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DR-600T (144 MHz/440 MHz) DJ-GIT

The outstanding abilities of the DR-600T set it apart from
every other radio. Features like Wide Frequency Coverage,
Excellent Intermod Rejection, Direct Frequency Entry from
the microphone, Three Output Power Selections, Autopatch
Memories, and 6 Scanning Modes make the DR-600T the
radio of choice for demanding users. The Remote Mount
Head allows for custom installation in most any vehicle, and
also helps to deter theft.

This road-ready rig can also be remote controlled by any radio
that transmits DTMF tones. This remarkable feature allows
the DR-600T to act as a full-featured Cross-Band Repeater.
For added control, a security code can be programmed that
will allow control only by the control operator (you).

Better Products, Better Service.
See for yourself why people are
coming to ALINCO.

DN ALINCO

DJ-580T

ALINCO| ELECTRONICS INC.

438 Amapola Ave., #130
Torrance, CA 90501
Phone: (310) 618-8616
Fax: (310) 618-8758

The DJ-GIT 2m HI from ALINCO scores another
“First” for Amateur Radio technology. Our new
“Channel Scope” feature opens new doors for Ham
operators. Now it is possible to visually monitor up
to 7 memory channels at once with just a glance at
the display.

Also, the Channel Scope feature can be used to
show band activity in the frequency domain, much
like a Digital Spectrum Analyzer. Hunting for band
activity just got easier.

Other outstanding features include 440 Receive, 80
Memory channels, AM Aircraft receive, 5
Autodialer channels, DSQ for private paging, Cross-
Band Semi-Duplex, 6 Scan Modes, and Odd Splits
on all Memory Channels.

— Other Great Products from ALINCO —

DR-130T
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Capable Decoder available today.
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Use the DC440 an-¢ ._ 1™ Software to monitor 50 CTCSS CX12 RS-232C Interface Converter ; $ 89
ub-Audible Tones & l 'S Codes and the TouchTone™ (DTM ToneLog™ Software for the PC —1
The DC440 is srnall in size & In exceptional back lit 2x1¢ NiCad 44 Battery Pack e 39
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TM-942A
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Good things come in threes. Like Kenwood's distinctive TM-942A (144MHz/
440MHz/1200MHz), TM~742A(144MHz/440MHz),and new TM-642A (144MHz/
220MHz)—high-performance FM multibanders that demonstrate the best in mobile
communications technology. Besides offering triple receive and display capability,
the TM~-942A can even receive all three bands simultaneously. For the TM-742A
and TM-642A, you can choose one of several optional band units, enabling triple band
operation with the same triple simultaneous receive. Top-notch features include 101
memory channels (all available for split operation), automatic band change, DTSS
with page, and S-meter squelch. There's even a wireless remote control function. Yet
operation is remarkably simple, thanks to sophisticated microprocessor control, high-
visibility illuminated keys, and clear status displays. You wouldn't expect any less
from Kenwood. But there’s more: you can mount the controls and display separately
from the main unit (requires optional kit) for unique 3-way convenience.

KENWOOD COMMUNICATIONS CORPORATION
AMATEUR RADIO PRODUCTS GROUP .
P.O. BOX 22745, 2201 East Dominguez St., Long Beach, CA 80801-5745
KENWOOD ELECTRONICS CANADA INC.
04ARD-0894 6070 Kestrel Road, Mississauga, Ontario LST 158
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_ EDITORIAL

From The Future To The

Past, And Back Again.

The operator looked out the window at the
stark rose-colored horizon. He returned his
attention to the radio in front of him and spoke
into the microphone . . .

“KAISTC, KAISTC, KAISTC, this is
K1ZJH calling from Mars Station Alpha. QSL?
On Earth, KAISTC crouched close to the
speaker of her transceiver. She heard a loud
crash of static, then out of the ether came the

faint, but audible, call . . .

“KAISTC, KAISTC, KAISTC, K1ZJH.”

She eagerly replied:

“K1ZJH, KAISTC, you are 5-by-2 on Earth.”

After several minutes delay came the reply:

“5-by-2 Mars, Roger?”

KAI1STC sent her final message into space,
“Roger, 73,” and awaited a final call from
KI1ZJH. “73,” came the faint reply.

With that final 73, K1ZJH and KA1STC
could lay claim to the first two-way QSO
between Mars and Earth, and a special award—
”The Planet Mars QSO Cup.”

In fact, The Planet Mars QSO Cup is a real
award that awaits the first two amateurs to
complete a two-way amateur radio contact
between Earth and the Red Planet. The Mars
QSO Cup was the brainchild of two hams—
Fred Johnson Elser, K3AA, and Stanley M.
Mathes, K1CY—who created the award in
1928. The trophy is on display at The American
Radio Relay League Headquarters in
Newington, Connecticut, waiting to be claimed
by the winners.

During the same decade that Elser and
Mathes were designing their “heavenly” award,
a group of prominent scientists were devoting
their time to the design, construction, and oper-
ation of arc and spark transmitters. Many of
you have probably heard of these types of
transmitters; articles about them have appeared
in the AWA Journal and QST. But perhaps you
are not aware that, while arcs and sparks were
developed within five years of each other and
their fundamental circuits were almost identi-
cal, their operational characteristics were quite
different. Bill Byron, W7DHD, has performed
a detailed study of these transmitters, and pre-
sents his findings in this issue of
Communications Quarterly. He begins his dis-
cussion by comparing arcs and sparks, and con-
tinues with an in-depth look at spark transmit-
ters. A more thorough treatment of arc trans-
mitters will appear in a later issue. To bring his
work into the present, Bill uses a Fourier
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Analysis program written in BASIC to calcu-
late the frequency spectra of spark transmitters.

While the editorial staff of Communications
Quarterly tends to concentrate on publishing
information about current state-of-the-art tech-
nologies, we like to include historical material
with present-day applications periodically. It is
interesting to note that a lot of the technologies
we think of as recent developments in the com-
munications field, have roots reaching back to
the earliest days of radio. A case in point: You
may assume that wideband RF transformers
were developed to meet the needs of broadband
matching circuits for semiconductor-based cir-
cuits. Yet as early as 1924, companies such as
Acme Aparatus Company were marketing
wideband untuned transformers covering the
200- to 500-meter range. Intended for broad-
band interstage RF amplifier stages in reflex
radio designs, today’s broadband baluns and
interstage transformers.

But let’s return to Mars, and our intrepid
radio operator. While it may seem far-fetched
to even consider two-way communications with
Mars, who’s to say that it won’t be a part of our
future? After all, how many of us thought we’d
be exchanging QSOs with space stations and
shuttles orbiting the Earth? It’s quite possible,
that sometime in the future (granted it probably
won’t be in our lifetimes), men will visit Mars.
Already, NASA and the European Space
Agency (ESA) have plans to launch missions to
the Red Planet at the end of this decade. These
unmanned missions, the Mars Environmental
Survey (MESUR) and MARSNET, would
involve orbiting satellite relays gathering data
from Mars-based rovers and fixed land stations
for retransmission back to Earth. In their arti-
cle, “HF Radio On Mars,” Craig Fry, WL7C,
and Robert Yowell, KC5BRG, discuss these
missions, and put forth their own theory that
HF radio would be a viable communications
mode for future Mars explorers.

In all scientific endeavors, a knowledge of
the past and the present intertwine allowing
projections for future technologies. The dreams
of the past are often the realities of the future.
We must always bear in mind that what is past
is prologue.

Terry Littlefield, KAISTC
Editor
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Senior Technical Editor
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to 9600

With Packet Transmission

Satisfy your need for speed with the new PK-96 9600
baud packet controller from AEA.

This high-performance machine comes standard with
1200 baud AFSK tone signaling, as well as 9600 baud
K9NG and G3RUH compatible direct frequency modu-

lation. The PK-96 makes an excellent terrestrial or

satellite data controller. It can be used for high-speed
data links to eliminate bottlenecks and in-
crease system capacity.

Big capability in a small package is what

Co

you get from the PK-96. Under the hood, there is a 18K
battery-backed MailDrop which is easily expandable to
100K. MailDrop allows you to automatically control
third-party traffic and receive and reverse-forward mes-
sages.

Bring your system up to speed. Call AEA’s Litera-
ture Request Line at (800) 432-8873 for more informa-
tion, or call us direct at (206) 774-5554.
Contact your favorite ham radio equip-
ment dealer for the best pricing.

w7



__TECH

Of lawnmowers, sail boats, and
radio equipment

We lead off this issue’s Tech Notes with a
project by Ron Mather, ZL2AXO: “A 230-Volt
Generator from Scrap.” Ron’s generator, with
its 230-volt, 50-cycle output lends a “down-
under” air to this note. More importantly, the
main components for this project are almost
universally found taking up valuable space in a
diminishing resource—our landfills. Our
American readers will, of course, probably opt
to use a junker 60-Hz, 115-volts AC induction
motor for this project, along with suitable pul-
ley ratios to match the optimum engine rpm to
the induction motor’s rated speed.

Peter Bertini, KIZJH
Senior Technical Editor

A 230-Volt Generator from
Scrap

Ron Mathers, ZL2AXO
Reprinted with permission from the September
1993 issue of Break-In.

A 230-volt, 50-Hz, 500-watt generator has
been constructed primarily from discarded parts
which would not be difficult to find for the
keen homebrewer.

This generator is large enough to power rela-
tively constant loads such as lighting, radio
receivers, a TV set and, for instance, a 20-watt
transceiver. However, it is not capable of sup-
plying a 100-watt SSB/CW set, as the rapid
fluctuations of load which the transceiver pre-
sents result in unacceptable swings in the gen-
erator terminal voltage. As well, the capacity is
insufficient to run a refrigerator or an electric
chain saw, though it will drive a 10-mm electric
drill without problems.

3/4 HP SP

230V 2850 RPM \g
INDUCTION MOTOR

230V AC
OUTLET
SOCKET

O

\f_
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Figure 1. The induction generator.

NOTES_—

A 3 HP lawnmower motor was brought out
of retirement to play the part of the prime
mover. This was coupled by a belt drive to a
3/4 HP single-phase induction motor used as an
induction generator. The 3/4 HP motor was an
old 2850 rpm pump motor salvaged from the
local rubbish tip. Both bearings in the motor
were renewed as it was found one tended to run
warm. No modifications of any sort were done
to the induction motor.

Capacitive excitation is used in the induction
generator. Referring to Figure 1 it can be seen
that the connections are very simple indeed. It
was found that a capacitance of 36 pF was a
suitable’size to give 230 volts, 50 Hz at no
load. This was made up of three 12 pF, 400
volts AC condensers. The size of the capacitor
required for capacitive excitation is approxi-
mately that which gives unity power factor
when the motor is driven from the AC mains.
Final adjustments to this figure can be made to
give an output of 230 volts, 50 Hz at no load.

Changing the size of the capacitor changes
the no-load frequency with the output voltage
being kept at 230 by adjusting the throttle of
the petrol motor.

Induction generators with capacitive excita-
tion rely on the residual magnetism of the rotor
to initiate the buildup of magnetic field in a
somewhat similar way a DC shunt generator
relies on the residual magnetism of its field
poles. The magnetic field eventually rises to a
value limited by the saturation curve of the
machine. In earlier tests using a 1/4 HP induc-
tion motor as a generator it was found that if
the generator was overloaded or short circuited,
the residual magnetism was lost and, conse-
quently, the generator was unable to restart
unaided. The residual magnetism could be
restored in one of three ways:

1. Connecting the generator to the AC mains
and running it as a motor for a short period.

2. Discharging a charged condenser across
the generator terminals while the machine is in
operation.

3. Momentarily connecting a 6 or 12-volt
battery across the generator terminals with the
machine at rest.

The third method would probably be the
most practical in most circumstances. As it
turned out, the 3/4 HP motor gave no problems
losing residual magnetism with short circuits or
overloading. However, the possibility that a
short circuit could result in the loss of residual
magnetism must be kept in mind, and a proce-



dure for dealing with it available.

In operation, as load is applied to the genera-
tor, the terminal voltage needs to be kept con-
stant by opening the throttle of the petrol
motor. This increases the speed and results in
an increase in the frequency. The frequency is
proportional to the rotor speed minus the ship
speed. which at full load i1s about 150 rpm.
With a load of 500 watts, the frequency rises to
56 Hz. This rise in frequency is unlikely to be a
problem in normal use apart from electric
clocks running fast. To assist in the setting up
of the generator, a frequency meter was built up
using an old Jonan automobile tachometer dri-
ven by a 9-volt transformer

The speed of the generator at no load is just
over 3000 rpm. This needs to increase with
load until at 500 watts output an estimated
3500 rpm is reached. On the petrol motor shaft,
a pulley of 95 mm (3-3/4 inches) diameter dri-
ves a 1/2-inch vee belt to a 76 mm (3-1/2)
diameter generator pulley

The advantages of an induction generator
include:

I. Low maintenance—no brushes, commuta
tor, or slip rings (o wear

2. The output voltage is a sine wave.

3. The generator cannot be damaged by a
short circuit.

Lights powered by the generator produce a
noticeable flicker at a frequency equal to that of
the power strokes of the petrol motor. It 1s
caused by the low flywheel mass of the motor.
However, it is not a serious problem and did
not show up on the TV screen or affect the
operation of other appliances

BIBLIOGRAPHY

I E D Ba nd .M. Potter, “Capacitive Excitation

Moving on from lawnmowers to sail boats,
Richard Cortis, VK2XRC, tracks down a mvste
rious electrical I}'H'Hr"fl'!”.

Beware of Dissimilar Metals

Richard Cortis, VK2XRC
Reprinted with permission from the October
1992 issue of Amarewr Radio.

Apart from being an amateur radio operator, |
occasionally attempt to pass myselt off as a
yachtsman. | am also the owner of a small sail
ing boat that's called “*Mistress.” Over the past
year or so, my boat has been suffering from

a lot of electrolysis

Some electrolysis is always expected in
boats, and zinc anodes are installed in various
locations in an attempt to control the problem.
However, the rate of loss of the sacrificial zinc
anodes was particularly rapid on Mistress.
Anodes can normally be expected to last in
excess of 12 months, However, mine were last-
ing only about 6 months, requiring the installa-
tion of additional costly anodes and, even more
importantly, the slipping of the boat. which is
particularly costly. The problem was critical
because the boat has an aluminum “sail drive”
leg which protrudes through the bottom of the
boat and looks somewhat like the bottom end
of the leg of an outboard motor. This aluminum
leg 1s particularly susceptible to corrosion when
electrolysis is present. Accordingly, urgent
action was required

Possible Causes

All the usual things were investigated first.
Stray currents from electric cables laid in the
bilge were investigated and no likely cause was
visible. A number of cables were replaced as a
precaution. However, the electrolysis continued
unabated, Further research was undertaken and
there were suggestions that the copper based
anti-fouling paint on the boat beneath the

waterline may have had some effect. However.,

CABLE

ASSEMBLIES

Salitron/Vector builds flexible and semirigid cable assemblies to meet the most demanding procure
ment requirements. B The combination of MIL spec qualified connectors and over twenty years of cable
assembly expertise produces the highest quality product at the lowest possible cost to the customer

Joh'tron/ Vector

/[]] MICROWAVE PRODUCTS, INC.

3301 Electronics Way = West Palm Beach, Flonida 33407 Tel: (407) 840-1800 « Fax: (407) 844-8551
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Figure 1. The radio installation setup aboard the Mistress,

the area on the leg and on the bottom of the

boat around the leg had been coated with a dif-
F I L M P R O D U C T S ferent anti-fouling, and the general opinion was

that this was not affecting the electrolysis. |
continued my search

Recently I had the thought that the electroly

sis problem first appeared at around the time
the new HEF marine radio was installed. Figure
I shows the radio istallation on the Mistress. |
commenced further ivestgation of the prob
lem using my trusty salt-encrusted multimeter
I'he usual installation for an HF marine radio n
a satling yacht involves the linking of the
around connection from the tuner to a keel bolt

using a heavy copper strap. This provides a
substantial and effective connection to carth
cither by capacitance 1l the keel 1s encased in
ftber glass. or by direct connection if not

[ encased. During my investigation, the diver
who cleans the marine growth from the bottom
of the boat from time to time advised me that
large areas of anti-fouling paint had become
detached from the side of the lead keel. As this

Solitron/Vector manufactures a complete line of custom and standard attenuators and terminations. Coaxial

area had been carefully prepared and primed
devices are available in connector series from micro-miniature to type N with superior performance to Y PIct I

frequencies of up to 40 GHz. Stripline and chip devices are made to handle a wide range of power. S/V
is fully qualified under MIL-D-39030 and MIL-A-3933 in N and S versions were raised.

- High Voltage Keel?
Jolitron / Vlector "
I[/]] | | MICROWAVE PRODUCTS, INC.} My mvestigation started at the accessible end

1301 Electronics Way = West Palm Beach, Flonida 33407 Tel: (407) B40-1800 » Fax: (407) 844-8551 of the earth strap between the tuner and the

prior to the last anti-fouling, my suspicions




keel. The earth strap was detached from the
ground connection of the tuner and | used the
multimeter to measure the voltage between the
earth strap and the tuner. Initally, I set the mul
timeter to the lowest DC voltage setting, (0.25
volts, in order to get a meamngful reading. To
my surprise, the needle on the meter swung
across full scale. The next scale was selected
and a reading in excess of 0.5 volts was indicat-
ed. | cannot give a more accurate reading than
that as the multimeter is a cheap but robust item
which lives on the boat and, because of salt
spray and rough service, requires replacement
quite regularly. Accordingly. I cannot afford a
more sophisticated device. However, | find this
meter provides a satistactory level of service
between replacements

Having discovered this large potential differ-
ence, | then switched the meter from the voltage
setting to the current setting, first selecting the
50-mA range. Again, the needle swung to full-
scale deflection, and a higher range was select
ed. It appears that a DC current in the order ol
250 mA was flowing between the ground con
nection of the tuner and the keel. This initiated
further investigation and 1t was found that the
negative connection on the battery was continu
ous through the HF radio and onto the outer
braid of the antenna connection on the back
panel. 1 also discovered the tuner was continu
ous from the outer braid connection of the coax
from the HF through to the ground connection
on the back of the tuner. The negative on the
battery 1s connected by a heavy starter cable 1o
the engine block, which is bolted to the gear
box. which is in turn bolted 1o the engine leg,
which protrudes through the bottom of the boat
into the sea water. | will not go into the details
of the sealing of this engine leg through the bot
tom of the boat but, sulfice to say it 1s durable
and very flexible. The zine anode 1s attached to
the engine leg near the propelles

Connections

So now we have 1. The zine anode 1s con
nected to the aluminum engine leg, which is
connected to the gearbox. which is connected
to the engine, which s connected to the nega
tive of the battery, which 1s connected to the
HF, which is connected to the tuner, which is
connected to the earth strap, which is connected
to the keel bolt, which 1s connected to the lead
keel. And there we have 1, a zinc anode at one
end of a piece of wire connected to a lead cath
ode at the other end of the prece of wire. So
why didn’t I see it earlier? Well. thereby hangs
a tale. The ongimal HE radio installation in the
boat had a different tuner which contamed a
capacttor in the ground connection. In the earli

er radio, the negative from the battery was 1so

lated from the ground connection by this capac
itor, which effectively blocked any DC current
So there was no electrolysis problem.

Now, having found the source of the prob
lem. how do [ remove the electrolysis? Hap
pily. the solution was fairly simple and, per
haps, somewhat obvious. As the metal engine
leg is of quite substantial dimensions beneath
the water line. it was tried as a dyna-plate and
proved to be generally satisfactory. No serious
degradation in the level of the HF signal was
detected. Accordingly, I made a more perma
nent connection between the ;__'IlIL!I]l! connection
of the HF tuner and the engine block. The con
nection between the tuner and the keel bolt was
disconnected and removed

Messages

There are a number of messages to amateurs
and yachtsmen in this problem | have suftfered
Firstly, one must never assume that items ol
equipment which look similar and provide the
same function are actually constructed 1n a sim
tlar manner. The second and most important
moral 1s that one must always avoid connec

tions between dissimilar metals where any form

(Ceontineed on page 14 )

"RF CONNECTORS

Solitron/Vector is an industry leader with over twenty years of proven reliability in precision component:
for major aerospace and defense programs. We have un I| nited c: u[..l[nI-!-, k [urn\.lclr- custom and u[.mr..i.u!
coaxial connectors and are fully qualified under MIL-C-39012, MIL-A-55339, MIL-C-83517, and DES(
products. Whatever your need, Solitron/Vector can pe r.‘nrn_

Johtron/ Wector

301 Electromics Way « West Palm Beach, Florida 33407 Tel: (407) 840




When we talked to technicians about
servicing radios, they told us they were
too busy to talk.

Now the new HP 8920A RF Communi-
cations Test Set solves test problems in
less time, so you have more.

e Easy-to-use front panel

¢ Optional full-feature spectrum
analyzer

* Rugged portable package

¢ Built-in computer with optional
software for FM, cellular mobile
and base station testing.

« Price $13,800

Keeping you ahead in communications.
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There’s Nothing Else Like it . . And It’'s Here Today!!

The New CQ 7994 Equipment Buyer’s Guide
Completely updated, the CQ 1994 Equipment Buyer's Guide has once again defined

what a Ham Radio reference guide should be. This all-new edition is loaded with
photos, product descriptions and specs on practically every piece of amateur equip-
ment and accessory on your “wish list.” And the Guide's listing of manufacturers
and dealers is the only one of its kind. It's the best place to find out who makes and
sells the latest in amateur products.

And, There’'s More in This Issue!
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feature articles for almost every area of amateur interest. Written by some of
our hobby's leading experts, such as Lew McCoy, W1ICP, Buck Rogers,
K4ABT, Fred Maia, W5YI, Gordon West, WBENOA, and John Dorr, K1AR,
you'll be sure to learn valuable information from these articles. Enjoy all the
insightful information on packet radio, operating amateur satellites, contest-
ing, improving your morse code skills, the many facets of radio for the new
ham, and an overview of this year's “milestones” in our hobby. Whether
you're a newcomer or have been a ham for 50 years, this is a line-up you won’t want to miss. And, it's all for
the low, low price of only $4.95.

You'll want to keep this issue handy for day-to-day reference.
The CQ 1994 Equipment Buyer's Guide—there's simply nothing else like it. Order your copy today!

For Fastest Service, Order Toll Free (800) 853-9797

Or Fax 516-681-2926, CO Communications, 76 North Broadway, Hicksville, New York 11801 Also available through your local dealer!
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R_2600 Bob Wendt of Canyon State Communications
'""We takeit to the mountain."

