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Repeaters
his section was written by Paul M. Danzer, N1l1I.
T Inthelate 1960stwo events occurred that changed the way radio amateurs communicated. The
first was the explosive advance in solid state components — transistors and integrated circuits.
A number of new “designed for communications” integrated circuits became available, as well as
improved high-power transistorsfor RF power amplifiers. Vacuum tube-based equipment, expensiveto
maintain and subject to vibration damage, was becoming obsol ete.

At about the sametime, in one of its periodic reviews of spectrum usage, the Federal Communications
Commission (FCC) mandated that commercial users of the VHF spectrum reduce the deviation of truck,
taxi, police, fireand all other commercial servicesfrom 15 kHz to 5 kHz. This meant that thousands of
new narrowband FM radioswere put i nto service and an equal number of wideband radioswereno longer
needed.

As the new radios arrived at the front door of the commercial users, the old radios that weren't
modified went out the back door, and hams lined up to take advantage of the newly available “ commer-
cial surplus.” Not since the end of World War 11 had so many radios been made available to the ham
community at very low or at | east acceptabl e prices. With alittletweaking, thetransmittersand receivers
were modified for ham use, and the great repeater boom was on.

WHAT IS A REPEATER?

Trucking companiesand police departments|earned long ago that they could get much better usefrom
their mobile radios by using an automated relay station called a repeater. Not all radio dispatchers are
located near the highest point in town or have access to a 300-ft tower. But arepeater, whose basic idea
isshown in Fig 23.1, can be more readily located where the antenna system is as high as possible and
can therefore cover a much greater area.

Types of Repeaters

The most popular and well-known type of amateur repeater isan FM voice system on the 29, 144, 222
or 440-MHz bands. Tens of thousands of hams use small 12-V powered radiosin their vehiclesfor both
casual ragchewing and staying in touch with what is going on during heavy traffic or commuting times.
Others have low-power battery-operated hand-held units, known as “handi-talkies” or “HTS” for 144,
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Fig 23.1 — Typical 2-m repeater, showing mobile-to-mobile commu-
nication through a repeater station. Usually located on a hill or tall

building, the repeater amplifies and retransmits the received signal
on a different frequency.

Table 23.1

Types of Repeaters

ATV — Amateur TV Same coverage advantages as voice repeat-
ers to hams using wideband TV in the VHF
and UHF bands. Often consist of pairs of
repeaters — one for the ATV and the other

for the voice coordination.

AM and SSB There is no reason to limit repeaters to FM.
There are a number of other modulation-type
repeaters, some experimental and some
long-established.

Digipeaters Digital repeaters used primarily for packet

communications (see the Modes chapter).
Can use a single channel (single port) or
several channels (multi-port) on one or more
VHF and UHF bands.
Multi-channel (wideband) Amateur satellites are best-known examples.
Wide bandwidth (perhaps 50 to 200 kHz) is
selected to be received and transmitted so
all signals in bandwidth are heard by the
satellite (repeater) and retransmitted, usually
on a different VHF or UHF band. Satellites
are discussed elsewhere in this chapter.

Although not permitted or practical for terres-
trial use in the VHF or UHF spectrum, there is
no reason wideband repeaters cannot be
established in the microwave region where
wide bandwidths are allowed. This would be
known as frequency multiplexing.
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222 or 440 MHz. Some mobile
and hand-held transceivers op-
erate on two bands. But there
are several other types of ham
radio repeaters. Table 23.1
describes them.

FM isthe mode of choice, as
it was in commercial service,
since it provides a high degree
of immunity to mobile noise
pulses. Operations are chan-
nelized — all stations operate
onthesametransmit frequency
andreceiveonthesamereceive
frequency. In addition, since
the repeater receives signals
from mobile or fixed stations
andretransmitsthesesignalssi-
multaneously, thetransmit and
receive frequencies are differ-
ent, or split. Direct contact be-
tween two or more stationsthat
listen and transmit on the same
frequency is called operating
simplex.

Individuals, clubs, amateur
civil defense support groupsand
other organizations all sponsor
repeaters. Anyone with a valid
amateur licensefor the band can
establish arepeater in conform-
ancewith the FCC rules. No one
owns specific repeater frequen-
cies, but nearly al repeaters are
coordinated to minimize re-
peater-to-repeater interference.
Frequency coordination and in-
terference are discussed later in
this chapter.

Block Diagrams

Repeaters normally contain
at least the sections shown in
Fig 23.2. After this, the sky is
thelimit onimagination. Asan
example, aremotereceiver site
can be used to try to eliminate
interference (Fig 23.3).
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Fig 23.2 — The basic components of a repeater station. In the early

days of repeaters, many were home-built. These days, most are

commercial, and are far more complex than this diagram suggests.
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Fig 23.3 — Separating the transmitter from the receiver helps

eliminate certain types of interference. The remote receiver can
be located on a different building or hill, or consist of a second
antenna at a different height on the tower.
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The two sites can be linked either by telephone (“hard wire”) or aVHF or UHF link. Once you have
oneremotereceiver siteit isnatural to consider asecond siteto better hear those “weak mobiles’ on the
other side of town (Fig 23.4). Some of the stations using the repeater are on 2 m while othersare on 440?
Just link the two repeaters! (Fig 23.5).

Want to help the local Civil Air Patrol (CAP)? Add areceiver for aircraft emergency transmitters
(ELT). Tornadoes? It is now legal to add a weather channel receiver (Fig 23.6).

The list goes on and on. Perhaps that is why so many hams have put up repeaters.

Repeater Terminology
Here are some definitions of
terms used in the world of Y Y
Amateur Radio FM and repeat-
. 440-MH 2-Met
ers. Repeatenz' Repeeateerr
access code — one or more [eomtraie] [eomiraier] — Repocter
numbers and/or symbols Recsiver(e)
that are keyed into the re- : — o
A Radio or Telephone Line Link
peater with a DTMF tone (2-Way) -
pad to activate a repeater Received Audio
function, such as an auto- . : _
h Fig 23.5 — Two repeaters using Fig 23.6 — For even greater
patcn. different bands can be linked for flexibility, you can add an

autopatch — adevicethatin- added convenience. auxiliary receiver.
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Fig 23.4 — A second remote receiver site can provide solid coverage on the other side of town.
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terfaces arepeater to thetelephone system to permit repeater usersto maketelephone calls. Often just
called a“patch.”

break — the word used to interrupt a conversation on a repeater only to indicate that there is an
emergency.

carrier-operated relay (COR) — adevicethat causesthe repeater to transmit in responseto areceived
signal.

channel — the pair of frequencies (input and output) used by a repeater.

closed repeater — arepeater whose access is limited to a select group (see open repeater).

control operator — the Amateur Radio operator who is designated to “control” the operation of the
repeater, as required by FCC regulations.

courtesy beep — an audible indication that a repeater user may go ahead and transmit.

cover age — the geographic area within which the repeater provides communications.

CTCSS— abbreviation for continuoustone-controlled squel ch system, aseries of subaudibletonesthat
some repeaters use to restrict access. (see closed repeater)

digipeater — a packet radio (digital) repeater.

