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Larry Wolfgang, WR1B
Iwolfgang@arrl.org

Empirical Outlook

The day after | turned in for typesetting the Antenna Options column for this issue, we
received word that L. B. Cebik, W4RNL, had passed away. This was quite a shock, especially
since L. B. and | had exchanged e-mails only a few days earlier. It's always sad to hear that
one of our authors became a silent key, and L. B. had to be one of Amateur Radio’s most
prolific authors, not only for QEX and QST, but for other publications as well. Please see my
introduction to this Antenna Options column in this issue for a few more words about L. B.

On a happier note, in early June at ARRL
Headquarters we celebrated with Paul Rinaldo,
WHA4RI, to mark his 25" anniversary as a member
of the ARRL staff! This was also a retirement
party, although Paul will continue to work for
ARRL in a variety of capacities.

K1SFA Photo

Long-time QEX readers, will, of course, recog-
nize Paul as the first editor of our little publication!
Paul started QEX with issue number 1 in
December 1981. With a few typewritten pages,
those early issues established the standards for
publishing technical material that we try to main- ‘ -
tain with QEX today.

Paul moved from the Washington, DC area to
Newington, CT, in 1983 to work at ARRL
Headquarters as Manager of the ARRL
Technical Department after M. F. “Doug” DeMaw,
W1FB, retired. He went on to become the
Publications Manager and Editor of QST. Paul was
named Chief Technology Officer, and returned to the DC area to open the ARRL Technology
Office. Paul has worked with the IARU on ITU World Radio Conference preparations, and
has been a member of the US delegation to numerous ITU Conferences. Paul has chaired
several Working Groups at those conferences over the years.

Founding QEX Editor Paul
Rinaldo, W4RI, and current Editor
Larry Wolfgang, WR1B, share a
moment to reminisce during Paul’s
25 anniversary/retirement party.

Your current editor was a young Assistant Technical Editor with about two years of experi-
ence on the ARRL Staff when Paul became Technical Department Manager. It seems to me
that Paul’s greatest influence at that time was one of communications. There were frequent
meetings during which staff members brainstormed ideas and planned the direction of
various publications.

During that time the FCC implemented the Volunteer Examiner program and | became
“ARRL License Manuals Editor.” | was also tasked with writing a book that had been dis-
cussed on various levels for many years, even before | had come to ARRL Headquarters.
Eventually that book became Understanding Basic Electronics. We spent many hours gath-
ering ideas about what Amateur Radio operators at the various license levels should know,
and how to present that information in our License Manuals series. Likewise, the “formula”
for UBE was hashed out with a number of significant refinements.

It was great to work for Paul during the years he was my direct supervisor and then as
Publications Manager. Thanks Paul, and best wishes for a long an happy “retirement!”

This year marked my second official trip to the Dayton Hamvention. What a great time |
had there! It was wonderful to meet so many QEX readers as well as some hams who
wanted to learn more about the magazine. | also had the opportunity to meet with some of
our authors for the first time, and that was also great. | don’t want to tip my hand just yet on
the specifics, but | am looking forward to some very interesting articles for future issues,
based on some of the contacts | made there!

Of course there was so much to see and so many forums to attend. | wasn't able to attend
all of the forums | would have liked to attend (after all, | had to spend some time in the ARRL
Expo area and several interesting forums were held simultaneously), but | did manage to
take in a few excellent presentations.

If I didn't get to meet you at Hamvention, I'm sorry | missed you. | hope we have another
opportunity to meet during some of my other travels. If you did not have the opportunity to
attend Hamvention this year, | hope you will be able to put it on your schedule for next year.
Even if you aren't looking for new equipment or gadgets (and there are plenty of both) the
opportunity to meet other hams and learn what they are doing with this great hobby of ours
is wonderful.



John E. Post, KA5GSQ

5635 Four O'Clock Ln, Prescott, AZ 86305; john.post@erau.edu

VHF Frequency Multiplication
Using the SAG02 IC

How about a simple technique for VHF frequency generation and multiplication?
Here is another application for the NE602/SA602 IC!

For a while | have wanted to build an
overtone crystal oscillator/multiplier circuit
in order to generate VHF signals, particu-
larly in the 2 m band. Searching for inspi-
ration one day, | came upon an application
note produced by Philips Semiconductors
in December, 1991: AN1983 Crystal
Ogcillators and Frequency MultipliersUsing
the NE602 and NE5212.* The final section
of this note presents a method to employ
the NE602 (now the SA602) as a frequency
doubler. The circuit shown in the note pro-
duced the second harmonic by coupling the
fundamental signal produced by the internal
oscillator into both the LO and RF ports of
the SAB602 internal mixer. The mixer output
contains the sum and difference of the input
frequencies, in this case the second harmonic

Philips Semiconductors Applications Note
AN1983, Crystal Oscillators and Frequency
Multipliers using the NE602 and NE5212,
Dec, 1991.

and a dc term. The note claims that additional
SAB02 frequency doublers allow generation
of signals up to about 500 MHz. The note
also claims that a distinct advantage of this
approach is that the conversion gain of the
SA602 produces a second harmonic that is
10 to 15 dB higher in amplitude than the
fundamental. This is much better than a pas-
sive doubler — so this circuit seemed like an
excellent place to begin!

Upon reflection, | found several faults
with the implementation provided in the
application note. First, they used an RC net-
work to provide a 90° phase shift between
the input signals of the multiplier in order to
eliminate the dc offset at the mixer output.
This seems unnecessary, since capacitive
coupling between the stages automatically
blocks any dc. Second, although the SA602
is designed for double-ended operation, the
suggested circuit was single-ended, resulting
in an output power reduction of 3 dB.

A Better Approach

Overcoming these objections produced
the circuit shown in Figure 1. In this circuit
components Y1, C4, C5, and Ul form a
simple Colpitts crystal oscillator. Diode D1
reduces the 9 V supply voltage in order to
avoid exceeding (by much) the 8 V supply
voltage rating for the SA602. The series
resonant circuit consisting of C3 and L1 con-
nected to the emitter of the internal transistor
in the SA602 reduces the loop gain of the
oscillator at the fundamental frequency and
forces oscillation at the third overtone fre-
quency of the crystal. The internal oscillator
transistor is current starved, so resistor R1 is
necessary to increase the bias current in order
to provide sufficient loop gain at the third
harmonic. This ensures that the oscillator will
start. Capacitors C1 and C2 couple the fun-
damental frequency into the mixer RF port,
while coupling to the LO port from the oscil-
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Figure 1 — VHF overtone crystal oscillator/doubler circuit.
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lator is handled internally to the IC. Finally,
inductor L2 and C6 form a 72 MHz bandpass
filter at the mixer output. This is tuned to
select the second harmonic of the oscillator,
while attenuating other frequencies.

When this portion of the overtone oscilla-
tor was constructed and placed in operation a
5.7 dBm, 36.416 MHz third overtone signal
was observed at pin7 of the SA602, while a
—20.2 dBm, 72.849 MHz second harmonic
component was observed across the band-
pass filter formed by C8 and L2 across pins 4
and 5. There was no sign of the promised 10
to 15 dB conversion gain at this point!

Other harmonics of the third over-
tone were also observed, including the
—42.0 dBm fourth harmonic at 145.680 MHz.
All of these measurements are reduced by the
loading effect of the 50 Q input resistance of
the spectrum analyzer, but they do give some
idea of the relative amplitude of the signals
produced by the first SA602 oscillator/dou-
bler circuit.

Next, components U2, C7, C8, C9, and
T1 were installed and placed in operation.
Transformer T1 converts the double-ended
signal that is present at pins 4 and 5 of U2
to a single-ended signal required to drive
the amplifier stage. Capacitively coupling
the LO input of U2 (pin 6) to pin 1 seemed
to provide slightly more power than capaci-
tively coupling to either pin 2 or ground.
Spectrum analyzer measurements at the
secondary of T1 revealed a —12.6 dBm,
145.680 MHz fourth harmonic, while the
72.849 MHz second harmonic was down to
—22.5 dBm, and the 36.416 MHz third over-
tone (which is the fundamental) was mea-
sured at —32.7 dBm. This equates to about
8 dB of conversion gain for the second
doubler (~20.2dBm inputat 72.849 MHz and
-12.6 dBm output at 145.680 MHz) —
somewhat less than the 10 to 15 dB that
was expected. Additional harmonics were
noted at integer multiples of the 36.416 MHz
third overtone, signal extending up to about
500 MHz.

The final stage in the circuit is a bandpass
amplifier designed to boost the desired signal
to the milliwatt level while attenuating unde-
sired harmonic energy. Resistors R2 to R4
provide base-emitter forward bias sufficient
to establish about 4 mA of collector current.
Capacitor C11 bypasses the emitter resistor
to avoid amplifier degeneration. Capacitor
C10 was selected experimentally in order
to form a series resonant circuit with the
inductance of the secondary of T1 to mini-
mize the impedance between ground and
the base of Q1 and maximize output power.
Inductors L3 and L4 along with capacitors
C12 to C15 form a two-pole Chebyshev
top-coupled bandpass filter. The top-coupled
topology provides 18 dB/octave attenua-
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Figure 2 —This photo shows the circuit board implementation of the
oscillator/doubler circuit.

tion for signals below the passband, but only
6 dB/octave attenuation for signals above the
passband. Since the harmonic energy at the
mixer output is highest for frequencies below
the desired signal the additional attenuation
provided by this filter is beneficial. Finally,
Resistor R5, along with capacitor C16,
decouple the amplifier from the power sup-
ply line.

Circuit Development, Construction,
and Alignment

Initial experimentation was conducted
by constructing the circuit on a protoboard.
This makes for rapid construction and the
circuits seemed to work satisfactorily, even
though these boards are not recommended
for use much above HF. This approach facili-
tated exploration of different alternatives for
driving the LO and RF ports on the SA602
in order to determine which configuration
maximized output power at 145.680 MHz.
Once the best alternative was identified a pro-
totype was constructed on a section of copper
clad circuit board material as a ground plane,
using the “dead bug” or “ugly” construc-
tion technique. For the final circuit a printed
circuit board was fabricated by a commer-
cial supplier and the parts were installed, as
shown in Figure 2.

All parts except for T1, L3, L4, and Y1
are available from www.danssmallpart-

sandkits.net. Overtone crystals for the
2 m band are available from Ken Simpson,
WB8EK for $5 each. Contact Ken at w8ek@
speakeasy.net. The primary of transformer
T1 was constructed by wrapping 15 turns of
30 gauge wire-wrap wire around a ¥ inch
wooden form and securing it with tape. The
T1primary contains sufficient inductance so
that when combined with the output capaci-
tance found at pins 4 and 5 of U2 a parallel
resonant circuit is formed, further suppress-
ing harmonic energy. The T2 secondary is
formed from two turns of 30 gauge wire-
wrap wire wrapped around the primary coil.
Inductors L2 and L3 were formed from five
turns of 20 gauge copper magnet wire, sized
using a ¥ inch form.

Final alignment is straightforward, espe-
cially if a spectrum analyzer is available to
monitor the power output. Upon power-up,
adjust the slug on inductor L1 until the oscil-
lator output is at the overtone frequency, if it
is not already. The shift between fundamental
and overtone modes as L1 is adjusted is quite
dramatic and makes for interesting view-
ing on the analyzer. Next, adjust the slug
on inductor L2 to maximize output power.
Finally, adjust the turn spacing for L3 and
L4 slightly to “tune” the bandpass filter and
maximize the output power at the selected
frequency.



Table 1
Output Power for the Circuit

Frequency (MHz) Output power (dBm)

36.42 -33.6
72.84 -30.0
109.25 -37.3
145.69 -0.5
182.12 -33.5
218.54 -33.5
254.95 -58.0

Circuit Performance and
Applications

The circuit produces approximately
0.9 mW of output power at 145.680 MHz
while consuming 18 mA from a 9 V source,
or 162 mW of power. Table 1 shows the
measurement results at the output of the cir-
cuit obtained using the spectrum analyzer.
Harmonic energy measures at 1 uW or less,
well below the 10 uW FCC requirement
for sources of this power level. Thus, when
connected to a suitable antenna this circuit
is usable as a miniature 2 m transmitter for
fox hunting applications. Other applications
could include a VHF signal source for use in
transmitter and receiver projects. | hope this
article inspires you to think about other new
applications for the SA602!

[When KA5GSQ sent his oscillator to us
for the cover photo, we took that opportunity
to look at the oscillator output in the ARRL
Lab. ARRL Lab Test Engineer, Bob Allison,
WB1GCM, powered up the oscillator and
fed the output to the spectrum analyzer, then
captured the display as Figure 3. The 0 dB
reference level was set to 0 dBm, with no
input attenuation. The 145.680 MHz desired
output signal is about 2 mW. Harmonic
energy at frequencies above and below the
145.680 MHz output signal is less than 1
pW, well below the 10 uyW FCC spectral
output requirement for sources at this power
level. — Ed.]

John E. Post is an assistant professor of elec-
trical and computer engineering with Embry-
Riddle Aeronautical University in Prescott,

AZ. He holds an Amateur Extra class license,
KA5GSQ, and has BS, MS, and PhD degrees in
electrical engineering.
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Figure 3 —The oscillator spectral output as measured in the ARRL Lab. Notice the
harmonic-rich output, with signals stronger than —55 dBm through at least 800 MHz. We

did not “tweak” the author’s filter tuning for this measurement.
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Wes Hayward, W7ZOl

7700 SW Danielle Ave, Beaverton, OR 97008; w7zoi@arrl.net

Oscillator Noise Evaluation
with a Crystal Notch Filter

Do you need to characterize the noise performance of an oscillator project?

Among the most common projects built
by radio amateurs are oscillators and fre-
guency synthesizers. These are often parts
for a larger project. A critical performance
specification of any oscillator system is noise.
Many contemporary synthesizers use direct
digital methods which are plagued by spuri-
ous outputs. Yet noise and spurs are rarely
evaluated by the builders, for they are both
difficult to measure. This article presents
a simple and inexpensive method that will
allow almost any experimenter to examine
the oscillator systems that he or she creates.
Although limited in frequency, the method
takes that first step toward meaningful evalu-
ation.

The Problem

The output of a high quality traditional LC
oscillator is shown in Figure 1. This figure is
not an output from an actual measurement.
Rather, it is a sketch of what we would see
if a real circuit was evaluated with an ideal
spectrum analyzer. The resolution bandwidth
for the analyzer is arbitrarily set to 500 Hz.
The data of Figure 1 could also be obtained
with an ideal receiver. The ideal analyzer or
receiver has an unbounded dynamic range
not found in real-world instruments. The
oscillator has an output power of a few mil-
liwatts with noise that is over 125 dB lower
in a 500 Hz bandwidth.

Itis vitally important that some bandwidth
information be included with any signal to
noise measurement. \We often see statements
such as “The noise was 90 dB below the car-
rier” This statement means nothing without
bandwidth information, for the power related
to noise is directly proportional to the band-
width of observation. If we examine noise
with a spectrum analyzer, the displayed noise
will increase by 10 dB if the bandwidth is
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Read on to learn how.

increased by 10. In the same sense, if we
are listening to noise in a receiver, the noise
we hear will decrease when we switch from
a SSB to a narrower CW bandwidth. The
usual practice with the noise measurement
of oscillators is to normalize the results to a
1 Hz bandwidth. The oscillator data of Figure
1 will be normalized later when the measure-
ment is described.

As we will learn later in the paper, the
Figure 1 example is not an exotic special
purpose synthesizer, but a fundamental,
very practical circuit that many of us have
built, a JFET Hartley oscillator using an LC
resonator. Yet it easily exceeds the noise per-
formance found in most commercially built
ham equipment.

Oscillator noise would be much easier
to measure if we merely attenuated the very
strong carrier. An 80 dB reduction of the
carrier strength in Figure 1 would leave the

carrier and noise of Figure 2. A spectrum
analyzer or receiver with a dynamic range of
a mere 50 dB could now perform the mea-
surement.

Virtually all of the schemes that we
normally use to measure oscillator noise
are nothing more than clever methods to
eliminate or attenuate the carrier. These often
elegant and interesting methods are found in
the literature.! Even though oscillator noise
is difficult to measure, it can present major
practical limitations to our ham gear.? Local
oscillator noise is probably the defining limi-
tation in most of the equipment we now use
for communications.

The devoted experimenter striving for the
best possible oscillator performance can cer-
tainly build his or her own system for noise
evaluation.® But this is a difficult and time

*Notes appear on pagel2.
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Figure 1 —The signal
from an oscillator
as viewed in an ideal
spectrum analyzer
with a bandwidth
of 500 Hz. There is
nothing special about
that bandwidth; it
was chosen as a
common, practical
value typically found in
receivers.
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consuming chore. We seek a solution that is
simple enough for the more casual experi-
menter to use to evaluate oscillator noise.

A Crystal Notch Filter

A strong carrier can be significantly
attenuated with a narrow bandwidth notch
filter. The filter must be narrow, for we wish
to measure noise that is close to the carrier.
But the notch must be deep, for consider-
able carrier attenuation is needed. A suitable
circuit is possible if quartz crystals are used.
One route to designing a crystal notch filter
is outlined in Figure 3. The simplest such
filter is realized by inserting a crystal as a
shunt element in a 50 Q system, shown in
Figure 3A. The notch depth is limited in this
topology. Greater depth is realized if several
crystals are used. Several crystals can be par-
alleled in the simplest filter. A much more
effective scheme, however, isolates the crys-
tals with sections of transmission line, shown
in Figure 3B where three crystals are applied.
Transmission line sections are impractical at
the frequencies where we would normally
use crystals. But a quarter wavelength of
line is easily synthesized with a pi network
as shown in Figure 3C. Recall that a sym-
metrical pi network operating at one fre-
quency with Q =1 (X, = X¢ = R) exhibits a
90° phase shift and most other properties of
a quarter wave line. Finally, a deeper null is
possible with a given crystal if we transform
upward from 50 Q.

The first experimental notch filter that |
built at 5 MHz is shown in Figure 4. A fil-
ter impedance of 471 Q allowed the use of
15uH inductorsfromthe junk box inthe phase
shifting  networks. The filter was terminated
with L-networksthattransformedthe 471 Qto
50 Q, also realized with available RF chokes.
The measured transfer function for the filter
is shown in Figure 5. The notch depth is
75 dB, but the 1 dB width is well under
1 kHz. I used crystals within 10 Hz of each
other in this design, but good results can be
expected with a greater spread. Computer
circuit simulation is useful.

Although this filter is useful for close-
in measurements, it presents a problem far
away from 5 MHz, as seen in Figure 6.* The
composite low pass filter cutoff at about
7 MHz is close to the 5 MHz notch. In addi-
tion, the end L-networks introduce passband
ripple which compromise low frequency data
when evaluating direct digital synthesizers
for low frequency spurious responses.

Higher Order Notch Filters

Figure 7 shows a 10 MHz notch filter with
5 crystals. The circuit uses 200 Q synthetic
transmission line sections between crystals.
Ferrite transformers match the ends to 50 Q.

This 10 MHz filter is useful to almost 20 MHz
and has a notch that is 85 dB deep with trans-
fer characteristics shown in Figure 8.

A modified filter expands the perfor-
mance of the circuit of Figure 7 by adding
five more crystals. See Figure 9. The added
11.06 MHz crystals are in a batch with a
spread of 140 Hz and yielded a notch depth

of 85 dB around 11.06 MHz. The dual fre-
quency filter is shown in Figure 9. A photo of
the filter is presented in Figure 10.

Noise Measurements with a
Spectrum Analyzer and a Notch
Filter

Our first experiment examines noise from

-76.4 dBm
Resolution

Bandwidth
500 Hz

Power, dBm

-

46.5 dB

10 kHz L

Figure 2 — Noise from
an oscillator, now
without the strong

carrier that complicated
measurements. The
original carrier in Figure

1 has been attenuated

-122.9 dBm by 80 dB.
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Figure 3 —The evolution of a crystal notch filter.
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Crystals: 5 MHz, Lm = 0.1 H, CO = 3 pF, Q > 150 k, matched within 10 Hz
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Figure 4 — Schematic diagram for a 5 MHz crystal notch filter. The crystal parameters listed
are not critical, but are just those of the crystals used in this experiment.
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5 MHz, N=3, Xtal notch filter

-80
80 82 84 86 88 90 92 94

Frequency, kHz above 4990 kHz
QX0807-Hayward05

Figure 5 — Measured response for the three
crystal 5 MHz notch filter. The left most
frequency in the graph is 4998 kHz. Gain
measurements were done with a DDS source
and a spectrum analyzer.

a Direct Digital Synthesizer with a spectrum
analyzer and notch filter. The DDS uses the
popular AD-9850 which is useful, but now
far removed from the state of the art. A bor-
rowed HP8558B spectrum analyzer com-
pleted the measurement suite. The normally
high noise figure of the spectrum analyzer is
improved with a homebrew high gain low
noise amplifier.

The first data photo (Figure 11) shows
the output of the DDS when set to 10.008
MHz, which is about 10 kHz above the null
frequency of the 10 MHz crystal notch filter.
The DDS output is +3.4 dBm. However, |
attenuated the DDS output by 60 dB before
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Figure 6 — Simulation of the 5 MHz notch filter well away from 5 MHz. In this computer
analysis, the crystals were replaced with 3 pF capacitors.

filter input.

Next, the DDS was tuned down to
9.9983 MHz, completely into the notch. The
60 dB of attenuation was removed from the
DDS output, causing both the DDS carrier

and noise to increase. The notch filter still
removes enough of the signal to guarantee
that the LNA and spectrum analyzer were not
overloaded. RBW was decreased to 3 kHz
and the span was set to 50 kHz per division.

it reached the LNA. Our goal in this case was Gain, dB, N=5 xtal notch filter, 10 MHz
to set the analyzer gain to put the signal at 0 Ve
the top of the screen, which is the spectrum -10 \ /
analyzer reference level. -20 \ Figure 8 — Measured transfer

The DDS was then tuned downward in 30 \ / function of the 10 MHz filter of Figure

. - \ / 7.The notch, although 85 dB deep,
frequency. When it got to about 9.9985 MHz, S 10 occupies less than 2.5 kHz of the
| took the photo of Figure 12. The signal is £ _so / overall spectrum. Other frequencies
close to, but still not completely in the filter o are attenuated by less than 1 dB
notch where there is maximum attenuation. 00 ‘I‘”t" reaching the upper e‘fdge of the
I didn’t tune the DDS all the way into the 70 / res%";ﬁgg ?Srgzﬂﬁgjeby ?ﬁ'\é tﬂi%g?gf%er
“rabbit hole,” for it would then have been 80 \V properties.
into background noise. The noise that we see, -907 o 75 80 85 90 95
incidentally, results from the LNA preceding ’ Fre‘quency KHz above 9990 KHz
the spectrum analyzer. There is still 60 dB of OX0807-Haywardos '
attenuation between the DDS and the notch
10 bifilar turns RFC RFC RFC RFC 10 bifilar turns
#28 on FB-43-2401 2.7uH 2.7pH 2.7uH 2.7uH #28 on FB-43-2401

50 Q °

Input

Crystals: 5 MHz, Lm =0.02 H, CO = 3 pF, Q > 150 k.

50 Q
O Output

QX0807-Hayward07

Figure 7 — 10 MHz crystal notch filter with five crystals.
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Y2,Y4,Y6,Y8,Y10: 11.06 MHz, Lm =0.01 H, CO =4 pF

'7' '7‘ ‘“ ‘“ ‘“ 10 bifilar
10 bifilar turns Y2 ——3 Y4 Y6 Y8 — Y10 /1 turns #28 on
#28 on FB-43-2401 RFC FB-43-2401
50 Q ° ° T ° ° 50 Q
Input 2.7 uH

2.7 pH l l Output
/I:IYS /I:YS /I:IY7 /II:IYQ

Y1,Y3,Y5,Y7,Y9: 10 MHz, Lm =0.02 H, CO = 3 pF QX0807-Hayward09

100 100 100

47l|:|Y1

Figure 9 — A crystal filter with notches at both 10 and 11.06 MHz.

Figure 10 —Two crystal notch filters are contained in one box. The upper filter is the 5 MHz filter with three crystals. The
lower filter has deep notches at 10 and 11.06 MHz with five crystals for each frequency.

Figure 11 — Photo showing the output of a DDS. The spectrum
analyzer resolution bandwidth (RBW) was 10 kHz with a span of 200
kHz/div.The Slgnal was attenuated by 60 dB for this measurement. Figure 12 —The response with the DDS tuned part way into the notch
The homebrew spectrum analyzer at W7ZOl has a narrowest RBW of  of the crystal filter. The DDS is still attenuated by 60 dB. The strong
30 kHz, making it unsuitable for these noise measurements. signal is now attenuated an additional 55 dB by the notch filter.
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Figure 13 —The DDS output spectrum around 10 MHz. The strongest

signal near the center is the actual DDS carrier. The many other Figure 14 — This plot is the same as Figure 13 except that the span
signals are spurs characteristic of a DDS. Most of these are has been dropped to 20 kHz/div, allowing the noise level to be
75 to 80 dB below the original, unattenuated carrier. See text. estimated.

RBW = 3 kHz and span = 50 kHz/div.

Figure 15 — Noise from HP-8640B. We could get a
viable number for the noise by adding video filtering.

Audio Voltmeter

Fn Receiver
6 dB Pad Fy +-dF

~ \ ,
Step P S ————
Attenuator /

Move BNC Cables

o .
/ @ @
Crystal Icom IC-R75 HP-3400A
Notch Filter -
; HP355C
Oscillator
Under Test and D
Tuned to
FrnoTen

QX0807-Hayward16

Figure 16 —Test set up for oscillator noise measurements with a crystal notch filter and a communications receiver. A general purpose signal
generator (here a HP-8640B) provides calibration. An external LNA is not required with a typical receiver. See text.
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This yielded Figure 13, which clearly shows
a proliferation of spurious signals.

The span was decreased further to
20 kHz per division for Figure 14. The noise
(away from the spurs) is now well below the
reference level. This can be better observed
with the addition of more video filtering in
the spectrum analyzer. But more video filter-
ing causes the sweep speed to decrease to
the point that it was not possible to obtain a
digital photo.

We could estimate noise performance
from the analyzer display, but we are then
depending upon the accuracy of the analyzer
circuitry. A more conservative approach to
noise evaluation uses a signal generator in a
substitution measurement. The noise is first
observed with the analyzer with ample video
filtering (smoothing). The DDS was then dis-
connected and replaced with an HP-8640B
set to a frequency 10 kHz above the notch
and injected through the filter which guar-
antees that the loss of the filter is taken into
account. The HP-8640B had an output of
—105 dBm when it produced the same signal
as the noise at the low point between spurs.
The DDS carrier power was +3.4 dBm, so the
Carrier to Noise Ratio is CNR=108.4 dBc.
If we normalize this to 1 Hz bandwidth by
adding a factor of 10 Log (BW)=34.8 dB to
obtain a wideband spectral noise density of
CNRn =143.2 dBc/Hz.®

We might ask how this DDS compares
with a good signal generator. | set up the
HP-8640B for the same output power as the
DDS and tuned it into the notch to produce
Figure 15. The noise floor here is oscilla-
tor rather than LNA noise, for it drops by
10 dB if you insert 10 dB of attenuation at the
input to the crystal notch filter.