" We bought our Motorola R-2600s for features, ease-of-use, and quality.
As an independent two-way service business we are always looking for
equipment that will help us get the job done right. Computerized, digital
accuracy, with an analog feel. Dependable on the job. I particularly like its
software upgrades. Our regular use of the R-2600 is on the bench, but

when necessary (just about every day) we take it to the mountain."
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Bob Wendt, Manager
Phoenix Technical Operations
Canyon State Communications
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HF RADIO ON MARS

The solution to a difficult
communications problem?

ometime early in the next century. people Mission planners will have to tackle a diffi-

will travel to Mars. They'll set up base cult communications problem: how do you

camps and roam across the landscape to ensure the astronauts will be able to talk to each
explore a new world. The success of their activ- other over wide distances, say hundreds or
ities will depend upon how free they are to thousands of miles? The typical UHF radio sys-
move about on the surface. Astronauts will tem used by NASA allows line-of-sight com-
need an adequate supply of air, water, and food munication. Once beyond the horizon, the sig-
to travel long distances, and they will need to nal is lost. The visible horizon for a person
communicate with their base stations. standing on Earth is about 20 miles, but on
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@ Site Latitude
1 Valles Marineris -6.00
2 Valles Marineris =5.00
3 Chryse Plan. VL-1 23.00
4 Olympus Mons 13.00
5 Valles Marineris ~2.00
6 Hadriaca Patera -32.00
7 NW Hellas —40.00
Argyre Planitia ~37.00
9 South Pole ~86.00
10 Sirenum Terra -45.00
11 Northern Plains 60.00
12 Gusev Crater ~15.00
13 Syrtis Major 5.00
14 North Arabia 38.00
15 North Pole 82.00
16 Chasma Borealis ~66.00

Longitude Elevation (km)
58.00 3.50
54.00 3.50
48.00 -2.20

130.00 2.00
54.00 3.50
268.00 2.00
310.00 =2.00
44.00 3.50
315.00 4.00
185.00 4.20
50.00 =2.70
185.00 0.50
295.00 3.50
309.00 2.20
55.00 0.00
66.00 2.50

Table 1. Candidate MESUR observation sites, Latitudes are i
elevations are in Kilometers.

Mars it’s about half that far. Radio repeater sta-
tions could be set up on the surface to extend
the communication range, or orbiting relay
satellites might receive the weak signals from
the surface and retransmit them over the hori-
zon. A third method of communicating would
be to use Earth stations to relay signals between
Martian explorers. This idea may not be too
practical unless the exploring astronauts have
lots of transmitting power and tremendous

Photo A. NASA plans to send a series of small spacecraft to Mars at the end
of this decade. This project, called the Mars Environmental Survey, or
MESUR, will place 16 landers and several microrovers on the planet’s sur-
face. The details of how MESUR will be linked together to form a network
are still being worked out. This artist’s conception shows the prototype
MESUR Pathfinder descending to the Martian surface.
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n degrees North, longitudes are in degrees East, and

patience. Depending on how close the two
planets are in their orbits, the travel time for a
radio signal from Mars to Earth and back
ranges from 9 to 40 minutes!

We'd like to suggest that Mars explorers may
be able to communicate with each other by
bouncing their signals off the Martian ionos-
phere, a natural “radio mirror.” But before peo-
ple travel 1o Mars, robots will first make the trip.

Background

Near the end of this decade, NASA and the
European Space Agency (ESA) plan to send
unmanned spacecraft to Mars. These spacecraft
will carry landers. to be deployed as observing
stations on the surface. Remote vehicles. or
“rovers,” and balloons may also be used to
study a larger portion of the Martian surface
and atmosphere.

NASA's plans call for placing a chain of
small stations on Mars, called the Mars
Environmental Survey, or MESUR (pro-
nounced “measure”™). This program will collect
meteorological, seismological, and other sur-
face and atmospheric data,! Table 1 shows the
planned locations of the 16 MESUR landers.
These sites were selected to provide extended
coverage of the Martian globe, and at the same
time, allow the study of intriguing geological
sites. A precursor mission called MESUR
Pathfinder could head for Mars as early as
1996. Photo A shows an artist’s sketch of the
MESUR Pathfinder lander descending to the
surface of Mars. Several of the MESUR landers
may carry “microrovers,” such as Rocky IV
shown in Photo B. Rocky weighs in at about



16 pounds (11 kilograms), and will be smart
enough to maneuver on his own. He will carry
a visible-light spectrometer and color camera,
and tools to chip rocks and scoop soil samples.
Rocky will be linked to his lander by low
power UHF radio.

The ESA is developing a mission called
MARSNET to put three surface stations on
Mars at about this same time.> The MARSNET
sites form a triangle about 3000 kilometers on a
side and will complement the MESUR net-
work. If these missions fly as planned. they'll
provide a network to give us a global picture of
the Martian environment for the first time.

Both MESUR and MARSNET missions will
likely rely upon orbiting relay satellites to send
the data collected at the multiple sites back to
Earth. It’s possible the data may be transmitted
directly from each site to Earth instead. But both
of these relay concepts present problems. Relay
satellites are expensive, require a lot of fuel to
send to Mars, and make up a sizable portion of
the overall cost of the mission. Direct transmis-
sion of data to Earth requires NASA to aim the
high-gain antennas of its Deep Space Network
(DSN) toward Mars to pull in the weak signals.
Considering the large number of sites in the
MESUR mission, the requirement to collect data
from each site may place heavy scheduling
demands upon the DSN.

On the other hand, if the data and telemetry
from missions such as MESUR could be for-
warded to two or three central sites on the
Martian surface, for subsequent retransmission
to Earth, a much smaller number of Earth sta-
tions would be needed, and would reduce the
overall cost of the communication portion of
the mission budget. This is where the Martian
ionosphere comes in. At the Case for Mars con-
ference in Boulder, Colorado this in June 1993,
we proposed using, ionospheric refraction for
over-the-horizon communication on Mars.3
Here, we look at the feasibility of using short-
wave (or HF—high frequency) radio to connect
a chain of remote sites on Mars for the relay of
collected data. We use typical observed charac-
teristics of the Martian ionosphere and the
MESUR site locations for illustration purposes.
We'll keep in mind that current HF data com-
munications technology won't support the total
data rates required by the MESUR mission—10
MBIt per day from 8 sites, and 1 MBit per day
from the remaining sites.

Overthe-horizon propagation

First, consider radio propagation here on
Earth. People have been using short-wave radio
to communicate for over 90 years. An HF radio
wave transmitted upward from the surface is
refracted back toward the Earth as it travels

Photo B. The MESUR Pathfinder lander and its microrover, Rocky 1V,
on the Martian surface. Room for an HF mobile antenna?

through the ionosphere. The radio wave may
eventually travel downward to a distant point
on the ground, several hundreds or thousands
of kilometers from the transmitter. This mecha-
nism provides a fairly reliable means of com-
municating. The radio wave may also be
reflected off the ground at the distant point and
back into the ionosphere to be refracted again.
In this way, around-the-world communication
occurs via “multi-hop™ propagation.

Even with the advent of satellites, short-
wave radio continues to play a major role in
long distance communication on Earth, This is
due to short-wave radio’s low equipment costs
and fairly consistent performance, at least at
low bandwidths (several (kHz). Even with low
power transmitters and simple antennas, com-
munication usually occurs during part of each
day, with the right choice of frequency. Often
times, the power needed for good communica-
tion ranges down to the [-watt level.? Also,
new technologies are pushing usable band-
widths higher and higher.

It seems reasonable to suspect that the same
HF radio propagation might occur in any plane-
tary ionosphere, as long as the electron density
is sufficient to refract the radio wave back 1o
the surface. and attenuation due to absorption
isn’t too great. Early space probes discovered
Mars has an ionosphere, with electron densities

Communications Quarterly
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Figure 1. Observations of ion concentrations in the Martian ionosphere during the Viking I lander descent. The solar
zenith angle, labeled ZA, ranges from 37 degrees to 44 degrees in this data set. This figure is from Hanson et al.5

similar to Earth’s ionosphere. This leads us to
suspect over-the-horizon communication
should be possible on Mars.

The Martian ionosphere

Let’s look at the properties of the Martian
ionosphere. Peak electron densities are about |
10 2x 105 cm~? during the Martian daytime, and
fall to about 103 cm=3 at night. Figure 1, from
Hanson et al., shows the data obtained from
the Viking | lander as it descended to the sur-
face in 1976, during solar minimum.> The neu-
tral Martian atmosphere is mostly CO,, and the
chief ionized component is O,*, which peaks
in density at about 135 kilometers. The electron
density equals the sum of the densities of all of
the ion species. Figure 2, from Zhang et al..o
shows a series of electron density profiles
obtained from radio occultation measurements,
in this case from the Mariner 9 orbiter, during

the 1971 in the declining phase of the solar
activity cycle. The bottomside ionosphere, that
portion below the ionized density peak, and of
interest to HF communicators, is fairly consis-
tent during the daytime. For an in-depth discus-
ston of our current understanding of the
Martian ionosphere, see the review by Kliore’
and the papers by Zhang et al -8

The Martian ionosphere has an electron den-
sity-versus-height profile similar to the so-
called Chapman profile, in that it increases
steeply in density with an increase in altitude
up to the peak density, and falls off more slow-
ly (roughly exponentially) above the peak.
Observations from a number of spacecraft have
shown the bottomside ionosphere is well estab-
lished and fairly consistent from observation to
observation. Whether the main layer is more
like the Earth’s E, FI, or F2 layers is still under
debate. The Martian ionosphere probably has a
D Iayer. and a thin E layer has been observed,
but the details are still undetermined because of



present measurement difficulties. Martian day-
time ionospheric densities are comparable to
the summer hemisphere conditions at mid-lati-
tudes on earth. The Martian ionosphere doesn’t
totally disappear at night. Peak electron densi-
ties often remain above 103 cm=3, but the val-
ues are much more variable than during the
daytime.

In radio propagation jargon, the critical fre-
quency is the highest frequency of a vertically
traveling radio wave that will be reflected back
to the surface. The frequency, f,, in Hz, is
related to the electron density, n,, in cm—2 by
the formula:

f, = 9000 yn, M

From all this we conclude that the critical
frequency of the Martian ionosphere is about 3
to 4 MHz during the daytime and drops to a
few hundred kHz at night. The highest frequen-
cies that will be returned back to the surface are
somewhat higher than the critical frequency for
non-vertical propagation, and are highest for
low radiation angles. For a good discussion of
terrestrial HF propagation, refer to any recent
edition of The ARRL Handbook for the Radio
Amateur.10

HF network study

The locations of the 16 MESUR sites listed
in Table 1 were used to calculate the great cir-
cle distances between sites, as shown in Table
2. Read Table 2 as you would a mileage chart
on an interstate map. For example, the distance
between sites 1 and 2 in Valles Marineris near
the Martian equator is 243 km, and between
sites 2 and 5 is 178 km.

Computerized radio propagation studies usu-
ally involve modeling (obtaining a good
numerical representation of) the ionospheric

ALTITUDE (km) ALTITUDE (km) ALTITUDE (km)

ALTITUDE (km}

MARINER 9 REVS 1-7 ENTRY

500
400-56 56 56 56 56 56 55 SZA
300 |
200 |
00 =—"% 5 5 5 5 5 5 5
500 MARINER 9 REVS 8-14 ENTRY
400 55 55 55 55 54 54 54 SZA
300 f
200 |
0—="5 5 5 5 5 5 5 5
c00 MARINER 9 REVS 15-21 ENTRY
400_54 54 54 53 53 53 53 SZA
300#
500 MARINER 9 REVS 22-28 ENTRY
400_53 52 52 52 52 52 51 SZA
200 } E
100 L—1 A LT I

3 4 5 5 5 5 5 65 5 5

LOG ELECTRON DENSITY (cm-3)

Figure 2. Martian ionospheric electron density profiles obtained

from Mariner 9 radio occultation observations. This figure is

from Zhang et al.

1 Valles Marineris 0

2 Valles Marineris 243 0

3 Chryse Plan. VL-1 1813 1694 0

4 Olympus Mons 4382 4594 4603 0

5 Valles Marineris 335 178 1521 4551 0
6  Hadriaca Patera 7845 7750 8506 8124 7887
7  NW Hellas 5904 5768 6541 9062 5885
8 Argyre Planitia 1986 1971 3561 5606 2144
9 South Pole 5029 5072 6702 6336 5249
10 Sirenum Terra 6541 6720 8220 4522 6873
11 Northern Plains 3927 3854 2193 4370 3677
12 Gusev Crater 7311 7551 8216 3625 7618
13 Syrtis Major 7301 7063 6451 9277 7052
14 North Arabia 6434 6212 4898 7640 6102
15 North Pole 5213 5153 3498 4445 4975
16 Chasma Borealis 3569 3647 5333 5438 3824

1 2 3 4 5

2048
5904
3277
3755
8438
4519
2668
4723
7616
4770

6

4138
2725
4841
7614
6216
2788
4620
7795
3744

7

0
3141 0
5376 2822 0
5753 8890 886D 0
6891 4596 1777 7371 Q
6405 5404 6374 5790 6550 0
6821 7345 8193 3716 7451 2095 0
7056 10170 8278 1305 6518 5273 3233
1877 1522 3528 7496 5174 6527 8000
8 9 10 11 12 13 14

8772
15

0
16

Table 2. Great circle distances between each of the 16 candidate sites listed in Table 1, in kilometers. Read this table as you would a
highway mileage chart. The intersection of a row and column gives the distance between the corresponding two locations.
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features you want to study, and ray tracing
(determining the effects of the ionosphere on
the radio wave and its path of travel through
this ionosphere). Usual parameters of interest
are the ground range, and group and phase
delay of the radio wave. In order to study
Martian HF propagation, we represented the
Martian ionosphere using a “quasi parabolic”
ionosphere model as described by Croft and
Hoogasian.!! Figure 3 is from their paper, but
modified for the Martian ionosphere. In this
model, the electron density profile is defined by
the equation:

r-r 2 Iy 2 I'p
— 2 |2 |irp<r<ry | ——
¥m r 'y = ¥m

2

; elsewhere

where:
N, = peak electron density
r = distance from the center of Mars
Ty = radius of Mars
Iy = height of peak (=h,+r,)
Ym = semi-thickness (one half the layer
thickness)
Iy, = I'm~¥m

Ray tracing is accomplished by integrating
the refractive index (related to local plasma
density) along the radio ray path, taking the
bending due to refraction, and other factors,
into account. Figure 3 shows the ray path
geometry used in the calculations. The quasi-
parabolic equation has the advantage of yield-

. ing an exact solution when integrated. This

means that if the quasi-parabolic model is a
good representation of the bottomside Martian
ionosphere, the ray tracing should be represen-
tative of expected behavior on Mars.

We hand-fit quasi-parabolic curves to
observed Martian electron density profiles, and
calculated single-hop propagation distances, or
ground ranges (=26,), along the Martian sur-
face. Figure 4 shows the daytime and night-
time electron density profiles for the quasi-par-
abolic model ionosphere. For the daytime con-
ditions, we used a peak electron density of 1.7
x 105 cm3, a peak height of 135 km, and a
semi-thickness parameter of 35 km. For the
Martian night, we used a peak density of 1 x
103 cm—3, a height of 150 km, and semi-thick-
ness of 50 km. Figure 5 shows the ground
range of a refracted ratio wave for various take-
off angles (8, in Figure 3), and includes curves
for several frequencies. Note that for a given
frequency, two take-off anglescan give the
same ground range, and a transmitted signal
can arrive at a receiver from two different

angles. This means that multipathing can de-
grade signal quality, just as on Earth. Figure 6
shows the results of the nighttime calculations.
The daytime and nighttime figures are similar,
except that the frequencies that produce the
same ground ranges for a given take-off angle
are lower at night by an order of magnitude.
Our results indicate that with the right choice
of transmitting frequency, HF radio can achieve
2000 km ground ranges during both Martian
day and night. Referring to Table 2, a number
of MESUR sites are within the one-hop 2000
km range. For example, data could be relayed
from site 9 at the south pole to site 3 at 28
degrees north via sites 16, 8 and either site 1 or
2 in Valles Marineris. In fact, data could be
relayed between sites 1, 2, 3, 5, 8,9 and 16.
Spacecraft observations indicate the height
of peak density rises to 150 km in the daytime
near the day/night terminator. This implies that
the one-hop ground range might be as much as
2200 km when the sun is low on the horizon.
Under these conditions both the north and south
pole MESUR sites could communicate with the
Valles Marineris sites, and in that way, with
each other. The network would look as follows:

5ellelas(l2) 981629
67
1012
1314

Only site 4 at Olympus Mons would be out
of range of all other stations.

If two-hop propagation were possible, the
ground range would increase to 4000 km. This
would allow all sites to be connected by HF
radio and communications would be global.

In this study we ignored small scale irregu-
larities in the Martian ionosphere, and the exis-
tence of any D or E layers. We assumed the
ionosphere was spherically symmetric and
didn’t have any horizontal gradients. We also
didn’t include a Martian magnetic field, and
didn’t consider the effect of absorption on the
radio signal. Signal attenuation should be
included in future studies. Although it isn’t
intuitively obvious, signal attenuation has no
effect on ground range, only on the signal
strength at the receiver end of the path. In other
words, the signal will travel wherever the
ionosphere lets it, but it may not be heard at the
receiver because it is attenuated below the
noise floor of the receiver.

HF communications requirements

For HF communication to be practical on
Mars, a number of conditions have to be met.
We’ve listed the important ones here.

1. The peak Martian ionospheric electron



densities have to be sufficient to refract the
transmitted radio waves back to the surface at
the receiver end of the link.

2. The ionosphere must not cause excessive
absorption of the radio signal. On Earth,
absorption can cause a 0 to 20 dB attenuation
of the signal per hop.

3. The one-hop or multi-hop coverage zones
have to allow mutual access between relay
sites. That is, every site must be within at least
one or two hops of another site to allow relay
of data.

4. The upper and lower usable frequencies
must be far enough apart in the radio spectrum
to allow the entire bandwidth of the modulated
signal to propagate.

5. lonospheric irregularities and traveling
disturbances must not cause excessive scintilla-
tion, dispersion, or multipathing to such an
extent that unacceptable distortion or loss of
signal occurs.

6. The ionosphere has to be stable enough to
support propagation at a particular frequency for

the period of time necessary to allow the transfer

of data and telemetry at the rates needed.

7. Radio noise generated by equipment or
natural sources must be acceptably low at the
receiver sites. That is, signal-to-noise ratios at
the receiver sites have to be sufficiently large
for reliable communications.

8. Ground reflection losses must not be too
great if we're relying on multi-hop propagation
to bridge the link. On Earth, the losses from
ground reflections can range from 0.5 to 3 dB
per hop.

9. The benefits of using HF radio have to
outweigh the shortfalls. The required hardware
and software complexity, mass, and power con-
sumption must be traded off against other com-
munications options.

Actually. in some ways HF propagation
might be better on Mars than on Earth. Most of
the observations of the Martian ionosphere
were obtained during the declining phase of the
solar activity cycle, or at solar minimum.
During solar maximum, when MESUR flies,
the ionosphere should be more dense than the
measured values, and the critical frequencies
will be higher. This means radio propagation
should be even better than at solar minimum. A
short-wave DXer’s rule of thumb says that the
higher the critical frequency, the higher the
allowable transmitter frequency and the better
the signal quality will be.

The interaction of the solar wind with the
Earth’s ionosphere deposits large amounts of
energy in the ionosphere, and geomagnetic
activity often causes large variations in ionos-
pheric conditions. These “ionospheric storms”
can degrade HF communications. The Earth
has a strong magnetic field that causes birefrin-
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Figure 3. Ray path geometry for the quasi-parabolic Martian ionosphere
model, adapted from Croft and Hoogasian’s paper.11

gent refraction. This splits radio waves into two
components, the ordinary and extraordinary
waves, and also complicates terrestrial propa-
gation. The Earth can be a noisy radio environ-
ment. Auroral, atmospheric, and equipment-
generated sources contribute to the noise. The
Earth’s HF spectrum is also crowded with
many users, and interference can be quite a
problem. Ask anyone who's worked a pile-up
on 20 meters.

On the other hand, Mars doesn’t have a
strong magnetic field, and in spite of the top-
side ionosphere being exposed directly to the
solar wind, the bottomside is fairly stable. The
Martian magnetic field is either very weak or
nonexistent, so birefringent refraction will be
much smaller than on Earth. There are some
potential radio noise sources on Mars: extrane-
ous emissions from electronic equipment
onboard the landers or rovers, and electrostatic
discharge due to wind-driven dust or ice. Noise
sources external to the planet, such as solar and
galactic radio emissions shouldn’t be a prob-
lem. However, it’s possible that galactic radio
noise might pass through the nighttime ionos-
phere at a low angle and pass over the horizon
and be refracted at the bottom of the dayside
ionosphere. This could contribute to the
received noise at a sunlit site.

Communications GQuatterly
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Future studies

What kinds of studies would be useful to
determine the feasibility of using HF radio as a
communications mode on Mars? There are a
number of radio experiments that could be
included on Mars missions such as MESUR.
One extremely low-cost piece of equipment is
the relative ionospheric opacity meter, or
riometer, This instrument is a self-calibrating
HF receiver used to measure absorption by
monitoring galactic radio noise that passes
through the ionosphere at frequencies above the
critical frequency. Absorption is determined
from the difference in the received signal and
the signal that would have been received if
there were no absorption. Active monitoring of
the bottomside ionosphere can be accomplished
using sounders. A vertical incident sounder, or
ionosonde, transmits radio waves over a broad
frequency range straight up toward the ionos-
phere and receives the reflected radio waves.
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Figure 5. Ground ranges as a function of take off angle (3, in Figure 3) for
1, 5, 10, and 13-MHz radio waves, using the daytime electron density pro-
file shown in Figure 4. Peak electron density is 1.7 x 105 at 135 km.
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Ionospheric structure can be determined from
the returned signal. Oblique incidence sounders
such as the chirp sounder are similar to the
ionosonde, but use the geometry shown in
Figure 3 to probe the ionosphere. Chirp
sounders that operate in the 6-watt transmitter
power range are available commercially .12

Several Earth-based investigations can be
conducted before we actually send HF radio
experiments to Mars. These include a) HF radio
propagation computer modeling and network
studies, and b) equivalent terrestrial radio prop-
agation experiments under conditions similar to
those expected on Mars. This would give us
insight into whether the Martian ionosphere can
support reliable long-distance communication.

a. HF propagation simulations. Recent
research in the space physics community con-
cerning Mars has focused on several areas: the
interaction of the Martian ionosphere with the
impinging solar wind; whether Mars has an
intrinsic magnetic field or one induced by solar
wind interactions; and the structure of the top-
side ionosphere. However, the bottomside
ionosphere is important for HF radio propaga-
tion because radio waves are refracted back to
the surface only at altitudes below the height of
the electron density peak.