DTMF — abbreviation for dual-tone multifrequency, the series of tones generated from akeypad on a
ham radio transceiver (or aregular telephone).

duplex or full duplex — a mode of communication in which a user transmits on one frequency and
receives on another frequency simultaneously (see half duplex).

duplexer — a device that allows the repeater transmitter and receiver to use the same antenna simulta-
neously.

frequency coor dinator — anindividual or group responsiblefor assigning frequenciesto new repeaters
without causing interference to existing repeaters.

full quieting — areceived signal that contains no noise.

half duplex — amode of communication in which a user transmits at one time and receives at another
time.

hand-held — asmall, lightweight portabl e transceiver small enough to be carried easily; alsocalled HT
(for Handie-Talkie, a Motorola trademark).

hangtime— theshort period following atransmission that allowsotherswho want to accesstherepeater
a chance to do so; a courtesy beep sounds when the repeater is ready to accept another transmission.

input frequency — the frequency of the repeater’s receiver (and your transceiver’s transmitter).

intermodulation distortion (I M D)— the unwanted mixing of two strong RF signal sthat causesasignal
to be transmitted on an unintended frequency.

key up — to turn on arepeater by transmitting on its input frequency.

machine — arepeater system.

magnetic mount or mag-mount — an antennawith amagnetic base that permits quick installation and
removal from a motor vehicle or other metal surface.

NiCd — a nickel-cadmium battery that may be recharged many times; often used to power portable
transceivers. Pronounced “NY E-cad.”

open repeater — arepeater whose access is not limited.

output frequency — the frequency of the repeater’ s transmitter (and your transceiver’s receiver).

over — aword used to indicate the end of a voice transmission.

Repeater Directory—anannual ARRL publicationthat listsrepeatersintheUS, Canadaand other areas.

separ ation or split — thedifference (in kHz) between arepeater’ stransmitter and receiver frequencies.
Repeaters that use unusual separations, such as 1 MHz on 2 m, are sometimes said to have “oddball

splits.”
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simplex — amode of communication in which users transmit and receive on the same frequency.

time-out — to cause the repeater or arepeater function to turn off because you have transmitted for too
long.

timer — a device that measures the length of each transmission and causes the repeater or a repeater
function to turn off after a transmission has exceeded a certain length.

tone pad — an array of 12 or 16 numbered keys that generate the standard tel ephone dual-tone multi-
frequency (DTMF) dialing signals. Resembles a standard telephone keypad. (see autopatch)

Advantages of Using a Repeater

Whenwe usetheterm repeater we are almost alwaystalking about transmittersand receiverson VHF
or higher bands, where radio-wave propagation is normally line of sight. Sometimes a hill or building
in the path will allow refraction or other types of edge effects, reflections and bending. But for high
quality, consistently solid communications, line of sight is the primary mode.

We know that the effective range of VHF and UHF signals is related to the height of each antenna.
Since repeaters can usually be located at high points, one great advantage of repeaters is the extension
of coverage area from low-powered mobile and portable transceivers.

Fig 23.7 illustrates the effect of using a repeater in areas with hills or mountains. The same effect is
found in metropolitan areas, where buildings provide the primary blocking structures.

Siting repeaters at high points can also have disadvantages. When two nearby repeaters use the same
frequencies, your transceiver might be able to receive both. But since it operates FM, the capture effect
usually ensuresthat the stronger signal will captureyour receiver and the weaker signal will not be heard
— at least as long as the stronger repeater isin use.

It is also simpler to provide a very sensitive receiver, a good antenna system, and a slightly
higher power transmitter at
just one location — the re-
peater — than at each mobile,
portable or home location. A
superior repeater system
compensates for the low
power (5 W or less), and
small, inefficient antennas
that many hams use to oper-
ate through them. The re-
peater maintainsthe range or
coverage we want, despite T~ <

ceiver and the repeater are at

A

B

high elevations, for example wﬁégy/////%/
e o postte |

efficient antenna of the

Fig 23.7 — In the upper diagram, stations A and B cannot commu-

transceiver (see Fig 23.8).
Repeaters also provide a

convenient meeting place for

hams with a common interest.
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nicate because their mutual coverage is limited by the mountains
between them. In the lower diagram, stations A and B can commu-
nicate because the coverage of each station falls within the
coverage of repeater C, which is on a mountaintop.



It might be geographic— your town— or it might
be aparticular interest such asDX or passing traf-
fic. Operation is channelized, and usually in any
areayou can find out which channel — or repeater
— to pick to ragchew, get highway information,
or whatever your need or interest is. The fact that
operation is channelized also provides an in-
creased measure of driving safety — you don’t
havetotunearound and call CQ to makeacontact,
ason the HF bands. Simply call on arepeater fre-
guency — if someone is there and they want to
talk, they will answer you.

Emergency Operations

Fig 23.8 — In the Rocky Mountain west, hand-
held transceivers can often cover great
distances, thanks to repeaters located atop high
mountains. (photo courtesy WBOKRX and NOIET)

When thereisaweather-related emergency or a
disaster (or one is threatening), most repeatersin
theaffected areaimmediately springtolife. Emer-
gency operation and traffic always take priority
over other ham activities, and many repeaters are equipped with emergency power sourcesjust for these
occasions.

Almost all Amateur Radio emergency organizations use repeatersto take advantage of their extended
range, uniformly good coverage and visibility. Most repeaters are well known — everyone activein an
areawith suitable equipment knowsthelocal repeater frequencies. For those who don’t, many transceiv-
ers provide the ability to scan for a busy frequency. See Fig 23.9.

Repeaters and the FCC

Thelaw inthe United States changes over time to adapt to new technology and changing times. Since
theearly 1980s, the trend has been toward deregul ation, or more accurately inthe case of radio amateurs,
self-regulation. Hams have established band plans, calling frequencies, digital protocols and rules that
promote efficient communication and interchange of information.

Originally, repeaters were licensed sepa-
rately with detailed applications and control
rules. Repeater userswereforbiddento usetheir
equipment in any way that could be interpreted
as commercial. In some cases, even calling a
friend at an office where the receptionist an-
swered with the company name was interpreted
as a problem.

Theruleshavechanged, and now most nonprofit
groups and public service events can be supported
and businesses can be called — aslong asthe par-
ticipating radio amateurs are not earning aliving
from this specific activity.

We can expect thistrend to continue. For the
latest rules and how to interpret them, see QST
and The FCC Rule Book, published by the
ARRL.

Repeaters, Satellites, EME and Direction Finding

Fig 23.9 — During disasters like the Mississippi
River floods of 1993, repeaters over a wide area
are used solely for emergency-related communi-
cation until the danger to life and property is
past. (photo courtesy WA9TZL)
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FM REPEATER OPERATION AND EQUIPMENT

Operating Techniques

There are almost as many operating procedures in use on repeaters as there are repeaters. Only by
listening can you determine the customary procedures on a particular machine. A number of common
operating techniques are found on many repeaters, however.

One such common technique is the transmission of courtesy tones. Suppose several stationsaretalking
inrotation— onefollowing another. Therepeater detectsthe end of atransmission of oneuser, waitsafew
seconds, and then transmits ashort tone or beep. The next station in the rotation waits until the beep before
transmitting, thus giving any other station wanting tojoinin abrief period to transmit their call sign. Thus
the term courtesy tone — you are politely pausing to allow other stations to join in the conversation.

Another common repeater feature that encourages polite operation istherepeater timer. Since repeater
operation is channelized — allowing many stations to use the same frequency — it is polite to keep your
transmissionsshort. If youforget thislittle politenessmany repeaterssimply cut of f your transmission after
2 or 3 minutes of continuous talking. After the repeater “times out,” the timer isreset and the repeater is
ready for the next transmission. The timer length is often set to 3 minutes or so during most times of the
day and 1 or 11/, minutes during commuter rush hourswhen many mobile stationswant to use the repeater.

