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types of natural radio signals that occur at 10 to 20 kHz.
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Jon Wallace continues with his “Amateur Radio
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VLF radios — a Kiwa Earth Monitor and Brian
Lucas’ ATMOSS receiver. The computer spectro-
gram displays a sound file recording from the NASA
INSPIRE Project (www.theinspireproject.org).
This technique allows us to “see” the various types
of natural radio signals that occur at 10 to 20 kHz.
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Larry Wolfgang, WR1B
lwolfgang@arrl.org

Empirical Outlook

Life Changing Events

A number of recent stories have me thinking about events that can change lives. Most of
us pay at least some lip service to the emergency communications aspects of Amateur
Radio. After all, it's one of those important five purposes of the Amateur Radio service listed
in the FCC Rules. Section 97.1(a) of the Rules says “Recognition and enhancement of the
value of the amateur service to the public as a voluntary noncommercial communication
service, particularly with respect to providing emergency communications.” So, this must be
pretty important. What does it mean to you, and how do you react in a communications emer-
gency?

The devastation of the January earthquake in Haiti has caught the national and world news
media attention for several weeks. When | first heard about the earthquake | wondered if
there was any Amateur Radio communications activity, and tuned my radio to 20 meters and
then 40 meters. Several nets had been listed in an ARRL bulletin, so | listened on those fre-
guencies first. It was interesting to hear many stations checking in to ask how they could help,
or to notify the net control stations that they were standing by to help. Stations at different
locations might serve as important relay points if they could hear traffic that the NCS or other
stations were not able to hear because of propagation conditions. | chose to listen without
checking in. Why further clutter the airwaves with non-emergency communications? If | had
heard a call from a station and no one else was acknowledging it, then | could have checked
in and offered to help.

Frequencies were also announced for emergency communications, and we were asked
to keep those frequencies clear. This request also at least implied that people were needed
to monitor those frequencies for any emergency communications from Haiti. Again, silent
monitoring seemed like the most appropriate response to me.

While | didn't hear any HH stations, it was certainly interesting to monitor some of the activ-
ity surrounding this disaster, and to hear some of the stories from Amateur Radio operators
who went, or attempted to go to Haiti to offer communications assistance. | did not have a
direct impact on any of that communications, and the events in Haiti might not seem to have
directly impacted my life in a significant way, but many lives were definitely touched.

A series of significant snow storms also hit large sections of the US in the final week of
preparing this issue of QEX for the printer. | wonder how many motorists were able to call for
help, either for themselves or someone else by using Amateur Radio during those storms.
How many emergency shelters relied upon Amateur Radio operators for communications
links between the shelters and the base agency? What other important communications role
did Amateur Radio play? In any case, those calls for help also depend on operators who are
listening and able to respond to the requests.

| was also struck by the story about the man who took a “short cut” over some back roads
in Colorado, and became stranded in his vehicle for 3 days, stuck in the snow. (This hap-
pened at about the same time the northeast was digging out of the first of those big snow-
storms.) Might he have been able to make a call for help if he were a ham, with a mobile
transceiver in his car? Perhaps it's a good case for a mobile HF installation, for the times we
are out of repeater range.

On Sunday February 7, an explosion at a natural gas fired electric generating station under
construction in Middletown, Connecticut claimed five lives and injured several more. This
struck a little “closer to home” for me, because we lived in Middletown for the first seven years
of my career at ARRL. While | didn’t know any of the workers who were killed in that explo-
sion, two were from nearby communities and one was an Amateur Radio operator from
Missouri. | had never met Chris, N@HVK, but many hams in Connecticut had. A dedicated
family man out of work, he came to Middletown to help build the power plant. While here, he
became active with an Amateur Radio club and volunteered at a number of public service
communications events and club activities. He apparently loved ham radio, and the friends
he made among the hams in Connecticut probably made his time away from family and
friends in Missouri a bit easier. From the stories told by the members of his club, he had also
touched their lives in a significant way. We swell with pride at stories of lives and/or property
saved by Amateur Radio communications, and we mourn at lives lost. Near or far, it doesn’t
matter.

We may not realize the impact our words and actions can have on others. | am sure we all
do our best to have it be a positive impact, as much as possible.



Joel Harrison, W5ZN

528 Miller Rd, Judsonia, AR 72081; w5zn@w5zn.org

Bob McGwier, NAHY

64 Brooktree Rd, East Windsor, NJ 08520; rwmcgwier@gmail.com

Design, Construction and
Evaluation of the Eight

Circle Vertical Array for
Low Band Receiving®

Copyright 2008, 2009

If you have the available real estate, this steerable array
of vertical antennas may offer significant advantages.

In recent years, interest in DXing on
the 160 and 80 meter amateur bands has
increased. This has been driven by a number
of factors including ARRL’s DX Challenge
Award and the expanded volume of low
band antenna information in various publi-
cations and on the internet.* The impact of
ON4UN’s Low Band DXing bookis not to be
underestimated.? In addition, the large signal
handling capability of Amateur Radio equip-
ment has improved tremendously in the last
two decades. These positive influences have
prompted many radio amateurs to increase
their knowledge of antenna and propaga-
tion characteristics on the low bands. Many
have attempted to apply that knowledge by
constructing and evaluating various antenna
designs in different environments, and the
authors are included in that group.

WA5ZN has many years of experience in
designing and evaluating antenna systems
for amateur microwave applications and
has presented numerous technical papers
at conferences of the Central States VHF
Society, Southeast VHF Society and the
Microwave Update Conference, as well as
co-authoring the chapter on multi-band feeds
in the W1GHZ Microwave Antenna Book.>
456 Using these designs at W5ZN resulted
in first place finishes and new records in
numerous contests. In 1987, after moving
from a city lot to a 30 acre field he became
interested in expanding his knowledge and

!Notes appear on page 17.

experience with receiving antennas for the
Amateur Radio 160 and 80 meter bands.

N4HY has actively designed and modeled
numerous antenna systems for multi-station
amateur installations. He was AMSAT VP
of Engineering for 3 years. Bob is the author
of numerous papers about Amateur Radio
for ARRL/TAPR Digital Communications
Conferences, AMSAT Symposia and QST.
He was previously an active member of the
Frankfurt Radio Club but has been inactive
in HF contesting for 15 years. He is active in
VHF+ contesting. Bob is a proud member
of the “Amateur Radio Geek Squad,” and
is a co-developer of the SDR code for Flex
Radio’s PowerSDR™.

The authors teamed up to refine the
design, document the construction and
evaluate the performance of the “W8JI Eight
Circle Vertical Array” at Joel’s station in
north central Arkansas.

1.0 Design of the Eight Circle Array

The primary objective of any low band
receiving array is to obtain a directivity pat-
tern that will reduce the impact of various
noise sources from multiple directions and
locations. Antenna gain is not of specific
importance in these designs since the sky
noise is sufficiently high that not all of the
gain in full size antennas and modern receiv-
ers can be used on the low bands. It is better
to optimize directivity and ambient noise
suppression in the antenna, and to optimize

the receivers for large signal handling and
dynamic range. It is not the intent of this
paper to discuss all of these topics. We sug-
gest that a thorough study and understand-
ing of ON4UN’s Low Band DXing, Fourth
Edition, by John Devoldere, ON4UN, is a
requirement prior to proceeding with any
low band operation. (See Note 2.) Chapter 7
is prerequisite for any receiving antenna proj-
ect. In addition, the specific theory related to
end-fire and broad-side arrays in the same
chapter must be read and understood as well.
The Eight Circle Vertical Array system is
based on this theory and cannot be used to its
full potential without this knowledge. If you
don’t fully and completely understand this
material, read it as many times as necessary
to adequately comprehend it, along with the
wave characteristics and mathematics that
encompasses the design.

1.1 Element and Array Design

The 160 meter Eight Circle Vertical Array
was designed by Tom Rauch, W8JI, and pre-
viewed in the Fourth Edition of ON4UN’s
Low Band DXing, Chapter 7, Section 1.30.
The array is centered on a shortened top
loaded vertical and described in the above
reference in section 1.21.1. Additional infor-
mation on small vertical arrays can be found
on Tom Rauch’s Web site.”

[After reading the “In the Next Issue
of QEX” item in the Jan/Feb issue, Robert
Zavrel, W7SX, sent me a note to tell me that
he holds a patent on an eight-circle vertical
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array from work he did in 1994. Bob’s pat-
ent is number 5,479,176: “Multiple-element
driven array antenna and phasing method.”
Details are available on the US Patent Office
Web site; patft.uspto.gov/. The details are
also available from several other patent
search Web sites, including www.google.
com/patents. — Ed.]

We wished to further evaluate the design
of the array and also evaluate an 80 meter
version that did not exist (at least at the time
of the original analysis that was done before
the Devoldere publication of details of the
160 m array in Low Band DXing and later
presented to N2NT, W2GD, and K3LR).
The most crucial missing piece of all is a
step by step how-to in building, tuning, and
using the antenna. None chose to build it at
the time of the original analysis, so it was
dropped until W5ZN declared an intention to
do so. It is important to understand first and
foremost that this is a receiving antenna. Like
most receive antennas, it is designed only
for this purpose and is wholly unsuitable for
transmitting.

One of the ways we make sure it is unsulit-
able for transmit applications is to use imped-
ance matching with a low-wattage-rated
resistor. This resistor will do great things in
this application; most prominently it will
lower the Q and broaden the response of the
antenna at good SWR and match it to widely
available and inexpensive coaxial cable.
This comes at the expense of gain, but in
the overall communications system, coupled
with analysis of the noise temperature of the
bands (160 meters as well as 80 meters),
gain is not the primary objective with a low
band receiving antenna design, and its inser-
tion loss is not harmful. At 160 meters, the
array using the elements proposed will have
plenty of gain at -8 dBi. This loss actually
helps increase the IP2 of the system — a very
important thing on the low bands! As such,
we believe you should not even need a pre-
amp unless you are installing an incredibly
long feed line run from the array center to the
shack, or feel the need to have one just as a
buffer between the antenna and the rigs. That
will be for you to determine based on your
specific installation. Numerous methods for
determining this need have been previously
published. (See Notes 2 and 7.) With the
theoretical gain given above, this will equate
to an MDS in, say, an FT-1000MP, that will
be —120 dBm on this antenna. That is very
low for both 160 and 80 meters.

This antenna array will exhibit nearly
the same gain and directivity over the entire
160 meter band and even better results
should be achieved on 80/75 meters from 3.5
to 3.8 MHz with the 80 meter version. The
results of the 160 m construction and test-
ing, presented later, do attest to the validity
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of the analysis. Our recommendation is that
the design be skewed toward the bottom of
each band.

Of primary importance in the design of
low band receiving antennas is the Directivity
Merit Factor (DMF, referred to by ON4UN)
or a better measure, Receiving Directivity
Factor (RDF, the W8JI measure) which is the
ratio in dB of the forward gain at a desired
direction and take off angle to the average
gain over the rest of the entire sphere around
the antenna. (See Notes 2 and 7.) These two
“Factors” are described in detail in Sections
1.8 through 1.10 of Devoldere’s book. While
this antenna array has some small side lobes
(see Figure 9), they are really nothing to be
concerned about and are better than most four
squares and Yagi antennas. You can trade off
some side lobes for better directivity, and this
was done in the original analysis discussed
above. A nine element circle array, design
by John Brosnahan, W@UN, makes these
side lobes smaller but it does not increase
the directivity factor significantly and has a
larger lobe upward, which is prone to sky
noise.2 One benefit of the W@UN design is
that it can also be used for transmitting, but
this comes at the expense of a more compli-
cated switching and phasing network than
needed for the eight circle antenna. John’s
system phases a three element parasitic array
with a broadside/end-fire cell.

The Eight Circle Vertical Array is inex-

pensive, easy to build and easy to feed, as
the utilization of a broadside/end-fire array
reduces the complexity of the switching sys-
tem. An analysis of vertical elements shows
why the short vertical element is ideal for low
band receive applications.

First, the ground is much less important.
There is little ground effect cancellation of
radiation. These small vertical elements with
a top hat are still quite sensitive and have a
low feed point impedance after you cancel
their capacitive reactance with a small induc-
tor at the base. Since the antenna needs to
be broadband, the feed is swamped with a
resistor and we should make it as large as
practical, consistent with the coaxial feed
line impedance. This allows us to use the
least expensive coax that will permit reliable,
robust operation. In this case 75 Q cable
is perfect, plentiful, and cheap. Therefore,
a short element with a capacitive top and
an inductive loading coil at the base with
enough resistance to bring the mostly resis-
tive impedance up to 75 Q is nearly ideal.
The resistive swamping lowers the Q and
increases the operating bandwidth with 75 Q
cable.

1.2 Modeling the Individual Elements
The best approach is to use the W8JI ele-
ment. There isn’t a great deal of information
published about this design, so Bob did our
own modeling with EZNEC/4 Professional.

EZNEC/4

Figure 1 —This antenna drawing from EZNec/4 Pro shows the analysis segments and
bottom load as well as top-hat details of one element of the Eight Circle Vertical Array (no
radials shown here).



Figure 1 shows the segment layout of the
shortened vertical. This vertical contains
some minor modifications from the W8JI
design, based on Bob’s studies.

The model shown in Figure 1 is from
the W8I site but has been slightly modified
based on our analysis. The EZNEC/4 model
files we used for our analysis are available
for download from the ARRL QEX files
Web site.* Our model contains the correct
number of segments and a better analysis
of the loading of both the top-hat and base,
and does an adequate job of modeling with
the radial system. This determination was
made because using EZNEC/4 Pro allows
for good theoretical ground models. It is here
we learned of the importance of the con-
struction details over various quality grounds
and how to achieve robust and predictable
operation over all sorts of climates and soil
conductivities. Thel60 meter and 80 meter
models are approached as lump resistance
in the feed with lumped inductance, and no
attempt is made to account for the resistance
of the small inductors except when choosing
the appropriate resistor. This is taken care of
when we get to setup and tuning.

For 160 and 80 meters, the dimensions of
the vertical and top hat wires are all 25 feet
in length, with the top-hat wires also acting
as guys, 25 feet from the base of the verti-
cal. This allows the top-hat to serve as both
capacitive top-loading and provide very
good high angle rejection as well. Because
the structure is ground mounted and four of
the elements are active in each of the eight
directions in a broadside/end-fire cell, the
rejection above 45° is at least 9 dB down
from the main lobe maximum. The suppres-
sion goes up with increasing angle and is a
key feature of the top-hat because it acts as a
shield against a large expanse of the sky and
reduces sky noise above the antenna from
reaching the receiver. The short, ground-
mounted structure provides immunity from
man-made noise in all but the immediate
vicinity. So performance will be good so long
as you minimize line of sight noise sources
for the array.

The individual vertical structure is self
resonant at 75 meters so we will need to
bring the resonant frequency down with a
small inductor. On 160 meters, our design
indicated the load inductor to be 30 uH with
enough resistance to give a low SWR at
1.85 MHz. This will provide less than 1.5:1
SWR from 1.8 to 1.9 MHz to 75 Q coax.
On 80 meters, the design indicates a 2 puH
inductor will be required with the addition of
enough resistance to give a low SWR from
3.5t03.8 MHz.

The 75 Q feed point impedance was cho-
sen because of the availability of inexpensive,
readily available coax (cable TV installation)
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plus the higher resistance is used to broaden
the SWR, since it is accomplished by lower-
ing the Q. This helps guarantee the front end
of your receiver sees the kinds of loads it
needs to see to perform correctly.

The mounting is not critical and no spe-
cial fixtures are needed to insulate the vertical
element and top hat wires. You will not be
able to tell the difference between an insu-
lated bottom from one held off the ground by
a fence post (non-conductive of course!).

The design uses a top-hat made from
AWG no. 16 wire with the vertical element
assumed to be a 1.25 to 1.5 inch diameter
vertical pipe.

Even though ground resistance is not par-
ticularly important for radiation resistance, as
mentioned earlier, you will need at least four
s to ¥ A radials on each element in order to
stabilize the feed point resistance over chang-
ing ground conditions year round. The exact
number and length can be determined with
some very easy tests after initial construction.
That process will be covered later. Again,
the ground system only needs to be good
enough to provide a stable feed point resis-
tance, since the object is not super efficiency
and gain, but directivity and stability of the
impedances in all seasons. This will permit
the system to be close enough to “perfect”
that the modeling applies consistently. Four
radials are likely sufficient and that is what
you should start with, but testing can easily
be performed after construction to determine
the exact number required. One each of these
initial radials should be buried beneath each
one of the top-hat wires. Depending on your
location, just remember that if the radials
are under more than just a few inches of
water, they are effectively shielded from the
antenna, and ineffective. Figure 2 shows the
3D pattern of one of the vertical elements at
resonance using 4nec2dx.

Figure 3 displays the SWR profile for
Bob’s 160 meter design, computed by
EZNEC/4 Professional, assuming perfect
ground, 30 pH base inductor, resistor and
75 Q coax.

The 80 meter design SWR profile, as
computed by EZNEC/4 Professional assum-
ing perfect ground, 2 puH base inductor, resis-
tor and 75 Q coax is shown in Figure 4.

1.3 Array Geometrics

The Eight Circle Vertical Array is com-
prised of broadside/end-fire cells. The
circle’s dimension is determined by the
broadside spacing and the end-fire spacing.
Much analysis has been performed on the
optimum broadside and end-fire spacing so
rather than spend time in an effort to deter-
mine the same conclusions we will use those
results. For those wishing to dig into the
theory behind the spacing you can review
Chapter 7 Section 1.11 and 1.12 of ON4UN’s
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Low Band DXing.

The optimum broadside spacing for a
takeoff angle of 24°, which yields the best
attenuation off the sides, is 0.55 A and yields
an RDF of 13 dB. W8JI has suggested the
possibility of using a slightly wider spac-
ing of 0.65 A. With this spacing, you will
increase the number and/or size of the side
lobes but in return you get a narrower 3 dB
beamwidth. Bob calculated the RDF for this
spacing to be 12.5 dB. For those in quiet
areas, there is no doubt you should use 0.65 A
broadside spacing. If you live near a variety
of noise sources you could use 0.55 A broad-
side spacing to increase the rejection on as
many of those sources as possible.

As depicted in Figure 5, once you decide
on the broadside spacing and understand that
the elements are going to land on a circle, the
entire array geometry is determined.

The broadside dimension determines
the entire circle as soon as it is specified.
The end-fire spacing is determined by the
broadside spacing and the circular array. The
broadside spacing is the only degree of free-
dom in the entire design.