An ionospheric model that characterizes the
spacecraft measurements and current theoreti-
cal understanding of the Martian ionosphere,
should be coupled with an accurate radio ray
tracing algorithm. Several researchers have
developed Martian ionosphere models. !3.14.15
Realistic studies should use three-dimensional
(3-D) ionospheric models, which not only
include vertical variations of plasma density,
but horizontal changes as well. Zhang et al.,% in
their paper on the daytime Martian ionosphere,
presented a simple model based upon a modi-
fied Chapman layer. This model fit their
reanalysis of the Mariner and Viking radio
occultation data fairly well. A thorough propa-
gation study should also include a full 3-D
numerical or piece-wise analytical ray tracing
algorithm. Candidate ray tracing algorithms are
described in Jones and Stephenson!¢ and Reilly
and Strobel.!7

A realistic simulation must account for sig-
nal losses due to absorption. Unfortunately,
theoretical absorption models based upon colli-
sion processes aren’t known for accurately pre-
dicting observed absorption conditions in the
terrestrial ionosphere.!8 Agarwal'? looked at
absorption effects on radio propagation in the
Martian ionosphere. He assumed the dominant
ion species was O*, and looked at radio propa-
gation in the frequency range below 100 kHz or
$0. We now know that O,% is the main ion
species at peak density heights, so his analysis
should be reaccomplished, looking at effects of



By the end of the 1920s most amateur
records had been set. and after the initial
smashing of waves upon waves of records,
there seemed to be few worlds left to conquer.
Technology had evolved in a few short vears to
the point where arc and spark transmitters were
obsolete, and superhet receivers replaced the
finicky regenerative in many amateur shacks.

Enter Fred Johnson Elser, W6FB/W70X
and Stanley M. Mathes, ex-70E and then
K1CY. who conceived of the idea of a trophy
that would outdistance any short-term
advancements in radio communications—the
Planet Mars QSO Cup.

In 1928, Elser had just returned home to
Manilla in the Philippines from a pilgrimage to
ARRL headquarters in Newington,
Connecticut. While there, he met Percy
Maxim, WIAW, ARRL founder and president.
During time spent with Maxim, he learned of
WI1AW's fascination with the planet Mars.

At the same time, Mathes (Lieutenant
Commander USN) was stationed in the
Philippines. which were then under United
States jurisdiction, and also part of the ARRL
field organization. After a visit Mathes paid to
Elser’s shack, the two avid radio hams came
up with a unique trophy for the first amateur
two-way communication with Maxim’s
favorite planet, Mars.

After settling on the rules for their award,
Elser and Mathes set out to find a suitable tro-
phy. In a store in Baguio, where many exam-
ples of Igorot native woodcarving were on dis-
play, they found their prize. The trophy is a
large curved bowl, standing about 12 inches
high. Seated figures on the trophy base. which
stands for the planet Earth, signify the people
of the Earth. The standing figures holding the
bowl. which represents the planet Mars, are
amateurs who will bridge the gap between the
two planets. The Mars Cup is presently on dis-
play at the ARRL headquarters in Newington,
Connecticut, where it has resided since 1929.

Two plates are affixed to the base of the cup.
One bears the legend “First Amateur Radio
Two-Way Communication Earth and Mars,”

The Elser-Mathes cup. This trophy for the first two-
way amateur communications between Earth and
Mars conceived by Col. Fred Elser, K3IAA, and Lt.
Comdr, Stanley Mathes, K1CY, while in the
Philippine Istands in 1928, Photo courtesy of the
Amateur Radio Relay League and QST magazine,
Newington Connecticut.

with as yet unfilled spaces for the names, calls,
and dates for those who would claim the tro-
phy. The other plate simply bears the words
[the| “Elser-Mathes Cup.” While it was the
award creators’ fondest wish to see the cup
claimed during their lifetime, it seems that was
not to be. However, with amateurs routinely
active from space, and the surface of the moon
long broached, we can only hope that we will
all soon see the day when amateurs lay claim
to this unique award, and Messrs. Elser and
Mathes dream is at last realized.
Peter X, KIZJH
Senior Technical Editor

Information on the Planet Mars QSO Cup
was taken from “That Planet Mars QSO Cup,”™
by Fred Johnson Elser, WoFFB/W70X. The
article appeared in QST magazine.

absorption on the HF part of the radio spec-
trum. Much is yet to be learned about the
behavior of the Martian ionosphere, and the
roles played by solar wind interactions, ionos-
pheric convection, neutral winds, atmospheric
gravity waves, and airborne dust.

b. Equivalent terrestrial HF experiments.
We can run HF radio experiments on Earth to
predict the behavior of HF radio propagation

and communication on Mars. These experi-
ments should be conducted at sites and under
environmental conditions that match those on
Mars as closely as possible. Candidate sites
include regions where ground conductivity and
dielectric constants are similar to those expect-
ed on Mars, and where ionospheric conditions
are similar to those observed by previous Mars
missions. Antarctica is probably the best match

ns Lluarterly
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Figure 6. Ground ranges as a function of take-off angle for 280, 400, 700,
and 970-kHz radio waves, using the nighttime electron density profile
shown in Figure 4. Peak electron density is 1 x 103 at 150 km.

22 Spring 1994

from this perspective. Sites should be selected
that support single-hop propagation with geom-
etry similar to those anticipated on Mars.
Again, since Mars has half the diameter of the
Earth, geometry with 1000 to 4000 km propa-
gation paths on Earth correspond to equivalent
Martian separations of 500 to 2000 km.

Recent advances in digital communication
capabilities have improved the data rates and
performance of HF radio. Adaptive digital
modulation techniques have come on the scene,
and error-free data transfer rates of 750 Bps are
achievable, using modulation techniques such
as CLOVER.20 The picture continues to
improve. Recently, the Advanced Research
Projects Agency issued a Small Business
Innovation Research Program Solicitation for
the development of an HF network system
capable of 64 kBps.2! If this research pans out,
the new technology would make HF radio a
stronger contender for network communica-
tions on Mars.

In planetary missions, the average transmitted
power must be kept low because electrical
power is a limiting factor. This impacts commu-
nications because lower power equates to
decreased signal quality. However, there is a
popular misconception that HF radio requires
high power. The low power chirp sounder dis-
cussed above supports automatic link establish-
ment and data transfer. Keep in mind that higher
power communications systems are still a possi-
bility, as long as the transmission duty cycles
can keep power consumption low enough. This
should also be investigated further.

Summary and conclusions

This article discussed the concept of using HF

radio for over-the-horizon propagation on Mars.
The existence of an ionosphere on Mars implies
that HF propagation should be possible. A tenta-
tive study using a quasi-parabolic approximation
with exact ray tracing shows that one-hop propa-
gation out to 2000 to 2200 km along the Martian
surface is possible. We used the MESUR land-
ing site scenario to look at the possibility of con-
ducting radio science experiments on Mars and
the possibility of establishing an HF network on
the Martian surface. Approximately one-half of
the MESUR landers could be connected via HF
radio during at least part of the day in the one-
hop case. All the landers could communicate if
two-hop propagation occurred. Data could then
be relayed from remote sites to two or three
Earth-link stations. This would reduce or elimi-
nate the need for orbiting relay satellites or the
direct transmission of data back to Earth from
each site.

The tentative results presented in this paper,
using the MESUR scenario of 16 landers, are
encouraging. For HF propagation to be practi-
cal for network communication on the Martian
surface, it must be competitive with other
options, such as the option to use relay satel-
lites, or to beam the data directly from each site
to Earth. Further investigations and link margin
analyses require 3-D raytracing through realis-
tic ionospheric models. Equivalent terrestrial
propagation experiments would be beneficial.
The results should be analyzed in terms of the
implications for Martian radio science experi-
ments, and in terms of HF radio as a viable
communications mode on Mars. These studies
will help determine the expected ionospheric
circuit characteristics for likely sites.

Although we’re proposing a low-tech
approach to planetary radio experiments and
communications, the idea has never been tested
on another planet. NASA certainly wouldn’t
rely on HF radio for their MESUR surface net-
work backbone, but preliminary studies do sug-
gest that HF radio experiments would be useful
additions to the manifest on future planetary
missions. These types of experiments can pro-
vide valuable information about the Martian
ionosphere and about signal propagation char-
acteristics. Researchers have been using HF
receivers and low power transmitters to study
the Earth’s ionosphere for over 75 years. It’s
time we move this proven technology off plan-
et, and support NASA’s new direction to do

things cheaper, faster, and better. n
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view of its surface for months on end.

Average distance from Sun (millions of km)

Radius at equator (km)

Surface gravity relative to Earth

Average density (gm/cm3)

Number of days in a year

Length of day

Tilt of rotational axis (degrees)

Atmospheric composition

Atmospheric pressure at surface (millibars)

Number of moons

Temperatures at the surface (°C)

Ionosphere:
Peak electron densities (day) (cm=3)
Peak electron densities (night) (cm~3)
Height of peak densities (day) (km)
Height of peak densities (night) (km)

How Are We Alike?

Just how similar is Mars to Earth? In spite of being half the size and 1.5 times farther from the
Sun, in many ways Mars is remarkably similar 1o Earth, as the table below shows. The length of a
Martian day and the tilt of Mars’ rotational axis are nearly the same as Earth’s. This means that
Mars has seasons as on Earth, but the Martian seasons last twice as long as ours. The Martian air,
mostly composed of CO,, is too thin to breath but dense enough to allow steep temperature
changes to kick up strong winds. These winds create global dust storms which can blot out our

Mars-Earth Comparison

Earth Mars
149.6 227.9
6378 3393

1.0 04

5.5 3.9
365.26 686.98
23H56M 24H37M
234 25.2

N5, O, CO,
~1000 ~6-8

1 2

+40 +20/-100
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~105 ~103
~200-300 ~130-150
~300-400 ~150
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PRODUCT INFORMATION

Jan Crystals Announces Publication Of
Design Guide And Catalog

A new design guide and catalog of frequency
control crystals is now available from Jan Crystals, a
manufacturer of custom designed quartz crystal
components.

The twelve page publication is oriented to elec-
tronics designers, engineers, and manufacturers and
includes charts, graphs, formulas, and technical
information.

The publication is available, by contacting the
Design Engineering Department of Jan Crystals, at
813-936-2397.
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'OR TUNED
| RECEIVER

This VLF monitoring receiver uses
a gyrator circuit to eliminate

[CHype tuning

reviously published articles!-2 have
P described two different types of VLF

receivers used to monitor very low fre-
quency stations for sudden ionospheric distur-
bances. These effects have been discussed in
References 1 and 2. In the spring 1993 issue of
Communications Quarterly, Peter Taylor and 1
described a VLF receiver with three separately
tuned states using 88-mH toroid coils and air
variable capacitors. This arrangement worked
well but was somewhat cumbersome.

After publication of the spring 1993 article, 1
received a communication from Phillip Eide,
KF6Z7Z, suggesting a gyrator circuit for tuning
that eliminated the LC type of tuning used in
the previous receivers. [ immediately started to
experiment with the gyrator approach. This
article is the result of my work with a gyrator
tuned VLF receiver.

Note that the gyrator directly replaces the
cumbersome toroids and slug-tuned coils used
in earlier receiver circuits. The Q of a gyrator
greatly exceeds that of the iron/copper induc-

RS

Figure 1. A basic gyrator circuit.

24 Spring 1994

tances. Furthermore, the “L” value is easily
changed by a resistance. With this type of cir-
cuit. it’s easy to construct a complete SID
receiver around a single 89 cent IC package.
Another advantage of this new design is that
there is only one stage of LC tuned circuit as
opposed to several in previous designs.

Gyrator circuits

['ll make no attempt here to get into gyrator
theory. It’s sufficient to say that a gyrator is a
simple circuit topology that superbly simulates
an inductor. The theory is well covered by
Moschytz.3 A basic gyrator is illustrated in
Figure 1.

The inductance is calculated using the fol-
lowing formula:

R1 R3 RS

L=————forR2=R3 L=R1 R5 C4

R2 [/C4

In this circuit, I have chosen R1, R2, and R3
as 3.3 k. R5 is a series combination of 3.3 k
fixed and 10 k variable. With C4 as 0.001 pF,
the inductance range of the gyrator is from 43.9
mH to 10.9 mH depending on the setting of the
10 k pot. This, with a parallel capacitance of
0.002 uF, provides a tuning range of 17 to 34
kHz. a useful range for our purpose. These val-
ues will vary somewhat due to the tolerance of
the components.

Following the tuned input circuit is a vari-
able gain stage with a gain up to 40 dB feeding
into a precision rectifier with another gain of 40
dB. The final capacitor, C6, provides a long
time constant to smooth the trace of the Rustrak
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Figure 2. Receiver schematic.

recorder. The schematic is shown in Figure 2.

Potentiometer R6 controls the tuning, and
overall gain is controlled by R8. A center-
tapped 12-volt transformer is used for the bipo-
lar power supply.

Construction

After some experiments with wire-wrapped
circuits and a few printed circuit board layouts,

I settled on the arrangement shown in Figure 3.
There was some tendency to oscillate in a few
of the tests, but I eliminated this problem with
bypass capacitors on the power supply leads
and shielded leads to the pots. Most of the com-
ponents are Radio Shack parts. A list is provid-
ed with Figure 4. 1 recommend the 4136 op
amp as best for this purpose. It's well suited for
the gyrator and also the final amplifiers.

The circuit board is mounted on standofts in

Figure 3. Circuit board layout,
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R1,R2,R3,R5 3.3-k resistors, 1/4 watt

R7.R11 1-k resistor, 1/4 watt

R9 100-ohm resistor, 1/4 watt

R10 10-k resistor, 1/4 watt

R12 1-meg resistor, 1/4 watt

R6 10-k linear pot

R8 100-k linear pot

Cl 100 pF ceramic capacitor

Cc2 Two parallel 0.001 pF ceramic
capacitors

Parts List: VLF Receiver

C4 0.001-pF ceramic capacitor
C5 1-uF electrolytic capacitor
Co6 10-uF electrolytic capacitor
C7.C8 470-yF electrolytic capacitors
C9,C10 0.1-pF ceramic capacitors
D1,D2 1N34 diodes

D3,D4 1N4001 diodes

U1 4136 integrated circuit chip
T1 12-volt CT transformer

Metal cabinet and miscellaneous hardware.

Figure 4. Parts placement diagram.

a metal box with the potentiometers on the
front panel. A BNC connector for the antenna
and a 1/8-inch jack for the recorder are mount-
ed on the back panel.

Inasmuch as the receiver was intended to be
used for SID monitoring on a continual basis,
the output is designed to operate a 100 pA
Rustrak Recorder. The tuning potentiometer is
calibrated on the front panel by feeding a signal
from a signal generator through a 100-k resistor
to the antenna connector.

Summary

I’ve described my experiments with a some-
what novel method of tuning a VLF receiver. It
has performed very well at my location in
northern Ohio on 24 kHz and 21.4 kHz signals
from NAA and NSS in Annapolis, Maryland
and Cutler, Maine, respectively. Various anten-
nas have been described in other articles. I gen-
erally use an insulated 24-foot vertical alu-
minum tube as an antenna. This is connected to
the receiver through the center conductor of a
coax line. The shield is grounded to an earth

ground. A small diamond shaped loop antenna
14 inches on a side with 100 turns of no. 26
enamelled copper wire has also proved very
effective on these stations. The loop was tuned
with the proper capacitance in parallel to res-
onate at each of these frequencies. No ground
was needed with the loop.
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ARCS AND SPARKS:

PART

How Did They Work?

rc and spark transmitters were exactly
Acontemporary. The techniques for each

developed simultaneously, although the
origins of spark technology preceded those of
the arc by about five years. Even though the
arcs got a rather late start, they later surpassed
the sparks both in effectiveness and power out-
put. Arcs eventually operated at a power input
of over one million watts; two such transmitters
(two duplicate converters in one station) were
finished and were operated in France, starting
in 1920.! They ran up until the mid-thirties.

There were always many more spark trans-
mitters operational than arcs, for three main
reasons. First, spark transmitters were easier to
construct and to operate. Second, sparks could
be operated up into the MF range, whereas arcs
could not be operated much above 200 kHz,
and that was only possible with a special
design. The arcs were limited to VLF generally.
particularly the high-powered versions—and
that precluded their use by hams. The third, and
perhaps the most effective reason, was that
commercial arc stations in this country were
almost entirely manufactured by the Federal
Telegraph Company, which possessed the U.S.
rights to the patented Poulsen system. Federal
made most of the large arc stations in the
Western Hemisphere, and also manufactured
the most effective (and the most powertul)
transmitters in the world. Federal also was “late
in the game.” It was perhaps as late as 1910
before the company made much of an impact.
A decade later, Federal was out of the arc busi-
ness; ousted, as all others were, by the immi-
nent appearance of high-vacuum thermionic
high-power transmitting tubes.

That the fundamental circuits of arc and
spark transmitters are almost exactly alike,
belies the fact that their operational characteris-
tics were nearly diametrically opposite of each

Figure 1. The basic circuit.

other. They didn’t look alike, either. Spark
transmitters operated from high-voltage, low
current supplies, usually AC, and arcs required
low-voltage high-current DC. The gaps of very
large spark transmitters (100+ kW) were always
exposed to the atmosphere, and thus were visi-
ble and audible: very audible. However, the
quenched-gap spark transmitters were relatively
quiet. They were enclosed for a reason other
than for noise-reduction. Arc gaps were always
shielded—this was necessary for controlling the
atmosphere around the arc, which was a hydro-
gen-rich “fluid” of one kind or another— and
they were very quiet. Arcs always required a
magnetic field; sparks did not. Sparks could be
keyed by interrupting the primary power source;
arcs required an uninterrupted power source.
Spark discharges continued to conduct for many
RF cycles: arc gaps were extinguished for a por-
tion of every RF cycle. As a matter of fact, there
was nothing alike in their operation or appear-
ance except that they both required current to
jump across an ionized gap. The following para-
graphs describe the main attributes, advantages
and disadvantages of each.

Some spark folklore

Heinrich Hertz started it all. The very first
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Figure 2. (A) General circuitry for the demonstration of the basic technique. (B) The Braun transmitter. (C) The

Wien transmitter.

transmission of electromagnetic waves in what
we call the communications band occurred in
the latter part of the 19th century. He used the
spark, and it produced waves in the HF/VHF
part of the spectrum. Hertz was a first-class
physicist. His proof of the existence of electro-
magnetic waves gave confirmation to James
Clerk Maxwell’s theory, which had been criti-
cized and rejected by his peers for a decade.

There were several experimenters who con-
tinued with the art; Popov and Marconi were
among them. Gradually, practical techniques
were developed. All of them employed the only
means of transmission known at the time: spark
generators. The most effective impetus, of
course, was provided by Marconi and his staff
in the first trans-Atlantic transmission. The
most successful application of spark methods
required operation in the LF/VLF bands. The
reasons will become obvious later.

The history itself, when not being presented
by professional historians, has been massaged
over and over by many of us who are really t0o
young to remember; we just pass on the “old
wives’ tales.” Most of the surviving operators

who ran spark transmitters seriously are now
easily in their 80s or 90s. Then there are the
slightly younger ones (like me) who at one time
or another have tried duplicating spark trans-
mitter operation with the most common device
available: the Ford Spark Coil. We were aided
and abetted by publications (in the *30s, of
course), which still carried residual articles and
circuits. This was done even though spark
transmitters had been unlawful (for hams) since
1926. It didn’t bother us. though! We went on
about our business of destroying the family
receiver’s broadcast reception, by connecting a
wire “antenna” to one side of the gap, and a
ground rod to the other. None of us had any
idea what frequency we were on. We didn’t
even know the theory of operation. We only
knew that there was a circuit drawn in a4 popu-
lar publication of some kind, (possibly in one
of Hugo Gernsback’s magazines) and we dupli-
cated it—*‘sort of.”" Looking back on some of
those articles, it’s apparent that even the
authors sometimes didn’t really understand,
either! Fortunately for us, we were tighting a
losing battle. Our signals were so wide that the




energy per kHz was minuscule—particularly
because the spark coil itself was incapable of
more than 4 few watts.

Could the arrangement described above have
been successful? Yes, it could. The hook-up
was a simpler version of the Marconi method
used for quite a tew years. All the absolutely
essential parts were there: the spark gap, an
antenna, and a ground connection. We just
didn’t know enough about the procedure to
carry it out properly. Had the antenna been
properly loaded with an inductance to bring the
total resonance into the broadcast band. had the
“ground” been composed of a rectangular spi-
der-web-like counterpoise, had the Ford spark-
coil been capable of more power, and had the
gap been composed of properly adjusted spher-
ical balls, we could have been in a “heap o’
trouble.” It would have been heard all over
town, and over most of the broadcast band.

The professional equipment was quite sophis-
ticated for the time. The mechanical equipment
was very complex even by today’s standards. It
also was effective, and was the only practical
means of wireless communication for about a
decade. Spark transmitters were used on ship-
board, in land stations, and even by the military
on both sides of the lines in World War 1.2
Woodrow Wilson’s “Fourteen Points”—the
terms of German surrender—were transmitted
from the United States to Germany (via NSS to
POZ, near Berlin) by means of an arc transmit-
ter. POZ, the German receiving station, used the
spark. The following paragraphs will explain
their operation in considerable detail.

Spark technology

The method of producing an oscillatory
wave from a static direct-current source is
familiar to all who have studied alternating cur-
rent circuit analysis.3-* The basic circuit
appears in Figure 1. With switch S, in the left-
hand position, the capacitor will charge to the
potential, V(. If the switch is thrown to the
right at t=0, it connects the charged capacitor to
the series combination of R and L.

If R is too large, the resulting current in the
circuit is non-oscillatory, and represents special
cases—that of “critically damped” to “over-
damped.” Below a certain value of R, however,
the current wave-shape will follow that of an
exponentially decaying sine wave of the form:

i = Vo - e-$9t sin (@41 - £ 1)
wnL;}l - )

where:

{ = the damping factor (< | here) and,

w, = the natural resonant frequency of LCR,

which is an under-damped case, and it reduces
to a general equation:

i(t) = age2! tsin(a,t) (2)

That form will appear later in this section. [t
is the form of one train in a series of such puls-
es that were transmitted for years by spark
transmitters of all makes. Some later modifica-
tions of the shape will also be covered; they
represent the ultimate development of spark
circuitry.

The production of spark transmitter signals
followed the principles described above. The
main differences between the circuit in Figure
1 and those of practical transmitters lie in the
methods of charging the capacitor and in the
magnitudes of the voltages and currents.

The general circuitry for demonstration of
the basic technique appears as Figure 2A. We
start with the power input designated as “H.V.”
For this explanation, we’ll consider it to be
direct current. It doesn’t make any difference
whether it is AC or DC. Both were used.
However, the more successful supplies were
always AC.

The spark-gap is designated “G.” It is “open”
(no spark) at the beginning of each pulse. At
the time of voltage application, the capacitor
“C” is charging, following the voltage of the
source. When the charging potential reaches the
breakdown voltage of the gap, a spark is pro-
duced. Now the gap is conductive with a low
intrinsic resistance, and the rest of the circuit is
isolated from the source. The circuit GLCR
oscillates as in Figure 1, decreasing exponen-
tially to a potential too low to sustain the spark
in the gap. The energy in the system is dissipat-
ed in R.