A general rule, infact law — both internationally and in areasregulated by the FCC — isthat emergency
transmissionsalwayshavepriority. Thesearedefined asrelatingto life, safety and property damage. Many
repeatersarevoluntarily set upto givemobilestationspriority, at | east in checking ontotherepeater. If there
is going to be a problem requiring help, the request will usually come from a mobile station. This is
particularly true during rush
hours; somerepeater ownersre-
quest that fixed stations refrain ) Operator
from using the repeater during contro
thesehours. Sincefixed stations
usually have the advantages of Emergency Traffic
fixed antennas and higher ond Cals
power, they can operatesimplex
more easily. This frees the re-
peater for mobile stations that pianest Frionly
need it. Fixed Stations Closed Repeoters
A chart of suggested operat- Lowest Prierity (Emerglenc'es)
ing priorities is given in Fig
23.10. Many but not all repeaters
conformtothisconcept, soitcan Seeclal Uses
be used as ageneral guideline. Ko Emaromay Neta

The figure includes a sug-
gested priority control for

closed repeaters. These are re- Rush Hour Mobiles

peaters whose ownerswish, for

any number of reasons, not to * For a discussion of suggested
havethem listed asavailablefor General Rag Chowing | Tapanters, ace the F/ReT columns
general use. Often they require ' Togs maT T sunt ond otober

transmission of a subaudible or

CTCSS tone (discussed later).  Fig 23.10 — The chart shows recommended repeater operating
Not all repeaters requiring a priorities. Note that, in general, priority goes to mobile stations.
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CTCSStone are closed. Other closed repeaters require the transmission of acoded tel ephone push-button
(DTMF) tone sequence to turn on. It is desirable that all repeaters, including generally closed repeaters,
be made available at least long enough for the presence of emergency information to be made known.

Repeaters have many uses. In some areas they are commonly used for formal traffic nets,
replacing or supplementing the nets usually found on 75-m SSB. In other areas they are used with
tone alerting for severe-weather nets. Even when a particular repeater is generally used for
ragchewing it can belinked for aspecial purpose. Asan example, an ARRL volunteer official may
hold a periodic section meeting across her state, with linked repeaters allowing both announce-
ments and questions directed back to her.

One of the most common and important uses of arepeater isto aid visiting hams. Since repeaters are
listed in the ARRL Repeater Directory and other directories, hams traveling across the country with
mobile or hand-held radios often check into local repeaters asking for travel route, restaurant or lodging
information. Others just come on the repeater to say hello to the local group. In most areas courtesy
prevails — the visitor is given priority to say hello or get the needed help.

Detailed information on repeater operating techniques is included in a full chapter of the ARRL
Operating Manual.

C The Sounds 0f> Listen to transmissions through a 2-meter FM repeater.
Amateur Radio

@ The Sounds of Listen to transmissions through a 10-meter FM repeater.
Amateur Radio

Home and Mobile Equipment

There are many options available in equipment used on repeaters—both home-built and commercial.
It is common to use the same radio for both home station and mobile, or mobile and hand-held use. A
number of these options are shown in Fig 23.11.

Hand-Held Transceivers

A basic hand-held radio with 100 mW to 5 W output can be mounted in an automobile with or without
a booster amplifier or “brick.”

Several types of antennas can be used in the hand-held mode. The smallest and most convenient isa
rubber flex antenna, known as a*“rubber duckie,” ahelically wound antenna encased in aflexible tube.
Unfortunately, to obtain the small sizethe useof awirehelix or coil often producesavery low efficiency.

A guarter-wave whip, which is about 19 inches long for the 2-m band, is a good choice for enhanced
performance. Therig and your hand act as a ground plane and areasonably efficient result is obtained.
A longer antenna, consisting of several electrical quarter-wave sectionsin series, is also commercially
available. Although this antenna usually produces extended coverage, the mechanical strain of 30 or
more inches of antenna mounted on the radio’s antenna connector can cause problems. After several
months, the strain may require replacement of the connector.

Selection of batteries will change the output power from the lowest generally available— 0.1 or 0.5
W —tothe5-W level. Charging isaccomplished either with a“ quick” charger inan hour or less or with
atrickle charger overnight.

Power levels higher than 7 W may cause a safety problem on hand-held units, since the antenna is
usually close to the operator’s head and eyes. See the Safety chapter for more information.

For mobile operation, a 12-V power cord plugs into the auto cigarette lighter. In addition, commer-
cially availablebrick amplifiers— availabl e either assembled or askits— can be used to rai se the output
power level of the hand-held radio to 10 to 70 W. These amplifiers often come with transmit-receive
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Fig 23.11 — Equipment choices for use with repeaters are varied. A hand-held transceiver is perhaps
the most versatile type of radio, as it can be operated from home, from a vehicle and from a
mountaintop.
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sensing and optional preampli-
fiers. Onesuch unitisshownin Antenna
block formin Fig 23.12 Preamplifier

Mobile Equipment Ha:cl;inljleld —> ¢ o0 Y

M obile antennas range from e
quick and easy “clip-it-on”
mounting to “drill through the
car roof” assemblies. The four ittty 1
general classes of mobile an- |
tennas shown in the center sec- - RF Sening and ]
tion of Fig 23.11 are the most
popular choices. Before ex-
perimenting with antennas for  Fig 23.12 — This block diagram shows how a “brick” amplifier can
your vehicle, there are some be used with a receiver preamplifier. RF energy from the trans-
precautions to be taken. ceiver is detected, turns on the relay, and puts the RF power

amplifier in line with the antenna. When no RF is sensed from the
transceiver, the receiving preamp is in line.

A
A

L Power Amplifier >

Through-the-glass anten-
nas: Rather than trying to get
the information from your
dealer or car manufacturer, test any such antenna first using masking tape or some other temporary
techniqueto hold the antennain place. Some windshieldsare metallicized for defrosting, tinting and AM
car radio reception. Having this metal in the way of your through-the-glass antenna will seriously
decrease its efficiency.

Magnet-mount antennase convenient, but only if your car has a metal roof. The metal roof serves
as the ground plane.

Through-the-roof antenna mountingrilling aholein your car roof may not bethe best option unless
you intend to keep the car for the foreseeabl e future. This mounting method providesthe best efficiency,
however, since the (metal) roof serves as a ground plane. Before you drill, carefully plan and measure
how you intend to get the antenna cable down under the interior car headliner to the radio.

Trunk lid and clip-on antennasthese antennas are good compromises. They are usually easy to
mount and they perform acceptably. Cable routing must be planned. If you are going to run more than
afew watts, do not mount the antenna close to one of the car windows — a significant portion of the
radiated power may enter the car interior.

Mobile rigs used at home can be powered either from rechargeable 12-V batteries or fixed power
supplied from the 120-V ac line. Use of 12-V batteries has the advantage of providing back-up commu-
nications ability in the event of a power interruption. When a storm knocks down power lines and
telephone service, itiscommon to hear hamsusing their mobile or 12-V powered rigs making autopatch
calls to the power and tel ephone company to advise them of loss of service.

Home Station Equipment

The general choice of fixed-location antennas is also shown in Fig 23.11. A rotatable Yagi is
normally not only unnecessary but undesirable for repeater use, sinceit hasthe potential of extending
your transmit range into adjacent area repeaters on the same frequency pair. All antennas used to
communicate through repeaters should be vertically polarized for best performance.

Both commercial and home-made 1/4-A and larger antennas are popular for home use. A number of
these are shown in the Antennas chapter. Generally speaking, 1/4-A sections may be stacked up to
provide more gain on any band. Asyou do so, however, more and more power is concentrated toward
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the horizon. This may be de-
Fewer antenna elements yield less Si rabl e”: yOU I ivei n aﬂ at area.
gain with broader vertical coverage See F|g 23 13

While most hams do not to
try to build transceivers for
use on repeaters, accessories

M t | t . .
smeeoie | provide a fertile area for
narrower vertica

Building coverage COI:]StrUC“ onand experimen-
f// or Hil tation.

Fig 23.13 — As with all line-of-sight communications, terrain plays
an important role in how your signal gets out.