There are a couple of significant details
that should be emphasized about these
results. First, they are approximations. The
filter shape factor in the spectrum analyzer
is okay for most situations, but the lack of
skirt selectivity makes it difficult to see the
noise between lines. The wideband DDS
noise may be even better than the number
quoted above.

The other important detail is that the
HP8640B noise is clearly lower than the
measured synthesizer noise by an observ-
able margin. This is why this generator is so
highly prized.

Noise Measurements with a
Communications Receiver

Although a spectrum analyzer is the
preferred instrument for many lab measure-
ments, effective results can also be obtained
with a general coverage receiver. The
receiver may be nothing more than the usual
station transceiver. My receiver-based test
setup is shown in Figure 16.

Having evaluated a DDS, we will now
consider a different example, an oscillator
presented in the literature as one that was
especially noisy.” We begin by measuring
the power output of the oscillator under
test (OUT) with an AD-8307 based power
meter.2 This could also be done with other
50 Q instruments. The OUT is then attached
to the step attenuator, which is set for fairly
high attenuation. The OUT and the receiver
are now tuned to the frequency of the crys-
tal notch filter. Listen to the receiver output
to get the OUT tuned for minimum carrier
signal at the receiver. The attenuator can then
be reduced to yield a reasonable level for
measurement. In this example, the available
power from the OUT was +15.0 dBm. An
attenuation of 20 dB was picked, yielding a
power of -5 dBm available to the notch filter.
See Figure. 16.

These measurements were done at
7.373 MHz. A new crystal notch filter was
built with some available crystals. The filter
schematic is identical to that of Figure 7.°

The receiver was set for CW with a
relatively wide bandwidth of 2.2 kHz. The
receiver was tuned 10 kHz above the car-
rier, the receiver AGC was turned off, and
the speaker was muted by attaching an audio
voltmeter to the earphone output.!® ** The
meter level was observed while the OUT
was temporarily disconnected to confirm
that the measured noise resulted from the
OUT. The voltmeter level with the OUT
connected (a few mV) was recorded. The
“switch” of Figure 16 was then changed

to connect the signal generator in place
of the OUT. The generator was tuned to
the receiver frequency, 10 kHz above the
OUT, and the amplitude was adjusted to
produce the same meter response that was
observed with noise. In my measurement, this
happened with a signal generator level of
—93.5 dBm. Recall that the available carrier
power is -5 dBm. The carrier-to-noise ratio
(CNR) is then the difference, 88.5 dB, also
called 88.5 dBc for “dB with respect to the
carrier.” This result occurred in a relatively
wide bandwidth of 2200 Hz. Different
receiver bandwidths will produce differ-
ent results. We normalize the data to 1 Hz
bandwidth by adding 10 Log (BW) to the
CNR, bringing the normalized ratio to
CNR=121.9 dBc/Hz at a spacing of 10 kHz.
The signal generator energy was injected
through the notch filter and following attenu-
ation, so filter losses are removed from the
measurement. Both OUT carrier and noise
powers are reduced by the step attenuator,
leaving the ratio unchanged. While this is
not a great oscillator, it is not as bad as I sus-
pected that it might be.

The oscillator circuit was then modified.
The current and voltage starved differential
bipolar pair was replaced with a JFET oper-
ating as a traditional Hartley oscillator. 2 The
same oscillator resonator and buffer ampli-
fier were used, leaving the available output
power unchanged at -5 dBm. The CNR from
this circuit was 146.4 dBc/Hz at a spacing
of 10 kHz, a 24.5 dB improvement over the
“noisy” oscillator.

Figure 17 — Test setup during measurements with a receiver. In this case, the DDS was
being measured at 10 MHz. It is useful to listen to the oscillator under test (OUT) if it is a DDS,
for noise results are easily obscured by spurious responses.

QEX — July/August 2008 11



As one might expect, numerous available
oscillators have been measured. An espe-
cially interesting measurement was that of
another Hartley LC JFET oscillator used in a
home built signal source.®® The output from
the source and a 6 dB pad was +3.6 dBm.
The source was carefully tuned into the notch
at 11.06 MHz. The receiver was then tuned
10 kHz above this attenuated carrier. The
attenuator was set to 0 dB, and the 6 dB
pad (see Figure 16) was removed from the
receiver input. After noting the audio out-
put level, which was still well above the
system noise floor, the HP8640B was again
used as an input signal to the receiver and
audio meter. The substitution power was
-116.5 dBm, so the CNR is 120.1 dBc.
Again we add 10 Log(2200) to this to obtain
CNR = 153.5 dBc/Hz at a 10 kHz spacing.
This value is consistent with other mea-
surements of this oscillator performed with
simple reciprocal mixing, but this latest
result tends to instill greater confidence, for
the receiver is now far from an overload con-
dition when the notch filter protects the
front end. This is the example presented in
Figure 1 in the introduction to this paper.

Conclusions and Additional
Thoughts

A simple crystal notch filter can clearly
allow oscillator noise measurements to
be done with relative ease. The filters are
very easy and inexpensive to build, making
them practical, even for the relatively casual
experimenter. There are still problems. The
ideal test system would allow an oscillator to
be tested over a wide frequency range. This
is not possible with a single filter, although a
family of filters could certainly be built from
inexpensive microprocessor crystals to cover
several discrete frequencies. Bandpass filters
can also be used for oscillator evaluation,
which was done long ago by K7HFD with
the now well known low noise oscillator that
he built.**

Virtually all quartz crystals exhibit spuri-
ous responses, usually related to resonances
outside that part of the quartz disc that has
metal plating. These spurs typically occur
about 100 kHz above the main resonance. |
looked for these resonances in my filters and
was not disappointed. While several stray
notches were found, for example, between
100 and 200 kHz above the 11 MHz notch,
they were not deep. Most were only 1 or
2 dB with the worst being 6 dB. Similar
results were seen above the other filter
notches. While these spurious responses
could complicate the search for DDS spurs,
they are not a major deterrent.

Most of the incident power applied to a
filter will be absorbed in the first crystal. It
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is probably best to confine the available filter
power to a few mWw.

The reader may have noticed that | have
not mentioned phase noise, but just oscillator
noise. This is because there is no discrimi-
nation between phase and amplitude noise
in the notch filter measurements. Both will
contribute to measured noise output. A phase
noise test set using a delay line discrimina-
tor can be set to differentiate between noise
types, forcing the baseband noise to be either
in phase with or in quadrature with the car-
rier.

Other workers have also used crystal
notch filters for RF measurements. We found
one Web reference to a crystal notch filter
used for oscillator evaluation.’ In another,
notch filters were used to enhance the mea-
surement of intermodulation distortion.6
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Notes

1See HP Application Note 207, Oct.1976.
Many HP and Agilent application notes are
available on the Web. See www.home.
agilent.com/agilent/editorial.jspx?cc=U
S&lc=eng&ckey=1127547&id=1127547
(Bravo to Agilent for this wonderful service!)

2Reciprocal mixing is described in numer-
ous texts. See, for example, M Wilson,
ed., The ARRL Handbook, 2008 Edition,

p 10.7; Hayward, Campbell, and Larkin,
Experimental Methods in RF Design,
(EMRFD), ARRL, 2003, p 4.12 and p 6.28;
Hayward, Introduction to RF Design, ARRL,
1995, p 300; Sabin and Schoenike, Single
Sideband Systems & Circuits, Second
Edition, pp 617-619.

3J. Makhinson, “Demphano — A device for
Measuring Phase Noise,” Communications
Quarterly, Spring 1999, pp 9-17.

“This filter was simulated with GPLA, a
General Purpose Ladder Analysis program
included on the CD that accompanies
EMRFD. See Note 2, ARRL, 2003. Other
simulators can be used.

5Steven O. Smith, “Build a 1-dB Noise Figure

Amplifier for 50-Ohm Systems,” Electronic
Design Magazine, June 27, 1994 Analog
Applications Issue. A simple two stage feed-
back amplifier with higher NF would serve
for most of these measurements.

0ur initial DDS CNR results were 37 dB

worse than this. The noise was so robust
that it was hard to even see the DDS spurs.
The problem was traced to an Epson 120
MHz SG615 clock module that | believe is a
phase locked RC ring oscillator. Replacing
this clock with an ECS-3951M-1000-BN-TR
immediately fixed the DDS noise problems.
The DDS spurs are, of course, still present.

’See EMRFD, (Note 2), Figure 4.21, p 4.13.

8Hayward and Larkin, “Simple RF Power
Measurement,” QST, June, 2001, pp 38-43.

°The 7.373 MHz filter used five HC-49 case
crystals from ECS in the circuit of Figure 7.
The four inductors were 3.9 pH molded RF
chokes, the three interior capacitors were
220 pF, while those at the ends were
100 pF. The transformers at the end were
the same as used with the 10 MHz filter.

°The best measurements are done with
receiver AGC off, which is possible with my
ICOM R75. | tried the measurements with
the AGC on and the scheme still worked,
but with reduced resolution.

IThe voltmeter used was a true RMS reading
HP-3400A. This true RMS function can also
be realized with homebrew tools. See the
classic paper by W. Sabin, “Measuring SSB/
CW Receiver Sensitivity,” QST, Oct 1992,
pp 30-34. The homebrew solution would
be preferred, because video filtering can
easily be added to smooth the noise in time.
Depending on the detector used to mea-
sure eventual power, a correction may be
required to account for a difference between
band limited white noise and a sine wave.
Noise is lower than a sine wave amplitude
by 1.05 dB. In addition, a logarithmic ampli-
fier will read low by 1.45 dB when subjected
to noise. Hence, the noise measurements
should be increased by 2.5 dB when a spec-
trum analyzer is used. See M. Engelson,
Modern Spectrum Analyzer Theory and
Applications, Artech House, 1984, p 186.
These corrections have not been applied to
the data quoted in the text of this paper.

2See EMRFD, (Note 2), Figure 4.4, p 4.3.

3See EMRFD, (Note 2), Figure 7.27, p 7.15.

1The oscillator built by Linley Gumm, K7HFD,
was tested for noise with a 3 kHz wide
bandpass crystal filter at the frequency
where noise was to be determined. See the
details in Hayward and DeMaw, Solid-State
Design for the Radio Amateur, ARRL, 1977,
p 126.

5Jack Smith, K8ZOA. See his Web site at
www.cliftonlaboratories.com/
oscillator_noise_measurements.htm.

16| eif Asbrink, SM5BSZ. See his Web site at
www.nitehawk.com/sm5bsz/dynrange/
dubus403/dubus403.htm.

Wes Hayward, W7ZOl, has been licensed for
over 50 years and has contributed papers to
QST, QEX, and ham radio during much of that
interval. He has also written several books, the
latest being a collaboration with KK7B and
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Ground System Configurations
for Phased Vertical Arrays

What is the best ground system for a two-element vertical array or a four
square array? The author presents extensive modeling data to help you decide.

The July/August 2005 issue of QEX
includes an article | wrote, comparing the
performance of single-element vertical-
monopole antennas when they were mounted
over a variety of ground systems.* Here, we
examine ground systems for the two-element
cardioid array, and for the widely used four
square array. These ground systems all use
buried wires, which are arranged in several
different configurations. Computer analysis
using EZNEC4 indicates that, for a given
total length of wire, some configurations per-
form much better than others.?

All simulations were performed on the
80-meter DX phone band at a frequency
of 3.8 MHz. Average soil was used in the
computer models, with a conductivity of
0.005 Siemens/meter and a dielectric constant
of 13. In each case the radiator has a physi-
cal height of 0.25 A, or about 64.71 feet. All
conductors are made of no. 12 AWG copper,
and the wire segment-lengths are tapered in
accordance with the most conservative NEC
guidelines. The shortest segments, such as

Notes appear on page 21.

the one containing the feed point at the base
of the monopole, have a length of 6 inches.
The ground wires all begin at the base of the
vertical element (at zero height) and the inner
segment of each wire slopes downward so
that its outer end is at the “final” burial depth
in the soil, which is 3 inches, on average.

Cardioid Arrays

The cardioid arrays consist of two
0.25 X vertical elements spaced 0.25 A apart
and positioned along an east-west line,
as shown in Figure 1. The bases of both
elements are fed with equal-amplitude cur-
rents, at either 0° or —90° phase-angles, and
the main lobe of radiation is in the direction
of the element with the lagging current.

Cardioid Arrays with Symmetrical
Radial Ground Screens

If radials are buried, it is difficult to make
them overlap one another in a real-world sce-
nario. But, if they are simply laid on the surface
of the earth, the task becomes much easier. In
NEC, it is not possible to place wires exactly
at the earth-air boundary, as they would be if
they were laid atop the ground. Therefore, the
first fifteen simulated ground systems each
incorporate symmetrically positioned equal-
length (“SEL") buried radials. The number of
radials varies from 15 to 120 per element, and
the length of the radials spans the range from
0.25t0 0.5 A Figure 1 shows a typical cardioid
array [model 1] using 30 buried 0.25-A radi-
als for each element. Throughout this article,
“model numbers” represent the 62 EZNEC4

Table 1

Performance data for cardioid arrays with ground systems composed of sym-
metrically disposed equal-length (SEL) radials. The ground screens are listed
in order of increasing number and length of radials.
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Figure 1 — EZNEC representation (plan
view) of a two-element cardioid array using
symmetrically placed equal-length (SEL)
radials for the ground screen. Each element
has 30 quarter-wave radials; those for the
east monopole are buried 2 inches deep,
while those for the west monopole are
buried 4 inches deep.

Model Number and Length (A)  Gain
Number of Radials per Element (dBi)
1 30 0.25 3.37
2 60 0.25 3.675
3 90 0.25 3.775
4 120 0.25 3.81
5 20 0.375 3.22
6 40 0.375 3.785
7 60 0.375 3.96
8 80 0.375 4.125
9 100 0.375 4.155
10 15 0.5 3.03
11 30 0.5 3.695
12 45 0.5 3.99
13 60 0.5 4.165
14 75 0.5 4.305
15 90 0.5 4.36
Note:

Take-off Angle Total Length of

(Degrees) Buried Wire (1)
25 15
24.5 30
25 45
24.5 60
24 15
245 30
25 45
25 60
25 75
24.5 15
245 30
25 45
25 60
26 75
25 90

Since the radials for the east element are buried more shallowly than those of the west
element, the gain of the array tends to be slightly higher when beaming east. The gain
values shown in the table represent the average of the “east” and “west” results.

QEX — July/August 2008 13
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-24-18 -12-9 -6 -3

Freq. = 3.8 MHz

Max. Gain = 3.37 dBi

Figure 2 — Elevation-plane radiation pattern
for the cardioid array shown in Figure 1. The
peak gain is 3.37 dBi at 25° take-off angle
and the front-to-back ratio is 13.6 dB.
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Figure 3 — Azimuthal-plane radiation pattern
for the array shown in Figure 1. The front-to-
back ratio is 22.79 dB at 25° take-off angle,
and the half-power beamwidth is 177.4°. Note

that the pattern is heart-shaped, or “cardioid.”

antenna models that | studied to collect the
data presented here. The models with the lon-
gest radial wires are available for download
from the QEX Web site. Interested readers can
modify those models by shortening the radials
to create other models for their own study.®

Figures 2 and 3 display the correspond-
ing elevation and azimuthal-plane radiation
patterns for this antenna. Notice that the
azimuthal pattern is heart-shaped, which is
why these arrays bear the name “cardioid.”
In each case, the radials of the “east” element
are buried to a depth of two inches, while
those of the “west” monopole are buried
four inches deep, in order to avoid computer
crashes that would otherwise occur when two
radials buried at the same depth intersected
one another. Thus, none of the radials from
the east element ever touch any of the radials
of the west monopole.

Table 1 lists the number of radials per
element and their length, the peak gain and
corresponding take-off angle (TOA) at which
maximum gain occurs, and the total length
of buried wire required for each ground
system. The antennas are listed in order of
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increasing number and length of radials. For
any particular radial length, adding more of
them always boosts the gain, but eventually
a point is reached at which the installation
of more radials is hardly worth the effort.
Since the radials for the east element are

buried more shallowly than those of the west
monopole, the gain of the array tends to be
slightly higher when beaming to the east.
For this reason, the gain values shown in the
table represent the average of the “east” and
“west” results.

Table 2

Performance data for cardioid arrays with ground systems composed of
symmetrically disposed equal-length (SEL) radials. Here, the ground screens

are listed in order of increasing gain.

Model Number and Length (A)  Gain
Number of Radials per Element  (dBi)
10 15 0.5 3.03
5 20 0.375 3.22
1 30 0.25 3.37
2 60 0.25 3.675
11 30 0.5 3.695
3 90 0.25 3.775
6 40 0.375 3.785
4 120 0.25 3.81
7 60 0.375 3.96
12 45 0.5 3.99
8 80 0.375 4.125
9 100 0.375 4.155
13 60 0.5 4.165
14 75 0.5 4.305
15 90 0.5 4.36
Note:

Take-off Angle Total Length of

(Degrees) Buried Wire (A)
24.5 15
24 15
25 15
24.5 30
245 30
25 45
245 30
24.5 60
25 45
25 45
25 60
25 75
25 60
26 75
25 90

Since the radials for the east element are buried more shallowly than those of the west
element, the gain of the array tends to be slightly higher when beaming east. The gain
values shown in the table represent the average of the “east” and “west” results.

Table 3

Performance data for cardioid arrays with ground systems composed of
symmetrically disposed equal-length (SEL) radials. Here, the ground screens
are listed in order of increasing total length of buried wire.

Model Number and Length (A)  Gain
Number of Radials per Element  (dBi)
10 15 0.5 3.03
5 20 0.375 3.22
1 30 0.25 3.37
2 60 0.25 3.675
11 30 0.5 3.695
6 40 0.375 3.785
3 90 0.25 3.775
7 60 0.375 3.96
12 45 0.5 3.99
4 120 0.25 3.81
8 80 0.375 4.125
13 60 0.5 4.165
9 100 0.375 4.155
14 75 0.5 4.305
15 90 0.5 4.36
Note:

Take-off Angle Total Length of

(Degrees) Buried Wire (A)
24.5 15
24 15
25 15
24.5 30
245 30
24.5 30
25 45
25 45
25 45
245 60
25 60
25 60
25 75
26 75
25 90

Since the radials for the east element are buried more shallowly than those of the west
element, the gain of the array tends to be slightly higher when beaming east. The gain
values shown in the table represent the average of the “east” and “west” results.
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Figure 4 — EZNEC representation (plan
view) of a two-element cardioid array using a
broadcast-type (BCT) ground screen, in which
some of the radials are truncated and bonded
to a bus-wire. Each element has 30 radials
whose maximum length is 0.25 A. All radials
(and the bus wire) are buried 3 inches deep.

Table 2 contains the same information as
Table 1, but the antennas are listed in order of
increasing gain, without regard for the num-
ber or length of the radials. If at least 3.5 dBi
of gain is desired, then roughly 30 A of wire
needs to be installed in the ground screen.
Notice that only those arrays using ground
systems with “long” (0.375 or 0.5 A) radi-
als are able to achieve a gain of more than
4 dBi. If oneis limited to radials no longer than
0.25 A, then a very large number must be
used in order to approach the 4 dB gain figure
(a ground screen with 120 0.25-A radials per
element yields a gain of 3.81 dBi).

Table 3 again repeats 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 priority. Whenever
two or more ground systems use the same
total length of buried wire, they are listed in
order of increasing gain. Notice that, when
the total amount of wire to be buried is fixed,
some combinations of number and length
of radials generate 0.2 to 0.3 dBi more gain
than do others. Thus, if a maximum of 15 A
of wire is available for the ground screen,
then thirty 0.25-A radials per element works
best. For 30 A of wire, forty 0.375-A radials
(per monopole) are slightly better than either
thirty 0.5-A or sixty 0.25-A radials. If you are
willing to install 45 A of wire (or more), then
0.5-A radials provide the most gain. Designs
using radials whose length exceeds 0.5 A
were not analyzed, because | thought that
most hams would not be willing to build such
large ground screens.

Cardioid Arrays with Broadcast-Type
Radial Ground Screens

The radials are not allowed to cross or
overlap in the ground screen of a typical
AM-broadcast antenna. Instead, they are cut
off (truncated) and bonded to a bus-wire, as
shown in Figure 4. The ground screen for this
array [model 16] is similar to that of Figure 1,
but now all of the radials are buried to a depth
of 3 inches (the average of the two different

burial depths used in Figure 1). Since many of
these radials are cut short, the total length of
buried wire is less than in Figure 1, although
the maximum radial length is still 0.25 A.
The next fifteen antennas (models 16
through 30) which were modeled on the
computer use broadcast-type (“BCT”)
ground systems. Again, the number of radi-
als varies from 15 to 120 per element, and
the maximum length of the radials spans

the range from 0.25 to 0.5 A. Table 4 lists
the number of radials per element and their
maximum length, the peak gain and cor-
responding take-off angle (TOA) at which
maximum gain occurs, and the total length
of buried wire required for each ground
screen. The antennas are listed in order of
increasing number and length of radials. As
expected, for any given length of radials,
adding more of them produces more gain,

Table 4

Performance data for cardioid arrays with broadcast-type (BCT) radial ground
systems. The ground screens are listed in order of increasing number and

length of radials.

Model Number and Maximum Length
Number (M) of Radials per Element
16 30 0.25

17 60 0.25

18 90 0.25

19 120 0.25

20 20 0.375

21 40 0.375

22 60 0.375

23 80 0.375

24 100 0.375

25 15 0.5

26 30 0.5

27 45 0.5

28 60 0.5

29 75 0.5

30 90 0.5

Note:

Gain Take-off Angle  Total Length of
(dBi) (Degrees) Buried Wire (A)
3.33 24 13.61
3.63 24 26.72
3.73 25 39.89
3.77 25 53.03
3.10 25 12.37
3.60 25 24.44
3.80 25 36.44
3.90 25 48.29
3.96 25 60.36
2.86 24 11.94
3.48 25 22.92
3.75 25 34.24
3.90 25 45.65
4.01 25 56.62
4.07 25 67.88

Since the radials for both elements are buried to the same depth, the gain of the array is

the same when beaming in either direction.

Table 5

Performance data for cardioid arrays with broadcast-type (BCT) radial ground
systems. The ground screens are listed in order of increasing gain.

Model Number and Maximum Length
Number (A) of Radials per Element
25 15 0.5

20 20 0.375

16 30 0.25

26 30 0.5

21 40 0.375

17 60 0.25

18 90 0.25

27 45 0.5

19 120 0.25

22 60 0.375

23 80 0.375

28 60 0.5

24 100 0.375

29 75 0.5

30 90 0.5

Note:

Gain  Take-off Angle  Total Length of
(dBi)  (Degrees) Buried Wire (A)
2.86 24 11.94
3.10 25 12.37
3.33 24 13.61
3.48 25 22.92
3.60 25 24.44
3.63 24 26.72
3.73 25 39.89
3.75 25 34.24
3.77 25 53.03
3.80 25 36.44
3.90 25 48.29
3.90 25 45.65
3.96 25 60.36
4.01 25 56.62
4.07 25 67.88

Since the radials for both elements are buried to the same depth, the gain of the array is the

same when beaming in either direction.
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Table 6
Performance data for cardioid arrays with broadcast-type (BCT) radial ground
systems. The ground screens are listed in order of increasing total length of

buried wire.

Model Number and Maximum Length
Number (A) of Radials per Element
25 15 0.5

20 20 0.375

16 30 0.25

26 30 0.5

21 40 0.375

17 60 0.25

27 45 0.5

22 60 0.375

18 90 0.25

28 60 0.5

23 80 0.375

19 120 0.25

29 75 0.5

24 100 0.375

30 90 0.5

Note:

Gain  Take-off Angle  Total Length of
(dBi)  (Degrees) Buried Wire (A)

2.86 24 11.94

3.10 25 12.37

3.33 24 13.61

3.48 25 22.92

3.60 25 24.44

3.63 24 26.72

3.75 25 34.24

3.80 25 36.44

3.73 25 39.89

3.90 25 45.65

3.90 25 48.29

3.77 25 53.03

4.01 25 56.62

3.96 25 60.36

4.07 25 67.88

Since the radials for both elements are buried to the same depth, the gain of the array is

the same when beaming in either direction.
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Figure 6 — EZNEC representation (plan
view) of a two-element cardioid array whose
ground screen employs 21 equally spaced
parallel wires which are oriented along
(parallel to) the direction of fire.
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Figure 5 — A plot of antenna gain versus total length of buried wire, for all 30 of the
cardioid arrays which use radial ground screens. SEL = symmetrically placed equal-length
radials, BCT = broadcast-type radials

but eventually a point of diminishing returns
is reached. A BCT ground screen uses the
same burial depth for all radials, so the gain
of these arrays is the same when firing either
to the east or west. The total length of buried
wire in a BCT ground system, however, is
always less than that of the corresponding
SEL antenna (with the same maximum radial
length and number of radials).
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Table 5 contains the same information as
Table 4, but now the antennas are listed in
order of increasing gain, without regard for
the number or length of the radials. When
two arrays have the same gain, they are listed
in order of maximum radial length. If at least
3.5 dBi of gain is desired, then the ground
screen needs to include about 24 A of wire.
With a BCT array, only those ground sys-

Figure 7 — EZNEC representation (plan
view) of a two-element cardioid array
whose ground screen employs 31 equally
spaced parallel wires which are oriented
perpendicular to the direction of fire.
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Figure 8 — EZNEC representation (plan
view) of a two-element cardioid array whose
ground screen employs a mesh (grid) of
“squares” whose side length is 0.025 A.
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Figure 9 — EZNEC representation (plan
view) of a two-element cardioid array whose
ground screen employs “tree branches”
composed of parallel wires which are
spaced 0.025 A apart.




tems with 0.5 A radials are able to achieve
a gain of more than 4 dBi. As was true for
the SEL antennas, if the maximum allow-
able radial length is 0.25 A, then a very large
number must be used in order to approach
4 dB of gain. (A BCT ground screen with
120 radials per element yields a gain of
3.77dBi.)

Table 6 repeats the data from Table 4 once
more, but now the order of entry has been
changed so that the overall length of wire in
the ground system takes priority. Generally
speaking, the gain of the antenna rises contin-
ually as more and more wire is buried in the
ground. Notice that exactly 3.90 dBi of gain
is available when each element has either
60 radials (whose maximum length is
0.5 A\) or 80 radials (whose maximum length
is 0.375 A). The ground-screen with half-
wave radials uses somewhat less wire, but
takes up more acreage.

Figure 5 is a plot of antenna gain versus the
total length of buried wire in the ground sys-
tem, for all 30 of the cardioid arrays discussed
thus far. This drawing provides a quick visual
summary of the relative performance of the
various BCT and SEL radial ground screens.
Notice that if the total length of wire in the
ground screen exceeds about 25 A, then an
SEL-type ground screen (with 0.375 or 0.5-A
radials) always provides the most gain.