The crossing diameter lines represent the
individual feed lines to each vertical antenna.
These may be any equal electrical length
pieces of 75 Q coax. If you make them odd
multiples of ¥z A in length (Y2 A lengths of
feed line will not reach the center feed point
of the array) such as % A, then some nice
opportunities are available for measuring
antenna currents and voltages at the feed
points. This is not necessary! They just have
to all be equal lengths.

If the forward two elements are combined
in phase and the back two elements are com-
bined in phase then run through a phasing
line and inverted in a 1:1 inverter transformer,
then the antenna is beaming in the direction
of the arrow.

The layout for this specific design is given
in Table 1.

1.4 Feeding the Array

Feeding this array is relatively easy. The
materials required are:

One — 4:1 UNUN transformer.

One — 1:1 Inverter transformer.

Nine — DPDT relays.

Two — 75 Q coaxial phasing lines.

e These two pieces of 75 O coax are con-
nected in parallel to form a 37.5 Q phasing
line. The final length will be discussed later,
as there are trade-offs to consider.

Figure 6 shows the feed arrangement
for the broadside/end-fire cell. Upon care-
ful review, it becomes clear why this is so
easy. The “front two antennas” consist of the
two elements in the “front” of the four ele-
ment cell coming to a Tee. The “back two
antennas” are the back elements in the four
element cell coming to a Tee. Two pieces of

Table 1

Eight-Circle Array Configuration

Band (Meters)

Broadside Spacing (A) (Meters) (Feet) Circle Diameter (ft)

160 0.55 90.1 296 320
160 0.65 106.5 350 378
80 0.55 46.5 152.5 165
80 0.65 55 180 194
Front Two Antennas | | Back Two Antennas |
[180 — & Phasing Coax |
Magnetic Magnetic
Transformer Transformer
41 UNUN 11 Inverter

Coax 75 Q

QX1003—HarrisonMcGwier06

Figure 6 — Here is the feed arrangement for one cell.
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Figure 7 —The EZNEC/4 Pro model of an array of one 4-cell.
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equal length 75 Q) coax are feeding the front two elements, which
form a combined impedance of 37.5 Q. The back two elements are
the same and again form a combined impedance of 37.5 Q, but with a
phasing line (180° minus the desired phase angle) consisting of 75 Q
coax. The back two elements are then fed through an inverter, which
allows us to feed them not with our phase angle, but with 180° minus
the phase angle, which, among other things, allows for a shorter
length of phasing line coax.

This phasing line consists of two equal length pieces of 75 Q coax
connected in parallel to produce a 37.5 Q impedance to match the
element feed line impedance (two 75 Q feed lines in parallel to the
back two elements), which should be 180° — 125°, or 55° in length.
If you assume a 0.66 A velocity factor, this would be a length of
54.2 ft (16.5 meters) for the 160 meter band and 28 ft (8.5 meters) for
80 meters. But remember, always measure your velocity factor or the
delay, do not assume!

Asimple collection of nine DPDT relays or four 4PDT relays with
one DPDT can switch the array in eight directions. One of the nine, or
the lone DPDT in the second example, does nothing but swap which
side, front or back, sees the 180° minus phasing line coax.

1.5 Modeling the Complete Array Design

With the design assumptions now completed and understood,
let us look at the results as an array. Figure 7 shows the EZNEC/4
Professional antenna model of a four cell broadside/end-fire array.
Figures 8, 9 and 10 display the azimuth, elevation and 3D pattern
for the 160 meter array and Figures 11, 12 and 13 show the azimuth,
elevation and 3D pattern for the 80 meter array. The calculated RDF
for the 160 meter array is at least 13 dB, as shown in the modeling
figures that follow. Although the main sidelobe is >15 dB down from
the highest gain point, RDF is about total contribution of power from
behind the main lobe. The 80 meter model patterns show similar
results.

2.0 Construction of the Eight Circle Vertical Array

Once the decision was made to erect a 160 meter Eight Circle
Vertical Array at W5ZN, the construction phase began and involved
numerous steps to ensure the design parameters were met.

2.1 Location and Physical Layout of the Array

The first step was to select an appropriate location and lay out the
circle. Fortunately W5ZN has an area that seemed ideal for the array
out in a field approximately 700 ft from the shack to the proposed
center of the array. See Figure 14.

The location of the 160 meter transmit antenna, a shunt fed tower
with HF Yagis seen in Figure 15, had to be taken into consideration.
An existing barbed wire fence to the south of the proposed location

EZMEC Profd

Figure 10 — This 3D plot shows the 160 meter radiation pattern.

Total Field EZNEC Pro Total Field EZNEC Pro/d
; -
rJ Jr E : 5 _EI:I-- > kS \I. ‘l‘ll
s i ' i i e '
1525 MHz 1.825 MHz
Azimuth Plat Cursor Az 900 deg. Elevation Plaot Cursar Eley 2510 deg.
Elewvation &ngle 250 deg. Gain -11.21 dBi Azimuth Angle  90.0 deg. Gain -11.2 dbBi
Outer Ring -11.21 dBi 0.0 dBmzx Cugter Ring -11.21 dBi 0.0 dBmax
0.0 dBmax=30 0.0 dBmax30
30 Max Gain -11.21 dBi 30 Mlaix Gain -11.21 dBi
Slice Max Gain -11.21 dBi @ Az Angle = 50.0 deg. Slice Max Gain -11.21 dBi @ Elev Angle = 25.0 deg.
Fru:um.l'Elgck 2575dB Bearmwvicth 431 deq, -5dB @ 7.5, 506 deqg.
Beamwvicth 56.8 degq.; -3dB @ B1.6,1158.4 deg. Sidelobe Gain -27 .04 dBi @ Eley Angle = 115.0 deg.
Sidelobe Gain -34.45 oBi @ Az Angle = 32000 deg. Fromt/Sidelobe 1583 dB
Front/Sidelobe 2327 dB

Figure 8 — The azimuth pattern for the 160 meter array.
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Figure 9 — Here is the elevation pattern for the 160 meter array.



Total Field - EZHEC Pro4 E/NEC Fro/d

Figure 13 — Here is a 3D plot of the 80 meter radiation pattern.

3.6 MHz
Azimuth Plot Curgor Az 900 deg.
Elesvation Angle 250 deg. Gain -4 56 dBi
Outer Ring -4 .56 dBi 0.0 dBmax
0.0 dBmax=30

30 Max Gain -4 56 dBi

Slice Max Gain -4.56 dBi @ Az Angle = 90.0 deg.
FrontBack 21.15dB

Bearmwicdth 572 deg,; -3dB @ 61 .4, 1186 deg. g4 &
Sidelobe Gain - -25.71 dBi @ Az Angle = 270.0 deg. 1 '
Front/Sidelobe 2115 dB

Figure 11 — Here is the azimuth pattern for the 80 meter antenna.

Total Field EZMEC Profd

Figure 14 —This photo shows the area selected for the Eight Circle
Vertical Array.

3.6 MHz
Elewation Plat Curzor Elev 250 deg.
Azimuth Angle 9000 deg. Fain -4 56 dBi
Outer Ring -4 56 oBi 0.0 dBmax
0.0 dBma=30

30 M Gain -4 56 dBi

Slice Max Gain -4.56 dBi (@ Elev Angle = 250 deg.
Beamuwvidth 428 deq., -3dB @ 7.8, S0.6 deg.
Sidelohe Gain -20.77 dBi @ Elev Angle =115.0 deg.
Front/Sidelobe 1621 dB

Figure 12 —This elevation pattern is for the 80 meter antenna.

Figure 15 —You can see the 160 meter transmit antenna (left tower)
in this photo.
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Figure 16 — Each vertical element is installed on 2><4 base.

also had to be evaluated. The western edge
of the circle was measured to be 280 ft from
the shunt fed transmitting tower, greater than
% ), and the southern edge was 75 feet from
the barbed wire fence running east-west.

After consultation we concluded these
distances should be adequate to prevent
interaction with the array. Another concern
we had was sloping ground, as can be seen in
Figure 14. We concluded that, if the slope was
less than approximately 10°, there should be
no major deviation from the model. Prior to
laying out the circle we needed to verify the
slope angle of the ground. The most accurate
way to accomplish this would be to use a
transit, however a less expensive method that
is somewhat less accurate but well within
acceptable tolerances may be employed. A
4 ft level was placed on the ground at the
western edge of the proposed circle pointing
in the direction of the slope, assuring it was
“level”. At the far eastern end of the proposed
circle at the maximum point of the slope we
vertically supported a 10 ft piece of white
PVC pipe. While staring down the level to
project a “level” straight line to the PVC
pipe we marked this point on the pipe. We
could then measure this distance down to the
ground and use simple trigonometry to cal-
culate the slope angle. We calculated that the
sloping ground was no more than 2°, which
is very acceptable.

Now that we verified that we had an
acceptable location for the array, it was time
to lay out the circle. Having identified the
western edge of the circle by measuring its
distance from the transmitting antenna, as
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well as the southern edge of the circle by
measuring its distance from the barbed wire
fence, we began the layout. We had previ-
ously concluded we would use a broadside
spacing of 0.55 A (296 ft), which results in a
320 ft diameter circle. We simply measured
160 ft (the radius of a 320 ft diameter circle)
from each of the two previously identified
edge points to a center point. From this now-
identified center point we began measuring
out 160 ft in 20 ft spacing segments, marking
each edge point with an orange survey flag.
In just a short time there was a 320 ft diam-
eter orange flag circle in the field.

From this “circle” we could lay out the
location of each vertical with a broadside
spacing of 296 feet, physically spacing them
equally around the circle so that a broadside
array would project a main lobe in each of
the eight directions of interest. The result
is an end-fire spacing of 123 ft. Remember,
the broadside spacing is the only degree of
adjustment you have and the end-fire spac-
ing is simply the result of the selection of the
broadside spacing.

2.2 Element Supports

As noted earlier in the section on model-
ing, the material and method for supporting
and insulating the vertical elements from the
ground is insignificant. We used four 12 ft
treated 2x4s and sawed them in half to pro-
duce eight 6 ft posts. Following this we dug
a post hole about 18 inches deep, inserted
the 2x4 and packed it in with Quickcrete to
form a solid base. There’s no need to mix the
Quickcrete with water, just use it as a fill-

Figure 17 — A close-up view of a vertical
element sitting inside bottom support
enclosure.

ing and packing material in the hole. It will
absorb the moisture in the ground or during
the next rainfall and the moisture will solidify
the mix.

2.3 Element Material and Construction

The material used for the vertical elements
and the construction technique is not critical
as long as you stay within the dimensions of
the model in order to replicate it. A variety of
acceptable possibilities exist. In this section
we will describe the procedure we followed.
W8I has very successfully used other mate-
rials (steel conduit and chain link fence top
rails) and techniques that provide very strong
elements mechanically, and excellent results
as detailed on his Web site. (See Note 7.)

We chose to use aluminum tubing for the
elements. There was no particular reason for
this other than personal preference. We used
12 ft lengths of 1% inch diameter aluminum
tubing and a supply of 1% inch diameter tub-
ing that has a 0.058 inch wall thickness. As
such, the 1% inch diameter tubing fits right
inside the 1% inch tubing. Then the smaller
diameter tubing was cut into 2 ft lengths and
inserted 1 ft into one end of eight of the 12
ft lengths of the 1% inch tubing. We secured
the joint with no. 10 stainless steel screws and
nuts. This provides 24 ft long elements. Next,
we cut 18 inch lengths of 1% inch diameter
tubing, inserting it 6 inches into what would
be the top end of each 24 ft long element and
secured it with stainless steel screws and nuts.
We now had very nice 25 ft elements. Four
holes are drilled at the top, 90° apart in order
to attach the top hat wires.

For top hat wires we used some AWG no.
16 speaker wire (16-2 stranded). Separating
the two wires is very easy and this wire
worked great. Again, there is flexibility with
the material but stay with no. 16 gauge in



an see the ground rod and
radial attachment for a vertical in this photo.

Table 2

Vertical Element Self Resonance Measurement Results

Vertical  Self Resonance

1 3.90 MHz 20j0Q
2 3.85 MHz 19j0Q
3 3.90 MHz 2200
4 3.92 MHz 21j0Q
5 3.92 MHz 18j0 Q
6 3.90 MHz 18j0Q
7 3.90 MHz 18j0Q
8 3.90 MHz 22j0 Q

Feed Point Impedance

160 Meter Feed Point
Resistance (no matching)

18321 Q
16321 Q
16321 Q
18328 O
18328 O
18328 O
18321 Q
16 j315 Q

& 7

Figure 20 —W5ZN measuring the self-resonance of the vertical elements.

order to replicate the design model. For guy
lines we first used 50 pound fishing line. This
worked well for a short period, however the
lines began to break (they weren’t stretched
that tight), possibly from deer or other wild
animals hitting them, so the fishing line was
replaced with % inch Kevlar® rope. It does
not stretch, it is perfect for guying vertical
antennas and the Kevlar® rope has held nicely
for several months now. We used tent stakes
for the guy anchors.

After assembling the elements and top hat
wires it was now time to mount the vertical
elements to the 2x4 base supports. This can
be accomplished in a variety of ways. At a
local hardware store we located some plastic
conduit clamps and some plastic housings

with an opening at the top, ideal for mount-
ing the elements and also a means to weath-
erproof the feed line connections.

Figures 16, 17 and 18 show a 2x4 sup-
port, element attachment and completed
element.

2.4 Ground Radial System

As described in the modeling section,
some ground radials are required to stabi-
lize the feed point impedance over chang-
ing ground conditions throughout the year.

At firstwe chose to bury four radial wires
that were 65 ft long (¥ A on 160 meters) a
few inches in the ground. These were laid
out with one under each of the top hat
wires. These wires aren’t critical and they
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don’t necessarily have to be buried, but they
do need to be lying on the ground as a mini-
mum. A large supply of 16 gauge wire was
acquired and used for radial wire.

For ground rods, all antenna and shack
grounds are using ¥ inch copper pipes. We
purchased 10 ft lengths and then cut them
in half. We placed an end cap over one end
and then drove it into the ground. That is
relatively easy to do in Arkansas, especially
during the wet winter and spring months.
Your specific area may prove difficult or
prevent using this method entirely, and that is
understood. Just get a good ground rod in the
ground. The ground radials and outer shield
of the coax connector are all connected to the
ground rod. A solder connection is made to
the copper pipe ground rod. Figure 19 shows
the W5ZN ground radial system installation.
It is important to note that the ground rod
does nothing to improve the pattern or effi-
ciency of the antenna. It is simply to provide
a good dc ground.

2.5 Tuning the Individual Elements

Nowthateach vertical elementwaserected
and the ground radial system installed, it was
time to test and tune each element. Bob and
Al Ward, W5LUA, traveled to Arkansas to
assist with this process, and evaluate actual
results with the designed/modeled results.
Our first step was to check the self-resonance
of each vertical. This is a simple process if
you have an antenna analyzer similar to the
MFJ-259B. Simply connect the analyzer
directly to the vertical element and record the
readings. Table 2 shows the results from each
element while Figure 20 shows the measure-
ments being taken. Needless to say, we were

all quite happy with the results, which clearly
prove the design dimensions!

Now it was time to tune each element.
The design indicated an inductor of 30 uH
would be required to tune the element down
to 160 meters and our resistor should be
somewhere around 70 Q. Our target was
to center the zero reactance component
between 1.8 and 1.9 MHz.

We had some small molded 27 uH and
31 pH inductors on hand, and some 75 Q
non-inductive resistors, so the first attempt
was to try a 27 pH / 75 Q combination. This
produced a 160 meter feed point resistance
of 100 jO Q, clearly a sufficient amount of
inductance but way too much resistance
since 75 Q was our target.

We then went to the resistor box and
pulled out some 47 Q resistors to try. These
were not “non-inductive” but only measured
about 1 puH, so we decided to give them a try.
This combination worked pretty well. The
feed point resistance came down to about
68 Q but the zero reactance point didn’t
really move as we had expected, since we
were using an “inductive” resistor. After
scratching our heads for a bit we decided
to check our “non-inductive” resistors and
discovered they were anything but “non-
inductive”! A case in point here: we did a
search on the internet for “non-inductive”
resistors and found just about all of our hits
for “non-inductive” resistors came back to
numerous ads that stated “non-inductive wire
wound resistors.” Huh? Obviously a wire
wound resistor will not be “non-inductive”
so beware! The resistors W5ZN had on
hand, which were purchased from a popular
surplus dealer, were very clearly marked and

identified as “non-inductive resistor,” but
they weren’t. The good news is this is not
really necessary for this application as long
as you take the inductance of the resistor into
account for the overall inductance/resistance
combination. You should also be aware that
the inductor will have some small amount of
resistance as well but again just make sure
you account for all of this in your inductor/
resistor network. This is easily done when
we calculate the overall reactance and SWR
at the desired frequency.

Before you begin the tuning process it is a
good idea to have a supply of 0.5and 1.0 uH
small molded inductors as well as some 1 to
3 Q resistors on hand for fine tuning, espe-
cially if you’re a perfectionist!

Once you have the element tuned to a
reasonable point, it is now time to check the
effectiveness of the ground radial system.
This is easily done with an antenna analyzer
similar to the MFJ unit. When the shell of
the coax connector from the analyzer is
attached to the radial system then the ana-
lyzer believes this is a perfect ground since
there is zero ohms resistance (close enough).
If, during the following test the value of the
feed point impedance changes by more than
5%, the ground radial system is insufficient.

First, disconnect all of the ground radi-
als, leaving only the ground rod connected
to the cable shield and record the feed point
impedance. Next, connect one ground radial
and then the remaining three, recording the
feed point resistance change at each step. If
the change is less than 5%, then you have a
very good ground radial system that should
be stable under changing conditions through-
out the year.

Table 3

Feed Point Resistance Change with Added Ground Radials. Readings Taken in October with Dry Ground.

Frequency Ground Rod Only 1 Radial 2 Radials 4 radials 8 Radials
Self Resonance

No RL Matching

80 Meters 38j30 Q 32j0Q 30j0Q 30j0Q 20j0 Q
No RL Matching

160 Meters 42 j360 Q 6 j300 Q 7j300 Q 8300 Q 0j310Q
RL Matching

For 160 Meter Resonance 110j0 Q 80j15Q 81j12Q 80j10 Q 78j0 Q
Table 4

Feed Point Resistance Change with Added Ground Radials. Readings Taken in January with wet ground.

