIE, W5JBP
3226 Newcastle Dr, Dallas, TX 75220-1640

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
experimenters,

2) document advanced technical work in the
Amateur Radio field, and

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
on IBM or Mac format 3.5-inch diskette 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.
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

Immaculate Reception
We tend to dote on receiver articles

here at QEX. That’s probably because
receivers are some of the more complex
and perhaps the most difficult machines
that one can design. We’ve certainly seen
some good designs lately, too. But the
recent rise of direct-conversion and simi-
lar DSP-based designs has given rise to
fresh discussions about test methods. It’s
becoming increasingly difficult to make
comparisons among new and old receiv-
ers, as in the ARRL product-comparison
chart. If our test methods change—as
they have done several times in the
past—then that difficulty may increase.

But change they must because we
have to be sure that we’re measuring
what we think we are. Increased dy-
namic ranges and bandwidth capabili-
ties of receivers may force changes in
test instrumentation as well. Here are
a few of the issues as we see them.

One of the first mandatory measure-
ments for any receiver is to ascertain
its noise-floor power. For proper com-
parisons with other receivers, that
must be specified in a standard band-
width. Then it’s possible to compute a
noise figure, which we feel is the best
figure of merit when it comes to noise
performance. But simply selecting, say,
a 500-Hz filter on an SSB rig doesn’t
guarantee that the actual bandwidth is
the same as another receiver’s 500-Hz
filter. Yes, you can measure the band-
width to get your result, but what
about the shape of the passband and
stopbands? One way to compensate for
those factors would be to compute the
equivalent rectangular bandwidth for
the filter (infinite shape factor). There
are other ways to measure noise figure,
but then you must reverse the process
to compute the noise-floor power.
That’s because it’s used in dynamic-
range calculations. So, we must have
that number.

A possible pitfall of using an audio
voltmeter during noise-floor testing
arose a few years ago. It turns out the
engineer was using a meter that did
not read true-RMS, but more like aver-
age-reading calibrated to RMS. That
meant that the peak-to-average ratio of
what he measured affected the result.
During his procedure and with no sig-

nal into the receiver, he calibrated his
meter to 0 dB; then he injected a signal
producing a 1-kHz tone and increased
its level until the meter reading rose
3 dB. It turns out his results were off by
almost 2 dB because the peak-to-aver-
age ratio of the noise was about 2 dB
different than that of the sine wave.

To measure the upper end of any type
of dynamic range, a good way to go
seems to be to examine the receiver
output on a spectrum analyzer. Then
it’s easy to determine when the inter-
ference produces the effect sought. But
it’s possible to design a receiver with an
AGC knee at the noise floor. If that
AGC could not be turned off or the knee
not raised, the receiver’s peak output
level would remain constant. Then dur-
ing a so-called blocking dynamic range
measurement, an increase in on-chan-
nel noise would force the on-channel
signal’s level downward, giving a possi-
bly false indication. You wouldn’t be
measuring blocking at all but some
phase-noise effect. That could be a
problem for testing of FM rigs.

Then there is this accuracy and preci-
sion business, which I’ve discussed be-
fore. Those are just a few of the things
currently being considered. Your com-
ments are welcome!

In This Issue
Ulrich Rohde, N1UL, brings us dis-

cussions and examples of receiver tests
using European standards. Contribut-
ing Editor L. B. Cebik, W4RNL, dis-
cusses three-band four-element quads
with an eye toward bandwidth, among
other things. Al Christman, K3LC, has
some notes on ground-system configu-
rations for vertical antennas. Gary
Geissinger, WAØSPM, shows how SSB
voice signals might be tuned automati-
cally. Our Italian friends Silvano Ricci,
IØLVA, and Daniele Moretti, IWØFGR,
relate their recent experiences on the
6-mm band with a 47-GHz LNA. Fred
Brown, W6HPH, has a neat homebrew
noise-figure meter design. Ron Skelton,
W6WO, delivers a space-saving an-
tenna for 40 m. Maynard Wright,
W6PAP, has more on Octave. This time,
the subject is signal analysis.—73,
Doug Smith, KF6DX, kf6dx@arrl.org.

toc.pmd 6/2/2005, 2:32 PM2



  Jul/Aug  2005 3

Synergy Microwave Corp
201 McLean Blvd
Paterson NJ 07504
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Receiver Measurements,
How To Evaluate Receivers

By Dr. Ulrich L. Rohde, N1UL, ex KA2WEU

Want to test your receiver? Here’s the right way.

When evaluating a receiver, it
is useful to have a set of
guidelines by which to evalu-

ate the receiver. In this paper, I am
focusing on some specific modulation
and tests because there are agreed
upon measuring standards. They can
be used for AM if the carrier is modu-
lated 60%, as an example, instead of
FM deviation. By not modulating the
carrier, they are applicable for SSB,
too. Some of modulation tests are ap-
plicable for all three modulation types
(AM/FM and SSB).

For evaluation of the quality of a

receiver, different procedures of mea-
surements with different standard
values have been developed. All these
receiver measurements, however, have
in common that the RF–input signal
is varied and the corresponding AF–
output signal measured. The AF sig-
nal is a function of the RF signal.

Two groups of measurements apply
• Single–generator measurements,

with one RF signal at the receiver
input

• Two–generator measurements, with
two RF signals at the receiver in-
put
In the following, some test proce-

dures specified by FTZ (German gov-
ernment standards) or recommended
by CEPT (Conference of European
Telecommunication Administrations)
will be used as examples. The US stan-
dards follow these rules or vice versa.

Table 1 shows the guaranteed /mea-
sured characteristics of a high perfor-
mance short wave receiver, Rohde &
Schwartz model EK895. The measure-
ments are done with the preamplifier
off. If the preamplifier is switched on,
the large signal parameters deterio-
rate. Please note that this receiver
does not have FM capabilities.

Note: In most cases, the “receiver
sensitivity” is specified as the criterion
for receiver measurements. This fun-
damental parameter is defined either
by the S/N of the modulated to the
unmodulated RF signal (FTZ) or by
the so-called SINAD method (CEPT);
see Figs 5 and 6. Fig 1 shows the
basic setup. RT refers to the trans-
ceiver. The signal generator or both
signal generators (they need to be
combined with a hybrid coupler) must
be connected to the antenna terminal

Rohdeforshel.pmd 6/2/2005, 2:27 PM3
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Table 1

Sensitivity (for S/N= 10 dB, f
0
 = 0.1 to 30 MHz)

A1A (CW) 0.4 µV EMF (–121 dBm), bandwidth = 300 Hz
J3E (SSB), J7B 1.0 µV EMF (–113 dBm), bandwidth = 2.7 kHz
H3E (AME), 1 kHz, m = 60% 2.7 µV EMF (–104 dBm), bandwidth = 6 kHz
with preamplifier, f = 0.2 to 30 MHz

A1A (CW) 0.2 µV EMF (–127 dBm),
Bandwidth =300 Hz

J3E (SSB), J7B 0.4 µV EMF (–121 dBm),
BW=2.7 kHz

H3E (AME), 1 kHz, m = 60% 1.0 µV EMF (–113 dBm), BW =6 kHz

Immunity to interference, non-linearities
Intermodulation (1.5 to 30 MHz;

∆f >30 kHz; interfering signal 0 dBm)
IP2 >60 dBm (typical 70 dBm)
IP3 >30 dBm (typ 35 dBm)

Cross-modulation (0.1 to 30 MHz,

Interfering signal 5 V EMF (+21 dBm)
∆f >30 kHz; m = 0.3; f = 1 kHz;
signal level 10 mV EMF (–33 dBm)), <10% modulation transfer

Blocking (0.1 to 30 MHz;

Interfering signal 6.3 V EMF
(+23 dBm); ∆f >30 kHz:
signal level 1 mV EMF (–53 dBm);
m = 0.3; f = 1 kHz), > 1 signal dB attenuation

Desensitization

(interfering signal 300 mV EMF
∆f >30 kHz; signal level
30 µV EMF; bandwidth 3.1 kHz) >20 dB SINAD

Inherent spurious signals

(f > 100 kHz) <–113 dBm (nominal –124 dBm)
Image frequency rejection >90 dB
IF rejection >90 dB

Weighted S/N ratio

For 1 mV EMF, >46 dB SINAD

of the receiver. The AF meter must be
connected to the audio output of the
receiver of the devices under test or
better to the line output.

SINGLE-TONE MEASURE-
MENTS

1. Measurement of Receiver Noise
In order to measure the receiver

noise, the AF–output voltage of the
receiver is measured with an
unmodulated RF signal applied. The
RF level must be high enough for the
RF limiter to operate (about 10 µV
EMF): see Fig 2.

Make sure to switch off the fre-
quency modulation or the amplitude
modulation.

Measurement of the AF voltage:
Increase the RF level with the at-

tenuator starting from about 1 µV
EMF (–113 dBm) to approximately
10 mV EMF until the AF level no
longer decreases (RF limiting). Read
the residual level of receiver noise on
the meter. This measurement defines
the maximum S/N ratio or quieting.

EMF (electromotive force) refers to
the open voltage without terminating
the original generator. When terminat-
ing the generator into 50 Ω, the result-
ing voltage will be EMF/2.

Fig 1 shows a simplified test setup
which consists of an RF generator,
which can be modulated and an AF
analyzer. The generator needs to cover
the necessary frequency range and
must be capable of very linear AM and
FM modulation. The generator also
needs to have low phase noise and
high frequency stability. Generators
in radio communication test-equip-
ment units typically do not have suf-
ficiently low phase noise, but they can
handle all modulation requirements
and have the audio analyzer built in.
Some tests require two different low-
noise generators.

Starting from about 0.1 µV, Fig 2
shows the AF signal as a function of
the RF input signal. Different input
voltages result in different S/N ratios.
The value of 40 dB shown here is typi-
cal, but the ultimate S/N ratio can be
as high as 90 dB on high fidelity FM
receivers. This requires a very low
phase-noise oscillator.

2. Measurement of the S/N (FTZ)
For FM or AM the S/N is the ratio

of the wanted signal level to the noise
level that is:

modulationnoAF

deviation2.8kHz:kHz1AF

V

V
N/S

Measurement of the wanted signal
level:
VAF (1 kHz: 2.8 kHz deviation)

The AF frequency will be set to
1 kHz. Adjust the frequency devia-
tion to 2.8 kHz, or for AM, to 60%
modulation. Adjust the RF level
with the attenuator (about 10 mV,
maximum, EMF); read the resulting
S/N and the signal on the meter.

If the S/N is to be determined from
the ratio of the set deviation (peak

value) to the residual deviation (RMS
value), either the indicated resulting
deviation must be converted to the
RMS value (measured value/√2) or
the S/N obtained must be reduced by
3 dB.

In the AM case, the generator needs
to be 60% modulated and then the
value of the input signal for 10 dB
S/N as the modulation is switched off
must be determined. AM measure-
ments are typically done with
3-6 kHz bandwidths.

Rohdeforshel.pmd 6/2/2005, 2:27 PM4



Fig 2—S/N for a typical receiver as a function of input level.

Fig 1—Block diagram of the setup to measure receiver sensitivity and S/N.

Fig 3—Squelch behavior as a function of S/N showing hystersis.

Measurement of AF noise level:
VAF (no modulation).

Switch off the frequency modula-
tion. Read the noise level on the AF
meter: VAF (unmodulated). The RMS
value of the noise needs to be mea-
sured.

In Fig 2, the levels of the wanted
AF signal and AF noise are shown as
a function of the EMF of the signal
generator.

For SSB measurements, the re-
ceiver had to be set into SSB or CW
mode. In SSB the receiver should be
tuned to that frequency that produces
a 1 kHz beat note. The same applies
for CW. The bandwidth for SSB is typi-
cally 2.2 kHz to 3.1 kHz, depending
upon the application. For CW the
bandwidth is either set to 500 Hz or
250 Hz depending upon the available
filters. For FM, the bandwidth de-
pends on the modulation index. In the
case of m=1 the applied bandwidth is
typically 10 kHz in a 25 kHz spacing.
This allows the recognition of the
higher pitched female voices.

While the standard test is done
with 1 kHz, it is recommended to
check the frequency response of the
receiver by varying the modulation
frequency or the beat note from typi-
cally 300 Hz to 3 kHz, or higher, band-
width permitting.

3. Measurement of SINAD Ratio
(CEPT)

Under item 2 above, the quality of
the AF signal of a receiver is evalu-
ated using the ratio of the signal to
noise. In practice, however, the qual-
ity of a receiver depends on the AF
distortion factor as well. Therefore, in
receiver measurements according to
CEPT recommendations, the distor-
tion is evaluated in addition to noise:

DN
DNS

SINAD

Where,
S = signal.
N = noise.
D = distortion.

That is, the ratio of signal + noise +
distortion to noise + distortion. Con-
trary to the S/N measurement (FTZ),
the signal generator is no longer op-
erated alternately in the modulated
and unmodulated modes but is always
modulated.

The ratio of (S + N + D) to (N + D)
can now be evaluated automatically.

Set the normal test modulation ac-
cording to CEPT,

FAF = 1 kHz; fdeviation = 60% of
fmaximum deviation

That is:
fmaximum deviation, for example, = 4 kHz.

Adjust the deviation to 2.4 kHz.

Measurement of AF voltage:
Evaluation in the SINAD mode:

Read SINAD value on the meter in
percent. The most important SINAD
values are:

6 dB = 50%, 12 dB = 25%, 20 dB = 10%.

If there is no 1 kHz signal applied
or the signal level is too high, the dy-
namic range of the SINAD ratio evalu-
ation circuitry may be exceeded. (A
similar condition applies for distor-
tion-factor measurement.)

4. Measurement of Receiver
Sensitivity in S/N Mode (FTZ)

In accordance with item 2, the RF
level of the signal generator is reduced
until the S/N equals 20 dB; normal
modulation is fAF = 1 kHz; 2.8 kHz de-
viation. For SSB, this is typically done
for 10 dB S/N.

Measurement of the AF signal level:
VAF (1 kHz (no modulation), 2.8 kHz
deviation)

Switch off the frequency modula-
tion of the Signal Generator: reduce
RF level until the noise level is 20 dB
below the AF signal level. When the
frequency modulation is switched on
again, the AF voltage should increase

Rohdeforshel.pmd 6/2/2005, 2:27 PM5



6  Jul/Aug  2005

Fig 4—Typical input selectivity of a
receiver. It assumes a single tuned filter.

Fig 9—The blocking measurement refers
to wider spacing, like an offset of
1-10 MHz.  This points out the ultimate
phase noise of the oscillator, like
145 dBc/Hz.

Fig 8—Adjacent-channel selectivity
measurement. The interfering signal is only
a few channels away. The difference in
signal level between the two should be
about 100 dB.

Fig 7—Measure of IF rejection. The
difference between the wanted signal VRF2
and VRF1 for a good receiver should be
90 dB.

Fig 6—Attenuation of spurious signals
should be at least 70 dB. VRF2 is the wanted
signal and VRF1 is the spurious signal. The
difference should be at least 70 dB. The
spurious signal is caused by receiver non-
linearity.

Fig 5— Receiver limiting as a function of
input signal. The audio should not change
more than 3 dB.

by 20 dB. If this is not the case, the
RF level must be varied again until
S/N is 20 dB.

Read the receiver sensitivity
directly in V EMF or dBm. The
actual numbers will be in the µV
range. See Fig 2 for details.

The same technique applies for
AM (60% modulation) and for SSD/
CW (no modulation).

Adjust the RF level of the signal
generator with the attenuator until
the SINAD value equals 20 dB. Read
the receiver sensitivity (20 dB)
on the scale in V EMF or dBm di-
rectly.

Note: In many cases, the sensitiv-
ity values measured in the S/N or
the SINAD mode differ only slightly.
The SINAD measurement, however,
is by far simpler, more reliable and
comfortable.

6. Squelch Measurement
(see Fig 3)

If the RF signal level goes down
below a certain threshold, the AF

channel is switched off automati-
cally. Thus the residual noise is no
longer heard.

Measurement:
Switch on the AF voltmeter:
a. Determination of the lower

squelch response:
Reduce RF level (from about 10

µV) until the S/N deteriorates and
the squelch closes.

The AF voltage goes to 0 V:
b. Determination of the upper

squelch response:
Starting from about –145 dBm,

increase RF level of the Signal
Generator until the AF is switched
on automatically: Read the value

5. Measurement of Receiver
Sensitivity in SINAD Mode
(CEPT)

Adjust the normal test modula-
tion (CEPT), that is fAF = 1 kHz and,
for example, 2.4 kHz deviation.

Rohdeforshel.pmd 6/2/2005, 2:28 PM6



of the RF input signal.
The squelch hysteresis is obtained

from the ratio of the two squelch re-
sponse points.

A similar condition applies for mea-
surement of the squelch hysteresis in
the SINAD mode.

It may be useful to monitor this on
a speaker.

7. Measurement of Receiver RF
Bandwidth

The receiver RF bandwidth is
evaluated with the aid of the AF cri-
terion “receiver sensitivity” measured
by the S/N or SINAD method. Tune
the signal generator exactly to receiver
frequency. Switch on normal test
modulation (AM or FM). Find the
20–dB sensitivity (SINAD or S/N) and
read corresponding EMF; increase
EMF by 6 dB.

Increase the frequency of the sig-
nal generator until the value for sen-
sitivity equals 20 dB (SINAD or S/N)
again.

Read the new frequency: f1.
Repeat the same procedure for fre-

quency f2 (below the receiver fre-
quency): The difference between f1 and
f2 is the 6-dB bandwidth of the re-
ceiver. The receiver frequency should
be in the middle of the 6-dB band-
width. If this is not the case, the re-
ceiver input stage should be re-tuned.
This is valid only for receivers with
selective input stages.

8. Measurement of Limiting
Characteristics of Receiver
(CEPT)

This measurement is used to check
the RF-limiting characteristics of the
FM receiver. Adjust the normal test
modulation (fAF = 1 kHz with, for ex-
ample, 2.4 kHz deviation). For AM, set
the signal generator to 60% modula-
tion; for SSB no modulation required.
There will not be limiting, but the AGC
should maintain a constant AF out-
put voltage.

Tune the signal generator to the
receiving frequency.

Adjust the RF level to 2 µV EMF,
measure the AF output level of the
receiver and read the corresponding
value in decibels, the RF level by
100 dB (referred to 1 µV EMF). The
AF level should not change by more
than 3 dB. This is shown in Fig 5.

9. Measurement of Spurious
Responses (FTZ)

For FM, unmodulated RF carriers,
which are at more than 0.8 × the chan-
nel spacing from the minimal fre-
quency, should be attenuated by at
least 70 dB referred to an unmodu-

lated RF carrier in the wanted chan-
nel. This is shown in Fig 6.

Measurement:
Adjust the test modulation and set

Signal Generator to the receiving fre-
quency.

Adjust the RF level of VFR1 to a
value that the S/N ratio, for instance,
is 20 dB

Switch off the modulation; read the
AF level VAF1.

Increase EMF to VRF2 = VRF1 +
70 dB; increase or reduce the fre-
quency of the Signal Generator and
read simultaneously the AF level
VAF2 on the meter.

Requirement: VAF2 > VAF1 for fre-
quencies higher or lower than 0.8 ×
the channel spacing.

Note: With other test methods, the
modulation remains switched on.

10. Measurement of IF Rejection
Find the RF level at the receiver

input, which gives a S/N of 20 dB.
Switch off internal modulation. Mea-
sure AF output level. Tune the signal
generator to the IF of the receiver (for
example 10.7 MHz) and increase the
RF level until the same AF output
level is obtained. The difference be-
tween these two RF levels is the value
for the IF rejection in dB. This is
shown in Fig 7.

B. THE MOST IMPORTANT
TWO–TONE MEASUREMENTS

Two–tone measurements are used
to test the response of the receiver to
interfering signals. For two-tone mea-
surements according to CEPT, a very
high spectral purity of the RF signal
is required, especially for the interfer-
ing signal. For FM, these measure-
ments are based on AF evaluation. For
intermodulation tests, the AGC volt-
age should be used.

Measurement of Blocking and
Adjacent-channel Selectivity

The S/N, referred to 1-Hz test band-
width, has to be >140 dB at 20 kHz

from the carrier to permit measure-
ment of an adjacent channel selectiv-
ity of >80 dB.

A S/N of more than 150 dB (at
1-Hz test bandwidth) is required at
1 MHz from the carrier for blocking
measurements (>90 dB).

This means L = –150 dBc/Hz 1 MHz
off the carrier. See Fig 8.

In the case of two-tone measure-
ments, both signal sources have to be
extremely stable.

Note: For all measurements com-
plete matching is required, that is,  the
receiver and both RF sources should
be terminated with 50 Ω. This is
achieved by a T-section. See Fig 10.

When determining the EMF at the
input of the receiver, the attenuation
of the T-section must be taken into ac-
count! One can also use a low IMD
hybrid coupler.

B1. Blocking Measurement
(CEPT)

The blocking measurement is used
to test the behavior of a receiver in the
presence of strong interfering signals
far off the receiver frequency (from
10 kHz to 1 MHz).

Tune the Signal Generator to the
receiving frequency; adjust RF level to
2 µV EMF using the normal test mod-
ulation. Adjust now the unmodulated
interfering signal to 10 kHz-1 MHz
above or below the receiver frequency.

Increase the interfering RF level
until the sensitivity in the SINAD
mode—with a CCITT filter—is re-
duced to 14 dB (or the AF level goes
down by 3 dB).

Result:
V

V unwantedRF

1

Fig 10—Set up for all two-tone measurements.

should be >90 dB. This is shown in Fig
11.

B2. Measurement of Dynamic
Adjacent Channel Selectivity
(CEPT, FM-Test)

Similarly to the blocking measure-
ment, now the behavior of the receiver
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Fig 11—Two-tone blocking measurement
with an interfering transmitter (signal
generator) and a reference generator.

Fig 13—Measurement of spurious
response rejection. There are two signals:
a wanted signal and an interfering signal.
Both at the level VRF2 resulting in an
intermodulation product VRF1.

Fig 12—Two-tone measurements for
dynamic adjacent-signal selectivity. The
difference between VRF2 and VRF1 should be
more than 90 dB.

is tested in the presence of a strong
interfering signal in the adjacent
channel.

Find the receiver input voltage VRF1
for the 20-dB sensitivity (SINAD) us-
ing a CCITT filter.

Tune interfering signal to upper or
lower adjacent channel, adjust inter-
fering modulation (fAF = 400 Hz, for
example, 2.4 kHz deviation) and in-
crease RF level VRF2 until the SINAD
value of 20 dB is reduced to 14 dB.

Note: The ratio of the RF levels,
VRF2 : VRF1 should be >70 dB for a good
receiver.

B3. Measurement of
Interchannel Modulation
(CEPT, FM Test)

This measurement is similar to the
measurement of cross-modulation and
useful for AM receivers. It permits
checking whether two interfering sig-
nals present in the adjacent channels
mix in the receiver input stage to
simulate a “wanted” signal.

Find the receiver input level VRF1
for the 20-dB sensitivity (SINAD);

Then the reference signal (with
normal test modulation) is tuned to
the second channel above the receiver
frequency, the interfering transmitter
(unmodulated) to the first channel
above the receiver channel.

The levels VRF2 of both signals
should be equal at the receiver input:
increase VRF2 until the SINAD value
of 20 dB is measured again at the AF
output of the receiver.

Note: The ratio of both voltages VRF2:

VRF1 should be >70 dB for a good re-
ceiver. This measurement is repeated
up to four and eight times the chan-
nel spacing, also for the channels be-
low. This is shown in Fig 13.

Note: For this interchannel modu-
lation measurement, it must be guar-
anteed that the spurious products
which might be generated in the out-
put stages of the two signal genera-
tors do not occur in the measurement.
This is ensured by suitable attenua-
tors of about 30 to 40 dB which are
inserted between the transmitter out-
put stage and the T-section. This, how-
ever, requires an output voltage, which
is high enough, like +10 dBm.

B4. Measure of Spurious
Response Rejection

The spurious response rejection
indicates how much the reception of
a desired signal is influenced by an
interfering signal with a level 70 dB
higher than the wanted signal
(measurement in accordance with
CEPT).

Tune the signal Generator to the
receiving frequency; adjust the normal
test modulation and RF-output volt-
age VRF1 for 20-dB SINAD sensitivity.
Apply the interfering signal with
modulation (400 Hz; 60% of maximum.
deviation). The level of the interfering
signal VRF2 should be 70 dB above the
wanted signal level. The frequency of
the interfering signal is continuously
varied; at the same time, the SINAD
value, which should not be lower than
14dB, is measured. If the SINAD value

goes down below 14 dB, a spurious
response of the receiver is indicated.
This is shown in Fig 13.

B5. Two-tone Intermodulation
For AM and CW/SSB receivers, an

important quantity is the two-tone
dynamic range. While the dynamic
range of a system is:

3
2 3 MDSIP

DR

this formula can be solved for the mea-
surement of the intercept point.

1n

PPn
IP IMDref

n

2

3
3

IMDref PP
IP

For example: When the Input = 2 ×
–10 dBm, IMD products are –90 dBm.

 dBm

IP

30
2

9030
2

90103
3

For example, Fig 15 shows the mea-
sured response of a doubly balanced
mixer.

Fig 15 shows the measured two-
tone response of a doubly balanced
mixer. The input signals are 0 dBm,
the insertion loss is 8 dB and the IMD
products are –74 dBm.