This circuit was used for several years. The
inductance L (Figure 2A) included both the
inductance of the antenna and whatever loading
inductance was necessary for the wavelength in
use. C was the capacitance of the antenna itself,
and R represented all the losses in the system—
including that of the gap, wiring, ground resis-
tance, and the all-important one, radiation
resistance. The very early Marconi transmitters
were of this type.

Power inputs to these early transmitters were
limited. The capacitances of even large anten-
nas of the era were usually on the order of 0.01
pFE (later antennas were much larger). The max-
imum charge was thus limited. The actual
power input to the system can be computed by:

Power Input = 6-;—CV2 3)

where 8 is the charging rate (per second), C is
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the capacitance of the antenna in Farads, V is
the peak voltage on the capacitor at the instant
of gap breakdown, and L and R are as previ-
ously defined. It is the small capacitance that
limited the power of the early transmitters,
even with voltages of 10,000 or more—many,
many times more.

The currents in all the circuits of Figures 1
and 2 decay exponentially, and that created
practical problems. If the current doesn’t decay,
the wave shape is that of a continuous wave,
and occupies only one frequency in the spec-
trum. The shorter the duration, i.e, the higher
the damping, the broader the signal. It was rec-
ognized early, and the U.S. Department of
Commerce (then regulating transmitters)
restricted U.S.-licensed transmitters in 1919 to
a maximum log decrement of 0.2.

The log decrement (which isrelated to the
damping factor in Equation 1) is defined as the
natural logarithm of the ratio of any cycle
amplitude divided by the amplitude of the next
occurring cycle:

Log Decrement = In (A2/A1) 4)

Figures 3,4, 5, and 6 are waves of several
different log-decrements.

Figures 2B and 2C are the basic circuits of
F. Braun (who also invented the Braun Tube,
the precursor of the oscilloscope), and Max
Wien. The Braun circuit was the more success-
ful; it was patented in 1898.4

All the transmitters of the form of Figure 2A
suffered power limitation because of the rela-
tively low fixed capacitance of the antenna.
Voltages as high as 80,000 were applied to
those systems; that voltage appeared on all
exposed antenna components. It also chal-
lenged the insulators. High-voltage RF insula-
tor research and development was necessary
because of this problem—which was common
to both arcs and sparks.

Braun solved the power limitation problem
very neatly. His basic circuit (Figure 2B) is the
one that nearly all of the subsequent transmit-
ters used—from the lowest-powered ham trans-
mitters to the very large military, governmen-
tal. and commercial transmitters, The latter
peaked at approximately 350 kW.

There were other advantages in this system;
it reduced some harmonic radiation (when
properly adjusted; otherwise it could broaden
the signal significantly) and further enabled
large energy storage in capacitor C,. It was crit-
ical in adjustment, requiring variable coupling
between L and L, (a form of what was known
as “loose coupling™). Various forms of loose
coupling appeared in both transmitters and
receivers. The Braun circuit was double-tuned,
and could actually produce two resonances



simultaneously if mistuned—almost always by
overcoupling; hence, various forms of “loose
coupling” were developed. Not only did the
“double-frequency” reduce the quality of the
signal, it was unlawful per U.S. regulations.

M. Wien sought to eliminate the characteris-
tic tuning difficulties in the Braun system by
combining the two inductances, L; and L,, and
their mutual inductance into one, while retain-
ing large energy storage. The circuit is shown
in Figure 2C.

Efficiencies of these transmitters usually
were between 60 and 85 percent. Of the power
ultimately reaching the antenna circuit, less
than a tenth actually was radiated; antenna effi-
ciencies were notoriously poor. They still are.
Who has room to lay down more than one hun-
dred radials, each one many kilometers in
length? Adequate ground systems were, and
are, the most important and limiting factors in
the performance of Marconi verticals; particu-
larly VLF Marconis. In general the Wien sys-
tem was the more efficient, but it suffered a
disadvantage because it couldn’t divorce the
log-decrement of the antenna from that of the
storage circuit. Although POZ (a very famous
German station) used the Wien system for a
while, it reverted to the Braun system until it
was shut down after World War 1. One of its
successors was at Eilwese, which used a
Goldschmidt alternator. The Goldschmidt was
of the same general power level as the
Alexandersons, and was developed to circum-
vent the Alexanderson-Fessenden patents.

By the time hams were using the Braun cir-
cuit, they were under the “200 meters and
down” (1,500 kHz and up) dictum. Although
the storage capacitance (C;) enabled much
more energy storage than the capacitance of the
antenna alone, the power input still followed
Equation 3. It was difficult, if not impossible,
to achieve the one kilowatt maximum allow-
able input if ordinary 60-Hz line power was
used in combination with a single ball-gap or
even with the rotary gap. The charging rate 3,
had to remain at twice the line frequency (120
Hz). The capacitor could be charged only at
that rate.

The circuit was known as the “oscillation cir-
cuit”, and the coil in amateur transmitters usu-
ally was constructed of quarter-inch copper
tubing, and consisted of four or five turns about
six or eight inches in diameter. It was a “high-
C” combination. The larger was “C,” the small-
er “L” had to be—and that meant a correspond-
ingly more difficult energy transfer to the
antenna circuit.

The two graphs, Figures 7 and 8, were cal-
culated on the bases of the largest practical
storage-capacitor (somewhere around 2800 pF
for a four-turn coil) and a frequency of 1,500
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kHz (200 meters). These were computed for
2,814 pF. The graphs show very well just how
difficult it was to achieve the maximum input
for amateur transmitters following the forced
band-change. It would require approximately
77,000 volts (peak) for a trarsmitter using 60-
Hz line current, and it would require a peak
voltage of 27,000 using a synchronous pulse-
frequency of 1000/second. Either would be
hard to manage in the typical ham’s basement
or garage. They are hard to manage safely any-
where. It would be an unusual ham who could
build circuits—and provide insulation—for
27,000-volt systems. and even more unusual
for a 77,000-volt transmitter.

That wasn’t the end of the etfort. There were
some hams who reduced the primary induc-
tance to a minimum—and correspondingly
increased the capacitance to a maximum. The

practical culmination of this was the construc-
tion of one-turn primary inductances, and
capacitances of about 10,000 pF.
Correspondingly, somewhat lower voltages
were required, and some hams were operating
this way.

Capacitors in all of the spark transmitters
were required to withstand at least 15,000 volts
in smaller transmitters, and 80 to 100,000 volts
in the largest, while simultaneously containing
from 0.1 uF to as much as 1.5 pF capacitance.
Remember that the wavelengths usually were
very long; 12 kilometers was a common wave-
length for the very large transmitters, corre-
sponding to a frequency of 25 kHz. They also
had to be of high quality, because they were
handling large circulating currents.

It would be difficult (at least expensive) even
now to produce a single capacitor of 1 pF size
at 100,000 volts that would handle several
thousand RF amps. On some very large spark
transmitters, the initial discharge (first cycle)
current was nearly 10,000 amps.

The most common small-transmitter capaci-
tor dielectric was glass. Commercial plate-glass
was much used by hams, though other
dielectrics were tried—mica being one. Glass
was used by many of the commercial-sized
units, too. Here, however, the design ranged
from actual latter-day Leyden-jar configuration
with glass dielectric, to pressurized CO,
dielectrics in steel pressure-vessels. Both these
were used, always in parallel combinations.
Oil-immersed glass plate dielectric capacitors
were used in latter-day large Marconi transmit-
ters employing the Braun circuit.

Pressurized capacitors can be identified by
their flanges and bolts. Internal construction of
some of the latter resembled fully-meshed
modern-day Jennings vacuum variables. Others
were often stacked interleaved parallel plates,
insulated from each other and pressurized as
were the cylindrical types. High-vacuum tech-
nigues were not yet developed to the point nec-
essary for that technology, and techniques that
were essential to the soon-to-come high-vacu-
um thermionic tubes were yet to appear.

It was understood that if the energy per pulse
was multiplied by the pulse-rate, higher power
would result. It was known also that the ear, as
well as the earphones of the day, were most
sensitive to frequencies around one kilohertz.
Except for an occasional special circumstance
(read about station MUU, later) the usual alter-
nator supply frequency was established at 500
Hz, giving the 1-kHz pulse rate. The rotary gap
was used in most of these systems, and it was
used in all of the stations of 100-kW power lev-
els and above.

In those cases where the gap speed was syn-
chronized with the line frequency, a “synchro-



nous gap” was produced. There were hundreds
of synchronous ship- and land-based transmit-
ters in use. Most were manufactured by
Marconi’s companies. Fessenden (and his com-
pany NESCO) had several in service, too. The
gap rotor was on the generator shaft, assuring
synchronism. The note of the signal (actually a
sort of “interrupted CW”) was therefore one
kilohertz, as was 6.

The electric utility system frequency in the
United States largely was tixed at 60 Hz. If an
amateur wished to use a rotary gap, he was
forced to accept either a synchronous pulse-rate
of 120 per second (if he were wealthy enough
to obtain a synchronous motor) or to use an
ordinary motor of relatively high speed. This
type of motor invariably produced a “warbling”
tone because it would be passing in and out of
synchronism continuously. It was a non-syn-
chronous combination. Most hams operated in
just this mode.

They also tried to take advantage of
increased pulse-rate within the 60-Hz supply
restraint. The rationale can be explained partial-
ly by Figure 9. One cycle of a 60-Hz sinusoid
is the solid curve. The hypothetical rotor has
ten points, giving a “tooth passage” every 36
degrees in a synchronous sense. They are first
labeled A through K. unprimed. K actually rep-
resents the “A” of the next cycle. By adding 18
degrees to each point, we have the primed
points, A’ through J’, in which a K’ (not
shown) would be the A’ of the next cycle. The
dotted zone is the area in which no spark is
possible. The gap is too large, or the voltage
too low; either is correct.

No spark is possible at points A, F, and K.
However, it is possible at B, C, D, and E, and
on the other half-cycle, at G, H, I, and J. The
power input tor the first case would be four
times the energy at the voltage of B, say, plus
four times that of point C—all points multiplied
by the appropriate §, of course.

If the phase is shifted just 18 degrees, sparks
are possible at all primed points—including
two (C” and H’) at the highest voltage of the
sine. For any other phase-angle, the resultant
power input will drift between these values.
Either case would theoretically increase the
power input over a synchronous pulsing at
points C’ and H’. And it did. Hams were able
to achieve the maximum 1-kW input with 60-
Hz power. The problem was that the sparks did
not occur exactly when they were supposed to,
and the voltages did not follow the nice, clean
sine wave. In fact, they occurred at consider-
ably lower values than are indicated in Figure
9. The increase in power input and output was
evident, but the effectiveness of the signal
wasn’t. It actually decreased.

Hams of the day had a habit of turning the
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gap motor off during the “dah-dit-dah” on sign-
over, allowing the spark-rate to drift down and
through true synchronism at 120 Hz. The signal
readability actually increased even though the
measured power (real, by the way) was
decreasing. What was happening? This ques-
tion was the subject of at least one QST article.
The authors’ conclusions were essentially cor-
rect, but for the wrong reasons.

The transformers in use then would produce
many thousands of volts; but a transformer of
say, 25,000 volts rms, would deliver only 40 mA
at 1 kW! They also possessed many turns of fine
wire (necessary for the voltage increase), and
much higher insulation requirements. Compara-
tively large spaces brought about by the insula-
tion requirement also meant decreased flux-link-
age. Those transformers suffered from both high
ohmic wire resistance and leakage reactance.
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It is not unreasonable to assume that a 10
percent voltage drop occurs in such a trans-
former when fully loaded by a resistance. One
can estimate the combined effects of leakage
reactance and resistance (they will appear as a
combined resistance) by dividing the voltage
change by the current change; 2500 V/0.04 A,
The resultant resistance, 62,500 ohms, is now
the “source resistance” of the transformer.
Every pulse in spark transmitters is preceded by
a charging cycle. The capacitcr must be
charged from the source. The voltage on the
capacitor follows the usual inverse exponential,
V.=V - ¢/T), where 1 is the time-con-
stant, RC, R is the internal dynamic resistance
of the transformer, and C is that of the RF pri-
mary circuit, in Farads. It is 0.625 millisecond
for C = 10,000 pF and R = 62,500 ohms.
Referring to Figure 9, it is seen that there are
only 1.67 ms between pulses. [t is also true that
three “1s” (1.875 ms) are necessary for a capac-
itor to assume 90 percent of its full charge. In
short, the capacitor never gets charged. There
are enough pulses, though, to achieve the kilo-
watt average input, but the peak power never
reaches the equivalent power of fully-charged
capacitors. It is exacerbated by the sinusoidal

shape of the source voltage—or at least it tries
to be sinusoidal. The only loads those trans-
formers saw were charging surges. They were
grossly nonlinear loads. It was difficuit duty.

Detectors used in the reception of spark sig-
nals were envelope detectors. Even regenerative
detectors on the verge of oscillation (the most
sensitive state) were envelope detectors. They
all were sensitive to p.e.p.—peak envelope
power. Sound familiar? As the spark rate
decreased at the signover, more time was avail-
able for the capacitor to charge, and its p.e.p.
increased. There is a modern lesson here, by the
way, for SSB operators infatuated with exces-
sive use of processors. Even product detectors
are envelope detectors in the general sense.

Large commercial installations were plagued
by the same problems. There were methods of
resonating the source (at 1 kHz) simultaneously
with the charging voltages. It is an interesting
concept, but is not appropriate for systems with
60-Hz supplies. A good description of the prin-
ciple can be found in Reference 5.

The “quenched gap” was devised to prevent
“arcing” at the gap. The power sources for
transmitters ranged from fractions of kilowatts
to hundreds of kilowatts. Once a ball-gap
became ionized, it had a tendency to continue
conducting long after the oscillating current in
the circuit had ceased. Sometimes it did not
quench at all. The quenched gap—one of the
solutions—was a static device. It was com-
posed of a number of parallel circular plates,
each insulated from the next by an annular ring.
Eight or ten such plates were common. The
overall gap therefore consisted of several short-
er ones. One could select just how many stages
he desired by tapping onto any particular stage.
1t had the property of discouraging arcing, but
it was limited in its heat-handling capability, so
it was used in transmitters of relatively low
power. It was quiet in operation, and where
there was a choice (switch-selected) mostly in
small 2-kW transmitters, like the American
Marconi P-4, it was the preferred gap.
Quenched gaps were used in some larger trans-
mitters (mostly in Germany) but they were lim-
ited in heat-dissipating capability, even with
forced-air cooling.

All of the large commercial transmitters used
the rotary gap. When the gap is required to pass
thousands of amperes at tens of thousands of
volts, heat becomes a severe problem. So does
noise and (probably) the production of ozone.
Rotary gap discharges in the very large com-
mercial transmitters could be heard for miles,
and the radio rooms of ship-board transmitters
were frequently sound-proofed, particularly on
passenger liners.6

The motion of the rotor not only quenched
the gap, it cooled the rotor points. The stator
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points on very large rotaries often were water-
cooled; Fessenden used self-contained (and
insulated) thermal siphons with small tanks.

Adjustment of the Braun circuit was some-
what tedious. There was a transfer of the ener-
gy from the oscillation circuit via the “oscilia-
tion transformer”~—actually L; and L, in
Figure 2B. to the secondary circuit, and the
two currents are presented in Figures 10 and
11. Note that the antenna current still decays
exponentially with the log-decrement of the
particular antenna and ground system (beyond t
= 20) in the figure. The abrupt rise in antenna
current (at t = 0+) produced by the circuit in
Figure 2A is missing, and its absence con-
tributes to a narrower signal width.

It was easy to over-couple the Braun “oscil-
lation transformer,” and serious degradation of
the signal always resulted. It is very easy to sec
how this happened. All of the total cnergy per
pulse (at t = 0) is contained in the primary cir-
cuit CGL. That energy is transferred to the sec-
ondary system, starting with the first swing of
the primary current. If the coupling is too close,
the field established by the current in the sec-
ondary system is retlected back into the primu-

advantage of increased pulse-rate within the 60-Hz supply restraint.

ry system with enough energy to reignite the
spark gap, and the process continues back-and-
forth until the remaining cnergy is too low to
reignite the gap.

A simulation of the effect appears as Figures
12 and 13. The trick was to adjust the coupling
“Just so”"—far enough apart so that there would
not be enough energy fed back to restart the
spark, yet close enough to maintain good etfi-
ciency. Observation of the currents in real time
could occur only with the aid of laboratory
instruments; in practice, the operators used
what were for the time conventional instru-
ments. “Hot-wire™ ammeters, d”Arsonval
(dynamic) wattmeters, wave-meters, and regu-
lar voltmeters sufficed.

Notice that the currents appear to be “modu-
lated.” Indeed, that is just what is happening.
Figure 14 shows the currents in Figures 11
and 12 recalculated to reveal the decaying sinu-
soidal {and cosinusoidal) envelopes. Note that
when one is at a maximum, the other is at a
minimum-—right down the line. If the actual
signal frequency were in the audio range, it
would appear to have “beut-notes”™—a not-so-
subtle indication of a “second frequency” that
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was mentioned earlier. The envelopes reflect
the combined log-decrement.

The figures show both primary and sec-
ondary currents to have a common log-decre-
ment. Zenneck goes into great detail about the
differences of decrement between coupled cir-
cuits both with and without a spark-gap.” If the
primary gap quenches by giving up all of its
energy to the secondary, and if the coupling is
loose enough so there is no reignition of the
spark, the secondary—which is the antenna cir-
cuit in this discussion—behaves as if there
were no primary circuit at all, and it decays by
its own unique decrement. Coupled decrements
will not be addressed.

Marconi designed and operated very
advanced spark transmitters. There were others,

t0o, but his are perhaps the most thoroughly
documented. Some very exotic electrical
designs and equipment were required to over-
come certain problems. One of his transmitters
at Carnarvon. Wales (callsign MUU), was a
300-kW spark transmitter. Very thorough dis-
cussion of the design of this transmitter can be
found in the AWA Review.5 A few characteris-
tics follow.

None of the damped wave-shapes presented
later on show a log-decrement of less than 0.1.
MUU and several others, however, emitted a
damped wave of exceedingly small decre-
ment—0.029 being rather representative of
those systems. Such decrements were com-
pletely out of the reach of hams. They occurred
in large, expensive, professional systems with
very good ground setups, and they were for
waves of approximately 10,000 meters. Both
were beyond the pocketbooks, the knowledge,
and later, the law, for hams (200 meters and
down”). The Carnarvon antenna (for 11,000
meters) was a trapezoidal flat-top, varying fron
450 to 600 feet wide by 3100 feet long. It was
supported at a height of 400 feet by ten masts.
Its feedpoint resistance was 1.4 ohms, and the
capacitance of the antenna was 0.039 uF.3 Its
spectrum would no doubt show a lot of the
same “fine structure” present in the CW spec-
trum (Figure 3).

An alternator supplied 150-Hz power to the
transmitter. At one spark at each of the positive
and negative peaks, the “tone” (spark-rate or o,
was 300 Hz. [t wasn’t an arbitrary selection.
With a decrement of about 0.03, over seventy
oscillations in the antenna current were
required to reduce it to 10 percent of its initial
value. Thus, there was always a remaining
oscillating current in the antenna circuit—and 1t
was present at the next primary pulse. Even
though the gap was synchronized at the alterna-
tor frequency, there was still “jitter” inherent in
all those systems, so synchronizing the primary
initial current rise to the desired 90 degree lag
with respect to the antenna current was
extremely difficult. It was impossible to guar-
antee. Rather than abuse transformer, gap, and
other components, a synchronous pulse rate
was selected to assure that the remaining oscil-
lating current in the antenna was reduced to
about 10 percent. In this way, the initial pulse
phase could vary from +90 degrees to —90
degrees without damaging components.
Remember that the initial current in the primary
transtormer was 9,000 amperes.

The maximum capacitor voltage was 35,000.
Primary circuit capacitance was 1.5 pF. Even at
11,000 meters (27.3 kHz) the total primary
inductance could not exceed 22.7 microhenries.
That meant that “interconnecting” conductors
could not add much inductance. They were of



copper, quarter-inch thick, 24 inches wide, and
several feet Jong. The primary of the oscillation
transformer was three turns, with an inner diam-
eter of about 4 feet. The “turns” were composed
of a sheathed 12-inch diameter cable of Litz-
wire. The size ot components—both electrical
and physical-—by this time had limited further
power escalation of spark transmitters,

There were about 450 spark transmitters of
various sizes in operation in the U.S. at the
height of their era. This compared with perhaps
a dozen large arcs, most of which were in the
hands of both the U.S. Navy and Federal’s com-
mercial enterprises. The spectrum was crowded.
Operation with the minimum log-decrement
was sought by everyone, and there were several
different practical methods employed by the
operators for determining it, which, as stated
above, was restricted to 0.2 after 1919. They
faced even another restriction. also in the
Department of Commerce regulations—aftect-
ing both arcs and sparks. If the transmitted sig-
nal contained more than one trequency (measur-
able by a sensitive wave-meter), the second
(unwanted) signal could not exceed twenty per-
cent of the main signal. An exception was in the
transmission of emergency and emergency-
related signals. Operation with less-than-lawful
signals, by the way, is still permitted under
those circumstances.

The problem of crowding was compounded
by the fact that the common detectors were
envelope detectors, still using tuned circuits of
relatively low selectivity. Crystals (Galena,
Silicon Carbide, and some others—with “cat’s
whiskers’") as well as electrolytic and thermion-
ic diodes (Fleming Valves) were used most
often. Heterodyning detectors were of little use
in receiving spark signals, and diode-detectors
were equally useless in most cases in the detec-
tion of pure CW (then usually arc) signals. All
of these detectors were passive. They had no
signal amplification. The transmirters had to
supply the power necessary to actuate opera-
tors’ earphones—operators who were some-
times 3,000 miles or more away from the trans-
mitter. Improvements brought about by the
development of both “gassy™ (i.e., De Forest)
and high-vacuum triodes (hence regenerative
detectors. t00) did enable signal enhancement,
but much later. They appeared in the latter part
of the spark transmitter era—principally in its
last decade. They were better suited to the
reception of CW signals.

Operation of large spark transmitters in the
near vicinity of receiving posts using crystal
detectors was an incompatible combination.
During the several years of development—prin-
cipally to higher powers—occasional “welding”
of cat’s-whiskers to the crystals occurred, even
with the T/R switch in the “receive” position.
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Figure 11. (A) Secondary current 12(t), Braun, properly adjusted. (B) Spec-

teum of the well-adjusted Braun secondary current.

That is just one of the reasons for high-powered
stations placing their receiving locations many
miles away from the transmitters. Keying was
accomplished by telephone lines—hard-wired.”
That was true of all large stations, no matter
what type of equipment was used. It was a more
efficient use of personnel and facilities, such as
telephone and telegraph, to have traffic nets ser-
viced from one location. Often those operators
were controlling several transmitters simultane-
cusly on ditferent frequencies.

Some analyses

Fortunately, spark-generated wave-shapes are
easy to reconstruct. The correctly-coupled and
over-coupled Braun transmitter cases faithfully
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reproduce the shapes of published wave-shapes
from Zeaneck, dated 1915. The waves simulated

in this paper are adequate for the purpose.