Autopatches and Tones

One of the most attractive features of repeaters is the availability of autopatch services. This
allows the mobile or portable station to use a standard telephone key pad to connect the repeater
to the local telephone line and make outgoing calls.

Table 23.2shows the tones used for these services. Some keyboards provide the standard 12
sets of tones corresponding to the digits O through 9 and the special signs# and *. Othersinclude
the full set of 16 pairs, providing special keys A through
D. The tones are arranged in two groups, usually called  topje 232
the low tones apd high tolnes. Two ton'es', one from each Standard Telephone (DTMF) Tones
group, arerequired to define akey or digit. For example,
pressing 5 will generate a 770-Hz tone and a 1336-Hz  Low Tone Group

tone simultaneously. High Tone Group

The standards used by the telephone company require 1209 1336 1477 1633
the amplitudes of these two tones to have a certain rela- Hz ~ Hz  Hz  Hz
tionship. Fortunately, most tone generators used for this 697 Hz 1 2 3 A
purpose have the amplitude relationship as part of their 77/0Hz 4 S 6 B
construction. Initially, many hamsused surplustelephone Sii Ei Z g 2 g

company keypads. These units were easily installed —
usually just two or three wires were connected. Unfortu-
nately they were constructed with wire contacts and their
reliability was not great when used in a moving vehicle.

Many repeaters require pressing a code number sequence or the special figures * or # to turn
the autopatch on and off. Out-of-area calls are usually locked out, as are services requiring the
dialing of theprefix O or 1. "Speed dial" is often available, although occasionally this can conflict
with the use of * or # for repeater control, since these special symbols are used by the telephone
company for its own purposes.

Some repeaters require the use of subaudibleor CTCSS tones to utilize the autopatch, while
others require these tones just to access the repeater in normal use. Taken from the commercial
services, subaudible tones are not generally used to keep others from using a repeater but rather
are a method of minimizing interference from users of the same repeater frequency.

For example, in Fig 23.14a mobile station on hill A is nominally within the normal coverage
area of the Jonestown repeater (146.16/76). The Smithtown repeater, also on the same fre-
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Smithtown Repeater Coverage
for Mobiles at 500 Ft
Mobile on Hill

e ————
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-

Smithtown
Repeater
Coverage

Coverage Areas for Mobiles
Below 50 Ft Altitude

~
~—o -

Jonestown
Repeater
Coverage

quency pair, usually cannot
hear stations 150 miles away
but since the mobile is on a
hill heisinthecoverage area
of both Jonestown and
Smithtown. Whenever the
mobile transmits he is heard
by both repeaters.

The common solution to
this problem, assuming it
happens often enough, is to
equip the Smithtown repeater
with a CTCSS decoder and
require all users of the re-
peater to transmit a CTCSS
tone to access the repeater.
Thus, the mobile station on

Fig 23.14 — When two repeaters operate on the same frequencies,
a well-situated operator can key up both repeaters simultaneously.

Frequency coordination prevents this occurrence.

Table 23.3
CTCSS (PL) Tone Frequencies

The purpose of CTCSS (PL) is to reduce cochannel
interference during band openings. CTCSS (PL)
equipped repeaters would respond only to signals
having the CTCSS tone required for that repeater.
These repeaters would not respond to weak distant
signals on their inputs and correspondingly not
transmit and repeat to add to the congestion.

The standard ANSI/EIA frequency codes, in hertz,
with their Motorola alphanumeric designators, are as
follows:

the hill does not come
through the Smithtown re-
peater, since he is not trans-
mitting the required CTCSS
tone.

Table 23.3 shows the available CTCSS
tones. They areusually transmitted by adding
them to the transmitter audio but at an ampli-
tude such that they are not readily heard by
thereceiving station. Itiscommonto hear the
tones described by their code designators —
a carryover from their use by Motorola in
their commercial communications equip-
ment.

Listings in the ARRL Repeater Directory
include the CTCSS tone required, if any.

Frequency Coordination and Band

67.0—XZ 118.8—2B 179.9—6B
69.3—WZ 123.0—3Z 183.5
71.9—XA 127.3—3A 186.2—77
74.4—WA 131.8—3B 189.9
77.0—XB 136.5—4Z 192.8—7A
79.7—WB 141.3—4A 199.5
82.5—YZ 146.2—4B 203.5—M1
85.4—YA 151.4—57 206.5—8Z
88.5—YB 156.7—5A 210.7—M2
91.5—77 159.8 218.1—M3
94.8—ZA 162.2—5B 225.7—M4
97.4—7B 165.5 229.1—97
100.0—1Z 167.9—6Z 233.6—M5
103.5—1A 171.3 241.8—M6
107.2—1B 173.8—6A 250.3—M7
110.9—27 177.3 254.1—0Z
114.8—2A

Plans

Since repeater operation is channelized, with
many stations sharing the same frequency pairs,
the amateur community has formed coordinat-
ing groups to help minimize conflicts between
repeaters and among repeaters and other modes.
Over the years, the VHF bands have been di-
vided into repeater and nonrepeater sub-bands.
These frequency-coordination groups maintain
listsof availablefrequency pairsintheir areas. A
complete list of frequency coordinators, band
plans and repeater pairsisincluded inthe ARRL

Repeater Directory
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Each VHF and UHF repeater band has been subdivided into
repeater and nonrepeater channels. In addition, each band has a
specific offset — the difference between the transmit frequency
and the receive frequency for the repeater. While most repeaters
use these standard offsets, others use “ oddbal | splits.” These non- Band Offset
standard repeaters are generally also coordinated through the lo- 29 MHz 100 kHz

. 52 MHz 1 MHz
cal frequency coordinator. Table 23.4 shows the standard fre- 144 MHz 600 kHz
guency offsets for each repeater band. 222 MHz 1.6 MHz

The 10-m repeater band offers an additional challenge for re- 440 MHz 5 MHz

h : ; 902 MHz 12 MHz
peater users. Itistheonly repeater band whereionosphericpropa- 1540 MHz 12 MHz

gation is a regular factor. Coupled with the limited nhumber of

Table 23.4

Standard Frequency Offsets
for Repeaters

repeater frequency assignmentsavailable, the standardinthisband

IS to use CTCSS tones on aregional basis. Table 23.5 lists the Table 23.5
coordinated tone assignments. As can be seen, 10-m repeatersin aple co. _
the 4th call area will use either the 146.2 or 100.0 (4B or 1Z) IlO;l;/Ig(():LCiSR:[egue:c;e;

n the oard of Direc-
CTCSS tone. tors adopted the 10-m CTCSS (PL)
tone-controlled squelch frequencies
listed below for voluntary incorpora-
tion into 10-m repeater systems to
provide a uniform national system.

AT THE REPEATER SITE

For details on the many elements that go into planning and
installing arepeater at a particular site, request the 96 Handbook
Repeater template from the ARRL Technical Secretary. (Thereis gfg'a Tone 1 Tone 2
anominal charge for postage and handling.) W1  131.8 Hz-3B 915 Hz-77

w2 136.5 -4Z 948 -ZA
W3 1413 -4A 974 -ZB
w4 146.2 -4B 100.0 -1Z
W5 1514 -5Z 1035 -1A
W6 156.7 -5A 107.2 -1B
W7 162.2 -5B 1109 -2Z
w8 1679 -6Z 1148 -2A
W9 1738 -6A 1188 -2B
wo 179.9 -6B 123.0 -3Z
VE 127.3 -3A 885 -YB
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Satellites

Unless propagation enhancements are used, radio communication distances are essentially limited by
the curvature of the Earth. Propagation effectsthat are dependent upon the atmosphere or ionosphere can
be conditionally (and sometimes unpredictably) used to transmit radio signals around the Earth’s cur-
vature, thus thwarting the straight-line radio range concept, even at VHF and UHF frequencies. Com-
municating beyond line-of-sight distances, however, may require the use of high power and gain anten-
nas. These types of communications are defined as “terrestrial communications.”