From Fig 15 we can see that the
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Fig 14—Measurement of spurious
response rejection. This again is a two-
tone test, where one signal generator is
VRF1 and the transferring signal is VRF2. The
interfering frequency this time is varied
and the SINAD value shall not change
more than 6 dB (from 20 dB to 14 dB). Fig 15—Measured two-tone response of a doubly balanced mixer.

input intercept point (IP3 (IN)) can be
calculated as follows:

 dBmIP IN 37
2

7403
3

Similarly, the output intercept
point is calculated to be:

 dBmIP Out 25
2

7483
3

If the assumed mixer is now active
instead of passive (+8 dB loss) with
8 dB gain, and the IMD products are
at –60 dBm, we now calculate:

dBmIP In 30
2

6003
3

and

 dBm42
2

6024
2

6083

Now the IP3(Out) > IP3(In)

As can be seen, this measurement
is done with two generators. They can
be set at two close frequencies such
as 14.250 MHz and 14.300 MHz. The
IMD products are then 14.200 MHz
and 14.350 MHz. For the level of
–10 dBm from the signal generator,
they must be at –90 dBm down for IP3
= 30 dBm. A set of generators is
required that can deliver +20 dBm
or more output and the level after
the hybrid coupler must be set at
–10 dBm for each tone. Since the gen-
erator can deliver +20 dBm and only
13 dBm is required (3 dB losses as-

sumed in the hybrid coupler) the
built-in attenuator sits at 27 dB at-
tenuation. Since both signal genera-
tors now have 27 dB attenuation, the
attenuator between the two is 54 dB.
If the generator can not supply that
much of the power, use 1 watt class A
amplifiers. Make absolutely sure that
there is no crosstalk between the gen-
erators and no distortion produced by
the 3 dB hybrid coupler.

Since this is a two-tone measure-
ment based on RF levels, the device
under test requires an AGC meter or
an AGC/DC output. This is valid for
all amplitude modulation based re-
ceivers which includes AM, SSB and
CW. The absolute level of the IMD
products are then –100 dBm (–10 –90
= –100). This can be calibrated with a
single tone measurement measuring
the reference signal of –100 dBm.

Many measurements are done at
the MDS (Minimum Detectible Sig-
nal) level and use a 3 dB noise change
above MDS. Unfortunately, this gives
no insight in the nonleanear charac-
teristic of the receiver. For multi-stage
systems such as a receiver, the 3 dB/
dB rule for IMD products is not valid.
It is better to describe the levels of
the input and the IMD products
rather than call this an intercept
point. To complicate matters, the dis-
tortion products vary as a function of
the offset between the two carriers for
narrow band applications such as CW

and SSB. The offset should be about
three to four times the bandwidth. As
an example at 2.4 kHz bandwidth, a
frequency separation of 7 to 10 kHz
is recommended. For FM applications,
the ∆ should be 2 channels apart. The
FM measurement for different chan-
nels was shown above. Unfortunately,
most medium performance receivers
have a roofing filter of 15 kHz or wider
bandwidth. Therefore, this test evalu-
ates the second mixer. The standard
test which is frequently found used
30 to 50 kHz spacing between the gen-
erators and gives no real insight into
the receiver two–tone performance. In
reality, these measurements should be
performed from 2 kHz offset (CW) to
50 kHz (FM). This results in a set of
curves for intermodulation distortion
products (IMD).

The second order IMD products
which are the sum and difference of
two signals must also be measured.
They should have values definitely
above 70 dB, better 90 to 100 dBm as
second-order intercept point should be
reached.

Example: Set one signal generator
at 6 MHz and one at 8.2 MHz. The
resulting spurious signal will occur at
14.2 MHz. The measurement process
is the same as evaluating the third-
order products which follow the for-
mula

212 FF
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C. Noise Figure
Rather than show the sensitivity of

a system such as a receiver in terms
of signal to noise ratio, the Noise Fac-
tor or the Noise Figure = 10 × log (F)
can be used. This number which is the
ratio between two powers is absolute
and does not depend on the bandwidth
of the system or receiver. The defini-
tion of the noise factor is

outputatN/Savailable
inputatN/Savailable

F

The noise at the output of a linear
system then is kTBn.

With k = 1.38×10–23 J/K
T = Operating temperature in

Kelvins, 290 at room temperature.
B = Effective noise bandwidth in

Hz.
This equation can be redone to be

Vn = kTRBn4

With Vn = RMS open noise voltage,
and R = resistance of the conductor
used. In terms of the S/N the complete
formula is:

kTRBnFVn 4

For S/N = 1, F = 1
Once the S/N is known, we can

solve the equation for F.
Example: We measured the S/N ra-

tio of an SSB receiver to be 10 dB (3.16
for 0.3 µV (0.6 µV EMF). Then the
noise floor is about 0.1 µV for 0 dB
S/N.

This means

d)(terminate FkHz.kT

V.

42502

10

(0.1 µV )2 = 2 kT50×2.4 E3×F

F =

1669
141

23381342502902
10 2

E.
E

E.E.
V.

For 3 dB S/N = 
69
114

.
.

 = 14.7;
NF = 11.67 dB

A noise figure meter would show
this for a 3-dB increase in power which
is required for the noise figure mea-
surement. Remember, noise figure is
expressed in dB and derived from the
noise factor.

Total Dynamic Range
There are some issues about the

Fig 16—Dynamic selectivity versus IF bandwidth: At A, the Rohde & Schwarz ESH-2
test receiver (9 kHz to 30 MHz). At B, the Rohde and Schwarz ESV test receiver
(10 MHz to 1 GHz). Reciprocal mixing widens the ESH-2’s 2.4 kHz response below
–70 dB (–00 dBm) at (A), and the ESV’s 7.5, 12 and 120 kHz responses below
approximately –80 dB (–87 dBm) at (B).

dynamic range which are difficult to
measure, but need to be mentioned
here. When talking about the skirt of
a filter, we are referring to the 3 dB
bandwidth, the 6 dB bandwidth, the
60 dB bandwidth and the ultimate
rejection. The ultimate rejection de-
pends on the cross talk off the filter
when inserted on the board, for digi-
tal filters it depends on the filter
implementation. Because of the noise
of the oscillator, the “dynamic” band-
width differs from the static band-
width. To explain this better, here are
two examples:

Fig 16 A and B show the measured
dynamic selectivity as a function of the
IF bandwidth for two commercial re-
ceivers. The R & S receiver ESH–2 has

a very low phase noise oscillator with
about a –145 dBc/Hz phase noise at
10 kHz offset from the carrier. The
crystal filters shown have different
shape factors and Fig 16 A and B show
the bleeding due to the noise.

There is a relationship between
the phase noise (dBc/Hz) and the
nonharmonic spurious (dBc). This is
a frequently overlooked fact. I always
wonder why people today only look
into the mixer performance and for-
get the phase noise contribution. It
seems to be a goal to have a 90 dB
dynamic range for a receiver. Accord-
ing to Fig 17, one needs to have a
phase noise of at least –142 dBc/Hz
and a freedom of non-harmonic spuri-
ous of at least  –107 dBc. These items
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are covered by measurements in the
various topics above but have not been
shown together in this form.

More information about these vari-
ous topics are found in the references.

References:
1.“Modern Receiver Design Including Digital

Signal Processing,” Communications
Quarterly, Winter 1997.

2.“Theory of Intermodulation and Reciprocal
Mixing: Practice, Definitions and Mea-
surements in Devices and Systems, Part
1,” QEX, Nov/Dec 2002; Part 2, QEX, Jan/
Feb 2003.

3. U. L. Rohde and J. Whitaker, Communi-
cations Receivers: DSP, Software Radios,
and Design Third Edition, ISBN 0-07-
136121-9 McGraw-Hill, 2001.

4. U. L. Rohde, N1UL, and D. P. Newkirk,
W9VES, RF/Microwave Circuit Design for
Wireless Applications; ISBN 0-471-
29818-2 John Wiley & Sons, Inc, 2000.

Dr. Ulrich L. Rohde studied electrical
engineering and radio communica-
tions at the universities of Munich and
Darmstadt, Germany. He holds a PhD
in Electrical Engineering (1978) and
a ScD (with honors, 1979) in Radio
Communications, a Dr-Ing (2004), and
several honorary doctorates.

He is president of Communications
Consulting Corp, Chairman of Syn-
ergy Microwave Corp and a partner of
Rohde & Schwarz, Munich, Germany.
Previously, he was the President of
Compact Software, Inc and Business
Area Director for Radio Systems of
RCA, Government Systems Division.
He is a Professor of microwave circuit
design and has held Visiting Profes-
sorships at several universities in the
United States and Europe.

Dr Rohde holds several patents and
has published more than 60 scientific

 Fig 17—This graph
shows the available
dynamic range, which
is determined either by
the masking of the
unwanted signal by
phase noise or by
discrete spurii. As far
as the culprit
synthesizer is
concerned, it can be
either the local
oscillator or the effect
of a strong adjacent-
channel signal that
takes over the function
of the local oscillator.

papers in professional journals. He
contributed a chapter entitled “Oscil-
lators and Frequency Synthesizers” to
the Handbook of Microwave and Op-
tical Components, second edition, con-
tributed a chapter entitled “Frequency
Synthesizers” to the Wiley Encyclo-
pedia of Telecommunications and
has written six books: Communica-
tions Receivers, (third edition); RF/
Microwave Circuit Design for Wire-
less Applications; Microwave and
Wireless Synthesizers: Theory and
Design; Microwave Circuit Design
Using Linear and Nonlinear Tech-
niques  (with co-authors George
Vendelin and Anthony M. Pavio) Sec-
ond Edition 2005; The Design of
Modern Microwave Oscillators for
Wireless Applications Theory and
Optimization (with co-authors Ajay
K. Poddar and Georg Boeck) May
2005; Communications Receivers:
Principles and Design; and Digital
PLL Frequency Synthesizers:
Theory and Design.

Dr Rohde is a member of the fol-
lowing: Fellow member of the IEEE;
an Invited Panel Member of the FCC
spectrum Policy Task Force on Issues
Related to the Commission’s Spectrum
Policies; ETA KAPPA NU Honor So-
ciety; Executive Association of the
Graduate School of Business at Co-
lumbia University, New York; the
Armed Forces Communications and
Electronics Association; Fellow of the
Radio Club of America and former
Chairman of the Electrical and Com-
puter Engineering Advisory Board at
New Jersey Institute of Technology. He
holds German call sign DJ2LR (since
1956), Swiss call sign HB9AWE,
Falkland Islands VP8CRL and US
N1UL.

Se Habla Español • We Export

An Address to Remember:

www.rfparts.com

E-mail:

rfp@rfparts.com

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

ORDERS ONLY:

800-RF-PARTS • 800-737-2787

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

•Transistors

•Power  Modules

•Semiconductors

MILLIWATTS

     KILOWATTS

From

More Watts per Dollar

 to

sm

sm

Rohdeforshel.pmd 6/2/2005, 2:29 PM11



12  Jul/Aug  2005

1434 High Mesa Dr
Knoxville, TN 38938
cebik@cebik.com

The     Quest     for     the     Elusive
TBWB4EQ (The     Triband

Wideband     4-Element     Quad)

By L. B. Cebik, W4RNL

L.B. gives us the straight story on wideband quads!

Triband quads for 20, 15 and
10 meters have a long his-
tory—about as long as hams

have used quads. A number of longer
multiband quads have periodically
appeared in the literature. In these
notes, I shall be very interested in
4-element quads of planar design,
that is, with the elements for each
band on a vertically oriented sup-
port frame. These designs use the
same spacing between elements for
all bands.

In the course of our exploration, I
shall examine beams in the 30- to 35-
foot boom range. Our first stop will

be to examine a long-standing ARRL
Antenna Book design to understand
its limitations, especially its narrow
operating bandwidth on at least one
of the 3 bands that it covers. The re-
sults of this small study will form the
basis for seeking out a design with a
broader operating bandwidth on all
bands. The first stop will be the 1983
design from W6PU, a design that has
held persistent interest for two de-
cades. The designer used the central
pair of elements to form phase-fed
dual drivers. My interest in this de-
sign covers two long-standing expec-
tations of phase-fed dual driver
quads: their gain and their operat-
ing bandwidth.

Next, I shall turn to designing a
modified W6PU-quad that virtually
anyone can replicate in model form.
The goal will be to obtain full-band

coverage of 20, 15, and 10 meters,
with adequate gain and front-to-
back performance. I shall use a few
techniques not easily available to
the design originator in order to sim-
plify the array and to overcome some
of the problems with the original
version. Finally, I shall set up a rea-
sonably fair set of comparative beam
designs to evaluate whether anyone
should go to the effort of actually
building a multiband wideband 4-
element quad beam.

A Standard Triband 4-Element
Quad Design

Many quad builders prefer to by-
pass the 3-element beam on their
way up the ladder of performance.
Odd numbers of elements tend to
place the driver very close to the
support mast and tower, resulting in
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Table 1
Dimensions of The ARRL Antenna Book 4-element, 30 foot-boom, triband
quad.

Space from Circumference in feet
Element Reflector in feet 20 Meters 15 Meters 10 Meters
Reflector 72.42 48.67 35.70
Driver 10.0 70.42 (70.80*) 47.33 34.70 (35.20*)
Dir. 1 20.0 69.08 46.33 33.60
Dir. 2 30.0 69.08 46.33 33.60

*Dimensions in parentheses indicate modeling changes of the driver circumference to set
the 50-Ω SWR curve within the band limits.  20 and 15 meters use direct 50-Ω coax
connections; 10 meters uses a 1/4-λ 75-Ω matching section to the 50-Ω feedline.

Fig 1 Fig 2

a conflict between electrical and me-
chanical requirements. An even
number of elements places the mast
equally distant between the center
two elements, freeing the builder
from at least one potential interac-
tion problem.

Traditionally, quad designers have
used a somewhat arbitrary spacing of
the elements. 4-element quads for
multiband service often use equal
spacing between all elements, with
8 feet and 10 feet being the most com-
mon values. A few designs have used
a combination of these values, so that
we can find 4-element triband designs
with boom-lengths ranging from 24
feet to about 30 feet or so. The premise
behind the spacing selection stems
from the use of planar element assem-
blies. In terms of wavelengths, a fixed
spacing between elements results in
a different spacing for each band. For
example, fixed 10 foot spacing be-
tween elements is about 0.14-λ on 20,
0.21-λ on 15, and 0.28-λ on 10 meters.

The design of the quad then rests
upon finding the element circumfer-
ences that will produce an acceptable
combination of gain, front-to-back
ratio, and feed-point impedance, all
with satisfactory operating band-
widths. Prior to the 1990s, the design
effort was largely empirical, a term
meaning trial and error. Indeed, most
existing quad designs in amateur
literature have their roots in the
pre-computer-modeling period of an-
tenna design.

One very interesting design ap-
pears in The ARRL Antenna Book for
editions prior to the 19th. It appears
in the table on page 12-2 of the 18th

edition. The beam consists of 4 ele-
ments, each spaced 10 feet from the
adjacent element. Hence, we have a
total boom length of 30 feet, plus
whatever end lengths are necessary
to handle the support-arm struc-
tures. Fig 1 supplies a basic outline
of the quad’s electrical structure.
Throughout, the design of this quad,
and the others that we shall exam-
ine, presumes separate feed lines for
each band, with closed driver loops
for each inactive band.

Table 1 shows the element dimen-
sions for the quad design. The
antenna uses a direct feed-line con-
nection on 20 and 15 meters. How-
ever, 10 meters requires a quarter-
wavelength 75-Ω matching section
to transform its higher feed-point
impedance (above 100 Ω) down to
the feed line’s 50-Ω characteristic
impedance. The fixed element spac-
ing creates a rising driver imped-
ance as we move upwards through
the HF bands. Although carefully
choosing the element lengths can

alter the impedance to some extent,
there are severe limits to the range
of adjustment. Trying to lower the
10-meter impedance for a direct
50-Ω feed tends to degrade the other
performance parameters on that
band.

In trying to model this antenna in
NEC-4 using #12 AWG copper wire, I
had to alter the published length of
the 20-meter and the 10-meter driv-
ers—both upward—in order to place
the 50-Ω SWR curves within the band
limits. 15 meters required no adjust-
ment in the model. In part, this situ-
ation results from the fact that the
15-meter dimensions result from in-
teraction between the elements for
that band and the elements for both
of the other bands. The 10-meter and
20-meter elements interact mainly
with only one other band. Key vari-
ables for those bands also include
methods of assembly. Attaching ele-
ments to the support arms is subject
to a number of variations, some of
which result in the creation of small
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1-turn inductive loops at each corner.
Together, they can have an effect upon
the electrical length of a loop, with the
most pronounced effect on the driver,
where the relative current magnitude
is highest. The fact that I had to in-
crease both driver lengths—which
make clean corners in the model—by
similar amounts suggests that the
empirically derived design may take
such mounting loops into account.

I modeled this traditional design
in free-space as simply a guide to its
anticipated performance level. All
other beam designs that we shall
consider also use free-space models,
thus allowing a direct comparison of
performance among them. Fig 2
shows the modeled forward gain per-
formance of the array. This and
other performance graphs subdivide
each amateur band into 10 parts to
permit combined presentations. 10
meters covers the 28- to 29-MHz
portion of the band.

To make sense of the graph, we
should note a few benchmarks that
emerge from monoband beams. A
short-boom 3-element Yagi (about 16
feet on 20 meters) achieves a free-
space gain of over 7 dBi, while a long
boom version of the array (about 24
feet on 20 meters) is capable of just
over 8 dBi. These values are approxi-
mate, since 3-element Yagis show a
rising gain value across the oper-
ating bandwidth. An optimized
2-element monoband quad achieves
7 dBi or so. We may optimize 3-ele-
ment models for the widest operating
bandwidth and obtain just over
8.5 dBi or for maximum gain and
reach about 9.1-dBi free-space gain.

An optimized 4-element monoband
quad that uses #12 copper wire—like
the other quads cited—is capable of
just about 10 dBi maximum.1

Since the boom length of the
triband quad is considerably shorter
than its monoband 4-element counter-
part, we should not expect 4-element
performance in the optimized
monoband sense of the term. And we
do not get it. However, we do obtain
very respectable 20-meter perfor-
mance in the 9.5-dBi range across the
band. Helped by interactions with the
surrounding elements for other bands
and a longer boom as a percentage of
a wavelength, the 15-meter gain per-
formance does achieve the 10-dBi
level. The 10-meter boom length is too
long and thus shows a rising curve
with a minimum value below 8 dBi.
All in all, the quad design achieves
quite good gain performance as a
triband effort on a 30 foot boom.

Optimizing a monoband quad
tends to bring the maximum 180°
front-to-back ratio in close frequency-
proximity to a desired gain level and
the resonant feed-point impedance of
the array. Hence, these values are
usually in excess of 20 dB and some-
times as high as 40 dB, although such
a high peak front-to-back value is a
narrow-band phenomenon. Most op-
timized monoband designs strive for
relatively equal band-edge values,
and the exact band-edge front-to-back
ratio will depend on the element di-
ameter and the bandwidth of the
passband as a function of its center
frequency. A triband quad does not

have the luxury of such techniques,
as Fig 3 will reveal.

Both 20 and 15 meters show very
respectable front-to-back curves, with
minimum values between 10 and
12 dB, both at the low end of the
bands. 10 meters shows the most
problematical curve, with extremely
low values in the CW portion of the
band, but much improved values
higher up. The coincidence of the ris-
ing gain and front-to-back curves sug-
gests that one might go some distance
in further optimizing performance for
10 meters within the first MHz of the
band. However, every change in the
10-meter loop dimensions will force a
change in the adjacent 15-meter ele-
ment, with consequences for the outer
20-meter element. Hence, optimizing
the present 10-meter portion of the
design—with the potential pitfalls of
ruining the 15- or 20-meter perfor-
mance—is a significant task. It falls
outside our use of the design as a rep-
resentative existing design for com-
parative purposes.

The 50-Ω SWR curves appear in
Fig 4. Both 10 and 15 meters achieve
less than 2:1 SWR across the bands.
However, remember that the 10-
meter driver includes a quarter-
wavelength matching section that
the model includes. Only the 20-
meter SWR curve falls short of the
mark, largely due to the fact that
both the feed point resistance and re-
actance show large excursions. The
resistance changes by 44 Ω across
the band, while the reactance
changes by 81 Ω. For comparison, the
feed point resistance on 15 meters
changes by just 6 Ω, while the reac-1Notes appear on page 27.

Fig 3 Fig 4
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tance changes by 20 Ω. The 20-meter
curve is a function of the fact that
the loops for that band have no fur-
ther lower-band loops with which to
interact. Hence, they tend to show
more normal monoband properties
for the boom length and the element
spacing than do the higher-band el-
ements. Despite slight interactions
with the 15-meter elements, the 20-
meter elements display the narrow
SWR bandwidth typical of monoband
20-meter quads on the same boom.
The original tables for the ARRL
quad design show separate dimen-
sions for the CW and the SSB por-
tions of the band.

Multiband quads have a few other
idiosyncrasies that do not show up
readily in tables. Pattern shape is one
of them, and Fig 5 displays some of
them. However, the ARRL quad de-
sign is remarkably free of extreme
pattern distortion, and so the figures
only modestly represent what we of-
ten see in more extreme forms. The
pattern to the left shows a typical
multiband quad fantail. The rear
lobes on multiband quads often show
considerable strength in rear quarter-
ing directions, resulting in worst-case
front-to-back ratios that are consid-
erably lower than the 180° front-to-
back ratio. Inadequately designed
LPDAs with too few elements for the
frequency span covered tend to show
a similar problem. It is likely that the
fantail effect is a product of interac-
tions with supposedly inert elements
for other bands. Some have attributed
the spread to the fact that there is a
small vertically polarized component
to the pattern, but this component
does not result in forward beam-

widths significantly wider than those
we achieve from Yagis of similar gain
potential. With respect to the rela-
tively modest fantail shown in Fig 5,
the only function of the vertical ra-
diation component is to reduce the
deep side nulls that we might find for
a Yagi.

The other pattern anomaly that
accompanies multiband design is the
appearance of extra lobes, as shown
by the 15-meter pattern in Fig 5. In
monoband designs, it is possible to
suppress secondary or forward side
lobes through at least 6-element ar-
rays. However, multiband quads
tend to show some extraneous lobes,
even with only 3-4 elements per
band. The most likely source of them
is from the inactive elements for the
other bands. As we increase loop size
above about 1.5 λ or decrease it be-
low about 0.75 λ , the radiation tends
to move from the desired broadside
orientation toward the loop edges.
Even low-level, induced activity in

the supposedly inert loops can yield
small lobes, such as the pair of side
lobes shown in Fig 5.

Nonetheless, the patterns of the
ARRL quad show the anomalies only
in small and relatively harmless
ways. Moreover, the array shows very
adequate levels of gain and front-to-
back ratio. The 10-meter performance
might withstand further optimizing,
assuming one could achieve this goal
without unduly disrupting the perfor-
mance on 20 and 15 meters. Still, the
task is one internal to the basic 4-
element design itself.

We came to the ARRL 4-element,
triband quad with the idea of using it
as a comparator for reportedly im-
proved designs. However, there are
perhaps only two reasons for chang-
ing the basic design of the quad. One
is to improve the operating bandwidth
across 20 meters. The other is to see
if we cannot achieve higher levels of
gain and front-to-back ratio from a
similar boom length. The next step in

Fig 5

Fig 6

Table 2
Dimensions of the W6PU dual-driver, 4-element, 33.5 foot-boom, triband
quad.

Space from Circumference in feet
Element Reflector in feet 20 Meters 15 Meters 10 Meters
Reflector 75.42* 50.30* 37.24*
Driver 1 13.0 71.75 47.83 35.92
Driver 2 21.5 68.17 45.42 34.08
Dir. 1 33.5 68.67 45.83 34.42

*From R. Martinez, W6PU, “The Evolution of the Four-Element Double-Driven Quad
Antenna,” CQ, Dec, 1983, pp. 30-36. Original specifications call for reflectors using the
same circumference as the first driver, but with shorted transmission-line stubs and
trimmer capacitors. The NEC-4 models use electrically equivalent full-size reflector loops,
with the circumferences listed in the table.
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Table 3
Dimensions of the reflector stubs of the original W6PU quad.

Band Stub Z (Ω) Stub Length (feet) Trimmer Capacitor (pF)
20 300 4.50 150
15 300 3.50 100
10 300 2.25   75
Note—article specifies 300-Ω or 1.5-inch wide stub line. Reflector circumference for each

band is identical to the listed value for the first driver circumference in Table 2.

Fig 7

Fig 8

our exploration is to review an old
design that seems to promise both.

The Original W6PU Dual Driver
4-Element Triband Quad

In the December, 1983, issue of CQ,
Robert Martinez, W6PU, presented
“The Evolution of the Four-Element
Double-Driven Quad Antenna” (pp.
30-36). The article is absolutely typi-
cal of the period relative to antenna
design. Without the benefit of well-
calibrated computer calculation of
antenna performance potentials, the
era was filled with countless writers
who handled decibels without due
care.2 Perhaps the most important of
the W6PU claims are an improvement
of 5.5 to 6.0 dB in forward gain and a
30-dB front-to-back ratio. Since
the author refers to 2-element and
4-element quads for 40 through 10
meters, it is unclear over what the
new antenna showed the higher gain.
However, we can model the W6PU 4-
element, triband, dual-driver quad
and see what we get. Since we have
just reviewed a comparable model of
a reasonably competent 4-element
single-driver quad, we shall be able
to tell if the builder effected any im-
provements by using dual drivers.

Fig 6 shows the general outlines of
the W6PU quad. The total boom
length is 33.5 feet (plus the usual end
additions for hardware). Table 2 sup-
plies the element loop circumferences
used to construct the test model from
the article description. The original
reflector loop specifications called for

loops identical in circumference to the
ones used for driver one. However,
each reflector had a specified shorted
transmission line stub with a trimmer
capacitor across the short to tune the
stub. See Table 3 for the values in-
volved and Fig 7 for the layout given
in the article. Unfortunately, the text
gives the builder the alternative of
using 300-Ω line or home-crafted lines
spaced 1.5 inches apart. A stub made
from #12 AWG copper wire and
spaced 1.5 inches will have a charac-
teristic impedance of about 435 Ω.
Hence, for modeling purposes, it be-
came impossible to know what sort of
stub lengths and trimmer settings
might have been used. The simpler
method of proceeding was to use full
size reflectors that are electrically
equivalent to the stubbed and
trimmed elements used in the origi-
nal model. The values shown in
Table 2 resulted in the best gain and
front-to-back performance across the
band—without altering the other el-
ement sizes.