The preceding paragraphs have presented the
shapes of virtually all the transmitted waves and

some that are not, like the Braun primary cur-

rents. They are paired with their frequency spec-

tra, which in turn are related to Federal regula-

tion of the log-decrement of spark signals.

What were these signals like? Since there are
few people alive today who actually have oper-

ated spark transmitters, we must use othe

r

means to evaluate them. One good way is to

calculate their frequency spectra. It also

removes subjective bias from the evaluations.
We are fortunate to have many tools for

bandwidth investigation. The most valuable

analytical tool for use in this case is Fourier

Analysis, because we have clear analytical
expressions with which to work.

They are:
i(t) = a, (sin(a;t)) e22 Y, )
i(t) = ay e 2L t(sin(ay)) (1 — e=a8 1), (6)

i(1) = a; el (sin(ayt)) (sin(az) (1 —e=4Y), (7)
i(1) = ap e~2l t(sin(ayt)) (cos(azt)) (1 —e841), (8)
and,

i(t) = ay (sin(a;t)) )

Equation 5 is identical to Equation 2, and is
repeated for convenience. It describes bath the
Marconi wave-shape and the Braun primary
current when properly coupled. Equation 6 is
of the form of the Braun Secondary (antenna)
Current, properly coupled. Equations 7 and 8
describe the overcoupled Braun secondary and
primary currents, respectively. Equation 9 is
that for a steady-state carrier. One spectrum for
a pulsed carrier is included. The programs all
yield line-amplitudes (C,), but the spectra are
easier to judge if the envelopes are shown—
rather than the individual lines—so most of
them show the envelopes.

They all lend themselves well to numerical
integration, and that is how the BASIC pro-
grams—generated for this paper—did it. The
advent of fast personal computers, particularly
those with math coprocessors operating on
compiled programs, makes it relatively easy.
All of the spectra were calculated with a mini-
mum of 1,500 products per point, and most of
them encompassed 50+ points (frequencies in
this case). For those interested, uncompiled
BASIC operation on the (CW) integral required
14 seconds per point; when compiled and with
the coprocessor invoked, it probably would
require less than a second. All these calcula-
tions were performed (uncompiled) by an
80386 microprocessor operating at 25 MHz.

Some standardization was required to put all
these spectra on the same footing. I chose a
spark operating frequency of 33.3 kHz, for one
of the bases. All of the curves reflect that fre-
quency. There’s nothing special about 33.3
kHz. It was in the right range, and was selected
before this paper was begun. One time unit in
all the figures represents 6.6667 microseconds.
The repetition rate (&) was assumed to be
1000/second. That repetition rate is employed
in all the figures, including the one-ms pulsed
CW case. When the integration was first per-
formed on a CW carrier pulsed every miltisec-
ond, it did rot reveal a single thin line; it had



finite width. This solution resulted from my
taking 1-kHz “cuts” at the functions; it did not
have the required resolution. The two spectra
depicting pulsed carriers (Figures 3 and 15)
were produced by specifying 0.05 kHz steps.
Notice the narrowing of the signal width as the
pulse length is increased. The spark-generated
signals of d = 0.2 or more did not show any
“fine structure”-—they were just plain broad!

It is important to remember that the pro-
grams automatically start the function from
zero at t=0+, and at the end of the pulse, if it
has not damped out, is similarly dropped again
to zero—something that the operating transmit-
ter gap cannot do. The spectra therefore must
contain the frequencies necessary to define
both the leading- and trailing-edges of the puls-
es. They have been normalized to 1.0 maxi-
mum amplitude for easy comparison. Identi-
fication and further descriptions are found
within the figure captions.

The preceding paragraphs have been dedicat-
ed to the apparatus and techniques of 70 to 90
years ago. Are there any similar signals trans-
mitted today? Certainly! A recent issue of
Communications Quarterly contains a figure
showing the shape of a modern LORAN-C
pulse.8 It is reproduced here as Figure 16A.
Notice that it strongly resembles the shape of a
“well-adjusted” Braun antenna current. The
pulse simulation (Figure 16B) is not exact, but
is so similar that the analysis probably can be
trusted. The equation for the simulated pulse is:

i(t) = ay (e31 ) (sin(a,t)) (L —e2283) 10)

This equation may look like one of the oth-
ers, but there is a t2 in the exponent of the last
term. None of the others have it; it was neces-
sary in order to simulate the LORAN pulse.

These are different times, and the LORAN-C
system exists for an entirely different purpose.
The pulse has been subjected to the same exer-
cises as have all the others in this article—for
curiosity’s sake. It would have been “just
inside” what the law would have allowed; its
log-decrement is about 0.15, and its spectrum is
broader than that of the well-adjusted Braun
antenna current, which for this paper (and usu-
ally in practice, too) had a smaller decrement.

The LORAN pulse carrier frequency has
been translated to our 33.3 kHz “‘standard,” and
is pulsed at the | kHz rate. Its spectrum can be
laid right over that of a Braun secondary cur-
rent pulse of log-decrement 0.15. There is a
small difference, however. The leading edge
rise of the LORAN pulse is slightly gentler
than that of the Braun. It is reflected in the
spectrum, which shows lower-amplitude fre-
quency compounents away from the carrier.
Otherwise they are practically identical.
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Figure 13. (A) Secondary current, overcoupled Braun. (B) Spectrum, over-

coupled Braun (i2).

One last pulse-spectrum was calculated. To
demonstrate just how much of the spectral
width results from the steepness of both the
leading and trailing edges of the pulse, a wave-
shape that has gentle slopes on both ends was
synthesized. Its defining equation is:

i(t) = 5(sin(1.3963 1))(sin(2.068E-2 1))2  (11)

Figures 17A and 17B are the wave and its
spectrum. It is the narrowest spectrum repro-
duced in this article—except for the two “CW”
spectra. There are very low-level peaks on
either side of the carrier, however, and they
occur at multiples of the “modulation’ frequen-
cy (the simulation required that the carrier be
modulated sinusoidally, plus have a repetition
rate of the same base frequency—1 kHz). They
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would be much more prominent if the pulse
were to last for several cycles of the modula-
tion envelope. The pulse was engineered to use
only one full cycle of the envelope, and many
cycles of the 33.3 kHz “carrier,” which is there-
fore much more prominent in the spectrum.
Otherwise there would be three prominent
peaks: one for the carrier, and two for the mod-

ulation—one appearing on each side of the car-
rier peak. We all have seen that type of spec-
trum elsewhere.

The BASIC program

A technique often used for determining the
Fourier coefficients of unknown functions
(such as one that may appear on an oscillo-
scope face) was adapted for these waves.
Where one normally must measure the ordi-
nates of figures recovered from an oscilloscope.
we merely calculate the ordinates: we already
have the analytical expressions. It is a simple
pragram, containing merely 23 lines, of which
only [5 are really necessary to determine the
coefficients. It appears as Figure 18.

Absolute values of the coefficients are
deemed unimportant for this study. All spectra
have been normalized to 1.0 maximum, and
therefore the original values of the coefficients
disappear in the normalization. The magnitudes
of A, and B, (and thus C,) are first computed
for their peak values (a few points—here,
around 33.3 kHz), and then the normalizing
factor—unique for each spectrum—is entered
as a divisor on Line 171. 1t is the “/10.01” in
Figure 18. [t is valid only for that spectrum.

The coefficients A, and B, in the program
descended from the equations contained in any
one of several Circuit Analysis textbooks.3:9
Their defining expressions are:

A, = 1 zz’iysinnxAx, (12)
4 0

B, = i 2ﬁiycosnxAx, and (13)
n

0

(14)

ICal = YA,2 + B,? , since

C,=A, + jB, (15)

Ay, the DC offset present in an asymmetrical
wave-form, is missing in these calculations
because of inherent symmetry. C,, and n are the
numbers tabulated in the program output. They
are labeled "CN" and “N.”

The BASIC program is not universal. Each
spectrum requires its describing function be
entered manually into the program, along with
certain program modifications. As it appears in
Figure 18. it is set up to calculate the coeffi-
cients for a CW wave. It is programmed to
evaluate those coefficients every 50 Hz (see
Line 172: N = N +.05). Most of the spectra



were calculated with N set equal to 1.0 or 0.5.
It’s your choice.

The spectrum for the 1-ms pulsed CW (see
Figure 3B) reveals much “fine structure.” The
spectrum of the wave with d=0.1 was gener-
ataed using 50-Hz resolution to see whether
there would be similar “fine structure.” Figure
4B shows that it does, indeed. though it is of
limited significance in the overall appearance.
This version, by the way, calculated 340
points—at 14 seconds per point. It was done to
generate confidence in the spectra calculated
for all the other waves in this paper. There is
very little significant difference in the spectrum
as calculated with 50-Hz resolution compared
with that using only 1-kHz resolution-—but
there is some fine detail.

All the wave-shapes were computer-generat-
ed, and no doubt are “cleaner” than those gen-
erated by an operating transmitter. We can stip-
ulate that they all start precisely at zero when t
= (0, and end when we want them to. Practical
transmitters all suffered “jitter;” an uncertainty
in the timing of the start of a spark. Arc trans-
mitters exhibited the same phenomenon (for a
different reason) that will be revealed when arc
technology is discussed in Part 2.

Marconi's CW spark transmitter

The heading seems contradictory; the bulk of
this article has covered most of the methods
used in spark technology, with emphasis on the
damped-wave character of spark transmitters.
There was an attempt, partly successful, to pro-
duce a transmitter using spark technology, for
continuous waves.

Marconi and his very successful companies
(several existed, including the American
Marconi Company) were all based on the rotary
spark, transmitting at very high power levels. It
was obvious to all in the late “teens and early
“twenties, that spark technology no fonger
stood at the leading edge of radio development.
Nevertheless, Marconi’s entire career had been
in the development of just that technique. He
had developed it (nearly) to its practical limit.

The wave of the future was to be in continu-
ous waves, and everybody knew it. Marconi
was not idle, however; he had been developing
a method of using sparks to generate nearly
pure CW, by employing an ingenious idea-—the
“timed spark.”

The transmitter consisted of several disks
(rotary gaps) on one shaft, which were arranged
to produce a spark discharge in a rigidly timed
sequence. The idea was to synchronize the
shaft and the gaps so each primary impulse was
followed by the next, adding to the coupled
currents in sequence, thus producing continu-
ous waves. Figures 19 and 20 show the method
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Evans, Communications Quarterly, Fall 1991, (B) LORAN-C pulse simulation.

and its resulting waveforms. Elmer Bucher said
that the exact circuits shown in his book and
reproduced here were not the final configura-
tion.® At the time of its publication (1921)
Marconi was reluctant to divulge design details.

There were apparently two generators. One
was operated successfully from station MUU
with the excellent antenna system there. The
other station was to be at Marion,
Massachusetts, Marconi’s terminus in the U.S,
MUU was using the timed-spark transmitter in
daily operation. Bucher wrote, “With a power
of less than 100 kW, the author has copied sig-
nals from the Carnarvon station in New York
City during the daylight hours with an aerial
100 feet in length. The signals were consider-
ably stronger than those obtained from other
foreign stations using radio-frequency alterna-
tors of greater power. The wave length
employed during those tests was close to
10,000 meters.”®
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The other generator was actually installed at
Marion, Massachusetts. It never was success-
ful.10 The antenna at Marion was an inverted-L
one mile in length. It also used the
Alexanderson multiple-tuned feed system. It
was that antenna system, when the “star” type
grounding system was used earlier, that pro-
duced brush fires. The soil underneath the
antenna was very sandy, and obviously had a
low conductivity, despite the fact that it was
within sight of the ocean. Many transmitting
sites, by the way, were built on shorelines, or
actually on the beaches themselves.!! The
antenna system could very well be the reason
for failure of the spark CW transmitter; that
would seem to be the only difference between
the two sites. MUU has a system that operated
with a log-decrement of 0.029. By examining
Figure 19 again, it seems obvious that if the
oscillation transformers (P}, C;, Sy, etc.) had a
large combined log-decrement, the currents
could not combine properly to produce a good
continuous wave. High ground resistance has
the strongest influence on the log-decrement of
VLF antennas.

The CW generator was the last major devel-
opment using the spark. It was developed as a
possible answer to the other competition— sev-
eral alternator types, and of course, the very
high-power arc transmitters, and the thermionic
vacuum-type, which was destined to obsolete
them all. It was the spark’s last gasp.
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PRODUCT INFORMATION

AEA’s PK-96

Advanced Electronic Applications, Inc. intro-
duces the PK-96 Packet Controller. The PK-96
is a high-speed, single-mode data controller
offering 1200 baud AFSK tone signalling as
well as 9600 baud KING and G3RUH compati-
ble direct frequency modulation.

The PK-96 offers amateurs the ability to
communicate on existing 1200 baud packet
systems, as well as communicating with the
9600 baud systems now coming on line. As a
high-speed data link, the PK-96 eliminates sys-
tem bottlenecks and increases system capacity.
These features make the PK-96 useful for ter-
restrial and satellite communications.

The controller comes standard with 14K of
battery backed MailDrop memory that is
expandable to 100K. Other features include: a
hardware HDLC controller to guarantee accu-
rate protocol conversion at 9600 baud; hard-
ware “true DCD" state machine for open
squelch operation; and an enhanced MHEARD
function that identifies TCP/IP, NET/ROM,
and <The-Net> stations.

Suggested retail price of the unit is $229.
The PK-96 is available from your favorite ama-
teur radio dealer.

For more information, contact Advanced
Electronic Applications, Inc., P.O. Box C2160,
Lynnwood, WA 98036. Phone: 206-774-5554;
FAX: 206-775-2340.
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Peter O. Taylor

AAVSO Solar Division

4523 Thurston Lane, #5
Madison, Wisconsin 53711-4738

THE SOLAR SPECTRUM

Another index of solar activity

n a recent issue of the Space Environment

Laboratory User Notes,! Frank Recely of

SEL and the National Solar Observatory
(NSO) described the solar synoptic program
which utilizes the vacuum telescope on Kitt
Peak. Arizona. Virtually all active solar phe-
nomena, sunspots, flares, coronal holes, etc.,
are related to magnetic influences on the Sun
(Image A), so this work is of interest to a broad
range of researchers and scientists. According
to Mr. Recely:

“The vacuum telescope, one of twenty-two
on the mountain, is a coelostat-fed 76-centime-
ter aperture reflector with a 36-meter focal
length, It was built in 1972, with partial fund-

ing from NASA to support the Skvlab mission
of the early 1970s, and has been collecting data
ever since. The telescope was designed by NSO
scientist emeritus, William Livingston.

*“The current program consists of collecting a
daily full-disk, | arc-second per pixel solar mag-
netic map at 868.8 nanometers (nm), and a full-
disk helium 1083.0 nm spectroheliogram. (The
helium image is a good proxy for an extreme
ultraviolet image of the Sun, and allows us to
detect coronal holes and mass ejections.) These
data are processed daily in real or near-real time
and distributed to the solar community.

“Space Environment Services Center (SESC)
receives these data in the form of daily 512 x

Image A. Learmonth Solar Observatory digital map of a portion of the solar magnetic field. Many, if not all of the
Sun’s active phenomena are related to magnetic influences. Eric A. Kihn of the National Geophysical Data Center
supplied this image.



Photo A. Kitt Peak Solar Magnetic Field Synoptic Map. Daily full-disk solar magnetograms can be computer
processed into Carrington Rotation maps. Maps such as the one shown here correspond to a single mean rotation of
the sunspot zone, according to the method described by Richard Carrington in 1853. In the photo, bright areas rep-
resent positive polarities, while dark zones are negative. Note the opposite “leading” (more westerly) polarity for
sunspot groups in the Northern and Southern Hemispheres. Northern leaders normally possess positive polarity dur-
ing odd-numbered cycles, and southern leaders are negative; a feature that reverses each sunspot cycle. (Photo cour-
tesy of Frank Recely, National Solar Observatory—Kitt Peak.)

512 pixel (4 arc-second resolution) digital
images, which are sent automatically to
Boulder through both Internet and SELSIS
along with a line drawing of coronal holes
inferred from 1083.0 nm images. These data
from November 1992 to present—also reside
on an anonymous ftp disk in Tucson and are
available to researchers.

“In addition, we collect a daily full-disk
Calcium I1 K (393.4 nm) image of the Sun
from which a calcium brighmness function is
measured as a parameter of solar activity.
These data are not available in real time but are
furnished at a later date. In the near future, we
plan to provide additional images to the
Internet community. Our immediate goal is to
include the magnetic and 1083.0 nm maps at
1000 x 1000 pixels (2 arc-second accuracy) and
to add an 868.8 nm intensity image (a possible
first step to deriving sunspot area as a percent
of total disk).

“Each month, the daily data are processed
into Carrington rotation maps such as that
shown in Photo A, and distributed to the World
Data Center and SESC. These maps are also
available on NSO’s anonymous disk for users.
Dr. Karen Harvey of NSO computes an average
total magnetic flux value from the Carrington
map. A plot of the past 18 years appears in

Figure 1, with sunspot maxima and minima
indicated.”
A few inferences from Figure 1:

* “The magnetic flux increases fivefold from
minimum to maximum. This is a far larger
increase than in the more common solar activi-
ty parameter, |0-centimeter radio flux.

* “The magnetic flux is closer in pattern to the
10-cm flux than to the sunspot number, as both
reach a maximum after the sunspot maximum.

* “Cycle 22 is rapidly declining. When it
drops below 30 x 1014 Webers, there is a three-
plus year period of low solar activity,”

We are indebted to Frank Recely for his
explanation of this productive program, and for
his description of the variation in magnetic
activity that accompanies each solar cycle.

A shielded, tuned-oop antenna
with preamplifier

A few contributors 1o our program of record-
ing ionospheric anomalies caused by solar
flares® (myself included) have called attention
to problems with interference on the signal to
the VLF receiver. Some of this results from
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Figure 1. Eighteen-year magnetic flux variation on the sun by Carrington rotation. Sunspot eycle maxima and mini-
ma are indicated on the graph. Note that this index appears to peak after the sunspot eycle reaches maximum. The
diagram originally appeared in the SEL User Notes for January 1994,

Photo B. Arthur Stokes' new shielded, tuned-loop
antenna with preamp. This type of antenna can be help-
ful in locations where the VLF signal is weak.

exterior electrical noise, but other common
sources are television sets and computers—espe-
cially older-model computer monitors. This situ-
ation can be particularly aggravating if one uses
a small loop antenna inside the house. In fact.
the noise emanating from some monitors can
substantially affect TV reception. When |
encountered similar problems. | did as I often do
when an electronic difficulty rears its ugly head:
I turned to Arthur Stokes for a solution.

Arthur suggested that we try to overcome my
dilemma by exchanging my usual loop antenna
tor a shielded, tuned-loop with preamplifier
(Photo B). These units generally incorporate
similar design principles, and a number have
heen described in previous articles. The sche-
matic for our design in shown in Figure 2, A
parts list is included. The alert reader will rec-

ognize the circuit as a modification of the new
Stokes™ gyrator-tuned VLF receiver, which is
described elsewhere in this issue. Incidentally,
that printed circuit board can also be used for
the antenna preamp. Unnecessary parts are sim-
ply omitted, and the board trimmed if desired.

This type of antenna is actually comprised of
two parts: the shielded loop, and a metal box
containing the preamp (Photo C). The first
requirement of such a device is to enclose the
wire winding of the loop in a nonmagnetic,
metallic housing. This pretty much limits the
usable material to copper or aluminum.

Soft 1/2-inch copper tubing (the type avail-
able in rolls at the local hardware store) was
chosen for our unit, since it is always easy 1o
obtain and can be worked without great diffi-
culty. A single turn of the outer diameter of the
roll was cut off, leaving a circle of material
almost 24 inches in diameter. Next, an alu-
minum box measuring 3 x 4 x 5 inches was
obtained. A box of this size could contain all
the wire connections and preamp, and form a
base for the shield. These boxes are usually
supplied in two sections that it neatly together.
The cover required no modifications. so this
part was sct aside.

Two 3/4-inch holes were cut into opposite
ends of the remaining section, and a 1/2-inch
clectrical conduit adapter was inserted through
one opening. At this point, the loop of copper
tubing should be adjusted by carefully shaping
the material so that one end fits into the conduit
fitting while the other is placed into the oppo-
site opening, leaving about 1/2-inch of tubing
extending into the box. The screw on the con-
duit fitting is then tightened so it clamps the
copper tubing securely in place.

A short section of plastic tube about 1-1/2
inches long should be slipped over the free end
of the copper tubing in order to insulate it from
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Figure 2. Schematic drawing of the antenna preamplifier. This unit utilizes the same printed circuit as the new
Stokes’ gyrator-tuned VLF receiver, which is described elsewhere in this issue.

the metal box, since the copper shield must not
form a shorted loop! To attach the coil to the
box even more firmly, a bit of fiber glass resin
can be applied around the seams where the loop
joins the box, and allowed to cure.

The next step is to prepare the wire loop and
insert it into the copper shield. The material
that forms our loop was salvaged from a 50-
pair telephone cable. Such cables are comprised
of 24 gauge insulated copper wires that are
conveniently color coded. Incidentally, a bun-
dle of 50 wires is about all that can easily be
pulled through a copper tubing shield of this
diameter.

The packet of wire—measuring about 7 feet
in length—should be trimmed so that only
about 4 inches protrudes from each end of the
shield. The wire ends are stripped of insulation
and soldered together to form a single 50-turn
length, and short pieces of electrical tape are
wrapped around the soldered joints. Care must
be taken to identify each separate wire during
this process, ensuring that a single continuous
coil results.

The two ends of the wire loop are connected
to a terminal strip, with a fixed capacitor shunt-
ed across the coil. The value of this component
should be accurately adjusted by using a signal
generator and oscilloscope to set the resonant
frequency of the loop to that of the desired sta-
tion. In our case, a 0.016 pF capacitor resonated
at exactly 24.0 kHz—the frequency of VLF sta-
tion NAA located in Cutler, Maine. One end of
the loop is grounded to the shield and alu-
minum box and the other is connected to a 100-
pF capacitor input to the preamp.

The pc board was mounted on 1/2-inch
standoffs in the bottom of the box. A 12-volt,

Parts List: Preamp/Loop Antenna
RI,R2,R3,R5 3.3-k resistors, 1/4 watt
R6 10-k linear potentiometer or trimpot
R7 1-k resistor, 1/4 watt
R8 50-k linear potentiometer or trimpot
Cl 100-pF ceramic capacitor
C2(2) Parallel 0.001-pF ceramic capacitors
C4 0.001-pF ceramic capacitor
(O8] 1-uF electrolytic capacitor
C7,C8 470-pF electrolytic capacitors
C9.C10 0.1-uF ceramic capacitors
D3,D4 IN4001 diodes
Ul 4136 integrated circuit chip
Tl 12-volt CT transformer
Metal cabinet and miscellaneous materials (see text).

center-tapped transformer supplies power to the
circuit. Of course the preamp can also be con-
structed on a small section of perfboard, with a
similar placement of components. If that
method is chosen, all wiring should be point-to-
point with short pieces of fine wire used
throughout.