Cardioid Arrays with Non-Radial
Ground Screens

Thus far, we have only looked at ground
systems in which the buried wires were actu-
ally “radial,” that is, extending outward from
the base of the elements like spokes from the
hub of awnheel. Itis certainly possible to orient
the ground wires differently, however. Other
configurations that were simulated include
parallel wires placed along the direction of
fire (see Figure 6), parallel wires placed per-
pendicular to the direction of fire (Figure 7),
meshes or grids of wires (Figure 8), and tree-
branch-style systems (Figure 9). In each case,
the overall dimensions of the ground screen
are 0.75 A (east-west) by 0.5 A (north-south).
The performance of these alternative ground
screens is listed in Table 7. A comparison of
these results with those shown in Figure 5
reveals that none of these “exotic” configura-
tions [models 31 through 34] are competitive
with any of the more-conventional (SEL or
BCT) radial ground systems.

Cardioid Arrays with Partial Ground
Screens

For some applications, a ham might wish
to build a two-element cardioid array with the
intention of using it to fire in only one direc-
tion. In such a case, is a “complete” (sym-
metrical) ground system really necessary, or
can you omit those radials that “point” in the
opposite direction? To answer this question,

I modified the antennas with SEL and BCT
ground screens (models 1 through 30), and
then simulated these antennas.

For the 15 arrays with SEL ground sys-
tems, | removed all of the radials that point
toward the west from each element, and kept
only those that were oriented toward the
east. Figure 10 [model 1-p, where the letter
“p” stands for “partial ground screen”] dis-
plays the same antenna that was originally
shown in Figure 1 [model 1], but now I have
removed the “west” radials from both mono-

poles to create a new array with an “incom-
plete” ground screen. Table 8 lists the results
for these modified antennas, including the
gain when firing to the east (preferred) as
well as the gain when firing west (undesired).
Notice that removing only the west radials
actually reduces the gain in both directions of
fire (compare Table 1 with Table 8), but the
gain toward the east falls only slightly.

Some of the results in this table appear to
be a bit odd. Consider model 9-p, which has
less “eastward-firing” gain than model 8-p,

Table 7

Performance data for cardioid arrays with non-radial ground systems. The
ground screens are listed in accordance with their description.

Model Description of

Number Ground Screen

31 21 parallel wires,
length = 0.75 A,
oriented along the
direction of fire
(Figure 6)

2.46

32 31 parallel wires, 1.88
length =0.5 A,

placed perpendicular

to the direction

of fire (Figure 7)

33 Mesh using “squares” 3.23
whose side-length =

0.025 A (Figure 8)

34 “Tree-branches” 3.18
using wires spaced
0.025 A apart

(Figure 9)

Gain
(dBi)

Take-off Angle Total Length of
(Degrees) Buried Wire (A)
25 16.75

24 16.25

25 31.25

24 22.96

Table 8

Performance data for cardioid arrays with partial SEL ground screens. The
antennas listed here are similar to those shown in Table 1, but now all of the
“west” radials have been removed from each element.

Model Gain Take-off Angle  Gain Take-off Angle Total Length of

Number (dBi) (Degrees) (dBi) (Degrees) Buried Wire (A)
Firing East Firing West

1-p 2.94 25 1.85 24 7.75

2-p 3.33 25 2.11 23 15.5

3-p 3.42 25 2.14 23 22.75

4-p 3.51 25 2.23 23 30.5

5-p 2.68 25 1.56 24 7.5

6-p 3.36 25 2.08 24 15

7-p 3.54 26 2.18 24 225

8-p 3.77 26 2.37 24 30

9-p *3.73 26 2.27 23 375

10-p 2.41 25 1.38 24 7

11-p 3.26 25 1.96 24 16

12-p 3.52 25 2.02 24 22

13-p 3.73 26 2.19 24 30

14-p 3.95 26 2.39 24 38

15-p *3.95 26 2.31 23 46

*These odd values of gain are discussed in the text.
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even though its ground screen has more radi-
als. Also, models 14-p and 15-p both have
exactly the same “eastward” gain, despite
the fact that 15-p has more radials than 14-p.
This anomalous behavior will be explained
later, and highlights an interesting aspect of
ground-screen construction.

It is also feasible to omit radials from the
cardioid arrays using BCT ground systems,
but here the radials will be removed only
from the “west” monopole, since the ground
wires do not overlap in the area between
the two elements. Figure 11 [model 16-p]
shows what remains after all of the “west”
radials are removed from the “west” mono-
pole of the antenna shown earlier in Figure
4 [model 16]. The results for the 15 modi-
fied arrays [models 16-p through 30-p] with
BCT ground screens are displayed in Table
9. Comparing this table with Table 4, again
we see that removing the west radials leads
to a significant reduction in array gain when
firing west, but only a slight diminution when
the antenna is beaming eastward.

QX0807-Christman10

Four-Square Arrays

The four-square arrays are traditional in
design, consisting of four 0.25-A vertical ele-
ments placed at the corners of a square whose
side length is 0.25 A. The sides of the square
are oriented north-south and east-west, so
the vertical monopoles are positioned at the
northeast, northwest, southwest, and south-
east corners respectively. The bases of all
four elements are fed with equal-amplitude
currents, at phase angles of —180° for the
front element, —90° for the two side elements,

and 0° for the rear element.

Four-Square Arrays with Symmetrical
Radial Ground Screens

The first twelve ground systems for four-
square arrays [models 35 through 46] all use
symmetrically positioned equal-length (SEL)
buried radials. The number of radials varies
from 15 to 120 per element, and the length
of the radials spans the range from 0.25 to
0.5 A. Figure 12 illustrates a typical four
square array [model 35] with 30 buried
0.25-A radials for each element. To prevent

Table 9

Performance data for cardioid arrays with partial BCT ground screens. The
antennas listed here are similar to those shown in Table 4, but now all of the
“west” radials have been removed from the “west” element.

Model Gain Take-off Angle  Gain Take-off Angle Total Length of
Number (dBi) (Degrees) (dBi) (Degrees) Buried Wire (A)
Firing East Firing West
16-p 3.06 25 2.39 24 9.86
17-p 3.40 24 2.65 24 19.47
18-p 3.49 25 2.69 24 28.64
19-p 3.55 25 2.74 24 38.28
20-p 2.80 24 2.16 24 8.62
21-p 3.31 25 2.50 24 16.94
22-p 3.51 25 2.62 24 25.19
23-p 3.63 25 2.70 23 33.67
24-p 3.68 26 271 23 41.61
25-p 2.52 25 1.89 24 7.94
26-p 3.23 25 2.43 24 15.92
27-p 3.48 25 254 24 23.24
28-p 3.63 25 2.60 24 30.65
29-p 3.72 26 2.64 24 37.62
30-p 3.80 26 2.70 24 45.88

Figure 10 — EZNEC representation (plan
view) of a two-element cardioid array which
originally used a full SEL radial ground
screen, as in Figure 1. Here, all of the “west”
radials have been removed from each
monopole. Those for the east element are
buried 2 inches deep, while those for the west
monopole are buried to a depth of 4 inches.
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Figure 11 — EZNEC representation (plan
view) of a two-element cardioid array which
originally used a full BCT radial ground screen,
as in Figure 4. Now, all of the “west” radials
have been removed from the west monopole.
All radials are buried 3 inches deep.
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Table 10

Performance data for four-square arrays with ground systems composed of
symmetrically disposed equal-length (SEL) radials. The ground screens are
listed in order of increasing number and length of radials.

Model Number and Length (A\)  Gain
Number of Radials per Element  (dBi)
35 30 0.25 5.84
36 60 0.25 6.13
37 90 0.25 6.45
38 120 0.25 *6.22
39 20 0.375 5.74
40 40 0.375 6.39
41 60 0.375 6.45
42 80 0.375 *6.01
43 15 0.5 5.61
44 30 0.5 6.31
45 45 0.5 6.56
46 60 0.5 6.70
Notes:

Take-off Angle Total Length of

(Degrees) Buried Wire (A)
23 30
23 60
23 90
23 120
23 30
24 60
24 90
24 120
23 30
24 60
24 90
24 120

Since the radials for each element are buried at a slightly different depth, the gain of the
array tends to vary from one direction of fire to another. The gain values shown in the table
are the average of the results from all four directions.

*These surprisingly low values of gain are discussed in the text.




computer crashes, the radials for each mono-
pole were buried at slightly different depths:
1.5 inches for the NE element, 2.5 inches for
the NW element, 4.5 inches for the SW ele-
ment, and 3.5 inches for the SE element. The

>
s

==

Iz

QX0807-Christman12

Figure 12 — EZNEC representation
(plan view) of a four-square array using
symmetrically placed equal-length (SEL)
radials for the ground screen. Each element
has 30 quarter-wave radials, which are buried
at depths ranging from 1.5 to 4.5 inches.
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Max. Gain = 5.84 dBi Freq. = 3.8 MHz

average burial depth is 3 inches. Figures 13
and 14 display the elevation and azimuthal-
plane radiation patterns for this antenna.
Table 10 lists the number of radials per
element and their length, the peak gain and
corresponding take-off angle (TOA) at which
maximum gain occurs, and the total length of
buried wire required for each ground system.
The antennas are listed in order of increas-
ing number and length of radials. One would
expect that the gain might vary a bit as the
direction of fire was changed, because the
radials for each element are buried at a dif-

ferent depth, and this is indeed the case; the
numbers shown in the table represent the
average for all four directions of fire.

Reviewing the table, we can see that, for
any specific radial-length, adding more radials
increases the gain, with two notable exceptions
(indicated by asterisks). It seems reasonable to
assume that a “better” ground screen (more and/
or longer radials) would generate more gain, but
this rule is violated in two of the computer mod-
els (models 38 and 42). | described this unusual
behavior to Roy Lewallen, W7EL, the author of
EZNEC, and here is part of his reply:

Table 11

Performance data for four-square arrays with ground systems composed of
symmetrically disposed equal length (SEL) radials. The ground screens are

listed in order of increasing gain.

Model Number and Length (A) Gain
Number of Radials per Element (dBi)
43 15 0.5 5.61
39 20 0.375 5.74
35 30 0.25 5.84
36 60 0.25 6.13
44 30 0.5 6.31
40 40 0.375 6.39
37 90 0.25 6.45
41 60 0.375 6.45
45 45 0.5 6.56
46 60 0.5 6.70
Notes:

Take-off Angle Total Length of

(Degrees) Buried Wire (A)
23 30
23 30
23 30
23 60
24 60
24 60
23 90
24 20
24 20
24 120

Since the radials for each element are buried at a slightly different depth, the gain of the
array tends to vary from one direction of fire to another. The gain values shown in the table
are the average of the results from all four directions.

The two “odd” entries (models 38 and 42), which are listed in Table 8 and discussed in the

text, have been omitted here.

Figure 13 — Elevation-plane radiation pattern

for the four-square array shown in Figure 10.

The peak gain is 5.84 dBi at 23° take-off angle
and the front-to-back ratio is 17.91 dB.
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Figure 14 — Azimuthal-plane radiation
pattern for the four-square array shown in
Figure 10.The front-to-back ratio is 23.69
dB at 23° take-off angle, and the half-power
beamwidth is 100.6°.

Table 12

Performance data for four-square arrays with broadcast-type (BCT) radial
ground systems. The ground screens are listed in order of increasing number

and length of radials.

Model Number and Maximum Length
Number (M) of Radials per Element
a7 30 0.25

48 60 0.25

49 90 0.25

50 120 0.25

51 20 0.375

52 40 0.375

53 60 0.375

54 80 0.375

55 100 0.375

56 15 0.5

57 30 0.5

58 45 0.5

59 60 0.5

60 75 0.5

61 90 0.5

Note:

Since the radials for all of the elements are buried to the same depth, the gain of the array

is identical in all four directions of fire.

Gain  Take-off Angle  Total Length of
(dBi)  (Degrees) Buried Wire (A)
5.74 23 24.16

6.04 23 47.32

6.13 24 70.41

6.16 23 93.49

5.53 23 20.6

6.04 23 39.89

6.24 24 59.35

6.33 24 78.43

6.39 23 97.83

5.32 23 19.74

5.95 23 36.48

6.23 23 53.36

6.40 24 70.28

6.50 24 87.18

6.57 24 104.15
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Figure 15 — EZNEC representation (plan view)
of a four-square array using a broadcast-type
(BCT) ground screen, in which some of the
radials are truncated and bonded to a bus
wire. Each element has 30 radials whose
maximum length is 0.25 A. All radials (and the
bus wires) are buried to a depth of 3 inches.

“I wouldn’t be surprised if it is ground
loss, for the following reason. In a system
consisting of a single vertical, the currents
returning to the element are all radial, in the
same directions as the ground wires, so the
analysis is simple. In an array, you’ve got
substantial currents from one element to
another via mutual coupling, and an equal
amount has to flow between elements via
the ground wires. For those cases, the cur-
rents have to couple from one element’s
radial wires to crossing ones from the other
element. For some element combinations
in your system, a current trying to get from
one element’s ground system to another has
to traverse the ground system of one or two
other elements. The more dense the radials
from those other elements, the more diffi-
culty the current will have getting between
the original two. In other words, the ground
systems of some elements would act as a
shield to the currents between other elements,
and the effectiveness of the shield increases
with the number of radials. I’d think that in a
real system you’d want to put all the radials
at the same depth and bond them with a good
connection where they cross.”

Roy’s analysis makes sense to me, and his
conclusion is very important: whenever one
radial crosses another in the ground system
of a multi-element array, the wires should be
connected together electrically. This is espe-
cially important if the number and/or length
of the radials is large. It is entirely possible
that the actual gain of the arrays with SEL
ground screens would be even higher than
what was reported by EZNEC, if all the radi-
als had been installed at the same depth and
connected together at their crossing points.

The two instances of anomalous behav-
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ior noted earlier in Table 8 (for the cardioid
arrays with partial SEL ground systems) can
also be explained by the same mechanism.
When the radials are long enough to achieve
significant overlap, then the displacement
current from one monopole to its own set of
radials can be partially obstructed by the radi-

als of the other element. To be safe, it is prob-
ably a good idea to solder all radial crossing
points in any SEL ground system, no matter
how many elements.

Table 11 contains the same information
as Table 10, but here the antennas are listed
in order of increasing gain, without concern

Table 13

Performance data for four-square arrays with broadcast-type (BCT) radial
ground systems. The ground screens are listed in order of increasing gain.

Model Number and Maximum Length Gain
Number () of Radials per Element
56 15 0.5

51 20 0.375

a7 30 0.25

57 30 0.5

48 60 0.25

52 40 0.375

49 90 0.25

50 120 0.25

58 45 0.5

53 60 0.375

54 80 0.375

55 100 0.375

59 60 0.5

60 75 0.5

61 90 0.5

Note:

Take-off Angle  Total Length of

(dBi)  (Degrees) Buried Wire (A)
5.32 23 19.74
5.53 23 20.6
5.74 23 24.16
5.95 23 36.48
6.04 23 47.32
6.04 23 39.89
6.13 24 70.41
6.16 23 93.49
6.23 23 53.36
6.24 24 59.35
6.33 24 78.43
6.39 23 97.83
6.40 24 70.28
6.50 24 87.18
6.57 24 104.15

Since the radials for all of the elements are buried to the same depth, the gain of the array

is identical in all four directions of fire.

Table 14

Performance data for four-square arrays with broadcast-type (BCT) radial
ground systems. The ground screens are listed in order of increasing total

length of buried wire.

Model Number and Maximum Length
Number (A) of Radials per Element
56 15 0.5

51 20 0.375

47 30 0.25

57 30 0.5

52 40 0.375

48 60 0.25

58 45 0.5

53 60 0.375

59 60 0.5

49 90 0.25

54 80 0.375

60 75 0.5

50 120 0.25

55 100 0.375

61 90 0.5

Note:

Gain  Take-off Angle  Total Length of
(dBi)  (Degrees) Buried Wire (A)
5.32 23 19.74
5.53 23 20.6
5.74 23 24.16
5.95 23 36.48
6.04 23 39.89
6.04 23 47.32
6.23 23 53.36
6.24 24 59.35
6.40 24 70.28
6.13 24 70.41
6.33 24 78.43
6.50 24 87.18
6.16 23 93.49
6.39 23 97.83
6.57 24 104.15

Since the radials for all of the elements are buried to the same depth, the gain of the array

is identical in all four directions of fire.




for the number or length of the radials. When
two antennas have the same gain, they are
listed in order of increasing radial length. If
at least 6 dBi of gain is desired, then about
60 A of wire needs to be used in the ground
screen. Notice that only those arrays using
ground systems with 0.5 A radials are able
to achieve a gain of more than 6.5 dBi. If
one can install radials no longer than 0.25 A,
then at least 90 (per element) must be used
in order to approach the 6.5 dBi gain figure.
Models 37 and 41 are interesting because
they use different lengths and numbers of
radials, yet both achieve the same forward
gain, and both employ the same total length
of buried wire.

Four Square Arrays with Broadcast-
Type Radial Ground Screens

Figure 15 shows a four square array
[model 47] which is similar to that of Figure
12, but this antenna employs a BCT ground-
screen rather than the SEL type. All of the
radials are buried to a depth of 3 inches;
wherever they touch one another, they are
truncated and bonded to a bus-wire. There
are 30 radials per element, and their maxi-
mum length is 0.25 A.

The final group of four square arrays that
were simulated on the computer [models
47 through 61] use a broadcast-type (BCT)
ground system. Again the number of radi-
als varies from 15 to 120 per element, and
the maximum length of the radials spans the
range from 0.25 to 0.5 A. Table 12 lists the
number of radials per element, along with
their maximum length, the peak gain and
corresponding take-off angle (TOA) at which
maximum gain occurs, and the total length of
buried wire required for each ground screen.

The antennas are listed in order of
increasing number and length of radials.
As usual, for any given length, the addi-
tion of more radials always produces more
gain, although the incremental improvement
decreases as the number of radials becomes
very large. A BCT-style ground screen uses
the same burial depth for all radials, so the
gain of these arrays is identical in all four
directions of fire. The total length of buried
wire in a BCT ground system, however, is
always less than that of the corresponding
SEL screen (with the same number of radials
and maximum radial length).

Table 13 contains the same information
as Table 12, but now the arrays are listed in
order of increasing gain, irrespective of the
number and/or length of the radials. When
two antennas have the same gain, they are
listed in order of maximum radial length. If at
least 6 dBi of gain is desired, then a minimum
of about 40 A of wire needs to be installed in
the ground screen (model 52). If the maxi-
mum allowable radial length is 0.25 A, then at
least 60 must be used (per element) in order

4-Square Arrays
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to achieve 6 dBi of forward gain. As was true
with the SEL arrays, only those BCT ground
systems with 0.5 A-radials are able to achieve
a gain of 6.5 dBi or more.

Table 14 repeats the data from Table 12
once more, but now the order of entry has
been changed so that the overall length of
wire in the ground system has precedence.
Generally speaking, the gain of the antenna
increases as more wire is buried in the soil,
although there are a few exceptions. Notice
that 6.04 dBi of gain is achievable by using
either 60 radials whose maximum length is
0.25 A, or 40 radials whose maximum length
is 0.375 A. The ground-screen with 0.375-A
radials uses less buried wire, but requires a
lot of extra space.

Figure 16 plots antenna gain versus the
total length of buried wire in the ground
system, for all of the four square arrays dis-
cussed in this section, including both SEL
and BCT types. The chart provides a con-
cise overview of the relative performance
of the various radial ground screens. If the
total length of wire in the ground screen is
on the order of 35 to 45 A, then a BCT-type
system (with 0.375 or 0.5-A radials) works
best; if 50 A or more of wire is employed,
then an SEL-type screen (again with 0.375
or 0.5-A radials) is superior. Other configu-
rations of buried wires were not examined
for use with four-squares, because they had
proven to be inferior to radial ground sys-
tems when examined earlier in this study.

Limitations

I must emphasize that these computer
simulations are imperfect representations
of the real world, and cannot include all of
the features that are actually present, such
as buildings, vegetation, other conductive

objects, irregularities in the terrain, non-
uniform ground constants, and so on.

Conclusions

For a multi-element phased-vertical array,
it appears that a ground system composed of
symmetrically placed equal-length (SEL)
radials can provide the highest gain for a
given total length of wire, in most situations.
Computer simulation suggests, however, that
it is important to bond the various radials
together wherever they cross one another.
If non-overlapping radials are desired, then
a broadcast-type (BCT) ground screen is a
practical alternative to the SEL arrangement,
although it usually generates somewhat less
gain. None of the more “exotic” ground-
screen configurations that were examined in
this study proved to be competitive.

Notes

'Al  Christman, K3LC, “Ground System
Configurations for Vertical Antennas,” QEX,
Jul/Aug 2005, pp. 28-37.

2Several versions of the EZNEC antenna-
modeling software are available from Roy
Lewallen, W7EL, PO Box 6658, Beaverton,
OR 97007.

SEZNEC4 models for several of the arrays
described in this article are available for
download from the QEX Web site. Go to
www.arrl.org/gexfiles and look for the file
07x08_Christman.zip.

“Private communication with Roy Lewallen,
WTYEL, June 2005.

Al Christman, K3LC, is a Vietham-era
veteran of the US Army, and is currently a
professor of electrical engineering at Grove
City College, Grove City, PA. First licensed as
WA3WZD in 1974, Al is an active DXer with
honor roll status on 20 m SSB. @
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Jack R. Smith, KBZOA

7326 Clifton Rd, Clifton, VA 20124, jack.smith@cliftonlaboratories.com; www.cliftonlaboratories.com

Observations on Ferrite
Rod Antennas

Here are the results of the author’s extensive research into
winding ferrite rod antennas

Although the air-core loop antenna was
known from the earliest days of radio, its
modern variant, the ferrite loopstick, was
made possible by the development of ferrite
materials in the mid 1940s.! Coupled with
the introduction of transistors, the loopstick
made it possible to produce compact, truly
portable AM broadcast band receivers.

Although the Amateur Radio literature
contains ferrite loop antenna design articles,
their focus is upon replication of the pre-
sented designs.? Two notable exceptions
aside, many of the peculiarities of work-
ing with ferrite loop antennas are not well
covered in the amateur literature.® Even the
readily available engineering literature gives
short shrift to ferrite loops.*

In working with ferrite loops while build-
ing receiving antennas for the frequency
range of 10 kHz to 2 MHz, | found consider-
able divergence between practice and theory.
This article attempts to capture my experi-
ences in building and testing more than 50
ferrite rod antenna configurations.

These results are not oriented to designs
that may be copied and replicated, but
rather serve as a guide for those wishing to
experiment with this small corner of antenna
development. Nevertheless, sufficient detail
is provided to permit replication of the more
successful configurations.

Theoretical Considerations

By Faraday’s law, we know the voltage
induced into a loop of wire is equal to the rate
of change of the magnetic flux through the
loop. If the loop contains more than one turn,
and is physically small, each turn’s induced
voltage, in essence, is in series with all
other turns. Ignoring signs, since the ampli-
tude of the received signal is our interest,

Notes appear on page 34.
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Figure 1 — Selection of test coils and rods.

we have, by Faraday’s Law:®
do

- [Eq 1]
dt

Voe =N
where:
Voc = Open circuit voltage (volts)
N = number of turns
@ = magnetic flux (webers)

with d—¢

dt
representing the rate of change of the flux
with time.
If the loop is small compared with a

wavelength, ® may be assumed to be con-
stant throughout the loop area at any instant
of time. If so, the total flux, @, and the flux
density, B, have a simple relationship:®

=BAcos ¢ [Eq 2]

where:
B = flux density (webers / square meter)
= loop area (square meters)

¢ = angle between the plane of the loop
axis and the incoming flux

A radiated electromagnetic field, such as
aradio wave, contains both electric and mag-
netic field components, related as follows:”



E=cB

where:

E = electric field (volts / meter)

¢ = the speed of light, approximately 300
x 10® meters / second in a vacuum

B = flux density (webers / square meter)

Solving Equation 3 for B and substituting
it into Equation 2 allows us to express the
open circuit voltage induced in a loop as a
function of the electric field strength of the
incoming electromagnetic signal.

[Eq3]

(Eq4]

For radio waves of the type we are inter-
ested in receiving, both the electric and
magnetic field strength varies with time in a
sinusoidal fashion, such that:
E = E'sin(27 ft) [Eq 5]

where:

E = instantaneous value of electric field

E’ = peak electric field

f =frequency in Hz

t=time

d—E is thus simply
dt

E'2r f cos(2r ft)

Since we are interested only in the peak
magnitude of V., we may further simplify
(cos(2rft)=1, E = E") with the result that
dE
—=E2xf
dt

We have now arrived at the relationship
between the incident electric field signal

VO C

strength and the induced loop voltage:

VOC = MCOS ¢ [Eq 6]

Since f/c is simply the reciprocal of wave-
length, A, we can further simplify and recast
Equation 6 into its familiar form:

v _ 27ENA

[Eq7]
= Ccos
oc 2 ¢

where:

A =wavelength in meters

A loop antenna is also, of course, an
inductor. If the loop is resonated, the induced
voltage will be increased. Recalling from
basic circuit theory that Q is also the volt-
age magnification factor, Equation 7 can be
modified to reflect the tuned case:

_27ENAQ o [Eq 8]

where:

Q =the loaded Q of the tuned circuit

Adding a ferrite rod core to the receiving
loop increases V.. Theory provides that the
ferrite core, having a large relative perme-
ability, collects and concentrates the incident
magnetic flux, thereby increasing dB/dt, and
consequently V,.. The literature shows V,,
increasing directly with the effective relative
permeability, M, Of the core:®

27ENA
VOC = #COS ¢

where:

et = effective permeability of the rod/coil
combination

The cos ¢ factor is responsible for the

[Eq9]

familiar null as the loop is rotated in azimuth.
When the loop plane is 90° to the magnetic
field, cos(¢) = 0 and hence V. is also zero.

Equation 9 is deceptively simple — for a
given frequency and incident field strength,
the received signal level is directly propor-
tional to the loop area, the number of turns,
the Q, and the effective permeability of the
core.

Air cored loops are well behaved and
Equation 8 describes their behavior with
remarkable accuracy, as p.s = 1.0 regard-
less of the loop geometry. However, as the
remainder of this article demonstrates, the
behavior of practical ferrite rod antennas is
anything but simple! We will discover, for
example, that L is not a constant, but rather
depends upon:

¢ The type of material used in the core;

¢ The length of the winding in proportion
to the length of the core;

e The ratio of the length of the core to its
diameter;

¢ The position of the windings along the
core;

o The ratio of wire diameter to wire spac-
ing; and

e The frequency

The effect of these factors, and others, are
presented in the remainder of this article.