Note that the driver closest to the

reflector is designated as driver one,
while the one closer to the director is
called driver two. This orientation is
necessary to fully appreciate the
sketch in Fig 8. The right-hand side
shows the phase-line arrangement
between drivers for the 20-meter
band, which uses a single line—and
the 10- and 15-meter bands, which
use a split-line phasing system. The
feed point, contrary to most phase-line
systems used in horizontal arrays, is
at or closer to the rear driver (driver
1). Table 4 provides data on the speci-
fied line lengths. The original article
carefully notes the use of 50-Ω
(RG-8A/U) line with a velocity factor
of 0.66. The electrical lengths used in
the model of the antenna are the
equivalent lengths for a velocity fac-
tor of 1.0.

Modeling a multiband quad in
NEC requires attention to a number
of factors. First, the antenna wires
require a bit more than minimal seg-
mentation at the highest frequency.
The model uses 7 segments per side
or 28 segments per loop at 10 meters.
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Since the segment length should be
relatively constant throughout the
assembly, the 15-meter elements used
11 segments per side and the 20-
meter elements used 15 segments per
side. Second, the split phase lines re-
quire a junction segment to use for the
antenna feed point. The technique
appears in the left-hand side of Fig 8.
All wires are #12 AWG copper.

The structure is a diamond. Set-
ting coordinates around the system
involves calculating the support-arm
length for each circumference loop.
For square loops, the corner coordi-
nates are each simply the circumfer-
ence divided by 8, so that each side
is 1/4 of the circumference. For dia-
mond loops, the arm length is the cir-
cumference divided by 4 square roots
of 2 or 5.6569. To avoid having to
make multiple adjustments to
change any loop size, I used software
(in this case, NEC-Win Plus) with
variables. Fig 9 shows part of the set-
up of the page on which I assigned
variables. Fig 10 presents a portion
of the page on which I set up the
wires by using variables instead of
constants. An alternative view of the
same program page would show the
numbers created by the assignment
of variables. Changing a loop size
thus requires only one revised entry
in the model. Since NEC-Win Plus
uses NEC-2, I cross-checked the re-
sults of each run using NEC-4 soft-
ware. The results are the same.

Running the model on each of the
bands produced the free-space E-
plane patterns shown in Fig 11.
Each pattern represents my judg-
ment of the best pattern on the band,
with a record of the frequency at
which it occurred. Besides the an-
ticipated fantailed rear lobes on the
upper two bands, they are all well
behaved. The question is whether we
achieved anything with these well-
shaped patterns.

Fig 12 graphs the free space gain
of the array across each of the bands,
using the same graphing scale that
we applied to the single-driver ARRL
quad beam. The 10-meter gain curve
is very similar to the one obtained
from the ARRL quad. The 15-meter
curve is similar in its evenness, but
at a level that is below that we ob-
tained from the single-driver beam.
The 20-meter curve peaks at mid-
band. It descends very slowly above
the peak frequency, but drops precipi-
tously at the low end of the band.

We can see the results for the 180°
front-to-back values in Fig 13. The
values are not significantly different
overall from those obtained from the Fig 11

Fig 9—NEC-Win Plus screen for assignment of variables.

Fig 10—NEC-Win Plus screen using variables to define wire parameters.
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Fig 12 Fig 13

single-driver array. Perhaps the one
major difference lies in the very
high peak value on 20 meters near
14.14 MHz. The pattern shape in
Fig 11 reveals that the antenna has
almost no rear lobes at all—just
enough to recognize the deep 180°
dimple. Accompanying this remark-
able front-to-back value is a severe
decrease in the front-to-back ratio at
the low end of the band, correspond-
ing to the great decrease in forward
gain in the same frequency region.

One might surmise that W6PU
created the antenna to obtain a coin-
cidence of maximum gain and maxi-
mum front-to-back ratio for a small
portion of the 20-meter spectrum. 10
meters also shows a mid-band front-
to-back ratio peak, but of much
smaller proportions. 15 meters is flat.
However, the array design using
phase-fed drivers fails to produce any
gain over the single driver quad ex-
plored earlier in these notes. Since we
do not know the design of the quad
against which he made his gain com-
parisons, any further conclusions
than this one would be speculative.

We need not speculate about the
feed-point impedances obtained with
the model of the W6PU array. They
are all too low to graph against a
50-Ω standard. All of the reported im-
pedances have a very low reactive
component, with the maximum range
over the 3 bands going from –j8 Ω up
to +j11 Ω. However, the resistive
component is problematical. On 10
meters, it runs from 9 to 20 Ω. On 15,
the range is 9 to 11 Ω. On 20, it runs
from 1.5 to 15.5 Ω. The diagrams all
show a direct connection to a 50-Ω
feed line. However, the model suggests
that a 1:4 transformer would be nec-
essary to achieve a 50-Ω impedance

across even part of the bands. With
such a transformer, 15 meters would
show under 2:1 50-Ω SWR across the
band. 10-meters might provide about
800 kHz of coverage, since the feed
point resistance rises very slowly
across the first half of the band and
much more rapidly thereafter. On 20,
the SWR would be satisfactory only
over the upper or SSB portion of the
band. Of course, this speculation as-
sumes the use of a 1:4 transformer
with high efficiency.

The number of times that the
W6PU dual-driver array has been
brought to my attention suggests
that numerous antenna planners
are using the beam as a potential
foundation for their own antenna
work. Yet, we are left with a quan-
dary. If the dual-driver system
aimed to increase gain over a single
driver, it failed. If it aimed to pro-
duce a wider passband than the
single driver array, it also failed.

In arrays using phase-fed dual
drivers, the constraints of phase-feed-

ing the drivers make maximum gain
and a wide passband virtually contra-
dictory. It is possible to set the cur-
rent magnitude and phase on the two
elements so that they yield very high
gain—over 7 dBi in free-space mod-
els of 2-element phased horizontal
arrays—over a very narrow passband
and at a very low impedance. It is also
possible to set the driver current mag-
nitudes and phases to achieve maxi-
mum front-to-back ratio, but only
at a lesser gain, perhaps just below
6 dBi. The required current magni-
tudes and phases for a given pair of
elements are very different for the two
conditions. In phase-fed Yagi studies,
I have used the high-gain setting with
a director to achieve further gain and
a very good front-to-back ratio—but
only at the cost of a low feed-point
impedance and a bandwidth only
suited to the narrower 30-, 17- and
12-meter bands.3

Obtaining a wide operating band-
width tends to require a set of
current magnitude and phase con-
ditions that fall in between those
needed for the extremes of gain and
of front-to-back ratio. The improve-
ment in horizontal arrays using lin-
ear elements tends to be only mar-
ginal, usually to the front-to-back
ratio over the entire passband, rela-
tive to Yagis with similar spacing
and the same number of elements.
The gain remains at or just under
the levels achieved by a well-de-
signed Yagi of the same boom length
and the same number of elements.4

Since it is unlikely that the
phase-fed dual driver system can
achieve any gain advantage over the
single-driver ARRL quad array, per-
haps the rightful place for the W6PU
array lies in providing full band cov-

Fig 14
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erage with good gain and front-to-
back values for all of the bands—
including 20 meters. However, if we
hope to achieve a wideband, 50-Ω
feed system, the array will have to
undergo considerable redesign.

A Modified W6PU Dual Driver
4-Element Triband Quad

Designing a simple two-driver log-
cell Yagi begins with the design of the
phased drivers. When we add para-
sitic elements to the driver set, we
ordinarily do not disturb the drivers.
Instead, we set the length and spac-
ing of each parasitic element for a
desired set of performance curves over
the selected passband. Finally, we
either accept the feed point conditions
presented by the phased drivers, or
we take the entire array through a
number of iterations attempting to
preserve the performance curve while
attaining a desired feed-point imped-
ance curve. In theory, designing a
dual-driver monoband quad would
follow the same scenario.

Our subject antenna, however, is
not a monoband quad, but rather a
triband quad with preset element
spacing. Our goal is to discover if we
can adapt the basic design to a rea-
sonably high-performance array,
using the ARRL quad as an initial
measuring stick. As well, the goal is
to find out if we can extend the pass-
band so that we obtain full band cov-
erage on 20 and 15 meters and full
coverage from 28 to 29 MHz on 10
meters. The task has some limiting
factors. First, the element spacing,
even between drivers, varies from one
band to the next as a function of a
wavelength. Second, the interactions
among the active elements and the
passive ones may complicate not only
the sizing of the parasitic loops, but
as well, the phase line for the active
band. Indeed, because changes in the
phase line length on one band will
affect the activity of the elements
when passive, we have an additional
variable that will affect the outcomes.
Hence, we shall require a considerable
number of iterations to assure that we
attain the project goals.

Refer to Fig 5 for the general out-
line of the modified W6PU phased-
driver array. The elements of that
sketch do not change in the process
of modification. However, we do
change the phase-line scheme to a
more conventional one that uses a
single line between drivers for each
band. As well, we feed the forward
driver, as shown in Fig 14. These
moves are for convenience of design
and do not invalidate the use of split

lines to effect the desired phasing.
The goal is to find a ratio of current
magnitude on the drivers and a set
of relative phase angles that will
yield acceptable performance.

A phased pair of drivers requires
relative current magnitudes and
phase angles of certain orders for
any given performance curve. The
current magnitudes are normally
close to but hardly ever precisely
equal. The current phase angle be-
tween the two elements varies with
the spacing, with the rear element
showing a positive angle relative to
the forward element. The wider the
spacing, the larger the phase-differ-
ence required for a given result.

At the same time, we wish the
feed point to exhibit an acceptable
impedance. In our test case, the
target is 50-Ω resistive, with slow
variations of both resistance and re-
actance as we move away from the
design frequency. For a system that
uses a single line between the driv-
ers, we may presume a constant volt-
age at the junction of the forward
element and the phase-line end. The
parallel connection forms a current
divider. The forward element feed-
point impedance sets the current
level and phase angle for the forward
element. However, the impedance on
the phase-line side is determined by
the impedance of the rear element,
as transformed along the phase line.
Hence, the phase-line characteristic
impedance and length play a role in

determining what impedance ap-
pears at the junction. This imped-
ance, in parallel with the forward
element impedance, determines the
current division. The transformation
of the current and its phase angle
working back toward the rear ele-
ment determine the current magni-
tude and phase angle at that point.
The parallel combination of the
phase-line forward-end impedance
and the forward element impedance
yield the feed-point impedance of the
array.5 If we use a split pair of phase
lines, with a length forward to the
front element and another length
back to the rear element, we only
complicate the situation by one more
set of transformations along an
added transmission line.

The presence of parasitic elements
and of interactive undriven elements
for inactive bands assures that the
simple calculations will not yield us-
able results. Therefore, when all else
fails, one uses the method of experi-
mental iteration, also known as trial
and error. By a series of trial phase-
line lengths and characteristic imped-
ances, accompanied by judicious
re-sizing of some element circumfer-
ences, one can see trends in perfor-
mance, as well as the limits of
improvement made by further
changes of the same type. The initial
stage involved finding setting for
the individual bands, followed by
re-adjustments occasioned by the fact
that changes to one band required ad-

Table 5
Dimensions of the W6PU dual-driver, 4-element, 33.5 foot-boom,
triband quad.

Space from Circumference in feet
Element Reflector in feet 20 Meters 15 Meters 10 Meters
Reflector —— 73.07 50.30 37.24
Driver 1 13.0 72.12 49.97 36.06
Driver 2 21.5 67.41 46.20 33.00
Dir. 1 33.5 67.88 45.83 34.42

Table 4
Phase-line lengths for each band for the W6PU quad.

Band Line Route Physical Electrical Feedpoint
Length Length

20 Driver 2 to Driver 1  8.50' 12.88' Driver 1
15 Driver 1 to Junction  7.17' 10.86' Junction

Driver 2 to Junction 14.58' 22.10' Junction
10 Driver 1 to Junction  5.33'  8.08' Junction

Driver 2 to Junction  9.67' 14.65' Junction

Note—All phase lines 50-Ω, VF 0.66 coaxial cables. Driver 1 is the element closest to the
reflector—that is, the rear driver.
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ditional changes to the other bands.
Table 5 provides the dimensions of

the final model for the modified
W6PU array. The most notable
changes are the enlargement of the
rear drivers and the shrinkage of the
20-meter and 10-meter forward driv-
ers. The 15-meter forward driver is
actually larger than in the original
array. Changes to the circumferences
of reflectors and directors tweak per-
formance or the position of perfor-
mance peaks within the passband.

A 50-Ω phase line proved satisfac-
tory for all bands, but its length is not
what we expect of a two-element
phase-line. We are used to the trick
of reversing the connections of a short
phase line to accrue the impedance
transformation of a longer line, for
example, giving a half twist to a 45°
line to effect a 135° line. Because early
principles in amateur circles stressed
the impedance transformation rather
than the current transformation in
the phase line, we have mislabeled the
effect of the half twist. A 45° line with
a half twist does not transform to
135°, but instead to –45°—or 315°, if
counting always in a positive direc-
tion. Of course, the current transfor-
mation is only 45° if the rear element
has an impedance that matches the
characteristic impedance of the
phase-line.

The spacing between the two driv-
ers in our array does not permit the
use of a very short line. Hence, we
need to use longer lines without the
twist for our phase lines. The short-
est line must be at least 8.5 feet long,
plus a small addition to clear the sup-
porting mast for the array. On 20
meters and 15 meters, the required
50-Ω lines are considerably longer. In
this exercise, I shall pass over the dif-
ficulties of physically controlling the
route taken by the longer lines.

Table 6 presents the required line
lengths for the phase lines for all 3
bands. On 10 meters, the 8.79-foot line
may be too short for routing around
the mast. Therefore, I have included
its reversed counterpart, which is
similar in length to the 20-meter line.
The table also contains some other
useful information, such as the spac-
ing between drivers for each band
measured as a function of a wave-
length and in electrical degrees—both
at the middle of each band. As well, I
have shown the physical lengths of
the lines assuming velocity factors of
0.66 and 0.80 as a rough guide to the
actual line lengths a builder might
encounter. Anyone contemplating
building this or any other phased ar-
ray is well advised not to trust the

published velocity factor values, but
to measure the velocity factor of the
actual material being used.

One more table completes the data
necessary to understand something of
the complexity of a multiband, dual-
driver quad array. Table 7 provides
information on the modeled mid-band
differentials between the two drivers
in terms of their current magnitudes
and phase angles. The data may pro-
vide some appreciation of how ele-
ment interactions complicate matters
in triband phased arrays. The lines
for 20 and 15 meters are considerably
longer than we might expect for the
spacing between drivers, while the 10-
meter line is shorter. (These expecta-
tions are based on the erroneous rule
of thumb that a spacing of 0.125-λ
requires a phase line of 135 electrical
degrees.) Indeed, the 15-meter line,
under the influence of both the 10-
and 20-meter inactive elements, is
longer than 1/2 λ (180°).

The current ratios initially look to
be well off of any ideal ratio, where
something close to 1:1 might be ex-
pected. However, I experimented ex-
tensively with the 20-meter drivers
and obtained peak performance with
exactly equal currents and a phase
difference of 110°. The improvement
was exactly 0.01-dB increase in gain
and 3 dB in front-to-back ratio. Since
the front-to-back ratio at the center
of 20 meters already exceeds 23 dB
and since the added gain is not ob-
tainable with a commonly available

transmission line, I concluded the
tests.

The question that follows this
foray into the design parameters for
a multiband, phase-fed quad array
is what we obtained for our efforts.
In terms of free-space gain, Fig 15
provides the results. Relative to the
original W6PU design, we obtain
higher gain across each of the three
bands. 20 meters shows a smooth
gain curve, with no major drop-off
at either band edge. 10 meters shows
the cross-band rise that we saw in
the original design, but at a high
average level. 15-meter gain is flat
across the band and slightly greater
than in the original design.

If we compare array gain with the
ARRL quad with which we started
this investigation, we find the 20-
meter results to be very comparable,
with the ARRL single-driver quad
having an average 0.1-dB advantage.
However, the ARRL quad shows an
average advantage of about 1.3 dB
over the dual-driven array on 15
meters. The 10-meter gain curve
largely offsets that advantage, since
the ARRL version is much steeper. It
has about a full dB less gain at the
low end of the band and only just ex-
ceeds the modified W6PU array at the
top end. In essence, this result estab-
lishes that a phase-fed quad array has
no particular gain advantage over a
more conventional single-driver array
of about the same boom length and
using the same number of elements.

Table 7
Current phasing data.

Freq. Differentials Between Rear Driver and Forward Driver Line Length
MHz Current Magnitude Ratio Relative Current Phase Degrees

Rear-to-Forward Rear (Forward = 1.0)
14.175 1.365:1 103.2 162.1
21.225 0.779:1 131.3 200.7
28.5 0.856:1 150.3 139.1

Table 6
Phase-line lengths for each band for the modified W6PU quad.

Band Driver Spacing Line Electrical Physical Length
Wavelengths Degrees Length feet VF=.66 VF=.80

20 (14.175) 0.1225 44.10 31.25' 20.63' 25.00'
15 (21.225) 0.1834 66.02 25.83' 17.05' 20.67'
10 (28.5) 0.2463 88.67 13.33'   8.79' 10.67'
10 (alt)* 0.2463 88.67 30.59' 20.19' 24.47'

Note—all lines are 50-Ω without reversal, except 10 (alt)*, which uses a reversed 50- Ω line.
For all lines, the route is from driver 1 (rear) to driver 2 (forward), with the feed point at
driver 2.
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Fig 15

Fig 17

The 180° front-to-back ratio results
appear in Fig 16. The original W6PU
array has a very sharply peaked 20-
meter front-to-back curve with very
poor values at the low end of the band.
In contrast, the ARRL quad 20-meter
front-to-back curve almost parallels
the modified array curve, although
the latter has somewhat better low-
end values. On 15 meters, the modi-
fied array shows a value above 20 dB
all across the band. The original
W6PU array was several dB lower at
all points in a parallel curve. The
ARRL front-to-back curve rises from
10 dB to 22 dB across the band, in
contrast to the smooth results for the
modified phase-fed design.

On 10 meters, the modified and
original W6PU designs again show
parallel curves. However, the modified
design manages to increase the front-
to-back ratio by at least 3 dB every-
where in the band. Unfortunately, the
ARRL array requires significant im-
provement in its 10-meter front-to-
back performance, with a curve that
runs from 4 dB at the low end of the
band to only 14 dB at 29 MHz. Al-
though the gain differentials among
the designs may be operationally moot
in most cases, the modified phase-fed
array has superior performance in the
front-to-back category over both of the
other arrays.

Since the motivation for this de-
sign exercise was to determine if
phase-feeding a quad array could
improve the operating bandwidth,
especially on 20 meters, we should
examine Fig 17. The graph settles
the question immediately. On 20 and
15 meters, the 50-Ω SWR curve is
1.5:1 or lower everywhere on each
band. Although the 10-meter SWR

Fig 16

curve remains below 2:1 across the
first MHz of the band, it does not
match the corresponding 10-meter
SWR curve of the ARRL quad. How-
ever, that single-drive quad does not
match the phase-fed array on either

20 or 15 meters, with 20 meters be-
ing very deficient in coverage.

As I indicated early on in the in-
vestigation, multiband quads require
attention not only to levels of perfor-
mance, but to pattern shape as well.

Fig 18

cebi.pmd 6/1/2005, 3:12 PM21



22  Jul/Aug  2005

Therefore, I am including some mod-
eled free-space E-plane patterns that
will closely resemble the azimuth pat-
terns one might achieve with such an
antenna at least 1  λ above real
ground. Fig 18 samples the 20-meter
patterns at the band edges and in the
middle of the band. Perhaps the only
way to describe these patterns, rela-
tive to our expectations from a com-
parable monoband Yagi, is that they
are clean and well-behaved.

In Fig 19, we find the correspond-
ing patterns for 15 meters. The for-
ward lobes are once more clean. The
rear lobes show a minor tendency to-
ward fan-tailing as we increase the
frequency within the band, so that the
worst-case front-to-back ratio is about
15 dB at the high end of the band.
Compared to many multiband quad
designs, the 10-meter patterns in
Fig 20 are quite free from anticipated
abnormalities. The rear lobes, while
not as diminutive as we might like
from a monoband Yagi, are free from
quartering sidelobes that would yield
a ratio of under 20 dB. From 28.5 MHz
to 29 MHz, the forward lobe barely
shows small bulges, indicating an in-
cipient but undeveloped secondary
forward lobe.

All-in-all, then, the modified W6PU
phase-fed driver multiband quad in
principle offers reasonably good per-
formance on all three of the wide
upper HF amateur bands. It is broad-
band in its full coverage of each band,
and its gain and front-to-back levels
are very respectable for quad arrays
with a 33.5 foot boom. The modified
version overcomes the shortcomings
that appeared in models of the origi-
nal W6PU design, while generally
equaling or bettering the performance
curves for the ARRL design (except
for 15-meter gain).

In the final analysis—and apart
from prejudices for or against quads—
the design leaves us with a final ques-
tion: how does the anticipated phase-
fed quad performance stack up over
and against the performance of a com-
parable multiband Yagi design?

The Modified Phase-Fed Quad
vs. Two Multi-Band Yagis

The modified W6PU phase-fed
quad uses 12 elements in 4 groups
of three on a 33.5 foot boom. To
evaluate its performance fairly, we
need to compare the figures that
appear in the graphs (Fig 15, 16 and
17) with those from an array with
which the quad might be competi-
tive as a design of similar complex-
ity, similar coverage and similar
size. Hence, monoband quads and

Yagis are not suitable comparators
in the evaluation. The potential gain
figures for the monoband antennas,
cited at the beginning of this study,
serve only to reveal to what extent
the multiband quad (or other multi-
band antennas) achieves (or fails to
achieve) monoband performance.

A more suitable comparator for a

first-order competitive comparison
would be a multiband Yagi having a
similar boom length to the one used
in the quad, something in the range
from 30 to 35 feet. Over the years, I
have developed models of at least two
possible designs. Although the mod-
els have roots in the measurement of
dimensions of actual antennas, they

Fig 19

Fig 20

Table 8
General dimensions of a 15-element, triband Yagi with master and two
slaved drivers.

El. # Function Length Diameter Distance from
(feet) (inches) Reflector (feet)

1 20-m reflector 34.50 0.625
2 15-m reflector 23.33 0.50  2.17
3 10-m reflector 17.50 0.40  4.17
4 15-m slaved driver 22.33 0.50 11.09
5 20-m master driver 32.17 0.625 11.60
6 10-m slaved driver 16.97 0.40 11.79
7 10-m director 1 16.00 0.40 13.92
8 10-m director 2 15.92 0.40 18.00
9 15-m director 1 20.92 0.50 19.00
10 10-m director 3 15.58 0.40 19.83
11 10-m director 4 15.83 0.40 25.50
12 10-m director 5 15.83 0.40 26.08
13 20-m director 1 30.67 0.625 26.75
14 15-m director 2 20.33 0.50 30.00
15 10-m director 6 15.67 0.40 31.58
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Fig 21

Fig 22

Fig 23 Fig 24

are not models of the antennas them-
selves. Instead, they are modeling ide-
alizations, using uniform-diameter
elements, in contrast to the normal
stepped-diameter element structures
used in upper-HF horizontal arrays.
Hence, the element lengths do not
coincide with those of actual anten-
nas. As well, both models use complex
feeding systems so that the user re-
quires only one feed point and cable.
All such systems depend for the im-
pedance transformations on not only
the element lengths and spacing, but
as well on the element diameter. The
idealization of the model to uniform-
diameter elements requires alter-

ations in the feed structure to simu-
late the actual one. As a consequence,
the performance curves that emerge
from the models may differ in detail
from those obtained with real anten-
nas of roughly similar outlines. These
cautions result in a disclaimer: for
true models of any antenna, commer-
cial or otherwise, one needs to consult
the maker or the maker’s literature.

In addition, various antenna mak-
ers use different methods and test set-
ups for obtaining performance results
that eventually appear in one or an-
other form of print. The modeling re-
sults that I shall present stem from
simple free-space models. Hence, they

may not coincide with numbers that
may appear for similar-looking anten-
nas. As well, makers modify and
improve designs with time, and the
models used here may be dated rela-
tive to their roots.

Nevertheless, we may use these
idealized models for a limited pur-
pose: to gather basic data on the po-
tential performance of multiband
Yagis in the 30 to 35-foot category.
We shall limit the use of the data to
seeing how the modified quad design
stacks up with these modeled Yagis.
The comparison may tell us whether
the quad design is roughly competi-
tive, vastly superior, or embarrass-
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ingly inferior. If one needs finer
shades of evaluation, one must build
all of the arrays and test them on a
rated range.

One question that the evaluation
will not tell us is whether the quad
enjoys in fact its reputation as a
band opener and closer. Such a study
involves more than the basic mod-
eled performance of the antenna,
since it likely depends on propaga-
tion phenomena as well as on
radiation pattern phenomena. Con-
sequently, these notes will remain
silent on that perennial issue in the
Yagi-vs.-quad discussion.

A 15-element triband Yagi using a
master driver and two slaved drivers:
The first of our multiband Yagis uses
a boom just over 31.5 feet long, plus
such end extensions as may be needed
to mount the element-to-boom hard-
ware. The general outline appears in
Fig 21, with the model dimensions
shown in Table 8. The design uses 3
20-meter elements, 4 15-meter ele-
ments and 8 10-meter elements. This
type of listing is conventional and
based on the length of the elements.
However, as in all multiband Yagi de-
signs, the elements for inactive bands
relative to one being used are active
to some degree.