Since only an initial tuning and gain adjust-
ment is necessary, multi-turn trimpots were
selected for R6 and R8. A fixed, 10-k resistor
can be used for R8 to give a gain of 10, which
seems to be a convenient value for my location
in Southern Wisconsin.

The only adjustments necessary are to tune
R6 of the gyrator for maximum signal strength,
and R8 to the desired gain. When the recording
system is set up, the loop should be placed a
few feet away from the receiver in order to
minimize any possible interaction. The two
units can be connected with a 4 to 5 foot length
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Figure 3. Enhanced electron levels from 1 January through 19 February 1994,
as measured by instruments aboard the GOES spacecraft. Each of the plotted
values has been integrated over the UT day.

Photo C. The arrangement of copper tubing shield and wire loop in conjunc-
tion with the preamp’s electronic components.

of coax. If a signal generator is not available, a
little patience will be required to tune both the
preamplifier and receiver to the exact same fre-
quency. The preamp has a maximum gain of
50; but it is suggested that this be held to per-
haps 10 or 20.

The Stokes™ loop antenna works beautifully
in my location. When I moved to Wisconsin
Jast summer, the VLF signals that I had moni-
tored in the past—NSS in the Washington,
D.C. area and NAA—were weak and plagued
with local interference. Since implementation
of the new antenna systems, both produce
excellent recordings allowing me to effectively
monitor the ionospheric effects of many solar
flares as the eruptions occur.

The January spacecraft
anomalies

During mid-January the Canadian communi-
cations satellites, Anik E1 and E2, experienced
failures and other spacecraft anomalies were
reported at geosynchronous altitude. At the
time, a number of media and other quasi-offi-

cial reports attributed these problems to a “"mas-
sive solar flare” or even a “tear in the Sun’s
surface™! Such statements were erroneous to
say the least. No eruptive events (flares, disap-
pearing filaments, etc.) occurred that could
have accounted for these difficulties.

In the Summer 1992 issue of
Communications Quarterly, we discussed some
basic features of the solar wind and the low
density areas of the Sun’s atmosphere known as
“coronal holes.” To our knowledge the precise
mechanism is not fully understood, but after
certain of these solar particle streams “connect™
with the Earth’s magnetosphere, electrons can
be accelerated to moderate and high energies.
Electrons with energies greater than 2 million
electronvolts (MeV) were, in fact. detected by
the GOES spacecraft during mid-January
(Figure 3). Moreover. in this case relatively
high energy levels were maintained over an
unusually long interval.

Although not certain at this juncture, one
explanation for the failure of Anik and the
other problems in the near-Earth environment
suggests an association with a phenomenon
called “deep-dielectric charging.” wherein
energy penetrates down into the body of a
spacecraft. Satellites can slowly discharge such
currents, but damage to delicate electronics can
occur if energy is deposited at a rate faster than
it escapes.

Recurrent coronal holes are not necessarily
geoeffective during each appearance, but they
do have longer lifetimes and greater stability
during the declining phase of a sunspot cycle.
The coronal hole(s) that are suspected of
involvement in the January incidents, rotated
back into a position to affect the Earth’s envi-
ronment at the end of the first week of
February, As can be seen from Figure 3. anoth-
er long period of enhanced electron flux similar
to January’s high-energy flow was recorded.

A final point: The severe geomagnetic dis-
turbance which began on February 20th-21st
and resulted in a complete radio blackout over
HF transpolar paths, was not related to the situ-
ation described above. Rather, these condi-
tions—including a number of satellite magne-
topause crossings, a Forbush decrease, and a
sharp surge in reports of aurorae—were caused
by the shock wave and plasma cloud from a
solar flare and mass ejection that occurred early
on the 20th. Protons reached a peak (>10 MeV)
of near 10,000 particle flux units shortly after
9:00 UT on the 21st as the fast-moving outflow
passed the Earth. This was the first proton
event to be recorded since March 1993. |
REFERENCES
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Improve low-pass filters performance

by combining them
high-pass filters

with absorptive

hen operating into reactive loads,
low-pass filters (LPF) may exhibit
degraded characteristics compared to

those obtained when working into a pure resis-
tive load. One reason for this is that interaction
may take place at harmonic frequencies where
the reflection to the input impedance of the
LPF causes its performance to deteriorate sig-
nificantly. This phenomenon can be alleviated,
if not cured, with an absorptive high-pass filter
(HPF) incorporated in shunt and resistively ter-
minated, so the LPF sees a resistive load in its
stopbandconsistent with its design requirement.
Although much has been published regarding
the design and application of L.PFs, I found
very little information about transmitter HPFs
used in this application. Two overseas compa-
nies are currently manufacturing what I will
call a “compound filter” of this nature; one in
Japan and the other in Germany. The Japanese
filter goes one step further. It consists of a
shunt HPF to an LPF to a shunt HPF. The HPFs
are terminated in 50 ohms. The company is rep-
utable and claims significant performance spec-
ifications. Their power rating is limited to one
kW. Unfortunately, I have no data on the filter
being marketed in Germany.

In the spring of 1992, I published! a survey
of LPF performance. While preparing that arti-
cle, I became aware of previous work on the
use of a HPF in a shunt configuration with a
LPF.2 A brief write-up and schematic of the
same application appears in the The ARRL
Handbook.3 1 thought the idea of combining an
LPF with an HPF was most intriguing, so it
became a goal to learn about this concept and
put it into practical application. My results are
presented here.

When reviewing the earlier work, 1 noted
that a rather simple four-element HPF was used
in conjunction with a four-element LPF.
Results were reasonable for 1968, and TV IFs
weren't then in the 45-MHz region. Today, it’s
possible to obtain LPFs with good attenuation
at 45 MHz and this is sometimes necessary. In
1968, a rather simple HPF could be used in
conjunction with an LPF because its shape was
much less demanding from 30 MHz to the first
TV frequency of concern—>56 MHz. To com-
bine a high-pass and good-quality low-pass fil-
ter today, an exceedingly good shape is a
necessity. An equal number of elements is re-
quired for the two filters to complement each
other. It became readily apparent that a high-
pass/low-pass combination would necessitate a
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Figure 1. Theoretical HPF performance.
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Photo A. High-pass filter configuration.

I:1 element relationship, causing me to quickly
progress from a five to a nine-element Cheby-
chev filter! However, my computer program.*
into which I input some very demanding speci-
fications, indicated that a twelve-element filter
would be ideal. I compromised by increasing
the ripple factor from 0.1 to an insignificant
(.75 dB in the passband, while lowering my
sights to nine elements. This design was quite
satisfactory. Figure 1 is taken from the com-
puter program print out of the theoretical result.

The design concept

I wanted to avoid the need to compensate the
filter from cover-on to cover-off due to capaci-
tive effects. I looked into the use of toroids to
eliminate this problem, which is very dramatic
in most LPFs I've measured. If the problem
couldn’t be resolved, I would need to be able to
tune the filter from the outside, and this meant
air variables, etc. Also, I wanted to use standard
values of relatively high performance, non-
inductive capacitors. First, I considered using
etched Teflon™ printed circuit board, which
would be ideal. Unfortunately, it didn’t physi-
cally lend itself in the HPF configuration, as it
would in an LPF where one side of the capaci-
tors is grounded. I decided to use Centralab
type 850/S units because they essentially fulfill
all the requirements—including very reason-
able current and a large overkill on voltage.
(Should you wish, you can substitute high volt-
age ceramic NPO discs in parallel for the
Centralabs,) The results were most gratifying.
With the use of an oversize enclosure (more on
that later) and the toroid inductors, I found no
discernible response change when the filter was

covered, partially uncovered, or totally uncov-
ered when on the breadboard.

The toroids are easy to wind and the entire
assembly is very straightforward.

Some construction details

To minimize inductance between the capaci-
tors, I used 1/4-inch wide copper strap. You
could substitute 1/2-inch pieces of 6-32 thread-
ed brass stock to interconnect the capacitors.
This would make assembly very neat and more
simple. Keep all leads short and solder them
directly to the enclosure, which is constructed
from 1/16-inch thick double-sided printed cir-
cuit board whose dimensions are 8 x 4.75 x 2.5
inches. The two copper planes must be fully

joined together using methods such as screws,

connectors, and solder. My results indicate that
the enclosure could probably be smaller, but |
wasn't going to expend the effort to find out! I
included a BNC connector at the terminated
end of the filter for two reasons. The first was
to allow for testing on the spectrum analyzer
and tracking generator; the second was for pur-
poses of adding a detector at that point for
some performance evaluation. I leave the use of
the connector at the input end up to you. Photo
A was taken when a BNC was needed at both
ends for testing. The 50-ohm terminating resis-
tor wasn't connected in the circuit for spectrum
analysis, as the output of the tracking generator
to the filter input is 50 ohms. Therefore, the fil-
ter is properly terminated in its characteristic
impedance at both ends because the HP141T is
also a 50-ohm system. Centralab type 850/S
capacitors are available at flea markets and
some surplus dealers at fairly reasonable prices.



The inductors are made from Micrometals
T94-6 toroids (0.942-inch OD and a number 6
mix) that require only three turns of number 14
wire 3-3/4 inches long, including the leads.
Micrometals’ number 6 iron-powder mix is
specified to be most effective in the 10 to 50
MHz range, and is color-coded yellow. The two
end inductors are close wound and the interme-
diate ones are all wider spaced. Figure 2 gives
their dimensional details. I measured the coils
on a Hewlett Packard model 4265B Universal
Bridge, although I found that high precision
inductances weren’t mandatory. Consequently,
if one wished to duplicate this filter, I feel that
only very slight variations would occur with
only minor effects on the performance. I tested
shielding between filter elements and found no
measurable change. This led me to conclude
that the use of toroids was reasonable. It’s cer-
tain that air-wound inductors would have high-
er Q, but such inductors would result in enclo-
sure effects combined with the probable need
for internal shields. As a precaution, I isolated
the toroids from each other. This was solely for
the purpose of eliminating capacitive coupling,
because they are relatively free of inductive
coupling due to their inherent self-shielding
characteristic. In earlier breadboarding, I noted
considerable performance degradation from
apparent capacitive coupling. This was elimi-
nated simply by physical isolation.

Test results

In all configurations, I used a computer pro-
gram for modeling. The final HPF calculations
and schematic obtained using the program are
illustrated in Figure 3. My conventional spec-
trum analyzer and tracking generator test setup
is shown in Figure 4.

Figure 5 shows the performance characteris-
tics of the HPF. The attenuation at 29.7 MHz is
-52 dB—essentially the same value provided by
the computer program based upon an infinite
for all elements. This translates to a power loss
of only approximately 9 mW out of 1500 watts.
The attenuation at 41 MHz is desirably minus-
cule, which is consistent with the computer cal-
culation and design objective. Also, note that my
capacitors are slightly greater than the theoreti-
cal ones due to the manufacturer’s standard val-
ues. This means the filter is probably over-
designed in power capability unless one were to
have some very serious harmonics being gener-
ated or coupled to the wrong antenna! Figure 5
demonstrates the result of using a compound fil-
ter with a LPF, in this case a Drake TV-3300LP
(regrettably no longer in production), that has
good rejection at 41 MHz. Both scales on the
spectrum analyzer are 10 MHz and 10 dB per
division. In all cases of discrete harmonic mea-

le—1/22]
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Figure 2. Toroid inductors.

surements with the analyzer, [use a-54 dB T
notch filter centered at 14,195 kHz. This gives
me the ability to place a very large fundamental
signal into the analyzer without any risk of over-
loading its mixer, letting me obtain good har-
monic measurements.

I tested the high-pass filter for ten minutes at
1500 watts continuous at 29.7 MHz, without an
LPF., in shunt into a 50-ohm Bird dummy load.
The carrier was relatively rich in harmonics. It
exhibited no temperature rise during this type
of operation as measured by a Fluke 8020A
meter in conjunction with a Fluke 80T-150

ims
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N SERIES C  SHUNT L HP FILTER
1 39.236-12 Fco =41E +06 Hz
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7 2672E-12
8 163.43E-09
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Figure 3. High-pass filter schematic.
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temperature probe. While I expected this theo-
retically from the measured response curve as
shown in Photo B, it did provide proof that the
toroids (I had no doubts about the capacitors!)
had sufficient capability for the application.
Based upon those results, it would appear that
the Micrometals T80-6 (0.80 inch versus 0.96
inch) size would probably be adequate (and
save a little money). Of course, this would
mean reconfiguring the coils. You could try
Micrometals” number 10 mix (black color
code) for slightly better Q in the 50 to 100
MHz region. However, their number 6 mix
appeared to be reasonable since, from my test
results, a higher Q didn’t appear necessary.

I then tested the filter under the same condi-
tions, as noted above, but in conjunction with
an LPF (a Drake TV-3300LP) into a 2:1
VSWR. 1 did this by paralleling two 50-ohm
Bird dummy loads to simulate what might
occur in some real-life situation. There was an
increased relative output across the HPF inter-
nal dummy load in accordance with the detec-
tor schematic, as shown in Photo C. There was
no measurable temperature rise in the HPF as a
result of my tests, but my poor LPF became a
bit warm at times!

Conclusions

A compound filter of this type can only yield

Photo B, Compound filter response. Note: Scales are 10
MHz and 10 dB/division.

Photo C. High-pass filter response. Notes: Scales 10
MHz and 10 dB/division. 29.7 MHz is -52 dB. The
tracking generator marker is at 29.7 MHz.

improved harmonic attenuation by virtue of its
nature. because its response curve should pro-
vide a good 50-ohm termination to all frequen-
cies above 41 MHz. This prevents significant
amounts of that energy in that spectrum from
being reflected back to the LPF, potentially
degrading its performance. Those who operate
in a fringe arca, may find that the additional
effectiveness from an LPF provided by this
HPF. without any modification, will offer a dis-
tinct advantage. Relative voltage readings,
taken by the detector at the output of the filter,
confirm its ability to terminate HF harmonics
into a 50-ohm load.
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L.B. Cebik, W4RNL

1434 High Mesa Drive
Knoxville, Tennessee 37938-4443
BITNET: CEBIK@UTKV

COMPARING

MININECS

A guide fo choosing

an antenna

optimization program

basis for available commercial and non-
commercial antenna modeling implementa-
tions, the resultant programs for amateur use
show some significant differences. Conse-
quently, no one program is best for all possible
applications. Notices and advertisements for
various MININEC enhancements do not give
many clues as to which program may be best
for an individual ham, regardless of whether he

[though the MININEC code (currently
Version 3, revision 13) serves as the

or she is just exploring the possibilities of
antenna modeling or is highly experienced with
various forms of computer modeling.
Differences in programming and capabilities
are both worth investigating. Ease of use and
adequacy of results have no absolute criteria.
Rather, each is application dependent. There-
fare, in this user examination of three well-
advertised versions of MININEC, I shall relate
each evaluative remark to one or more applica-
tions. This procedure should preclude the

Free Space

14.175 MHz
Options

Field » Total H V RC LC MaxLin MinLin AxialRatio
Segmentation Density 10 segments / halfwave
Auto Segment-Length Tapering Off On
Frequency-Offset Correction Off On
Bent-Wire Correction Off On
X~-Axis Pattern Symmetry No Yes
2-D Pattern Resolution 1° 2° 4°
El Angle for Az Pattern g.0°
Az Angle for El Pattern g.0°
SWR Reference Impedance 56.0 Q
Save Options & Settings No Yes
Gain & F/B View Sources 2-D Plot Antenna
Far Field Edit Freguency 3-D Plot Options
Near Field Quit Optimizer RUN File Colors

Enter Esc

Figure 1. AO’s main menu with the “Options’” menu overlaid.
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|

File Edit View

1

Load... F3

Exit

Create... F2

Rename...

DOS Shell

Change

ANTENNA

Solve for Options

MODEL

Copyright (C) 1992 Teri Software Co.

All Rights Reserved

Version 1.2

L. B. Cebik, W4RNL

Serial 11000083

There is enough memory for approximately 252 pulses

Figure 2. AM’s opening screen with the “File” menu displayed.

impression that I favor one program over
another. At the same time, relating features to
applications will make some sense of the in-
evitable rank ordering of the programs under
comparative scrutiny.

I have looked extensively at the following
programs: ELNEC 3.02 (W7EL), AO 5.0 (an
especially embellished version of MN by
K6STI), and Antenna Model or AM 1.02 (Teri
Software).! Other versions of MININEC have
been and are still available.2 MN and ELNEC
have been around for several years, while AM
is quite recent. For the record. I have purchased
each of these programs at full price and have no
overt or covert obligations to their designers. |
am solely responsible for the emphases and
applications-related evaluations that follow.

[n looking at MININEC programs, I assume
the reader has a basic familiarity with both the
history of the code, its relationship to NEC, and
the general limitations of its use, where these
are common to all three programs.? The limita-
tions especially have received significant men-
tion in amateur literature.4 Only those factors
relevant to differences among the programs
will be mentioned in the program descriptions.
I have not included any sort of critical exami-
nation of the basic MININEC code.

MININEC subjects all its implementations to
numerous general limitations. For example, the

matrices used in MININEC’s basic calculations
grow exponentially with the number of wire
segments or pulses, thus setting limits on the
size or geometry of the antenna one may
model. Wire segments should be greater in
length than 104 wavelength and shorter than
10~1 wavelength. Segment lengths should also
be greater than the wire diameter, perhaps at
least 1.25 times greater. Results for horizontal
antennas lower than 0.2 wavelength above a
perfect or real ground are generally unreliable,
or more precisely, depart from the results given
by NEC by an amount that makes calculations
and expectations unreliable. Adjacent segments
should have a length ratio of 2:! or less. As the
frequency is increased, antenna wires with a
diameter that is a significant part of a wave-
length begin to yield results that depart from
empirical models. Antenna geometries calling
for nonlinear junctions of wires (bent wires;
that is, elements with significant angles) yield
inaccurate results without special treatment.
Closely spaced wires, as in parallel transmis-
sion lines or folded dipole elements, also
demand special treatment and may surpass the
ability of MININEC to model accurately.
Source impedances and resultant SWR figures
are calculated over perfect ground and may
vary from real antenna to real antenna, depend-
ing upon the nature of the soil below it. Even




though MININEC permits the modeling of
elaborate ground structures, these models find
use in only some of MININEC’s calculations.
This list of limitations is far from exhaustive.

Implementations of MININEC attempt to
correct, compensate for, or overcome only
some of these limitations. Thus far in the histo-
ry of the code, wire segment ratios, angular
antenna geometries, close-wire geometries, and
frequency-related errors have been most subject
to modifications of MININEC or to special
antenna description procedures. At present, the
remaining limitations appear to have one of two
statuses: either they are not correctable within
the limits proscribed when running MININEC
on a PC, or the errors they introduce fall within
the margins of model-to-reality variances inher-
ent in amateur antenna modeling. Indeed, the
best amateur antenna situation is filled with
objects and conditions whose RF properties
remain largely guesswork—even if we could
model them.

Some MININEC program basics

MININEC is essentially a three-part pro-
gram. In the first part, the user describes the
antenna within a text editor. Key words and a
carefully ordered input permit the second pro-
gram part to recognize both variables and their
values. The second part calculates most of the
output values for the model, using the well-
known method of moments and its requisite
matrix. For a given model, the program calcu-

lates the impedances, mutual impedances, and
currents at each pulse, centered on each wire
segment junction. Specifying a source position
and voltage or current, plus load values and
positions, permits calculation of source imped-
ances, SWR figures relative to a standard, and
the remaining unknown—either source voltage
or source current. Also calculable is gain in any
direction in the sphere surrounding an antenna
in free space or the hemisphere surrounding the
antenna over ground, so long as one uses a
standard, usually dBd or dBi. Both near field
and far field electrical and magnetic compo-
nents, along with polarization, are derivable, as
well as total field values. From these numbers,
one may obtain figures for such usual parame-
ters as front-to-back ratio, front-to-side-lobe
ratio, and beam width to the —3 dB points.
Grounds may be perfect or may be one of many
sets of conductivity and dielectric constant
combinations. Antenna material losses for com-
mon substances, from copper to steel, can mod-
ify the calculations. The results are obtainable
from a run or log file that compiles the values.
‘The third part of the program is a plotting
portion that permits the user to obtain a graphic
representation of antenna performance.
Azimuth and elevation patterns, in either free
space or over ground, permit visual inspection
of lobe maxima and minima, thus giving an
overall view of performance that may escape an
inspection of data tables. Possible patterns
include the common (sometimes called ARRL)
logarithmic polar plot, the linear polar plot, and

ELNEC ver. 3.82 / MaxP option
(c) 1993 by Roy Lewallen, W7EL
TI TITLE: edz yagi 2M 3/4" el
FR FREQUENCY: 144.5 MHz. (wavelength = 6.806721 ft.)
WI WIRES: 2 Wires WL WIRE LOSS: Aluminum
SO SOURCES: 1 Source UN UNITS: Feet
LO LOADS: 1 Load
GT GROUND TYPE: Real LAST FILE SVD/RCLD:
GD GND DESCRIPTION: 1 Medium, @ Radials D:\ELNEC\ZEPP\EDZYGZM.EN
PT PLOT TYPE: Azimuth AR ANAL RES: 1 Deg.
PA ELEVATION ANGLE: ? Deg. RF REFERENCE: @ dBi
PR PLOT/TABLE RANGE: @ - 368 Deg. (full) SZ SWR 20: 75 ohms
SS STEP SIZE: 5 Deg.
OR OUTER RING OF PLOT: Automatic scaling
FI FIELD(S) TO PLOT: Total field only
(BR)owse file (DE)lete, (RE)call, (SA)ve desc (Freqg S)wp <RET> = Plot
(AN)alyze (CU)rrents (Load D)ata (OP)tions (Print D)esc (Src D)ata
(TA)ble (View A)ntenna (EX)it pgm without saving desc (QU}) it

Figure 3. ELNEC’s main screen with its network of selections.
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Figure 4. A sample of AO’s 3-D “solid”” antenna pattern for a dipole.
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a rectangular plot. In descending order, they
provide a proportioned notion of maximum
antenna achievement; in ascending order, they
provide an increased ability to investigate fine
detail of small radiation lobes.

The three parts of MININIEC yield three dif-
ferent files for each antenna model: a descrip-
tion file, a running file, and a plot file.
MININEC accumulates calculated data in suc-
cessive stages; therefore, the running file may
be subdivided into a number of more specific
data files. These MININEC components have
to a large measure determined the structure of
commercial implementations.