Because objects in space are visible from a number of locations on the Earth at the same time, it is
possible to predict communications between stations within this “circle of visibility.” This can be
achieved by using the space object as a passive reflector for radio energy, or if the space object contains
atransponding radio transmitter/receiver, it can act as aradio relay. The predictable signal path to the
space object and back avoids the uncertain attenuation inherent in terrestrial propagation.

Amateur Radio space communications have two major facets: artificial satellites and our natural
satellite, the Moon. Together, they make VHF and higher frequencies usable for amateur intercontinen-
tal communications and push today’ s technology to the limit. This section, written by Robert Diersing,
N5AHD, covers communication from and through artificial spacecraft. EME or moonbounce commu-
nication is covered later in this chapter.

THE AMATEUR SATELLITES

The Amateur Radio satellite program began with the design, construction and launch of OSCAR | in
1961 under the auspices of the Project OSCAR Association in California. The acronym “OSCAR,”
which has been attached to almost all Amateur Radio satellite designations on aworldwide basis, stands
for Orbiting Satellite Carrying Amateur Radio. Project OSCAR was instrumental in organizing the
construction of the next three Amateur Radio satellites— OSCARsII, 111 and 1V. The Radio Amateur’s
Satellite Handbook, published by ARRL, has details of the early days of the amateur space program.

In 1969, the Radio Amateur Satellite Corporation (AMSAT) wasformedin Washington, DC. AMSAT
has participated in the vast magjority of amateur satellite projects, both in the United States and interna-
tionally, beginning with the launch of OSCAR 5. Now, many countries have their own AMSAT orga-
nizations, suchasAMSAT-UK inEngland, AMSAT-DL inGermany, BRAMSAT inBrazil and AMSAT-
LU in Argentina. All of these organizations operate independently but may cooperate on large satellite
projectsand other items of interest to theworldwide Amateur Radio satellite community. Because of the
many AMSAT organizations now in existence, the US AMSAT organization is frequently designated
AMSAT-NA.

Beginning with OSCAR 6, amateurs started to enjoy the use of satellites with lifetimes measured in
yearsasopposed to weeksor months. Theoperational livesof OSCARs6, 7, 8and 9, for example, ranged
between four and eight years. All of these satellites were low Earth orbiting (LEO) with altitudes
approximately 800-1200 km. LEO Amateur Radio satellites have al so been launched by other groups not
associated with any AMSAT organization such as the Radio Sputniks 1-8 and the ISKRA 2 and 3
satellites launched by the former Soviet Union.

The short-lifetime LEO satellites (OSCARs | through 1V and 5) are sometimes designated the Phase
| satellites, whilethelong-lifetime LEO satellites are sometimes called the Phase || satellites. Thereare
other conventions in satellite naming that are useful to know. First, it is common practice to have one
designation for a satellite before launch and another after it is successfully launched. Thus, OSCAR 10
(discussed later) was known as Phase 3B before launch. Next, the AMSAT designator may be added to
thename, for example, AMSAT-OSCAR 10, or just AO-10for short. Finally, some other designator may
replace the AMSAT designator such as the case with Japanese-built Fuji-OSCAR 29 (FO-29).

In order to provide wider coverage areas for longer time periods, the high-altitude Phase 3 serieswas
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Current Amateur Satellites

OSCAR 10, the second Phase 3 satellite, was launched on June 16, 1983, aboard an ESA Ariane
rocket, and was placed in an elliptical orbit. OSCAR 10 carries Mode B and Mode L transponders.
Due to internal damage, it is currently uncontrollable.

OSCAR 11, a scientific/educational low-orbit satellite, was built at the University of Surrey in En-
gland and launched on March 1, 1984. This UoSAT spacecraft has also demonstrated the feasibility
of store-and-forward packet digital communications and is fully operational.

OSCAR 16, also known as PACSAT, was launched in January 1990. A digital store-and-forward
packet radio file server, it has an experimental S-band beacon at 2401.143 MHz.

OSCAR 19, also known as LUSAT, was sponsored by AMSAT Argentina. Launched in January
1990, it is nearly identical to OSCAR 16.

OSCAR 20, launched into low Earth orbit in February 1990, is the second amateur satellite de-
signed and built in Japan. It carries Mode J and Mode JD (digital store-and-forward) transponders. Its
digital functions are no longer operational.

OSCAR 22, another of the UoSAT series for both amateur and commercial services, was launched
in July 1991. UO-22 now operates in amateur store-and-forward service as well as a 110°-wide CCD
camera viewing the Earth.

OSCAR 23, also known as KITSAT-A (the Korean Institute of Technology), was launched in August
1992, and is functionally very similar to UO-22 with its high speed digital BBS and CCD camera
operations.

OSCAR 25, known as KITSAT-B, was launched in September 1993. It is a clone of OSCAR 23.
OSCAR 27 is a companion module aboard the commercial EyeSat-A microsat. Launched in Sep-
tember 1993, OSCAR 27 is an experimental platform designed by AMRAD. At the time of this writing,

it is being used primarily as an FM voice repeater.

@ The Sounds Of) Listen to a QSO through the AMRAD-OSCAR 27 satellite.
Amateur Radio

OSCAR 28, also known as PoSAT, was launched in September 1993. Although the satellite is
operational, it is not open for amateur use at this writing. Similar to KITSAT-OSCAR 23, it was built at
the University of Surrey by a team of Portuguese engineers and the UoS staff.

RS 15, launched in December 1994, is a Mode A spacecraft; its uplink is on the 2-m band, and its
downlink is on 10 m.

OSCAR 29, launched from Japan in 1996, is similar to OSCAR 20 with the exception that its packet
BBS has 9600-baud capability.

OSCAR 31, launched in July 1998, is the first Thai microsat. Known as TMSat, it was constructed at
the University of Surrey by Thai engineers and the UoS staff. Similar in construction to KITSAT-
OSCAR 23, it has a Mode JD 9600-baud FSK digital transponder.

OSCAR 33, also known as SEDSAT-1 (Students for the Exploration and Development of Space
Satellite 1), was designed and built at the University of Alabama, Huntsville. Launched in October
1998, it contains a digital packet store-and-forward repeater as well as an analog repeater system.

OSCAR 34, launched from the shuttle Discovery in October 1998, is also known as PANSAT, for
Petite Amateur Navy Satellite. It carries a spread-spectrum communication package fabricated by
student officers and faculty at the Naval Postgraduate School in Monterey, California. PANSAT is
used for store-and-forward digital packet communication using direct sequence spread spectrum
modulation.

OSCAR 35, launched in February 1999, is also called SUNSAT. Designed and built at the Univer-
sity of Stellenbosch in South Africa, it includes digital store-and-forward capability and a voice “parrot”
repeater used primarily for educational purposes. SUNSAT also carried two NASA experiments and
an experimental pushbroom imager capable of taking pictures of Earth.
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initiated. Phase 3 satellites often provide 8-12 hours of communicationsfor alarge part of the Northern
Hemisphere. After losing the first satellite of the Phase 3 series to a launch vehicle failure in 1980,
AMSAT-OSCAR 10 was successfully launched and became operational in 1983. AMSAT-OSCAR 13,
the followup to the AO-10 mission, was launched in 1988 and re-entered the atmosphere in 1996. AO-
10 provides some wide-area communications capability at certain times of the year despite the failure
of its onboard computer memory. The successor to AO-13, Phase 3D, is awaiting alaunch opportunity
at this writing.