20-meter elements are particularly
troublesome to 10-meter operation,
since they can be not only active, but
may control 10-meter performance.
The length of a 20-meter element as
it approaches a full wavelength on 10
meters tends to be long in terms of
what the 10-meter portion of the ar-
ray requires, even from a full-wave
element. The effect is to drag the per-
formance curves lower in frequency,
preventing full high-band coverage.
The normal compensation is to add a
10-meter director immediately to the
driver side of the 20-meter director.
As well, one usually needs to place a
further 10-meter director on the other
side of the 20-meter director. Although
less of a burden in this respect, simi-
lar treatment usually accompanies
the placement of 15-meter directors,
as these elements can also affect 10-
meter performance. Signs of such de-
sign maneuvers appear in Fig 21.

A second reason for surrounding
lower-band directors with high-band
directors is the fact that in develop-
ing a design, directors for different
bands—especially for 10 and 20
meters—seem to “want” to be in the
same place. The design at hand does
not use traps to resolve the place-
ment issue. Instead, the fore-and-aft
high-band director treatment settles
the issue.

The driver section of the antenna
employs a master 20-meter driver.
Closely spaced slaved drivers for 15
meters and 10 meters require no
connection to the master driver to
perform their function. Such sys-
tems depend upon the mutual cou-
pling between elements—all of
which are highly dependent upon
element length and spacing of the
slaved drivers relative to the mas-
ter driver—to provide the higher-
band energy for the array and to
show a suitable impedance at the
master driver on all three bands.

Such a design is capable of high
levels of performance on all three
upper-HF bands. Fig 22 shows the
modeled free-space gain of the ar-

ray. The values for 20 and 15 meters
form smooth curves and range from
just above 9 dBi to about 9.5 dBi.
The boom length is long for 10
meters and is filled with directors
that increase gain in addition to
compensating for interactions with
elements for other bands. Hence, 10-
meter gain is considerably higher
than for the lower bands, ranging
from about 11.7 dBi to nearly 15 dBi
across the first MHz of the band.

Fig 23 shows the modeled 180°
front-to-back performance of the ar-
ray. From monoband beams, we expect
to see values above 20 dB everywhere
within the band covered. Although the
front-to-back ratio of a triband beam
may peak over the 20-dB marker

Fig 26

Fig 25
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Table 9
General dimensions of a 16-element, triband Yagi
with directly coupled drivers.

El. # Function Length Diameter Distance from
 (feet) (inches) Reflector (feet)

1 20-m reflector 34.68 0.70
2 10-m reflector 17.29 0.55  1.64
3 15-m reflector 23.24 0.625  3.28
4 10-m driver 16.77 0.55  6.89
5 20-m driver 33.74 0.70  8.86
6 15-m driver 22.16 0.625 10.83
7 10-m director 1 15.73 0.55 12.47
8 10-m director 2 15.73 0.55 14.44
9 20-m director 1 32.17 0.70 16.40
10 10-m director 3 15.99 0.55 18.04
11 15-m director 1 21.27 0.625 20.01
12 10-m director 4 15.47 0.55 21.98
13 10-m director 5 15.66 0.55 27.89
14 20-m director 2 31.17 0.70 29.53
14 15-m director 2 21.58 0.625 31.17
15 10-m director 6 15.73 0.55 32.81

Fig 27 Fig 28

level, the average front-to-back ratio
averages in the range between 17 and
20 dB. In the test model, the 20-meter
ratio drops to just above 14 dB at the
high end of the band, while the 10-
meter ratio appears headed for a
sharp peak just beyond 29 MHz.
Nonetheless, the curves are important
also for what they do not show: the
extremely low values at one or an-
other band edge that often attach to
some conventional multiband quad
designs. For example, the lowest value
on 20 meters—where the array uses
3 elements—is well above what we
might obtain from a 2-element driver-
reflector quad design.

The 50-Ω SWR performance ap-
pears in Fig 24. On 20 and 15 meters,
the array achieves an SWR well be-
low the conventional standard of 2:1
at the antenna feed point. The an-
tenna also manages to cover all but
the last 100 kHz of the 10-meters, as
defined in terms of its first MHz.
Some improvement in the 10-meter
curve may be possible by judicious
adjustments to the length and spac-
ing of the 10-meter slaved driver
relative to the master 20-meter
driver. However, my experience with
2-band antennas using the same
type of driving system suggests that
without beneficial element interac-
tions that broaden an operating
curve, reduced coverage is natural.
The means taken to isolate 10-meter
gain and front-to-back performance
from problematical interactions
with lower-band elements also lim-
its the SWR passband. All multi-
band antennas ultimately demand
compromises and decisions as to
which properties receive priority.

Multiband Yagi designers are as

concerned with pattern shape as
with the basic performance num-
bers. Fig 25 provides a sample pat-
tern from each band—taken at the
band-center frequency—to create a
quick check on this property. In all
cases, the patterns are clean, that
is, typical Yagi patterns for the level
of gain and front-to-back ratio.

A 16-element triband Yagi using
directly coupled drivers: A single
multiband Yagi design might be an
aberration from the norm, so I am in-
cluding a second tribander using a
boom nearly 33 feet long. It employs
16 elements: 4 for 20 meters, 4 for 15
meters, and 8 for 10 meters. Lest one
think that the design is a clone of the
15-element Yagi, a comparison of
Fig 26 with Fig 21 will reveal that the
element placement is quite different
throughout. What this array shares

in common with the first one are two
major design features. One is the use
of surrounding 10-meter directors for
the 20- and 15-meter directors. The
other is the general progression of el-
ements, which is a factor controlled
by the frequencies covered more than
a simple decision of the designer.

The 16-element array differs from
the 15-element Yagi in several impor-
tant ways. The 4th 20-meter element
changes the relationships among all
of the directors, allowing a wider spac-
ing between the 10-meter directors
and the lower-band directors. As well,
the array places the 10-meter driver
behind the 20-meter driver, with the
15-meter driver in front. The result
is a slight reduction in 10-meter gain
and an enhancement of 15-meter
gain, relative to what would be pos-
sible had one reversed the drivers.

cebi.pmd 6/1/2005, 3:13 PM25



26  Jul/Aug  2005

Table 10
Some average values of performance parameters by bands—modified
W6PU quad array and 2 triband Yagis

Band Free-Space 180°/Worst-Case 50-Ω
Gain dBi Front-to-Back Ratio dB SWR

Modified W6PU 4-element phase-fed Quad
10   9.13 22.17 / 18.28 1.59
15   8.76 23.94 / 16.95 1.38
20   9.37 21.48 / 19.74 1.17
15-element, master with two slaved drivers, tri-band Yagi
10 13.29 19.97 / 18.68 1.64
15   9.27 19.62 / 19.18 1.43
20   9.37 16.56 / 16.56 1.66

16-element, directly coupled drivers, triband Yagi
10 10.55 19.32 / 19.32 1.25
15   9.61 17.64 / 17.17 1.18
20   9.19 14.47 / 14.47 1.20

The positions of the drivers also
result from the feed system, which
directly couples energy from the mas-
ter driver’s feed point to each of the
other two drivers via a low-imped-
ance transmission line. This system
uses close driver spacing, but not as
close as in the master-slaved driver
system. Nonetheless, the higher-
band drivers receive both direct en-
ergy and mutually coupled energy
from the 20-meter driver. Hence, the
higher-band driver lengths and spac-
ing are critical to the success of the
feed system. Table 9 provides the di-
mensions of the model that uses uni-
form-diameter elements. Compared
to the 15-element array, the 16-
element Yagi uses much fatter ele-
ments, especially on the upper bands.

The gain that we obtain from the
model of the 16-element array ap-
pears in Fig 27. The 10-meter gain
shows the steeply rising curve com-
mon to most multiband designs, but
at a somewhat lower level than for
the 15-element design. In contrast,
the 15-meter curve is slightly higher.
20-meter gain levels are comparable
within about 0.2 dB.

Fig 28 shows the modeled 180°
front-to-back ratio results. Overall,
the front-to-back ratio fluctuates
within the 14 to 22 dB range. No
sharp peaks appear in the graph,
although one might exist between
21.36 and 21.45 MHz in the last
tenth of the 15-meter band.

The advantages of the directly
coupled drivers—used by more than
one maker these days—appear in
Fig 29. Although the graph indicates
a few 50-Ω SWR values above 1.5:1,
the curve shapes strongly suggest
that with judicious adjustment of the
drivers, all of the curves would settle
in with band-edge values well below
1.5:1. To go with the performance
curves, the 16-element array patterns
all classify as clean and well behaved,
as revealed by the samples in Fig 30.

The comparison and conclusion:
The two multiband Yagi designs, as
modeled here, are sufficiently similar
to form a basis for evaluating whether
the modified W6PU phase-fed quad
array is competitive. By competitive,
I simply mean that it is capable of
sufficient performance to warrant a
move from abstract modeling design
to planning a physical implementa-
tion. A review of the performance
curves for all three antennas is nec-
essary for detailed evaluation, but we
can gain something of value by sum-
marizing the average performance fig-
ures. Table 10 provides the averaged
data for free-space gain, 180° front-

Fig 29

Fig 30

to-back ratio, worst-case front-to-back
ratio, and 50-Ω SWR. The insertion
of the worst-case figure provides for
the tendency of the quad to show a
fantail rear lobe structure on some
bands, such as 15 meters.

Clearly, the Yagis win the gain con-
test on 10 meters by a wide margin,
due to the ability to add the extra di-
rectors on a 30-35-foot boom. On 15
meters, the Yagis hold a slight gain
margin—about 0.5 dB—but 20 meters
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is a dead heat. In the 180° front-to-
back category, the quad is superior by
a margin that ranges from slight—
that is, a fraction of a dB—to a mar-
gin that might be operationally sig-
nificant—5 dB. When it comes to
worst-case front-to-back ratios, the
field is split, with each antenna in the
table taking top honors once. All of the
arrays cover all bands with less than
2:1 50-Ω SWR, with the exception for
one Yagi of the top 100 kHz of the first
MHz of 10 meters.

Although it is dangerous to make
decisions based on such summary
figures, the averages do indicate
that the phase-fed four-element
quad is sufficiently competitive with
triband Yagis of similar boom length
to rank as neither vastly superior
nor embarrassingly inferior. Hence,
quad aficionados might be attracted
to the design or to some offshoot of
it. A myriad of mechanical features
that may influence such a decision
go uncovered in this study. Certainly,
quad hardware is readily available.
However, even some seemingly mi-
nor construction details can affect
performance. For example, the cre-
ation of loops at the fastening points
of the loops to the support arms can
detune a loop from its modeled di-
mensions. In addition, one would
need to carefully handle the long
phasing lines between the drivers.
For many operators contemplating
a new antenna in the size range that
we have been considering, one final
fact may prove decisive. A quad de-
sign of the sort investigated here is
a home-brew effort, whereas the
Yagi models have commercial coun-
terparts that require only assembly
in accord with detailed instructions.

This investigation began with
an evaluation of the ARRL quad as
a well-designed single-driver quad in
order to establish two things:
whether it has limited band cover-
age and whether the use of phase-
fed dual drivers would provide any
gain or band-coverage advantages
over a single-driver quad. The initial
modeling of the most prominent
dual-driver 4-element quad devel-
oped by W6PU failed to provide the
promised 50-Ω feed-point imped-
ance, although the general design
showed promise in other operating
categories. Some judicious redesign
of the phasing system and the ele-
ment dimensions yielded a promis-
ing design with full-band coverage
on 20 through 10 meters. However,
the exercise laid to rest the old claim
that driver-phasing significantly in-
creases array gain. The truer func-

tion of driver phasing is to obtain a
wider operating bandwidth while
sustaining other performance fig-
ures, such as the front-to-back ratio.

Our final question was whether or
not the resulting quad design is elec-
trically competitive with multiband
Yagis of similar boom length. The gen-
eral answer is affirmative, although
specific properties of one or another
type of array may tip the balance.
Since all multiband arrays are filled
with compromises occasioned by ele-
ment interaction, the quad is neither
decisively superior nor decisively in-
ferior to comparable Yagi designs from
a strictly electrical perspective.

About the intangibles that form
both the quad and the Yagi mys-
tiques, I must close with a prudent
“no comment.”

Notes
1See L. B. Cebik, Cubical Quad Notes, Vol. 2,

antenneX, 2001, for background on the op-
timized monoband quads used as bench-
marks.

2Without casting a single aspersion on the
antenna that W6PU created, we may note
that he gives the basic quad loop a 2 to
2.5 dB advantage over the dipole. (The ac-
tual advantage when using the same ele-
ment wire-diameter is 1.0 to 1.1 dB.) He
attributes a much lower radiation elevation
angle to the quad over a Yagi, when both
are mounted at the same height. (The effec-
tive height of a quad is about two-thirds of
the distance upward from the lowest point to
the highest, a net increase in effective
height that fails to lower the radiation angle
significantly relative to the Yagi.) W6PU
gives the diamond shaped quad loop a gain
advantage over the square loop. (The differ-
ential is negligible in electrical terms, al-
though some builders prefer the diamond
for its support of feed cables along its arms
and its ability to withstand winter weather.)
Finally, he tends to add up all of the small
gains to reach a value for his antenna that
is their simple sum.

       If any problematical tendency has re-
mained from the early 1980s in antenna

work, it is the temptation to sum up the
theoretic gains from individual modifica-
tions to a basic antenna and then to claim
that the gain of the new antenna is that
sum. In most instances, the new antenna
will not achieve the performance level of
the claims derived from simple summing.
In some cases, a basic modification will
dominate the performance, negating the
gains of other modifications. In other
cases, modifications will cancel each
other rather than re-enforcing each other.
The only way to have confidence in perfor-
mance levels is to create the entire new
antenna structure and then to test it. Ac-
curate modeling is one route to testing
antenna ideas before building and,
equally important, before making claims
about the design.

3For fuller information on phase-fed horizon-
tal arrays, see the 4-part series “Some
Notes on Two-Element Horizontal Phased
Arrays,” in The National Contest Journal,
beginning in Nov/Dec, 2001 and conclud-
ing in May/Jun, 2002.

4For further background on antennas using
phase-fed driver cells and linear ele-
ments, see L. B. Cebik, “Some Aspects
of Long-Boom, Monoband Log-Cell Yagi
Design,” QEX, Jul/Aug, 2001, pp. 11-22.

5See L. B. Cebik, “Modeling and Under-
standing Small Beams: Part 5, The ZL
Special,” Communications Quarterly, Win-
ter, 1997, pp. 72-90, for some of the equa-
tions relevant to an analysis of action
along an array phase line.
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Ground System Configurations
for Vertical Antennas

By Al Christman, K3LC

Once you decide on a vertical antenna design, you next
need to define the ground system. This paper will

help you decide what’s right for you.

Abstract
All hams want to get the most

“bang for their buck” when building
an antenna. This article compares
the performance of vertical-mono-
pole antennas when they are in-
stalled over a variety of ground sys-
tems. The first group of antennas
has just a single vertical element or
radiator, but two-element cardioid
arrays and four-element square ar-
rays will also be reviewed in the fu-
ture. The ground systems examined
here all utilize buried wires that are
arranged in many different configu-
rations. Computer analysis indi-
cates that, for a given total length
of wire, some configurations perform
much better than others.

Introduction
Vertically-polarized antennas are

widely used on the low bands, and
the question often arises concerning
how to achieve the most gain for a
specified amount of wire in the
ground system. We are all familiar
with the classical AM-broadcast-
style ground system using buried
radials, but is it possible to do bet-
ter? Using EZNEC4,1 I will attempt
to answer this question. For simplic-
ity, all simulations were performed
on the 80-meter DX phone band at
a frequency of 3.8 MHz. Average soil,
with a conductivity of 0.005 Si-
emens/meter and a dielectric con-
stant of 13, will be used in the
computer model. In each case the
radiator has a physical height of

0.25 λ, or about 64.71 feet. All con-
ductors are made of # 12 AWG cop-
per.  The wire segment-lengths are
tapered in accordance with the most
conservative NEC guidelines. The
shortest segments, such as the one
containing the feed-point at the base
of the monopole, have a length of six
inches. The ground wires all begin
at the base of the vertical element
(at zero height) and the inner seg-
ment of each wire slopes downward
so that its outer end is at the “final”
depth in the soil, normally 3 inches.

Single Vertical Element with
Symmetrical Radial Ground
System

The first 18 ground systems each
incorporate uniformly spaced equal-
length radials. The number of radials
varies from 30 to 240, and the length
of the radials spans the range from
0.125 to 1.0 λ. Fig 1 illustrates a typi-
cal system (model # 5) utilizing 60

1Several versions of EZNEC antenna-
modeling software are available from Roy
Lewallen, W7EL, PO Box 6658, Beaverton,
OR 97007 or www.eznec.com.
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Table 1
Performance data for ground systems composed of uniform-length,
symmetrically-spaced radials.  The ground systems are listed in order of
increasing radial-length and number of radials.

Gain and Total
Model   Number & length (λ) takeoff angle Input impedance length
number   of radials (dBi & deg)  (Ω) of wire (λ)
  1   60 0.125 –0.25 24 45.44+j18.62 7.5
  2   120 0.125 –0.21 24 44.79+j17.48 15
  3   240 0.125 –0.19 24 44.49+j17.0 30
  4   30 0.25 0.15 25 44.15+j26.07 7.5
  5   60 0.25 0.45 24 40.45+j23.72 15
  6   120 0.25 0.58 24 38.50+j22.02 30
  7   240 0.25 0.63 25 37.60+j21.13 60
  8   30 0.5 0.46 25 46.65+j26.91 15
  9   60 0.5 1.03 26 43.85+j26.02 30
10   120 0.5 1.39 25 42.05+j25.91 60
11 240 0.5 1.56 26 40.85+j26.07 120
12 30 1.0 0.58 24 46.25+j26.74 30
13 60 1.0 1.30 25 43.25+j25.50 60
14 120 1.0 1.92 26 41.52+j24.99 120
15 240 1.0 2.33 26 40.49+j25.02 240

  6 120 0.25 0.58 24 38.50+j22.02 30
16 120 0.25(a) 0.61 25 38.44+j22.24 31.6
17 120 0.25(b) 0.63 24 38.57+j22.46 32.3
18 120 0.25(c) 0.64 24 38.56+j22.53 33.9

Notes
(a) A circular perimeter wire connects the outer ends of all the radials together. This extra wire

contributes another 1.6 λ to the overall length of wire required for the ground system.
(b) A 5-foot ground rod is added at the outer end of each of the radials. The extra length of

these rods increases the overall length of wire required for the ground system by 2.3 λ.
(c) A circular perimeter wire is added, along with a 5-foot ground rod at the outer end of

each radial. Together, these modifications add an extra 3.9 λ to the total length of wire
required for the ground system.

Fig 1—EZNEC representation of a quarter-wave vertical element
with a symmetrical ground system utilizing 60 quarter-wave
radials uniformly spaced 6° apart. Both the monopole and the
radials utilize tapered segment lengths.

Fig 2—Elevation-plane radiation pattern for the antenna shown in
Fig 1. The peak gain is 0.45 dBi at 24° take-off angle.

buried 0.25-λ radials, and Fig 2 dis-
plays the elevation-plane radiation
pattern for this antenna. Single-ver-
tical antennas using symmetrical
ground systems such as these will
generate azimuthal-plane radiation
patterns that are circular, or omni-di-
rectional. Table 1 lists the number and
length of the radials, the peak gain
and corresponding take-off angle
(TOA) at which maximum gain occurs,
the feed-point impedance and the to-
tal length of wire required for each
ground system. In the main part of the
table, the antennas are listed in order
of increasing radial-length and num-
ber of radials. As expected, doubling
the number of radials always yields
more gain, but the improvement be-
comes progressively smaller each time
more radials are added. For eighth-
wave radials, 60 is probably sufficient,
because installing more produces only
a small amount of additional gain.

The magnitude of the input resis-
tance behaves in a very interesting
manner. As long as only 0.125-λ  or
0.25-λ radials are used, an antenna
with more gain also has a lower in-
put resistance. For a ground screen
composed of 240 quarter-wave radi-
als, the feed-point resistance is just
37.6 Ω, the lowest value in the entire
table. When half-wave radials are
used, however, the input resistance
climbs above the 40-Ω level,
although once again it decreases
monotonically as more radials are
added and the gain rises higher. A
switch to full-wave radials again
boosts the feed-point resistance, even
though the gain is now greater than
ever before. Notice that the maxi-
mum gain varies significantly, from
–0.25 dBi to +2.33 dBi, as does the
total length of wire in the ground sys-

tem, from a low of just 7.5 λ all the
way up to 240 λ. There are slight
variations in the take-off angle at
which the peak gain occurs, but this
angle always hovers near 25°.

The lower portion of  Table 1 was
included to show what happens when
a perimeter wire and/or ground rods
are added to a radial ground system.

The results for ground-system model
# 6 (120 0.25-λ radials) are repeated
for comparison purposes, followed by
new models # 16 (perimeter wire
added), # 17 (ground rods added), and
# 18 (both perimeter wire and ground
rods added). In every case, the peak
gain rises only slightly, so it is likely
that adding either ground rods or a
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Table 2
Performance data for ground systems composed of uniform-length,
symmetrically-spaced radials. The ground systems are listed in order of
increasing antenna gain. Those using a perimeter wire and/or ground rods
have been omitted for simplicity.

Gain and Total
Model Number & length (λ) takeoff angle Input impedance length
number of radials (dBi & deg)  (Ω) of wire (λ)
  1  60 0.125 –0.25 24 45.44 + j18.62 7.5
  2 120 0.125 –0.21 24 44.79 + j17.48 15
  3 240 0.125 –0.19 24 44.49 + j17.0 30
  4  30 0.25 0.15 25 44.15 + j26.07 7.5
  5  60 0.25 0.45 24 40.45 + j23.72 15
  8  30 0.5  0.46 25 46.65 + j26.91 15
  6 120 0.25 0.58 24 38.50 + j22.02 30
12  30 1.0  0.58 24 46.25 + j26.74 30
  7 240 0.25 0.63 25 37.60 + j21.13 60
  9  60 0.5  1.03 26 43.85 + j26.02 30
13  60 1.0  1.30 25 43.25 + j25.50 60
10 120 0.5  1.39 25 42.05 + j25.91 60
11 240 0.5  1.56 26 40.85 + j26.07 120
14 120 1.0  1.92 26 41.52 + j24.99 120
15 240 1.0  2.33 26 40.49 + j25.02 240

Fig 4—Elevation-plane
radiation pattern for the
antenna shown in Fig 3.
The peak gain is 0.35 dBi
at 25° take-off angle. The
front-to-back ratio is 1.67
dB and the front-to-side
ratio is 0.70 dB.

Fig 3—EZNEC
representation of a
quarter-wave vertical
element with an
incomplete radial ground
system using 61 quarter-
wave radials spaced 3°
apart. All of the radials are
concentrated in the sector
to the east of the
monopole, extending over
an azimuthal range from 0
to 180°. Both the
monopole and the radials
utilize tapered segment
lengths.

perimeter wire (or both) to a radial
ground-screen is not worthwhile,
especially when viewed in terms of
the amount of extra work they entail.
Table 2 contains the same informa-
tion as Table 1, but here the anten-
nas are listed in order of increasing
gain, without regard to the number
or length of the radials. Note that only
those antennas using ground systems
with half-wave or full-wave radials
are able to achieve a gain of more than
1.0 dBi.

If one is limited to radials no longer
than 0.25 λ, then a very large num-
ber must be utilized to even approach
the one-decibel gain figure (a ground
screen with 240 0.25-λ radials yields
a gain of 0.63 dBi). Table 3 again re-
peats much of the data from Table 1,
but now the order of entry has been
changed so that the overall length of
wire in the ground system takes pri-
ority. When two ground systems both
utilize the same total length of wire,
they are listed in order of increasing
gain. If two ground systems both have
the same gain and the same total
wire-length, they are listed in order
of increasing radial-length.

Consider the case where only 7.5
λ of wire can be dedicated to the
ground system. From Table 3, using
30 quarter-wave radials instead of
60 eighth-wave radials produces 0.4
dBi of extra gain. If a maximum of
15 λ of wire is available, 30 half-
wave radials work best, although 60
quarter-wave radials yield only 0.01
dB less gain, and take up less space.
For 30 λ of wire, 60 half-wave radi-
als are definitely superior to either
120 quarter-wave radials or 30 full-
wave radials. At the 60-λ level, 120
half-wave radials produce a bit more
gain than 60 full-wave wires, and re-
quire only a fraction of the acreage.
Notice that, for total wire lengths
ranging anywhere from 15 to 60 λ,
half-wave radials generated the
most gain. For those who are will-
ing to install 120 λ of wire (more
than 31,000 feet at 3.8 MHz), 120
full-wave radials do a better job
than 240 half-wave wires.

Single Vertical Element with
“Incomplete” Radial Ground
System

Is it possible to arrange the radi-
als in such a way as to produce a di-
rectional radiation pattern of some
kind, using only a single vertical
element? Let’s see what happens if
we confine all the radials to an arc
which spans just 180° of azimuth,
instead of the full 360°. Fig 3 shows
a vertical antenna (model # 19)
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Table 3
Performance data for ground systems composed of uniform-length,
symmetrically-spaced radials. The ground systems are listed in order of
increasing total wire-length. Again, those utilizing a perimeter wire and/or
ground rods have been omitted.

Gain and Total
Model Number & length (λ) takeoff angle Spacing between length
number of radials (dBi & deg) tips of radials (λ) of wire (λ)
1 60 0.125 –0.25 24 0.013 7.5
4 30 0.25 0.15 25 0.052 7.5
2 120 0.125 –0.21 24 0.007 15
5 60 0.25 0.45 24 0.026 15
8 30 0.5 0.46 25 0.105 15
3 240 0.125 –0.19 24 0.003 30
6 120 0.25 0.58 24 0.013 30
12 30 1.0 0.58 24 0.209 30
9 60 0.5 1.03 26 0.052 30
7 240 0.25 0.63 25 0.007 60
13 60 1.0 1.30 25 0.105 60
10 120 0.5 1.39 25 0.026 60
11 240 0.5 1.56 26 0.013 120
14 120 1.0 1.92 26 0.052 120
15 240 1.0 2.33 26 0.026 240

Fig 6—Elevation-plane
radiation pattern for the
antenna shown in Fig 5. The
peak gain is –0.37 dBi at 26°
take-off angle. The front-to-
back ratio is 1.76 dB and the
front-to-side ratio is 0.90 dB.

whose radials are concentrated en-
tirely in the eastern sector, extend-
ing from due north through east to
due south. This ground system
utilizes 61 quarter-wave radials uni-
formly-spaced 3° apart in azimuth.
Such an arrangement might be
contemplated by an operator who
doesn’t need coverage in all compass
directions, or who doesn’t have room
for a complete 360° ground system.
Fig 4 is a plot of the elevation-plane
radiation pattern, with the front of
the “beam” to the right (due east).