AO and MN, for example, retain this struc-
ture rigorously. On AQO, antenna modeling
begins with the main menu. Figure 1 is a
screen print of the menu showing the “Options”
screen overlaid in the normally blank space on
the operating screen. To create an antenna, one
must enter the text editor (TED), either using
the “Edit” command or by calling up TED
independently, and construct the model. The
editor offers no help in ordering the elements or

in employing key words to cue the variable val-
ues. The user must keep the manual on hand,
make up a cue card, or modify an existing
antenna and save it under a new name. The last
process is perhaps the most useful in AO, for
two reasons. First, AO provides a large collec-
tion of models already set and plotted, so most
common antennas can be described by chang-
ing values. Second, once the user has described
either a complex antenna geometry or a com-
plex set of ground conditions, saving these par-
tial model descriptions reduces work with new
model elements.

AM also uses a text editor for creating new
antenna models. Figure 2 displays the start of
this process by showing the initial screen with
the “File” function overlaid. In creating a
description, AM’s editor feature is bound into
the operating and calculating module and does
not permit the saving of a revised model under
a new name from within the program.
However, AM uses a dialogue box to set mater-
ial, ground, and other basic factors, followed by
a template for inserting the remaining values.
(If one invokes the editor independently, it
lacks the dialogue and template features.) This
procedure reduces the need for a reference
manual or cue card during the model descrip-
tion phase of the work, but it does not eliminate
it—especially if one requires complex sources
or loads. Both AO and AM permit the addition
of noncalculation-related remarks and end
notes for reference.

Both AO and AM keep a running log file
(called RUN. in AO and [filename].LOG in
AM) for calculations. Both fill and factor the
MININEC matrix to produce mutual imped-
ance values. At this point, AM proceeds to gen-
erate pattern values. AO prints impedance, wire
loss, efficiency, gain, and front-to-back values
before entering the pattern generation phase to
derive values for angle of maximum radiation,
beam width, and side lobe data. AM displays
the entire collection at once. From here, both
programs are ready to generate rapid antenna
plots for viewing or printing. Both contain a
command to combine these steps seamlessly,
although the plot numbers go into a separate
file. Numeric data—including a copy of the
antenna description, the segment-to-segment
location of pulses, a listing of currents at each
pulse, and the noted output data—accumulate
in the running log file.

ELNEC has a different method of operation,
one that integrates all three MININEC program
facets. ELNEC operation involves constant
revision of a default file or the last file used in
the previous session. Figure 3 shows the net-
work of data presented to the user. The user can
recall from the provided models, or from mod-
els saved previously, a description nearest to



Parameter ELNEC

AM

Antenna 1: 10 Meter dipole, #18 copper wire, 16.78', 10 segments/wire

Free Space

Gain (dBi) 2,050 2.05 2.05 2.04
Source (R+X) 71.8 + 0.01 718 + 1.15 71.8 + 0.0 72.4 + 3.2
B/W (degrees) 78 78.7 82 79

Real Ground: Cond.=5 mS/m; Dia. Const.=13; Height = 35'

Gain (dBi) 7.654 7.65 7.65 7.64

TO Angle (degrees) 14 14 14 14

Source (R+X) 68.7 - 8.3 68.7 - 7.2 68.7-83  69.3-52
B/W (degrees) 80 79.9 80 80
Antenna 2; 2 Meter dipole, #18 copper wire, 3.289', 10 segments/wire

Free Space

Gain (dBi) 2.087 2.09 2.08 207
Source (R+X) 71.0 + 0.05 71.0 + 0.43 71.1 + 0.0 723 + 5.2
B/W (degrees) 78 78.7 79 79

Real Ground: Cond.=5 mS/m; Dia. Const.=13; Height = 35’

Gain (dBi) 8.021 8.02 8.02 8.00

TO Angle (degrees) 3 3 3 3

Source (R+X) 69.3 + 0.61 69.3 + 1.01 69.4 + 0.5 70.6 + 5.8
B/W (degrees) 78 78.8 79 79
Antenna 3; 2 Meter dipole, 6061-T6 Aluminum, 3.196', 10 segments/wire

Free Space

Gain (dBi) 2113 211 211 2.05
Source (RxX) 712 +0.02 71.2 + 05 713 +00 774 +108
B/W (degrees) 78 789 79 79

Real Ground: Cond.=5 mS/m; Dia. Const.=13; Height = 3%’

Gain (dBi) 8.048 8.05 8.04 7.98

TO Angle (degrees) 3 3 3 3

Source (R£X) 69.6 + 0.83 69.6 + .86 69.7 + 0.8 757 + 11.7
B/W (degrees) 78 78.9 79 78

AO-1 AO-2

Table 1. Comparison of EL, AM, and AO for dipoles.

what is required. All variables appear on the
main screen or one of the subscreens. Thus, ref-
erence manuals or cards are not required except
when looking up specific values like the dielec-
tric constant and conductivity for a particular
type of soil. ELNEC saves nothing without
orders from the user, except the last file of a
session. The user specifies a file name within a
subdirectory and can choose a new name for a
model revision.

Subscreens in ELNEC for antenna wires,
sources, and loads permit the deletion of excess
items trom the present record and the addition
of “0” value items into which the user plugs
appropriate values. Ground definition is per-

tormed on a subscreen of its own. Antenna
material, units of measure, and azimuth and
elevation angles for plots appear on the main
screen. The initiation of calculations produces
matrix filling and current calculations, along
with the creation of a graphics plot—unless the
user specifically chooses a tabular output
screen. ELNEC stores calculation results in
various files, permitting screen or printer output
of data subsets. Plots may be saved separately
from the graphics screen. If the user saves an
antenna description after calculations are com-
pleted, he or she has the option to save the
matrix calculation results in a collection of
files. However, one must save either all or none
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Parameter ELNEC

Free Space

Gain (dBi) 7.988
Front-to-Back (dB) 25.115
Source (R+X) 273-1.12
B/W (degrees) 64

Run Time (seconds) 12

Gain (dBi) 12.167

TO Angle (degrees) 25
Front-to-Back (dB) 27.413
Source (R+X) 25.40 - 1,58
B/W (degrees) 66

Run Time (seconds) 20

Free Space

Gain (dBi) 7.540
Front-to-Back (dB) 19.595
Source (R+X) 16.24 - 28.63
B/W (degrees} 64

Run Time (seconds) 20

Gain (dBi) 12.842
TO Angle (degrees) 14
Front-to-Back (dB) 24.145
Source (R+X) 157 -27.8
B/W (degrees) 64

Run Time (seconds) 34

AO-1 AO-2

Antenna 1: 3-element Yagi for 14.175 MHz (taken from AQ file), 1" 6061-T6 Aluminum

Real Ground: Cond.=5 mS/m; Dia. Const.=13; Height = 416"

Antenna 2: 3-element Yagi for 28.2 MHz; 1" 6061-T6 Aluminum

Real Ground: Cond.=5 mS/m; Dia. Const.=13; Height = 35’

797 8.04
25.24 2491 28.14
27.3-098 275-11 26.5 + 4.6
64 63
9 9
12.16 1215 12.18
25 25
27.41 27.42 24.36
25.38 - 1.44 255-186 248 + 46
66 65
30 30
7.5 7.61
19.63 19.03 21.07
16.2 - 28.55 172-295 129-198
65 64
15 15
12.84 12.80 12.88
14 14
24,19 23.25 2547
167 - 27.7 16.6-28.7 127 -19.1
65 65
30 30

Table 2. Comparison of EL, AM, and AO for 3-element Yagis.

of these supplementary files. For complex
geometries (for example, a fully tapered multi-
element quad), this can run to over 100 KB of
disk space per model.

These basic program descriptions do not
exhaust the lists of program features, but sim-
ply give a flavor of the differences in program-
ming style of each developer. AO remains per-
haps the most traditionally structured of the
MININEC implementations, but adds numer-
ous individual calculation and graphic features.
It offers the most field and graphic options,
including rectangular coordinates and complete
near and far field calculations and views. These
even include a slow but impressive three-
dimensional view of the total antenna field. See
Figure 4 for an example that plots a dipole in
3-D. K6STI has introduced modifications to the
MININEC algorithms to correct for frequency-
induced errors, to correct for bent-wire configu-
rations (without the need for segment tapering),
and to taper wire junction segments for adjoin-

ing linear segments that surpass the recom-
mended maximum length ratio. Evident is the
author’s focus upon single source horizontal
antennas, as witnessed by recommendations for
the use of free space as the fundamental model-
ing convention, the use of default voltage
sources, and the use of dBd(ipole) as the
default standard of antenna gain.

In contrast, ELNEC’s integrated program-
ming provides easy access to specific data on
screen and in print. Additionally, it provides the
most data-intensive graphic output. At the
user’s choice, one may include antenna analysis
figures on the graphic itself and in a succinct
chart printed below the graphic. ELNEC
includes segment tapering for complex antenna
geometries: the user can control the maximum
and minimum lengths of the segments, but the
program then creates the requisite wires auto-
matically. With dBi(sotropic) the gain standard
and current sources the default, W7EL records
his own focus upon phased vertical antenna



Frequency Parameter

14.000 Gain (dBi)

Front-to-Back (dB)
Source Impedance (R+X)
14.0025 Gain (dBi)

Front-ta-Back (dB)
Source Impedance (R+X)
14.050 Gain (dBi)

Front-to-Back (dB)
Source Impedance (R+X)
14.075 Gain (dBi)

Front-to-Back (dB}
Saurce impedance (R=X)
14.100 Gain (dBi)

Front-to-Back (dB)
Source Impedance (R+X)
14125 Gain (dBi)

Front-to-Back (dB)
Source Impedance (R+X)
14.150 Gain (dBi)

Front-to-Back (dB)
Source Impedance (RxX)

Gain (dBi)
Front-to-Back (dB)
Source Impedance (R+X)

14.175

Gain (dBj)
Front-to-Back (dB)
Source Impedance (R+X)

14.200

14.225 Gain (dBi)

Front-to-Back (dB)
Source Impedance (R+X)
14.250 Gain (dBi)

Front-to-Back (dB)
Source Impedance (RxX)
14.275 Gain (dBi)

From-to-Back (dB)
Source Impedance (RxX)
14.300 Gain (dBi)

Front-to-Back (dB)
Saurce Impedarnice (R+X])

Note 2. Point of maximum front-to-back ratio.
Note 3. Nearest point to self-resonance.

Note 1. ELNEC and AM figures are too close to require separate listings.

AM' AO-2
12.01 12.03
19.10 23.63
25.4 - 141 25.6 -85
12.03 12.05
20.40 25.24
25.5-123 25.6- 66
12,06 12.07
21.86 26.73
25.6 - 10.6 25.5-4.8
12.08 12.09
23.37 27.72
256 - 88 25.4 - 3.0
1210 12.11
24.92 27.812
25.6-6.9 253-1.1
12.12 12.14
26.33 27.02
25.6 - 5.1 251-0.7°
12.14 12.16
27.28 25.74
255-33 250 + 2.6
1216 12.18
27.41% 24.36
254-14 24.8 + 4.6
12.18 12.20
26.70 23.03
253 + 0.4° 24.6 + 6.5
12.20 12.22
25.52 21.81

251 + 2.3 243 + 85
12,22 12.24
24.20 20.71

249 + 42 24.1 + 105
12.24 12.26
2292 19.70
247 + 6.2 238 + 126
12.26 12.28
21.74 18.79

245 + 8.2 23.5 + 14.6

Table 3. Comparison of 3-element Yagi values from 14.00 to 14.30 MHz.

arrays erected over radial and ground systems
requiring accurate specification.

AM shows no focus upon any particular
antenna type, but rather a concern for program-
ming itself. It incorporates structured menus in
a top bar with “hot” function keys for frequent-
ly used operations. Its manual chapter on oper-
ations tracks the top bar menus, so the user will
find it simple to create a reference card. The
program has the operator feel of a spreadsheet

with touches of GUI interfaces. Although AM
lacks any of the calculation compensation fea-
tures of either ELNEC or AO, it includes a spe-
cial graphics program to permit plotting pat-
terns using the HPGL feature of the HP Laser-
jet lII's PCLS5 language, thus improving the
printed output quality. It also includes a DOS
shell to permit various operations without ter-
minating the program.

Like the brochures for new cars, these basic
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Figure 5. A graph of front-to-back ratios and absolute values of reactance for the 20-meter Yagi between 14.00 and 14.30 MHz as cal-
culated by ELNEC and by AO with frequency correction.
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es and the diameters of wire elements become a
more significant percentage of a wavelength,
basic MININEC calculations begin to depart
from the demands of the real world. AO (and
MN) contain correction factors within their cal-
culational schemes to compensate for these
errors. ELNEC and AM do not. The signifi-
cance of the output difference deserved a test.
Tables 1 through 6 contain the results of some
initial runs, both in free space and over real
ground. All runs were made on a 80386SX
computer running under DOS 5.0 at 20 MHz
with 4 MB of RAM under QEMM 6.02 control
to clear calculation space, with 160 MB of hard
disk to absorb created files. Any run times
noted are relative to this test set-up.

Table 1 lists three dipoles. The first is a 10-
meter wire model, the second a 2-meter wire
model, and the third a 2-meter aluminum tube
model. The AOI and AO?2 columns represent
modeling without and with the correction fac-
tors turned on. ELNEC and AM results are con-
sistently close; variations are the result of either
the order of operations or the fixed values of
certain constants, for example, pi or the speed
of “light” (electromagnetic radiation in a vacu-
um). The wire dipoles, even at 2 meters, show

descriptions of AO, ELNEC, and AM may spur
some dreams about antenna modeling, but they
cannot substitute for a test drive. Therefore, it’s
important to try out each of the programs: first
to assess their technical competencies in vari-
ous situations, and then to ncte operational
advantages and limitations.

Technical competencies

There is very little the user can accomplish
with one program that he or she cannot do with
the others. After all, ELNEC, AO, and AM use
and are subject to the limitations of the MINI-
NEC calculation machine. Technical competen-
cy within each program boils down to a matter
of how well each performs the basic MININEC
functions, and how well each overcomes some
of its limits relative to various user tasks. For
casual investigation of antenna properties, each
produces approximations sufficiently close to
empiric reality and the NEC2 standard.

However, many hams wish to study antennas
and many wish to build antennas, and a few
want to do both. This increases demand for pre-
ciston, One source of imprecision within MINI-
NEC relates to frequency: as frequency increas-



too little difference under any condition to
merit distinction, Attaching the wire to end
insulators will likely create more variance from
the models than the amount of difference creat-
ed by the frequency correction factor in AO.
Differences of greater significance begin to
show up with the I-inch aluminum tube model.
While the gain in dBi and the resistive compo-
nent of the input impedance fall well within
operational margins, the inductive reactance
shown in AQ2 suggests that raw MININEC
may call for unduly long fat elements at VHF.
Table 2 tests more complex antennas, name-
ly., 3-element Yagis. A 20-meter beam, taken
from a file supplied by AO and slightly modi-
fied for this test, reveals that 14 MHz does not
significantly display the frequency error.
However, when the design is tested across a
span of frequencies (refer to Table 3 and
Figure 5), the effects of the difference between
corrected AQ and raw MININEC begin to
appear even at 20 meters. Various parameters

show an approximate 75 kHz displacement,
with corrected AO assigning them the lower
frequency. Determining whether the displace-
ment precision exceeds amateur construction
abilities would require empirical tests beyond
the capabilities of my shop.

The 10-meter Yagi also shows little specific
frequency effect that goes beyond the margins
imposed by building technique, surrounding
terrain, and other normally unmodeled effects.
However, an interesting arithmetic pattern
begins to emerge. Compared to raw MININEC,
models optimized initially in corrected AO typ-
ically show higher gains, lower front-to-back
ratios, lower resistive source impedances, and
more inductively reactive source impedances.
However, while the results for ELNEC and AM
are quite tightly clustered, uncorrected AO
begins to depart from the cluster—usually in a
direction opposite that of corrected AO.

Nonstandard antennas offer another test of
the correction factor. Arrays and parasitic

Parameter ELNEC AM AO-1 AO-2
Antenna 1: 2-element EDZ for 28.5 MMz, 180-degree phase-fed: #18 Copper wire

Free Space

Gain (dBi) 7.779 7.79 7.78 7.78
Source (R+X) (x2) 2251 - 741 22,95 - 736 223-737 219-726
B/W (degrees) 30 29.8 30 30

Run Time {seconds) 27 15 35 35

Real Ground: Cond.=5 mS/m; Dia. Const.=13; Height = 35’

Gain (dBi) 12.894 12.9 12.90 12.89

TO Angle (degrees) 13 13 13 13
Source (R+X) (x2) 23.00 - 740 227 - 737 228 -737 22.4 -726
B/W (degrees) 30 304 30 30

Run Time (seconds) 62 94 122 122
Antenna 2: 2-element Yagi EDZ for 144.5 MHz, 0.75" 6061-T6 Aluminum

Free Space

Reflector Load (Q) 305 305 305 280

Gain {dBi) 9.199 9.2 9.23 9.04
Front-to-Back (dB}  22.246 2227 22.01 22.60
Source (R*X) 50.61 - 289.6 50.63 - 289.6 51.2 - 293 48,7 - 267
B/W (degrees) 32 315 31 31

Run Time (seconds) 43 29 45 45

Real Ground: Cond.=5 mS/m; Dia. Const.=13; Height = 35’

Reflector Load (@) 300 300 300 275

Gain (dBi) 15,196 15.19 15.23 15.05

TO Angle (degrees) 3 3 3 3
Front-to-Back (dB) 22.390 22.42 22.11 22,64
Source (R£X) 49.96 - 291.2 49.98 - 2911 50.5 - 294 48.0 - 268
B/W (degrees) 32 31.4 31 31

Run Time (seconds) 80 S0 137 137

Table 4. Comparison of EL, AM, and AO for Multi-Element Extended Double Zepps.
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Parameter

ELNEC' AM? AO-1°

AO-2*

2-element Quad, 28.5 MHz, #18 copper (Elements: 930/f & 1037/f at 0.25 wavelength spacing)

(due to run times) of 24/side.

bandwidth at that angle.

Free Space

Gain (dBi) 252 7.45 7.32 7.25
Front-to-Back (dB)  19.580 14.86 18.70 20.87
Source (R+X) 88.61 + 4.68 745-13.9 851-19 901 + 35
B/W (degrees) 72 718 73 73

Run Time (minutes) 4:03 712 1:34 1:34

Real Ground: Cond.=5 mS/m; Dia. Const.=13; Height = 35’

Gain (dBi) 12.443 12.62 12,50 12.44

TO Angle (degrees) 13 13 13 13
Front-to-Back (dB) 17.924 14.38 17.37 18.82
Source (R+X) 91.89 + 7.69 76.7 -11.71.1 882+ 1.0 937 + 6.6
B/W (degrees) 74 72.2 73 73

Run Time (minutes) 6:53 11:57 7:31 7:31

Note 1. ELNEC model used fully tapered elements for 104 total segments.

Note 2. Antenna Model was tested at increasing numbers of segments, with an arbitrary cut-off

Note 3. AO without bent-wire correction factors used 22 segments per half wavelength.

Note 4. AO with bent-wire correction factors approached good convergence with ELNEC at 20
wires per half wavelength (10 per side). Over ground calculation time, minus the pattern
generation necessary to determine beamwidth and proper angle for maximum gain, was 1:01
minutes. Howaver, the take-off angle was known in advance, precluding the need for a second
run, the first to find the proper elevation angle and the second to determine the horizontal

Table 5. Comparison of EL, AM. and AO for a 2-element quad.

beams based upon extended double Zepp ele-
ments form the basis for Table 4. The wire
array of the 180-degree phase-fed antenna
again demonstrates the minimal effect of fre-
quency upon thin wires: all the antennas are
well clustered in every dimension calculated.
The 2-element EDZ parasitic beam, however,
tells a different story. The principles behind the
antenna were first brought to my attention by
Brian Egan, ZL1LE. The 3/4-inch diameter alu-
minum model for potential 2-meter use
employs close (1/8-wavelength) spacing for
mechanical reasons, and comes in at just over §
feet from end-to-end. The reflector element
requires a loading inductance, hand optimized
to the nearest 5 ohms in all the models. Again,
ELNEC and AM produce tightly clustered
models. Frequency-corrected AO gives results
that depart from the original model. Because
the EDZ Yagi is purposely nonself-resonant,
dimensions could be held constant, and the
retlector loading varied for optimum potential
performance. Again, corrected AO suggests
that this “fat” element antenna is longer than
raw MININEC would suggest. The requisite
inductive loading to compensate for the capaci-

tive component of the reflector is lower, as is
the capacitive reactance at the feed point. (As
the fength of an EDZ, about 1.25 wavelengths,
increases, capacitive reactance at a center feed-
point decreases.) Nonetheless, the uncorrected
AQO shows the minor arithmetical properties
noted above relative to the tightly clustered
ELNEC and AM results.

Table § shows some results for a 2-element
quad design. Raw MININEC requires some
extensive help to model nonlinear elements.
Complex geometries with angles, especially
right or acute angles, cut off parts of the anten-
nas at the corners due to the placement of puls-
es. There are two ways to overcome this diffi-
culty. One is to introduce a bent wire correction
factor, as AO has done. The other is to develop
a means of tapering the length of wire segments
so they are very short (but within the rules) at
the apex of the angles. ELNEC has adopted this
technique. providing a routine that puts the
minimum and maximum length of wire seg-
ments under operator control (with suggested
default values), but which then performs the
tapering automatically.

ELNEC quad models with fully tapered ele-



ments are large—104 total segments in the 10-
meter example. The free space model required a
bit over 4 minutes to run, while the real-ground
model needed nearly 7 minutes. However, with-
out either tapering or a correction factor, AM
was still far from convergent with either ELNEC
or AO at 24 segments per side or 192 total seg-
ments. Even with 24 segments per side, the cor-
ner segments were about twice the length of the
fully tapered ELNEC corner elements.
(However, AM handled 192 segments without
need for program supplements.) The AM run
took nearly 7 minutes for free space and 12 min-
utes over real ground. ELNEC’s tapering pro-
duced a model that appears to agree closely with
a similar antenna empirically derived long ago
by Bill Orr, W6SALS The spacing of this model
was increased for greater bandwidth, and the
reflector circumference was increased to remove
the stub in the original model.

In contrast to ELNEC’s provision for taper-
ing segment lengths, AO uses a bent wire cor-

rection factor in the calculations. The manual
recommends the use of 16 segments per half
wavelength for quads and 20 segments per half
wavelength for deltas. However, for this quad
model, AO converged most closely with
ELLNEC’s tapered elements at 20 segments per
half wavelength, suggesting the use of even
more for delta beams. ELNEC’s 104-segment
model and AO’s 80-segment model, although
not as tightly clustered arithmetically as linear
antenna models, likely exceed the ability of any
builder to differentiate.

Whether AO performs its calculations faster
or slower than ELNEC depends upon the user’s
situation. All free space AO quad models run
faster than their ELNEC cousins by better than
a 2 to 1 margin—even allowing for the pattern
generation that precedes calculation of
beamwidth. Real ground models, however, will
be faster or slower depending upon the data the
user needs. Because AO produces an azimuth
pattern before an elevation pattern, and since

8.18 -

AO: 4 wires, 34 pulses autotapered
8.009

of maximum radiation.