Terminology

A number of terms are used through the
text, and are defined below for convenience.

e |, — the inductance of a test coil with-
out a ferrite rod inserted (with an air core).

e L — the inductance with a ferrite rod
inserted.

e s — the ratio L/L,, or the ratio of
increase in inductance when a ferrite rod is
inserted into a coil with a specific geometry.
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® 1, — the permeability of free space;
numerically 4n x 10~ henry/meter in Sl
units.

o 1; — initial relative permeability of the
material comprising the core, usually mea-
sured in a toroidal configuration.

® L, — relative permeability of a fer-
rite rod of a specific geometry, determined
using the theoretical demagnetization factor.
Adjustments must be made to i, to yield

Mett-

Coil Construction

The data presented is based on more than
50 test coils | constructed and evaluated dur-
ing June and July 2000. Each coil was wound
over a paper core, with wire sizes from AWG
no. 34 through AWG no. 16, as required for
the purpose, and was given a unique num-
ber for identification. A sampling of the test
coils is shown in Figure 1. Most coils were
tested with at least two rod types, with vary-
ing positions, frequencies, and so on, so that
several thousand individual measurements
were taken.

The paper core consisted of approxi-
mately four wraps of standard copy paper,
secured with household glue, wound over
a steel mandrel. The mandrel was turned in
a Myford Super-7 lathe to the appropriate
size to permit the different ferrite cores to
be snugly slid inside the core, 0.500-inch
diameter for the Type 33 and Type 61 cores,
and approximately 0.390-inch diameter for
the surplus cores. Where multiple cores were
used, such as the test of six surplus cores,
arranged in a 3-long by 2-wide configura-
tion, separate paper cores were used, which
were then, in turn, wrapped with an outer
paper core, upon which the windings were
wrapped. After winding, the coil was coated
with GC “Coil Dope” to secure the wind-
ings. The coil ends were additionally secured
with several turns of 0.5-inch adhesive tape.
Generous leads were allowed.

Standard paper is usually considered as
an undesirable material for coil formers, as it
is hygroscopic. However, for short-term test
purposes, in a controlled environment, the
cost and ease of working outweigh the long-
term problems of the paper.

The coils were wound using a home-
made wire feed installed on a Myford Super
7 lathe, equipped with a gearbox offering a
range of pitch options from 8 through 56 TPI.
Finer increments were available, but were not
used during these tests.

Test Procedures

Inductance, Q and pe — Inductance
(both L, and L) and Q were measured using
a Boonton Model 260A Q-meter. The rated
accuracy in the frequency ranges used is +5%
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for Q and £3% for inductance. Checks using
a selection of Boonton Model 103 induc-
tance standards indicate that the Q-meter
meets these performance specifications. L,
measurements were in most cases taken at
7.9 MHz, while L measurements were at
790 kHz. These are “standard” test frequen-
cies for Boonton/HP Q meters, at which
the instrument’s inductance scales may be
directly read. Inductances outside the range
permitted at these two test frequencies used
a different frequency, based on the instru-
ment’s recommended test frequency for the
inductance being measured. Since p is
defined as L/L,, it was calculated based upon
these two measured inductances, not directly
measured. Ideally, L and L, would both be
measured at the same frequency, but practical
limitations make this difficult at best.

Signal Level — To measure the receiv-
ing effectiveness of various configurations,
a simple balanced input resonator/amplifier,
based upon a published design by DeMaw
was used.® See Figure 2. The amplifier output
was fed into a Racal RA6790/GM receiver,
as illustrated in Figure 3. The receiver was
operated with AGC off and the IF-gain man-
ually adjusted to be in the linear mode. Under
these conditions, the 455 kHz IF output of the
receiver is proportional to the received signal
level. This level was read with a Hewlett
Packard 3400A true RMS analog voltmeter,
with an upper frequency limit of 10 MHz.

A local standard AM broadcast station,
WMAL, 630 kHz, was used for medium
wave signal comparisons. Some long wave
comparisons were made using non-direc-
tional beacons, DC, at 332 kHz and 1A at 346
kHz. Limited measurements were also made
with WWVB, 60 kHz.

Each test antenna was connected to
the amplifier and the resonating capacitor
adjusted for peak signal. Additional sections
of the tuning capacitor were selected, as nec-
essary for resonance. The 3400A voltmeter
reading was recorded, with care taken to read
the meter during speech pauses or quiet car-
rier times for the non-directional beacons.

initial antenna tested. The orientation was
not moved for subsequent tests of different
antennas.

The signal readings are relative and
thus indicate only the performance of one
antenna against another. In most cases, com-
parison readings were taken at one sitting.
However, some later measurements were
made as new configurations were developed.
In these cases readings were also taken with
a reference antenna, thereby enabling later
measurements to be correlated with earlier
measurements.

Out-Of-Range Tests — A final series of
tests were run on several coils to determine
their performance as inductors at frequencies
between 4 and 50 MHz using a HP 8754 net-
work analyzer with the configuration shown
at Figure 4. The inductor under test is placed
in series with the swept output of the network
analyzer using a homemade test fixture. A
Tektronix TDS430 digital oscilloscope was
used to capture the network analyzer output
in a convenient digital form.

Unloaded or Loaded Q?

Unless explicitly stated to the contrary,
references to the coil quality factor, Q, in
this article are to the values measured using
the 260A Q-meter. For practical purposes,
the 260A measures “unloaded” Q.2 When
a coil is used as an antenna in the test circuit
of Figure 2, it is shunted by the 100 kO gate
resistors. Since the gate resistors are effec-
tively in series, 200 kQ is imposed across
the tuned circuit, thereby lowering the Q,
and the resultant voltage magnification of the
signal level.

For a 200 uH antenna coil — a value
typical of those measured--the effect of the
gate resistor shunt can be significant. For
example, at 1 MHz, an unloaded Q of 200 is
reduced to 88.6 by the effect of the 200 kQ
shunt impedance.

The following approach may be used to
calculate Qages-

Q is defined, for the parallel model, as:

WWVB was read at modulation peaks. At R [Eq 10]
the outset of any test run, the antenna fixture Qutoades = 27 fL
; . - ) V4
was adjusted to peak the received signal with
QX0807-Smith03 HP-3400A
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Figure 3 — Signal measurement setup.




Or, rearranging:
R, =27fLQ

where:
Re = equivalent parallel resistance of the
internal coil losses
f = frequency
L = inductance
Using the unloaded Q, calculate Ry
Determine the effective shunt resistance,

unloaded

— RPRG
R +R;

P
R = the gate resistance shunting the coil
The loaded Q is then:

— RP
Qloaded - 272_ fL

The most significant effect of using
100 kQ gate resistors in the test amplifier is
to diminish the benefit of using the higher Q,
Type 61 core material. Thus, the relative ben-
efits of the Type 61 material are understated
in this article’s signal level comparisons.
However, in practice, a relatively low value
of Rg may be desirable to intentionally reduce
the loaded Q. At 1000 kHz, for example, a Q
of 300 — a value easily achievable with Type
61 material — yields a 3 dB bandwidth of
3.3 kHz. This narrow bandwidth imposes
tuning difficulties, may give rise to tempera-
ture stability concerns and will muffle the
audio of AM broadcast radio signals. These
concerns are ameliorated if the Q is reduced
through parallel resistance. In this example,
the 100 kQ gate resistors reduce the loaded
Q to 104, assuming L = 200 puH. The 3 dB
bandwidth is correspondingly increased to
about 10 kHz, and tuning is much easier. Of
course, the price paid for the lower Q is the
received signal voltage is reduced to about
one-third the Q = 300 case. The gate resis-
tors in Figure 2 could be increased to several
megohms, if desired, to improve loaded Q.

Length/Diameter Ratio Effect on
Rod Permeability

If a test coil is wound over the full length
of a ferrite core and the inductance of the test
coil is measured with and without the rod in
place, peWill be found to be, for reasonable
rod dimensions, much less than the perme-
ability of material from which the rod is con-
structed, ;. (The permeability value based
upon theoretical considerations for a coil
wound over 100% of the rod length is com-
monly referred to as the “rod permeability,”
Or Wog- However, the actual measured perme-
ability e is almost always less than .44, and
if the coil occupies less than the full length of
the rod, pe will be even lower.)
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The theoretical relationship between o
and pis:tt12

U = H; [Eq 11]
* 1+ D(u -1)

where:

D = demagnetization factor

As Lenz’s law provides, an induced cur-
rent generates a magnetic field in the sur-
roundings, including the core, in a direction
opposing the inducing current’s magnetic
field. The demagnetizing factor, D, is a mea-
sure of effectiveness of the opposing field.

Computing D for an arbitrary core shape is
difficult or impossible. Fortunately, D can
be determined for a simple cylindrical rod-
shaped core. In this case, D is a function
of the ratio of the rod length, I, to the rod
diameter, d. For an infinitely long cylindrical
rod, D=0 and p,,q = w;, while for a rod with
a length/diameter ratio = 1.00, D = 0.27, and
Mrod = 36if W= 125.

Based upon Equation 11 and published D
values, | calculated the relationship between
Wos @nd ; and Figures 5 and 6 show my
results.® For I/d ratios below 10, both fig-
ures shows slightly lower p,, values than
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provided in other published curves.** Figure
5 presents the o4 versus I/d in the conven-
tional fashion, while Figure 6 recasts the data
to better illustrate the effect of 1/d on .4 by
parameterizing I/d.

Figure 7 plots D as a function of I/d to
aid in making the calculations called for by
Equation 11. Likewise, it is possible to work
backwards and estimate p; from p,,g measure-
ments. Solving Equation 11 for ; yields:

o Hrog (1_ D)
I 1- D:urod

In my experience, however, measured i,
values will almost never match the theoreti-
cal p,,q numbers for commonly available rod
materials and dimensions, although making
the adjustments described below reduces
divergence between measured and theoreti-
cal data.

[Eq12]

Effect of Winding Over Less than
the Full Length of the Rod

If the winding occupies less than the full
rod length, p.«decreases. Q, however, in my
measurements, is maximized for short cen-
tered windings and decreases as the wind-
ing extends over a greater proportion of the
rod length. This is contrary to The ARRL
Antenna Book statement that maximum Q
is found when the winding occupies the full
coil length.* Figure 8 plots Q measured with
air core, Type 33 core and Type 61 core for
28 coils versus core length to rod length ratio.
The data is greatly scattered because the test
coils have a variety of turns, wire diameters
and pitch, but it shows an unmistakable trend
to lower Q as the winding occupies a greater
proportion of the core length. (R =-0.42 for
Type 33 material and R = -0.47 for Type 61
material. No statistically valid similar trend
can be seen for the air core Q data (R =—0.06)
This data represents a limited range of coil
geometry (0.5 inch diameter, 7.5 inch long
rod) and hence may require caution in apply-
ing to the general case.

Since Equation 9 shows the received
signal level in a tuned loop is proportional
to product of pe (increases with wind-
ing length) and Q (decreases with winding
length), the length of winding providing
maximum sensitivity requires further exami-
nation. We first turn to the relationship
between V., Les, Liog @nd the ratio of winding
length to rod length. We introduce an adjust-
ment factor — the “Free End Factor” as it is
known — relating i to 1, as a function of
the length of the coil relative to the rod:

H'eff = “rod X f(lc/Ir) [Eq 13]
where:
I, is the length of the coil

I, is the length of the rod
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f(I/1;) is a function providing an adjust-
ment factor to relate the measured L to the
theoretically predicted value, based on the
ratio of winding length to total rod length.

I’ve found two versions of f(l/l,) in the
literature, one presented in recent editions
of The ARRL Antenna Book and the second
in Johnson and Jasik’s Antenna Engineering
Handbook, 2™ Edition.

The ARRL Antenna Book version is:*¢

, a
H = Hrog i/%

[Eq 14]

where:

W' is peg in the terminology of this article
a is the length of the core (rod) ()

b is the length of the winding (coil) ()
At a minimum, Equation 14 seems to

incorrectly exchange a and b, as it has '
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increasing without bounds as the winding
length decreases as a proportion of core
length. This is contrary to Johnson and
Jasik, as well as other references and my
measurements, in addition to being physi-
cally implausible. Since The ARRL Antenna
Book provides the equation without source
reference, it is not possible to determine
if the error is a simple transcription error,
inadvertently exchanging terms a and b, or
if there are other problems with it. Assuming
that, arguendo, parameters a and b were
inadvertently reversed without other errors
introduced, the corrected form of Equation
14 (with modified terminology consistent
with this article) is:

,ueff = :urod i/:_T [EC] 15]

Johnson and Jasik provide only a graphi-
cal representation of the relationship between
wer and 11, (which they call correction fac-
tor F.) but I’'ve extracted the data points and
fitted a cubic equation to their data. Figure
9 shows excellent agreement between the
curve fit and the underlying data (R = 0.99).

W= M,o(0.0699 + 1.547x —  [Eq 16]
1.109x” + 0.208x°)

where x is the ratio I./1..

To determine the effect of varying the
winding length as a proportion of the rod
length, and to assess whether these various
adjustment factors were accurate, | wound
coils occupying 20%, 40%, 60%, 80% and
100% of the rod length over mandrels for
cores of Type 61 and Type 33. The target
inductance of the test coils for Type 33
cores was 200 pH. This was achieved within
+10%. The coils wound for the Type 33 rod
were also used with the Type 61 core, accept-
ing the lesser inductance.

As the coil length was increased to cover
a greater percentage of the core length, the
winding pitch (turns per inch) was neces-
sarily reduced to maintain the target induc-
tance value, reducing from 24 TPI for 20%
coverage to 8 TPI for 100%. This decision
to reduce the winding pitch to maintain
(approximately) the same inductance com-
plicates an already difficult analysis. As
discussed below, p is also affected by the
“winding fill ratio,” in other words, as the
ratio of copper to open space increases, SO
does per. Thus, the choice to maintain con-
stant inductance with varying length poten-
tially changes two variables at once.

Figure 10 compares the free end adjust-
ment factors predicted by Equation 5-8
in The ARRL Antenna Book, as corrected
above, Johnson and Jasik’s F, factor, and
the free end factor | measured for both Type
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33 and Type 61 material rods. The vertical
bars in the measured data show the range of
measured free end factor for different wind-
ing pitches and inductance values of my test
coils. The figure shows significant diver-
gence amongst the two prediction methods
and my measured data. The reasons for the
discrepancy remain unknown to me.

Further complicating an already complex
matter, Johnson and Jasik note a different
factor, Fy, relates the induced open circuit
voltage to that computed with pi,q:

Voc = jotrogFy NAB; [Eq17]
where:
V.. is open circuit voltage induced in the
loop

jo is the angular frequency, 2=f where
fis frequency.

N is number of turns

A is the loop area

B', is the component of the incident mag-
netic flux density normal to the plane of the
loop.

Except for the factor Fv, Equation 17 is
identical to Equation 7 when the simplifica-
tions introduced in this article are consid-
ered. F, like F, is provided in Johnson and
Jasik only as a graphical factor, derived from
experimental data. I’ve extracted data points
for F, and fitted a quadratic equation to it, as
illustrated at Figure 11.

F, =0.998+0.0181x - 0.235x? [Eq 18]
where X is the ratio I/l

I have not, however, attempted to relate F
to measured signal strength data.

Off-Center Windings

Where the coil winding occupies less than
the entire length of the rod, it is possible to
offset the winding so that it is no longer cen-
tered on the rod. To test this effect, | made a
test coil of 20 turns close-wound, AWG no.
20 enamel magnet wire on a paper form. The
length of the test coil was 0.62 inches and its
measured inductance without a ferrite core
was 3.2 uH at 7.9 MHz, with a Q of 154.
Measurements of Q, inductance, p; and
received signal voltage were taken as the test
coil was moved in 0.25-inch increments from
the center position, with rods of both Type 33
and Type 61 material.

Figure 12 shows that as the winding is
displaced from center, Q and inductance
decrease. (I observed a slight Q peak at an
offset ratio around 0.6 for Type 33 material.)
Q is little changed with moderate displace-
ments, remaining within a few percent of
the maximum value up to 40% off-center for
Type 61 and up to 60% off-center for Type
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33 material. Inductance changes more with
position, particularly with the higher p Type
33 rod. Even here, however, 40% off-center
placement reduces inductance by less than
10%. Both inductance and Q peak with the
windings centered, consistent with state-
ments in The ARRL Antenna Book. (One
reason to offset the winding is to trim to a
precise inductance value without materially
affecting Q.)

Since L. is defined as the observed induc-
tance divided by the air-core inductance, the
change in pe with core offset the shape of
inductance curve in Figure 12.

Equation 9 predicts that received signal
voltage is proportional to QNp.g. In this
case, N is constant at 20 turns, while Q and
L Vary with the offset. Equation 9 therefore
predicts the received signal voltage to be
linearly proportional to the product Qpg. To
test this, | collected relative signal strength
data as the test coil was moved to different
offsets and plotted the signal strength versus
the product of the Q and pi; earlier measured
for the same offset value. Figure 13 shows an
excellent linear fit to the product of Q and pis
(R =0.997) for the Type 61 rod, and almost
as good fit for the Type 33 rod (R = 0.985).
This analysis uses loaded Q values, and |
have adjusted the measured Q to reflect the
amplifier’s input loading, although the ampli-
fier results in less than a 10% reduction in Q
for the test coil used. The signal readings in
Figure 13 are relative, with the maximum
observed signal level (Type 33 rod, coil cen-
tered) set to 1.00.

Figure 14 illustrates the variation in
received voltage as the winding is offset from
center. A twenty percent offset reduces the
received signal only slightly.

Winding Fill Ratio

In addition to changes caused by core
occupancy and off-center windings, ps is
a function of winding fill ratio. The wind-
ing fill ratio equals the conductor diameter
divided by the winding pitch, as illustrated
in Figure 15. The winding fill ratio is thus
a measure of the “density” of the copper
over the ferrite core. As the winding fill ratio
approaches 1.00, the surface of the ferrite rod
is nearly completely covered by the copper
winding. (Of course, 1.00 is achievable only
for one turn, as there must be some turn-to-
turn gap.)

To study the effect of winding fill ratio,
a series of 48-turn test windings were made,
each 6.0 inches long, wound at 8 turns per
inch on a paper core. To vary winding fill
ratio, wire sizes from AWG no. 16 down to
AWG no. 34 were used. Measurements were
taken with both Type 33 and Type 61 cores.

Before discussing the results of varying
the winding fill ratio on p.g, it is instructive

to consider its effect upon L, the inductance
without a ferrite core. Even though the num-
ber of turns and the coil length were held
constant, L,, the coil inductance without a
core, still varied. Two countervailing physi-
cal effects are responsible for most of the
variation:

e Since the coils must be wound with a
fixed inside diameter of 0.50 inches — so as
to accommodate the ferrite core— as the wire
diameter increases, the mean diameter of the
coil necessarily increases. As the inductance
of a solenoid is proportional to the square of
its diameter, this factor alone accounts for an
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increase of 17% in the calculated inductance
of the coil wound with 16 AWG wire over
that of its 34 AWG counterpart.

e Commonly used inductance formulas
— such as the classic Wheeler equation —
are accurate only for current sheets, that is,
where the current flows in an infinitesimally
thin perfectly conducting tape with negli-
gible gap between adjacent turns. A fixed
pitch wound inductor looks less and less like
a perfect current sheet as the wire diameter
decreases and an appropriate correction must
be applied if the coil is not close wound."
Because the space-wound correction factor
is not easily located, Appendix 1 reproduces
the key equations, including Wheeler’s basic
single winding solenoid inductance equa-
tion.

After calculating the current sheet induc-
tance using Wheeler’s equation, the wire
spacing adjustment outweighed the increase
in inductance with larger wire diameter, with
the coil wound with 34 AWG having a calcu-
lated inductance some 15% above that of its
16 AWG counterpart.

Returning to the effect of the winding fill
factor upon p.g, Figure 16 illustrates that as
the ratio of copper to open space increases,
SO OES Letr,

Choice of Core Type

Two rod-type core materials are readily
available from suppliers:

o Type 33 material; 1; = 600 to 800, opti-
mum frequency 10 kHz to 1 MHz.1®8

o Type 61 material: p; = 125, optimum
frequency 0.2 MHz to10 MHz.

These cores are commonly available
in two sizes, both 0.5 inch diameter, with
lengths of 4 inches and 7.5 inches. Some
suppliers also stock other diameters and
lengths.

When used as an antenna, our interest
in ferrite rods is to maximize received sig-
nal strength at the frequency of interest, or,
perhaps more correctly, to maximize the
signal to noise ratio of the received signal. Of

QX0807-Smith15
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interest in the mass production environment
is selecting a core that permits a reasonably
sized tuning capacitor and meets the cost
targets. In the one-off amateur environment,
these latter considerations are of less impor-
tance and will not be further considered in
this article.

Based upon the material specifications,
it might be assumed that Type 33 material
would be preferred for up to 1 MHz, includ-
ing the new sub-200 kHz amateur bands
available in some countries, while Type 61
material would be better for general broadcast
band listening up through the 160 meter band.
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This is not the case, however. My measure-

ments demonstrate that Type 61 material is LT ]

to be preferred for all frequencies between 60 T—1 Relative Performance T

kHz and 2 MHz. Type 61 versus Type 33 Mat'l ./“/
Figure 17 illustrates the relative perfor- 10 Versus Frequency Q Ratio - Qg1/ Q33 )./’}A

mance of three key parameters for Type 33 f

and Type 61 cores; received signal level, Q 71

and e The data is for a 6-inch long caoil, ¢* Signal Level Ratio —|

48 turns of AWG no. 22, wound at 8 turns/ e > A ——Signals, / Signal; —|

inch, and sets the performance of the Type s (.) g o~

33 material version at 1.00. Ratios > 1 indi- £8 _)-/‘A oee>

cate Type 61 material is superior. Alternating | &€ & /" P i

measurements were made with a Type 33 | 8 g 14

rod and Type 61 rod cores, re-resonating the 23 1 o ——

antenna after each core change. For almost v

all frequencies studied, from 60 kHz through § P PE-—0 —r—

1600 kHz, the Type 61 rod provided more g5 Ratio |

signal level than the same coil with a Type 33 u”e“ / ?1'0 |

core. Even at the lowest frequency measured, effer’ Feffas

60 kHz, well below the recommended mini-

mum frequency for Type 61 material, the

received signal level was essentially identical o1

with Type 33 and Type 61 rods. . 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Also plotted in Figure 17 is the relative

effect of the two rod materials upon mea- QX0807-Smith17 Frequency (kHz)

sured Q and . If variations in the received

signal level were explained solely by dif-
ferences in pex, then we should have seen
reverse performance, with Type 33 material
core outperforming Type 61 material. The
data shows a broadly parallel trend between
Q and received signal level, although the
sharp up-tick in received signal performance
around 1300 kHz is not mirrored by a similar

Figure 17 — Relative performance of Type 33 and Type 61 rods.
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supplier for $2.25 each.*

o Type “Y” rods, same shape and diam-
eter as the Type X rods, but 5.51 inches (140
mm) long. These rods have a superior finish
and are dimensionally identical within 0.002
inches (0.05 mm). Three of these rods were
acquired several years ago from a surplus
house and have resided in my junk box since.
These rods are obviously unlikely to be
found by anyone else, but are included as a
point of reference.

To compare the Q possible with Type X
and Y cores, | wound a test coil for each, with
approximately equal inductance (180 puH at
790 kHz with the rod inserted) and measured
the Q between 200 kHz and 2000 kHz. For
comparison, similar measurements were
taken for test coils with Type 33 and Type 61
material. Figure 18 shows that the Type 61
and Type Y rods are similar, as are the Type
33 and Type X rods.

Although the Type X rod is a poor Q
performer at most frequencies, its relative
cheapness and availability leads to the ques-
tion: “is it possible to use several relatively
poor — but cheap — cores to match the
performance of the expensive Type 61 rod?”
The answer is yes, at least in the AM radio
band. Figure 19 illustrates the relative signal
level performance, measured at 630 kHz, for
the test configurations described in Table 1.
The relative comparison reference point is
Test Configuration 21A, 48 turns at 8 TPI
on a Type 61 core. Signal levels > 1.0 are
better than the Type 61 core reference con-
figuration.

Configurations 31, 32, 34 and 35, perform
at least as well as the Type 61 rod reference.
Reference coil 21A was the best perform-
ing Type 61 core configuration observed,
S0 it is possible to duplicate the best Type
61 performance with less than one half the
investment in ferrite. However these Type
X rod configurations were not evaluated for
signal reception outside of 630 kHz. The Q
versus frequency data of Figure 18 strongly
suggests, however, that Type X rods will
deteriorate sharply at higher frequencies, and
will likely be unsatisfactory above 1 MHz.
However, Type X material may have merit
below 500 kHz.2°

Distributed Capacitance

Terman succinctly stated the cause of dis-
tributed capacitance in coils:

“In a coil there are small capacitances
between adjacent turns, between turns that
are not adjacent, between terminal leads,
between turns and ground, etc. ... The total
effect that the numerous small capacitances
have can be represented to a high degree
of accuracy by assuming that they can be
replaced by a single capacitor of appropriate
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size shunted across the coil terminals.”*
Distributed capacitance sets a limit on
the highest frequency at which a coil may be
resonated; with no additional capacitance the
inductance and Cy, parallel resonate at some
frequency, referred to as the “self-resonant

frequency,” or fe. In addition, self-capac-
itance causes a discrepancy between mea-
sured and true Q and inductance.?

In addition to increasing the inductance,
adding a ferrite core to a coil increases the
distributed capacitance. This is because some

1.4 H

Relative Signal Level
Configuration 21A = 1.00

28 29 30 31 32 34 35 36 37 38 21A 21B
QX0807-Smith19 Test Configuration
Figure 19 — Received signal level —Type X rod configuration.
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Figure 20 — A_factor for Type 33 and Type 61 Material, 7.5 inch x 0.5 inch rods.



of the electric field lines that give rise to
C.is are contained within the ferrite. Typical
ferrites have a relative permittivity (dielec-
tric constant) of 10 to 11.2 Thus, Cgg will
increase. Since only part of the electric field
lines are within the ferrite, the total increase
in Cgs Will be less than indicated by the rela-
tive permittivity of the ferrite rod.

As the ferrite core increases both induc-
tance and distributed capacitance, Fqr will
be significantly lower than for the same coil
without the rod inserted.

To evaluate the reduction in Fy, mea-
surements were made on a typical antenna
coil with and without the ferrite rod. The
coil measured is the one identified as
Configuration number 38 in Table 1. The
radius of the coil is approximately 0.2 inches
and the winding length is approximately 3.5
inches.

Without a core inserted, | measured Cigig
as 1.9 pF, using the auxiliary work coil
method described in the Model 260-A Q
meter instruction manual. Since L, was mea-
sured as 18.3 uH, the fy; can be computed
as 27 MHz.

With the Type X core inserted, Cygy
increased to 8.5 pF. L increases to 1,100
puH (measured at 250 kHz), resulting in an
approximate fy of 1.6 MHz. (L is, in fact,
a function of frequency since p. varies with
frequency. An exact f; would require adjust-
ment of L to match that at the self-resonant
frequency. Alternatively, Fy; can be mea-
sured directly.)