This design yields very little front-
to-back or front-to-side ratio, even
though there are no radials at all to
the west of the vertical element. Table
4 lists the important performance data
for the six antennas with 180° ground
systems that were examined in this
section. In all cases, the peak gain mea-
surement was taken at an azimuth
angle of 90°, which bisects the radial-
ground screen. Notice that the front-
to-back ratio (F/B) and front-to- side
ratio (F/S) of these antennas are quite
low, less than 3 dB in all cases. For the
operator who was hoping for a quick-
and-easy “beam” antenna, this is bad
news. But, for the ham with a small
backyard, or one who is forced by cir-
cumstances to place the vertical ele-
ment at one edge of their property, the
good news is that he/she can still make
contacts off the “back” of the antenna,
even though there are no radials at all
in that direction. However, comparing
Table 4 with Table 3, it can be seen
that, for any particular total length of
wire, it is usually possible to get a bit
more gain in all directions by install-
ing a complete radial ground screen
that covers all 360° of azimuth.

What if we further confine the ra-
dials to just 90° of azimuth, instead
of 180° as above? Will this work bet-
ter? Fig 5 illustrates an antenna
(model # 25) whose radial ground sys-
tem is limited exclusively to the
northeast quadrant, using 31 quar-
ter-wave radials. For the operator
with a really small lot, this allows the
antenna to be placed in one of the
corners, and maximizes the length of
the radials. Fig 6 shows the elevation-
plane radiation pattern for this an-
tenna, with the front of the beam to
the right (northeast, or an azimuth
angle of 45°). The performance data
for antennas with six different 90°
ground systems is compiled in
Table 5. It shows that antennas with
single-quadrant radial ground sys-
tems provide only a small amount of
directivity, with F/B and F/S remain-
ing below 3 dB (as was true earlier
with the 180° ground systems). Com-

Fig 5—EZNEC
representation of a quarter-
wave vertical element with
an incomplete radial
ground system using 31
quarter-wave radials
spaced 3° apart. All of the
radials are concentrated in
the quadrant to the
northeast of the monopole,
extending over an
azimuthal range from 0 to
90°. Both the monopole and
the radials utilize tapered
segment lengths.
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Table 5
Performance data for incomplete radial ground systems. The radials span
an azimuthal range of 90° instead of the normal 360°. The ground systems
are listed in order of increasing length of radials and number of radials.

Peak gain and Total
Model Number & length (λ) takeoff angle F/B F/S length
number of radials (dBi & deg) (dB) (dB) of wire (λ)
25 31 0.25 –0.37 26 1.76 0.90 7.75
26 31 0.5 0.01 26 1.70 1.17 15.5
27 31 1.0 0.64 26 2.42 1.82 31
28 91 0.25 –0.24 26 1.88 0.93 22.75
29 91 0.5 0.17 26 1.72 1.18 45.5
30 91 1.0 1.13 29 2.80 2.11 91

Table 4
Performance data for incomplete radial ground systems. The radials
span an azimuthal range of 180° instead of the normal 360°. The ground
systems are listed in order of increasing total length of wire.

Peak gain and Total
Model Number & length (λ) takeoff angle F/B F/S length
number of radials (dBi & deg) (dB) (dB) of wire (λ)
19  61 0.25  0.35 25 1.67 0.70 15.25
20 121 0.25 0.44 26 1.73 0.72 30.25
21  61 0.5 0.78 26 1.65 0.66 30.5
22 121 0.5 0.92 26 1.71  0.65 60.5
23  61 1.0 1.42 26 2.42 1.00 61
24 121 1.0 1.84 28 2.78 1.14 121

paring these results with those in
Table 3 reveals that the maximum
gain is always less than what could
be achieved simply by utilizing a com-
plete radial ground system with the
same total length of wire.

To summarize, the use of an incom-
plete radial ground screen is probably
not advisable, since its peak gain is
generally lower than the omnidirec-
tional gain produced by a symmetrical
system of comparable total wire length.
Nevertheless, some operators may de-
sire the modest F/B and F/S achievable
with these ground-screens, or perhaps
circumstances may force them to place
the vertical radiator at the edge or cor-
ner of the yard.

Single Vertical Element with
Asymmetrical Radial Ground
System

Thus far, our computer analysis
indicates that it may not be such a
good idea to simply omit ground radi-
als in certain azimuthal sectors. So,
what if we start out with a completely
symmetrical radial ground system,
and then augment it in some direc-
tions, perhaps by utilizing more radi-
als, or longer radials, or both? Fig 7 is
an EZNEC drawing of a vertical an-
tenna (model # 33) whose ground sys-
tem includes 121 half-wave radials
evenly dispersed (1.5° apart) over the
eastern 180° azimuthal sector, in con-
junction with 29 quarter-wave radi-
als spaced uniformly (6° apart)
throughout the western arc. The el-
evation-plane radiation pattern is dis-
played in Fig 8, with the nose of the
beam to the right (due east, or 90°
azimuth). Again, there is very little
directivity.

Table 6 lists the important data for
the four antennas with asymmetrical
ground systems which were examined
in this section, given in order of in-
creasing total wire length. The west-
ern sector always had 29 quarter-
wave radials, evenly-spaced at 6° in-
tervals, while the number or length
of the radials in the eastern sector was
progressively increased. As the east-
ern half of the ground system was con-
tinuously filled with more wire, the
peak gain rose steadily. With a rea-
sonable number of radials directed to
the west, however, both F/B and F/S
remained quite low, as we might ex-
pect, considering the outcome of the
earlier computer simulations. To com-
pare these results with those for the
completely symmetrical ground sys-
tems described initially, we must in-
terpolate between the values given in
Table 3, since the total wire lengths
are not the same. We find that here,

Fig 7—EZNEC
representation of a
quarter-wave vertical
element with an
asymmetrical radial
ground system, using 121
half-wave radials in the
sector to the east of the
monopole, and 29 quarter-
wave radials in the sector
to the west. Both the
monopole and the radials
utilize tapered segment
lengths.

model # 34 (which utilizes one-wave-
length radials) is competitive, when
judged in terms of peak gain versus
total length of buried wire. However,
the remaining three asymmetrical-
radial ground systems are inferior to
the conventional design.

To continue, let’s create some an-
tennas which have ground radials in
all four quadrants, but with an aug-
mented number and/or length of ra-

dials in just a single quadrant (the
northeast sector in these examples).
Fig 9 shows an antenna (model # 36)
with 31 half-wave radials (spaced 3°
apart) in the northeast quadrant and
89 quarter-wave radials (also spaced
3° apart) dispersed uniformly
throughout the remaining three azi-
muthal quadrants. Fig 10 is the
elevation-plane radiation pattern for
the antenna, with the front of the

christma.pmd 6/1/2005, 3:40 PM32



  Jul/Aug  2005 33

beam to the right (northeast, or 45°
azimuth). As can be seen, this particu-
lar design has almost no front-to-back
ratio at all. Table 7 summarizes the
performance information for the four
antennas under review in this section,
with the data listed in order of in-
creasing total wire length. The 270°
sector that extends from northwest to
southwest to southeast always has 89
radials (uniformly spaced at 3° inter-
vals) whose length is either 0.125 or
0.25 λ. The northeast quadrant usu-
ally contains 31 radials, except in the
final case, where the number was
raised to 91; the length of these radi-
als varies from 0.25 to 1.0 λ. As ex-
pected, the peak gain increases as
more wire is added to the ground sys-
tem, but the F/B and F/S are always
quite low. If we compare this table
with Table 3 (where the radial ground
systems are totally symmetrical), we
find a mixed bag of results. For mod-
els # 35 and 36, a conventional ground
system with symmetrical radials can
provide more gain using less wire, but
the reverse is true for models # 37 and
38, which are now actually superior
to comparable antennas using tradi-
tional symmetrical radial-ground
systems. Notice that both of these “su-
perior” ground systems utilize 31 or
more one-wavelength radials in the
augmented quadrant.

In summary, an asymmetrical ra-
dial-ground screen may be just the
ticket if you’re looking for a bit of ex-
tra gain in a specific direction, or have
a backyard with an unusual shape.
But, as the tables show, some configu-
rations are more desirable than oth-
ers, so exercise caution. The limited
amount of computer simulation re-
viewed here indicates that a sector
containing very long (one wavelength
or more) radials may prove to be ad-
vantageous.

Single Vertical Element with
Mesh-type Ground System

Now let’s examine some antennas
which utilize a mesh or grid-type
ground-screen, rather than radials.
Fig 11 shows an antenna (model # 39)
with a mesh-style ground system
in which each small square within
the grid has a side-length of 3 feet
(0.0116 λ) while the overall ground-
screen measures approximately 0.5 λ
on each side. Fig 12 is the elevation-
plane radiation pattern when viewed
through a corner of the ground-grid
(northeast is to the right). Table 8
gives the results for the two mesh-
style ground systems that were
modeled. Notice that a square ground-
screen is not symmetrical with respect

Table 6
Performance data for asymmetrical radial ground systems. The radials in
the eastern 180° sector are different in length and/or spacing from those
in the western 180° sector, which always utilizes 29 0.25-λλλλλ radials spaced
6° apart.  The ground systems are listed in order of increasing total length
of wire.

Peak gain and Total
Model Number & length (λ) takeoff angle F/B F/S length
number of radials (eastern) (dBi & deg) (dB) (dB) of wire (λ)
31 61 0.25 0.60 25 0.16 0.08 22.5
32 121 0.25 0.67 25 0.25 0.12 37.5
33 121 0.5 1.14 26 0.29 0.09 67.75
34 121 1.0 2.07 27 1.36 0.59 128.25

Fig 8—Elevation-plane
radiation pattern for the
antenna shown in Fig 7.
The peak gain is 1.14 dBi at
26° take-off angle. The
front-to-back ratio is 0.29
dB and the front-to-side
ratio is 0.09 dB.

Fig 9—EZNEC
representation of a
quarter-wave vertical
element with an
asymmetrical radial
ground system, using 31
half-wave radials in the
northeast quadrant, and
89 quarter-wave radials
spread over the
remaining 3 quadrants.
Both the monopole and
the radials utilize
tapered segment
lengths.

to azimuth angle. In other words, the
ground screen looks different when
viewed through a corner than it does
when viewed through one of the sides.
As a result, two values will be quoted
for the gain of each antenna. The
larger ground-screen utilizes more
than twice as much wire as the
smaller one, and provides about
0.4 dB of additional gain.

Mesh-type ground systems were
not studied extensively because they
are inferior to conventional radial-
ground systems of equal size. First
consider model # 6 (with 120 uni-
formly-spaced quarter- wave radials)
which uses 30 λ of wire to produce

0.58 dBi of gain in all directions, ver-
sus model # 39, which uses 50% more
wire (45 λ) to achieve virtually the
same performance on a similarly sized
plot of land. Further, model # 10 (with
120 symmetrically disposed half-wave
radials) uses 60 λ of wire to generate
1.39 dBi of omni- directional gain,
while model # 40 requires 106 λ of
wire to yield a peak gain of only 1.03
dBi, and occupies a similar amount
of acreage.

Before completely abandoning
mesh-style ground systems, I decided
to change the position of the vertical
monopole, moving it first to the
middle of one edge of the ground-
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Table 7
Performance data for asymmetrical radial ground systems. The radials in
the north-eastern 90° quadrant are different in length and/or spacing from
those in the remaining 270° sector. The ground systems are listed in order
of increasing total length of wire. NE = northeast quadrant, R = remaining
270° sector, including northwest, southwest and southeast quadrants.

Peak gain and Total
Model Number & length (λ) takeoff angle F/B F/S length
number of radials (dBi & deg) (dB) (dB) of wire (λ)
35 NE 31 0.25 0.25 25 0.42 0.26 18.88

R 89 0.125

36 NE 31 0.5 0.94 25 0.01 0.28 37.75
R 89 0.25

37 NE 31 1.0 1.58 25 0.73 0.94 53.25
R 89 0.25

38 NE 91 1.0 1.97 28 1.07 1.21 113.25
R 89 0.25

Fig 10—Elevation-plane radiation pattern for the antenna shown
in Fig 9. The peak gain is 0.94 dBi at 26° take-off angle. The front-
to-back ratio is 0.01 dB and the front-to-side ratio is 0.28 dB.

Fig 11—EZNEC representation of a quarter-wave vertical element
with a mesh- or grid-type of ground-screen. Each small square
within the mesh is 3 feet on a side, while the overall ground-
screen has side-lengths of about 0.5 λλλλλ. In this drawing, the wire-
segmentation dots have been omitted for clarity.

Fig 12—Elevation-plane radiation pattern for the antenna shown
in Fig 11. The peak gain, off the corners of the ground system, is
0.62 dBi at 25° take-off angle. The gain off the sides of the ground-
screen is 0.57 dBi at the same elevation angle. Fig 13—EZNEC representation of a quarter-wave vertical element

with a mesh- or grid-type of ground-screen. Each small square
within the mesh is 3 feet on a side, while the overall ground-
screen has side-lengths of about 0.5 λλλλλ. In this drawing, the wire-
segmentation dots have been omitted for clarity. Note that the
vertical monopole has been placed at the center of the left
(western) edge of the ground-screen.

screen, and then into one of the cor-
ners. These two scenarios are shown
in Fig 13 (model # 41) and Fig 14
(model # 42) respectively. In both
cases the small squares are 3 feet on
a side, while the overall ground-
screen is about 0.5 λ per side (same
ground-screen as model # 39). Note
that model # 41 achieves its maximum
gain firing due east, while # 42 fires
northeast. Table 9 gives the results.
The outcome is extremely poor when
the vertical radiator is positioned in
a corner of the ground-grid, following
the trend that was seen earlier with
incomplete single-quadrant radial
ground systems. Once again, a con-
ventional symmetrical radial-ground
system, using much less wire (see
Table 3), works better than either of
these mesh-style designs.
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Table 9
Performance data for mesh- or grid-type ground systems in which the
vertical monopole is located away from the center of the ground-grid.  In
each case the ground screen is composed of many small “squares” of
wire that are 3 feet on a side, while the overall ground system is about
0.5 λλλλλ on a side.

Location of Peak gain and Total
Model vertical monopole takeoff angle F/B F/S length
number on ground screen (dBi & deg) (dB) (dB) of wire (λ)
41 western edge 0.35 27 1.54 0.96 45
42 southwest corner –0.55 27 1.74 1.18 45

Table 8
Performance data for mesh- or grid-type ground systems. Each ground
screen is composed of many small squares of wire. The ground systems
are listed in order of increasing total length of wire.

Dimensions Peak gain and Total
Model Ground screen overall takeoff angle length
number square (ft/side) (λ/side) (dBi & deg) of wire (λ)
39 3 0.5 Corner 0.62 25 45

Side 0.57 25

40 5 1.0 Corner 1.03 26 106
Side 0.96 26

Single Vertical Element with
Parallel-wire Ground System

Instead of arranging the ground
wires in a mesh configuration, let’s
position them parallel to each other,
as shown in Fig 15 (model # 43). Here
the ground screen includes two “bus
wires,” each a quarter-wave long, ex-
tending directly north and south of
the vertical monopole, to which are at-
tached a total of 45 quarter-wave
wires. All 45 of these parallel wires
extend directly eastward from the two
bus wires, and are spaced 3 feet
(0.0116 λ) apart. Note that there are
no ground wires located to the west

Fig 15—EZNEC representation of a
quarter-wave vertical element with an
incomplete parallel-wire ground screen.
There are two quarter-wave bus wires
extending directly to the north and south
from the base of the monopole. To these
wires are attached 45 parallel wires,
which extend in an easterly direction.
These 45 wires are spaced 3 feet apart,
and their length is 0.25 λλλλλ. In this drawing,
the wire-segmentation dots have been
omitted for clarity. Note that the vertical
monopole is located at mid-point of the
left (west) edge of the ground-screen.

Fig 14—EZNEC
representation of a
quarter-wave vertical
element with a mesh- or
grid-type of ground-
screen. Each small
square within the mesh
is 3 feet on a side, while
the overall ground-
screen has side-lengths
of about 0.5 λλλλλ. In this
drawing, the wire-
segmentation dots have
been omitted for clarity.
Note that the vertical
monopole has been
placed at the front-left
(south-western) corner
of the ground-screen.

of the vertical element. The principal
elevation-plane radiation pattern, as
displayed in Fig 16, exhibits a small
amount of directivity (east is to the
right). Table 10 lists the performance
data for the three antennas with in-
complete parallel-wire ground-screens
that were studied. The only variable
was the length of the 45 parallel wires.
In all cases the maximum F/B and F/
S are less than 3 dB, and the peak gain
values are well below those obtainable
from classical symmetrical-radial
ground systems (as shown in Table 3).
By this time we have come to expect
that antennas with incomplete ground

systems will not generate much gain,
and this hypothesis has been con-
firmed yet again.

Now let’s extend the parallel wires
to both the east and west sides of the
vertical monopole, as illustrated in
Fig 17 (model # 46). Table 11 shows
what happens when we utilize com-
plete ground systems by extending
the 45 parallel wires an equal dis-
tance to both the east and west of the
vertical monopole. In a series of steps,
the overall length of these wires is in-
creased from 0.5 to 2 λ. Since these
ground-screens are now symmetrical
to the east and west, the gain is the
same in both directions, leading to
zero F/B. As can be seen, the F/S is
also quite low. Comparison with Table
3 reveals that a traditional symmetri-
cal-radial ground system, with a simi-
lar total length of wire, can easily gen-
erate more gain than any of these par-
allel-wire ground-screens.

Single Vertical Element with
Hybrid Ground System

I decided to see what would hap-
pen if I simulated a ground system
that was a combination of both con-
ventional radials and parallel wires,
as shown in Fig 18 (model # 49). I be-
gan with a classical ground-system
using 120 quarter-wave radials, all
symmetrically spaced around the
base of the vertical monopole. Then I
removed the 59 radials that lay to the
west of the vertical element. This left
61 radials, forming an incomplete
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Table 10
Performance data for unidirectional parallel-wire ground systems, in
which the vertical monopole is located at the center of the western edge
of the ground-screen. The north-south dimension of the screen is held
constant at 0.5 λλλλλ, and there are 45 parallel wires, spaced 3 feet apart,
running east-west.  The ground systems are listed in order of total wire
length.

Peak gain and Total
Model Length of the 45 takeoff angle F/B F/S length
number parallel wires (λ) (dBi & deg) (dB) (dB) of wire (λ)
43 0.25 –0.74 26 1.60 0.83 11.75
44 0.5 –0.36 26 1.54 1.27 23
45 1.0 0.15 28 2.14 1.78 45.5

Fig 16—Elevation-plane radiation pattern for the antenna shown
in Fig 15. The peak gain, directly east, is –0.74 dBi at 26° take-off
angle. The front-to-back ratio is  1.60 dB and the front-to-side
ratio is 0.83 dB.

Fig 19—EZNEC representation of a quarter-wave vertical
monopole with a complete hybrid ground-screen. There are 120
true radials that eventually bend to form two sets of parallel wires
(spaced 2.16 feet apart) that are oriented in an east-west manner.
The overall dimensions of the ground-screen are 0.5 λλλλλ by 0.5 λλλλλ,
and the vertical element is positioned in the middle of the ground-
screen. The wire-segmentation dots have been omitted for clarity.

Fig 18—EZNEC representation of a quarter-wave vertical element
with an incomplete hybrid ground-screen. There are 61 wires that
begin as true radials, but eventually they bend to form a set of
parallel wires (spaced 2.16 feet apart) that are oriented in an east-
west fashion. The overall dimensions of the ground-screen are 0.5
λλλλλ from north to south and 0.25 λλλλλ from east to west. Notice that the
vertical element is positioned in the middle of the western edge
of the ground-screen. In this drawing, the wire-segmentation dots
have been omitted for the sake of clarity.

Fig 17—EZNEC representation of a quarter-wave vertical element
with a symmetrical parallel-wire ground-screen. There are two
quarter-wave bus wires extending directly to the north and south
from the base of the monopole. To these wires are attached 45
parallel wires, which extend toward both the east and the west.
These 45 wires are spaced 3 feet apart, and their end-to-end
length is 0.5 λλλλλ. In this drawing, the wire-segmentation dots have
been omitted for clarity.

ground system whose maximum
north-south dimension was 0.5 λ, but
only 0.25 λ from east to west.

Next, I added a set of 61 parallel
wires, each a quarter-wave long, with
their spacing adjusted so they would
all fit within the existing ground-sys-
tem dimensions of 0.5 λ north-south
by 0.25 λ east-west. This spacing
turned out to be 2.16 feet, or about
0.0084 λ. To finish the model, I joined
each parallel wire to its correspond-
ing radial and trimmed off the ends,
as necessary, to remove any excess.
Only the due north and due south
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Table 13
Performance data for complete hybrid ground systems, in which there are
ground wires both to the east and the west of the vertical monopole. The
north-south dimension of the screen is held constant at 0.5 λλλλλ, while the
“east” dimension of the screen is varied. Each wire begins in a radial
fashion, and then bends so that it extends east-west. The ground systems
are listed in order of increasing total wire length.

East to west Peak gain and Total
Model dimension of the takeoff angle F/B F/S length
number ground screen (λ) (dBi & deg) (dB) (dB) of wire (λ)
52 0.25 0.71 24 0 0.19 45.5
53* 0.5 1.09 26 –0.03 0.63 60.75
54 1.0 1.57 27 0.56 1.12 91.25

*This ground screen is highly unusual in that it exhibits more gain toward the west, where
the ground-wires are shorter, than it does toward the east, where the ground-wires are
longer. For this reason, the F/B is negative!

Table 12
Performance data for incomplete hybrid ground systems, in which the
vertical monopole is located at the center of the western edge of the
ground-screen. The north-south dimension of the screen is held constant
at 0.5 λλλλλ, and there are a total of 61 ground wires.  Each wire begins in a
radial fashion, and then bends so that it extends east-west. The ground
systems are listed in order of increasing total wire length.

East to west Peak gain and Total
Model dimension of the takeoff angle F/B F/S length
number ground screen (λ) (dBi & deg) (dB) (dB) of wire (λ)
49 0.25 0.58 26 1.78 0.84 23
50 0.5 0.82 26 1.68 1.27 38.25
51 1.0 1.34 29 2.29 1.79 68.75

Table 11
Performance data for symmetrical parallel-wire ground systems, in which
the vertical monopole is located at the center of the ground-screen.  The
north-south dimension of the screen is held constant at 0.5 λλλλλ, and there
are 45 parallel wires, spaced 3 feet apart, running east-west.  The ground
systems are listed in order of total wire length.  Since these ground-
screens are symmetrical, there is zero front-to-back ratio.

End-to-end Peak gain and Total
Model Length of the 45 takeoff angle F/S length
number parallel wires (λ) (dBi & deg)  (dB) of wire (λ)
46 0.5 –0.58 25 0.24 23
47 1.0 0.17 26 1.13 45.5
48 2.0 0.60 27 1.54 90.5

radials (and the northern-most and
southern-most parallel wires) re-
mained at their original lengths,
while all the other wires had to be
truncated to some extent.

Table 12 lists the results of this
series of tests, in which the east-west
dimension of the ground-screen was
expanded in a series of steps from 0.25
to 1.0 λ. This was accomplished sim-
ply by lengthening the 61 parallel
wires, while the total north-south di-
mension of the ground system was
held constant at 0.5 λ. The peak gain
increases as the ground wires are
made longer, but all of these systems
yield only a modest amount of rejec-
tion to the back and sides. Compar-
ing the data from this table with that
of Table 3 (and using interpolation),
we find that a traditional radial-
ground system can always provide a
bit more gain from the same total
length of wire.

To finish this section, I added 61
bent ground wires that extend to the
west of the vertical monopole for a dis-
tance of 0.25 λ, as illustrated in Fig
19 (model # 52). Now the antenna has
a complete hybrid ground system. I
kept the western portion of the
ground-screen constant as shown in
the figure, but once again I varied the
overall length of the east wires, as was
done previously. Table 13 displays the
outcome of this procedure. Since
model # 52 has a ground-screen that
is symmetrical to the east and west,
it has no front-to-back ratio. Surpris-
ingly, model # 53, which has an ex-
tended ground-screen to the east, ac-
tually produces more gain to the west
(!) resulting in a negative F/B. When
we look back at Table 3, we find (as
usual) that these antennas with hy-
brid ground-screens yield less gain
than a classical ground system with
symmetrical radials.

Conclusions
For a vertical antenna utilizing just

a single element, it appears that a
conventional ground system, com-
posed of equal-length uniformly-
spaced radials, can provide the most
gain for a given total length of wire.
However, computer simulation indi-
cates that some combinations of ra-
dial length and number of radials are
far superior to others. The only excep-
tion to this general rule was found for
selected examples of asymmetrical ra-
dial-ground systems in which the ra-
dials in one azimuthal sector were
extended to at least one wavelength.
The use of perimeter wires (which join
the outer tips of adjacent radials to-
gether) and/or ground rods at the tips

of radials, appears to be unnecessary,
because they add very little gain. In-
complete ground-screens, in which
one or more azimuthal sectors contain
no radials at all, are certainly usable
and can provide modest F/B and F/S.
However, a complete ground system
is generally preferable. Configura-
tions such as meshes appear to be
noncompetitive in terms of gain, when
compared to ground-screens utilizing
radials.