ELNEC:
No taper: 4 wires, 24 segments

a. Without parallel correction

7.970 -
b. With parallel correction

8.104
Full taper: 24 wires, 38 segments

8.119 ==

mS/m; Dia. Const.=13); Height = 20’
ELNEC:
No taper: 8 wires, 48 segments

a. Without paraliel correction

11.182
b. With paralle| correction

11.647
Full taper: 48 wires, 76 segments

11.669

Parameter: Gain F-B Ratio Source 1 Source 2 Run Time
dii dB R+ X R+ X Min:Sec
Antenna #1: 10-meter folded dipole: L = 16.5; Dipole wire = 1" spacing; Real ground

(Cond.=5 mS/m; Dia. Const.=13); Height = 20’

AM: 40 segments per 1/2 wavelength (84 total segments)

*Run time doubled to over 4 min, due to requirement for a first run to find elevation angle

Antenna #2: 10-meter W7EL Field Day Special: 2 tolded dipoles 135-degree phase-fed; L =
16.16"; Dipole wires = 1" spacing; Elements spacing = 4.27'; Real ground {Cond.=5

4.724
24.231

25.328

2275-177 - 2:00

229 +22 - 2:10*

28.0 -194.0 19
224.0 + 401 19
227.4 + 122 51

289-1726 -52-180.2 1:13
99.8 + 971 805-168.8 1:13
108.1 + 722 69.7-1886 3:30

Table 6. Comparison of EL, AM, and AO for a folded dipole.
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WIRES

Wire Conn. —--- End 1 (x,y,z : ft) Conn. --- End 2 (x,y,z ¢ ft) Dia(in) Seg
1 -5.238, -8.670, 35.980 W2El -5.230, -6.000, 35.008 8.75E-p1 2
2 W1lE2 -5.230, -6.000, 35.880 W3E1l -5.230, 6.000, 35.000 1.PO0E+00 8
3 W2E2 -5.230, 6.008, 35.0800 ~5.230, 8.670, 35.008 B8.75E-@1 2
4 @.000, -8.310, 35.908 W5SEl 0.000, -6.009, 35.000 B8.75E-01 2
5 W4E2 0.000, -6.000, 35.000 W6E1l 2.0008, 6.000, 35.000 1.00E+09 8
6 WSE2 0.0006, 6.900, 35.000 0.008, 8.310, 35.00¢ 8.75E-01 2
7 3.4998, -8.130, 35.000 WBEl 3.499, -6.009, 35.P00 8.75E-@1 2
8 W7E2 3.499, -5.000, 35.990 W9El 3.4%0, 6.0908, 35.000 1.00E+0Q 8
9 W8E2 3.490¢, 6.000, 35.000 3.4906, 8.130, 35.0080 8.75E-Q1 2
Tot segs: 36

End 1 (x, y, z in ft.; conn.; or length)?

[*]1,[yY],[2z] = Coordinates (leave coord blank for no change)
W#E! = Conn. to end | of wire # RA# = Rotate azimuth # deg. (+ccw)
L# = Change length to # RE# = Rotate elev. # deg. (+up)
L+#, L-# = Change length by #

Preserve Connections = OFF <ESC> = done (terminate entry)

Figure 6. A typical wires subscreen from ELNEC, with wire 4 ready for modification.

3Element Yagl Free Space
Azimuth

308° " 68"
8 dB = 7.51 dBi 28 e 1581 28.298 Wi

Figure 7. Pattern for a 10-meter 3-element Yagi as plotted by AO.

the latter pattern identifies the take-off angle—
that is, the angle of maximum radiation—one
often needs to make two pattern runs before
obtaining maximum gain and front-to-back fig-
ures. The matrix fill and factor task took about
a minute, but pattern generation required anoth-
er five minutes to complete. Doubled, the time

for full data approached the largest run time
encountered for AM. (AM, incidentally, pre-
cedes the azimuth pattern generation with an
elevation run, thus identifying the take-off
angle and setting the azimuth pattern to this
angle. In ELNEC. one selects the initial pattern,
usually elevation over ground, and quickly
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Figure 8. Pattern for a 10-meter 3-element Yagi as plotted by AM.

determines the take-off angle to use for the
azimuth pattern from which is derived front-to-
back and side-lobe figures.)

One complex geometry problem involves
antennas that use closely spaced parallel wires.
As a test of the performance of the three pro-
grams on this sort of structure, [ modeled a 10-
meter folded dipole. Table 6 shows the results.
To arrive at a usable result, AM employs the
brute force technique of simply increasing the
number of wire segments: 84 in all. AO uses an
automatic segment-length tapering feature for
such geometries. ELNEC provides two meth-
ods. One is full element tapering, as used with
the quad. This accurate but slow technique is
supplemented in the most recent version (3.02)
with a close parallel wire correction algorithm
that requires no increase in the number of wire
segments per half wavelength. Comparative
figures are shown in the table with and without
the correction feature turned on, along with
numbers for a fully tapered version of the same
model. The dramatic speed increase allows
more efficient model development, with the
taper feature available for spot checks to ensure
accuracy. Although the feedpoint resistance is
similar in all four cases (AM, AO-taper,

ELNEC-wire correction, and ELNEC-taper),
the drift in the reactance figure reflects the dif-
ferences in the techniques used by each pro-
gram to achieve functional results.

To further test the difference between taper-
ing and close-wire correcting in ELNEC, |
modeled a scaled version of W7EL’s Field Day
Special (a cousin of the ZL Special). The dif-
ferences in source reactance appear again,
along with a difference in the resistive compo-
unent of the rear element source impedance.
Nevertheless, the 3-to-1 modeling speed
increase shows the benefits of implementing
corrections in calculation algorithms rather than
in user modeling techniques.

Calculation speed may not be the decisive
factor in overall program performance. While
AQ calculates the fastest free space complex
antennas, with or without the symmetry short-
cuts, it requires one to know or guess the take-
oft angle to match ELNEC over real ground.
Without either the tapered element or bent-wire
techniques used by its MININEC relatives, AM
requires an exceptionally large number of wires
in antennas with complex geometries in order
to converge with results from the other two
programs. Nonetheless, there are a number of
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—

Figure 9. A sample antenna view graphic from ELNEC; AQ’s graphics are quite similar (without the azimuth pat-
tern). Shown is the antenna, wire segments, source, load, current, and the azimuth pattern. AM supports a 3-D
antenna view without current distribution or pattern graphics.

noncalculational factors that contribute to a
program’s suitability. We might think of these
as resulting in an overall efficiency of perfor-
mance for particular kinds of tasks rather than
as raw calculation speed alone. Most of these
factors belong in the category of user essentials
and conveniences.

Operating conveniences

Program structure features fall into several
separable categories. You can skip over those
of no relevance to your proposed operation.

Antenna Set-up: There is no single best way
to set up an antenna description. However, the
three programs do offer some variations that
the user can adapt to different situations. With
these variations come some limitations.

ELNEC offers a wire subscreen for setting
the X, Y, and Z coordinates of the pieces of the
antenna elements. All entries are numeric, with
some pleasant shortcuts. For example, for a
quad, one need only specify a starting point set
of coordinates. From there, using wire lengths,
angles of rotation, and designators such as
“Wire 1, End 2,7 it is possible to construct the
remainder of the antenna. These mechanisms
are handy for delta beams and other antennas
with complex geometries, where a nonlinear
intersection might result in a failure of wires to
meet by an imperceptible amount. Figure 6
shows a typical wire screen in the process of
adjusting wire 4. For complex antenna geome-
tries, ELNEC offers a “wire group” feature that
permits simultaneous variation of selected para-

meters on a subset of the total number of anten-
na wires. This feature fulfills essentially the
same function as the use of variables in AO and
AM, which retain the text-editor antenna
description technique of MININEC itself.

ELNEC once used a triple-plane view of the
antenna to check one’s work, but version 3.02
now offers a three-dimenstonal graphic view of
the antenna, its current pattern, and its total
field (if the antenna is viewed after calcula-
tions). Antennas can use either the X or Y axis
for their lobe of greatest gain without slowing
calculations or losing any analytical data.

To take advantage of symmetry in free space
to speed calculations by simply mirror-imaging
half the antenna, AM and AO require that the
main lobe follow the X-axis.6 Interestingly, AO
plots place the X-axis O-degree point at the top
of the page, while AM places that point to the
right, as illustrated in Figures 7 and 8. The use
of symmetry invokes some antenna set-up
restrictions, which are slightly different for each
program. The feature shuts itself off over
ground. Moreover, both AM and AO permit the
use of symbols as variables or place holders in
the wire X-Y-Z layout, with a table of equations
to tell the program what numeric values to use.
Changing antenna element lengths, spacing, and
diameters—as well as the number of segments
per element—thus becomes a simple matter of
changing the value of one or more symbols.
AQ’s symbolic power appears stronger than
AM’s, because AO allows the use of complex
formulae. AO also permits wire rotation for con-
structing complex geometries. In contrast, AM
offers an on-screen calculator whose values can



be spliced into the antenna description, even if
the numbers have more significant digits than
the display has places to show them. Like
ELNEC, both AM and AO ofter three-dimen-
sional views of the antenna geometry. Figure 9
shows a graphic antenna view from ELNEC, but
AO is quite similar. AM’s geometry view lacks
the display of currents.

AO and AM antenna description files can be
used with both programs with only minor modi-
fications to satisty each program’s particular
limitations and rules. Figure 10 shows an AO
description file set out in symbolic dimensions
and fully annotated. Very little change would be
needed to run it on AM. In both programs,
description files are simple ASCII enumerations
of variables and values. Pattern plotting files are
fully transportable between AO and AM simply
by changing the extensions in the filenames
(.PLT vs. .PAT). ELNEC’s integration in the
form of a compiled BASIC program also puts its
description and plot files in non-ASCII form,
effectively precluding intercommunication.

Printing: Of all the packages, ELNEC offers
the most convenience in producing select print-
ed outputs from various modes of analysis. Its
graphic output screen (a “Print Screen” func-
tion) prints the selected pattern in one of sever-

al forms chosen either in the options shell or on
the tly. One can set the polar patterns for either
linear or logarithmic scales and choose to
include or exclude border data. One can also let
the key analytic factors appear on the pattern
for quick reference or appear only in a box
below the pattern. In this way, most key data,
except the detailed antenna description, appear
on a single sheet, as illustrated in Figure 11. In
addition, separate screen and printer readouts
are available for the antenna description, a table
of currents, the source data, and the analysis.
This selectivity allows the user to commit only
needed data to paper. Despite this versatility,
ELNEC has one odd shortcoming: no error
trapping on print requests. A printer error dur-
ing a run will crash the program, forcing the
user to restart and find the “LAST” file to
resume operations.

With the exception of the graphic output,
neither AM nor AO offer sophisticated print
options. AQ requires a batch file containing
certain SET functions for printer selection at
start-up. Not all the instruction sets work with
supposedly compatible printers.” Print control
uses no page end instruction, but relies on the
operator to control the printer. All data (includ-
ing a detailed antenna description and the cal-

2-Element Yagi for l@-meters
free space symmetric
28.20 MHz
8 wires, feet
sea = 4
sep = 8
dia = .875"
dib = 1"
ht = @
sp = -4.25°
c = 6'
de = 7.833°
re = 8.75@’
sea @ -de ht 9 -c ht
seb @ -c ht 7} P ht
seb 0 7] ht [} c ht
sea %] c ht @ de ht
sea sp -re ht sp -c ht
seb sp ~-C ht sp @ ht
seb sp ] ht sp c ht
sea sp c ht sp re ht
1 source
Wire 3, endl 1 @
;from Bill Orr,

CQ, Dec., 1990, pp. 83-84.

;antenna title

;environment/ground description

; frequency
;# wires,

;8ymbol definitions
:sea/b = # segments

;dia/b = element diameters

;ht = height
;8p = spacing
;¢ = fixed center section

-

e

;jre =
dia ;s wire chart
dib
dib
dia
dia
dib
dib
dia

;# sources (default =

"A Compact 2-Element Yagi for 1@ Meters,"

units of measure

de = driven element length
reflector element length

voltage)
;placement of source, value, phase

length

Figure 10. An annotated AO antenna description with symbolic dintensions, easily modified for use in AM.
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3el Yagi 16M 17°+7/8"

85-24-1993 28:15:82 .-
Freq = 28.2 MHz =

- 8dB-- ELNEC 3.62

- Gain: 7. 549 dBi
'nn le A deg -
‘F/B: 19.595 dB
Bnuidth 64 de
. -3dB: 328, 32
',Slohe -12. 855 d i
le: 188 d
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Outer Ring = 7.548 dBi
Max. Gain = 7.548 dBi

8 deg.

- nzinuth Plot
"Elevation fingle = 0.0 deg.

W7EL ELNEC 3.02

3el Yagi 10M 1"+7/8"

05-24-1993 20:15:02

Azimuth plot

Elev angle = 0.0 deg
Outer ring = 7.540 dBi
Reference = 0 dBi

Frequency =
Peak Ht = 35.000 ft
Wire Loss: Aluminum

Retvty =

Rel Perm = 1

Max Gain = 7.540 dBi
Source 1 impedance =
16.237 - J 28.628
SWR (50 ohm) = 4.174

(75 ohm) = 5.321
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Figure 11. Pattern for a 10-meter 3-element Yagi as plotted by ELNEC.

culations required) appears in the RUN. file.
One can print the log screen-by-screen. To save
or print the RUN. file as a unit, the user must
exit AO and work from DOS. To save collected
data, one must print the RUN. file or rename it
for disk storage, because the program will over-
write it during the next modeling session. To
edit the file to remove unneeded information,
one must run the ASCII file through a text edi-
tor, such as the TED program supplied for
antenna descriptions.

Like AO, AM collects its data in a file with

the extension .LOG. This file is unique to the
model and bears the same filename. It can only
be overwritten if one uses the same model file
in a new session. AM contains a DOS shell that
permits copying and printing of the file as a
unit without fully departing the program.
However, for many purposes, AM log files
require extensive manipulation. For example,
tables of currents are useful as a check on the
sensibleness of the antenna description, but lose
their relevance as one makes slight adjustments
in various parameters, like element length, fre-



quency, load value, etc. However, AM creates a
new current table with every manipulation that
requires a refiguring of the matrix, and each
dutifully enters into the log. An unreviewed log
gave me 17 pages of data that yielded less than
4 pages of needed data after editing within the
separately run AE editor that AM uses for
antenna descriptions.

If screen review of data suffices for a high
percentage of your MININEC use, then the
printing inconveniences of AO and AM are at
most minor. However, many applications
require paper data for study away from the
computer screen. With the exception of files
generated under frequency sweep, ELNEC
offers more efficient generation of select paper
than either of the other two programs.

For plot printing, AM offers two methods.
Patterns may come from the on-line printing
function, which appears to be quicker on a
Laserjet than the screen prints of AO and
ELNEC. AM also includes a separate program
for employing the HPGL feature of the PCLS
HP Laserjet language to produce plotted graph-
ics on Laserjet 1Is. Plotted outputs free the

printer from dot-to-pixel correlations that pro-
duce the inexact curves shown in all the sample
azimuth pattern figures. Rectangular plots
require less than 1 MB of printer memory, but
polar plots require at least | MB of added
optional memory. Figure 12 provides an exam-
ple of the superb, truly camera-ready AM
graphics plots. AO plots are also printable in
plot form, but require a separate program from
another vendor. Both AO and AM offer rectan-
gular graphic plots as well as the more usual
polar plots, and are capable of displaying and
printing subfields of the total far field usually
seen in antenna pattern plots. All three pro-
grams offer the potential for overlaying plots
for comparison, and the resultant complex
graphics are printable.

Parameter Changes: With antenna models,
the user almost always wants to modify one or
more variables in order to view the resultant pat-
tern or calculated values. The programs offer
different methods of performing the changes.

With AO, one may change any factor by
revising the antenna description using the edit
feature. This results in a permanent file revision

Bi

Figure 12, A sample HPGL graphics plot from AM’s Antenna Dcaw.
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and a recuing of the RUN. file. From the main
menu, the user can perform a frequency sweep
over almost any range with any step increment.
When run with the “Gain & F/B” instruction,
the program produces impedance, efficiency,
gain, and front-to-back figures at the current
azimuth angle—in other words, prepattern-gen-
eration data. The resultant addition to the RUN.
file is a compact and easily scanned data col-
lection. In addition, the user can change source
specifications from the main menu and also
enter into a versatile Options screen, shown
with the main menu in Figure 1. Among the
especially useful options to alter are the seg-
ment density to check convergence, the
azimuth angle for polar plots and figures, and
the toggling of the correction factors built into
the program. One caution is necessary: there
are 1, 2, and 4-degree options for the genera-
tion of patterns. Use the 4-degree setting only
in free space. Over real ground, the program
will only identify the take-off angle at one of
the 4-degree points, without interpolation. Over
ground, use the 1-degree selection. (In contrast,
unless an elevation pattern has many lobes per
pattern step unit. ELNEC will correctly identify
the elevation angle, even at 5 degrees per step.)
AM offers a much larger menu of in-flight
changes. Without changing the antenna de-
scription, the user can modify the sources and
loads. One can also move between free space
modeling and over-ground modeling by using
the menu to change the environment. This can
save file storage space by using one free space
description per antenna and sctting up ground
situations. including antenna height above
ground, on the go. Or, if the ground model is
sufficiently fundamental, one can put it in the
antenna description file and make a check run
in free space as the final entry in the running
log. (AM includes a soil table and calculator in
its program for help in setting up both ground
conditions and antenna dimensions.) The user
can also change frequency, but the AO frequen-
cy-sweep provision is not present. Thus, AM
creates a new current table in the log for each
new frequency, inflating the running log.
Because ELNEC uses a permanent antenna
description editor as its menu screen, all
changes are quickly accessibie. However. as
noted earlier, nothing is saved without a save
order, but overwritten by subsequent changes.
Since select results are available on screen or in
print after each run, collecting data for later use
requires a different procedure. Instead of letting
data accumulate in a running log, the ELNEC
user looks at or prints out data on the run. With
a dot matrix printer of insignificant memory.
this can interrupt operations, but with a laser
printer. the interruption is only momentary. For
antennas with complex geometries and longer

run times, studying printed output during a sub-
sequent calculation period allows the user to
develop modification strategies within a single
modeling session.

An exception to this rule is ELNECs fre-
quency sweep provision, new to version 3. This
special subscreen permits the user to select data
to be accumulated in the special run files. One
can choose to save plot traces, MicroSmith-
compatible files, and regular data collections.
By dividing the collections into groups. includ-
ing source data. load data, pattern table, cur-
rents table, and antenna analysis, ELNEC lets
the user customize data collection to applica-
tion needs. However, frequency sweep data
files may be scanned but not printed from with-
in ELNEC. Paper copics require a return to
DOS or other ASCIl-printing programs.

Repetitive Operations: Except for the new
frequency-sweep feature, ELNEC is essentially
a real-time program requiring user keyboard
input for each desired change. whether one is
moving from one model to the next or merely
making changes in the present model. In con-
trast, AO offers a provision for batch file opera-
tion in addition to its frequency sweep feature.
A DOS start-up file can specify a number of
files to run in a single unmonitored scssion.
including copying the resultant RUN. file under
another name before proceeding to the next job.

More versatile are AM’s batch or auto-run
provisions, which can make use of menu items
for each step in a repetitive process. AM’s edi-
tor contains specific provisions for construction
of auto-run controller fites. Virtually all the
function keys and the submenu selections are
available. Most significant for simple but high-
ly repetitive operations may be the “Change”
options that include sources, loads, frequency,
height, and environment (ground). Applications
are numerous. For example, one might run an
antenna through a serics of height changes in
small increments to check performance and
source impedance between, say. a half wave-
length to one and a half wavelengths in
altitude.® The output will be a collection of data
that the text editor can boil down into more tab-
ular form, Alternatively. one might change the
loading of a given antenna in small increments,
seeking out the optimal load for maximum per-
formance (however defined). Or, one might
change the source position of an off-center fed
antenna in small increments to find the optimal
position (again, however that position might be
defined). One can simulate AO’s frequency
sweep through the batch mode operation of
AM. As with all unattended operational meth-
ods. try a small batch file first to check for
smooth operation before starting an all-night
run that interrupts itself on an error just as you
fall asleep.



These comparisons do not cover anywhere
near all the program features available in each of
the commercial versions of MININEC. Details
regarding the specific attributes of each system
require close reading of the manuals. AM pro-
vides a 132-page printed manual with excellent
illustrations. ELNEC’s on-line manual (exclud-
ing added pages for the MaxP function), with an
excellent starter tutorial, has grown to over 110
pages (over 216 KB on disk) of instruction and
information. The 50-page AO manual (exclud-
ing additional pages for optimizer operation)
also provides good information for the new
modeler. If program selection requires attention
to more detailed information than is presented
here, borrowing manuals for close reading is the
next step in the process.

Conclusions

Program efficiency is a far cry from calcula-
tion speed alone. To be efficient, a program
needs to have at fingertip control all the possi-
bilities required by particular applications. No
program designer can anticipate these fully.
Moreover, most enhanced versions of
MININEC have been produced by amateurs out
of their own curiosity and interest, and their
main correspondents are likely to have been
those with relatively similar interests. Thus, it
is natural that the three most commercially
advertised versions of MININEC examined
here offer a mixture of advantage and disadvan-
tage to the individual user.

Rather than repeat the ups and downs related
to diverse tasks, let me close with an exercise
every reader can reproduce from his or her own
perspective. What would I include in my ideal
version of MININEC (had I the ability, which I
do not)? From ELNEC, I would take the menu-
driven operation. Student learning curves might
be steeper with this feature. Also from ELNEC,
I would retain the instant and separated data
print feature and the possibility for plot prints
with maximum data attached. Without doubt,
the versatility of element construction would be
useful, as would the element tapering and the
close-parallel-wire correction provisions.
Incidentally, I would also retain the ability to
place sources and loads as a percentage of ele-
ment length, rather than having only end, cen-
ter, or pulse number options.

Frequency sweep is a must in my ideal pro-
gram for checking antennas across a band.
ELNEC’s or AO’s version both work fine,
although I would like to print the resultant files
from within the program. From AO, I would
want the calculation correction features at my
command. Lest these be slighted by this com-
pact request, they include adjacent wire taper-

Explanation of Parameters in Tables

1. EL = ELNEC 3.02; AM = Antenna Model
1.02; AO = Antenna Optimizer 5.0, an exten-
sion of MN. AO1 provides data on AO opera-
tion with all correction factors turned off,
while AO2 gives data with all correction fac-
tors on.

2. Gain figures are in dBi to preclude confu-
sions occasioned by showing dipoles having
gain in dBd; that is, gain over a dipole. How-
ever, the “dipole” of dBd is a free-space dipole
of indefinitely thin wire, whereas the models
shown use finitely thick wires, whether in free
space or over real ground. Real antenna im-
provement is always the gain in dBi of the
improved model over the gain in dBi of a stan-
dard, which is often for horizontal antennas a