In this example, Cg, increased by a factor
of 4.5 and f; decreased by approximately
17:1.

It is also interesting to compare the mea-
sured (without ferrite core) C to the com-
puted value using the Medhurst formula.

3
C, =0.291 +0.41R +1.94\FT

[Eq 19]

where:

I = coil length in inches

R = coil radius in inches

Inserting the values for coil length and
radius yields Cgy = 1.2 pF. The discrepancy
of 0.7 pF between calculated and measured
values can be attributed, at least in part, to the
lead capacitance connecting the coil to the Q
meter. Further, Medhurst’s work assumes a
specific geometry, where the coil is mounted
vertically over a grounded chassis, a configu-
ration significantly different than when the
inductor is attached to a Q meter.

Simplified Inductance Calculation
Approach

To avoid the complexity of the equa-
tions and adjustment factors presented in
this paper, a simplified approach may prove
adequate for Amateur Radio purposes.
Ferrite and powdered iron toroidal are often
designed using a simple equation, relating
inductance, number of turns and the “A.”
factor. If we stick to the 7.5 inch x 0.5 inch
Type 33 and Type 61 cores, it is possible to
define a similar equation, presented below.

DesiredL
NumberTurns =100, —*
A [Eq20]

Instead of a single value for A_ for Type
33 and Type 61 cores, however, the particular
A, value must be selected from the curves
shown at Figure 20. The data markers are A,
points based on my measured coils, and the
straight line are curve fitted. The results will
be within 10 to 15% in most cases, and the
calculations are much easier than the tradi-
tional methods covered earlier in this article.

Sample Calculation:

Desired Inductance: 200 uH

Desired coil length: 6 inches (0.8 winding
length to rod length ratio)

Core Material: Type 61.

62 turns, wound over 6 inches, or approxi-
mately 10 TPI, will yield 200 uH when cen-
tered over the 7.5 inch long Type 61 core.

Conclusion

Our rambling excursion through the
world of ferrite cores and antennas might
lead to the expedient strategy of bypassing
analysis completely and trying, more or less
randomly, combinations of core materials
and windings until an acceptable result fol-
lows. And, the complexity and contradictory
nature of the limited information available
may reinforce those desires. However, it’s
often said “a day in the library is worth a
month in the lab,” meaning that experiments
guided by past learning are far more produc-
tive than random efforts.

If designing a ferrite rod antenna, my data
shows a good starting point to be the large
7.5 inch x 0.5 inch Type 61 material cores.
For maximum performance, the windings
should cover at least 80% of the core length,
and reasonably large diameter wire should
be used, such as AWG no. 18 to 16, depend-
ing on the number of turns required for the
frequency band of interest. To determine the
antenna inductance, one may start with the
old rule of thumb of 1 to 2 pF of resonating
capacitance per meter wavelength. From
that capacitance, the inductance, and hence
the number of turns can be determined from

From Figure 20 we read AL =520. Hence ~ Equation 20 and Figure 20.
the number of turns required is:
200
NumberTurns =100 /—
520
=100~/0.385 =62
Table 1
Type X Core Configuration
ID Configuration
28 1 Type X rod, 42 turns at 12 TPI
29 1 Type X rod, 67 turns at 20 TPI
30 2 Type X rods long, 70 turns at 10 TPI
31 3 Type X rods long, 85 turns at 8 TPI
32 4 Type X rods long, 112 turns at 8 TPI
33 1 Type X rod long, 5 rods in approx. cylindrical format, 32 turns at 10 TPI
34 2 Type X rods long, 3 rods in triangle (6 total rods) format, 70 turns at 10 TPI
35 3 Type X rods long, 2 rods side-by-side (6 total rods) format, 100 turns at 10 TPI
36 1 Type X rod, 35 turns at 10 TPI
37 1 Type X rod, 112 turns at 32 TPI
38 1 Type X rod, 168 turns at 48 TPI

Reference Configurations

21A 48 turns at 8 TPI, Type 61 core
21B 48 turns at 8 TPI, Type 33 core
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Appendix 1

Adjustment for Space-Wound
Inductors

The following is based upon an equa-
tion given in the Radiotron Designer’s
Handbook.?* The method described yields
results “suitable for slide rule computation.”

Step 1 — Calculate the inductance
using one of the standard formulas, such as
Wheeler’s equation.

azNz
0= ——
9a+10I

where:

L, = inductance in uH

a = coil radius to center of wire, in inches
N = number of turns

| = length of coil, in inches

Step 2— The correction factor applied to
the result in Step 1 is:

L=L,-0.0319aN (A+B)
a, N as above
A, B as below

A~ 2.3log,((1.7-5)
B ~ 0.336 [1 _25
N
s=-D
P

3.8
+ Nz

where:

D = wire diameter

P = winding pitch

(D and P should be in the same units, such
as inches)

Example:

48 turns, AWG no. 30 copper wire,
wound at 8 turns/inch. The coil iswound on a
paper core, consisting of 4 layers wound over
a 0.500 inch diameter mandrel. The paper is
standard typing paper, approximately 4 mils
(0.004 inches) thick per sheet. AWG no. 30
copper wire has a diameter of 10 mils (0.010
inch).

Step 1 — Determine the parameters to
use in the Wheeler formula and calculate L,:

4o 0.500+2x4x0.004 N 0.010
2 2
=0.271linchesradius to center of wire
_ 48turns
~ 8turns/inch

N =48 turns
2 2
0.271° x48 _271H

T 9%x0271+10x6

=6inches

Step 2 — Calculate the spaced winding
correction
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5= 2919080
0.125
A=23xlog,(1.7x0.080) =—1.99

B=0.336x 1—£+3;§ =0.319
48 48

L=2.71-0.0319x0.271x 48x
(~1.99+0.319)=2.71-
(~0.693) = 3.40uH

In this example, the spaced winding cor-
rection increases the inductance by more
than 25%.

Measurement Comparison

The inductor in this example was con-
structed and measured with a Boonton 260A
Q meter at 7.9 MHz. The distributed capaci-
tance, Cqyq, Of the coil was measured at 2.5
pF. The measured inductance, after correc-
tion for Cgg, the inductance of the lead wires
connecting the coil with the Q meter and the
residual inductance of the Q meter, was 3.55
uH. Based upon calibration with 2.5 uH and
5.0 uH Boonton 103A standard inductors,
the Q meter is known to have an error of
+2.6% at 7.9 MHz. Adjusting for this instru-
ment error, the final measured L is 3.46 uH,
representing a difference between the calcu-
lated and measured values of 1.8%.

Jack Smith, K8ZOA, has been licensed
since 1961, first as KN8ZOA, and has held
an Amateur Extra Class license since 1963.
He received a BSEE degree from Wayne
State University in Detroit in 1968 and a JD
degree magna cum laude from Wayne State
University School of Law in 1976. Presently
retired, he has enjoyed a career involving both
engineering and telecommunication law. He
is a co-founder of the telecommunications
consulting firm TeleworX, and is the author of
Programming the PIC Microcontroller with
MBASIC (Newnes Publishing, 2005) as well
as many articles published in 73 Amateur
Radio magazine and QEX. His Web site is
www.cliftonlabor atories.com.

Notes

1Fair-Rite Soft Ferrites Catalog, 14th ed.
(Fair-Rite Products Corp., Wallkill, NY,
2000), p 2: “During the 1930s research on
‘soft’ ferrites continued, primarily in Japan
and the Netherlands. However, it was not
until 1945 that J. L. Snoek of the Phillips
Research Laboratories in the Netherlands
succeeded in producing a ‘soft’ ferrite for
commercial applications.”

2For example, “The Optima 160/80-Meter
Receive Antenna,” R.Q. Marris, in The
ARRL Antenna Compendium, Vol 6, R.D.
Straw, ed., (ARRL, Newington, CT, 1999);
The ARRL Antenna Book, R.D. Straw, ed.

(ARRL, Newington, CT, 1997), Chapter
14; The ARRL Handbook for Radio
Amateurs 2000, R.D. Straw, ed. (ARRL,
Newington, CT, 1999), Chapter 23; Loop
Antenna Handbook, J.J. Carr (Universal
Radio Research, Reynoldsburg, OH,
1999), Chapter 10; The Low and Medium
Frequency Radio Scrapbook, 10" ed., K.
Cornell (self-published, 1996).

SM.F. “Doug” DeMaw, Ferromagnetic-Core
Design and Application Handbook, Section
2.2, (MFJ Publishing Co, Inc, Starkville, MS,
1996); R.D. Straw, ed., The ARRL Antenna
Book, 18" Ed, (ARRL, Newington, CT,
1997), pp 5-6 through 5-8.

4J.D. Krause, Antennas, 2™ ed., (McGraw
Hill, 1988), Section 6-12; W.L. Weeks,
Antenna Engineering, Section 8.6.1,
(McGraw-Hill Book Co., New York, NY, 1968;
R.C. Johnson and H. Jasik, eds,. Antenna
Engineering Handbook, 2™ ed., (McGraw-
Hill, New York, 1984) pp 5-5 through 5-9.

5The derivation of Equation 1 through
Equation 9 is based upon several sources.
Of particular interest is Sensitivity of Multi
Turn Receiving Loops, by W.E. Payne,
N4YWK, unpublished, but available at www.
lwca.org/library/articles/ywk/looptheo.
htm. See also the references cited at Note
4,

50ne weber per square meter is also known
as one Tesla. Because stating a “density”
in terms of a value per unit area offers a
more intuitive understanding, the discussion
uses the older weber/m? terminology. It is
simple to see that a uniform flux density of 5
webers/m? through a loop area of 2 square
meters yields a total flux of 10 webers.

7Of more familiarity in radio engineering is
the magnetic field strength, H, of an electro-
magnetic field, in amperes/meter, given by

H==

Mo

where

Nois the intrinsic impedance of free space,
120n ohms. H is used, for example, to
set safe exposure limits of low frequency
signals where the biological effects of mag-
netic induction, not electric field coupling, is
of concern. Of course, B = pH in free space
and

Mo

‘n:
0 £

where g is the relative permittivity of space,
8.85 x 1072 F/m. Substituting, we find that

B=E MoSo
But we know

1

VHo€o

Therefore,

B= E or E =Bc.
c

8R. Dean Straw, N6BV, The ARRL Antenna
Book, Equation 10, page 5-8. Note, how-
ever, that Johnson and Jasik, (op. cit Note
4) add an additional empirical correction
factor Fy to the open circuit voltage, where
Fy is an experimentally derived function
of the ratio of the overall winding length to
the core length. See Johnson and Jasik
(op cit Note 4) Section 5-2, Figure 5-9 and
Equation 5-15. F_ runs from 1.0 (Lc/Lr =0
to 0.8 (Lc/Lr = 1, where Lc/Lr is the ratio
of the winding (coil) length Lc to the ferrite

CcC=




core length Lr.). The ARRL Antenna Book
has a similar correction factor, but of differ-
ent magnitude, due to the “free end effect.”
Note, however, that The ARRL Antenna
Book Equation 5-8 appears to erroneously
invert Lc and Lr.

SM.F. “Doug” DeMaw, Ferromagnetic-Core
Design and Application Handbook, Section
2.2, (MFJ Publishing Co., Inc., Starkville,
MS, 1996).

0In general, adjustments in Q and L for
distributed capacitance were not made, nor
were adjustments made for the Boonton
260A Q Meter finite input impedance and
other imperfections.

1W.L. Weeks, Antenna Engineering, Section
8.6.1, (McGraw-Hill Book Co., New York,
NY, 1968).

2I've emphasized the term “theoretical” since,
as we see later, further adjustments are
necessary to obtain even an estimate of the
true relationship between the measured rod
permeability and the material permeability.

13C. Chen, Magnetism and Metallurgy of Soft
Magnetic Materials, Page 536, Table A3.1,
(North-Holland Publishing Co., Amsterdam,
1977), reprinted by Dover Publications,

Inc., New York, 1986, provides a table of “D”
values versus rod geometry.

“M.F. “Doug” DeMaw, Ferromagnetic-Core
Design and Application Handbook, Figure
2.2, (MFJ Publishing Co., Inc., Starkville,
MS, 1996); R.C. Johnson and H. Jasik, eds.,
Antenna Engineering Handbook, 2™ ed.,
Figure 5-8, (McGraw-Hill, New York, 1984);
Fair-Rite Soft Ferrites Catalog, 14" ed.,
page 131 (Fair-Rite Products Corp., Wallkill,
NY, 2000).

15R. Dean Straw, N6BV, The ARRL Antenna
Book, 18" Ed., op. cit., p 5-7 says “The Q of
a short coil on a long rod is greatest at the
center. On the other hand, if you require a
higher Q than this, it is recommended that
you spread the coil turns along the whole
length of the core, even though this will

result in a lower value of inductance. (The
inductance can be increased to the original
value by adding turns.)” J.J. Carr (Joe Carr’s
Loop Antenna Handbook, 1% Ed., 1999,
Universal Radio Research, Reynoldsburg,
OH) makes a similar statement: “The Q is
worst when the coil is concentrated in a
small portion of the rod length. To improve
Q, at the expense of overall possible induc-
tance, then wind the coil over the entire
length of the rod.” No measured data or cita-
tion is advanced to support this statement.

5R. Dean Straw, N6BV, The ARRL Antenna
Book, 18" Ed., op. cit., p 5-7, Eq. 8.

¥F. Langford-Smith, ed., Radiotron Designer’s
Handbook, 4" ed., (Wireless Press, Sydney,
Aust., 1953), reprinted by RCA Electronics
Components, Harrison, N.J., 1968. A
comprehensive discussion of the effect of
spaced windings is given at Section 10.1(ii).

8Type 33 Material is described in catalogs
and the literature as “permeability 800.” See,
for example DeMaw, Section 2.1. However,
Fair-Rite, the manufacturer of Type 33 mate-
rial, states, in Catalog no. 14, that it has an
initial permeability of 600. Fair-Rite’s graph
of initial permeability versus frequency, how-

C+Cy

Q=G C
ever, shows an initial permeability of 700
below about 750 kHz, increasing to 800 at
1 to 2 MHz. Fair-Rite specifies permeability
within £20%.

%Qcean State Electronics, part no. LA-540.
Ocean State Electronics, 6 Industrial Drive,
P.O. Box 1458, Westerly, RI 02891, Order
telephone number 1-800-866-6626, Web
site: www.oselectronics.com.

20Although the Type “X" rod is described in
Ocean State Electronics’ catalog as “tunes
the broadcast band, 540 kHz — 1600 kHz,’
the Q performance leads to the suspicion
that, in fact, the material is optimized for the
long wave broadcast band, 200-400 kHz.

2IE.E. Terman, Electronic and Radio

LS
C+Cd

Engineering, 4™ Edition, (McGraw Hill, New
York, 1955), Section 2.7.

22Hewlett Packard provides the following
correction factors in Operating and Service
Manual: Q Meter 4342A (1983) at Pages
3-13 through 3-16:

Where:

Q. is the true Q

Qi is the indicated (instrument reading) Q

C is the instrument capacitance to achieve
resonance

C, is the inductor’s distributed capacitance

where:

L, is the true inductance

L; is the indicated (instrument reading Q)

C and C4 are as above

Similar correction formulas are provided in
the Instruction Manual for the Q Meter Type
260A, (undated) pages 19-21.

ZH.P. Westman, ed., Reference Data for
Radio Engineers, 5" Edition, (Howard W.
Sams, Indianapolis, 1970), Chapter 4, Table
25,

2A different formulation of Medhurst’s for-
mula is presented in Radiotron Designer’s
Handbook, id, Chapter 11, Section 2(i), in
which a table of coil length versus diameter
must be used. | don’t know the provenance
of the formula presented — widely used
by the Tesla coil builder fraternity — but
it closely matches values computed
using the tabular approach presented in
the Radiotron Designer’s Handbook. Of
course, Medhurst’s formula is based upon a
vertically oriented coil, installed on a metal
chassis and is not necessarily accurate for
other configurations. However, it provides
reasonable results for the examples that |

investigated.
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Jim Koehler, VE5FP

2258 June Rd, Courtenay, BC V9J-1X9 Canada; jark@shaw.ca

Some Thoughts on Crystal
Parameter Measurement

Here is an automated way to measure a group of
crystals to select units for a crystal filter.

If you have ever set about measuring
crystal parameters for a large batch of crys-
tals using some of the techniques suggested
in the amateur literature you find that it gets
tiresome very quickly. What one wants is
some sort of instrument in which you put in
the crystal and press a button!

Recently my friend Tom Alldread,
VATTA, designed a new DDS module, called
NimbleSig, which won the second prize in a
contest sponsored by Circuit Cellar maga-
zine.! NimbleSig has its own internal control-
ler and covers the frequency range from zero
to 175 MHz in 1 Hz steps. It can be amplitude
or frequency modulated. It is controlled by
a logic-level 115200 baud serial interface
using simple ASCIl commands. NimbleSig
is a terrifically versatile signal source and
it immediately motivated me to design a
general purpose signal generator around it.
| opted to use an external oven-controlled
crystal oscillator as the clock for NimbleSig,
so the output frequency should be accurate
to a few Hz over this range. NimbleSig has
a built-in AD8307 logarithmic detector IC,
and | put a graphic liquid crystal display on
the front panel of the signal generator so that |
can easily sweep and adjust band-pass filters
and other parameters. The signal generator
uses an ARM7 microcontroller to handle
all the signal processing, the display and to
control the NimbleSig module and digital
attenuator.

Having a very stable, flexible signal
generator/power meter, one of the obvious
operating modes to incorporate would be one
to measure crystal parameters. In this article,
I will briefly recap the general problem of
measuring crystals and then describe how |
implemented this mode.

Crystal Parameters

The simplest meaningful equivalent cir-
cuit for a crystal is that of a series R-L-C
circuit in parallel with a single capacitance as
shown in Figure 1. The motional inductance,

Notes appear on page 41.
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Figure 1 —This is a simple equivalent
circuit for a piezoelectric crystal.

L., and the series equivalent capacitance, C,
are series-resonant at a frequency, f,. The
parallel capacitance, C,, is a physical capaci-
tance that results from the conducting plates
on either side of the quartz crystal itself, plus
whatever stray capacitance occurs from the
construction of the unit. Typically, C, is a
few pF, and there is a parallel resonance at a
somewhat higher frequency than f, where the
net inductive susceptance of the series circuit
is equal to the capacitive susceptance of C,,.
The loss element, r, is due to mechanical
losses. More complicated equivalent circuits
are possible to include, for example, the leak-
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Figure 2 —The circuit of the conventional
series circuit used to measure crystal
parameters.

age resistance between the two terminals, the
lead inductance, and so on, but these quanti-
tiesare usually not significant for real crystals
in the MHz region, which are well described
by the simple model in Figure 1.

There have been many articles written
in the ham literature about how to measure
these four parameters to completely charac-
terize a crystal.2 34 (The cited references are
just a few of the many articles on this topic.)
All the methods require manual interven-
tion and, as mentioned before, become very
tedious to use if one wants to measure a large
number of crystals in order to select those
needed for any particular filter. A very good
comparative discussion of these techniques
appeared recently in QEX, in an article
describing the design and construction of
two filters.® In that article, Jack Smith admit-
ted that he did the bulk of his measurements
using an HP87510A wave analyzer, which
has an automatic mode for crystal measure-
ments. The HP87510A is a vector instrument
and measures both resistive and reactive ele-
ments.

Not having an HP87510A or equivalent
vector instrument (these are generally high
cost items), the question becomes the follow-
ing: Is there an accurate way of measuring
the basic crystal parameters automatically
using just a very stable and precise signal
generator and a non-vector power detector? |
hope to prove to you that there is.

Conventional Techniques

The most common technique used for
measuring crystal parameters uses a circuit
in which the crystal is in series between a
low-impedance signal source and a low-
impedance detector as shown in Figure 2. Itis
common for R to be 12.5 Q but this is really
quite arbitrary. This is the method used by the
HP87510A, where a fixture is added to lower
the source and detector impedance.

As the signal source is swept through the
frequency range of the crystal series and par-
allel resonance, the amplitude response looks
like that shown in Figure 3. The data for this
figure was produced by my new signal gener-
ator and its AD8307 detector, using a fixture
I made to emulate the circuit in Figure 2. (See
Photo A.) To make this fixture and to have it

Plot of Series Response of 55.25 MHz Overtone Crystal
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Figure 3 —The response of a 55.25 MHz overtone crystal as measured in the conventional

series fixture.

Plot of Series Response of 14.76 MHz Microprocessor Overtone Crystal
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Figure 4 —The response of a 14.76 MHz microprocessor clock crystal as measured in the

conventional series fixture.

Plot of Series Response of 3.58 MHz Microprocessor Crystal
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Figure 5 —The response of a 3.58 MHz crystal as measured in the conventional series fixture.
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broadband enough to use with crystals from
the entire range between a few hundred kHz
and up to 100 MHz, | used broadband attenu-
ators and small noninductive surface-mount
resistors. A side effect of this was to reduce
the sensitivity of the logarithmic detector. In
my case, R was 25 Q and the crystal mea-
sured in Figure 3 was a 55.25 MHz overtone
crystal.

The peak occurs at the series resonant
frequency, f, and the valley at the parallel
resonant frequency. The magnitude of the
attenuation at the series peak can be used to
calculate the loss resistance of the crystal, .
There are two common ways of estimating
the value of L,

One of these is to measure the bandwidth
of the peak at the —3 dB points and use this to
calculate the loaded Q (loaded by the source
and detector) and hence the inductive reac-
tance. This gives L., and, by knowing f,, then
Cn. We can measure C, with a capacitance
meter. The second way Is to measure C, and
then use it and the separation between the
series and parallel resonance frequencies
to estimate C,,. Then again knowing f,, L,
can be calculated. As Jack Smith showed,
even with careful measurements, these two
methods or their variants often give slightly
different results. To select crystals for a filter,
however, the important quantities to know
are f; and crystal Q. Of course f, can be mea-
sured with great precision in either of the
two alternatives, and both give a measure of
Qand L.

Before leaving the topic of the conven-
tional method, it is worth discussing some
of the problems associated with it. The mea-
surement of r requires measuring the attenu-
ation at the peak of the series resonance. This
attenuation, as a voltage-ratio, A,, is related
to the value of r and the resistance of the
source and detector, R by:

2R
T (2R+7) [Ea1]

The higher the Q of the crystal, the lower
the value of r and the resultant attenuation
may be very low. Suppose r is, say, 5 Q and
R is 25 Q. Then A, will be just 0.8333 which
corresponds to —0.82 dB. One cannot mea-
sure attenuation with absolute precision and
the lower the value of r, the more inaccurately
it will be measured, in general. For example,
if A, is measured to be —0.82 dB but we know
that it is really somewhere between -0.9
and -0.7 dB, then r would be somewhere
between 4.2 and 5.5 Q; a difference of more
than 20%. If ris large, then it is easier to mea-
sure it accurately, but crystals with large r are
the ones we are least interested in. It is for this
reason that low impedances for the source
and the detector are desirable.

Another problem may occur if the
method of frequency difference between
series and parallel resonance is to be used
to calculate C,,. Figures 4 and 5 show the
response for two other crystals measured in

Ao
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my setup. As you can see, the parallel reso-
nance may be so broad that it is difficult to
measure accurately. This broadness is caused
by the limited dynamic range of the AD8307
detector, which, using my fixture, has a lower
detection level of about —50 dB relative to the
calibration level. This broadness is a problem
for the 14.76 MHz crystal but even more so
for the 3.58 MHz crystal.

In this conventional setup, the measured
Q is the loaded Q due to a total resistance of
(2R +r) and, if R is accurately known, then
L., can be calculated. For this determination,
it is an advantage to have a large R so that
uncertainties in the calculated value of r are
not as important.

The Shunt Method

There is another method of measuring
crystal parameters, and that is to measure the
crystal when it is in shunt (parallel), in a cir-
cuit between a signal source and a detector.
This general configuration was suggested to
me first by Paul Kiciak, N2PK, in an email
he sent me after reading a previous article of

mine describing a Q meter. He asked why |
hadn’t just measured the Q of an inductor
at resonance in shunt. My answer was that
I hadn’t thought of it! | did subsequently
build yet another Q meter, in which I did use
the shunt method and | have to say that it is
a better instrument than my first. Hayward,
Campbell and Larkin, in the section of
their book dealing with crystals also briefly
mention this method.® The circuit used is
shown in Figure 6A. The Thévenin equiva-
lent circuit of this configuration is shown in
Figure 6B.

Here, the crystal is inserted in shunt
between a signal source and a detector. One
would like to have the source and detector
impedance, R, fairly large. | built a fixture
(shown in Photo B) in which there were two
100 Q resistors inserted in series between the
50 Q signal generator and a 50 Q detector,
with the crystal connected to ground at the
junction of the two resistors. For this setup,
then, R"is 75 Q.

The frequency response of this configura-
tion, in the frequency region near f;, is shown
in Figure 7. This used the same 55.25 MHz

Rg =Rp =50 Ohms
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Figure 6 — Part A shows the circuit of the shunt fixture used to measure crystal parameters.
Part B shows the equivalent circuit. R” in the equivalent circuit is equal to R + R, in parallel
with R + Ry in Part A.

55.25 MHz Overtone Crystal in Shunt

) \

|/

\/

-5000 -4500
QX0807-Koehler07

-4000 -3500
Difference in

-3000

-2500 -2000 -1500
Hz from 55.25 MHz

-1000 -500

Figure 7 — The shunt response of the 55.25 MHz overtone crystal in the shunt fixture. The

frequency range is smaller than that of Figure

3 to show the region near series resonance

in greater detail.




overtone crystal used to make Figure 3. The
parallel resonance is essentially undetectable
but the series resonance causes a deep dip.

This configuration has one principal
advantage over the conventional configura-
tion. The smaller that r is, the deeper the dip,
and hence it is easier to calculate accurate
values for small r.

The attenuation at the deepest point, A,,
is given by:

r

4o =G

[Eq2]

For example, as before where r is 5 Q,
and with my setup value of R” of 75 Q, the
attenuation would be —24.1 dB. Even an
uncertainty as large as +1 dB in measure-
ment (for example, if the measured attenua-
tion was between —23 and —25 dB) the values
of r would be between 5.7 and 4.5 Q. In the
conventional setup, to get a similar accuracy
would require an attenuation measurement
precision of just a few tenths of a dB which
might be difficult to achieve!

The bandwidth is not determined at 3 dB
above the dip but, rather, at a different attenu-
ation, A, given by:

A = Ay ’(1%«102) [Eq 3]

To use this method to calculate crystal
parameters, the response is first analyzed
to determine the maximum attenuation,
A, This allows one to calculate r. One then
calculates A; and measures the frequency
difference between the two frequencies that
have this attenuation; let this be Af. Then the
crystal Q (the “unloaded” Q of the crystal
alone) is given by:

_ I
Q_f

" [Eq4]

L., can be calculated from the known
value of Q and, thus, also C,. If you also
need the value of the parallel capacitance,
you can measure it with a capacitance-meter
in the usual way. In practice, when measuring
a large number of crystals in order to select
some for a filter, you normally determine the
parallel capacitance of one as accurately as
possible and then assume all the rest in the
batch have the same capacitance.