Al Christman, K3LC, has a PhD in
electrical and computer engineering
from Ohio University and is currently
serving as a professor in the EE de-
partment of Grove City College in
Western Pennsylvania. First licensed
as WA3WZD in 1974, Al is an active
DXer with honor-roll status on 20-
meter SSB. You can contact Al at
Grove City College, 100 Campus Dr,
Grove City, PA 16127-2104.
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A Blind Automatic Frequency
Control Algorithm for

Single Sideband

By Gary A. Geissinger, WAØSPM

The author provides an effective method of
autotuning and AFC functionality for SSB reception.

Abstract
The state of the art in Amateur Ra-

dio single-sideband, suppressed-carrier
(SSB) communications is advancing
along several lines. Highly stable, well-
calibrated transceivers, such as the
ICOM IC-7800, are now becoming avail-
able to the amateur operator. These re-
quire no frequency adjustment during
a QSO when similar quality rigs are on
both ends of an HF link. Another trend
is toward low cost QRP transceivers.
With low cost sometimes comes the pen-
alty of poor frequency stability and ac-
curacy. Since maximum intelligibility
occurs when transmit and receive fre-

quencies are matched, the receiving
operator is sometimes forced to “chase”
the signal as there are changes in tem-
perature or supply voltage. It is inter-
esting to note that rigs at both ends of
the price / performance spectrum rely
on software for functionality. The auto-
matic frequency control approach
presented here is applicable to any
transceiver that contains reasonable
computing horsepower.

SSB automatic frequency control
(AFC) has been around for years on
commercial radio circuits using a trans-
mitted pilot carrier or tone. As the re-
ceiver and transmitter drift apart the
tuning error is detected and compen-
sated for in the receiver. While this ap-
proach is perfectly fine on commercial
channels, it is unacceptable in the ham
bands; all we need are more carriers to
contend with…especially on 40 meters!

After I did my research on this topic
and wrote the first draft of this article,
I found out about a previous article in
QEX on this topic. It is an excellent ar-
ticle written by Robert Dick that ap-
peared in the Jan/Feb 1999 issue of
QEX. While both articles use DSP to
look at the spectral content of SSB voice
signals, the mathematical algorithms
are different and are derived differently.
If you decide to give this a try, it might
be fun to code up both algorithms and
compare them. The moral of the story
is that when you do research on com-
munications—check QEX first!

Blind Optimization
The algorithm presented here is

“blind”; that is, it depends on the sta-
tistics of the data rather than the ex-
plicit knowledge of an error through
the use of a reference channel or sig-
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nal. For CW, RTTY, PSK31, and other
digital modulation formats that can be
transmitted using a SSB transmitter
there is no need for a blind optimiza-
tion. The signals themselves provide
the necessary reference information.
Good examples are the automatic tun-
ing feature in the ICOM IC-7800 and
the AFC feature present in most
PSK31 demodulators. Voice modula-
tion doesn’t provide a reference signal
per se; additional processing is re-
quired to obtain the information re-
quired for AFC functionality.

Vowels—The Necessary
Modulation Needed for AFC

A number of different types of
sounds are created while speaking.
These include vowels, consonants,
breath sounds, then of course there is
the silence between words. The algo-
rithm described here depends upon
vowel sounds and consonants that are

Fig 3—155 Hz “ah” Vowel with +20 Hz tuning error.

Fig 4—Fourier transform of vowel with side lobes.

Fig 2—155 Hz “ah” Vowel.Fig 1—Harmonic series for a 160 Hz fundamental.

voiced. Vowel sounds are those con-
tinuous sounds that originate with the
vocal cords and then are filtered by
the vocal tract. The fundamental fre-
quency is set by the vocal cords. The
shape and adjustment of the vocal
tract determines which vowel is spo-
ken by altering the amplitude of the
various harmonics.

The fundamental frequencies that
are generated by an adult speaker fall
into six overlapping ranges depending
upon the physical properties of the lar-
ynx and vocal cords. As a general rule
the spoken voice is at a frequency that
is roughly twice that of the lowest fun-
damental possible for a given speaker.
Using this and a tolerance of 50% to
account for differences in individual
voices, the spoken vowel fundamental
frequency ranges are listed in
Table 1.

Both even and odd harmonics are
present at the larynx. The amplitude

of the harmonics decreases at a rate of
about 12 dB per octave. The harmonics
are present up to 4000 Hz, after which
their amplitudes are severely attenu-
ated.1 Fig 1 gives an example of a male
voice with a 160 Hz fundamental with
no formant filtering.

In this example all of the harmon-
ics are present at the larynx with a
smoothly decreasing amplitude con-
tour. The formant filters present in the
human vocal tract alter this contour
to produce different vowels sounds. A
better example of the input signals of
interest is shown in Fig 2 that gives
the spectral analysis of a 155 Hz “ah”
vowel in a bass-baritone voice.

While the harmonic sequence of the
155 Hz“ah” vowel is very similar to the
analytical example in Fig 1, the primary
difference between the two figures lies
in the relative amplitudes of the vari-

1Notes appear on page 44.
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Fig 7—123.45 Hz vowel
in frequency domain.

Fig 6—Example of vowel autocorrelation.

Fig 5—Vowel with side
lobes subject to a
tuning error.

ous harmonics. In this figure there is
some extraneous low amplitude noise
from about 450 Hz to 1000 Hz. This was
caused by a noise source present in the
room during data acquisition and there-
fore should be ignored.

A Tuning Error Considered
SSB transmitters and receivers

translate the modulation to the RF
channel frequency and back through
the process of mixing. This process
moves the fundamental and harmon-
ics as an ensemble; their relative spac-
ing in frequency terms remains intact.
Fig 3 shows an “ah” vowel at 155 Hz
that has been received with a +20 Hz
tuning error.

The invariant structure of the fun-
damental and harmonics is the key to
the blind AFC algorithm…well, maybe
not the fundamental. Most SSB com-
munications occur with an audio pass-
band from 300 Hz to 3,000 Hz. For
many hams the fundamental is fil-
tered out leaving only the harmonics
in the transmitted sideband signal.

The Blind AFC Algorithm
The approach taken here is based on

the application of digital signal process-
ing techniques. As a result, all of the
algorithms described here operate on

sampled data. No modification of the
radio was required during the develop-
ment and test; the audio output from
the receiver was sampled and converted
to digital words by an A/D converter and
then processed by the DSP system. The
tuning errors could then be corrected
using the computer control interface
present in the receiver or transceiver.
Clearly a radio manufactured using this
approach could embed all of the re-
quired circuitry and firmware directly
into the radio. Many details in the DSP
realization have been omitted for clar-
ity. Describing processing steps such as
moving between complex and real rep-
resentations doesn’t aid in understand-
ing the basic algorithm. One additional
comment: Numerous algorithms for
each step were tested. The ones de-
scribed here are the easiest to visual-
ize and yield adequate performance.

Step One—Conversion to
Frequency Domain

The receiver audio that is sampled
by an A/D converter yields a time se-
ries of discrete signal amplitudes. Vari-
ous sample rates, A/D resolutions, and
windowing functions were tried in a
process that could be the topic of an
article by itself. A brief description of
the system engineering aspects of those

parameters is presented later. Since the
AFC algorithm is interested in fre-
quency errors, it is necessary to change
the signals from time domain to the fre-
quency domain. In this case a Discrete
Fourier Transform in the form of the
Fast Fourier Transform (FFT) algo-
rithm was selected to perform the trans-
formation. The FFT routine is used as
a part of later computations as well.
Keep in mind that other algorithms
may be more efficient in practice, since
the entire sampled bandwidth is not
necessarily needed for the AFC algo-
rithm. The result of an FFT is shown in
Fig 4. The fundamental frequency and
harmonics are notated on the figure. If
a tuning error is present, it can be seen
in the Fourier Transform as well.

Step Two—Determine the
Fundamental Frequency

From the comparison of Figs 4 and
5 it is clear that the fundamental fre-
quency can be recovered from the data
even if it is not present or has been
displaced by a tuning error. The funda-
mental frequency exists in the spacing
between the energy maxima in the fre-
quency domain. This makes some
samples in the frequency domain cor-
related with others—this is called
autocorrelation. Computing the
autocorrelation can be very useful in
identifying periodic signals2, 3 and their
characteristics. Keep in mind that the
periodic signal in this case is in the fre-
quency domain (the fundamental and
its harmonics). An autocorrelation is
defined by:

∑
=

+=
n

i
)ik(g)i(g)k(z

1
(Eq 1)
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The spectral lines slide across each
other as the index i changes. The only
significant products present in the re-
sult are from multiplying two spectral
lines together. Fig 6 diagrams this pro-
cess.

It is inefficient to compute auto-
correlations in this way—FFTs are
generally used instead. Brigham out-
lines a method of computing correla-
tions using only forward FFTs: 4

( )*GGFFT)g,g(AutoCorr *
KKj =

(Eq 2)
Consider a 123.45 Hz target vowel

that has a –32.45 Hz offset as shown
in Fig 7. The harmonic structure is evi-
dent in the sample, but the harmon-
ics are shifted by the offset frequency.
In addition, the noise amplitude is sig-
nificant. After the sample sets are
passed through the autocorrelation
function, the noise amplitude drops
markedly. As can be seen in Fig 8A, in
addition to the reduction in noise, the
fundamental harmonics start cleanly
at the correct frequency. As expected,
the autocorrelation removes the offset.

The harmonic structure is evident
in the sample, but the harmonics are
shifted by the offset frequency (bin
number). As can be seen in Fig 8B, in
addition to the reduction in noise, the
harmonics start cleanly at the 0 fre-
quency (bin 2049). The autocorrelation
removes the offset as expected.

The placement of the second peak
yields the fundamental frequency of
the vowel with reasonable precision.
Better numerical precision is gained
if regression analysis is performed on
the ensemble of peaks present in the
autocorrelation. Armed with the vowel
center frequency it is now possible to
find the tuning error.

Other algorithms for finding the
vowel fundamental were tried as well.
Iterative techniques, in which one
searches for the correct vowel fre-
quency by “sliding dot products” us-
ing a reference vowel simulator
worked well too; however, they were
very slow. Only by constraining the
search by the (guessed at) frequency
range of the speaker did the processes
run at a reasonable rate.

Step Three—Determination of
the Tuning Error

Several possible algorithms imme-
diately come to mind. Now that the
fundamental frequency is known, one
can simply compare the frequency do-
main peaks of the original data with
those found in the autocorrelation; af-
ter some computation, taking differ-
ences will yield the tuning error.

Rather than performing the com-

Table 1—Spoken Vowel Fundamental Frequency Ranges

Voice Range Classification Frequency Range
Highest Female Soprano 246.94-493.88 Hz
Most Probable Female Mezzo-Soprano 207.65-415.30 Hz
Lowest Female Contralto 185.00-370.00 Hz
Highest Male Tenor 146.93-293.66 Hz
Most Probable Male Baritone 92.50-185.00 Hz
Lowest Male Bass 87.31-174.62 Hz

parison in an inelegant fashion as de-
scribed above, the correlation process
was employed:

*
kKj HG)h,g(Corr ⇔ (Eq 3)

An iterative approach also seemed
like a possibility. A set of simulated
data at the correct frequency was gen-
erated, with the offset (tuning error)
frequency adjustable as a parameter.
The correlation was then computed
and maximized using a gradient
search. A gradient algorithm provides
a means to find the maximum of the
curve. The gradient algorithm used to
find a function maximum is:

Fig 8—Autocorrelation of 123.45 Hz vowel in frequency domain.

)x('gfxx iii +=+1 (Eq 4)
where g is the “gain” or a constant
used to prevent over-estimation of the
function maximum.5

In the final version of the test soft-
ware, the gradient search was used to
“fine tune” the results from one of the
first two algorithms.
System Engineering Aspects
of the Design

The algorithms developed here are
based on digital signal processing tech-
niques using sampled data. The selec-
tion of the sampling interval, number
of samples per ensemble, quantization
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level, and numerical precision are
driven by a number of factors. Each fac-
tor is described separately.

The length of vowels in time drives
the total time span allowed for a data
ensemble. The algorithms here are
batch processes assuming that vow-
els are stationary for the duration of
an ensemble. The exact duration of
vowels depends upon the speaker, the
language being spoken, and the dia-
log content. The assumption is that
vowels will have a duration of between
1/5 and 1/20 of a second. This limits the
time duration of a data ensemble to
1/5 of a second or less.

Another constraint on the number
of samples in an ensemble is the fre-
quency resolution of the Fast Fourier
Transform (FFT) algorithm itself. The
goal is to keep the combined tuning er-
ror under 20 Hz. This implies that the
bin spacing of the FFT should be less
than 20 Hz with adequate margin.

Tight frequency resolution require-
ments tend to drive toward FFT based
computations with a large number of
bins. The computational capability of
a typical personal computer (PC) must
also be considered. Large numbers of
complex computations, such as FFTs,
can seriously affect the throughput of
a PC. This limitation forces the FFT
to have a minimum number of bins to
meet the given frequency resolution
requirement.

Since the highest frequency present
at the output of a SSB demodulator is
about 3 kHz, by the Nyquist theorem,
the sample rate must be greater than
6 kHz. Unfortunately, the IF amplifi-
ers, detectors, and audio amplification
stages in an HF receiver have signifi-

Table 2—Point Design Based on System Specifications

Sample Rate 22,050 Hz
Ensemble Size 4,096 Samples
Quantization Level: 16 Bits Linear
Mathematical Precision: IEEE-754 Extended Precision

Fig 9— Program control
panel.

Fig 10—Data acquisition setup.

cant noise contribution up to approxi-
mately 8 kHz. This would imply that
it would be prudent to sample the re-
ceiver audio at a rate higher than
16 kHz so that high frequency noise
does not alias into the analysis pass-
band. Standard PC sound boards al-
low for sampling at 8 kHz, 11.025 kHz,
22.050 kHz, and 44.100 kHz.

The linear quantization levels avail-
able on a PC are 8 and 16 bits. The hard-
ware floating point mathematics in a

PC is based on the IEEE-754 standard.
The precision for a floating point com-
putation ranges from single precision
with a 23 bit mantissa to extended pre-
cision with a 63 bit mantissa. The se-
lected floating-point resolution must be
capable of supporting the multiplica-
tion of quantized data without a result-
ant loss of precision due to truncation.

The system level requirements led
to a point design with characteristics
as specified in Table 2.
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The sample rate of 22,050 Hz along
with an ensemble size of 4096 indi-
cates that an ensemble will require
186 ms to collect, which is less than
the 1/5 second assumed duration of a
vowel. The frequency resolution of
FFTs using 4096 points is 5.383 Hz,
less than the requirement of 20 Hz.

Using the maximum available
quantization level of 16 bits was a rea-
sonable choice, but it forced the re-
quirement that the multiplication of
two 16-bit values should not be trun-
cated. The use of IEEE-754 extended
precision with its 63 bit mantissas
easily met this requirement.

The PC compiler chosen was Borland
Delphi 6.0. A computer program was
written to verify that extended preci-
sion was indeed 63 bits using a compu-
tation of machine epsilon in Delphi 6.0.

The final application program GUI
shown in Fig 9 is not particularly user
friendly, but it gives many processing
options.

The Test Setup
Fig 10 shows the data acquisition

test setup. Initial testing was simply
done with a microphone. Then testing
proceeded to using commercial AM
and SW broadcast stations as signal
sources. The final tests involved us-
ing an ICOM IC-756 PRO transceiver
to generate the signal. White noise was
added to the receive signal to test the
performance of the algorithm as a
function of signal to noise ratio.

Data Rejection is Crucial
As you can imagine, a technique

such as this yields good results only
a fraction of the time. This should
make sense, as vowels are not the only
sounds present in speech. In addition,
vowels that change frequency during

Fig 11—The quick brown fox…with various offsets. Fig 12—Errors in tuning error computation as a function of
fundamental error.

Fig 13—Effect of SNR on
algorithm performance.

speech can give unpredictable results.
Those effects as well as QRM and
QRN force the need for consistent
data qualification.

Several approaches were taken.
First, it is assumed that the user has
initially tuned the receiver to within
about 50 to 80 Hz. Errors that exceed
this amount are therefore inconsis-
tent and can be ignored. The errors
should trend; that is, when receivers
and transmitters drift they have con-
sistent long-term tendencies. In this
case long term is on the order of a
second or two. Finally, tests are re-
quired for signal to noise ratio and
signal to interference ratio.

As seen in the test setup, an adap-
tive audio filter is present. This was
used to remove heterodyne interfer-
ence. A commercial DSP application
implementing the AFC algorithm
would do this internally.

Results Obtained
Fig 11 shows a typical result. This

is a female speaker (my daughter) say-

ing, “The quick brown fox jumped over
the lazy dog’s back.” The voice sample
was recorded and played back with
various tuning offsets between the
transmitter and receiver. The AFC out-
put was not used to tune the receiver;
that way the algorithm performance
could be examined. The SNR ratio was
set at 10 dB using the IC-756 PRO as
the signal source.

The algorithm actually did pretty
well except for around data ensembles
6 and 7 where the wrong harmonic
was picked during computation. Ad-
ditional filtering probably could cor-
rect problems like this.

Fig 12 shows how the errors in find-
ing the vowel fundamental change the
computed tuning error result. The sen-
sitivity is quite high.

Finally, the signal to noise perfor-
mance was examined. Fig 13 demon-
strates that QRN is not a strong factor
in the AFC algorithm’s performance.

Final Comments
Other effects were noted such as er-
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rors in AFC computation due to ris-
ing or falling vowel inflection. Some
languages tend to prolong vowels,
others shorten vowels. This means
that the AFC algorithm performance
varies with selection of spoken lan-
guage! An interesting pathological
case was observed using a local AM
radio station as a signal source. One
of their sports personalities has a
dual peak in his vowel fundamentals.
I suspect that he suffered some sort
of throat injury during his long ca-
reer in the NFL.

Keep in mind that this algorithm
is designed for voice communication;
instantaneous tuning errors of 10 or
15 Hz are not of concern. If this algo-
rithm were used for music or tones,
then better performance would be re-
quired. Fortunately the tones would
be “vowels only” in many cases which

should yield good performance …
unless one is listening to a drum solo!
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A 47-GHz LNA
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MMIC Experiences on the 6-millimeter Band

Daniele Moretti, IWØFGR
Circ Cornelia 293 pal 5
Rome, Italy
danielemoretti@tiscali.it

Daniele, IWØFGR, and I thought
that we needed to improve our
stations by increasing the re-

ceiver and transmitter performance
with an increase in output power and a
reduction in receiver NF. We reached
this conclusion after some intense ac-
tivity on the 10-GHz and 24-GHz bands
and a shy attempt on the 47-GHz band
with no contacts and with just two
transverters based on a sub-harmonic
mixer design.

Tackling such high frequencies is

not easy, and difficulties increase ex-
ponentially for the following reasons:

• Lack of suitable materials and com-
ponents

• Lack of knowledge of the involved
technologies, which differ greatly
from those used by the majority of
operators (on HF)

• Lack of equipment necessary for
calibration and measurement

We needed to start by looking for the
necessary active devices available on

the market, which could be used by us
hams. We found that as the frequency
increases, the availability of discrete ac-
tive devices such as transistors (in both
packaged and die forms) decreases. In-
stead, MMICs (Microwave Monolithic
Integrate Circuits) are becoming more
and more commonplace, as they are
in the lower-frequency bands. For
example, the ERA and MAR MMICs
from Mini-Circuits Labs. Yet, there are
certain difficult problems that need to
be overcome to succeed in the millime-
ter-wave bands. The products present
on the market have the following draw-
backs for use in ham bands :

• The working frequency ranges for
which these devices are optimized
are about 10-20% of the center fre-
quency and cover (rightly) the fre-
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quency bands of the telecom and
military markets. The 10-GHz and
24-GHz ham bands are the most for-
tunate, but it is not so for the 6-mm
band (47 GHz) or higher frequencies
(77 GHz).

The MMICs on the market that can
guarantee interesting performance are
all in the die form, which means we
have no choice but to tackle new tech-
nologies and their specific requirements
(wire bonding, epoxy attach, handling
and storage of die MMICs).

Before going any further with our
experiences and realizations it is im-
portant to explain some of the techni-
cal problems and technologies that we
had to face.

Handling of MMICs
MMIC Storage

Die MMICs are usually shipped in
special containers, such as GEL-PAK
trays (visit www.gelpak.com) or
Wafflepack trays (visit www.ictray.
com). These should be stored in a tem-
perature- and humidity-controlled area,
preferably under a dry-nitrogen flux.
The latter aspect is important in GaAs
MMICs if their surface is not passivated
with NSi4, since hydrogen molecules
that are adsorbed into GaAs tend to
change its electrical characteristics and
modify the devices’ functional charac-
teristics.

GEL-PAK is in any case not recom-
mended for long-term storage (typi-
cally greater than 1 year) due to pos-

sible chemical interactions between
gel and the backside metallization of
the die which can bring problems in
attaching the device. In case it is nec-
essary to store chips for a long time, it
is better to have them delivered in
Wafflepack trays.

All of this is very complicated for
us hams, and for the majority of us
practically impossible.

“It’s so small! How do I pick it up?”
Well the answer is easy: A pair of clean
stainless tweezers are sufficient. Take
care to pick up the die in a correct way,
to avoid chipping the upper edge of the
die (see Fig 1). We recommend buying
tweezers from Dumont (visit www.
etweezers.com/) or Fontax.

ESD
High-frequency GaAs devices are,

for obvious reasons, usually not de-
signed with on-chip ESD protection
circuitry. Due to their reduced geom-
etry sizes, MMICs are very sensitive
to ESD degradation or failure. It is
necessary to observe the same rules
used for Class 0 silicon devices.

Assemblies with die MMICs
Die Attachment—
General Guidelines

There are two methods for attach-
ing a die to a substrate or a metal base
(see Fig 1A). The choice is generally
determined mainly by the devices’
thermal-dissipation requirements,
though attaching the die to a metal

base is the best solution to simulta-
neously achieve a good RF ground and
thermal cooling. The two methods are
conductive die attachment and eutec-
tic die attachment.

The general guidelines are:

• Low-power devices can be attached
with a silver-loaded epoxy.

• Medium-power devices can be at-
tached with a silver-loaded organic
adhesive (30-60W/mK, milli-
kelvins) or epoxy (2-3W/mK), but
this should be limited to devices
mounted in low-temperature envi-
ronments.

The recommended method is suit-
able for both medium and high-
power devices. They should be at-
tached with eutectic solder, such as
(80/20 Au/Sn).

It is possible to attach low-power
devices directly onto substrate mate-
rials (see Fig 1B), but take care to
provide a low RF ground inductance
under the die chip and avoid non-TEM
propagation modes or spurious oscil-
lations will result. This can be accom-
plished by including via-holes though
the substrate (see drawings).

Epoxy Die Attachment
Epoxy die attachment is the stan-

dard industrial method. It has lower
production costs with good reliability
of the finished product. From a physi-
cal point of view, epoxy attachment is
based on Van der Waals interaction
rather than atomic or molecular in-

Fig 1—Die installation on metal (A) or substrate (B).
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Fig 4—At A, divergent wires connect to the microstripline as noted in the text. At B, a photo of properly mounted MMICS as described
in the text.

Fig 2—A MMIC with external parts mounted on a circular substrate. Fig 3—Thermocompression wedge bonding.

(A) (B)

teraction. Epoxy is therefore an adhe-
sive paste composed of two compo-
nents, silver or gold grains filled ep-
oxy and a hardener, mixed together
and deposited in liquid form on the
surfaces which are to be attached. The
epoxy Curing times depend on tem-
perature. It can be done at room tem-
perature, but it is generally better to
do it in a ventilated oven at, for ex-
ample, 90°C and will take about an
hour and a half.

Conductive epoxy can be bought as:

• One-component epoxy (hardener is
shipped premixed with epoxy). This
is a ready-to-use product, but to

slow polymerization, it must be
stored at low temperatures (–40°C),
but even in these conditions, its
average useful life (pot-life) is ap-
proximately 6 months;

• Two-component epoxy, which must be
mixed prior to use. The mixing pro-
cedure and ratios are indicated by
the manufacturer, and they must be
performed in a clean, dry environ-
ment. The unmixed components can
be stored at room temperature, with
an average storage lifetime of one
year.

To achieve a good attachment, it is
imperative to clean the dispensing

equipment and metal-base chip carri-
ers (metal or substrate) with isopro-
pyl alcohol to eliminate possible con-
taminants. The epoxy can be applied
manually, with a needle.

It is very important to minimize the
thickness of the epoxy layer. First, to
keep thermal resistances low. (Take
care to avoid air bubbles and gaps!)
Second, to avoid short circuits caused
by the conductive epoxy overflowing
the top of the chip or flowing between
the chip, substrate and RF lines.

Learn to make the epoxy drop just
a little larger than the chip lead, re-
sulting in a narrow fillet around the
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contact! Position the chip directly at
its final position and press it slightly,
making sure not to damage the top
surface of the die. Chips have delicate
components, such as air-bridges, and
spiral inductors, which are damaged
very easily.

Here are some references for epoxies:

• EPO-TEK H20E from EPOXY TECH-
NOLOGY; www.epotek.com

• ABLEBOND 84-1LMI from
ABLESTIK; www.ablestik.com

• DM6030HR from DIEMAT; www.
diemat.com

QMI5030 from the former DEXTER
ELECTRONIC MATERIALS (www.
dexelec.com); as of August 2003, Dex-
ter was bought by LOCTITE (www.
loctite.com).

Eutectic Die Attach
We won’t cover this topic section in

this article. But maybe next time,
when we do some high-power MMIC
assemblies!

Bonding
Classic (SnPb) tin-lead soldering is

not possible with die MMICs because
of incompatibility between SnPb and
gold (gold is present on the chip pads
and microstrip) and because MMIC di-
mensions are much smaller (typical di-
mensions are 1/2 mm2) than with other
chips. Needless to say, with these very
small dimensions it is fundamental to
observe everything through a micro-
scope! Other bonding materials and
techniques are therefore necessary.