Frequency Ground Rod Only 1 Radial 2 Radials 4 radials 8 Radials
Self Resonance

No RL Matching

80 Meters 4230 Q 31j10Q 30j0Q 28j0 Q 18j0 Q
No RL Matching

160 Meters 40363 Q 5306 Q 5306 Q 5j307 Q 0323 Q
RL Matching

For 160 Meter Resonance 120j0 O 80j20 Q 80j20 Q 7820 Q 75j0 Q
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We did not. The change we experienced
was greater, so we chose to add four more
radials, bringing our total to 8 for each ele-
ment. We continued the test by adding two,
then the additional two and the change was
now within 5% so we were satisfied we had
a stable ground radial system. Table 3 shows
the typical change in feed point resistance
recorded for each of the verticals when add-
ing radials in October with dry ground and
Table 4 shows the typical change from read-
ings taking in January with wet ground.

After completing the ground radial test
we then performed some fine tuning and
tweaking of the inductor/resistor values to
bring the feed point resistance into our design
range. Table 5 shows the final results along
with the required individual inductance and
resistance used as well as the total inductance
and resistance of the network.

2.6 Feed linesand Phasing Lines

We are using 75 Q coaxial cable feed line
in this array. We chose to acquire “flooded”
cable so it could be buried without the worry
of moisture influx and deterioration. Good
quality RG-6 flooded coax, along with very
good F-connectors that work great in low
band receiving applications are available
from a few select Amateur Radio dealers.
We recommend you bury the feed lines. If
you choose not to, however, we recommend
you use the flooded cable anyway just in case
a wild animal wants to chomp on the coax.
They most definitely will not enjoy the taste
of the flooding compound and will look for
another treat!

In order to accurately prepare our phasing
lines we decided to measure the velocity fac-
tor of our RG-6 cable. Our test setup included
an MFJ-259 Antenna Analyzer used as our
signal generator and a dual trace oscilloscope
to measure the signal time delay in a length
of cable. We concluded the velocity factor
of our cable to be about 80%. From this, we
determined our 55° phasing lines should be
66 ft in length. Two of these were prepared,
per the design.

We then prepared nine 75 Q RG-6 coaxial
lines of equal length (one each to feed each
of the eight verticals and one spare), suf-
ficient to run from the center point to each
vertical element with about 5% extra to have
some spare.

2.7 Switching Unit

The switching unit schematic is shown in
Figure 22.

Rather than go through the time and
expense of designing and manufacturing a
circuit board, we chose to assemble a switch-
ing unit using point to point wiring. Figures
23 and 24 show the W5ZN unit.

The components for the switching unit
aren’t critical. Some chassis mount F connec-

Yo 0

75 Ohm to
Receiver E %“g
41
UNUN

11 Delay Line
Inverter 180 — ¢

All Relays Shown Deenergized

K 123 4/5(6 |7 |89
N X X
NE X X
E X X
SE X X
S X X
SW X X
W X X
NW X X

x| > [ > =

QX1003—HarrisonMcGwier22
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Figure 22 —This is a schematic drawing of the switching unit.
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tors and simple (but good) enclosed 12 V dc
relays will work just fine, and we used some
small gauge enameled wire to connect every-
thing. Don’t use wire that is too small, which
can become brittle and break, but don’t use
wire so large that it is too rigid and does not
provide some flexibility. If you use point to
point wiring, just remember the small pins on
the relays are strong, but they won’t stand up
to a lot of stress. Even though is it not what
we used, we recommend the use of small
gauge stranded wire.

The relay unit was laid out on a piece of
paper, and then a sheet of aluminum was
used to mount the relays. We drilled the
holes to mount the connectors. Epoxy glue
was used to mount the relays upside down
on the aluminum sheet, and some small,
flexible enameled wire was used to connect
everything.

After you have the switching unit assem-
bled you can perform some simple tests to
ensure everything is working fine. First, make
sure all of the relays are working individually
and then as a group in the proper sequence by
using a simple continuity test with an ohm
meter. Now you can inject a signal into the
unit using an antenna analyzer or other weak
signal source to verify that all of the other
components are working. Figures 25, 26 and
27 show some of our test results.

The switching unit is really simple and
straightforward, however there are a couple
of points that need to be highlighted. First,
make sure you note the wiring sequence
“swap” when you go from relay 4 to relay
5. Again, this is a simple process, just make
sure you are aware of it and wire it correctly,
otherwise the unit will not switch the ele-
ments properly.

The second point is the 1:1 inverter and
the 4:1 UNUN, which are very simple to
construct. Binocular cores seem particularly
useful for low band receive antenna applica-
tions. The Fair-Rite 2873000202 core that
WB8JI has popularized is easy to locate and
purchase, easy to wind and works great. We
used small gauge enameled wire, but this
is not necessary and any small gauge wire

Figure 24 —This view shows the connector side of the switching unit.

Table 5

160 Meter Results After Tuning

Vert 1.800 1.830 1.860 1.890
1 74)13Q 75j0Q 75j0Q 76j16 Q
2 75j10Q 750Q 76j0Q 77j19Q
3 76j15Q 76j0Q 76j0Q 76j9Q
4 76j15Q 75j0Q 75j0Q 7615 Q
5 76j17 Q 75j0Q 75j0Q 76j12Q
6 74j11Q 74510Q 75j0Q 76j20Q
7 75j15Q 74j0Q 75j0Q 7517 Q
8 73j16 Q 73j0Q 74j0Q 74j16 Q

jO Bandwidth

1.815-1.862
1.815-1.860
1.817-1.868
1.820-1.874
1.824-1.878
1.814 - 1.863
1.818-1.868
1.815-1.862

Res

56 Q
55 Q)
54 Q
53 Q2
53 Q
55 Q)
53 Q
56 Q2

Total Ind and Res

28.4 uH
28.6 uH
28.6 uH
28.3 uH
28.0 uH
28.5 uH
28.5 uH
27.7 uH

56.5 QO
54 Q
545 Q
54 Q
54 Q
56 Q
54 Q
56.5 QO
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will work as long as it is insulated. For the
1:1 inverter just twist two wires together and
make three passes through each hole in the
core, to produce a 3 turn winding. Connect it
as shown in Figure 22, making sure the ends
of the two windings are reverse connected.
For the 4:1 UNUN, just use four turns on the
primary and two turns on the secondary. That
is four passes through each hole for the pri-
mary winding and two passes through each
hole for the secondary winding. This will
give you a 2:1 voltage ratio, which equates
to a 4:1 impedance ratio, and you’re in busi-
ness! You can check it on an oscilloscope and
it will show a perfect 2:1 voltage ratio (the

Figure 25 —This oscilloscope plot shows
a 1.83 MHz signal through the 4:1 UNUN,
showing a 2:1 voltage ratio (4:1 impedance
ratio).

Figure 26 — Here is an oscilloscope plot of
a 1.83 MHz signal through the 4:1 UNUN and
1:1 inverter (180°).

Figure 27 — The oscilloscope plot of a
1.83 MHz signal through 4:1 UNUN, 1:1
inverter and phase lines.

equivalent of a 4:1 impedance ratio).

Once the switching unit was installed, a
ground rod is installed and connected to the
aluminum sheet. Figure 28 shows the finished
installation. A rubber trash can be used for
weather proofing to protect the switching unit
from the elements.

2.8 Switching Control

The control for the switching unit can be
built in a number of different ways. Figure
29 shows the W5ZN method. Joel uses a
diode matrix with an eight position pushbut-
ton antenna relay control box. He prefers the
pushbutton variety rather than rotary switches
to eliminate a lot of “cranking” and switch-
ing through unwanted directions to prevent
unnecessary relay activation. For control
cable, we used 5 conductors of a CAT5 cable.
Any 5 conductor cable will work fine to pro-
vide the proper dc relay voltage to the exter-
nal unit. Joel’s run is approximately 600 ft
from the shack.

3.0 Evaluation of the Eight Circle
Vertical Array

Evaluation of any antenna system requires
that you have a realistic understanding of
what to expect! In the case of low band
receiving antennas, some radio amateurs
have erroneously assumed that after install-
ing a Beverage or similar receiving antenna
you will automatically begin to miraculously
hear stations that never existed at your loca-
tion before. The most important factor in
being able to hear stations on the low bands
is propagation characteristics. Joel listened
for two 160 meter seasons as east coast sta-
tions boasted about how strong VQILA was
without a peep of a signal into Arkansas. No
receive antenna would have changed this.
Finally one night the propagation came to
WS5 land and thanks to low noise receiving
antennas VQILA is in the log at W5ZN.
So don’t expect to begin to magically hear

e R+
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Figure 28 — This photo shows the switching unit installed at the center of the array.
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stations that just never existed before. What
should immediately become apparent is that
your noise floor will decrease. Since DX
signals on the low bands are weak signals,
this component alone should allow you to
hear stations that previously were buried in
the noise.

Remember, your goal is to improve your
DMF or RDF which will in turn reduce
the amount of noise (both man-made and
natural) and QRM collected by the receive
antenna system in a particular direction and
allow you to hear weak stations when propa-
gation permits.

3.1 Noise Evaluation

Joel’s first step in the evaluation was
to record noise floor levels on the various
160 meter antennas installed at W5ZN. He
has some significant noise sources in two
directions, so a combination of low noise
receiving antennas benefits him greatly.
Table 6 shows a comparison of the noise
floor for the W5ZN 160 meter antennas.

3.2 Signal Comparison, F/B Ratios, F/S
Ratios

A comparison of on-the-air F/B and F/S

measurements from various stations was per-

formed over several months and the results
indicate the array is comparable to the model-
ing parameters produced.

The charts of Figures 30, 31, 32 and
33 depict signal comparisons between the
Eight Circle Vertical Array and Joel’s 880 ft
Beverage antennas taken at different times
of the day to different parts of the world.
Obviously, the signal arrival angle will play
an important part in signal strength and read-
ability. The charts are typical for each DX
station, however, and represent the ability to
hear a station earlier than with the Beverages

Modification to 8—Position Coax Switch
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Figure 29 — Here is a switching control unit modification. Diodes are standard silicon diodes, 1N4004 or equivalent.

Table 6

Noise Floor Measurement Comparisons

Direction  Eight Circle Vertical Array Beverage K9AY Loop! Shunt Fed 135 ft HF Tower %2 A Inverted Vee?
Noise Floor Noise Floor 160 Meter Xmit2
N —129 dBm —125 dBm N/A —100 dBm —105 dBm
NE —125 dBm —120 dBm —132 dBm —100 dBm —105 dBm
E —125 dBm —124 dBm N/A —100 dBm —105 dBm
SE —126 dBm —123 dBm —130 dBm —100 dBm —105 dBm
S —126 dBm —120 dBm N/A —100 dBm —105 dBm
SW —125 dBm —120 dBm —132 dBm —100 dBm —105 dBm
w —126 dBm —125 dBm N/A —100 dBm —105 dBm
NW —130 dBm —128 dBm —132 dBm —100 dBm —105 dBm

Noise Floor Measurements Comparing the Eight Circle Vertical Array, Beverages, Loop, Shunt-fed Tower and Inverted Vee at
W5ZN. Measurements were taken with a 250 Hz bandwidth at a Sampling Rate of 48 kHz.
Loop has considerably less gain than the Beverage or Vertical Array which equates to not only a lower noise floor but much
lower signal levels as well and traditionally requires a preamp.

20Omni-directional.
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and to also hear the station for a period of
time after they can no longer be copied on the
Beverages. At the peak propagation period,
however, there is no noticeable or recordable
differences between the two receive antenna
systems.

4.0 Summary

The Eight Circle Vertical Array is a signif-
icant addition to the low band receive anten-
nas at W5ZN. It is now the primary system
used for receiving on 160 meters. It will not
replace the other receive antennas because
as unpredictable as 160 meters is, you never
know when a propagation anomaly may
occur that will present itself better to one of
the other antennas, however that situation has
not yet been seen.

An 80 meter version has now been con-
structed at W5ZN and is being evaluated dur-
ing the Winter 2009/2010 low band season.

The amount of time and effort invested
in this project was considerable. That was
because only a very small amount of general
information was available on this antenna
array. Our hope is that this article will pro-
vide encouragement for others to try such an
array, and that the time required to build one
will be reduced significantly. For 160 meters,
this array takes up a circle diameter of less
than 350 ft, with an additional 65 feet for
radials. That is less than a 1 A Beverage
on 160 meters, and eight directions can be
obtained. So, if you’re space limited for a
Beverage array but can afford the real estate
for an Eight Circle Vertical Array, give it a
try. You will not be disappointed!

Notes

1ARRL DX Challenge Award: www.arrl.org/
news/stories/2001/05/08/3/.

2John Devoldere, ON4UN, “ON4UN’s Low
Band DXing,” Fourth Edition, ARRL — The
National Association for Amateur Radio™,
2005. ARRL publications are available from
your local ARRL dealer, or from the ARRL
Bookstore. Telephone toll free in the US
888-277-5289 or call 860-594-0355, fax
860-594-0303; www.arrl.org/shop;
pubsales@arrl.org.

3JoelHarrison, W5ZN, “Horns for the
Holidays,” Proceedings of Microwave
Update '97, ARRL, 1997, pp 147-149.

4Joel Harrison, W5ZN, “W5ZN Dual Band
10 GHz / 24 GHz Feedhorn,” Proceedings
of Microwave Update '98, ARRL, 1998, pp
189-190.

5Joel Harrison, W5ZN, “Further Evaluation of
the W5LUA and W5ZN Dual Band Feeds,”
Proceedings of Microwave Update '99,
ARRL, 1999, pp 66-84.

SPaul Wade, W1GHZ and Joel Harrison,
W5ZN, “Multi-band Feeds for Parabolic Dish
Antennas,” W1GHZ Microwave Antenna
Book, Chapter 6, W1GHZ, 2000, www.
wlghz.org/antbook/chap6_9p1.pdf.

Tom Rauch, W8JI, www.w8ji.com, www.
wagji.com/small_vertical_arrays.htm,
W8Jl, 2008.

Beverage -vs- Vertical Array Signal Comparison
JOMBMH - Ogaswara

December 28, 2008
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Figure 30 — This chart compares signal levels between the Eight Circle Vertical Array and a
Beverage antenna for signals from JD1BMH, Ogaswara.
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Beverage -vs- Vertical Array Signal Comparison
JW/IOZ1TCK - Svalbard Island

January 12, 2009
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Figure 31 — This chart compares signal levels between the Eight Circle Vertical Array and a
Beverage antenna for signals from JW/OZ1TCK, Svalbard Island.

8John Devoldere, ON4UN, “ON4UN’s Low
Band DXing,” Third Edition, ARRL —The
National Association for Amateur Radio™,
1999, pp 11-68 to 11-71.

9The authors’ EZNEX 4 model files are avail-
able for download from the ARRL QEX web
site. Go to www.arrl.org/qexfiles and look
for 3x10_Harrison_McGwier.zip.

Joel Harrison, W5ZN, was first licensed
as WNSIGF in 1972. He went on to acquire
his General, Advanced and Amateur Extra
licenses as WB5IGF. He’s had his current call
sign since 1996.

Joel has many interests in Amateur Radio
including VHF/UHF/Microwave weak sig-
nal communication, EME, low band DXing
and contesting. His Amateur Radio operating
awards include DXCC Honor Roll, DXCC
Challenge, 9 Band DXCC, 11 Band VUCC
(50 MHz through 24 GHz), 6 meter WAS and
WAC, 2 meter WAS and WAC and Satellite
WAS and WAC. He held the ARRL June VHF
Contest Single Operator World Record from
1996 to 2006 and held the 80 meter record for
the W5 call area in the ARRL International
DX Contest, CW, from 2006-2009. In 2001, the
Central States VHF Society awarded him the
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Mel S. Wilson Award for continuous service
and dedication toward promoting VHF and
UHF activity, in 2008 La Federacion Mexicana
de Radioexperimenatdores awarded him the
prestigious Azteca Diploma for 25 years of
service to Amateur Radio and in 2010 the
ARRL Board of Directors awarded him the
ARRL Outstanding Service Award for over 25
years of volunteer service to ARRL, including
two terms as ARRL President. He is a member
of the Collierville Millimeter Wave Society, a
life member of the Central States VHF Society,
a Life Member of ARRL and just retired as
President of ARRL, The National Association
for Amateur Radio™.

Joel began his formal education study-
ing industrial electronics at Arkansas State
University and then traveled overseas to fur-
ther his education in Germany, Norway and
Denmark, completing his curriculum at the
Electric Power Research Institute. In 1983 he
became the first person in the world to qualify
an automated ultrasound imaging system for
use in the nuclear power industry, and in 1995
received Special Recognition for Contributions
from the American Society for Nondestructive
Testing.

In 2008 he was appointed by Arkansas
Governor Mike Beebe to serve on the Board
of Directors of the Arkansas Science and
Technology Authority. Joel is Manager,

NDE Technology for URS (United Research
Services) Corporation in Princeton, NJ, which
serves the nuclear power, government, space
and infrastructure markets. More information
about Joel can be found at www.w5zn.org.

Dr. Robert McGwier, N4HY, has been
licensed since the early 1960s when he was
WN4HJN. He received N4HY in 1976 when
he decided he did not want to be NABM (with
apologies to the current owner of that call).

Bob holds a BSEE and BS in Mathematics
from Auburn and Ph.D. in Applied
Mathematics from Brown University. He serves
as Chairman of the ARRL Software Defined
Radio Working Group. Bob is the immedi-
ate past Vice President of Engineering for
AMSAT. Bob’s early work included writing the
Quiktrak satellite tracking software package
for the Commodore, RadioShack, and then PC
computers. He has worked on several satellite
projects and was a co-designer of the Microsat
satellites and on the early design teams for
AO-40. With Tom Clark, K3IO, he started the
AMSAT/TAPR digital signal processing project.
Bob received the 1990 Dayton Hamvention®
Award for Technical Achievement for his work
with AMSAT, TAPR, and the ARRL. Recent
DSP and software-defined radio activities
include authoring the DSP software (DttSP: in
PowerSDR) along with Frank Bickle, AB2KT.

Bob is employed with the Center for
Communications Research in Princeton, New
Jersey.
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Beverage -vs- Vertical Array Signal Comparison
EYS8MM - Tajikistan

January 23, 2009
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Figure 32 —This chart compares signal levels between the Eight Circle Vertical Array and a
Beverage antenna for signals from EY8MM, Tajikistan.

Beverage -vs- Vertical Array Signal Comparison
FWSRE - Wallis Island

February 6, 2008
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Figure 33 —This chart compares signal levels between the Eight Circle Vertical Array and a
Beverage antenna for signals from FW5RE, Wallis Island.