It goes without saying that in both the
conventional series and the shunt method,
the responses shown are normalized. That is,
the responses are relative to a calibration. In
the series mode, the calibration is done with
the crystal replaced by a short circuit; in the
shunt method, the calibration is the response
with no crystal in the circuit (open circuit).

Automating the Measurement

After considering the alternatives, |
decided that | would routinely use the shunt
method to measure crystal parameters. It
would be tedious in the extreme to measure

the response for each crystal, however, and
then use a hand calculator to finally get C,,,
L., and r. So, what algorithm should we use
to do these calculations inside the machine?
For example, how do we actually measure
the resonant frequency, f,? Do we just take
that to be the frequency at which the lowest
measured value (the greatest attenuation)
occurred? Figure 8 shows the detailed mea-
surements near the dip for the 55.25 MHz
overtone crystal. These values of attenuation
were measured at frequencies separated by
about 30 Hz. As you can see, the value near
+100 Hz from the center of the plot had the
minimum value but it is off to the side of the
axis of symmetry of the plotted points. The
frequencies are precise but the measured
amplitude has uncertainties, so, choosing
just the lowest point is not a good way to
best estimate the value of the series resonant
frequency.

I plotted both the responses of many
crystals in both the conventional and shunt
modes and | noticed an interesting thing.
If, instead of plotting the response, | plotted
the difference between successive points of
the response (in dB versus frequency) in the
region near the resonance, the plot was close
to a straight line. Mathematically, the fact that
the differential of the response was a straight
line or close to it suggests that the region
of the response near resonance was a good
approximation to a parabola. The solid line
shown in Figure 8 is the best-fit of a parabola
to the points in the graph. Because this parab-
ola uses not just a single data point but all the
points, the lowest point of the parabola will
be a better estimate of the resonant frequency
than using just a single piece of data.

The equation of a parabola is given by:

[Eq 3]

where X is the independent variable (fre-
quency), and y is the dependent variable

y = a+ bx + cx?

(measured attenuation). Using normal least-
square-best-fit for a polynomial algorithm,
the best values for a, b and ¢ may be readily
calculated from a set of data points. Looking
at Figure 8, we can find a=-7.74,b = 1 x
1030 and ¢ =5.63 x 10°%.

The values for a, b and ¢ are not very use-
ful in themselves, however. To determine the
resonant frequency, for example, we want to
know the value of x which gives the lowest
value y. If we rewrite the previous equation
as:

_ 2
y:(xxo) +ﬁ

a

[Eq 6]

Then X, is the value of x at the minimum
and B is the attenuation at that point. That is,
%o is f;and B is A,. These quantities may be
related to the values of a, b and ¢ determined
from our least-square-best-fit by the follow-
ing two relations:

-b
fs=5 [Eq 7]
And
bZ
AO =qa— w [Eq 8]

For the graph of Figure 8, then, A, =
—7.74 dB and f; = 0 Hz, which means series
resonance occurred at 55.24755 MHz for that
crystal. Having determined A, and f; in this
way, we can immediately use Equation 2 to
determine r. We can also calculate A; from
Equation 3.

In Figure 8, by inspection, we see that A,
is about —7.74 dB corresponding to a ratio of
0.410 and, from Equation 3, A, is then 0.537
or =5.40 dB. The maximum attenuation of
0.41 in my fixture means that r for this crys-
tal is 52 Q. We could, of course, use the same
technique for fitting a parabola to the peak
of the response curve for the conventional

Central Portion of Overtone 55.25 MHz Crystal
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series method of method of measurement
to obtain a value for r. | have done this and
the values of r for this particular crystal were
very comparable. It worked well because r
for this crystal was quite large, so the series
method gives a reasonably accurate result.
The series method would not be as good if r
were smaller.

Having calculated A;, we must then deter-
mine the bandwidth between points at this
level. Looking at Figure 7, we see that the
attenuation is varying rapidly with frequency
in the vicinity of a level of -5.4 dB, so we
would not be far out if we just simply found
the upper and lower frequencies by simple
interpolation between levels either side of
-5.4 dB. However, having already written a
routine to find the least-squares best-fit to a
parabola, it makes sense to use it to improve
the estimation of the frequencies of these
levels.

If we select a dozen or so points on either
side of the —5.4 dB value, we can again solve
for a, b and c, which will be valid for that
vicinity. This would result in an equation
that gives us a value for the attenuation for
any particular frequency. If we wished to
find a frequency for which the attenuation
is -5.4 dB, we would end up with having
to solve another quadratic equation, which
would give us two values, only one of which
was appropriate. It would be better if we
ended up with an equation that gives us fre-
quency for any given attenuation because
then we could simply substitute the desired
attenuation and solve for frequency.

We may do this if we think of the attenu-
ation as the independent variable and fre-
quency as the dependent variable; that is,
using frequency for y and attenuation for x.
Then, we solve for a, b and ¢ using our best-
fit routine and then just substitute the desired
attenuation for x, in this case -5.4 dB, and
get the frequency directly. Figures 9 and 10
show plots of the points for the lower and
upper frequency regions where the attenua-
tion is —5.4 dB and the lines show the best
fits. The bandwidth between the -5.4 dB
points is then 1552 Hz, giving us an unloaded
Q for the crystal of 55247550 / 1552, which
is about 35500.

The Algorithm

The algorithm for determining the crystal
parameters is very simple. With the crystal
in the fixture, a relatively wide scan is done
and the approximate location of the peak is
found by simply looking for the minimum
value. Next, a scan is made around this fre-
quency with a much smaller frequency range
to give good frequency resolution. Then,
taking just the data points near the minimum
up to an amplitude of about 0.5 to 0.7 dB
greater than the observed minimum, the
least-square best-fit solution to the parabola
is calculated. From the coefficients in the
solution, the maximum attenuation and the
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resonant frequency can be calculated. From
the maximum attenuation, A,, the value of A,
can be calculated. Then, taking just the data
points for frequencies less than the resonant
frequency, data points with an attenuation
of A, plus or minus 1 dB, are selected and
another least-square best-fit to a parabola is
calculated using frequency as the y-values
and attenuation as the x-values. Finally, we
can solve for the lower bandwidth frequency.
A similar process is then done for the upper
bandwidth frequency.

Compared to the usual 8-bit micropro-
cessors | have been using in my previous
projects, the ARM7 used in this one (an NXP
LPC2148) is blindingly fast! Without any
optimization, the whole process just takes one
or two seconds. The code was written in C
and | used the GCC C compiler. All the math-
ematical calculations are done in double pre-

cision, not because the accuracy is required,
but because all the transcendental functions
in ANSI standard C are done in double preci-
sion by default.

If the detector response in the conven-
tional series mode were not as limited as
mine was (that is, if the dynamic range of the
detector was wide enough to clearly define
the parallel resonance), another algorithm
might be used to determine crystal param-
eters. There are only four variables needed
to characterize any crystal, so one might
write equations that completely describe the
amplitude response of the crystal in terms of
the four variables; C, Ly, r and C,. Using
this equation and the derivatives of it with
respect to the variables, it is possible to find
the best fit over the entire response curve for
the variables using the Levenberg-Marquart
method or one of its variants.” The LM
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method requires a first estimate of the value
of the variables but these could easily be
found using the techniques | have described
here previously. It is worth commenting that
it is important to make good initial estimates
or the LM algorithm may not necessarily
converge. The values obtained by the meth-
ods described here are likely to be good
enough, however. Modern microprocessors
such at the LPC2148 are sufficiently fast that
even such complex calculations can be done
very quickly.

Sources of Error and Limitations

For my signal generator, the principal
limitation in a conventional series mode is
due to the abbreviated dynamic range of the
detector. This was caused by my choice to
use attenuation to give a precise 25 Q input
and output resistance and could easily have
been remedied by a post amplifier. I didn’t
want the additional complication and opted
to use the shunt method instead because it
worked well with just the simple circuit.

The principal source of error will be in
the accuracy of the detector, since the fre-
quency stability, frequency resolution and
amplitude stability of the signal generator
are of much higher precision. The AD8307
data sheet shows a graph of dc output versus
RF input level. The graph is linear in dB but
there are “ripples” in the response. From the
very small graph in the AD8307 data sheet, it
is difficult to estimate the magnitude of these
ripples but it seems reasonable to say that the
deviations from a straight line are at least 0.1
to 0.2 dB.

The slope of the line gives the relation-
ship between input RF amplitude (in dB)
versus output dc level. The A/D converter in
the LPC2148 has a resolution of 10 bits. The
maximum range of around 100 dB (from —-80
to +20 dB) corresponds, roughly, to the 0 to
3.3 V range of the LPC2148, so that one bit
is roughly 0.1 dB. I calibrated the detector by
putting fixed attenuators in front of the detec-
tor with a steady 10 MHz signal source. The
method was to insert five separate attenua-
tors over about a 50 dB range, measure the
value of the output A/D conversion for each
of these attenuations and to then solve for the
least-square best fit to a straight line. Then,
using the values for the coefficients for this
line, any subsequent A/D conversion can be
quickly and simply converted to a level in
dB. This is a much more satisfactory way to
convert A/D measurements to a decibel value
than interpolating.

For the AD8307, the data sheets show
that the straight line output versus logarith-
mic input has a slope that is constant over a
large frequency range even though the actual

Photo A — A magnified view of the circuit
implemented on a piece of double-sided
circuit board material. The coaxial lines on
either side go to a MiniCircuits 4 dB surface-
mount attenuator and are shunted by two
100 Q resistors on either side of the crystal.
The net 50 Q shunt along with the 50 Q
output resistance of the attenuators gives a
source and detector resistance of 25 Q.

Photo B — The shunt fixture consists of
two 100 Q, 1% metal film resistors in series
with the coaxial input and output lines. The

crystal is mounted between the junction

of the two resistances and the ground.

The fixture was made from double-sided

pc-board.

values may change with frequency. Since
the response of the shunt fixture (at any fre-
quency) is normalized, this means that the
frequency sensitivity of the detector should
not contribute to the errors.

There is the additional problem that
the output of NimbleSig, as with any DDS
source, contains spurious outputs at frequen-
cies other than the fundamental. Since the
ADB8307 detector is very broadband, these
spurs will add to the background and so raise
the detected output level by a small amount
dependent on the particular output frequency.
In NimbleSig, there is a very sharp cut-off
low-pass filter to reduce the outputs caused
by aliasing and it is reasonable to assume that
the total remaining spurious power is roughly
— very roughly — constant, independent of
the frequency to which the DDS is set. | do
not think these spurs contribute significantly
to the errors.

Many conventional signal generators
have relatively high level harmonics of the
fundamental in their output; sometimes just
down 30 or so dB from the fundamental.

Such harmonics would be detected by the
ADB8307 and would contribute to the back-
ground and thus reduce the dynamic range.
This is not a problem with NimbleSig.

In summary, | feel that the measurements
are probably accurate to about 0.5 dB over
the entire range of the detector. Over smaller
ranges, the probable error is likely to be about
0.2dB.
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From Spark Generators to
Modern VHF/UHF/SHF
\oltage Controlled Oscillators

Here is a brief overview of RF oscillators — from Heinrich Hertz's
original apparatus to modern voltage controlled oscillators.

As we teach advances in the field of
microwave oscillators, it may be fun to step
back and look at the origin of oscillators. The
very first one, invented by Heinrich Hertz
in 1886, was generating RF energy based
on a spark across a gap, and used a resonant
dipole as a frequency determining element.

The original test circuit shown in Fig-
ure 1 is preserved at the Deutsche Museum
in Munich, Germany. Figure 2 shows the
current and voltage distribution along the
dipole.>?

The iron balls at the end of the 2 wires,
as shown in Figure 2, reduce the resonant
frequency significantly. Today we call this
capacitive loading, and this also makes the
dipole bandwidth much narrower. Since the
gap between the two poles produces a high
impedance, the transmissions result in a
highly damped waveform. A better way to
show this and duplicate the result is by using
a four-gap spark “transmitter” based on the
1914 work of Leimbach, as shown in Figure
3. Probably the most efficient of these “arc-
ing” transmitters was the one built by Ludena
in 1929, as shown in Figure 4.

These spark “oscillators” were driven by
a modulated voltage, resulting in a hum-like
sound at the receiving station.

Progress was made in the following
years by the invention of an electron tube in
about 1932 that was suitable for microwave
applications. While the tube was one of the
requirements of the oscillator, the resonant
circuit was another important part of the cir-
cuit. In 1935, so called acorn tubes (miniature
triode tubes) were developed, and probably
the very first “crystal” triode transmitter was
configured. This is shown in Figure 5.

!Notes appear on page 45.
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Figure 1 — Original dipole made by Heinrich Hertz in 1887 using balls at the end to form a
capacitive load (Deutsches Museum, Munich) See Note 1.

Rather than getting the energy from a
spark, the next generation of oscillators con-
sisted of an amplifier with feedback, where
a small amount of energy is used to start the
oscillation, and then maintain the oscillation.
Today, this is explained in terms of a nega-
tive resistance, which compensates for the
losses, and can be expressed by concentrat-

r
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Figure 2 — A typical current (strom) and
voltage (spannung) distribution along the
length of the Hertz dipole. See Note 1.

ing them in the form of a loading resistor in
parallel with the resonator (tuned circuit). By
applying the right amount of feedback, the
input (and/or output) of the amplifier shows
a negative parallel impedance (or a trans-
formed negative series impedance). Equation
1 is a simplified equation using the familiar
Y-parameters, but can also be expressed in
other forms, such as S-parameters. | prefer
the Y parameters since they give more insight
into the circuit than other forms.

oYy XY,

Y <0
Y,, +Y,

Y,, is the forward transconductance,

Y1, is the reverse tranconductance (inter-
nal and external feedback)

Y., is the output conductance, and

Yy, is the input conductance of the active
device (tube or transistor).

Y, is the output with load.

In the beginning, the capacitively loaded
dipole determined the resonant frequency, and
soon after discovering the piezoelectric effect,
turmaline crystals, of all things, were used to
stabilize the oscillator frequency. This is shown
in Figure 5. This is a photograph of probably
the first stable “ crystal controlled,” slightly
tunable 455 MHz oscillator. (See Note 1.)



In the search for stable but tunable resonators, the prin-
ciple of a quarter wave line was applied. By mechanically tun-
ing the inner portion of a coaxial resonator, a high Q (Figure
of merit, ratio of stored energy versus dissipated energy) oscil-
lator with the novel mechanical arrangements shown in Fig-
ure 6 were invented. (See Note 2.) In the case shown in Part A, a
screw allows fine tuning while in Part B the end can be mechanically
set over a wide range. An actual circuit diagram is given in Figure 7,
which shows how the tube is connected. (See Note 2.)

This system for obtaining very good resonators was applied to test
equipment, where tuning the mechanical resonator set the oscillator
frequency. This oscillator was used in the early Tektronix spectrum

Il

Figure 3 —Thick dipole formed by two conical resonators with
spark gap (1914). See Note 1.

Figure 4 — Dipole oscillator with parabolic mirror (1929). (See Note 1.)
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Figure 5 — 455 MHz crystal triode transmitter. (See Note 1.) The leads
come out the sides of this “lighthouse” tube. Notice the three RF
chokes on the left.
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Figure 6 — Coaxial resonator oscillators. (See Note 2.) Invar refers to
a type of steel used for the center conductor.

Figure 7 — Actual early tube oscillator circuit using a coaxial
resonator. (See Note 2.) Topfkreis means coaxial resonator,
Ruckkappl-Kondensator refers to the tuning capacitor, Ausgang refers
to output capacitors and Abschirmung is a shielding box.

Figure 8 — Mechanically tuned 4GHz transistor oscillator.® The
tuning shift is on the right side.
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Figure 9 — High Q helical resonator oscillator (Rohde & Schwarz,
SMDU).*Notice the transistor hanging off the right side of the
resonator.

Figure10 — Mechanically tuned 200 to 400 MHz Oscillator (Hewlett
Packard HP8640).
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Figure 11 — Measured phase noise of a modern coupled mode resonator (line) based wideband VCO (900-2100 MHz)
(Synergy Microwave Corp, USA).
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analyzers, where the actual frequency was
modulated as part of a phase locked loop
control system, which stabilized the fre-
quency against a standard. The photograph of
Figure 8 shows the mechanically tuned reso-
nator and the oscillator circuit. (See Note 2.)

A variation of this is the helical resonator,
which has a high Q, low radiation and needs
to be tuned electrically by some mechanical
device — in this case an air variable capacitor.
This was done in the vintage 1970 Rohde &
Schwarz SMDU signal generator (Figure 9).
Hewlett Packard — now Agilent — designed
their HP 8640 signal generator around the
tunable cavity, 200 to 400 MHz, and divid-
ing the output frequency down for lower fre-
quency in segments of 2:1. These were built
when the spectral purity of a (wide) tunable
oscillator became interesting. This parameter
is called phase noise, expressed in dB below
the carrier in different offsets referenced to
1 Hz bandwidth.

Today, with synthesized signal genera-
tors, these mechanical systems are replaced
by voltage controlled oscillators (VCOs),
using tuning diodes or varactors. These are
reverse biased Si or GaAs diodes, which
become voltage dependent semiconductor
capacitors with a variation of up to 10 times
change of the capacitance. These oscillators
are built around printed circuits, which have
a Q of about 50 for the resonators. By apply-
ing modern 3D field theory of coupled lines
and resonators, these modern marbles now

realize a Q of up to 250, and compete well
with the previous mechanical designs. They
meet the stringent requirements of a mod-
ern wide tunable system with good phase
noise. Figure 11 shows the measured phase
noise of a modern coupled mode resonator
(line) based wide band VCO and Figure 12
shows the phase noise of a 1960 vintage tube
mechanically tuned oscillator (R&S). The
layout of the modern printed resonator using

this patented design is shown in Figure 13.%
6,7,8,9,10

For more details on these oscillators see
the references and www.synergymwave.
com.
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Figurel3 —Typical layout of the wideband VCO using modern printed coupled resonator (Synergy

Microwave Corp, USA).

A picture is worth a thousand words...
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Tech Notes

The Goofy-Foot Yagi

Every time | have a brilliant idea, it seems
someone has thought of it before. This is the
bad news. The good news is that many of
these previously discovered, not-my-own
bright ideas have been long forgotten by
most people who would otherwise care. |
can shamelessly present them as new
ideas because anyone who was around
when they really were new ideas is probably
retired, senile, or dead.

The real joy in dredging up old truths
comes in the form of demolishing modern
assumptions; of which Amateur Radio is
replete. Assumptions like, “A director is
always shorter than the driven element of a
Yagi antenna,” to name just one.

Einstein once said, “Everything should be
made as simple as possible ... but not one
bit simpler”

There is a disturbing little graph that
bears out Einstein’s assertion. It appears as
Figure 22.64 in the 2008 edition of The
ARRL Handbook, and has appeared in
every previous edition since at least as far
back as the mid 1940s.! (See Figure 1.)
That graph haunts me. It's an annoying little
thing that just refuses to go away. It is a con-
tinual reminder that the universe is not as
simple as it seems, no matter how much
we'd like it to be. It's like the number pi. It's
so commonplace that it should be
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Figure 1 — Gain versus element spacing for
a two element Yagi, having one driven and
one parasitic element. The reference point,
0 dB, is the field strength from a 2 A dipole

alone.The greatest gain is in the direction A at
spacings of less than 0.14 A, and in direction
B at greater spacings. The front-to-rear ratio is
the difference in decibels between curves A
and B. Variation in radiation resistance of the
driven element is also shown. These curves

are for the special case of a self-resonant
parasitic element, but are representative

of how a two element Yagi works. At most
spacings, the gain as a reflector can be

increased by slight lengthening of the

parasitic element; the gain as a director

can be increased by shortening. This also

improves the front-to-rear ratio.

tage over lesser monstrosities, especially
up here. Living in interior Alaska, in the
Bermuda Triangle of radio propagation, for-
ward gain is the only thing that matters.
QRM just doesn't exist. We actually look
forward to anything that might resemble
QRM, because it means at least we have
some propagation. Also, most low-band
propagation is one-way into interior Alaska
— nobody hears us, even when we hear
them. Although a reflector might yield a bit
more front-to-back ratio, it isn't very useful to
me.

So, what this means is, for my purposes,
atleast, | should be able to quickly reach the
point of diminishing returns with just two ele-
ments. Happy, happy, joy, joy!

Fortunately for me, | was able to confirm
my suspicions on someone else’s dime a
few years ago. | was working at Hipas
Observatory, and we were building a
Doppler ionospheric sounder for one par-
ticular experiment at 4.53 MHz. We needed
a good vertical incident antenna, and we
needed it pretty fast. | had already known
about that annoying chart, but never really
had a reason to prove it or disprove it. We
had a pair of towers that were just on the
verge of being tall enough to build such a
short-spaced vertical incident Yagi, using

equal-length radiators in the director

normal — but it's not. We call it an
irrational number, even though it rep-
resents the most rational identity
we're ever likely to encounter!

Now the graph in question shows
us that a self-resonant parasitic ele-
ment can act as either a director or a
reflector, depending on its spacing
from the driven element. The interest-
ing point is that it works much better
as a director, at least as far as maxi-

Tot-0ain 1dBi] oz

Yemical plane

mode. | was also aware of the
extremely low radiation resistance of
this antenna, but we already had a
partial solution in place; a couple of 6
inch diameter cage dipoles we had
used for a previous experiment. We
installed the two cage dipoles with
the director on top, and the driven
element probably a lot lower than it
should have been. (Fortunately, our
ground conductivity in interior Alaska

mum forward gain is concerned. It
seems we can get just a gnat's eye-
brow below 7 dB of gain with such an
arrangement — not too shabby at all.

The reason | care is because I've
been investigating the feasibility of a
40 meter Yagi at my QTH. Now, all
40-meter Yagis are monstrosities, but
some are more monstrous monstros-
ities than others. A 40-meter Yagi with
a reflector is one of the more mon-
strous monstrosities, with little advan-
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is so bad; it's almost the same as
free space. You can lay an 80 meter
dipole on the ground and it works
just fine).

At any rate, the antenna worked
admirably, and our preliminary com-
parisons with one of our main
“heater” dipoles showed that we
were indeed getting close to 7 dB of
gain. We might have had a certain
amount of ground reflection contrib-
uting in our favor, but in any case, it

Figure 2 —This radiation pattern shows the NEC

!Notes appear on page 49.

prediction for the Goofy Foot Yagi.

worked so well, | believe that antenna
is still standing. | have great confi-
dence that a similar arrangement will
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Feeding the Thing

If you're even a moderately experienced antenna person, you might
suspect this thing has a really low value of feed point impedance, and you'd
be right, as the output file of the NEC program indicates: 3 Q resistance with
some spare change and about 62 Q capacitive reactance. Because the radi-
ation resistance is so low, you definitely want to eliminate, as far as humanly

Theta: 1 Aoz 20 Rt

CWCAT-Micholsdz

Phi : 360

Figure 3 — A three-dimensional representation of the

Goofy Foot Yagi antenna radiation pattern.

work just fine on 40 meters for me.

Only one thing remains.— to truly opti-
mize those two elements for forward gain.
It's probably a lot easier to do nowadays
than when that mysterious, anonymous,
truth-telling graph-maker of yore created
that annoying chart.

Now, a little further investigation dredges
up another obscure fact. Referring to the
16" Edition of The ARRL Antenna Book in
Chapter 11, “Yagi Arrays,” we find another
buried gem.? On page 11-3, under the
MAXIUMUM GAIN subheading, we find
these words.

“... At spacings greater than 0.25 A, the
parasitic element must be shorter than a
self-resonant length to operate as a reflec-
tor. The closer the spacing, the greater the
detuning required...”

A few sentences later, we find more rev-
elation.

“At spacings greater than 0.25 A, the
parasitic element must be shorter than a
self-resonant length to operate as a reflec-
tor. ... Atless than 0.06 A spacing, the direc-
tor must be tuned below resonance (longer
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conveniently.

possible, incidental losses. You probably don’t have too much control over
this, but don’t make it any worse than you have to. | strongly recommend

you read W8JI's excellent work on antenna efficiency. There is no magical
way of feeding this thing that will reduce IR losses below what they are. As
the modern vernacular goes, “It is what it is.” You might consider “fattening”
your conductors by using a cage-dipole arrangement for the elements, but
you don’t want to go too far in this direction, or your antenna will no longer be
compact, which is one of the main points of this design.

As with any close-spaced antenna, this is a narrow bandwidth beastie;
probably a lot touchier as far as dimensions go than any other antennas
you've worked with. Don't be daunted! This is an experimental design, not
the end all, be all! Be prepared to do some twiddling and pruning.

Now, with all that said, you're going to need about a 16:1 balun at the
feed point of this antenna, if you're using standard 50 Q coax. You can put
a couple of 4:1 transmission line baluns back to back to do this, or you can
custom wind a conventional transformer. | recommend the latter for a couple
of reasons. The main reason is that you still need to add some inductance
in order to cancel out the capacitive reactance of the antenna. Why not kill
two birds with one stone? Use a conservatively oversized powdered iron
toroid — not a ferrite — and wind a conventional transformer. Use the extra
leakage inductance to resonate your antenna. Since this is a narrow-band
antenna anyway, there is no point in trying to build a broadband balun. You
can actually get more efficiency out of a high-Q tuned one (the antenna itself
supplying the necessary capacitive reactance). You can either use a single
winding “autotransformer” configuration, or use two separate windings. The
former is a bit more efficient, but a little trickier to tune. With two coils, you
can independently “fiiddle” with the reactance and the turns ratio a little more

Again, this is an area for a bit of experimentation, but don't try to reinvent
the wheel. There’s lots of old literature on conventional-wound RF transform-
ers, which are more than adequate for this application.

than a self-resonant length) to obtain the
maximum gain...”

What heresy is this? Did | read that in the
venerable ARRL Antenna Book? A director
longer than a driven element? A reflector
shorter than a driven element? Arrgh! My
brain is about to explode!

Over the years, I've developed a great
deal of confidence in NEC-2 antenna mod-
eling software. | know what it can’t do, but |
also know what it can do. This comes from
playing with a lot of antennas before | even
knew what a computer was. Years ago, one
of my mentors told me, “You'd better know
what the answer is before you give it to a
computer.” This was very good advice.
Antenna modeling programs work best for
those who already know what the right
answer is — then the computer can give
you a “more righter answer.” And a lot more
quickly, I might add.

The bottom line is that careful NEC mod-
eling confirms the heresy encountered in
those hidden paragraphs.

A few years ago, my teenage son and his
friends, to their collective astonishment,
learned | could skateboard. They also

informed me that | was a “goofy-foot,” a fact
of which | had been previously unaware. A
goofy-foot places his “passive foot” at the
rear of the skateboard and pushes with his
other one to get moving, then places his
pusher foot in front. This always seemed
perfectly natural to me, but my son’s friends
informed me it was a highly-prized skill in
skateboard-dom, for reasons I've yet to
fathom.