Bond wires
The bond wires used to connect the

MMIC to the microstrip lines on the
external substrates are usually pure
gold, 18 µm to 25 µm in diameter,
which have an inductance in the or-
der of 0.6 nH/mm to 0.8 nH/mm.
MMIC designs account for the induc-
tance effect of bonding wires in the

Table 1—Characteristics of Thermocompression Bonding Techniques

Characteristic Wedge-Bonding Ball-Bonding
Footprint Very small,

1.5 to 2 times wire diameter Large, 3 to 5 times wire diameter

Length Shortest possible Longer, wire starts off vertically

Wire Size Capability ≥ 18 µm ≥ 18 µm

Speed SLOW
2 separate alignments necessary;
wire needs to be moved exactly under tool end.

FAST
omnidirectional movement of tip;
wire is fed directly under tool end.

final chip performance, so it is desir-
able to strictly adhere to the MMIC
designers recommended mounting
specifications.

The best way to achieve the elec-
tric transition from the coplanar-with-
ground structure to the microstrip
structure is by using two divergent
bond wires as shown in the Fig 4A.
This can only be conveniently accom-
plished with 18 µm-thick wire and by
thermosonic wedge-bonding as de-
scribed in the next paragraph.

This pair of bond wires must be no
longer than 200 µm in order have an
overall inductance value ranging from
0.2 nH to 0.4 nH.

Bonding Processes
The two main types of bonding pro-

cesses are:
1. Ultrasonic bonding (very popu-

lar in laboratories);
2. Thermocompression bonding (the

preferred industrial method) is sub-
divided into:

A. Thermocompression wedge bond-
ing (see Fig 3)

B. Thermocompression ball bonding

Ultrasonic bonding uses ultrasonic
energy (typically 60-100 kHz) to in-
crease the plasticity of metals to be
bonded. The ultrasonic system of a wire
bonding machine consists of two parts:
the ultrasonic generator and the ultra-
sonic transducer. Here is the bonding
sequence: First, under the application
of force by the wedge tip, a certain
amount of deformation occurs in the
lattice structure of the bond wire and/
or bond surface. Next is a cleaning
phase. Ultrasonic energy (with ampli-
tude vibrations of 1-5 µm, much smaller
than the bond-wire diameter) makes
the wire and wedge move together, cre-
ating friction at a constant pressure on
the wire and bond interface surface.
Shortly, the wire deforms and heats so
that welding occurs. (Welding occurs by

the diffusion of the wire and bond sur-
face-lattice dislocations.)

Thermocompression uses a combi-
nation of heat and pressure to connect
the wire between the die bond pad and
the microstripline on the external sub-
strate. No melting between metals oc-
curs as the bond comes about by the
interaction of atomic forces between
the wire and the metal pad.

Thermocompression Wedge Bonding
uses a hard heated wedge-bonding tip
made of tungsten carbide together with
a wire spooler equipped with a wire
clamp. The wire is pressed on the bond
pad with a controlled force, typically 20
to 22 grams. This process requires a
precise alignment of tool force, work
stage and tip temperatures.

Thermocompression Ball-Bonding
instead has the wire fed through a cap-
illary in the tip, which is heated to a
high temperature (300-400°C). A hydro-
gen flame or spark discharge is pro-
duced at the end of the tool to melt the
end of the wire and form a small ball.
The tool then moves over the bond pad
of the die and presses vertically (force
is around 30 to 50 grams) the ball on
the pad to realize bonding. The tip is
moved to the new location (external
substrate) and wire is again pressed (no
ball is formed in this case) to achieve
the new bond and thereafter cut.

Bonding process control should be
completed to validate the die attach
process control over time (repeatabil-
ity) by pull testing. Pull-testing may
be destructive or non-destructive de-
pending on the test method, but we
shall not discuss that here.

Substrate Materials for
Microwave

Choice of the appropriate micro-
wave substrate material takes into
account many factors such as :

• frequency of operation;
• cost;
• thickness;
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Table 2—Microwave Circuit Materials

Minimum Copper
Available Thickness Loss

Substrate Thickness - unplated ε Tan Dimensional
(mm) (µm) (µm) @10 GHz @10 GHz Stability

Rogers RO4003 127 ±10 17-70 3.38 ±0.05 0.0027 Good
Rogers RO5870 127 Tol. ? 13-35 2.33 ±0.02 0.02 Poor
Rogers RO5880 127 Tol. ? 13-35 2.20 ±0.02 0.02 Poor
Taconic TLY 3 127 Tol. ? 17-35 2.33 ±0.02 <0.02 Fair

• size/Dk;
• dimensional stability.

There is a drawback though.
Duroid, though its electric properties
are superior to other materials at
these frequencies, is unfortunately not
the best choice for thermosonic bond-
ing . It is a soft material and the tem-
peratures that are reached in the
microstrip region tend to detach the
copper strip from the substrate. A
harder material would perform better.

Our experiments
At 47 GHz, it is convenient to use

Teflon-based copper-laminated dielec-
tric materials (ε>> 2.3, with a flash of
gold on the copper of approximately
3 µm to avoid oxidization) 5 mils thick
(127 mm). This is not only an electrical
necessity (microstrip propagation
requires that the height of the dielec-
tric material be many times smaller
than the electric wavelength) but also
a mechanical necessity. MMICs are usu-
ally about 100-127 µm thick, which
means that the RF pads of the MMIC
are at nearly the same height as the
RF microstrip lines. This simplifies
bonding, which would otherwise require
a  “deep-access” bonding tool. It also en-
sures that the bond wires remain as
short as possible, minimizing their to-
tal inductance, which turns out to be
an electrical requirement, as well.

In this case, a 50 Ω microstrip line
is approximately 350 µm wide, while
on the MMIC the RF pads are usually
about 70 µm wide and usually are
coplanar with ground lines.

The MMICs meet the following con-
ditions for proper mounting and per-
formance (see Fig 4):

• The low-power MMICs were glued
with conductive epoxy (like H20E
EPO-TEK) on top of a conductive
mechanical holder.

• There are two 50-Ω microstrip lines
for the input and output, each at
least two electrical wavelengths (in
microstrip) to allow for tuning. Tun-
ing was accomplished by moving
shorting bars made of copper (with
a gold finish). A gold-loaded conduc-

tive epoxy, such as H81E (from EPO-
TEK) can be used, but it is very ex-
pensive! The microstrip lines were
glued with a conductive epoxy (such
as H20E) to the mechanical holder
or at the bottom of the cavity. It is
better to obtain some 5 mil 5880 or
5870 Duroid (ROGERS Corp.) that
has one side with coated with
½-ounce ED copper and the other
side with thick (60 or 90 mil) ED
copper. Vendors can provide their di-
electric material in such form upon
request. This solution is apparently
costly, but it does not require a me-

chanical holder; it has sufficient
mechanical strength.

MMICs are typically powered from
a 4 or 5 V supply through the FET
drains and or more variable voltages
to set bias condition of the FET (gates).
Typically, this voltage is negative
(–5 V). Ensure that the negative bias
voltage is applied before the positive
drain voltage. Otherwise, permanent
MMIC damage may result. Refer to
the component datasheet for power-
supply details.

Power supplies must be carefully

Table 3—Measured Results for a Single CHA2094B

Parameter Prototype 1 Prototype 2
Gain 14.3 dB 13.8 dB
NF 5.30 dB 4.78 dB

Fig 5—A schematic of the single-MMIC circuit.

Ricci.pmd 6/2/2005, 9:46 AM49



50  Jul/Aug  2005

filtered. The filters are usually made
of a small inductance (the bond wire
forms a RF choke) and an RF-shunt
capacitor mounted (epoxy-glued) di-
rectly near the power-supply pads of
the MMIC. Select appropriate capaci-
tors carefully. MIS (metal-insulator-
semiconductor) capacitors are very
good capacitors for shunting mm-wave
frequencies. It is usually good practice
to follow the indications given in the
MMIC datasheet, since the MMIC
designers account for a recommended
power supply and bias circuit when
optimizing design performance.

The MMICs We Used
Last year (2002), we were investi-

gating what the MMIC market could
offer to hams. The MMIC market is
substantially held by a few companies,
such as Filtronic, UMS, Agilent, TRW-
Velocium, Mimix, Raytheon and
TriQuint, Some of these have internal
GaAs MMIC foundries, while others
are mainly MMIC design houses.

Our research resulted in the choice
of two MMIC amplifiers (all data-
sheets are available through the
Internet).

CHA-2094B from UMS: 20-dB
gain, three-stage low-noise amplifier
(LNA) with a maximum output power
of 8 dBm and a NF of 0.75 dB.

HMMC-5040 from Agilent: a four-
stage medium power amplifier (MPA)
to work in the 20-40 GHz band with a
typical gain of 22 dB, a 1-dB compres-
sion point of 18 dBm and 21 dBm
saturated output power. No further in-
formation was available at 47 GHz
 (S-parameters and so on), but a close
look at the gain curve made us feel its
performance could be acceptable in
our frequency band.

Our Prototypes
Fig 5 shows the circuit we used for

our prototypes. The positive (drain)
power supply is designed around a
7805, and the gate negative voltage is
designed around an ICL7660. The de-
vices require three different bias volt-
ages (input stages need Vgs1 and e Vgs2,
Vgs3 is for the output stage).

The nominal bias current is approxi-
mately 20 mA for the output stage and
15 mA for each input stage; for a total
power consumption of 50 mA. The best
NF performance is accomplished with
45-mA total power consumption.

We have measured performance of
the two MMICs in both single and cas-
cade arrangements.

The CHA2094b, alone, yields poorer
results (both in NF and in Gain) than
we expected based on the datasheet.
Even in-band (36-40 GHz) measure-

Fig 6—At A, a photo of the
test setup with single and
cascade MMICs and a
transverter. At B,
characteristic curves for
the LNA with CHA2094B
and cascaded transceiver.

Table 4

Parameter Prototype Notes
Gain 26.8 dB 36.1 dB together with the transverter of Fig 6
NF 5.10 dB
I 90 mA

ments exhibited 5 dB more noise than
on the datasheet. This is not justified
by the losses of the waveguide-to-
microstrip transitions and losses in
the input and output microstrip lines.

Anyway, the results in Table 3 were
still very interesting. The measured
values must be considered average
values since they depend on tempera-
ture, which we didn’t measure.

Table 4 shows the performance for
the two modules connected in cascade
and to the transverter.

The same preamplifiers have been
used in both transmission and recep-
tion by means of a WR22 waveguide
transfer relay, and the power measure-
ments have given these results:

Input –6.32 dBm
Output 12.19 dBm,

approximately 16.4 mW
(near saturation)

The output shall be used to feed a
power amplifier we are designing and
we will describe that in our next article.

The output power at the 1-dB com-
pression point, even though it varies
with temperature, once stabilized, has
been around 10.5 dBm, which is in-
deed a good result.

We performed measurements on
the cascade of two HMMC-5040
MMICs and the results were a gain
>>25 dB; NF ≈ 8 dB; Pout ≈ 15 dBm
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built by our friend Armando, I3OPW,
in brass (with no silver plating or other
surface treatment). Once the filter was
tuned, our first measurements with a
network analyzer showed excessive in-
band insertion loss of 5 dB, LO attenu-
ation (46,944 MHz) of 50 dB and
>60 dB (beyond the sensitivity of our
instrument) for fIM (46,800MHz). By
increasing the diameter of the cou-
pling hole, we managed to reduce in-
band insertion loss to 2.6 dB (maxi-
mum) without too much degradation
of the out-of-band attenuation levels
(>30 dB for LO and >50 dB for fIM),
which is acceptable. These measure-
ments are shown in Fig 7. We believe
that better results could be obtained
with surface plating of the filter ca-
pable of enhancing surface conductiv-
ity. Fig 8 is a drawing of the filter.

Special Thanks to…
We send a special thanks to our

friends who have given us material
and moral support.

We are now operational and look-
ing to correspond with other hams to
do trials or contests. Our local DX field
trials at 47 GHz have produced very
good results, but there are still many
improvements to be done. A special
thanks to M.E.D.S. sas for the assem-
bly of our first prototypes and techni-
cal/technological skills and advice.

Daniele Moretti, IWØFGR, has a de-
gree in Electronics Engineering from
the University of Rome. He is working
as an RF Engineer. He has been a li-
censed amateur since 1994 with a spe-
cial interest in the microwave bands.

Silvano Ricci started his radio inter-
est at the age of 14, as an SWL. He was
licensed in 1969 as IØLVA. He holds a
certificate in electronics and telecom-
munications. In 1970, he was at the top
of the class in the electronics at the
transmission school in Naples. He has
a special interest in VHF-UHF and the
microwave bands from 5.7 GHz to
145 GHz. He has published articles
in Radio Revista and DUBUS. He on
the roll of honor of the Associazione
Radioamatori Italiani.

Fig 7—Response curves for the image-rejection filter.

The Test Bench
The following measuring instru-

ments were used:
Noise Figure Meter Eaton 2075B
Noise Figure Meter HP 8970A
Noise Source HP 346A
Noise Source HP Q347B
Power Meter HP 346A
Power Meter HP 435B
Power Sensor HP8487A

Fig 8—Mechanical details of the image-rejection filter.

and 17 dBm in saturation. The dc
power requirement is about 550 mA.

The Image-Rejection Filter
Receiver input noise forced us to

use an image-rejection filter in our re-

ceiving chain. Here’s a brief introduc-
tion and description of our approach
with this type of filter in the 6-mm
band. The filter we used is a doubly
coupled resonant-cavity filter de-
signed in a circular waveguide and
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Fig 1—Block diagram of the noise-figure optimization setup.

Fig 2—A typical AM communications receiver AGC response curve. The signal level
should be set near the middle of the flat part of the curve as indicated by the arrow.

840 Phoenix Way
San Marcos, CA 92078
w6hph@yahoo.es

A Do-It-Yourself
Noise Figure Meter

By Fred Brown, W6HPH

If  you want to evaluate receiver noise figure,
this article describes how to fabricate a

semi-automatic system from gear on hand.

My professional experience
with an automatic noise fig-
ure (ANF) meter has taught

me how simple and easy the ANF
meter makes optimum noise figure
adjustments, compared to the usual
tedious and time-consuming on-and-
off procedure with a noise generator.1
With an ANF meter you simply tune
everything for minimum meter read-
ing. Because of their high cost, ANF
meters are out of reach for most of us.

Presented here is a simple technique
that will permit the same ANF optimi-
zation without using an ANF meter. It
gives a relative noise-figure reading. For
measurement of the final absolute noise
figure, I would recommend the Cali-
brated Noise Source by WØIYH.2

This scheme is shown in Fig 1. The
AGC of the AM receiver will maintain
a constant signal level at the receiver’s
detector regardless of gain variations
in the converter. Any adjustment that
will minimize the noise output will
also optimize the signal-to-noise ratio
and thus the noise figure of the con-
verter. Modern receivers and trans-
ceivers have highly effective AGC sys-
tems. My Icom IC-706, used as an AM
receiver at 28 MHz, can handle an in-
put range of more than 50 dB and hold
the audio output constant to less than
1Notes appear on page 53.

0.1 dB! This may be exceptional, but
even if the output varied by a few dB
over such a wide range it would be
good enough for this task.

Fig 2 shows a typical AGC response
curve. For this scheme you will want
to set the signal level near the middle
of the flat part of the curve. This is
usually somewhere above S9 on a typi-
cal S-meter.

Ideally the signal generator should
be crystal-controlled. If an ordinary tun-
able generator is used, allow at least
an hour for warm-up to avoid frequency
drift. Of course the signal generator
impedance should equal your antenna
impedance. Remember you are optimiz-
ing noise figure for whatever impedance
your converter or preamp “sees.” If you
want to optimize for your exact antenna
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impedance you can use an unmodulated
signal from a friend across town. But
antenna noise may mask converter
noise, especially on 6 and 2 meters.

For a noise detector I suggest the cir-
cuit of Fig 3. Many audio voltmeters
respond to peak levels and as a result
will give very erratic readings when
measuring noise. What is needed is a
meter that responds to RMS or aver-
age values. The circuit of Fig 3 responds
to average values and gives a steady
meter reading. Audio output of the re-
ceiver is stepped up by the audio trans-
former and is rectified by the full-wave
rectifier. The diodes can be practically
any type, but Germanium or Schottky
diodes will work better than silicon
types. The dc voltage across the 10 kΩ
resistor is proportional to the average
value of the noise. This is filtered by the
1 MΩ resistor and 1 µF capacitor to give
a steady dc value. The 1 second time
constant (1 MΩ and 1 µF) is a good com-
promise between meter fluctuations
and speed of response. I use an old-fash-
ioned 11 MΩ vacuum tube voltmeter
(VTVM) for an indicator. I do not rec-
ommend a digital meter.

Adjustment procedure is as follows:

1. First run an input-output curve
such as shown in Fig 2. Determine
the S-meter reading corresponding

Fig 3—The noise detector. Transformer T1 can be a 5000 ΩΩΩΩΩ to voice coil output
transformer, as commonly found on old vacuum tube radios.

to the middle of the flat part of the
curve and use this signal level
while optimizing.

2. Set the audio gain control to give a
mid-scale meter reading on the
VTVM.

3. Make all adjustments slowly. Re-
member that 1 second time con-
stant is added to the AGC time con-
stant.

4. After making an adjustment, check
the S meter reading to make sure
you are still near the middle of the
flat part of the AGC curve.

5. You should be able to observe a pro-
nounced dip in noise output as the
converter input tuned circuit is
tuned through resonance. This is a
good indication that everything is
working as it should.

Fred Brown has held the call W6HPH
since 1949 and has been Extra class
since 1966.  He earned a BS in Elec-
tronics from Cal Poly and an MSEE
from the University of Illinois. He has
worked in the electronics industry most
of his life and is the author of more
than 50 articles published in amateur
and professional journals. Currently
he operates a completely homemade
SSB station on 432 MHz.

Notes
1Noise generators have another disadvan-

tage in that their “on” impedance is usually
different from their “off” impedance.

2The 2003 ARRL Handbook for Radio Com-
munications (Newington, 2002), p 26.32.
See also W. Sabin, WØIYH, “A Calibrated
Noise Source for Amateur Radio,” QST,
May 1994, p 37.
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4-221 Gull Cove Way
Capitola, CA 95010
w6wo@arrl.net

A Space-Saving Antenna
for 40 Meters

By Ron Skelton, W6WO

A vertical antenna with short radials
and an electrically long radiator

Constraints and Concepts
This article describes the design,

construction and measurement of an
unusual vertical antenna that has
met my goal to work CW DX at near
zero cost. Vertical antennas have
well-known strengths and weak-
nesses, but their unique advantage
is that they can be efficient DX an-
tennas in a very small space. My con-
straints include a small back garden
in a planned community. Fortu-
nately, the owners association is rea-
sonable about antennas; however,
these must be as inconspicuous as
possible. There is no space for elabo-
rate horizontal or sloping wire an-
tennas—a vertical is my only option.

There are many commercial
multi-band verticals that use short-
ened radiators with a set of very
short radials. These are expensive,

hard to duplicate and are not as ef-
ficient as an antenna optimized for
a single band. I needed something
that I could make that would be ef-
ficient and aesthetically acceptable.

Neither ground mounted radia-
tors with extensive ground systems
nor the common elevated “ground
plane” design with quarter wave ra-
dials are possible, and short radia-
tors with base and other forms of
loading are inefficient. I considered
a design using radials in a square
form as described by Les Moxon,
G6XN,1 but all that wire would not
meet with XYL approval.

A full-length quarter-wave self-
supporting vertical radiator of 34 ft
made from progressively smaller
diameter aluminum tubing is quite
feasible mechanically and when
painted in a camouflage design is
almost invisible.

Model First, Build Later
Using EZNEC2 3.0 models, I be-

gan to experiment with sets of radi-
als of various lengths, diameters and
angles. All the models included an
even number of radials that are
symmetrical. In this arrangement,
the currents in the radials them-
selves produce little or no radiation.
This is important because it pre-
serves a vertical radiation pattern
with a single lobe at a low angle. I
modeled a practical quarter-wave
radiator using a set of tubing sec-
tions 1.5 inches in diameter at the
base and progressively decreasing in
diameter to 0.375 inches at the top.

To begin, a conventional elevated
ground plane with four quarter-wave-
length radials at a base height of 8 ft
was modeled and found to have a
50 Ω SWR of about 1.9:1. Reducing
radial lengths below quarter wave-
length rapidly deteriorated the SWR.

I decided for practical reasons that
four wire radials, 10 ft in length,
would be my limit. Modeling this de-
sign resulted in an exceedingly high
SWR with an input impedance of
20 –j200 at my design frequency of1Notes appear on page 56.
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Fig 1—EZNEC plot of final model.
Fig 2—Voltage-canceling probe.

Fig 3—Ferrite common-mode chokes.

7.015 MHz. The real part of Z re-
mained at a useful level of 20 Ω but
with the considerable negative reac-
tance. Adding the positive reactance
of an inductance at the base feedpoint
was an obvious way to correct the
SWR. 200 Ω of positive reactance at
7.015 MHz requires a 4.5 µH coil,
which is an easy component to make.
However, the best SWR I could
achieve with this model was 2.26:1—
not quite good enough. Increasing the
base height by a few feet did not
change the SWR much, and while re-
ducing height did improve the SWR,
this was not an acceptable solution.

Four 10-ft radials were still more
wires than I wanted, so I began to
investigate even shorter elements.
With numerous models, I investi-
gated various combinations of wire
and tubing. I hate to think how long
it would have taken without
EZNEC, so my thanks to W7EL.
Incidentally, I use the label “Ground-
plane” only for resonant radials and
“counterpoise” where elements are
not resonant. In the latter case, I
think of the antenna as a vertical
form of an off-center-fed dipole.

My next idea was to add inductive
loading higher in the radiator. This
would allow a reduction of base load-
ing where the current losses are high-
est and would concentrate useful
current at a higher point. I used a
well-made coil of about 5 µH recov-
ered from an old trap antenna that
fit nicely at a point about half way up,
where the diameter was 1.0 inch.

The final design uses four hori-
zontal 0.375 inch OD tubing ele-
ments, each 4 ft long and two 10 ft
wire radials sloping from base
height to 6 feet. The effect of adding
5 mH of inductive load 16 feet above
the base is to electrically lengthen
the antenna, thereby reducing the
frequency for best SWR consider-
ably. The base load was then reduced
to raise the frequency up to the
design goal and this achieved a good
match. Fig 1 shows the final plot.

A Practical Approach
It might have been possible to

eliminate the base coil altogether by
increasing the upper level induc-
tance further. I decided not to pur-
sue this, as I wanted to have the
ability to adjust the coil and ele-
ments at a base height of 8 feet. I
also considered adding some form of
top hat but decided this would be-
come a mechanical issue and was
not needed. Playing with tubing and
radial lengths and angles along with
the base coil allows easy ground-

level tuning adjustments.
A low vertical angle of radiation is

often good for DX and the angle of the
only lobe of this antenna is lowered
as the antenna height is increased. It
could be reduced from 23° to about 21°
by doubling the base height. I kept the
base at 8 ft, making the antenna as
inconspicuous as possible

Connecting the coax feeder raised
the question of whether the coil
should be in series with the radia-
tor or the radials. From an imped-
ance matching standpoint, this
should be immaterial, but because
this is an off-center fed design, I was
concerned about common-mode cur-

rents on the coax feeder. I tried it
both ways, and to check on shield
currents, I used a voltage-canceling
probe based on a design by Les
Moxon, G6XN.3 I couldn’t detect
much difference, so for practical rea-
sons I decided to insert the coil in
series with the radiator.

Long ago I measured combina-
tions of ferrite toroids over RG303
and RG58 coax as common-mode
chokes. The rule of thumb is to add
at least 10 times the coax impedance
to the shield. The combination I used
with this antenna has 25 mix 73 and
15 mix 43 torroids inserted at the
feedpoint. This choke adds about
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700 Ω and prevents potential
feedline problems.

The base uses a high quality coil
of 5 µH from a local flea market, to
which I added a number of taps.
Fig 4 shows the coil, the four tubing
elements, the two wire elements and
the ferrite choke.

Results
The final measured result showed

close agreement with the model only
with regard to the frequency of best
SWR. The measured values showed
lower SWR and a 125 kHz SWR band-
width that is narrower than that of
the model with the preferred mid-seg-
ment placement of the source.

I varied the Q of the coils and
ground types in the model, but this
did not substantially change the re-
sult and could not account for the
difference. Most differences are
probably related to environmental
unknowns, but W7EL also cautions
that EZNEC is very sensitive to
placement and selection of the
source used in the model. What I
measured fell midway between the
split-current source and the mid-
segment source methods.

To obtain some idea of the an-
tenna efficiency, I modeled the final
design in free space to remove all
ground loss and this showed a ra-
diation resistance of 20 Ω. The re-

sistive component actually mea-
sured was quite incidentally 50 Ω.
The 50 Ω represents the combina-
tion of radiation resistance (which
is good) and power wasted in the
ground and other objects. The ratio
of 20/50 in this instance indicates an
efficiency of 40%. So far so good, but
how well does it perform? I have
been very pleased with the results.
For example, in competition with the
huge pileup to work XV1X, I
snagged him on my first call.

Ron was first licensed in 1951 as
G3IHP and spent many tears as DX
when there were still colonies. Retired
in 1998 following a communication-
systems career in government, telecom-
munications, financial services,
computer and electric power sectors.
Ron pioneered the use of digital
microwave, carrier and switching sys-
tems, both in the US and in other coun-
tries. He is a Fellow of the Institution
of Electrical Engineers and likes to
build little boxes with knobs on them.

 Notes
1L. Moxon, G6XN, HF Antennas for All Loca-

tions (RSGB, available through ARRL),
p 45, “ Compact Two-radial Ground Plane.”

2EZNEC Registered trademark, Roy W.
Lewallen, W7EL.

3L. Moxon, G6XN, “HF Antennas for All
Locations, p 280, “Voltage-canceling
Probe.”

Fig 4—Base coil and radial elements.