JonWallace

111Birden St, Torrington, CT 06790; fijwallace @snet.net

Amateur Radio Astronomy
Projects—A Whistler Radio

The author takes us for a ride into the amazing world of natural radio signals!

[In the author’s Jan/Feb 2010 QEX
article, there was an error in Figure 5, the
schematic diagram of the Gyrator Il VLF
receiver. When our Graphics Department
created the schematic, a 0.001 pF capacitor,
C4, was omitted between sections U1A and
U1B of the op amp. When | reviewed the
schematic for accuracy, | failed to notice that
missing capacitor, and | apologize for the
error. Several readers wrote to point out the
omission, and we thank them. A corrected

version of that schematic diagram is repro-
duced here. — Ed.]

I wanted to continue my project arti-
cles with my favorite, a “whistler” radio.
“Whistler” radios (named for the whistle-
like sound heard when radio signals from
lightning travel along magnetic field lines

tJon Wallace, “Amateur Radio Astronomy
Projects,” QEX, Jan/Feb 2010, pp 3-8.

and disperse) detect the electromagnetic
radiation at about 10 Hz to 20 kHz from
lightning, aurora, solar flares and other
effects on the Earth as they react with
the atmosphere. These signals are easily
detected and create a variety of sounds,
which I will discuss in this article. This gives
the “whistler” radio data a distinctive sound
quality that no other radio astronomy project
has, and makes them much more enjoyable
to use and share with others.

Ant

D4
T " +10V
C8
120V T470 uF
ac
+J_ - GND
D5 C9
470 puF
-10V
Power Supply

Decimal values of capacitance are in microfarads (uF); others are in picofarads (pF);
Resistances are in ohms; k=1,000, M=1,000,000.

QX1001-Wallace05
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y Ll ¢
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wes | okt ke
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Figure 5 from Jan/Feb 2010 QEX, p 5 —This corrected schematic diagram shows the Gyrator Il VLF receiver. (Capacitor C4 was omitted.)
There is more information, including a complete parts list at www.aavso.org/images/fullgyrator.gif.
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Background

VLF and the lonosphere

The ionosphere is the region of the atmo-
sphere which is ionized by solar and cos-
mic radiation. It ranges from 70 to 500 km
(about 40 to 300 miles) above the surface of
the Earth, and is generally considered to be
made up of three regions, or layers D, E, and
F. Some also include a C region and most
experts split the F region into two (F1 and
F2) during the daylight hours. lonization is
strongest in the upper F region and weakest
in the lower D region, which basically exists
only during daylight hours. As | mentioned
in the Jan/Feb QEX article, solar flare and
coronal mass ejection events can strengthen
the lonopsheric regions and they then act as
a wave guide for VVLF. This is due to the fact
that the wavelengths of the signals we are
monitoring are a significant part of the height
of these regions. (Remember that A = c / f
thus (300,000 km/s) / (2000 Hz) = 150 km).
This allows signals from lightning to be heard
from nearly half way around the Earth.

Geomagnetic Storms

A geomagnetic storm is a disturbance
created by a coupling of the Earth’s mag-
netic field with the magnetic field of the solar
wind, caused by solar flares, coronal mass
ejections, coronal holes, and so on. They can
induce large currents into Earth’s magneto-
sphere and as a result can induce currents into
long wire antennas and power lines, leading
to damaged equipment and blackouts. Given
a powerful storm, these events often generate
beautiful auroral displays, which can be seen
as far south as Florida. Geomagnetic storms
have been linked to many VLF emissions
such as chorus and risers (described in more
detail below).

Signals Detected

Lightning Induced Signals: Sferics

Sferics is short for “atmospherics” and
these signals are caused by the burst of radio
energy emitted by lightning strikes. They
cover the entire range of frequencies we are
monitoring and are by far the easiest signals
to detect. They sound like cracks, pops, and
snaps, and are characterized by vertical lines
on a spectrogram (see Figure 1). Sferics from
lightning can be heard from as far as a thou-
sand miles because of the ionospheric duct-
ing mentioned earlier.

Tweeks
Tweeks are generated when lightning
occurs at greater distances from the receiver
than those of sferics. Distances can be as
great as half way around the Earth. While
traveling through the ionospheric duct from
these distances, the signal experiences dis-
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persion — a process in which higher fre-
quencies travel faster than lower frequencies.
This yields a sound for tweeks like a musical
saw being plucked, or a musical “twang.”
They are characterized by vertical lines with
“hooks” on their bases, around 2 kHz on a
spectrogram (see Figure 1).

Whistlers

Whistlers are created when energy gen-
erated by lightning travels away from Earth
along magnetic field lines, toward conjugate
areas on the Earth. They can sometimes
travel back and forth several times between
conjugate areas. Since the path along mag-
netic field lines is very long (as much as three
Earth diameters) the dispersive effects are
great and the signal sounds like a descend-
ing whistle or a bomb dropping. The whis-
tler sound can last for as long as a couple
of seconds because of the great dispersion
experienced. They are characterized by long
descending arcs on a spectrogram (see Figure
1). Whistlers can consist of pure tones if they
travel along single paths or be much more
diffuse if they travel more complex paths. As
mentioned earlier, they can sometimes travel
between conjugate areas on Earth, so more
than one whistler can be heard from the same
lightning event, each experiencing more and
more dispersion and therefore spread out
more with each trip.

Geomagnetic Signals:

Geomagnetic effects can induce large
amounts of energy into the Earth’s magneto-
sphere and generate a number of signals that
we can detect. Monitoring the Space Weather
Web site (www.swpc.noaa.gov/today.html)
and looking for a planetary K index over 5
gives you warning of a geomagnetic storm.
The planetary K index is a weighted average

of the maximum deviations on magnetom-
eters compared to a “quiet day” in several
locations worldwide. It is calculated every
three hours from near-real-time data from
these geomagnetic observatories. It ranges
from 0 — very quiet to 9 — very large
geomagnetic storm. Any K index over 5 is
considered a geomagnetic storm and may
generate signals we can detect (see Table 1).

Chorus

Chorus seem to be associated with auroral
activity caused by geomagnetic storms (there
is more study being done on this effect).
Chorus signals have a very distinctive sound,
which sounds like crickets or birds chirping,
many times sounding like a tropical rainfor-
est soundtrack. The signals are characterized
by quick rising arcs of less than a second each
in duration on a spectrogram, and they tend
to be more prevalent during the early morn-
ing hours (see Figure 2).

Triggered Emissions
Other signals can be detected and are
lumped together here. They include single

Table 1

Planetary K index, Geomagnetic Index
and Magnetic Field Intensity in nT

nT
0- 5
5- 10
10- 20
20- 40
40- 70
70 - 120
120 - 200
200 - 330
330 - 500
>500

®
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Figure 1 — A sample spectrogram display of natural radio signals. In this display you can see
sferics (vertical lines), tweeks (vertical lines with hooks at 2 kHz) and whistlers (downward
arcs). Original sound file from NASA INSPIRE: www.theinspireproject.org/index.
php?page=types_vif_signals.



rising tones, hissing, periodic emissions
(non-whistler related), and short tonal signals
(non-whistler related).

Man-Made Signals:

60 Hz Hum

By far the most readily heard signal and
the curse of natural radio listeners is 60 Hz
hum. The power lines in the US radiate radio
energy at 60 Hz and many harmonics above
this, which make it particularly difficult to fil-
ter out. This is why you must find a location
that is about ¥4 mile from normal power lines
and at least a mile from major lines to begin
to hear the much weaker signals from natural
radio sources. On a spectrogram you will
notice horizontal rows on your chart, which
represent the hum and its harmonics.

Other Electrical Noise
Devices such as electronic ballasts for
fluorescent lighting and computer monitors
generate distinctive sounds as well. Again,
try to get far away from these signal sources
S0 you can detect the weaker natural radio
signals.

Loran

LORAN navigation signals can be
detected and appear as horizontal dots on a
spectrogram. [Recent news stories indicate
that the US Coast Guard will stop transmit-
ting US LORAN-C signals as of 2000 UTC
on 8 February 2010. See, for example, www.
navcen.uscg.gov/loran/default.htm. —
Ed.]

Russian Alpha and Coast Guard Omega
Navigational Signals
Alpha and the now inactive Omega sig-
nals can/could also be detected at the upper
range of our receiver. They appear on a spec-
trogram as horizontal rows of dashes.

Other Signals:

Tire Noise

Tire noise can be detected whenever a
car drives by. A brief signal is heard, which
appears to be generated by static charge on
the tire. These signals can only be detected
within about a hundred feet or less of the
vehicle. It sounds like a short swish or buzz-
ing.

Flying Insects

Apparently, the flapping of insect wings
near an antenna can disrupt the signals
detected. It is a very distinctive signal and
sounds like ... an insect flying. Normally it
is not a problem unless there are swarming
insects or an insect that remains close to the
antenna for extended periods of time.

Equipment Needed

The Receiver
Whistler radios operate at the ELF and

TN AT T T F T T Y Y (SRR TN T T T e

Figure 2 — In this sample spectrogram display you can see chorus signals. Original sound file
from NASA INSPIRE: www.theinspireproject.org/index.php?page=types_vif_signals.

VLF range (typically 10 Hz to 20 kHz). This
band of frequencies is known as the audible
band, not because you can hear them (you
can’t hear radio frequencies directly) but
because you can feed them into an ampli-
fied speaker with a long wire antenna input
and hear them. This explains how people in
the 19™ century knew about some of these
phenomena; they were heard on telegraph
lines. Unfortunately, due to the ac power
grid and other modern innovations, you now

Earth Monitor,
Wi Lo ionics

|
g

I+ lancips Filier Tuing

Figure 3 —This photo shows the Kiwa Earth Monitor (left) and Brian Lucas’ ATMOSS (right)

need a receiver that has filtering and more
sensitivity than just an amplified speaker.
Several sources are available for these radios,
all of which work well. Links are included
at the end of this article. | currently use the
Kiwa Earth Monitor and a small portable
unit built by Brian Lucas in England. The
Lucas receiver has a ferrite loop antenna that
cancels most 60 Hz electrical interference
but at a cost to sensitivity (few whistlers will
ever be heard with this radio). See Figure

VLF receivers. (Photo by author.)
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Table 2
Sample INSPIRE Data Form

INSPIRE Data
INSPIRE Observer Team

Team Number:

Coordinated Observation Date:
Tape/Recording Start Time (UT)

Receiver

Tape/Recording Start Time (Local)

xxxxxxxxxxxxxxxxxxx

Local Weather:

xxxxxxxxxxxxxxxxxxxx

Codes: M — Mark (WWV or \oice), S — sferics, T — tweek, W — whistler, A — Alpha, C — chorus

Sferic density: D:

Scale of 1-5 (1 — Very Low, 3 - Medium, 5 — Very High)

Time (UTC) Entry Observer
M -WWV or V STWCA D:
M - WWV or V STWCA D:_
M-WWV or V STWCA D:__
M -WWV or V STWCA D

3. I’'ve also built an INSPIRE (Interactive
NASA Space Physics lonosphere Radio
Experiments) VLF radio (though not the
newest version, which is available as a kit
from INSPIRE at: http://theinspireproject.
org/). The receivers are quite simple to build
and operate, usually with just some simple
filtering options and antenna and headphone
inputs. | have tried a bunch of antennas and
find that the longer the antenna, the better the
signal. There is a trade-off, though, since it is
difficult to travel with and erect a long wire
antenna (I’ve been stopped by police officers
and people driving by and asked what | was
doing), so I’ve settled for a long whip antenna
mounted to a tripod and find this satisfactory
for most observing sessions. Grounding is
also a necessity. Lastly, be aware that signals
can range from barely audible to extremely
loud crashes of lightning. Adjust your head-
phones appropriately so you don’t damage
your hearing.

Data Recording

| have used cassette tape for years, but
with the advent of portable digital recorders
I hope to transfer to this type of recording.
Be sure the device you use doesn’t have an
automatic level control, or has one that can
be turned off, since this will limit your abil-
ity to hear weak signals over loud lightning
crashes.

Data Analysis

There are many spectrogram programs
available on the web. | currently use the
program Spectrogram 12 by Richard Horne
(www.brothersoft.com/publisher/richard-
horne.html) to view sonograms of my data
and visualize natural radio signals. It is a
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freeware program and is easy to use. Simply
input the file you recorded using the function/
scan file options and then choose your file.
The scan file screen then appears and allows
you to adjust all aspects of your sound file.
Once you’ve chosen your preferences for
this file, it creates the spectrogram with the
sound file shown on top. Of course, what you
hear is much better than anything you will be
able to create with a spectrogram, so be sure
to listen to the recorded data, preferably as
you record it, and make notes about what you
hear for later analysis. INSPIRE has a format
they recommend. Table 2 shows a sample of
this form.

When and How to Listen

Generally, whistler activity seems great-
est late at night, and the hours from midnight
to dawn seem best. I’ve found my best activ-
ity near dawn, and sunrise can be a great
time to observe. I’ve also found that winter
and spring are the best times for activity.
The INSPIRE program used to schedule
coordinated observations during the spring.
For geomagnetic activity, you must check
the planetary K index and see when it rises
above 5. This will give you the best chance
to hear chorus and other geomagnetic emis-
sions. These rules aren’t written in stone, and
some great observing can be had at any time.
My suggestion is: if you have the time and
the inclination, observe.

I hope you will enjoy listening to natural
radio signals as much as I have.

Sources for VLF Whistler Radios
and Additional Information
NASA INSPIRE Radio Kits: http://the

inspireproject.org/index.
php?page=order_vif_receiver_Kits

Kiwa Earth Monitor: www.kiwa.com/
ethmon.html

LF Engineering Co.: www.Ifengineer
ing.com/products.htm

Steve Mc Greevy’s Web site: http://
n6gkj.blackpage.net/vif/mcgreevy/
VLFRadio.htm

The Society of Amateur Radio Astronomy
(SARA): www.radio-astronomy.org/

Jon Wallace has been a high school sci-
ence teacher in Meriden, Connecticut for
over 28 years. He is past president of the
Connecticut Association of Physics Teachers
and was an instructor in Wesleyan University’s
Project ASTRO program. He has managed the
Naugatuck Valley Community College obser-
vatory and run many astronomy classes and
training sessions throughout Connecticut. Jon
has had an interest in ‘non-visual’ astronomy
for over twenty-five years and has built or pur-
chased various receivers as well as building
over 30 demonstration devices for class use and
public displays. He is currently on the Board
of the Society of Amateur Radio Astronomers
(SARA) and developed teaching materials
for SARA and the National Radio Astronomy
Observatory (NRAO) for use with their Itty-
Bitty radio Telescope (IBT) educational project.
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Waveguide Filters You Can
Build—and Tune

Part 3

Evanescent Mode Waveguide Filters

In the last of his three part series, the author introduces us to a
filter with which many Amateur Radio operators are not familiar.

The only amateur publication of evanes-
cent mode waveguide filters, to the best of
my knowledge, is by Reed Fisher, W2CQH,
in 1993.* | noticed the paper when it first
appeared, but | recall thinking that they
couldn’t be very good filters, since evanes-
cent modes have high loss.

Evanescent modes occur in waveguides
at frequencies below the cutoff frequency;,
where attenuation is very high. The energy
decays exponentially along the guide, so
that attenuation is linear with distance
(~30 db per waveguide diameter for circular
guide. For example, a circular guide with an
inner diameter of one inch would have an
attenuation of about 30 dB per inch). This
phenomenon has been used for precision
attenuators.?

Recently, I was looking for references on
waveguide filters and came across several
for evanescent mode filters. Apparently they
actually work, and offer good performance
in a compact package. What | hadn’t real-
ized is that evanescent modes in waveguide
are reactive, so that the attenuation is due to
reflection, not dissipation, of energy — the
energy is not lost.®> When we make them
resonant structures, they behave much dif-
ferently than non-resonant evanescent mode
waveguides. After perusing a few papers, |
went back to Reed’s paper to look for practi-
cal dimensions.

Starting with some of Reed’s examples,
I did some simulation with Ansoft HFSS

!Notes appear on page 29.
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Figure 1 —This sketch shows a two section evanescent mode waveguide filter.

electromagnetic software, and fiddled the
dimensions until a reasonable filter response
appeared.* Then it was time to make one.
Construction is really simple — two SMA
connectors with a tuning screw or two
between them, as sketched in Figure 1, all
on the centerline of the broad side of the
waveguide. The critical dimensions are the
distances between the screws — the Mid
Length, and from the screws to the SMA
connectors — the Connector Length. The
SMA connector center pin connects to the
far wall of the waveguide. This is the micro-
wave version of a coupling loop.

The first filter | made was for 3456 MHz
in WR-90 (X-band) waveguide. The cutoff
frequency for WR-90 is about 6.5 GHz, so
this is way below cutoff. Nothing should
get through the waveguide at this frequency.
However, the filter works pretty well — the

response is plotted in Figure 2. It is a pretty
sharp filter, with less than 2 dB of loss. The
filter was tuned and measured in my base-
ment with surplus test gear, recording the
data by hand, so the range is limited and the
curve in Figure 2 has some glitches. Later, |
was able to measure the filters on fancy vec-
tor network analyzers (VNA) from Agilent
and Rhode & Schwarz, who are kind enough
to bring these instruments to ham confer-
ences. All the later plots are from these mea-
surements. It is still easier to tune the filters
on the old analog readout gear, however,
rather than wait for a computerized measure-
ment after each adjustment.

Construction is exceedingly simple: drill
holes for the connectors and screws, tap the
screw holes, solder the connector pins to the
far wall, and tune it up. Since energy doesn’t
travel far in the evanescent guide without
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Evanescent Mode Waveguide Filter
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Figure 2 —The frequency response of the 3456 MHz filter.

something resonant, the ends may be left
open. | was amazed to stick my finger in the
end with no effect! The length of the End
Space in Figure 1 should be more than half
of the waveguide width. I usually leave about
20 mm as a convenient length.

Figure 3 is a photo looking in the end of
the finished filter, showing the two screws
sticking into the waveguide. These screws
are tuning capacitors, so | used a couple
of ¥+-28 brass screws that | had in my junk
box, with the ends faced flat on a lathe. The
flat end might make the tuning smoother,
but it was still pretty touchy even with the
fine-thread screw. | also learned that putting
the screw head on the same side as the coax
connectors is a bad idea — there isn’t much
room in which to work. Later versions have
the screws on the opposite side, as shown in
Figure 1.