And so, in this far-stretched analogy, we
learn that this “goofy-footed,” backward-fir-
ing Yagi should be a pretty good performer
for a lesser-grade monstrosity.

Now, here’s a bit of a surprise. Once |
have the Goofy-Foot optimized, the addition
of either a reflector or an additional director
totally destroys the thing! I've yet to find any
combination thereof that actually improves
either the gain or the front-to-back ratio. It's
almost as if it's in a class of its own, and
doesn’t want to let anyone else in.

This is not really a problem; all it means is
that once you've decided to go for this thing,
you're committed to only two elements. So,
as they said in the Old West, “choose your
ruts well”



I'm fairly sure that nameless, faceless,
annoying graph maker is laughing in his
grave, saying, ‘I knew all that.” Fortunately,
he’s not around to make me feel so dumb in
public.

As soon as the snow clears and | can find
my back yard, I'll be able to build my mini-
monstrosity and see if everything I've mod-
eled is really true. | have no reason to
question it. The jury is still out, but I'm
expecting great things from this antenna
experiment. | plan to make a full report by

next winter. Stay tuned.

Eric P. Nichols, KL7AJ has been licensed
since 1972, and has held the call sign
KL7AJ since 1977. He has written numer-
ous articles for QST, QEX, and other
Amateur Radio publications since 1983. He
is also the author of the novel, Plasma
Dreams, and is currently marketing the pre-
quel to that book, Steel Stonehenge. He
has worked many years in broadcast engi-
neering and ionospheric research/auroral
modification.
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Telephone toll-free in the US 888-277-5289,
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wwwe.arrl.org/shop; pubsales@arrl.org.

2Gerald (Jerry) Hall, K1TD, Editor, The ARRL
Antenna Book, 16" Edition, ARRL, 1991, pp

11-3, 11-4.
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Chicago—"Your Kind of Town”
for the 2008 ARRL/TAPR Digital
Communications Conference

September 26-28

Chicago plays host to the largest gathering
of Amateur Radio digital enthusiasts in the
country. Make your reservations now for
three days of education and camaraderie,
including a Sunday seminar on Software

Defined Radio by Phil Harman, VK6APH.

See the Digital Communications Conference site on the \Web at wmawv.tapr.org/dcc/
or call TAPR at 972-671-8277 to make your reservations today.
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L.B. Cebik, W4RNL, SK

Antenna Options

In Memoriam—L. B . Cebik, W4RNL

L. B. Cebik, WARNL, ARRL Techni-
cal Adviser and antenna authority,
passed away in late April 2008, of
natural causes. He was 68. An ARRL
Life Member, Cebik was known to
many hams for the numerous articles
he wrote on antennas and antenna
modeling. He had articles published in
most of the US ham journals, including
QST, QEX, NCJ, CQ, Communications
Quarterly, Ham Radio, 73, QRP
Quarterly, Radio-Electronics and
QRPp. L. B. was probably the most
widely published and often read author
of Amateur Radio antenna articles ever
to write on the subject.

Cebik lived in Knoxville, Tennessee
and wrote more than a dozen books
on antennas for both the beginner and
the advanced student. Among his
books are a basic tutorial in the use of
NEC antenna modeling software and
compilations of his many shorter
pieces. A teacher for more than 30
years, Cebik was retired, but served as
Professor Emeritus of philosophy at
the University of Tennessee, Knoxville.
Cebik served his country in the US Air
Force from 1957-1961, specializing in
air traffic control.

Former ARRL Senior Assistant
Technical Editor Dean Straw, N6BV,
and editor of The ARRL Antenna
Book, said, “LB will be greatly missed
by the thousands of hams he’s helped
through his incredibly prolific — and
invariably proficient — writing about
antennas. LB helped me personally in
numerous ways while | worked on
antenna matters at the League, always
communicating with a gentle, scholarly
attitude and a real eye for detail. I'm in
shock at the news of LB’s passing. May
his soul rest in peace.”

Licensed since 1954, Cebik served
as Technical Editor for antenneX
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Magazine (www.antennex.com).
Cebik also maintained a Web site —
www.cebik.com — a virtual treasure
trove to anyone interested in antennas.
Besides a few notes on the history of
radio work and other bits that Cebik
called “semi-technical oddities,” the
collection contains information of
interest to radio amateurs and profes-
sionals interested in antennas,
antenna modeling and related sub-
jects, such as antenna tuners and
impedance matching. Cebik said that
his notes were “geared to helping other
radio amateurs and antenna enthusi-
asts discover what | have managed to
uncover over the years — and then to
go well beyond.” Cebik's Web site had
been hosted by antenneX publisher
Jack Stone, and he has taken steps to
ensure that the content remains
available to everyone. Simply go to
www.cebik.com and create a log-on
password.

That Web site also contains informa-
tion on antenna modeling. His book,
Basic Antenna Modeling: A Hands-On
Tutorial for Nittany-Scientific's NEC-
Win Plus NEC-2 antenna modeling
software, contains models in .NEC
format for over 150 exercises. For
more advanced modelers using either
NEC-2 or NEC-4, Cebik wrote an
additional volume, Intermediate
Antenna Modeling: A Hands-On
Tutorial, based on Nittany-Scientific's
NEC-Win Pro and GNEC. The volume
includes hundreds of antenna models
used in the text to demonstrate
virtually the complete command set
(along with similarities and differences)
used by both cores.

I learned that | could count on L. B.
to offer clear, concise comments on
any submitted article dealing with
antennas. He was always a friendly

voice on the other end of my phone
line when | needed to talk to an
expert, and | came to expect a quick
e-mailed response to any antenna
guestions that | sent him. L. B. was so
much more than an antenna author,
though. He was one of the first ARRL
Educational Advisors | ever had the
pleasure of working with when |
became editor of the ARRL study
materials. He played a key role in help-
ing develop the concept of online
courses when ARRL began to study
the idea of the Continuing Education
Program; his Antenna Modeling
course has been one of the most
popular offerings in the program. L. B.
leaves a legacy of friendly advice and
Amateur Radio wisdom. | will miss him
as a friend and as an advisor. (Much
of this information was taken from an
ARRL Web story posted April 25,
2008 by S. Khrystyne Keane, K1SFA,
ARRL News Editor.)

In this issue we publish “A019,” the
19" column by W4ARNL. The column
appeared in nearly every issue since
the July/August 2004 issue, with an
issue skipped only occasionally for
space or other consideration, but
never because L. B. didn’t have a
column ready to be published. That's
an awesome track record! In e-malil
correspondence | had with L. B.
shortly before his passing, he told me
that he had written eleven more
Antenna Options columns for QEX. He
always sent the next column as soon
as one issue had gone to the printer.
At this point | have not been success-
ful in obtaining the files for the extra
columns he had written. If we are able
to retrieve those files, the Antenna
Options column will continue. Other-
wise, this may be L. B.'s last column.
— Larry Wolfgang, WR1B



One Wavelength Loops

Antennas based on the 1-A loop pres-
ent us with some interesting shape op-
tions, ranging from a triangle with 60°
corner angles to a circle, which is really a
continuous curve. The lore of antennas
employing 1-A loops instead of linear ele-
ments, however, is fraught with claims
that do not quite logically align. For ex-
ample, | have read that a resonant circu-
lar loop has more bidirectional gain than
the resonant square loop that we might
find commonly used in the HF region.
Presumably, gain increases as we gradu-
ally decrease the corner angles, since we
may view a circular loop as a polygon
with an indefinitely large number of sides.
Unfortunately, this interpretation does not
quite square away with claims that an
equilateral delta (triangular) loop has just
as much bidirectional gain as a square
loop. Of course, the delta’s angles are
much more acute than the angles of a
square loop.

| have two goals for this set of Antenna
Options notes. One aim is to discover
whether we might settle the logic of loop
gain versus loop shape. To that end we
shall look at a number of delta, square,
and circular loops, along with some refer-
ence antennas. We shall eventually pose
two questions. First, do we find any nu-
merically significant gain differences?
The answer to this question is not only

important to comparative modeling, but
may also shed light on what we may ex-
pect from two-element driver-reflector
beams using various loop shapes. Sec-
ond, do any gain differences that we find
make enough operational difference to
dictate loop-beam construction?

My second goal emerged in the course
of exploring the elements of the first one.
Antenna modeling is the most straightfor-
ward way of settling the first question, but
the technique turns out to have a number
of challenges. Since many readers also
model antennas for either design or anal-
ysis, examining the challenges and ways
to overcome them may prove instructive.

The One A Loop and Its Models

To determine whether there is a signifi-
cant difference in the bidirectional gain of
1 A loops, we might model various loop
shapes. Since 1 meter equals 1 A at
299.7925 MHz, that frequency is a conve-
nient test frequency. The wire diameter is
arbitrary, so long as we use the same diam-
eter for all models. Let’s use 2-mm diameter
lossless (or perfect) wire for our exercise.
Free-space is a completely adequate mod-
eling environment for our comparisons. We
shall bring each model to resonance within
*j1 Qin order to compare both dimensions
and operating characteristics.

The only step left is to select the loop
shapes that can give us a good sense of
what occurs as we alter the polygon’s
structure. For reference, we need a linear
dipole. At the far end of the scale, we
need a circle. NEC and MININEC models
create close structures from straight lines.
If we use enough short straight lines,
however, we can simulate a shape that is
electrically indistinguishable from a circle.
For this task, 45 segments are sufficient.
This level of segmentation also coincides
with the level of segmentation for our tri-
angles and squares.

We shall use two forms of the square:
the ordinary form with “level” sides and
the diamond with vertical and horizontal
points. In free space, of course, the 45°
tilt between the two forms is immaterial,
except for one feature. We normally feed
the level square at the mid-point of one
side. The diamond, we feed at a point.
Figure 1 shows the collection of shapes
that we shall review, including the two
deltas, one with mid-side feed, the other
with point feed.*

The figure also shows one additional
shape: a diamond loop with two feed
points. A 1-A loop is actually two dipoles
with their tips connected. The two dipoles
are in phase with each other and sepa-
rated by an average distance of about

MEC-4 (EZMEC Profd)
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Figure 1 — Outlines of one-element loop models sampled via NEC-4 (EZNEC Pro/4).
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Table 1
Single (1-A) Resonant Loop Elements

NEC-4 Models (EZNEC Pro/4): Free-Space Environment, 0.002 m Zero-Loss Wire, 299.7925 MHz

Antenna Circumference (A) Gain (dBi) AGT Cor. Gain (dBi)
Reference dipole 0.4746 2.13 1.000 2.13
Square, mid-side fed 1.0944 3.40 1.004 3.38
Diamond, point fed 1.0963 3.23 0.962  3.40
Triangle (delta), point fed 1.1160 2.76 0.936 3.05
Triangle (delta), mid-side fed 1.1070 3.06 1.004 3.04
Circle (45 segments) 1.0631 3.67 0.999 3.67
Diamond, phase-fed 1.0940 3.24 0.962 341

Notes
Dipole “circumference” = dipole length.
Cor. = corrected value based on AGT score.

Feed Impedance (Q) Cor. Resistance (Q)

71.9+0.3 71.9
130.5— 0.0 131.0
136.8+0.8 131.6
134.6+]0.2 126.0
1214+ 0.6 121.9
142.2-j0.1 142.2
68.3 + 0.0 (x2) 65.7 (x2)

Max. Gain = 3.67 dBi

Freq. = 299.7925 MHz

Figure 2 — Comparative free-space
E-plane (azimuth) patterns for a linear
dipole and a circular 1-A loop.

Y A. (Actually, the average separation
varies over a small range, depending
upon the loop shape. Since the current
varies along each dipole, a strict geomet-
ric averaging of the separation does not
quite capture the electrical separation.)
Table 1 lists the data collected from all of
our sample antennas. Note that the cir-
cumference of the phase-fed loop is
greater than 1 A. The length increase is
largely a function of the mutual coupling
between the two dipoles, and therefore
requires a longer length for each one to
achieve resonance. The ultimate imped-
ance for each feed point is %2 the value
shown for a single feed point for the dia-
mond.

While examining the circumference
values, we may also see a trend or two.
The deltas have similar circumference
values, as do the two squares. More gen-
erally, as we move from the triangle to-
ward the circle, the required circumfer-
ence diminishes. The amount is small,
but noticeable.

When it comes to performance, the
modeling data becomes more complex.
Let’s jump to the corrected gain and feed

52 QEX - July/August 2008

point impedance values. As we reduce
the corner angles from 60° to the circle’s
continuous curve, the feed point imped-
ance climbs a small amount. (The 45-seg-
ment circle actually changes by 8° per
segment so that the angle between seg-
ments is 172°.) The amount is operation-
ally small — about 20 Q overall — but
again it is noticeable. For example, a ¥s-A
matching section for a delta might use a
75 Q cable, while a circular loop might
use a 93 Q cable.

With respect to bidirectional gain, the
1-A loop has a distinct advantage over a
linear dipole, as shown by the compara-
tive E-plane patterns in Figure 2. Within
the collection of loops, however, we find
only a 0.6 dB difference between the del-
ta and the circle. The circle’s gain advan-
tage is small enough that other construc-
tion factors are likely to carry more weight
in the decision as to which loop shape to
use. Squares and diamonds are far more
practical in the HF range than circles (or
other more complex polygons in the pro-
gression). In the UHF range, loops com-
posed of straps hold their shape well with
only single-point fastening. This fact sim-
plifies construction. We shall have further
comments on the circle’s gain later on in
these notes.

Next, let's examine the intermediate
columns that list the uncorrected NEC re-
ports and the average gain test (AGT)
scores. Within NEC — and assuming ad-
herence to the guidelines — the chief
measure of model adequacy is the aver-
age gain test (AGT), which we have dis-
cussed extensively in past columns. Ide-
ally, a free-space lossless model should
show an AGT of 1.000 (2.000 for models
using a perfect ground). There are no ab-
solute rules for when an AGT score other
than 1.000 renders a model inadequate.
The more rigorous and systematic a
modeling exercise is, the closer to 1.000
that we require the AGT values to vali-
date comparisons among models.

The AGT rests upon performing a full
spherical far-field scan for a model in free
space (a hemisphere over perfect

ground). Using sufficient and equally
spaced (angularly, of course) increments
for the sample, the average far-field gain
should equal the reference gain so that
the ratio is 1.000. As we examine more
complex geometries, we should reduce
the increment between each sampled
point on the sphere to obtain the most ac-
curate average value. (Automated AGT
scans offered by some implementations
of NEC often use 5° increments, which is
normally adequate for linear elements in
various arrays. Changing the increment
to alower value, however, is a good check
to ascertain the best value to use in a
given exercise.) We may often obtain cor-
rected values for raw NEC gain reports
by converting the reported AGT value
into dB. The conversion consists of taking
the log of the reported AGT value and
multiplying by 10. A reported AGT score
of 1.010 converts to 0.04 dB. Since the
AGT score is greater than 1, we subtract
the converted value from the reported
gain. Hence a raw gain report of 5.00 dBi
becomes 4.96 dBi. Reported AGT values
below 1.000 result in increases to the raw
far-field gain report. An AGT report of
0.960 becomes —0.18 dB. Had the gain
report been 5.00 dBi, the corrected gain
value would be 5.18 dBi.

We may also correct the resistive com-
ponent of the reported source impedance
using the AGT directly. The correction
works best when the impedance is close
to resonant, that is, has a relatively low
reactive component. (Results with high
reactive components appear to be mixed,
with some results appearing to coincide
with range test results and some appear-
ing to diverge considerably.) To correct
the impedance value, simply multiply the
AGT score times the resistive compo-
nent. Assume a reported value of 150 Q.
An AGT score of 1.01 would convert this
value to 151.5 Q. An AGT value of 0.960
would correct the reported resistance to
144 Q. How significant these corrections
are depends upon the terms of the mod-
eling exercise. If | were building an an-
tenna with a target feed point impedance
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Figure 3 — Outlines of three model configurations for a 1- A point-fed delta loop.

of 150 Q, | might expect construction

described. This sequence of models uses
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tion within the example. For a sequence ment length of 0.011 A. The center ex- SWR Curves Referenced to
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sociated with the variations, especially if  three-segment wire so that the source 2 e
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inability to place a source precisely on a  fed delta for reference. The single-seg- requency, Minz

point, that is, on the end of a segment.
The split-source technique places a
source on the segments adjacent to the
point and sums their values. Even using
this modeling method, we obtain AGT
values that are far from adequate. There-
fore, the table uses the AGT score to cor-
rect the values. The remaining question
is whether the corrections themselves
are adequate. To test the technique, | re-
constructed the delta loop with its highly
angular wire junctions. The angle plays a
role in the AGT inadequacy, but not just
because the wires meet at 60° angles.
The mid-side-fed version of the model
shows an excellent AGT value. Rather,
the combination of feed point placement
and the angular junction together form
the basis for the poor AGT score. (As we
open the angle, as we do in the point-fed
diamond, the AGT improves, but not to a
level sufficiently adequate to let us ac-
cept the uncorrected results for model
comparisons.)

Figure 3 shows the outlines of meth-
ods used to overcome the problems just

ment bridge wire is insufficient to correct
the AGT score very much, although we
see some improvement. The three-seg-
ment wire yields an acceptable AGT val-
ue, however, within the context of this
exercise. The impedance of this quasi-
point-fed model coincides most closely
with the impedance of the mid-side-fed
version. (The gain climbs a small amount
due to the slight “squaring” of the delta,
but less than a third of the way to the
typical gain of a full square.)

The lessons that we learn from the ex-
ercise are numerous. First, the imped-
ance of a point-fed and a mid-side-fed
loop are very similar for any loop shape.
Second, the use of NEC is fraught with
limitations, most of which we may detect
by paying close attention to the AGT val-
ue. Moreover, most entry-level NEC soft-
ware has automated the process of ob-
taining an AGT value. In general, gain
and impedance corrections based on
the AGT value are quite reliable when
making fairly fine comparisons among
antenna shapes, the core of this exercise.

Figure 4 — Comparative SWR curves
referenced to the resonant feedpoint
impedance values for 1- | square and
circular loops.

Finally, for a large number of cases, we
can find work-arounds that will yield more
acceptable AGT values.

As significant as our modeling exercise
may be, it does not alter our original con-
clusions about 1 A loops. As we move
from the triangle to the circle, we obtain
small additions to the gain, an increase in
the feed point impedance, a slight de-
crease in the overall circumference for a
given wire size, and (as shown in Figure
4) a very slight broadening of the SWR
curve when taken with respect to the res-
onant feed point resistance. Neverthe-
less, the improved performance is — for
most antenna-building projects — too
small to override structural considerations
for the operating frequency.

Table 2
Revised “Point-Fed” Triangles (Deltas)

Models Use 33 Segments Per Side, With All Segments 0.011 A Long.

Antenna Circumference (A) Gain (dBi) AGT Cor. Gain (dBi) Feed Impedance (2) Cor. Resistance (Q2)
Mid-side fed (reference) 1.1082 3.06 1.002 3.05 121.8-j05 122.0
Point fed 1.1202 2.60 0.901 3.05 141.2-j0.5 127.2
1-segment bridge wire 1.1192 2.86 0.947 3.10 131.3+j0.8 124.3
3-segment bridge wire 1.1220 3.19 1.006 3.16 120.7-j0.1 121.4
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Two-Element Driver-Reflector Loop
Beams

One wavelength loop elements are a
critical component of loop (or quad)
beams using any number of elements.
Although monoband HF loop beams
rarely exceed five elements, UHF beams
of this design type may have 40 elements
or more. Available space will restrict our
investigation to two-element beams us-
ing a driven loop and a reflector loop.

We might bring to the investigation any
number of questions, but one in particular
seems most relevant. In the 1980s, it was
popular to make somewhat excessive
claims for beam designs. The pre-model-
ing-era practice seemed to have a justifi-

cation. Long practice had established that
certain antenna embellishments might
add x-dB to a basic element. Another im-
provement might add y-dB to the same
element. If we combine the two enhance-
ments, then our gain ought to increase by
(x+y) dB. Adding a reflector to a 1 A loop
adds almost 4 dB to the forward gain. Ac-
cording to the formula, if we change the
loop from a delta or a square to a circle,
we might gain as much as a half dB in the
process. If we also make the reflector a
circle, we may add another half dB.
Hence, a circular quad beam ought to
have at least a full dB gain over a delta or
square version of the same beam.

To examine this dose of optimism, |

created a number of driver-reflector loop
beams, as shown in Figure 5. The square
and diamond models derive from some
past optimizing that | did in developing an
algorithm set to design such beams to
achieve the broadest possible operating
bandwidth for the front-to-back ratio and
the SWR, since quad beams tend to have
narrower beamwidths in these categories
of performance than Yagis.? | then ex-
tended the technique for this exercise to
delta beams with different feed points
and to a circular beam. The data for the
exercise appears in Table 3. The columns
provide the raw reports and the corrected
values based on the AGT values. Al-
though we find revised values for the for-

MEC-4 (EZMEC Profd)
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Figure 5 — Outlines of two-element loop beams using drivers and reflectors as sampled via NEC-4 (EZNEC Pro/4).

Table 3

Two-Element Driver-Reflector Loop Beams
NEC-4 Models (EZNEC Pro/4): Free-Space Environment, 0.002-m Zero-Loss Wire, 299.7925 MHz

Antenna

)

Square loops 1.023/1.116
Diamond loops 1.024/1.116
Delta loops, mid-side fed 1.040/1.134
Delta loops, bridge point fed 1.053/1.128
Circular loops 0.990/1.084

Circumference Spacing

Gain  AGT Cor.Gain Front-Back Feed Impedance Cor. Resistance
) (dBi) (dBi) Ratio (dB) (Q) (Q)
0.166 7.16 1.004 7.14 55.32 1425-j0.1 143.1
0.166 7.00 0962 7.17 45.94 151.0-j0.4 145.3
0.155 6.89 1.003 6.88 32.99 116.7-j0.4 117.1
0.150 7.05 1.008 7.02 40.89 118.0+j0.9 118.9
0.169 7.36 0.999 7.36 45.59 161.9+j0.2 161.7
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ward gain and the feed point impedance,
the front-to-back ratio is not generally
susceptible to distortion by virtue of a
poor AGT value.

All of the sample beams have 180°
front-to-back ratios greater than 30 dB,
which suggests that the comparison is
likely quite general. Dimensionally, we
may nhotice the same trends that occur
with single elements. The more angular
the junction between loop wires or sides,
the larger the circumference. The circular
beam requires the smallest set of ele-
ment circumference values. In contrast,
as the elements become more circular,
the required spacing becomes wider.

With respect to performance, the
beams show a relatively small range of
variation. The deltas show the lowest
gain, while the circular beam shows the
highest value. The difference is less than
a half dB, however. Figure 6 compares
the E-plane (azimuth) patterns for the
poorest and the best performers in the
group, and the difference is too slight for
anyone to notice in operation. As we dis-
covered for single-loop antennas, the
feed point impedance of two-element
loop beams increases as the elements
become more circular.

Unfortunately, the optimistic gain cal-
culations that derived from the 1980s
prove to have no foundation. In fact, the
entire idea of a quagi — a hybrid array
consisting of a quad-loop driver and re-
flector, but with linear directors — rests
on there being no significant difference in
performance between parasitic linear el-
ements having different shapes. J. Appel-
Hansen established this situation in “The
Loop Antenna with Director Arrays of
Loops and Rods” in July, 1972 (Transac-
tions of the IEEE on Antennas and Prop-
agation, p 516). In a parasitic array, the
gain improvement of the circular loop ac-
crues only to the driver when compared
to delta and square drivers. As well, we
obtain the benefit, as small as it is, only if
we optimize the beam element spacing
to account for the differences in mutual
coupling between loop elements having
different shapes. Alas, early claims for
quagi performance far exceeded reality.
The actual benefit of the quagi, in its era,
was to provide an approximate 50-Q feed

point impedance at a time when most
Yagi designers used closely spaced re-
flectors and contended with very low-im-
pedance drivers. Most 21t century VHF
and UHF Yagi techniques allow 50 Q driv-
ers.

The circular loop beam does have one
small advantage over its straight-sided
counterparts: a slightly broader SWR
passband. Figure 7 compares the SWR
curves for beams using delta, square,
and circular elements when each sweep
is adjusted to the resonant impedance of

QX0807-Cebik06
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Figure 6 — Comparative free-space
E-plane (azimuth) patterns of two-element
driver-reflector loop beams with circular
and delta loop elements.
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Figure 7 — Comparative SWR curves
referenced to the resonant feed point
impedance values for two-element driver-
reflector loop beams using delta, square
and circular elements.

the beam. The region of greatest im-
provement, however, occurs in a fre-
guency region in which the beam’s front-
to-back ratio is already seriously
degraded relative to the design-frequen-
cy performance.

Before we close our investigation of
two-element loop beams, we likely should
look at one more epidemic temptation
that confronts quad builders: the search
for magic cutting formulas. Casual treat-
ments of quad designs repeat a set of
formulas based on a single three-element
quad design from the 1980s, and build-
ers use the set of equations in whole or
part, depending on how large a beam
they are constructing.

Cutting formulas are a good way of
generating a very poor loop-based beam.
The required circumference and element
spacing are functions of the element di-
ameter. Figure 8 graphs the dimensions
of two-element square quad beams over
a very wide range of element diameters,
when we treat the diameters as a fraction
of a wavelength. The X-axis increments
actually employ a log scale to avoid radi-
cal slopes to the curves. The element
spacing has been multiplied by 10 for
greater visibility. Table 4 provides the data
that goes with each coordinate point on
the graph. Note that the dimensions
shown apply to square quad beams de-
signed to achieve specific goals — name-
ly, broader operating bandwidths for both
the SWR and front-to-back performance.
Other designs with different goals are
certainly possible.

Conclusions

Our exploration of loop elements has
touched on the main options for element
construction, ranging from triangles to
circles. In one direction, we uncovered a
number of cautions that we must observe
in modeling these shapes in order to as-
sure ourselves that we develop adequate
models with reliable output data. Those
cautions do not touch upon the pitfalls
that we may encounter when building a
physical implementation of a loop ele-
ment. Most square loops, for example,
use a non-conductive set of cross braces
to support the element at the corners. In-
troducing any form of conductive ring

Table 4

Wire Diameter Versus Two-Element Driver-Reflector Quad Beam Dimensions

Wire Diameter (A) Log,, of Diameter

Driver Circumference (A)

1.0 x 10 -5 1.0077 1.0435
3.1623 x 10°° -4.5 1.0061 1.0523
1.0 x10* -4 1.0103 1.0653
3.1623 x 10 -3.5 1.0149 1.0803
1.0x 103 -3 1.0192 1.0995
3.1623 x 10°° -2.5 1.0278 1.1302
1.0 x 102 -2 1.0501 1.1843

Note: Dimensions apply to square loop elements with a mid-side feed point.