Fig 5—Results: actual versus model.
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6930 Enright Dr
Citrus Heights, CA 95621-2837
w6pap@arrl.net

Octave for Signal Analysis

By Maynard A. Wright, W6PAP

The GNU Octave analysis tool can be used to
move data between the frequency and time

domains—find out how below.

Introduction
In Octave—Calculations for Ama-

teurs,1 we looked at using GNU
Octave2 to ease the workload of mak-
ing and checking repetitive calcula-
tions. Octave offers a lot more than
that, though.3 When we’re operating,
working on our gear, or reading tech-
nical literature, we often think about
signals in either or both the time and
frequency domains. Among other
useful mathematical functions, Octave
includes a powerful means to move
signals back and forth between the
two domains.

Why would we want to do that?
Well, we might want to see what hap-
pens to the spectrum of a modulated
signal when we crank up the mic gain
a bit too high, we might specify a key-
ing waveshape in the time domain and
wonder just what its spectrum looks
like, or we might have acquired a train

of measurements in the time domain
from a digitizing oscilloscope and
would like to see whether there are
any surprises in the spectrum.4

This article is intended to illustrate
how to use Octave to perform some
useful transforms of signals. For a
more comprehensive tutorial on trans-
forming signals, and on other aspects
of signal processing, see Chapter 18
of the ARRL Handbook.5

Let’s begin with a simple sine wave.
Although we could use normalized
times and frequencies, it’s easier to
think about real signals, so we’ll start
with a sine wave at 16 kHz. We’ll use
a relatively low carrier frequency here
so that we can display both the car-
rier and the modulating waveform
with good resolution in our graphs
without having to use really large vec-
tors of samples. We’ll set the ampli-
tude of the sine wave to 1.0. We can
think of this as representing the peak
voltage level of the signal, although it
might also represent a peak current.

Since we are using a digital com-
puter here, we must represent our
continuous (analog) sine wave as a se-
quence of discrete (digital) values in

time. The more values, the closer the
representation. Such a sequence of
values representing the amplitudes of
a continuous signal at equally spaced
instants of time is called a sampled
signal.

We will choose 1024 points to rep-
resent the sine wave. The values will
be stored in an array, called a vector in
Octave when one of the dimensions is
unity. The number 1024 results from
our desire to choose a value that is a
power of two because the fast Fourier
transform (FFT) works more efficiently
when dealing with vectors having such
lengths. Although Octave can handle
vectors of arbitrary lengths, some
implementations of the FFT cannot
work on vectors of lengths other than
powers of two. 1024 points is actually
overkill for the signals we will consider
here, but the vectors we generate will
plot nicely and will take very little time
to compute, so we will use this rela-
tively high number of samples. It is
possible to completely represent a sig-
nal by sampling it at just more than
twice the rate of the highest frequency
component of the signal (see Chapter
18 of the ARRL Handbook), but it is

1Notes appear on page 61.
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Table 1—The Octave code used in this article

# Octave program for investigating modulation products
time1 = linspace(1, 1024, 1024);
A_cxr = 1;
#m = input(“\n\n ENTER MODULATION FACTOR:”);
m = input(“\n\n ENTER MODULATION INDEX ”);
#v_cxr = A_cxr * cos(2 * pi * time1 / 32) .* (1 + m * ...
# sin(2 * pi * time1 / 512)); # AM modulation
v_cxr = A_cxr * cos((2 * pi * time1 / 32) + m * ...
 sin(2 * pi * time1 / 512)); # FM modulation
title “TIME DOMAIN SINUSOID”;
xlabel “TIME: 1.95 us PER SAMPLE”;
ylabel “AMPLITUDE”;
grid
axis([0, 60, -abs(max(v_cxr)) - 0.1, abs(max(v_cxr)) + 0.1]);
plot(time1, v_cxr, “^”);
pause;
s_cxr = fft(v_cxr) / 512;
for n = 1:80
 trunq(n) = s_cxr(n);
endfor
w1(1) = 0;
for n = 1:79
 w1(n + 1) = 0.5 * n;
endfor
title “FM SIGNAL FREQUENCY SPECTRUM”;
xlabel “FREQUENCY IN kHz”;
ylabel “AMPLITUDE”;
grid
axis([0, 30, 0, abs(max(trunq)) + 0.1]);
plot(w1, abs(trunq), “^”);
pause;

often advantageous to sample at a
higher rate and we are doing that here.

We’ll start the program with the
following code:

time1 = linspace(1, 1024, 1024);
v_cxr = sin(2 * pi * time1 / 32);

This code builds a vector of 1024
real numbers in v_cxr that represents
a sine wave that includes 32 full cycles.
Next, we add some code to plot the sine
wave. The plot appears in Fig 1:

title “TIME DOMAIN SINUSOID”;
xlabel “TIME: 1.95 us PER DIVISION”;
ylabel “AMPLITUDE”;
grid
axis([0, 60, -abs(max(v_cxr)) - 0.1,...
abs(max(v_cxr)) + 0.1]);
plot(time1, v_cxr);
pause;

The “pause” command causes ex-
ecution of the code to halt with the plot
displayed until any key is pressed to
cause the code to continue.

We will have occasion to plot other
curves as we go along, and we will
change the code above as is appropri-
ate for each plot, but without further
discussion. An explanation of the plot-
ting capabilities and options of Octave
is included in Chapter 14 of the GNU
Octave Manual (see Note 2). The
changes we make will involve the title
and the second argument to axis( ),
which determines how much of the
vector gets displayed.

We could also change the y-axis to a
logarithmic plot, which you might want
to do in practical analysis as many sig-
nals you will simulate or capture are
measured in decibels, a logarithmic
measure. You can change the y axis to
a logarithmic scale by using the func-
tion semilogy ( ) instead of plot( ). Or
you might convert your data from lin-
ear to logarithmic before plotting and
then use the linear plot. All the figures
in this article use linear plots for sim-
plicity.

Now that we have our sine wave
described in the time domain, let’s see
what it looks like in the frequency do-
main. Most of us are aware that a sine
wave signal in the time domain is rep-
resented by a single line in the fre-
quency domain. Can we verify that
using Octave? Octave provides a pair
of functions, fft() and ifft(), that can
be used to move the representation of
a signal back and forth between the
time domain and the frequency do-
main. Let’s try that with our sine wave
using the following code:6

s_cxr = fft(v_cxr) / 512;
s_cxr(1) /= 2;

The second line above divides the
dc component of the signal by two
since it is not affected by the need to
compensate for discarding the nega-
tive frequencies.

The function fft( ) performs a trans-
formation from the time domain to the
frequency domain and stores the re-
sult in a vector s_cxr. The vector names
v_cxr and s_cxr were chosen to repre-
sent the time and frequency domain
representations of the signal. You can
choose any names you want for such

signals as long as they don’t conflict
with reserved names in Octave.7

Once we execute the code, we have a
vector, s_cxr, in the frequency domain,
but what does it mean? The Octave
function fft( ) produces an output vec-
tor that contains three components:

1. amplitude of a dc component
2. amplitudes of components at posi-

tive frequencies
3. amplitudes of components at nega-

tive frequencies

Fig 1—A 16 kHz sine
wave that is sampled
32 times per cycle of
waveform.
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Table 2—Assignment of elements of the output vector of fft( ) when the
number of samples, N, is even:

Tables 2 and 3 show how this data
is stored in s_cxr.

There are many good textbooks that
discuss the representation of the fre-
quency spectrum using positive and
negative frequencies (see, for instance,
Chapter 2 of the reference in Note 8).
If our input signal consists of a series
of real rather than complex variables,
though, we can ignore the issue by dis-
carding the negative values, which con-
sist of the upper half of what’s in s_cxr,
and by doubling the values in the lower
half to compensate for discarding the
negative information. The dc (average)
component will be zero in the case of
our sine wave.

Now, where is all this stuff stored in
the vector? The dc component is stored
in the first element of the vector,
s_cxr(1). If you type s_cxr(1) from within
Octave after executing the fft( ) func-
tion, Octave will print the dc value, zero
in our example, on the screen. The posi-
tive values are stored in ascending or-
der in elements 2 through N/2, where
N is the number of samples, or 1024 in
our case. The values above N/2 are all
related to negative frequencies and we
will simply ignore them for all the ex-
amples in this article.

We now know where the information
is stored, but what does it mean in
terms of frequencies? Each element
stored in s_cxr represents the peak
amplitude of a sine wave at some fre-
quency that is one of a number of sine
waves that can be added together to
produce the time domain signal v_cxr.
The maximum frequency that can be
represented is half the sampling fre-
quency, sometimes called the Nyquist
frequency. We defined our sine wave so
that there will be 32 cycles represented
by 1024 samples. This means that each
cycle will be represented by 32
samples.9 The length of one cycle will
be 1 / (16 kHz) = 62.5 microseconds.
Since there are 32 samples per cycle,
the spacing between samples will be
about 1.95 microseconds and the sam-
pling frequency is the inverse of that
spacing, or 512 kHz.

Element N/2, the highest frequency
that can be stored, will be at the
Nyquist frequency which is half the
sampling frequency, or 256 kHz. There
are 512 samples representing that
range of frequencies, so there is a spac-
ing of 500 Hz between samples. If we
plot the transform of our 16 kHz sine
wave, we can then expect the signal
to be represented by the 32nd line in
the plot.

You may not always be dealing with
a simple signal such as a sine wave.
Keep in mind that the highest fre-
quency that will be represented by the

output of fft( ) will be the Nyquist fre-
quency, or half the sampling rate, and
you can determine the frequencies of
all the elements of the vector from
there.

It would be nice to have the x-axis
of the plot represent the frequency in
kHz. We can make that happen by
generating a new vector, w1, that in-
crements at values of 0.5 along the
x-axis. We then plot s_cxr as a func-
tion of w1 using the following code:

for n = 1:80
 trunq(n) = s_cxr(n);
endfor
w1(1) = 0;
for n = 1:79
 w1(n + 1) = 0.5 * n;
endfor
title “FREQUENCY DOMAIN SINUSOID”;
xlabel “FREQUENCY IN kHz”;
ylabel “AMPLITUDE”;
grid
axis([0, 30, 0, abs(max(trunq)) + 0.1]);
plot(w1, abs(trunq), “^”);
pause;

The plot of the frequency spectrum
of our signal is shown in Fig 2. As we
would expect, it consists of a line in the
spectrum at 16 kHz. The code we used
is shown assembled into an Octave pro-
gram in Table 1.10 The code as shown
will calculate and plot the time and fre-
quency domain representing our 16 kHz
sine wave. Included, but commented out
using the symbol “#” at the beginning
of each line, is code that we will use
later in this article. Note that some code

is included for accepting a modulation
index from the keyboard during execu-
tion of the program.

As an exercise, you might want to
use ifft( ) to transform s_cxr back into
the time domain to see whether you
get a signal that is identical to v_cxr,
the signal with which we began.

So far, we’ve done quite a bit of
arithmetic to calculate and plot some-
thing that we knew in advance. Can
we do anything useful with this tool?

Let’s take a look at amplitude
modulation to see what we can learn.
We’ll consider an amplitude-modu-
lated (AM) signal first and we’ll use
equation 8 on page 15.5 of the ARRL
Handbook to define the signal. Our
code is to generate the time domain
signal is:

v_cxr_AM = sin(2 * pi * time1/32) .* (1 + m *
sin(2 * pi * time1/512));

Table 3—Assignment of elements of the output vector of fft( ) when the
number of samples, N, is odd:

The period immediately preceding
the multiply sign (“*”) indicates that the
multiplication is to be carried out
element-by-element over the two vec-
tors. If we omit the period, Octave will
attempt to carry out a matrix multipli-
cation, something mathematically ille-
gal for these two vectors and which
would not give us what we want any-
way.

The variable m is the modulation
factor (see page 15.5 of The ARRL
Handbook) and is accepted from the
keyboard in our code. Note that divid-
ing by 512 in the modulating signal
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Fig 7—A 16 kHz sine wave frequency modulated by a 1 kHz
sine wave with a modulation index of 5.

Fig 2—This line in the frequency spectrum represents the
same signal that is shown in the time domain in Fig 1. Note
that the peak amplitude is 1.0 in both figures.

Fig 3—A 16 kHz sine wave 100% amplitude modulated by a
1 kHz sine wave.

Fig 4—The frequency spectrum of the signal in Fig 3. Fig 5—A 16 kHz sine wave 150% amplitude modulated
(overmodulated) by a 1 kHz sine wave.

Fig 6—The frequency spectrum of the overmodulated signal in
Fig 5.

produces two cycles of waveform over
the 1024 samples for a modulating fre-
quency of 1000 hertz.

In a practical modulator, though,
there are other considerations. If we are

using plate modulation of a vacuum
tube amplifier, for example, the modu-
lating signal consists of the dc plate
current as modulated by the modulat-
ing signal, just the expression in the

second set of parentheses above. If the
negative swing of the modulating sig-
nal amplitude exceeds the dc plate cur-
rent value, the current stops as current
can’t flow backward through a vacuum

wright2.pmd 6/1/2005, 3:50 PM60



  Jul/Aug  2005 61

tube. Let’s split up the expression above
so that we can take that into account.
We keep our original expression for the
unmodulated carrier:

v_cxr = sin(2 * pi * time1 / 32);

We define the modulating wave-
form separately and then prevent it
from going below zero by setting it to
zero anytime it is below that value:

v_mod = (1 + m * sin(2 * pi * time1 /
512));
for ctr = 1:1024
 if(v_mod(ctr) < 0)
 v_mod(ctr) = 0;
 endif
endfor

Now we modulate the carrier by
multiplying it by the modulating
signal:

v_cxr_AM = v_cxr .* v_mod;

Fig 3 shows our 16 kHz sine wave
100% modulated (modulation factor =
1) by a 1 kHz sine wave. Fig 4 shows
the corresponding frequency domain
plot. Note the two sidebands spaced at
1 kHz to each side of the carrier. The
carrier amplitude remains at 1.0 and
each sideband has an amplitude of 0.5.

Fig 5 shows what happens when we
modulate the carrier at 150 percent
by setting m equal to 1.5 from the key-
board. Note the long period of time
during the cycle when the signal is cut
off by the attempt to force plate cur-
rent backward through the final am-
plifier tube. Fig 6 shows the frequency
domain representation of that same
signal. The two desired sidebands are
still there, but there is also energy at
other multiples of 1 kHz away from
the carrier, causing the signal to splat-
ter out beyond the desired bandwidth.
The carrier has also been distorted
and has a peak value of greater than
1.0 due to addition of spurious energy
at its frequency.

We can also use Octave to analyze
an FM signal. A little rearrangement
of our modulating signal gives us
equation 10 on page 15.9 of the ARRL
Handbook:

v_cxr_FM = sin(2 * pi * time1 / 32) .*
sin(m *... sin(2 * pi * time1 / 512));

where m is termed the modulation
index. We usually refer to a table or
chart of Bessel functions to determine
the relative amplitudes of the various
sidebands comprising an FM signal as
in Fig 12.8 of the ARRL Handbook, but

we can also use fft( ) to analyze an FM
signal.

Let’s assume a modulation index of
5.0. We can change our prompt to
specify MODULATION INDEX instead of
MODULATION FACTOR, but whether or
not we do that won’t affect the results.
The resulting time domain waveform
is shown in Fig 7 and the corres-
ponding frequency spectrum in Fig 8.

As another exercise, you might
want to convert the values in Fig 8 to
decibels with respect to one volt and
compare them with the values in
Fig 12.8 of the ARRL Handbook.

As you acquire experience in using
Octave, you will find more applications
for this versatile software tool. When
you are reading the ARRL Handbook
or any other technical text material,
use Octave to try out some of the
results that are shown in tabular form
or are graphed. You will be able to
change some of the input data, as well
as the equations, and see what effects
you observe in the output data. Doing
this can fix the principles of interest
in your mind, enhance your under-
standing of those principles, and make
the process of learning something new
more enjoyable.

Notes:
1M. Wright, W6PAP, Octave - Calculations

for Amateurs, QEX, May/June 2005,
pp 48-50.

2J. Eaton, GNU Octave Manual, Network
Theory Limited, 1997.

3This assumes that you are willing to com-
ply with the GNU Public License, which
you can read at www.gnu.org or
www.octave.org. See www.octave.org
to obtain a copy of Octave for your sys-
tem. The code featured in this article was
tested using two versions of Octave run-
ning under RedHat Linux 8 and Microsoft
Windows 98SE.

4Many test instruments and systems can
output acquired data to a file which can be
transferred via diskette or data channel
to the computer that hosts Octave. Octave

makes provision for reading such a data-
file into a matrix or a vector.

5The ARRL Handbook for Radio Communi-
cations, 2004, The American Radio Relay
League, Inc., 2003. All references to the
Handbook in this article are from this
edition.

6The Fourier transform pair that moves sig-
nals back and forth between the time and
frequency domains includes coefficients
that vary among different implementa-
tions. Octave uses no coefficients in
implementing the direct transform (fft( )),
but uses a coefficient 1/N in implementing
the inverse transform (ifft( )). The divisor
(512) that we have supplied represents a
combination of a divisor of 1024 (the num-
ber or points, or N) and a multiplication by
2 to compensate for ignoring the negative
frequency information. We chose this
coefficient because it causes a time do-
main signal measured in volts to be trans-
formed into a frequency domain signal in
which each component is measured in
volts.

7J. Eaton, GNU Octave Manual, Network
Theory Limited, 1997, chapter 30.

8B. Lathi, Modern Digital and Analog Com-
munication Systems, Third Edition,
Oxford University Press, 1998.

9This is because 1024 is 322. For other num-
bers of samples, the number of cycles per
vector and the number of samples per
cycle will not necessarily be equal.

10Good coding practice calls for carefully
and extensively commenting source code.
In this case, the code in Table 1 is pre-
sented with few comments for simplicity
with the intent that the text of the article
will adequately comment the code.

Maynard Wright, W6PAP, was first
licensed in 1957 as WN6PAP. He holds
an FCC General Radiotelephone
Operator’s license with Ship Radar en-
dorsement, is a registered professional
engineer in California and a Senior
Member of IEEE. He has been involved
in the telecommunications industry for
41 years. Maynard is a member of the
North Hills Radio Club in Sacra-
mento, California. You can reach him
at 6930 Enright Dr, Citrus Heights,
CA 95621-2837; 916-726-1673;
w6pap@arrl.net.

Fig 8—The frequency
spectrum of the signal
in Fig 7
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Letters to
the Editor

ATX Adventures (Nov/Dec 2004)
Doug,

This is a little late, but I want to
say how much I enjoyed the article by
Phil Eide, KF6ZZ, on his repair and
conversion of an ATX power supply for
ham use. My experience has been that
most discussions of switchers leave the
impression that they are far too com-
plex for hams to tamper with. The few
articles on switchers I’ve seen use a
strict cookbook approach. Mr. Eide’s
article takes a lot of the mystery out
of the design process and almost leads
me to believe that a mere mortal could
take on such a project. I thought the
informal and lighthearted writing
style, mixed in with practical point-
ers and just enough theory, made it
hard to avoid learning at least a little.

Topics involving magnetics are of-
ten pretty foreboding for both engi-
neers and amateurs, excepting a small
group of specialists. I’d like to see more
articles like this one, to throw some
more light on the subject.—73, Nicho-
las R. Kennedy, WA5BDU (E), 300 S
Vancouver Ave, Russellville, AR 72801-
5632; wa5bdu@arrl.net

Coaxial Traps for Multiband
Antennas (Nov/Dec 2004)
Dear Doug and Tony (VE6YP):

In consideration of the marvelous
article appearing in the Nov/Dec is-
sue of QEX regarding coax traps and
the underlying theory, I was wonder-
ing if you plan to update your
[VE6YP’s] coax trap “calculation”
program?

As an aside, I have recently con-
structed several coax traps; one is a
“single” winding trap using RG-213,
and the another a “double” winding

trap using Belden 8263. My experience
has been that your program
under-estimates the number of turns
that are necessary.

My first attempt (using RG-213)
was to construct a trap resonant at
about 3900 kHz. Using your calcula-
tions (number of turns equals ~7 for a
41/2-inch OD form). It resonated at
about 5.600 kHz, not 3900, as desired.

For the second trap (using Belden
8263), with a double winding in par-
allel), I decided to add turns (that
could be removed, later, if necessary).
Your program calculated that each coil
should use ~7.7 turns. I wound the
trap using 9 turns (on a 31/2-inch OD
form). Upon completion, I found
the (unloaded) resonance to be at
3772 kHz. (Had I used 7.7 turns per
coil, I would have wasted another
batch of coax.)

Considering how (mechanically)
difficult it is to construct these traps,
I decided to install the trap “as is.”
Much to my delight, my 160 m in-
verted L antenna is now a dual-bander,
with resonance on 80 meters at
~3750 kHz. That’s close enough (to
3900) for “government work.” My reso-
nance on 160 dropped from 1890 kHz
to 1865. I have no trouble matching it
(anywhere) on either band.

Most importantly, the trap seems
to be unconditionally stable. Prior
traps (conventionally constructed)
that I tried would drift as they
warmed—even with only 100 W ap-
plied. This one does not drift (apply-
ing 1 kW CW for 30 seconds), neither
is it affected by weather. (I sealed it
rather well with liquid tape.) Figs 1
and 2 show the trap.

Incidentally, it’s wound on a 31/2

inch OD ABS form, 6 inches long, the
trap weighs-in at about 17.7 ounces, a
bit heavy, but manageable. Needless
to say, I am delighted with the ulti-
mate success. Please let me know
what, if any, changes (per the analy-

sis and measurements by Mr. Muller)
that you have made (or plan to make)
to your coax trap design software, par-
ticularly to correct the calculation of
L, C and Z.

Thanks and regards—Jim Gorman,
W6SQZ; JGormanRed@aol.com

An Inexpensive Terminal Node
Controller for Packet Radio
(Mar/Apr 2005)
Doug and TNC Builders,

I have received more feedback on
the TNC article, so I want to pass it
on to everyone to expedite your build-
ing efforts.

1. The text on page 24 of the article
describes the monitor command. In
the software implementation, it is ac-
tually “mon” (that is, mon off/all/me).
Thanks to Philip R. Gaudet Jr, K1IRK,
81 Pascal Ave Rockport, ME 04856-
5916; k1irk@arrl.net

2. If you plan to reassemble the soft-
ware and use MPLAB 7.01 or later you
will see 3 undefined symbols due to
MicroChip’s unexpected change in
name. As pointed out by Leo Coleman,
this can easily be fixed by making the
following changes in the provided
tnc.asm file:

Change TOIE to TMR0IE
Change TOIF to TMR0IF
Change _WRT_ENABLE_OFF to
_WRT_PROTECT_OFF

3. Phil, K1IRK and Rod, Kreuter
WA3ENK, have experienced some
high frequency oscillation in the re-
ceive circuitry causing the receive
LED to oscillate. Phil and Rod recom-
mend a more robust design that would
include a slight amount of negative
feedback to insure this doesn’t happen.
They suggest the following:

Fig 2—An end view photo of W6SQZ’s trap.

Fig 1—A side view
photo of W6SQZ’s
trap.
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A. Lift ground from Pin 1 of the
16F88 (leave ground on pin 18). Insert
a 470 Ω resistor from pin 1 to ground.

B. Insert a 100 kΩ resistor from pin
1 to pin 2 on the 16F88. This will pro-
vide a small of hysteresis and stabi-
lize against oscillations.

C. They also recommend putting a
0.001 µF capacitor from pin 17 to
ground to remove any potential 20 MHz
clock signal from the comparator.

I haven’t experienced this oscilla-
tion on any of the five units I have
built. That might have been dumb
luck! I think that Phil and Rod have a
good idea and plan on modifying one
of my units to try it. Thank you Phil
and Rod!

5. Phil also has the following sug-
gestion on the transmit circuitry:

I have looked at the output on a
scope using the calibration function,
and it looks okay. I thought it might
be a good idea to put a capacitor across
the potentiometer to smooth the steps
on the sine-wave approximation,
rather than letting the radio do that.

6. Rod Kreuter, WA3ENK sent
some e-mail about a terminal setup
problem he experienced with the TNC.
The TNC expects a Line Feed charac-
ter at the end of a command sequence
from the terminal. If it sees only a car-
riage return for the line end, it
echoes the individual characters but
then times out after about 7 seconds,
since it thinks the operator went to
get a drink in the middle of the com-
mand! I use Hyperterminal under XP,
which has the option set to send line
feeds (file->properties->settings-
>ASCII setup->“send line end with
LF”). Rod experienced the problem
with Procomm under DOS. If you ex-
perience this problem and can’t set
your particular terminal program to
work, please let me know.

Thanks to Rod for digging into the
source code and figuring this one out.
Nice piece of detective work!—Bob
Ball, WB8WGA , 23 Ingerson Rd,
Jefferson, NH 03583-6230; wb8wga
@arrl.net

Receiver Audio Processing
Using a Phase-Locked Loop
(May/Jun 2005)

Hi Doug,
I have received my complimentary

copies of May/June QEX. Thanks. I’m
glad to see my article in print. Now,
there is one problem.

I received an e-mail message from
K8CU a couple of days ago. He had
built my audio processing device (al-
ready!) but found that it didn’t work.
He wondered whether there might be

In the next issue of
QEX/Communications

Quarterly

an error in the schematic as published
in QEX. So, I checked the schematic
against my original and, sure enough,
there are errors in one section.

In Fig 4, in the section of the sche-
matic involving U1 and the adjacent
1/2 U2, the following corrections should
be made:

1. The 1000 pF capacitor should be
shown connected between pins 7 and
8 of U1.

2. The 47 kΩ resistor above 1/2 U2
should be connected between pins 6
and 7 of the 1/2 U2.

3. Pin 8 of U1 is not connected to
pin 6 of the 1/2 U2.

Thanks and 73—Bob Kavanagh,
VE3OSZ; ve3osz@rac.ca
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In the next QEX, Rod Brink, KQ6F,
describes his new direct-conversion
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Rod combines modern subsystems to
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