With the availability of the long access time and wide coverage of satellites like AO-10 and the
upcoming Phase 3D, it may seem that the lower altitude orbits and shorter access times of the Phase 11
series would be obsolete. This certainly might be true were it not for the incorporation of digital store-
and-forward technology into many current satellites operating in low Earth orbit. Satellites providing
store-and-forward communication services using packet radio techniques are generically called
PACSATSs. Filesstored inaPACSAT message system can be anything from plain ASCI| text to digitized
pictures and voice.

Thefirst satellitewith adigital store-and-forward featurewasUoSAT-OSCAR 11. UO-11'sDigital
Communications Experiment (DCE) was not open to the general Amateur Radio community although
it was utilized by designated “ gateway” stations. Thefirst satellite with store-and-forward capability
open to all amateurs was the Japanese Fuji-OSCAR 12 satellite, launched in 1986. FO-12 was suc-
ceeded by FO-20, launched in 1990, and FO-29, launched in 1996. In addition to providing digital
store-and-forward service. FO-20 and FO-29 also have analog linear transponders for CW and SSB
communication.

By far the most popular store-and-forward satellites are the PACSATSs utilizing the PACSAT Broad-
cast Protocol. These PACSATsfall into two general categories — the Microsats, based on technol ogy
developed by AMSAT-NA, and the UOSATS, based on technology developed by the University of
Surrey in the UK. While both types are physically small spacecraft, the Microsats represent a truly
innovative design in terms of size and capability. A typical Microsat is a cube measuring 23 cm (9 in)
on asideand weighing about 10kg (22 Ib). The satellitewill contain an onboard computer, enough RAM
for the message storage, two to three transmitters, a multichannel receiver, telemetry system, batteries
and the battery charging/power conditioning system.

Amateur Radio satellites have evolved to provide two primary types of communication services —
analog transponders for real-time CW and SSB communication and digital store-and-forward for non
real-time communication. Which of the two types interest you the most will probably depend on your
current Amateur Radio operating habits. If you enjoy real-time DX QSOs on the HF bands, you may be
most interested in the high-altitude wide-coverage satellites such as the Phase 3D satellite. On the other
hand, if you are a computer and terrestrial packet radio enthusiast you may be more interested in the
digital store-and-forward satellites like AO-16, UO-22 and KO-23. Whatever your preference, the
remainder of this section should provide the information to help you make a successful entry into the
specialty of amateur satellite communications.

@ The Sounds 0f> Listen to the Fuji-OSCAR 29 “DigiTalker” beacon ID in Japanese and
Amateur Radio / En9lish-

@ The Sounds of Listen to an SSB QSO via the Fuji-OSCAR 29 satellite.
Amateur Radio

Basic Operations and Terminology
Since both low and high Earth orbit (LEO and HEO) satellites are available for use, it would be
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agood ideato acquire a mental picture of the
communication range for each type of orbit. In
Fig 23.15, the white circle, centered roughly
on the United States, is atypical footprint for
alow Earth orbit satellitelike AO-16. Stations
within the footprint can store and/or retrieve
messages to/from the store-and-forward mes-
sage system. For satellites that are used for
real-time SSB and CW QSOs, only stations
that are in the footprint simultaneously can
Communi cate. 31/22/94 18:12.:.52.41 UtC o X

In Fig 23.16, for the Phase 3D satellite at | . 7.9 0s
apogee, the range circle is quite substantial. : t!  795.559
Keep in mind that for LEO satellites like AO-
16 the footprint is moving quickly, and for  Fig 23.15— Communication range circle or “foot-
HEO satellitesitismoving slowly. LEO satel- ~ Print” for AO-16.
lites will typically have access times of 12 to
20 minutes while HEO satellites can have ac-
cesstimesaslongas10to 12 hours. For amore
compl ete discussion of orbital mechanics and
other topics in this section, see The Radio
Amateur’s Satellite Handbook published by
the ARRL.

When accessing an Amateur Radio satellite,
the ground station receiver is tuned to the
satellite’s downlink frequency. If the particular
satellite supports two-way communication, the

p5/24/96 88:12:080.80 UTC {15, PHﬁSE 3D

ground station transmitson the satellite’ s Upl ink Azinuth Elevation Range (kw) Doppler Offp
. . 262.834° 67.167° 48122.760
frequency. The uplink and downlink frequen-
. . . . . Lat: 36.881° Lon: -97.677° Alt: 47671.787 Phsi131.2 Mod:
cieswill bein different bands, and each combi- 37.4 hn B8E uf Buid, OK

nation of bands used will have_ amode des_lgng- Fig 23.16—The Earth as seen from the Phase 3D
tor. For example, thecombinationof anuplinkin  satellite at apogee, depicted by InstantTrack

the 2-m band and adownlink inthe 10-mbandis  satellite-tracking software. The broad footprint
called Mode A. More discussion of operating b_rings nearly all of the US into range at the same
modes can be found in the next two sections, but time.

youmay wishtolook at Tables23.6 and 23.7 for

some examples of the different modes available.

The exact manner in which satellite uplinks and downlinks are utilized depends on whether the
primary purpose of the satellite isto provide analog or digital communication services. Satellites
make use of transponders. Transponders regenerate all signals appearing in their input (uplink)
frequency band on their output (downlink) frequency band. CW, SSB and FM signals appearing
at the input will appear as CW, SSB, or FM signals on the output. Depending on the design of the
transponder, USB on the input may appear either as USB or LSB on the output. The low-to-high
frequency relationship of the uplink and downlink frequency bands may also differ. Notein Table
23.7, for example, that all downlink passbands areinverted from the uplink passbands. This means
that asignal at the low end of the uplink will be retransmitted at the high end of the downlink. On
the other hand, RS-15 Mode A uplink is 145.860 to 146.000 MHz, while the downlink is 29.360
t0 29.400 MHz. Consequently, asignal at thelow end of the uplink band will appear at the low end
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Table 23.6

Analog Transponder Frequencies

RS Satellites

Mode A
Uplink
Downlink
Beacons
Mode A Robot
Uplink
Downlink
Mode K
Uplink
Downlink
Beacons
Mode K Robot
Uplink
Downlink
Mode T
Uplink
Downlink
Beacons
Mode T Robot
Uplink
Downlink

RS-13

RS-15

145.960-146.000 145.858-145.898

29.460-29.500
29.458/29.504

145.840
29.504

21.260-21.300
29.460-29.500
29.458/29.504

21.138
29.504

21.260-21.300
145.960-146.000
145.862/145.908

21.138
145.908

29.354-29.394
29.353/29.399

Phase 3 Satellites

Satellite Mode

AO-10 B
Beacon

Other Satellites
Satellite Mode

FO-20 J(A)
Beacon

FO-29 J(A)
Beacon

Uplink (MHZz)
435.030-435.180

Uplink (MHZz)
145.900-146.000

145.900-146.000

Downlink (MHZz)

145.825-145.975
145.810

Downlink (MHz)

435.800-435.900
435.795

435.800-435.900
435.795
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Table 23.7

Uplink and Downlink Frequencies for the Phase-3D Satellite

Uplinks

Band Digital (MHz) Analog (MHz)  Center (MHz)
15 m N/A 21.210-21.250 21.230
12 m N/A 24.920-24.960 24.940
2m 145.800-145.840 145.840-145.990 145.915
70 cm 435.300-435.550 435.550-435.800 435.675
23 cm(1) 1269.000-1269.250 1269.250-1269.500 1269.375
23 cm(2) 1268.075-1268.325 1268.325-1268.575 1268.450
13 cm(1) 2400.100-2400.350 2400.350-2400.600 2400.475
13 cm(2) 2446.200-2446.450 2446.450-2446.700 2446.575
6 cm 5668.300-5668.550 5668.550-5668.800 5668.675

Downlinks
Band Digital (MHz) Analog (MHz) Center (MHz)
2m 145.955-145.990 145.805-145.955 145.880
70 cm 435.900-436.200 435.475-435.725 435.600
13 cm 2400.650-2400.950 2400.225-2400.475 2400.350
3cm 10451.450-10451.750 10451.025-10451.275 10451.150
1.5cm 24048.450-24048.750 24048.025-24048.275 24048.150

All downlink passbands are inverted from the uplink passbands.