Reflector Circumference (A)

Spacing (A)
0.1078
0.1421
0.1557
0.1605
0.1635
0.1673
0.1699
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clamp — whether or not insulated from
the element wire — can detune the ele-
ment by introducing a one-turn coil at four
points around the loop circumference.
Such fasteners do not degrade loop per-
formance, but they do alter the loop reso-
nant frequency. We must be prepared to
make adjustments relative to models that
do not include them.

In the other direction of exploration, we
did uncover a progression of gain im-
provements and feed point impedances
increases as we moved from triangles to
circles. However real these phenomena,
their operational significance is marginal
at best and hardly worth notice at worst.
In the end, from an operational perspec-
tive, deciding among the options for loop
construction hinges more on structural
considerations than on performance dif-
ferences.

Notes
Models for the antennas discussed in

Figure 8 — Dimensions of two-element driver-reflector loop beams as a function of
changes in wire size, shown as a function of wavelength. Read the spacing value as %o
the value shown on the X-axis.
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L ettersto the Editor

A Software Controlled Radio
Preselector (May/Jun 2008)

Dear Readers,

| sincerely apologize to Juan Jose de
Onate, MGWWA, and to all of you for typing
Juan’s call sign incorrectly for the cover text
and also for the “About the Cover” descrip-
tion at the top of the Table of Contents
page.

— 73, Larry Wolfgang, WR1B, QEX Editor;

Iwolfgang@arrl.org

A High-Efficiency Filament
Regulator For Power Tubes
(Nov/Dec 2006)

Dear Larry,

In response to a number of inquiries, the
following additional notes are offered here
to clarify the operation of the circuitry con-
tained in my previous article “A High-
Efficiency Filament Regulator For Power

Tubes” (Nov/Dec 2006 QEX). The “output”
stage in that circuit is very unorthodox in
operation despite its simplicity, and the fol-
lowing details will explain how it actually
works. [The original schematic diagram
from this article is reprinted here as Figure
1—Ed]

A key feature of this design is the use of
very low Ry N-channel devices, with on
resistances of 5 mQ or less. This is neces-
sary in order to avoid the use of heat sinks
below about 20 A, and very small heat sinks
above that. Conventional circuits, which will
switch an ac waveform using only N-channel
MOSFETSs are considerably more complex
than this one, which is why it was conjured
up for this application.

To understand its operation, first visualize
that the circuit is running in steady state,
with a typical PWM duty cycle of 50-80%
being applied to the input of U2 on each
half-cycle (symmetrically). The bootstrap-
ping capacitor C5 will be charged up to very
nearly the peak value of the ac voltage.

Also, initially consider that Q1 is a “short” on
the negative half-cycle and Q2 is likewise a
short on the positive half-cycle due to the
action of the internal body diodes. (This is
shown clearly on any MOSFET data sheet.)
This then allows the phototransistor in U2 to
apply this voltage across C5 to both gates
while their sources are, at the beginning of
the cycles, at ground. Both transistors turn
ON and current flows into the load. As the
load voltage rises with the ac voltage, the
bottom side of C5 rises simultaneously,
which maintains the full gate-source voltage
to hold them in heavy saturation (required
for low loss). C5 charges on the negative
half-cycle with D4 providing a current path
for the charging current, most of which hap-
pens near the negative peak of the supply
and load voltage. The large size of C5 holds
the gate supply voltage constant during the
succeeding positive half cycle, during which
it discharges only minutely through R9.

There is one seemingly apparent prob-
lem with this circuit, however. Despite the
above explanation, which is valid during

Pass Transistor

PCB
| |
I | Sﬂ
| | (P‘ }
| | ) |
| -— | )@
I = R4 | \
| 100 SW  SW R9 \
| % L OO+t |
| PS2501-1 | 3.3k |
VSET |
X3 C5_1
Filament | D1 R2 VR1 VDD 100125 T | <) 2 |
| E  1N4004 120 \
Transformer 5k +6.2 @4_ x D4 |
Transformer | _
I 53% ! i IN5819 | =0 \
I | R1 672 2 Rs | c4 ng Measure | ve L\ sl
| 22k c1 S 47k T 04 | 390 Delta | VE_ A\
| T 10025V T I \
| | ut 1 : -« —- R6 |
| VDD 10k | ()
| zc 4 5] X
| | —o|H3 GP2— _pwm X1 |
— | x4 3 lepa cpal® ’g R [vec] =
O T
| < gﬁvgg O ©er1 cpsf2 57() xs | N
| > o vss VADJ BGND | =
| 1063 T PIC [8 |
| ENEUT Cz ’ 12F675 X2 CG |
| 001 T Sync 0.01
—O T T | O
_________________________________ J
MPU Port Assignment Physical Ground Point Q1, Q2 Data
— (Arbitrary) I'(A) Ron (Max)
GP1: ZC 2 | 0050
GP2: PWMOUT |§J Test Point 5 | 0.020
GP3: RESET 10 | 0.005
GP4: VF o _ 20 | 0.002
QX0611-Von04 GP5: SYNC O Circuit Board Connection Pad 50 0.0002

Figure 1 —This schematic diagram appeared with the original article by K8LV in the Nov/Dec 2006 issue of QEX.
We have reproduced it here for the convenience of our readers.
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steady state, there is no obvious mecha-
nism to start it up — in other words, how
does C5 initially obtain enough charge to
start Q1 and Q2 conducting, after which the
bootstrapping action will maintain C5?

To understand the “startup,” note that the
common-source node of Q1 and Q2 effec-
tively follows the ac line S1 during the nega-
tive cycle. It will begin to swing negative and
current will flow up from ground through D4,
U2, and R4, causing a positive voltage drop
across R9. As soon as this voltage reaches
the ON threshold of Q2 (~2V) current starts
to flow in the load and S2, the actual output
terminal, starts its negative swing. Since the
top side of C5 is clamped at 0.3 V below
ground by D4, the capacitor will start to
charge as its bottom end follows the output
voltage in its negative swing. It will quickly
charge up to a value equal to the peak of the
ac line minus the 0.3 V drop due to D4. Itis
large enough to hold almost all of its charge
during the positive cycle and provide turn-
on gate voltage for Q1.

The primary limitation of this circuit is that
C5 cannot be allowed to charge up to higher
than 20 to 30V because this is the gate volt-
age limitation of typical MOSFETSs. This
limits the circuit to use with ac supply volt-
ages of less than about 20 V RMS. That is
adequate for the most popular transmitting
tubes. At very low voltages (<6 V peak) the
bootstrapped voltage across C5 may
become too low to fully saturate Q1 and Q2
and power dissipation will increase. Both of
these factors must be properly considered
for a given project.

— 73, Eric von Valtier, K8LV, 6793 Big Trail,
Holly, Ml 48472; k8lv@comcast.net

Hi Eric,
Thanks for sending the detailed explana-
tion of the start-up conditions for your circuit.

| hope the explanation helps our readers
understand how the circuit works.

— 73, Larry, WR1B; lwolfgang@arrl.org

A Low-Cost Atomic Frequency
Standard (Nov/Dec 2007)

Dear Larry,

Inspired by the article “A Low-Cost
Atomic Frequency Standard” in the Nov/
Dec 2007 issue of QEX, | decided to build
my own Rubidium Oscillator.

I have included some pictures so you can
see what | have done. | made the measure-
ments at the institute “Physikalisch-
Technische Bundesanstalt (PTB)” in
Braunschweig, where the official German
time is “created.” The accuracy of the fre-
guency standard they use in their laboratory
is better then 1 x 10*% As you can see, my
Rubidium Frequency Standard is about 3.5
x 1071,

The cabinet is 20 x 25 x 8 cm (about 8 x
10 x 3inches). It also has connectors for an
external 24 V dc power supply. Total cost of
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Photo A — DJ7GP built this version of John Raydo’s rubidium atomic
frequency standard.

Photo B — This view shows the inside of DJ7GP’s rubidium oscillator from
the top The rubidium oscillator is in the box at the bottom right. There is a 5-V
regulator board at the top right.

Photo C — This view shows the inside of DJ7GP’s rubidium oscillator from
the rear panel.



my Rubidium Oscillator was less than 300 €
($430).

I am now building a GPS Disciplined
Frequency Standard based on a
“ThunderBolt GPS Disciplined Clock” from
Trimble Navigation Ltd.

Thanks to John S. Raydo, K@IZ, and

Dear Peter,

Thank you for finding me at the Dayton
Hamvention! | enjoyed meeting you and
talking with you about your rubidium oscil-
lator project. Your project looks beautiful,
and the graphs of your measurements are
interesting. Congratulations on your proj-
ect.

T Lwarrs - KILOWATTS

More Watts per Dollar”

thanks to you all for the always very interest-

ing QEX! — 73, Larry, WR1B; lwolfgang@arrl.org
— 73, Peter-J. Goedecke, DJ7GP; peter.
goedecke@gmx.de
Rubidium-Oszillator, Abweichung von der Sollfrequenz 10 MHz
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Photo D — This graph shows the oscillator output. The vertical axis represents frequency
variations in millihertz and the horizontal axis represents time in 10 second increments.
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Photo E —This graph represents a second, longer, measurement that DJ7GP made on his
rubidium oscillator.
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Upcoming Conferences

ARRL/TAPR Digital
Communications Conference

September 26-28, 2008
Chicago, IL

Technical papers are solicited for presenta-
tion at the ARRL and TAPR Digital
Communications Conference for publication
in the Conference Proceedings. Annual con-
ference proceedings are published by the
ARRL. Presentation at the conference is not
required for publication.

TheARRLandTAPRDigital Communications
Conference is an international forum for
radio amateurs to meet, publish their work,
and present new ideas and techniques.
Presenters and attendees will have the
opportunity to exchange ideas and learn
about recent hardware and software
advances, theories, experimental results,
and practical applications. Topics include,
but are not limited to:

» Software defined radio (SDR)

¢ Digital voice (D-Star, P25, WinDRM,
FDMDV, DRMDV, G4GUO)

« Digital satellite communications
* Global position system
* Precise Timing

e Automatic Position Reporting System
(APRS)

e Short messaging (a mode of APRS)
« Digital Signal Processing (DSP)
* HF digital modes

¢ Internet interoperability with Amateur
Radio networks

e Spread spectrum

e |IEEE 802.11 and other Part 15 license-
exempt systems adaptable for Amateur
Radio

e Using TCP/IP networking over Amateur
Radio

e Mesh and peer to peer wireless network-
ing
e Emergency and Homeland Defense

backup digital communications in Amateur
Radio

o Updates on AX.25 and other wireless net-
working protocols

» Topics that advanced the amateur radio
art

Submission of papers are due by July 31st,
2008 and should be submitted to:

Maty Weinberg, ARRL, 225 Main Street,
Newington, CT 06111 or via the Internet to
maty@arrl.org.

For further details about submitting papers,
and for Conference registration information,
see the TAPR Web page at www.TAPR.
org/dcc.htm.

Microwave Update 2008

October 17-18, 2008
Bloomington, MN
Call for Papers

Microwave Update 2008 will be held on
Friday, October 17 through Saturday,
October 18 in Bloomington, Minnesota.
Technical papers are currently being solic-
ited for publication in the ARRLSs Microwave
Update 2008 Conference Proceedings. You
do not need to attend the conference nor
present your paper to have it published.
Strong preference will be given to original
work and to those papers that are written
and formatted specifically for publication
rather than as a presentation visual aid.

This is a microwave conference, so papers
must be on topics for frequencies above 900
MHz. Examples of such topics include micro-
wave theory, construction, communication,
deployment, propagation, antennas, activity,
transmitters, receivers, components, amplifi-
ers, communication modes, LASER, soft-
ware design tools, and practical experiences.
Authors retain the basic copyright, and by
submission, consent to publication in the
Proceedings and possible publication of the
Proceedings in CD/DVD format. If you are
interested in submitting a paper please con-
tact Jon Platt, W@ZQ, at wOozg@aol.com for
additional information. The deadline for
papers is Sunday, August 31, 2008. If you are
interested in presenting at Microwave
Update please contact Barry Malowanchuk,
VE4MA, at vedma@shaw.ca. @

In the Next Issue of QEX

Bertrand Zauhar, VE2ZAZ, presents The
Rechargeable Battery Cycler. This project
will periodically discharge and recharge a
battery pack for hand-held or other radios.
It is much more than a battery charger,
though! It supports two battery packs with
distinct configurations for each pack. It will
work with NiCd or Ni-MH batteries, with
cells of capacity between 500 mAh and
5000 mAh and from one to ten cells per
battery pack.

If all that isn't enough to catch your interest,
Bertrand has also added Windows config-
uration software to set up the controller.
The software can also collect battery data
during the charge/discharge cycle and plot
a graph of voltage versus time. If you use
batteries in your Amateur Radio operation,
you won't want to miss this one!
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MILLIWATTS
cRILOWATTS

More Watts per Dollar’

Wattmeters'

¢ Transformers

e TMOS & GASFETS

* RF Power Transistors ._
* Doorknob Capacitors"
* Electrolytic Capacito}
* Variable Capacitors

* RF Power Modules#
* Tubes & Sockets

¢ HV Rectifiers

Oroers 0
800-RF-PARTS - 800-737-2787

Se Habla Espaiiol
Tech Hewp | Oroen [ InFo: 760-744-0700
Fax: 760-744-1943 or 888-744-1943

An Address to Remember:
www.rfparts.com

We Export

E-mail:

rfp@rfparts.com

N\

—
i

=




QST on
CD-ROM!

SHOFP DIRECT or call for & dealer near you.

ARRL rPUBLICATIONS

P

ONLINE WWW.ARRL.QRG ORDER TOLL-FREE BABI277-5288 (LIS)

License Study Materials

Technician Class

Exam: 35-question Technician test (Element 2)

! Ham Radio i3
License Manual

The ARRL Ham Radio License Manual. All
you need to become an Amateur Radio Operator.
For Technician exam study.

OrdersNOL9639, =1 e R el $24.95

The ARRL Ham Radio License Course. Register at
www.arrl.org/cep and complete all of your ham radio license
training online. Registration includes The ARRL Ham Radio
License Manual, a one year ARRL membership, and graduate
support. Book with online course .......... $69 100% Guaranteed!

ARRL's Tech Q & A. 4th Edition. Review questions and answers
from the entire Technician question pool. Includes brief, clear
explanations for all the questions. Order No. 9647 ............... $17.95

Ham University. Quiz yourself using this feature-packed easy-to-
use software. Technician/General Edition, Order No. 8956 .. $24.95

HamTestOnline™. Web-based training for all three written exams.
e N O S T N o e T . 4 e T $49.95

General Class (upgrade from Technician)

Exam: 35-question General test (Element 3)

ARRL General Class License Manual—6th Edition

OrdetNokg96he=T L St MR o Al Rl $24.95
ARRL's General Q & A—3rd Edition
AN OO S T $17.95

m (upgrade from General)

Exam: 50-question Extra test (Element 4)

ARRL Extra Class License Manual— 9th Edition

All you need to pass your Extra Class Exam! All the
exam questions with answer key, for use July 1, 2008
to June 30, 2012. Order No. 1352............. $24.95

ARRL's Extra Q & A—2nd Edition

Includes the latest question pool and brief, clear
explanations for all questions. Order No. 1379 .........c.cc........

Ham University. Quiz yourself using this feature-packed easy-to-
use software. Complete Edition (Tech, Gen, Extra, and Morse
COUE) O e TN O B3 S e $39.95

Operating and Reference
The ARRL Operating Manual. 9th Edition.
O e N O N 0 G S T $29.95
ARRL Repeater Directory®—2008/2009 Edition. The
authoritative source of VHF/UHF repeater listings. Over 20,000
listings!

Pocket-sized (3.75" x 5.25"), Order No. 1271 .................. $10.95

Desktop Edition (6" x 9"), Order No. 1298 .............cc....... $15.95
TravelPlus for Repeaters™—2008-2009 Edition. It's like having
the power of The ARRL Repeater Directory on your COMPUTER!
CD-ROM, version 12.0. Order NO. 1301 .........cccoevenvevnncreenenn $39.95
The ARRL DXCC List (February 2008 ed.) Order No. 1212 .. $5.95
ARES Field Resources Manual. Order No. 5439............... $12.95

The ARRL Emergency Communication Handbook.
Order No. 9388

The ARRL DXCC Handbook. Order No. 9884 .................. $19.95
DXing on the Edge—The Thrill of 160 Meters. Book with audio

CD! Order NO. 6354 .......vvoooooeeeeoeeeeeeeeeeeeeeene $19.95....... $29705

RF Exposure and You. Order NO. 6621 ............ccccvevvinrennne $22.95
Hints & Kinks. 17th Edition. Order No. 9361
Low Profile Amateur Radio. 2nd Edition. Order No. 9744 $19.95

CD-ROM Collections

FCC Rules and Regulations for the Amateur Radio Service

(@)ite (17 [N(oB K57/ coanomnddt conoboraaacsonsomathdnondiBhodebcogonoaooaiinnaaonaaos $5.95
Getting Started with Ham Radio. A guide to your FIRST Amateur
Radio station. Order N0. 9728 ..........cccceivievciiniiciie e $19.95

The ARRL Software Library for Hams. Quick access to utilities,
applications and information.
CD-ROM, version 2.0, Order N0. 9825 .........ccceovevencnennnnnn. $19.95

Ham Radio FAQ. Order No. 8268 ....................... $9.95..... $1495
Amateur Radio on the Move. Order No. 9450 ................. $19.95
ARRL's Vintage Radio. Order N0. 9183 .........cccccvevennnnen. $19.95
Your Introduction to Morse Code. Learn code at 5 words-per-
minute. Order N0. 8314 .......ccccecvvvveevieeeeciee e $9.95.....

The Radio Amateur’s World Atlas.

Order NO. 5226 ......ccoueeiueeiiiecieecieeereeeee e $12.95

ARRL Map of North America. 27 x 39 inches. Includes grids!

Order NO. 8977 ..o $15
(of_) ARRL Map of the World (Azimuthal). 27 x 39 inches.
Bl Order NO. 7717 wooocevvvvvreesessessssessssneessssssssmsesssssssssssssens $15

ARRL Map of the World (Robinson). 26 x 34.5 inches.
Order NO. 8804 .......ccovieiieieierecise e $15
ARRL Worked All States (WAS) Map. 11 x 17 inches.

ARRL Frequency Chart on reverse side. Order No. 1126 ....$3

ARRL Periodicals CD-ROM is a compilation of all QST, QEX and
NCJissSUeS 0N 0NE CD. .....occvvvvieiiieiieiieie e $19.95 per set.

2007 Edition, Order No. 1204 2002 Edition, Order No. 8802
2006 Edition, Order No. 9841 2001 Edition, Order No. 8632
2005 Edition, Order No. 9574 2000 Edition, Order No. 8209
2004 Edition, Order No. 9396 1999 Edition, Order No. 7881
2003 Edition, Order No. 9124 1998 Edition, Order No. 7377

1997 Edition, Order No. 6729
1996 Edition, Order No. 6109

1995 Edition, Order No. 5579

Radio Amateur Callbook CD-ROM. Thousands of worldwide call NEW!

sign listings. Requires Microsoft Windows or MS-DOS. Summer 2008
Edition. Order NO. 1129 ......cccooiiiiiiiiieicieceeeee e $49.95
HamCall™ CD-ROM. Thousands of worldwide call sign listings.
OrdenNos8991 L. ... .0 . e R L $49.95



Antennas and Transmission Lines

The ARRL Antenna Book—21st Edition
The ultimate reference for Amateur Radio antennas, transmission lines
and propagation. Fully-searchable CD-ROM included (for Windows
and Macintosh). Softcover, Order N0. 9876 .............cccceeruennene $44.95
International Antenna Collection. Fixed and mobile antenna
designs from 136 kHz to 1.3 GHz.

Volume 1, Order No. 9156 .......... $19.95

Volume 2, Order No. 9465 .......... $21.95

Antenna Zoning. Order No. 8217 ...... $40 Web Special.---- $49.95

ON4UN'’s Low-Band DXing. Antennas, equipment and techniques
for DXcitement on 160, 80 and 40 meters. Fourth ed. with CD-ROM.
Order NO. 9140 .......oiuiiiiiiieieiee ettt b $39.95

ARRL's Yagi Antenna classics. Order No. 8187 .................. $17.95

Simple and Fun Antennas for Hams. Order No. 8624 ........ $22.95

ARRL's Wire Antenna Classics. Order No. 7075 ...........cc....... $14
More Wire Antenna Classics —Volume 2. Order No. 7709 .... $17.95
More Vertical Antenna Classics. Order No. 9795 ................ $17.95
Vertical Antenna Classics. Order N0. 5218 ............ccocevveniennenne. $12
ARRL's VHF/UHF Antenna Classics. Build your own portable,
mobile and fixed antenna designs. Order No. 9078 ................. $14.95

ARRL Antenna Compendium series — Practical antenna designs,
and other articles covering a wide range of antenna-related topics.
Volume 7. Order No. 8608 $24.95 Volume 4. Order No. 4912 $20
Volume 6. Order No. 7431 $22.95 Volume 3. Order No. 4017 $14
Volume 5. Order No. 5625 $20 Volume 2. Order No. 2545 $14
Volume 1. Order No. 0194 $20

Practical Circuits and Design

The ARRL Handbook—2008

The Standard in applied elec-
tronics and communications.
Operating activities, electronics and
communications concepts, radio
propagation and antenna theory,
practical projects, repair techniques,
references and more. Includes The
ARRL Handbook CD—the com-
plete and fully searchable book on
CD-ROM (version 12.0).

Softcover, Order NO. 1018 ........ccccvvveeeiiiiiieeeeiiieee e $44.95

Basic Radio—Understanding the Key Building Blocks. An
introduction to radio for everyone. Includes build-it-yourself projects.
Order No. 9558 $29.95

. HANDBOOK
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Understanding Basic Electronics. Order No. 3983............ $29.95
Digital Signal Processing Technology.

Order NO. 8195 .....ooveeeveeeeeeeeereseereseeeeeseseseseeens $34.95....... $4495
ARRL's Hands-On Radio Experiments. Basic electronics instruc-
tion from the pages of QST. Order N0. 1255 ..........cccevvevinenne $19.95
Hands-On Radio Parts Kit. Order No. 1255K ............ccccoee. $79.95

Digital and Image Communications
ARRL's VHF Digital Handbook. 1st Edition. Dive into the digital

radio universe! Order NO. 1220 ........cccovcueeiieeeiivieiiiieesieene $19.95
ARRL's HF Digital Handbook. 4th Edition. Use your computer to
talk to the world! Order No. 1034 .......ccccceevieereeiieecieeeenee. $19.95
VolIP: Internet Linking for Radio Amateurs.

Order NO. 9264 .......ocoveeieeee et $17.95

Space and VHF/UHF/Microwave Communications

The Radio Amateur’s Satellite Handbook.

Order NO. 6583 ......ccoiiiiiieie st $24.95
The ARRL Satellite Anthology — 5th Edition. Includes specific sat-
ellite operating details. Order NO. 7369 ........ccccceviviiiiniieeiiennnns $15

The ARRL UHF/Microwave Projects CD. CD-ROM includes Volumes
1 and 2 of The ARRL UHF/Microwave Projects Manuals.
Order NO. 8853 ... $24.95

If you'd like a complete publications listing
or would like to place an order, please contact us:

1.To order or obtain the address of an ARRL Dealer near you,
call toll-free (US): 1-888-277-5289 (non-US call 860-594-0355)

8 AM-5 PM Eastern time, Monday-Friday.
2. Fax 1-860-594-0303 24 hours a day, 7 days a week.
3. By mail to: ARRL, 225 Main St, Newington CT 06111-1494
4. Visit our World Wide Web site: http://www.arrl.org/shop

The ARRL RFI Book. 2nd Edition. Practical cures for radio frequency

interference. Order NO. 9892 ..........ccouevieviiiiiiiiiiiiiiceeee $29.95
Experimental Methods in RF Design. CD-ROM included.

Order NO. 8799 .....ooiueiieeieiieeieeeie e ste e ete e ae e sae e sreeneeneens $49.95
L/C/F and Single-Layer Coil Winding Calculator. A slide rule for
the experimenter. Order NO. 9123 ..........ccceeieeieeieeiienieie $12.95
Introduction to Radio Frequency Design.

Order NO. 4920 ......ooueiuieiieieiesie st $39.95

ARRL's RF Amplifier Classics. Find practical designs and construc-
tion details for classic tube and solid-state amplifiers at power levels

from 5 W to 1.5 kW. Order NO. 9310 ........cooevvevrcnieiererianenne. $19.95
Emergency Power for Radio Communications. Plan alternative
means for electric power generation. Order No. 9531 ......... $19.95
More QRP Power. More equipment, accessories and antennas for
low power radio operating! Order No. 9655 ..........ccccceevieenen. $19.95
W1FB’s QRP Notebook. Order N0. 3657 .........ccccevvevveiieanens $10

ARRL's Low Power Communication. 3rd edition. Build and operate
low-power radio gear-the QRP way!
B0ooK. Order NO.1042 .......cccoevueeieiieeiieniie e $19.95
Book with Cub CW Transceiver Kit. Order N0.1042K .... $99.95

GPS and Amateur Radio. Order N0. 9922............ccceeeeuveenns $18.95

The ARRL Image Communications Handbook. See and talk with
other hams! CD-ROM included with software utilities.
OFAET NO. BBL6 ...voovveeeeeeereereeeeeeeeseeseeeeseeseeeeen $19.95 ... $25-95

Shipping and Handling Information

In the US, add the following amounts to your order to cover shipping and handling
(S/H). Add an additional $5.00 to the US rate for shipment outside the US. US
orders will be handled via ground delivery service. International Air and other
specialty forwarding methods are available. Please call or write for information.
Sales Tax is required for shipments to CT 6% (including S/H),VA 5% (excluding
S/H), CA (add applicable tax, excluding S/H). Canadian Provinces NS, NB and NF
add 14% HST, all other Provinces add 6% GST (excluding shipping/handling).

Amount of Order Add Amount of Order Add A
$10.00 or less $6.00 40.01 - 50.00 10.00
10.01 - 20.00 7.00 50.01 - 75.00 11.00 RER
20.01 - 30.00 8.00 Over $75.00 12.00 +
30.01 - 40.00 9.00 CD-ROM only 6.00 L

We accept the following major credit cards: American Express, MasterCard, Visa
and Discover. Prices and product availability are subject to change without notice.
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Membershlp Application

Name Call Sign

Street

City State ZIP

E-mail
Sign up my family members, residing at the same address, as ARRL

access to ARRL benefits and services (except QST) and also receive a
membership card.

Family Member Name Call Sign (if any)
O Sign up family members @ $8 each = $

O Total amount enclosed, payable to ARRL $

O Enclosed is $ ($1.00 minimum) as a donation to the Legal Research
and Resource Fund.

O Charge to: O VISA O MasterCard O Amex O Discover

Card Number Expiration Date

Cardholder's Signature

r
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I
: members too! They’ll each pay only $8 for a year’s membership, have
I
I
I
I
I
I
I
I
I
I
I
I
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