Evanescent Mode Filter Theory

So how do these filters work? Basically, a
section of evanescent mode waveguide, well
below cutoff, acts as an inductor. We add a
capacitor to make a resonant circuit.

The simple equivalent circuit of a short
length of evanescent mode waveguide is
shown in Figure 4, a series inductance with
a shunt inductance at each end. If we put
connections at each end and a screw in the
middle, like Figure 5, it forms the single reso-
nator shown schematically in Figure 6.

The tuning capacitor resonates with the
two L, inductors, one on each side, and the
Lseries inductor provides coupling to the SMA
connectors, to set the loaded Q, of the resona-
tor. Thus,making L larger, by increasing
the spacing, reduces the coupling and there-
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fore the loading from the 50 Q source and
load, making the Q, higher.

The inductances are calculated from the
length of waveguide, from the connector to
the tuning capacitor (Connector Length in
Figure 1, center-to-center) and the cutoff
wavelength. First, the cutoff frequency of
a rectangular waveguide is when the width
of the guide equals a half-wavelength. For

Evanescent—mode
Waveguide

Lseries

Figure 3 — Here is a view inside an evanescent mode filter.

WR-90, the width is 0.9 inch = 22.86 mm,
so the cutoff wavelength A= 45.72 mm.
Thus, the cutoff frequency is 300/45.72 =
6.56 GHz.

Craven & Mok show a graph of unloaded
Q for WR-90 waveguide.® The theoretical Q
is higher than 10,000 at 10 GHz in a normally
propagating TE;, mode, but slightly lower for
the TE,, evanescent mode, perhaps 6,000 just
below cutoff, and falling to around 1,000 at
1 GHz. This Q is still high enough to use the
lossless transmission line assumption, which
simplifies calculations.

For a lossless TE,, evanescent mode,
the characteristic impedance, X,, is cal-
culated from the cutoff wavelength,
Ac, the free space wavelength, A, and
the waveguide width a and height b. (See
Note 5.)

77 b 120m Eg 1
QX1003—Wade04 X, = a x [Ea 1]
Figure 4 — A schematic representation of the
equivalent circuit of an evanescent
mode filter.
Tuning Screw Solder QX1003—Wade05
1 Here 1

4 A \ A

7 | | P | %

SMA SMA

Connector Connector

Figure 5 — Evanescent mode waveguide single resonator.
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Figure 6 — A schematic of the equivalent circuit of an evanescent mode
waveguide resonator.

And the propagation constant, v, is:

[Eq 2]

For a waveguide length, ¢, the reactances
of the inductors are then calculated:

Py

Fordeceries, ; - ¢
)%L§ JX,sinhy /= e’ [Eq3]

And Lshuntv H
X, = oncothy—; = JTXO [Eq4]

where sinh and coth are the hyperbolic sine
and cotangent functions, respectively.

The approximations on the right side are
from W2CQH. He uses them for a further
approximation to estimate the loaded Q, :

RO 0
= —eY :
Q. X,

where R, = 50 Q for a coax termination.

All these approximations have some
error, and the errors add up, so that the esti-
mated Q. is lower than the apparent values
from simulation and measurement. The dis-
crepancy is as much as a factor of two, which
could lead to filters much sharper or lossier
than expected. Also, the Johanson trimmer
capacitors used to make the lower frequency
filters are not nearly as high-Q as the wave-
guide, so the loss of the lower-frequency
filters is higher.

Another factor is the inductance of the
SMA connector pin. The inductance cre-
ates an additional impedance transformer,
further reducing the loading and raising the
loaded Q.

With waveguide post filters, we found
that a double-tuned filter was adequate for
many applications. For a double-tuned fil-
ter, we need not only the evanescent mode

waveguide length at each end, but also an
additional length in the center, with an Les
calculated for the Mid Length in Figure 1 that
provides the desired coupling between the
two resonators tuned by the two capacitors.
The double-tuned filter is shown schemati-
cally in Figure 7 and sketched in Figure 1.
The two Connector Lengths should be identi-

cal, but the Mid Length is longer — increas-
ing the length decreases the coupling.

The result of all the approximations and
errors is that we cannot calculate the param-
eters accurately enough using these equations
to design a filter — even a simple double-
tuned filter. Snyder has more equations, but
I have not had a chance to evaluate them.®
Instead, | have resorted to professional 3D
electromagnetic software, the Ansoft HFSS
program, to analyze various trial dimensions,
and then to build some of the promising ones.
Even then, some of the filters have a measured
bandwidth slightly narrower than predicted.

More Examples

I have made a number of successful eva-
nescent mode filters in all sizes of X-band
waveguide, WR-90, WR-75, and WR-62, for
frequencies from 5.76 GHz down to below
1 GHz. Figure 8 is a photo of several of the
filters; the small physical size of these filters
should be apparent. The limiting factor for
low frequencies is the tuning capacitance —a

Table 1
Evanescent Mode Waveguide Filters
Designation Band Connector Mid Length Tuning Bandwidth Insertion
Length Screw Loss
(MHz) (mm) (mm) USA (MHz) (dB)
WR-62 Waveguide
WR62-12-33 5760 12 33 #10 37 1.8
WR62-12-28 3456 12 28 conc #10 315 1.64
" 2304 12 28 conc #10 20 2.07
WR62-12-28J 3456 12 28 Johanson 36 3.13
" 2304 12 28 Johanson 18.5 4.5
" 1296 12 28 Johanson 10.5 7.1
" 1152 12 28 Johanson 9 7.9
WR62-10-24J 3456 10 24  Johanson 73 1.69
" 2304 10 24 Johanson 41 2.15
" 1296 10 24  Johanson 21.5 3.37
" 1152 10 24 Johanson 18.5 3.26
WR62-9-22J 3456 9 22 Johanson 109* 1.47
" 2304 9 22 Johanson 63 1.76
" 1296 9 22 Johanson 33 2.75
" 1152 9 22 Johanson 29.5 3.44
WR-75 Waveguide
WR75-15-45 5760 15 45 %-28 32 1.3
WR75-13-34 3456 13 34 conc #10 37 0.8
WR75-13-32 2304 13 32 conc #10 26 1.08
WR-90 Waveguide
WR90-12-30J 3300 12 30 Johanson 130* 1.48
" 2304 12 30 Johanson 69* 1.3
" 1296 12 30 Johanson 33 1.8
" 1152 12 30 Johanson 29 1.82
“ 903 12 30 Johanson 23 2.36
" 720 12 30 Johanson 18 2.9
" 581 12 30 Johanson 15 3.7
WR90-14-35 2304 14 35 conc #10 (not built)
WR90-15-42 3456 15 42 31" 28 35 1.3

Note: End Space typically 20 mm

* - Over-coupled response
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Figure 7 —This schematic represents a double-tuned (two section) evanescent mode waveguide filter.

simple screw provides only a fraction of a
picofarad, and even the Johanson trimmer
capacitors are limited to 10 pf or so. For 2.3
and 3.4 GHz, | increased the screw capaci-
tance by soldering a %" diameter piece of
hobby brass tubing to the opposite wall, so
the #10 screw inside the tubing forms a con-
centric capacitor. This is sketched in Figure
9, and used in the bottom filter in Figure 8.

The performance is shown in Figure 10
of two 5760 MHz filters with plain tuning
screws, like the top two filters in Figure 8.
These are pretty sharp, good enough for
better than 30 dB of LO rejection with a
144 MHz IF, yet the loss is under 2 dB.

These filters have a narrow passband
with fairly low loss, and a wide stopband —
there are no significant spurious responses
below the cutoff frequency for the wave-
guide. Figure 11 shows the WR-75 filter for
5760 MHz over a very wide band. Above the
cutoff frequency, calculated as 7.87 GHz for
WR-75, normal propagation can occur in the
waveguide and the filter is less effective, with
a few spurious responses. Thus, a WR-90
filter for 5760 MHz could have an additional
response starting at about 6.5 GHz, so it
would be less effective for this band than one
with smaller waveguide. On the other hand, a
WR-62 filter would not have any significant
spurious response below about 10 GHz, so
it can be an effective harmonic filter as well
as bandpass filter for 2304 or 3456 MHz.
Figure 12 shows this for a 3456 MHz filter
in WR-62. Any spurious response below
10 GHz is more than 60 dB down. There is
plenty of surplus WR-62 waveguide around;
it is not as good for 10.368 GHz operation
since it is very close to cutoff, but very useful
for these filters.

The filter in Figure 12 looks exceedingly
sharp in the wideband plot. Figure 13 zooms
in to look at the passhand of a half-dozen fil-
ters tuned to 3456 MHz. Most of these filters
can be tuned over a wide range, so | was able
to tune and measure some of them at several
different bands. Table 1 lists all the success-
ful filters 1 made and the different bands at
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Figure 8 —This photo shows some examples of two section evanescent mode waveguide
filters using three sizes of X-band waveguide.
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Figure 9 — This filter uses a concentric screw-inside-tubing capacitor.
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Figure 10 — This graph shows the response of a two section
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section 3456 MHz filters.
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Figure 12 — Here is the frequency response of a 3456 MHz filter built Figure 15 — This photo shows an evanescent mode filter tuned with
with WR62-12-28 waveguide. Johanson capacitors.
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which they were tested. For one set of dimen-
sions, the WR62-12-28, | made one with
concentric tuning screws and another with
Johanson capacitors — the difference in loss
is clear at 3456 MHz, as shown in Figure 13
and at 2304 MHz, as shown in Figure 14.
The filters plotted with solid lines in
Figure 13 have tuning screws, either plain
or concentric. All have loss under 2 dB and
would provide more than 30 dB of LO rejec-
tion for a 2 meter IF. The dashed lines are
for filters using Johanson piston-trimmer
capacitors. These were intended for lower
frequencies, but | wanted to see how high
they would tune. The wider ones still have
low loss, while the narrowest one has more

loss, about 3 dB. We expect narrower filters
to have more loss, since the loaded Q, is
higher, and the Johanson capacitors probably
have a lower Q than a tuning screw.

The filters for 2304 MHz are small, the
same size as 3456 MHz. Many of them are
the same filters with the screws farther in, but
they still have good performance, as shown
in Figure 14. The filters with concentric
screws have loss under 2 dB, while the nar-
row WR-62 filter with Johanson trimmers
has more loss at 2304 MHz.

With the higher capacitance of the
Johanson trimmers, the lower end of the tun-
ing range is extended. A WR-90 filter with
large Johanson trimmers, model 5502, tunes

from about 3.3 GHz down to 580 MHz.
Figure 15 is a photo of the filter, and Figure
16 shows the tuning range, retuning the filter
and measuring at several frequencies across
the range. The loss increases as we go down
in frequency. | don’t know whether this is
due to lower Q of the evanescent mode wave-
guide, the trimmer capacitors, or both. At
the upper end of the tuning range, the filter
starts to become over-coupled, with a double-
hump response.

WR-62 filters with the more common
Johanson capacitors, models 2954 and
5202, tune from 3456 MHz down to about
980 MHz. | tuned several of them, as well
as the WR-90 filter from Figure 15, to
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Figure 16 — A graph of the frequency response of the filter shown
in Figure 15. The filter was retuned for several frequencies across its
range, from about 580 MHz to about 3.3 GHz.

Figure 18 — Here is the frequency response of various two section
filters tuned to 1152 MHz.
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Figure 17 — This graph shows the frequency response of several two
section filters for 1296 MHz.
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Figure 19 —This graph shows the insertion loss and the return
loss for a two section filter built from WR90 waveguide and tuned to
902 MHz.



1296 MHz. Results are shown in Figure 17.
The WR-90 filter has less than 2 dB loss,
while the WR-62 filters have slightly more
loss. As expected, the narrower filters have
higher loss.

The same four filters have similar perfor-
mance when retuned to 1152 MHz, a com-
mon LO frequency for 1296 MHz, as shown
in Figure 18.

The WR-62 filters will not tune as low as
902 MHz, but the WR-90 filter from Figure
15, with the larger Johanson capacitors, will
tune much lower in frequency, as we saw in
Figure 16. Performance of this filter tuned
for 902 MHz is shown in Figure 19. Loss
has increased to around 2.5 dB, but the filter
might be sharp enough for a 28 MHz IF at
902 MHz. The upper trace shows that the
input return loss is much narrower than the
bandpass, but it is still fine for our use.

A summary of dimensions for all the
successful filters is shown in Table 1, along
with frequencies at which each was tested —
some of them work at 3 or 4 different bands.

Tuning these filters can be tricky, unless
a swept-frequency test is available, since the

filters tune over a wide range. If only fixed
frequency testing is possible, it is necessary
to slowly tune both screws together until
some output is noted. Then it is simply a
matter of tuning for maximum output and
minimum SWR. Most of them tune with the
screws inserted quite far into the guide, so it
might be easier to start with the screws nearly
shorting and back them out slowly.

The performance shown is tuned to ham
bands, but several of the filters can be tuned
to more than one band. Obviously, they can
be tuned to any frequency in between, and
more. Thus, the examples shown above and
in Table 1 should fulfill most requirements.

Summary

Evanescent mode waveguide filters offer
very good performance in a compact pack-
age, and are easy to build for several of the
lower microwave bands. While we have
not worked out design formulas, a table of
dimensions for a number of working filters
is included. These examples utilize small
lengths of any of the common X-band wave-
guides, including WR-62, which is of other-

wise limited usefulness.
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TAPR is a non-profit amateur radio organization that develops new communications technology, provides useful/affordable
hardware, and promotes the advancement of the amateur art through publications, meetings, and standards. Membership
includes an e-subscription to the TAPR Packet Status Register quarterly newsletter, which provides up-to-date news and user/
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assembled boards use SMT and are manufactured in quantity
by machine. They are individually tested by TAPR volunteers to
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e ATLAS Backplane kit

e L PU Power supply kit

e MAGISTER USB 2.0 interface

e JANUS A/D - D/A converter
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Doppler Tracking

The author combines some simple electronics with a physics principle
to measure speed and height of his model rocket launches.

The “Doppler effect” is responsible for
frequency shifts of the received signal just by
virtue of movement of the reflecting or trans-
mitting source. It almost seems like you
get something for nothing. By this | mean
that no complex electronics are required to
produce the frequency shift, and those that
are required are familiar to the typical ham
operator. The system that | will discuss uses
some of my ham equipment.

Most applications of the Doppler fre-
quency shift have one thing in common:
the object being measured is moving. These
applications include radar to track incoming
storms or fast moving motorists, medical
applications to measure blood flow in arter-
ies and veins, and astronomy applications to
measure the speed of stars moving toward
or away from Earth. Although the frequen-
cies used, be they audio, RF, or optical, may
differ for each application, the effect is the
same.

But what can Joe Ham do with the
Doppler effect? My own interest in using
the Doppler effect comes from a second-
ary hobby, model and high power rocketry.
Do you think you have too many hobbies?
While attending rocket launches at the
Black Rock desert in Nevada, | all too often
observed rockets that would make great
ascents but have ballistic descents caused
by parachute deployment problems. The
result was a destroyed rocket and, electron-
ics embedded in the desert floor. The thought
occurred to me that if these rockets had
some sort of inexpensive and sacrificial RF
system, in case of a crash, maybe we could
learn something about the speed and altitude
of these imperfect flights.

I didn’t want the project to be so sophis-
ticated that it required extremely high RF
power levels or specialized tracking anten-
nas. For example, Doppler weather radars

Notes appear on page 37.
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use many kilowatts of power. | was more
interested in milliwatts. | did not consider
a transponder because | thought it too com-
plex. I was after simplicity. There was some
previous work on transponder systems done
by Steve Bragg, KAOMVA. Steve referred
to his experimental work as the “Digital
Amateur Rocket Tracking System.”2 | also
wanted to make use of ham radio equip-
ment | already owned or could easily build.
| decided early on to make use of the 23 cm
band, and this decision was primarily based
on owning an older ICOM IC-1271, which
isa multi-mode 23 cm. transceiver. The SSB
mode was very important to make these
measurements, as this mode produces a tone
from a CW signal. | was already familiar
with the 23 cm band since | had worked
ATV and FM repeaters on that band. It helps
with Doppler to use as high a frequency as
possible, since the Doppler frequency shift
is proportional to the operating frequency.

So, is the 23 cm band high enough in fre-
quency to make some measurements? \We
shall see.

Theory

The Doppler shifted frequency is given by
this formula:

free=f (14v/C) [Eq 1]
where:

f is the transmitted frequency

frec IS the frequency of the wave arriving at
the receiver

v is the velocity of the transmitter relative to
the receiver in meters per second.

(v is positive when the transmitter and
receiver move towards one another and
negative when they move away from each
other)

c is the speed of the wave (3x108 m/s for
electromagnetic waves traveling in air or a
vacuum)

Af is the Doppler frequency shift.

This equation assumes that we are using
radio frequencies that propagate at the speed
of light, and that the relative velocities of the
transmitter and receiver are a small percent-
age of the speed of light. These are good
assumptions for the applications | had in
mind.

What kind of frequency shift can we
expect for 23 cm signals? For a velocity v =
25 m/s — which is about 56 mph — a fre-
quency shift of 108 Hz should result. Is this
enough shift? Do we need higher speeds?
Do we need higher frequencies? Frequency
stability ultimately determines the frequency
resolution and thus velocity resolution of the
measurement. It turns out 100 Hz is enough
shift for short-term — 1 minute or less
— measurements. At 1200 MHz, 100 Hz
corresponds to a stability of 0.08 parts per
million (ppm). Modern transceivers, particu-
larly those designed for SSB and CW, have
stability specifications of at least 3 ppm. For
example, my older 1C-1271 has a stability



of 3 ppm, and a newer transceiver like the
1C-9500 has 0.05 ppm stability. I have found
the short-term stability, particularly when
the temperature is constant, is much better
than the specified values. The specified val-
ues assume long-term measurements over a
50°C temperature range.

Hardware and Software

Figure 1 shows a simple experiment. The
transmitter and receiver are close enough so
the receiver can hear the transmitter at the
low desired power levels. The car can be
driven away from the receiver for one test
and toward the receiver for another test. We
need a receiver with SSB capability because
we are basically tracking the tone produced
in the receiver as it hears the unmodulated
carrier from the transmitter. This is the same
tone you hear when you listen to someone
tune their transmitter. The bandwidth of
most SSB receivers can handle the expected
velocities and corresponding Doppler fre-
quency shifts. For example a 2.4 kHz band-
width, typical for an SSB receiver, would
allow velocities as great as 581 m/s at 23 cm.
Incidentally, Mach 1 (the speed of sound)
is 340 m/s at 15°C. | used the previously
mentioned 1C-1271 for the receiver, but any
modern day 23 cm multimode receiver or
transceiver would suffice.