Beacons General Middle Engineering
Band Beacon (MHz) Beacon (MHz) Beacon (MHz)
2m N/A 145.880 N/A

70 cm 435.450 435.600 435.850

13 cm (1) 2400.200 2400.350 2400.600
13 cm (2) 2401.200 2401.350 2401.600
3cm 10451.000 10451.150 10451.400
1.5cm 24048.000 24048.150 24048.400

Note: The absence of a 2-m beacon is due strictly to characteristics of the IF Matrix and the limited band-
width available on that band. The beacons on the other bands are for various purposes, including providing
spacecraft engineering data to the command stations. All beacons can be modulated with 400 bits per
second BPSK and possibly other formats.

HIGHER FREQUENCY LOWER FREQUENCY

| UPLINK PASSBAND |

MIXED
Cw CW/SSB SSB

| DOWNLINK PASSBAND |

LOWER FREQUENCY HIGHER FREQUENCY

GENERAL COMMUNICATIONS
BAND

OSCAR SATELLITE BAND PLAN

Fig 23.17 — The OSCAR satellite
band plan allows for CW-only,
mixed CW/SSB, and SSB-only
operation. Courteous operators
observe this voluntary band plan
at all times.
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of the downlink band. The band plan used on most OSCAR
satellitesis givenin Fig 23.17. FM israrely used on amateur
satellite transponders.

In contrast to a satellite such as RS-10, whose primary mis-
sionisproviding linear transpondersfor CW and SSB commu-
nications, uplink and downlink frequencies on digital commu-
nications satellites are usually channelized. Table 23.9 shows
that specific frequencies are used for both uplink and down-
link. Thereason for multiple uplinks and a single downlink on
some satellites is the uncoordinated Aloha access used by
ground stations. Generally, the satellite can handle requests
from more than one ground station without overloading its
own downlink.

Remember that the ground station will experience Doppler
shift of the downlink frequency as the satellite moves with re-



Table 23.9
Uplink and Downlink Frequencies for Satellites with Two-Way Digital Communications Links

Uplink Downlink
Freq Rate Freq Rate
Satellite Mode (MH2z) Modulation (bps) (MH2z) Modulation  (bps)
AO-16 JD 145,900 Manchester 437.051 RCBPSK 1200
145.920 Encoded AFSK 437.026
145.940 2401.143
145.960
LO-19 JD 145.840 Manchester 1200 437.154 BPSK 1200
145.860 Encoded AFSK 437.126 RCBPSK 1200
145.880
145.900
UO-22 JD 145,900 FSK 9600 435.120 FSK 9600
145.975
KO-23 JD 145.850 FSK 9600 435.175 FSK 9600
JD 145.900
KO-25 JD 145.980 FSK 9600 436.500 FSK 9600
TO-31 JD TBA — — 436.923 — —
TO-32 JD TBA — — 435.325/ — —
435.225

spect to the observer. For satellites with linear transponders, operating procedures have been estab-
lished to minimize interference to other stations in the passband while staying tuned to the desired
station. For digital satellites, the modem usually tunes the receiver frequency to compensate for
Doppler shift.

Satellites with Analog Transponders

Table 23.6 is a list of frequencies for all Amateur Radio satellites providing linear transponder
communication facilities, and Table 23.7 contains the Phase 3D frequencies. Both were accurate as of
1999.

A sensible approach for getting started in amateur satellite communication isto choose one of thelow
Earth orbit satellites (RS-15, for example) operating on frequencies for which you already have equip-
ment. Even though the accesstimeswill be much shorter than with the higher orbit satellites, experience
can be gained using existing equipment and simple antennas. Then, if the bug bites hard, assemble a
station to work the wider coverage birds.

There is so much emphasis on the wide-area coverage of high altitude satellites, that the low
Earth orbit (LEO) satellites often do not receive proper attention. There is a great amount of
satisfaction to be gained from working other stationsvia LEO satellites, however. Moreover, such
contacts provide practice at tracking and tuning that will prove valuable no matter which satellite
is eventually used.

A first attempt at amateur satellite communication should be undertaken asinexpensively aspossible.
Successful operation on LEO satellites can be realized using omnidirectional antennas, an uplink power
in the area of 100 W EIRP and agood receiver. If Mode A isused, a 10-m receive preamp might prove
useful. Similarly, if Mode Jis used, a 70-cm preamp could be beneficial. One goal of an entry-level
approach isto eliminate the complexity of high-gain steerable antennas. A power level of 50-100 W into
an omnidirectional antennais more than adequate for CW QSOs and at times will support SSB QSOs.
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Glossary of Satellite Terminology

AMSAT — A registered trademark of the Radio Amateur Satellite Corporation, a nonprofit scientific/
educational organization located in Washington, DC. It builds and operates Amateur Radio satel-
lites and has sponsored the OSCAR program since the launch of OSCAR 5. (AMSAT, PO Box 27,
Washington, DC 20044.)

Anomalistic period — The elapsed time between two successive perigees of a satellite.

AO-# — The designator used for AMSAT OSCAR spacecratft in flight, by sequence number.

AOS — Acquisition of signal. The time at which radio signals are first heard from a satellite, usually
just after it rises above the horizon.

Apogee — The point in a satellite’s orbit where it is farthest from Earth.

Area coordinators — An AMSAT corps of volunteers who organize and coordinate amateur satellite
user activity in their particular state, municipality, region or country. This is the AMSAT grassroots
organization set up to assist all current and prospective OSCAR users.

Argument of perigee — The polar angle that locates the perigee point of a satellite in the orbital
plane; drawn between the ascending node, geocenter, and perigee; and measured from the as-
cending node in the direction of satellite motion.

Ascending node — The point on the ground track of the satellite orbit where the sub-satellite point
(SSP) crosses the equator from the Southern Hemisphere into the Northern Hemisphere.

Az-el mount — An antenna mount that allows antenna positioning in both the azimuth and elevation
planes.

Azimuth — Direction (side-to-side in the horizontal plane) from a given point on Earth, usually
expressed in degrees. North = 0° or 360°; East = 90°; South = 180°; West = 270°.

Circular polarization (CP) — A special case radio energy emission where the electric and magnetic
field vectors rotate about the central axis of radiation. As viewed along the radiation path, the
rotation directions are considered to be right-hand (RHCP) if the rotation is clockwise, and left-hand
(LHCP) if the rotation is counterclockwise.

Descending node — The point on the ground track of the satellite orbit where the sub-satellite point
(SSP) crosses the equator from the Northern Hemisphere into the Southern Hemisphere.

Desense — A problem characteristic of many radio receivers in which a strong RF signal overloads
the receiver, reducing sensitivity.

Doppler effect — An apparent shift in frequency caused by satellite movement toward or away from
your location.

Downlink — The frequency on which radio signals originate from a satellite for reception by stations
on Earth.

Earth station — A radio station, on or near the surface of the Earth, designed to transmit or receive
to/from a spacecraft.

Eccentricity — The orbital parameter used to describe the geometric shape of an elliptical orbit;
eccentricity values vary from e = 0 to e = 1, where e = 0 describes a circle and e = 1 describes a
straight line.