The transmitter was custom built, but only
because I had some specialized requirements.
The transmitter needs only to generate a CW
carrier of reasonable spectral purity and low
drift. This is fairly easy to accomplish with
modern phase-locked-loop circuits and crys-
tal oscillators. The transmitter consists of a
crystal reference oscillator, a PLL chip with
self contained EEPROM, and a power ampli-
fier chip. Size (23 mm x 100 mm) and power
supplied <10 mW are low and allow use of
small, lightweight batteries. Figure 2 shows
a picture of the transmitter as well as the
schematic. Cost, in case the transmitter is lost
or destroyed, is low (about $35). The total
transmitter weight is 1 0z, including batteries.
If the transmitter platform is larger, such as an
automobile for example, a larger and heavier
transmitter can be tolerated.

I was concerned about transmitter sta-
bility under acceleration, particularly the
G forces on the 32 MHz crystal oscillator
that is the reference for the PLL transmitter.
The data from the actual launches, however,
looked very similar to predicted velocity
profiles from computer programs such as
RockSim.> My conclusion was that G forces
and short term temperature effects were not
enough of an issue to use more sophisticated
reference schemes.

A key requirement for analyzing the

Doppler data is a computer program that can
measure frequency versus time. This is called
a spectrogram. | used a shareware computer
program, in fact, called Spectrogram to both
record as well as analyze the data.* This pro-
gram runs on either a PC laptop or desktop
and makes use of the sound card for audio
input. The program allows for adjustments
of the time window and maximum and mini-
mum frequencies of the spectrogram. The
data displayed on the screen can simultane-
ously be stored to a file by selection with a
pull-down menu and a mouse driven record
on-off feature. Spectrogram also allows
replaying or analysis of the previously
recorded files. There are probably other pro-
grams that can perform this task but | found
Spectrogram met all my needs.

Procedure for Taking and Analyzing
Data

The hardware and software setup for all
the applications is as follows:

1) Turn on the transmitter.

2) Turn on the receiver.

3) Tune the receiver VFO until the trans-
mitter is making a pleasant tone somewhere
between 800 and 1500 Hz. The frequency of
this tone is arbitrary. This is just like tuning in
your favorite CW signal.
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Figure 1 — Drawing showing mobile transmitter moving away from (top) or toward (bottom) a fixed receiver.
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Figure 2 — Part A shows the
transmitter circuit board, and Part B is
a schematic diagram of the transmitter.

Part C shows a model rocket, with an
expanded photo showing the location
of the transmitter board
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Figure 3 —This drawing shows a transmitter spinning on the end of a lasso.
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Figure 4 —This spectrogram shows the data for the example of Figure 3.You can measure the rotation period of 0.81 s over most of the
waveform, with a peak to peak Doppler shift near 100 Hz. This corresponds to a velocity of 11 m/s.
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4) Start the Spectrogram software and
you will see it displaying a horizontal line at
the frequency of the tuned tone. There may
be some drift to this line if the transmitter is
drifting.

The analysis of the data requires estab-
lishing a reference line, that is, a frequency
when the object being measured is stand-
ing still. This frequency is arbitrary and just
needs to be in the audio pass-band of both
the receiver as well as the computer sound
card. What we are interested in is the fre-
quency changes from this reference value.
For example, the baseline value in Figure 7
was 1382 Hz. Everything is referenced to
this baseline value. The peak frequency is
1703 Hz. The difference between peak and
baseline is 321 Hz. The conversion to veloc-
ity is done using Equation 1, f.. = f (1+v/c),
which can be simplified to

v=cxAf/f [Eq 2]
for small Doppler shifts in comparison to the
radio frequency. For a 1260 MHz RF signal:

v = Af x 0.238 m/s [Eq 3]

Applications

As previously mentioned, my original
motivation came from tracking rockets
but my first proof of principle experiment

involved putting the transmitter at the end of
a 5 foot long string and swinging the trans-
mitter in a circular pattern above my head,
much like a cowboy about to rope a steer. For
this test, the receiver is located several feet
outside and away from the circular trajectory
of the transmitter. In fact, the receiver can
be located as far away from the transmitter
as signal levels will permit and the same
spectrogram will result. Figure 3 shows this
arrangement. Swinging the transmitter in a
circle results in a Doppler frequency increase
as the transmitter moves toward the receiver
and then a Doppler frequency decrease as the
transmitter moves away from the receiver.
This produces a roughly sinusoidal pattern,
which repeats for every circle the transmitter
traces out. The faster you swing the transmit-
ter, the greater the Doppler shift.

The data I collected in this experiment is
shown in Figure 4. It is possible to interpret
the rotation period as 0.81 s, the frequency
shift as 100 Hz, or about 50 Hz positive as
the transmitter moves toward the receiver
and 50 Hz negative as the transmitter moves
away from the receiver. Finally, the velocity
from the Doppler data is about 11 m/s. For a
5 ft (1.5 m) rope and a 0.84 s period, we can
verify by calculation that the frequency shift
is 50 Hz. The same effect could also be

achieved with the transmitter at a fixed loca-
tion and swinging the antenna. The antenna
is located at the end of a coaxial cable tether.
In fact, the latter is the basis of a popular
direction finding (DF) antenna, but in the
DF Doppler antenna, rotation is accom-
plished using electronic switching rather than
mechanical motion as was done here.®

A second application | tried was to have
the receiver and receive antenna at a fixed
location on the side of a road and to mount
the transmitter inside a vehicle as shown
in Figurel. | then drove the vehicle, ini-
tially located several hundred feet from the
receiver, at a constant velocity, say 60 mph,
toward the receiver and continued on at this
constant velocity several hundred feet down
the road past the receiver. When the vehicle
is at zero velocity there is no frequency shift.
Upon accelerating to 60 mph, however,
and then remaining at this velocity there
is a positive frequency shift (from the zero
velocity frequency). As the vehicle passes
the receiver, the received signal makes an
abrupt drop in frequency to a new frequency
that is negative (below the zero velocity fre-
quency) because now the vehicle has passed
the receiver and is moving away from it.
Figure 5 shows the spectrogram for this data.
The velocity doesn’t have to be constant and
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Figure 5 —This spectrogram shows data for the moving car experiment. The transmitter is in car moving past the receiver at near constant
velocity after an initial acceleration. The abrupt frequency change is 207 Hz. The velocity of the car is 24 m/s (55 mph). The frequency change
is twice the Doppler shift, since it goes from positive to negative as the car passes the receiver.You can also see a region of deceleration as

the car slows down after passing the receiver.
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definitely is not during the acceleration and
braking portions. The spectrogram provides
a direct readout of the velocity profile. This
might be useful for telling how long it takes
to brake a vehicle as well as how fast a vehi-
cle might go from 0 to 60 mph.

The third application is model rocketry
tracking, which most definitely uses a vari-
able velocity profile. From this profile such
things as fuel burnout time, peak velocity,
altitude and time to the ejection charge can
be directly observed. Since | began this work
several years back and in the intervening
years a number of manufacturers have come
up with on-board data recorders that use
MEMS sensors to measure both acceleration
and atmospheric pressure to come up with
these same parameters. Although these on
board measurement units work fine, they are
more complex than a simple transmitter, and
also do not have real-time readout. Some of
them do have additional telemetry transmit-
ters. Again my goal was to keep the on-board
electronics portion simple and inexpensive.

In rocketry, the Doppler frequency shift is
always downward upon liftoff. This of course
assumes the rocket is moving away from the
receiver as shown in Figure 6. If it isn’t, that
is a completely different problem since |
normally locate the receive antenna near the
launch pad. If the ejection charge occurs at

Rocketborne
23 cm Transmitter

Stationary
23 cm Receiver

QX1003-McConaghy06

Figure 6 — Here is a drawing that shows the
model rocketry application. The transmitter
in the rocket is moving away from the
receiver, which is on the ground.

or before apogee, the frequency shift will be
negative through the entire flight. In general
there isn’t enough resolution to measure the
positive velocity seen as the rocket slowly
descends back under a parachute. Of course
if the rocket comes in ballistic, that would
easily be visible on the spectrogram.

Some of the data | took showed a posi-
tive frequency shift upon launch but that was
only from accidentally using the LSB (lower
sideband) selection on the receiver rather
than the USB (upper sideband) selection. The
LSB selection causes a frequency inversion
of the data.

Figure 7 shows the spectrogram for a
single stage rocket. The maximum frequency
change is 321 Hz, which corresponds to the
peak velocity of 76.4 m/s (171 mph). From
the peak velocity, which occurs just as the
engine burns out, there is a gradual decrease
in velocity to a 74 Hz frequency change
which corresponds to 17.6 m/s (39 mph). At
this point an ejection charge goes off slowing
the rocket to near zero frequency shift. The
ejection occurred fairly close to apogee, as
the rocket was approaching zero velocity.

The spectrogram for a two stage rocket is
shown in Figure 8. From this spectrogram,
we can determine that the first stage burned
for 1.5 s with a Doppler shift of 119 Hz, cor-
responding to a speed of 28.3 m/s (63.4 mph)
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Figure 7 — Here is a spectrogram showing the data a for single stage rocket. The transmitter is on a rocket. The maximum frequency change
is 321 Hz and corresponds to a peak velocity of 76.4 m/s (171 mph), at which point the engine shuts down and the velocity slows down to
17.6 m/s (39 mph) as indicated by only a 74 Hz Doppler shift. At 5.6 s after launch the ejection charge fires slowing the velocity back to the

baseline. When the rocket is dropping safely under a parachute, there will be little Doppler shift.
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Figure 8 — This spectrogram shows the data for a two stage rocket. The transmitter is on a two stage rocket. The first stage burns for 1.5 s and
at this point the Doppler shift is 119 Hz or 28.3 m/s ( 63.4 mph). The second stage burns for an additional 2.5 s, at which point the Doppler shift
is 409 Hz or 97.3 m/s (218 mph) at this point all the fuel is burned and a slow down occurs for an additional 3.4 s, at which time the Doppler
shift is 160 Hz or 38 m/s (85.2 mph) . At this point the ejection charge fired but shook the battery connection disabling the RF transmitter

at the end of first stage burnout. Further, the
spectrogram shows the second stage burned
for an additional 2.5 s with a Doppler shift
of 409 Hz, which corresponds to a speed of
97.3 m/s (218 mph) before the second stage
fuel was fully burned. After that, a gradual
decrease in speed is observed for an addi-
tional 3.4 s, at which time the ejection charge
fired but shook the battery connection, dis-
abling the RF transmitter. Just prior to the
ejection, the rocket was still traveling upward
at a speed of 38 m/s (85.2 mph) as evidenced
by the Doppler shift of 160 Hz.

Further analysis of the velocity curves
can produce altitude data, or more gener-
ally, distance data. This is accomplished by
integrating the data shown in Figures 7 and
8 with a simple Microsoft Excel spreadsheet.
The altitude plots are shown in Figures 9
and 10. A peak altitude of 250 m (820 ft) is
achieved by the single stage flight and a peak
altitude of 370 m (1213 ft) is achieved by the
two stage flight.

Summary

The Doppler effect can be used by hams
to make speed measurements of cars, swing-
ing transmitters, rockets and other moving
platforms. By separating the transmitter and
receiver, using readily available computers
and software, these measurements can be
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performed by hams with off-the-shelf radios
and lower power levels. It is a lot less com-
plex than you might normally expect for a
“Doppler radar” system.
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Notes

1For more information about the Doppler
effect, see: //en.wikipedia.org/wiki/
Doppler_effect.

2There is more information about the DARTS

project at www.hamhud.net/darts.

3For information about the RockSim software
and other model rocketry information and
supplies, see: www.apogeerockets.com

“You can obtain more information and
download a 10-day trial version of the
Spectrogram software at the Visualizations
Software Web site at: www.visualiza-
tionsoftware.com/gram.html (At press
time this Web site was listed as “Under
Construction.” You can also download an
older version (5.17) of the Spectrogram soft-
ware free at: www.dxzone.com/cgi-bin/dir/
jump2.cgi?ID=2056.

STerrence Rogers WA4BVY, “A DoppleScAnt,’
QST, May 1978, pp 24-28.
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On Maximizing the Tuning
Range of SA/NE 602 IC
Colpitts Oscillators

This article reports the results of a theoretical and experimental
investigation of SA/NE 602 Colpitts oscillator circuits
for application at MF, HF, and VHFE.

A number of years ago | embarked on the
project of designing an experimental AM
superheterodyne (superhet) radio receiver
using the SA/NE 602 IC as the front end.
One of the most challenging tasks involved
designing a local oscillator (LO) that
would tune over the 2.17:1 frequency range
(995 kHz to 2155 kHz) required to receive
the entire AM band (540 kHz to 1700 kHz).
I found the oscillator design information pro-
vided in the manufacturer’s application notes
so sketchy that it provided little assistance in
completing this task. The article that follows
is my attempt to place the design of SA/NE
602 Colpitts oscillator circuits on a more rig-
orous foundation.

This article will first review the operating
principle of the Colpitts oscillator circuit.
Next, we will derive the small signal model
for the oscillator in order to determine the
conditions required to begin oscillations.
The equations resulting from this model
provide a quantitative basis for analysis and
design of Colpitts oscillator circuits. Finally,
we will compare the results of theoretical
predictions and oscillator measurements for
three Colpitts oscillator circuits constructed
to operate in the MF, HF and VHF bands.

Colpitts Oscillator Circuit

Figure 1 depicts a Colpitts oscillator
circuit similar to that shown in Figure 2 of
AN1982, Applying the Oscillator of the
NE602 in Low Power Mixer Applications,
the application note produced by Signetics.
In order to broaden the analysis so that it also
applies to a tuned transformer, the circuit in
Figure 1 includes a coupled inductor with

'Notes appear on page 42.
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Figure 1 — A typical design applying the SA/NE 602 IC as a Colpitts oscillator. Capacitor
Chypass IS Selected so that is a short at the frequency of oscillation. (Note that the blocks
labeled 6 and 7 represent connections to those pins of the IC. Connection to Vcc (pin 8) and
ground (pin 3) are not shown in this figure, but are also required.)

a turns ratio of n:1, as well as a resistor r,
and capacitor C, that account for the finite Q
and self-resonant frequency of all practical
inductors and transformers. It is possible to
eliminate the transformer by reflecting the
components connected to the transformer pri-
mary into the secondary as shown in Figure 2.
Doing so decreases the inductance L and the
resistance r, by the square of the turns ratio
while increasing the total capacitance Cy.. +
C, by the square of the turns ratio. The reso-
nant frequency of the LC tank is unchanged,
however, because the turns ratio n, cancels out
when taking the product of L and C.
Neglecting C, for the moment, the tuning
range of the LC tank is set by the square root
of the maximum value of C,,, divided by the
minimum value of Cy,,. For example in the
case of an AM radio LO, a typical oscillator
tuning capacitor might have maximum and
minimum C,,.. values of 60 pF and 10 pF,
which implies a tuning range of 2.45:1 —
just adequate to cover the entire AM band.
Any additional capacitance that is connected

across the tank, for example, C,, adds a
greater proportional amount to the minimum
value of C,,,. compared to what is added to
the maximum value of C,, thus reducing
the tuning range.

It is well known that in order for oscilla-
tions to begin, the gain around the oscillator’s
feedback loop, the so-called “loop gain”,
must be greater than unity at a frequency
where the phase shift is 0°, or some integral
multiple of 360°, so that the feedback signal
constructively reinforces the initial signal.
For the Colpitts oscillator in Figure 2, Q, is
connected as an emitter follower (common
collector) amplifier, which has a voltage gain
less than unity and a phase shift of 0°. This
implies that the feedback network shown on
the left side of the drawing must have suffi-
cient voltage gain in order to overcome this
loss, along with a phase shift of 0° so that the
feedback signal reinforces the original sig-
nal. The feedback network for the Colpitts
oscillator consists of a capacitive voltage
booster (in other words, a capacitive volt-



age divider operated backwards) so that the
amplitude of the signal at the transistor emit-
ter is boosted before it appears at the transis-
tor base. The capacitive voltage booster is
formed by the series connection of capacitors
C and nC. Here n is some positive number
in order to facilitate the circuit analysis. The
series equivalent of C and nC appears in par-
allel with the LC tank, which serves to reduce
the oscillator’s tuning range for the same rea-
son discussed previously for C,.

Maximizing the tuning range of the oscil-
lator requires understanding the following
conundrum: In order for the series connected
capacitors to act as a voltage booster their
reactances at the low end of the tuning range
should be small compared with the resistances
that load them — which implies a relatively
larger value of series capacitance. But, in
order to maximize the oscillator’s tuning
range the voltage booster capacitors should be
made small in comparison with the minimum
value of Cy,. — which implies a relatively
smaller value of capacitance. The essence
of the design problem then is to achieve an
acceptable tradeoff between these two com-
peting requirements. This allows us to maxi-
mize the tuning range of the oscillator while
simultaneously achieving a loop gain greater
than unity in order to sustain oscillations.

Now that the Colpitts oscillator has been
discussed qualitatively, the next step is circuit
analysis in order to develop a quantitative
basis for understanding the tradeoffs dis-
cussed above. This is shown in Appendix 1, in
which the technique of node voltage analysis
is applied in order to solve for the loop gain.
From this result it is possible to determine the
frequency where the loop gain is greater than
unity with the correct phase, which implies
that the circuit will start to oscillate.

In order to illustrate these concepts, an LO
for an AM superhet receiver will be designed
using the component values given in Table 1.
In this case the coupled inductor is the ubig-
uitous “red can” commonly used as a tuned
transformer in AM superhet LOs. The variable
capacitor in this case is a small trimmer capac-
itor with capacitance ranging between 6.8 pF
(minimum) and 45 pF (maximum), which
substitutes for the oscillator tuning capacitor.

First, the values in Table 1 are evaluated
using Equations A.8 through A.11, with n =
0.5,1,and 2 in order to find the divider capaci-
tance, C, to achieve loop gains of A, =0.9, 1.0,

Table 2

Value of Voltage Booster Capacitor C
Required to Achieve Loop Gains of
A, =0.9,1.0,and 1.1 V/V with n = 0.5,
1, and 2 at the Low-Frequency End of
the Range (Cyne = 45 pF).

n A 09VN 10VN 11VNV
0.5 409 pF 489 pF 605 pF
1.0 301 pF 340 pF 386 pF
2.0 221 pF 243 pF 267 pF

and 1.1 V/V at the low-frequency end of the
range (Cyne = 45 pF). These results are shown
in Table 2. Table 2 clearly demonstrates that
larger values of both the capacitance, C, and
the divider ratio, n, increase the loop gain, A,,
at a given frequency of oscillation.

Once the value of capacitance C is found
for a given minimum loop gain, A,, and
divider ratio, n, it is possible to plot the loop

gain, A,, as the tuning capacitance, Cy, is
varied from maximum to minimum. Figure 3
shows this result for the nine values of capac-
itance, C, listed in Table 2. Additionally,
Equation A.5 has been used so that in the
figure the loop gain is plotted versus the
oscillation frequency instead of versus the
tuning capacitance. The figure shows that the
loop gains all begin at either A, = 0.9, 1.0,
or 1.1 VIV at the low-frequency end of the
range and rise monotonically, but relatively
slowly, with steeper slopes for larger values
of the divider factor, n.

Consider the three curves that begin at A,
=1.0. The curves all begin at almost the same
point and have about the same tuning range
for any choice of divider ratio, n. For this
reason there is little advantage to choosing a
divider ratio n other than unity in this case.

Itis important to note that under any condi-
tion the minimum loop gain occurs at the low-
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Figure 2 —The SA/NE 602 Colpitts oscillator circuit after reflecting components connected
to the secondary of the transformer into the primary circuit of the transformer. (Note that the
blocks labeled 6 and 7 represent connections to those pins of the IC. Connection to Vcc (pin

8) and ground (pin 3) are not shown in this figure, but are also required.)

Table 1

Component Values for AM Superhet
LO.

Component Value

L 500 uH

n; 11

Cuune 6.8 — 45 pF
Iy 300 kQ

C, 3.6 pF

Closed Loop Gain (V/V)

1.8 T T T T T T
C =267 pF
1.7 F C =243 pF i
C=221pF
1.6 E
15 ,= -~ C=386pF i
-=1"  \ __ C=340pF
1 -
- C=301pF
14 PR g _--C= p 4
\n’lJ_
-<Z
13 , = s._—-C=605pF 4
\__— C=489pF
A"

n:o_sl _—-—C=409 pF

12 ' - :
—_ "T -,
11 1
NN ol Sl al i i
0.9 -
0.8 1 1 1 1 1 1
1.0 12 1.4 16 18 2.0 2.2 2.4

Oscillation Frequency (MHz)
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Figure 3 — Plot of Colpitts oscillator loop gain A, = 0.9, 1.0, and 1.1 V/V versus frequency
of oscillation for n = 0.5, 1 and 2 using values of capacitance C as shown. Note the slight
variation in tuning range for any choice of n or C.
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Table 3

Predicted and Measured Results for the MF Colpitts Oscillator Constructed Using the Components Listed in Table 1.

Predicted
C(F) A (VIV) fio (MHz) frign(MHZ)
340 1.00 1.0184 2.0959
373 1.07 1.0160 2.0818
426 1.17 1.0124 2.0603
470 1.24 1.0097 2.0433
556 1.34 1.0049 2.0119
800 1.50 0.9929 1.9322

Measured Error
TR(MHz) fiow(MHZ) figh(MHZz)  TR(MHZz) TR error (%)
1.0775 1.195 1.930 0.735 31.8
1.0659 1.051 1.916 0.865 18.8
1.0479 0.929 1.900 0.971 7.34
1.0336 0.925 1.890 0.965 6.64
1.0070 0.920 1.860 0.940 6.65
0.9393 0.908 1.80 0.892 5.04

frequency end of the oscillator’s tuning range.
This effect may cause several practical prob-
lems. First of all, if C is undersized for any
choice of the divider ratio n, the bottom curves
in Figure 3 show that the loop gain will fall
below unity at the lower end of the frequency
range and oscillations cannot occur. Another
phenomenon results from the fact that for
practical oscillators, the loop gain required to
sustain oscillations once they have begun is
slightly smaller than that required for oscil-
lations to begin in the first place. Because of
this, if the loop gain is just greater than unity at
the lowest frequency of oscillation, it is possi-
ble to start the oscillator at the high frequency
end of the tuning range and tune to the low
frequency end of the tuning range while main-
taining oscillation. But the oscillator will not
start if it is switched on at the low frequency
end of the tuning range until it is tuned above
the starting frequency. The solution for this
problem is to design for sufficient loop gain at
the low frequency end of the tuning range, so
that the starting frequency is below the lowest
frequency in the tuning range.

Experimental Results

In order to validate the theoretical analy-
sis just presented, | constructed SA/NE 602
Colpitts oscillators for operation in the MF,
HF and VHF bands according to the design in
Figure 1. See Figure 4. Prior to construction,
each inductor was characterized to determine
L, n,, C,, and r, using the impedance measure-
ment capability of an HP4195A network/
spectrum analyzer. Next, capacitors were
measured for the voltage boosting capacitance
C and the resulting loop gain, A,, calculated
from Equation A.6. Then the tuning range
was calculated according to Equation A.5.
Finally, the spectrum analysis capability of
an HP4195A network/spectrum analyzer was
employed along with the HP 41800A active
probe to measure the oscillation frequency
after power was applied to the circuit, to mea-
sure the lowest (fi,w) and highest (fig) oscilla-
tion frequencies for each circuit.

A direct connection of the probe to the
oscillator circuit was not necessary because
the signal power produced by the oscillators
was sufficient that placing the probe adjacent
to the circuit provided adequate signal level
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Figure 4 — Experlmental Colpltts oscillator circuits designed after Figure 1. The oscillator
on the right operates on the MF band while the oscillator on the left operates on the HF/
VHF bands. Sockets are installed to facilitate installation and removal of the voltage booster
capacitors, C, during testing.

for measurement. This arrangement served
to eliminate possible loading effects caused
by the probe.

The first experimental circuit is the MF
band oscillator shown on the right side of
Figure 4. This oscillator was constructed
using the component values listed in Table 1.
Applying Equation A.8 with these component
valuesand n =1, A, = 1, and Cy,. = 45 pF
results in C = 340 pF, as shown previously in
Figure 3. The left most column in Table 3 lists
the values of capacitance that were used for
the voltage boosting capacitance, C, in the cir-
cuit. For each case, capacitors were selected
using a Philips PM 6303 RCL analyzer so
that they matched within a few picofarads of
the same value. Capacitor values in between
standard values were obtained by connecting
two capacitors in parallel.

The next four columns in the table record
the predicted minimum loop gain, A, at the
lowest oscillation frequency (f,.,) computed
using Equation A.6, the lowest and high-
est oscillation frequencies predicted from
Equation A.5, and the tuning range, which is
the difference between these two frequencies.
The next three columns record the lowest and

highest oscillation frequencies measured for
the circuit, as well as the measured tuning
range, which is the difference between these
two frequencies. The final column reports the
percentage error between the measured and
predicted tuning range results.

As the final column shows, the difference
between the predicted and measured tuning
ranges narrows to only a few percent begin-
ning at a loop gain of 1.17 V/V. Additionally,
the measured tuning range initially grows as
the loop gain increases to 1.17 V/V and then
declines for loop gains above that value. This
is because a practical oscillator requires a
loop gain somewhat larger than unity in order
for oscillations to begin, which results in a
slightly larger lower oscillation frequency, fiq.
As the loop gain increases, the tuning range
initially begins to rise as fy,, falls. At some
point, however, the tuning range begins to fall
with increasing loop gain because of the pro-
gressively larger voltage booster capacitor, C,
that appears across the LC tank.

The second experimental circuit is the
HF band oscillator similar to the one shown
on the left side of Figure 4, but using the
inductor value listed in Table 4. If a single



inductor is used instead of a tuned trans-
former then Figure 2 applies, with n, = 1. In
this case, applying Equation A.8 with these
component valuesandn=1, A, =1, and Cy,
=45 pF results in C = 8.2 pF. The left most
column in Table 5 lists the values of capaci-
tance or parallel combinations of capacitance
between 8.2 pF and 22.7 pF that were used
for the voltage boosting capacitance, C, inthe
circuit, which were selected after the manner
previously described. As before, the three
columns listed under the predicted heading
contain the minimum loop gain A, at the
lowest oscillation frequency computed using
Equation A.6, the lowest and highest oscil-
lation frequencies predicted from Equation
A.5, and the tuning range, which is the differ-
ence between these two frequencies. Again,
the next three columns record the lowest and
highest oscillation frequencies measured
for the circuit, as well as the measured tun-
ing range which is the difference between
these two frequencies. Finally, the rightmost
column again reports the percentage error
between the measured and predicted tuning
range results. As this column shows, the dif-
ference between the predicted and measured
tuning ranges narrows to a few percent for
loop gains above about 1.20 V/V.

Once again, the measured tuning range
initially grows as the loop gain increases to
1.20 V/V and then declines for loop gains
above that value. In this case, however, the
oscillator would not start reliably below
11.75 MHz when the loop gain was set at
1.2 VIV (C = 10.3 pF). Increasing the loop
gainto 1.41 V/V (C = 13.3 pF) provided reli-
able oscillator starting at f,q,, with a concomi-
tant reduction in tuning range.

The final experimental circuit is the VHF
band oscillator shown on the left side of

Figure 4 with component values listed in
Table 6. In this case, applying Equation A.8
with these component valuesand n=1, A, =
1, and Cyye = 45 pF results in C = 2.8 pF. The
left most column in Table 7 lists the values
of capacitance or parallel combinations of
capacitance between 2.8 pF and 15.1 pF that
were used for the voltage boosting capaci-
tance, C, in the circuit. The columns listed
under the predicted and measured headings
record the predicted and measured values
obtained in the manner identical to that previ-
ously described. As shown in the Table, the
percentage error for the tuning range shown
in the last column falls below 10% for the
largest loop gain.

As before, the measured tuning range
initially grows as the loop gain increases to
1.17 VIV and then declines for loop gains
above that value. In this case, the oscillator
would not start reliably below 40.0 MHz
when the loop gain was setat 1.17 V/V (C =
3.4 pF). Once again, increasing the loop gain
to 1.51 V/V (C = 5.2 pF) resulted in reliable
oscillator starting at fi.

In all three oscillators, the measured
oscillation frequency is somewhat below
the predicted oscillation frequency, and the
discrepancy grows at the HF and VHF bands
as the oscillation frequency increases. This
discrepancy is attributed to a few picofarads
of parasitic stray capacitance present in the
actual circuit that was not accounted for in
the circuit model in Figure 2. The unmod-
eled parasitic capacitance ultimately appears
in parallel with the LC tank, which lowers the
measured frequency of oscillation compared
to the predicted frequency of oscillation.
The effect is less noticeable at the MF band
because the small parasitic capacitance is

swamped by the much larger capacitance, C.
The effect becomes very noticeable at the HF
and VHF bands, where C is much smaller.

Conclusion

Thisarticle presents the results of a theoreti-
cal and experimental investigation of a Colpitts
oscillator constructed using the SA/NE 602IC
— widely used in Amateur Radio and experi-
mental transmitter and receiver circuits. The
theoretical analysis resulted in equations use-
ful for the analysis and design of Colpitts oscil-
lator circuits. Three experimental examples
demonstrated the accuracy of the equations to
determine the oscillator tuning range to within
a few percent error for the MF and HF oscil-
lators, and to within approximately ten percent
error for the VHF oscillator.

Additionally, in each of the three cases,
designing for a minimum loop gain of
approximately A, = 1.2 V/V appears to
maximize the tuning range. Starting consid-
erations, however, indicate that for the HF
and VHF oscillators, a minimum loop gain
of A, = 1.4to 1.5 VIV is necessary to ensure
reliable oscillator starting at the low end of
the tuning range. In any case, increasing the
loop gain above A, = 1.5 V/V reduces the
tuning range of the oscillator without notice-
able improvement of any other aspect of the
oscillator’s performance.

I have created a Microsoft Excel spread-
sheet that applies the equations derived in
Appendix 1 to compute the necessary loop
gain, minimum and maximum oscillation
frequencies and tuning range as a function
of the component values for each oscillator.
That spreadsheet file is available for down-
load from the ARRL QEX files Web site.? The
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Table 4
Component Values for HF Colpitts base b fe ~emitter
. + +
Oscillator.
Component Value Vin +1)(re +R Vin R Vout
N 5,39 uH (B+1)(re +Re) £
n, 1
Cune 6.8-45 pF _() collector )\ ()_
r 23.16 kQ
(of 0.739 pF i ) _ —
Figure 5 — Alternate emitter follower equivalent circuit. See Note 2.
Table 5
Predicted and Measured Results for the HF Colpitts Oscillator Constructed Using the Components Listed in Table 4.
Predicted Measured Error
C((F) A (VIV) fiw(MHZ) frign(MHZ) TR(MHz) fiow(MHZ) fhigh(MHz)  TR(MHZz) TR error (%)
8.2 1.00 12.7653 26.4286 13.6633 12.000 22.850 10.850 20.6
10.3 1.20 12.5266 25.0859 12.5594 10.620 22.040 11.420 9.07
13.3 1.41 12.2561 23.5503 11.2942 10.440 20.860 10.420 7.74
15.1 1.49 12.1156 22.7684 10.6528 10.350 20.360 10.010 6.03
22.7 1.70 11.6174 20.1967 8.5793 10.050 18.630 8.5800 -0.01
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default component values in the spreadsheets
compute the predicted results shown in the
first lines of Tables 3, 5 and 7 for the MF, HF
and VHF oscillators. To view the results for
the other lines in the tables, change the value
of C in picofarads shown in cell B12 to match
the value in the first column of the table for
the appropriate oscillator. In order to design
your own oscillator, insert the appropriate
component values in cells B2 to B11. Next,
notice that cell E10 displays the capacitance C
required to achieve the loop gain shown in cell
B9 at the lowest frequency. Finally, enter the
capacitance value from cell E10 in picofarads
into cell B12, or choose your own value to
observe the loop gain and tuning range varia-
tions with changes in capacitance, C.

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.

Notes

'Philips Semiconductors Applications Note
AN1982, Applying the Oscillator of the
NE602 in Low Power Mixer Applications,
Dec, 1988. This Ap Note is available as a
PDF file at: www.datasheetarchive.com/
SA602-datasheet.html.

2A Microsoft Excel spreadsheet to calculate
oscillator design parameters is available for
download from the ARRL QEX files Web
site. Go to www.arrl.org/qexfiles/. Look for
the file 3x10_Post.zip.

3David J.Comer, Modern Electronic Circuit
Design, Reading Massachusetts: Addison-
Wesley, 1976.

Table 6

Component Values for VHF Colpitts
Oscillator.

Appendix 1 — Derivation of Loop Gain Equation

Before analyzing the Colpitts oscillator, first consider an alternate equivalent circuit for the
emitter follower circuit shown in Figure 5.2 In this model, the voltage source in the collector-
emitter circuit reproduces the input voltage v;, that appears between the base and ground, while
the output voltage v, appears across the voltage divider formed by resistors r. and Re. For
the SA/NE 602, the nominal value for R is given as 20 k< in the application note, while the
value of the dynamic resistor r, is estimated from the 0.25 mA of typical bias current as r, =
26 mV /0.25 mA =104 Q. These values are such that it is possible to assume in Figure 5 that
the multiplication of the series connection of r. and Re by 3 +1 for all practical purposes results
in an open circuit looking into the base. The bias resistor, Rg, is also neglected in the analysis
because based on bias conditions it is estimated to be larger than 2 MQ. Thus, no additional
loading on the LC tank circuit is incurred due to the connection to the base of the transistor.

Figure 6 shows the complete Colpitts oscillator ac model after incorporating the alternate
emitter-follower equivalent circuit and substituting

= n L= L

p 2 2
I’Iln nt.

C'=n} (Cype +C,).
If a single inductor is used instead of a tuned transformer, then Figure 2 applies with n,= 1. In
order to determine the voltage gain around the feedback loop A,, which is defined as the ratio
of V. to Vi, it is necessary to open the feedback loop by disconnecting the base of the transis-
tor from the LC tank and then determine the voltage V,, at Node A assuming the output volt-
age source is V;,. As stated previously, since the base connection appears to be an open circuit
the load resistance on the LC tank circuit does not change when the feedback loop is opened.
The first equation comes from enforcing Kirchhoff’s Current Law at Node A in Figure 6.

Summing currents exiting the node from left to right results in

VL%H Vout + YOut : Vout -V =0 [Eq A1]
r 1 joL 1
joC joC

The second equation comes from summing the four currents exiting Node B, or
ﬂﬂ-l-FL-F%:O [EqAZ]
r R 1 1

jonC joC

Combining Equations A.1 and A.2 to eliminate V, and solving for the loop gain yields:
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Component Value
L 0.308 pH
n; 1
Cune 6.8-45 pF
o 17.64 kQ
Co 0.843 pF
Figure 6 — Colpitts oscillator ac equivalent circuit.
Table 7
Predicted and Measured Results for the VHF Colpitts Oscillator Constructed Using the Components Listed in Table 6.
Predicted Measured Error
C(F) A (VIV) fon (MHZ) frign(MHZ) TR(MHz) fow(MHZ) frigh(MHz)  TR(MHZz) TR error (%)
2.8 1.00 42.3333 96.6923 54.3590 42.125 79.125 37.000 31.9
3.4 1.17 42.1042 94.9785 52.8743 35.35 77.175 41.825 20.9
5.2 1.51 41.5360 90.3289 48.7929 33.55 74.175 40.625 16.7
7.9 1.72 40.8571 84.6748 43.8177 33.10 70.30 37.2 15.1
10.3 1.80 40.3238 80.5064 40.1826 33.33 67.75 34.42 14.3
15.1 1.87 39.3562 73.7791 34.4229 32.40 63.65 31.25 9.22
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1

A @)= -
Vin re[[ - 1 1 C +l][:+l:\:)l'+1m(:(n+l))—]mc:|

j(oCr (oLC C . R
[Eq A3]

The frequency of oscillation is where the imaginary portion of the denominator of Equation

A.3is zero, or:
. CH SN S +jcoC(n+1)(
joCr\r, Re

Solving Equation A.4 for the frequency of oscillation, w,, gives:

[EqA4]

> +C—+1) joC=0
L'C C

[EqA5]

Then the loop gain at the oscillation frequency, ey is found by setting the imaginary portion
of the denominator of Equation A.3 to zero, or

1

Vv
A/ ® — 0ut=
@) Vi, n+1 1 c)(1 1
L +l-— || -+
r ol'c ¢ lr R

Equations A.5 and A.6 are useful for analyzing the Colpitts oscillator circuit shown in
Figure 1, but we are more interested in obtaining an equation that will allow us to determine
the capacitance C required to achieve a desired loop gain A, at the frequency of oscillation wy
This is obtained by solving Equation A.6 for C, which results in:

[Eq A6]

Co o, L'
1 r,(n+1)
U [EqAT]
Av:b4
1+=

E
Next eliminate w, in Equation A.7 by substituting Equation A.5 and then manipulating the
resulting expression in order to solve for C using the quadratic formula, which results in:

Co —b++/b* —4ac [Eq A8]
2a
where
O e
a= A T 1| e [EqAJ]
L 5
E
1
po A (D) 1
;" r,' R [EqA.10]
an
(1 1
=-C [r_ + R_E] [EqA.11]

Equations A.8 through A.11 allow determination of the capacitance, C, necessary to obtain
a desired loop gain, A,, at a frequency determined by L” and C”. =
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Robert K. Zimmerman, VE3RKZ

54 Radford St, Hamilton, ON L8S 3E6, Canada; rkzimmerman@gmail.com

An Inexpensive HF Power
Meter with a Linear dB Scale

Here is an innovative use of an inexpensive LASER pointer.

A sensitive HF power meter is a handy
instrument to have around the shack, par-
ticularly if you engage in home brew proj-
ects. The meter described here has a linear
decibel response from +10 dBm (10 mW) to
+20 dBm (100 mW) on a 1 mA analog meter
movement. Components cost less than $10,
if you have a 1 mA meter in your junk box.
With careful calibration, you may be able to
achieve near “lab-quality” measurements.
This power meter would be handy to have
around the shack for adjusting and measur-
ing the output power from your next oscilla-
tor or VFO project.

Theory

Wide bandwidth laser diodes have a
flat response through VHF and beyond.
Such diodes (red) are available from “dol-
lar stores” in the form of laser pointers. The
pointer in Figure 1 cost $1.25 at such a store.
These pointers contain laser diodes in the

Figure 1 — Laser pointer purchased at dollar
store for $1.25. The pointer comes with 4
holograms, which are not used.

44 QEX — March/April 2010

3
/
= f‘ w__lassr
2 / armission
=
| spontaneous
LED emission
a l’/ knee
| -
0 -4 mA -8 mA

Figure 2 — Below the “knee,” the diode
emits minor spontaneous LED radiation
(incoherent). At the knee, laser action
begins as internal losses in the diode are
overcome. Above the knee, the laser light
output (coherent) is linear with respect to
drive current. The junction voltage at and
above the knee is approximately —1.4V dc.

form of individual laser chips (dye). More
expensive laser pointers from RadioShack
($15) contain laser diodes encapsulated in
a transistor style can with an integral lens.
These might be easier to work with, gener-
ally, but the price of the cheaper pointer was
a driving force for me.

To obtain wideband response, the diode
must be dc biased at the “knee,” as shown
in Figure 2. Below the knee, there is a minor
amount of LED radiation, which we do not
use. At the knee and above, the diode begins
to lase as internal losses are overcome. Light
intensity increases rapidly and linearly with
current.

The general biasing scheme is shown in
Figure 3. The bias level is set by adjusting
Ruies: FOr my unit, Ry,s was 1800 Q with a
9V battery, although I started initially with a
2.5 kQ, ten-turn potentiometer.

The emitted laser light can be detected
with a RadioShack cadmium-sulfide photo-
resistor, as shown in Figure 4. These are

-9 vDC
1000 pF
(silvermica)
Ruias = 2.5 KQ ten-turn
RF T
input 1 Light
‘\ Output
5002
load

Figure 3 —The dc bias is set with Ry, while the RF signal is coupled through the 1000 pF
coupling capacitor (silver mica).
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Figure 4 — Cadmium-sulfide photo-resistors
available from RadioShack in a pack of five.

+9
vDC

518

photo
resistor

Re-x = 100 € ten-turn

Figure 5 — Light detecting circuit using
photo-resistor and 1 mA meter movement.
Set R, initially to zero ohms. When laser is

at full billiance, the battery current is 25 mA.

Figure 6 — Individual photo-resistor used
in power meter. This is the largest resistor
in the pack of five. Note the serpentine
structure of the resistor.

available in a pack of five for $4.00. The
complete light detector circuit is shown in
Figure 5. The resistor shunting the meter
is Ry (100 Q ten-turn potentiometer) and
should be set initially to zero ohms.

Construction and Alignment

I used the largest photo resistor from the
pack of five. This device goes from 360 kQ
in total darkness to about 400 Q in bright
light. The photo resistor is shown in Figure 6,
where the serpentine structure can be seen.

The commercial laser pointer is shown in
Figure 7A. In Figure 7B the aluminum tube
is peeled away from the laser module with
a pair of needle-nosed pliers. Part C shows
the module itself. Note that the laser case
is positive (+). Using a pair of sharp diago-
nal cutters, | removed the battery clip and
push-button portion of the circuit card. Part
D shows the photo resistor being mated to
the laser module with a small amount of fast-
setting epoxy. The epoxy should go around
the periphery of the photo resistor and not on
the sensitive face. Figure 7E is a photo of the
first complete prototype. Keep lead lengths
short. Ry is shown as a fixed 1800 Q resis-
tor — this was done after first using a 10 turn
potentiometer to determine the proper value
of Ry, for a 9 V battery. The laser | used
had a plated plastic case that could not be
soldered; contact was made by tying a wire
around the case and twisting tightly. The case
is RF ground and positive bias. Before testing
the power meter, set Ry,s > 1800 Q and Ry
to zero ohms.

Initial Alignment

1) Apply -9 V dc bias to the laser.

2) Decrease Ry, until some minor red
light can be seen from the rear of the diode.
There is a hole in the rear of the diode case
for visual monitoring.

3) Set up a signal generator to provide 100
mW (+20 dBm) at 14 MHz by way of a 1 dB
step attenuator. Don’t forget the 50 Q dummy
load or you’ll burn the diode immediately.

4) Apply the RF. The laser should shine
brightly. Increase R, until there is a full-
scale deflection on the milliammeter.

Final Alignment

5) Reduce the RF level by 1 and 2 dB.
Observe the meter response, looking for a
decrease of 1 and 2 units.

6) If the decrease is more than 1 and 2
units, the laser is biased too lightly. Re-adjust
Ryiss for slightly higher bias. Go back to step
4. This time you will be decreasing R, to
obtain a full deflection.

7) Conversely, if you obtain less than 1
and 2 units response on the meter, the bias
level on the laser is set too high. Reduce the
bias by increasing Ry, and return to step 4;
this time you will be increasing R, for full-
scale deflection.

oSfrom
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Figure 7 — Part A shows the commercial
laser pointer. The photo at Part B shows the
aluminum tube being peeled away from the
laser module with needle-nosed pliers. The
laser module was removed from aluminum

case, as shown in Part C. The chip resistor in
the center is a 62 Q current limiting resistor in
the negative lead. This is the lead to which the
RF coupling capacitor and R,,s are attached.
The plated plastic body is the ground for RF
and bias — it cannot be soldered. In Part D, the
photo-resistor is mated with the laser diode.
Use a small amount of fast-setting epoxy,
being careful not to get epoxy on the sensitive
face of the photo-resistor. The completed
prototype is shown in Part E. The coaxial line
at left is the RF sensing line. The coaxial line at
right is for application of the dc bias. Note that
the case ground (+) is made by wrapping and
twisting a fine copper wire around the case,
and then soldering to the coaxial shield.
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Figure 8 — The front panel of completed power meter is shown in Part A. Part B shows

the internal view of the completed power meter. Note the 50 Q load attached to the input
connector with a BNC tee. The 10 turn (100 Q) R, shunts the milliammeter. The laser head is
secured to the case at left with a tie wrap and RTV rubber sealant. The switch is double-pole
for the two 9V batteries.

100 Watt HF

30 dB directional

Antenna

coupler

transmitter

—\\

Power
Meter

Figure 9 — Method of monitoring forward power from a 100 W HF transmitter.

One or two iterations of the calibration
procedure, and the meter will read linearly
from +10 to +20 dBm (0 to 1 on the analog
meter scale). Verify the full meter response
with a 1 dB step attenuator. You may find it
desirable to adjust the meter zeroing screw
so that the meter points below zero without
bias and RF. Then when the bias is turned on
with no RF applied, the meter will read zero
(+10 dBm).

After calibration, you can check the
meter response at different frequencies. My
meter is flat to within half a decibel from 3
to 30 MHz. Figure 8 shows the completed
power meter.

Summary

| find my laser power meter to be very
handy around the shack. When not using it
for experiments, | leave it connected to my
HF rig with a 30 dB directional coupler to
monitor forward power, as shown in Figure
9. If you are uncertain as to what power you
expect to measure, always protect the power
meter with a safety attenuator, for the laser
can be burned out promptly with application
of excessive power. As a final note, the power

meter may be built and calibrated for VHF
and UHF use. If use at L-band is anticipated,
it is better to buy a commercial laser diode
from Digi-Key, to insure the laser has suf-
ficient bandwidth. If the laser portion of the
meter is realized in 50 Q microstrip, a chip
coupling capacitor, and a canned laser (for
low parasitics), the meter can provide flat
response from HF through the 23 cm band.

Robert K. Zimmerman, Jr. was born in
1951 in Dupo, Illinois. He graduated from
Southern Illinois University, Edwardsville, with
BS and MS degrees in physics (1973, 1975)
and then attended the University of Illinois,
Urbana-Champaign, where he was awarded
the MSEE degree in 1980. He has spent his
entire career in radio science, working for
Cornell University (Arecibo Observatory),
NASA Goddard Spaceflight Center, Los Alamos
National Laboratory (accelerator division),
and most recently as a radar engineer on
Kwajalein Atoll. He is presently involved in
microwave antenna research at McMaster
University, Hamilton, Ontario. He has been
licensed as WNIPXG (1965), WA9ZSF, NP4B,
V73BZ, and now as VE3RKZ. Zimmerman is
active on 40 m and 23 cm. @



Letters to the Editor

Experimental Determination of
Ground System Performance for
HF Verticals (Jan/Feb 2009
through Jan/Feb 2010)

Dear Larry,

As my series of QEX articles on ground
system experiments were published |
received a number of questions and com-
ments. When | wrote the description of the
experiment in Part 1, | only wanted to give
an overview of the experiment and left out
many details. Then of course there were
questions about the omitted details! One
frequent question concerned the power
reflected from the vertical, back to the VNA
due to mismatch at the antenna feed point.
This mismatch varied as the ground system
was changed. While most of the time this
effect was very small, it still had to be taken
into account, which it was for every mea-
surement. | referred to this in Part 5 but not
in detail. | also received a note from Paul
Kiciak, N2PK, pointing out that | was misus-
ing the term |S,,| in some of the figure cap-
tions. He was right, | should have used the
term transmission gain or something simi-
lar.

At the beginning of the experiments |
wrote my initial thoughts in the experiment
notebook. These notes were in the form of a
conversation with myself, but with a little
cleaning up they can be used to address the
two points mentioned above. An excerpt
from my notebook follows.

I hope this will help answer some of the
questions.

Notebook Excerpt

The problem

In this series of experiments, | want to
quantitatively determine the effect of vari-
ous ground systems on the efficiency of a
vertical. For example, If | add X number of
radials to a given ground system, how much
stronger is my signal at a distant receiver for
the same power input to the antenna (P))?
The power input to the antenna is defined
as:

Pi=Ps—P, [Eq 1]
where:

P, = forward or incident power at the
antenna feed point.

P, = reflected power at the feed point.

I will have to keep this distinction between
P; and P in mind later in the data analysis!

What I'm interested in is the power gain
(Gy) expressed as:

[Ea 2]

where:

P_ = power in the receiver due to the excita-
tion of the vertical with P;.
G+ in Equation 2 is a power ratio and | want
to express it in dB:

G, [dB]= 10Iog(%) [B] [Eq3
I

As | go through the experiments, | will be
interested in the change in G+ [dB] from one
ground system configuration to another. By
taking the difference between G- [dB] for
one case and that for another | will have the
“improvement” (or the lack thereof!) in dB for
a given change in the ground system.

Solution to the Problem

After | had tried more conventional tech-
niques, Paul Kiciak, N2PK, suggested a
really slick way to determine G [dB]: use a
vector network analyzer (VNA), excite the
test antenna with the output of the VNA and
measure the resulting signal via a remote
antenna connected to the VNA input port.
Repeat this for each change in the ground
system.

What the VNA will give me is |S,,| [dB]
around the loop from the VNA output port to
the test antenna, then out to the receiving
antenna and back to the VNA detector port.
|S.,| is defined by:

_ R [Eq 4]
|821| - p_
S
where:
P, = power in the load, in this case the
input to the VNA.

P = power supplied by the source, in this
case the output of the VNA

The VNA gives |Sy| [dB]:

1S, |[dB]= 20Iog[\/%] [dB] [Eq 5]

I can pull the square root out of Equation
5 so that:

IS, 1[dB]= 10I09(E—LJ [dB] [Eq6]

That's very nice but what | really want is
G [dB] as given in Equation 3.1 can see that
Equation 3 has the same form as Equation
6, therefore:

G, [dB]el|S,, | [dB] [Eq 7]

Be careful. There is a trap here! While Gy

[dB] may be numerically equal to |S| [dB]
(Note: for the moment only, we are assum-
ing P, =0), Gy is notthe same as |S,,|! There
is a conceptual difference.

A Necessary Tweak on Gy [dB]

For Equations 6 and 7 | assumed that P;
= P, P, = 0. However, we know that is true
only if the feed point impedance of the verti-
cal is exactly 50 Q (Z, for these experi-
ments). In other words, P, =0, but in general
that will not be true. What | want is:

I

G =8, 1= P [Eq 8]
where:
P, = the power delivered to the input of the
test antenna and |S,,'| is the transmission
from the input of the vertical to the input of
the VNA via the receiving antenna, but |Sy|
is the transmission from the output of the
VNA to the input of the VNA. The problem is
that what | get from the VNAis |S,,| [dB], not
|S.1'| [dB]. Due to reflection P; < Ps and that
means [S,'| > |S|. What | need to do is to
determine the difference between the two
and modify what the VNA gives me, to get
the G [dB] I'm after.

| derived an expression for this additional
term, incorporating SWR measurements,
and Paul sent me another expression in
terms of |Sy).
|821| tO |SZII|
| know from Equation 1 that:

P=P, -P
i s r [qu]

I can eliminate P, from Equation 9 and
calculate P; in terms of P, and SWR at the
feed point:

P 72
_u=1_[SW_Rl}

P, SWR +1 [Eq 10]

Using Equations 4 and 8:
, /P fP /PS fPs
|Sz1|= Fli-z i Fiz |521| F.
[Eq11]

Substituting Equation 10 into Equation 11:

S, |
S..'|=
- |:SWR +1]

Paul sent me the following expression:
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P ISuP
I:>i 1- | S11 |2 [Eq 13]

which | will change to:
PL _ |SZl |

Fi B \/1_ | S11 |2

to make Equation 13 look like Equation 12.

|821 | = [Eq 14]

It's not too hard to show that:

_SWR-1

Sul= SRt [Eq 15]

Equations 12 and 14 are equivalent. For
these experiments | will use Equation 12.

One More Step
I need |S,,'| [dB] not |S|. From Equation
12:

|821||[dB] =S, | [dB]

2
-10 |og 1— (wj
SWR +1
[Eq 16]

During these experiments | will record
both |Sy| [dB] (which the VNA gives me)
and SWR (which the VNA also gives me) for
every ground system configuration. One
small thing to watch out for:

2
1_(SWR 1) <1
SWR +1

Therefore the log of Equation 17 will be
negative. That means | will need to add the
10 log[**] term to the value of |S,,| [dB] | get
from the VNA. Also |Sy| [dB] < 0 dB for
these experiments. For example, if |Sy| =

—42.6 dB and the SWR is 2, —10 log[**] =
+0.5dB.Then |S,,'| =—42.1 dB.

| will create a table of values for Equation
18:

SWR -1’

The table will have all positive numbers to
modify the recorded values for |S,| [dB] to
get [Sz| [dB].

— 73, Rudy Severns, N6LF, PO Box 589,

Cottage Grove, OR 974249; nélf@arrl.net

Hi Rudy,

Thank you for sending the detailed infor-
mation about the derivation of the equations
and the calculations used in your QEX
series. There was a lot of interest in the
series, and | am sure many readers will be
interested to learn more about the calcula-
tions behind your results.

— 73, Larry Wolfgang, WR1B, QEX
Editor; lwolfgang@arrl.org

[Eq 17]
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SDR: Simplified (Jan/Feb 2010)
Larry,

Karl-Otto Miiller, DG1MFT, found a cou-
ple of mistakes | made in my last column.
The drawings for Figures 3B and 3C were
swapped. Also, | am not sure what hap-
pened, but when | did the gnuPlot work for
a couple of the figures, | was off by a factor
of 2 times. The 400 Hz sine wave is actually
200 Hz and the 20 kHz wave is actually
10 kHz. The principle to be illustrated is still
correct: the energy in the higher Nyquist
zones is due to the size of the error between
the samples and the true waveform, and
gets progressively worse as the sampled
wave approaches one half the sampling
frequency.

There is no column for the March/April
issue because of problems | faced in getting
the software tools to work correctly. | owe
the readers a lot of code and other support-
ing work for previous columns. In order to
make that process easier, | have created a
Web site at www.dsp-radio-resources.
info so that | can post updates from read-
ers, answer questions from readers, and
supply an alternative to the ARRL Web site
for file downloads. It is meant to be a forum
for information exchange for the readers.

— 73, Ray Mack, W5IFS, 17060
Conway Springs Ct, Austin, TX 78717,
whifs@arrl.net

Hi Ray,

Thanks for the information about your
new Web site. | apologize for our layout error
on Figure 3 of your Jan/Feb column.

— 73, Larry, WR1B

Next Issue in QEX

David Bern, W2LNX, describes his
first programming project with a
Microchip PIC microcontroller — “A
PS/2 Keyer: Using Keyer Paddles to
Emulate a PS/2 Keyboard and Mouse.”
Besides a desire to find a useful project
to learn about programming a PIC
microcontroller, David’s motivation for
this project was to make portable PSK-
31 operation with the NUE-PSK modem
even simpler. Now all he needs is his
transceiver, NUE-PSK modem and a
keyer paddle. No keyboard required!
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