EIRP — Effective isotropic radiated power. Same as ERP except the antenna reference is an isotro-
pic radiator.

Elliptical orbit — Those orbits in which the satellite path describes an ellipse with the Earth at one focus.

Elevation — Angle above the local horizontal plane, usually specified in degrees. (0° = plane of the
Earth’s surface at your location; 90° = straight up, perpendicular to the plane of the Earth).

Epoch — The reference time at which a particular set of parameters describing satellite motion
(Keplerian elements) are defined.

EQX — The reference equator crossing of the ascending node of a satellite orbit, usually specified in
UTC and degrees of longitude of the crossing.

ERP — Effective radiated power. System power output after transmission-line losses and antenna
gain (referenced to a dipole) are considered.

ESA — European Space Agency. A consortium of European governmental groups pooling resources
for space exploration and development.

FO-# — The designator used for Japanese amateur satellites, by sequence number. Fuji-OSCAR 12
and Fuji-OSCAR 20 were the first two such spacecraft.
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Geocenter — The center of the Earth.

Geostationary orbit — A satellite orbit at such an altitude (approximately 22,300 miles) over the
equator that the satellite appears to be fixed above a given point.

Groundtrack — The imaginary line traced on the surface of the Earth by the subsatellite point
(SSP).

Inclination — The angle between the orbital plane of a satellite and the equatorial plane of the
Earth.

Increment — The change in longitude of ascending node between two successive passes of a
specified satellite, measured in degrees West per orbit.

Iskra — Soviet low-orbit satellites launched manually by cosmonauts aboard Salyut missions. Iskra
means “spark” in Russian.

JAMSAT — Japan AMSAT organization.

Keplerian Elements — The classical set of six orbital element numbers used to define and compute
satellite orbital motions. The set is comprised of inclination, Right Ascension of Ascending Node
(RAAN), eccentricity, argument of perigee, mean anomaly and mean motion, all specified at a
particular epoch or reference year, day and time. Additionally, a decay rate or drag factor is usually
included to refine the computation.

LHCP — Left-hand circular polarization.

LOS — Loss of signal — The time when a satellite passes out of range and signals from it can no
longer be heard. This usually occurs just after the satellite goes below the horizon.

Mean anomaly (MA) — An angle that increases uniformly with time, starting at perigee, used to
indicate where a satellite is located along its orbit. MA is usually specified at the reference epoch
time where the Keplerian elements are defined. For AO-10 the orbital time is divided into 256 parts,
rather than degrees of a circle, and MA (sometimes called phase) is specified from 0 to 255. Peri-
gee is therefore at MA = 0 with apogee at MA = 128.

Mean motion — The Keplerian element to indicate the complete number of orbits a satellite makes
in a day.

Microsat — Collective name given to a series of small amateur satellites having store-and-forward
capability (OSCARs 14-19, for example).

NASA — National Aeronautics and Space Administration, the US space agency.

Nodal period — The amount of time between two successive ascending nodes of satellite orbit.

Orbital elements — See Keplerian Elements.

Orbital plane — An imaginary plane, extending throughout space, that contains the satellite
orbit.

OSCAR — Orbiting Satellite Carrying Amateur Radio.

PACSAT— Packet radio satellite (see Microsat and UoSAT-OSCAR).

Pass — An orbit of a satellite.

Passband — The range of frequencies handled by a satellite translator or transponder.

Perigee — The point in a satellite’s orbit where it is closest to Earth.

Period — The time required for a satellite to make one complete revolution about the Earth. See
Anomalistic period and Nodal period.

Phase | — The term given to the earliest, short-lived OSCAR satellites that were not equipped with
solar cells. When their batteries were depleted, they ceased operating.

Phase 2 — Low-altitude OSCAR satellites. Equipped with solar panels that powered the spacecraft
systems and recharged their batteries, these satellites have been shown to be capable of lasting up
to five years (OSCARs 6, 7 and 8, for example).

Phase 3 — Extended-range, high-orbit OSCAR satellites with very long-lived solar power systems
(OSCARs 10 and 13, for example).

Phase 4 — Proposed OSCAR satellites in geostationary orbits.

Precession — An effect that is characteristic of AO-10 and Phase 3 orbits. The satellite apogee SSP
will gradually change over time.

Project OSCAR — The California-based group, among the first to recognize the potential of space
for Amateur Radio; responsible for OSCARs | through IV.

QRP days — Special orbits set aside for very low power uplink operating through the satellites.
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RAAN — Right Ascension of Ascending Node. The Keplerian element specifying the angular dis-
tance, measured eastward along the celestial equator, between the vernal equinox and the hour
circle of the ascending node of a spacecraft. This can be simplified to mean roughly the longitude of
the ascending node.

Radio Sputnik — Russian Amateur Radio satellites (see RS #).

Reference orbit — The orbit of Phase Il satellites beginning with the first ascending node during that
UTC day.

RHCP — Right-hand circular polarization.

RS # — The designator used for most Russian Amateur Radio satellites (RS-1 through RS-15, for
example).

Satellite pass — Segment of orbit during which the satellite “passes” nearby and in range of a
particular ground station.

Sidereal day — The amount of time required for the Earth to rotate exactly 360° about its axis with
respect to the “fixed” stars. The sidereal day contains 1436.07 minutes (see Solar day).

Solar day — The solar day, by definition, contains exactly 24 hours (1440 minutes). During the solar
day the Earth rotates slightly more than 360° about its axis with respect to “fixed” stars (see Side-
real day).

Spin modulation — Periodic amplitude fade-and-peak resulting from the rotation of a satellite’s
antennas about its spin axis, rotating the antenna peaks and nulls.

SSC — Special service channels. Frequencies in the downlink passband of AO-10 that are set aside
for authorized, scheduled use in such areas as education, data exchange, scientific experimenta-
tion, bulletins and official traffic.

SSP — Subsatellite point. Point on the surface of the Earth directly between the satellite and the
geocenter.

Telemetry — Radio signals, originating at a satellite, that convey information on the performance or
status of onboard subsystems. Also refers to the information itself.

Transponder — A device onboard a satellite that receives radio signals in one segment of the
spectrum, amplifies them, translates (shifts) their frequency to another segment of the spectrum
and retransmits them. Also called linear translator.

UoSAT-OSCAR (UO #) — Amateur Radio satellites built under the coordination of radio amateurs
and educators at the University of Surrey, England.

Uplink — The frequency at which signals are transmitted from ground stations to a satellite.
Window — Overlap region between acquisition circles of two ground stations referenced to a specific
satellite. Communication between two stations is possible when the subsatellite point is within the

window.

The author has had many satellite contacts using

the approach described here. Fig 23.18 shows a ot || __sasmromn, waswicx mosc siave u.s A |
few QSL cardsfrom contactsmadefromhisQTH ﬁ% ; w I c E l l
onthelower Texas Gulf Coast. Fig 23.19 shows Lmesl | .

Q20

the ground plane and small Y agi antennas used Hoe e | s Vit e iz i
on the 2-m and 70-cm bands. On 10 m, either a 20563y s sz I3 4q | g

| warwer, W1 02858 ALKD CotaTy |

dipole or wire loop antenna was used.

Assembling a Mode B Station PANAMAHPI“:;

If antennainstallation restrictions and budget
constraints are not a problem, you may want to
try the high-orbit satellites using Mode B (430

MHz up, 145 MHz down). Thissection givesthe

important considerations for assembling this i 23.18 — some stations worked from a QTH on
type of station. Obviously, these requirements  the lower Texas Gulf Coast using simple antennas.
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can be realized in many different system configurations. More
information can be found in the section on equipping a station.

A typical station will use a 145-MHz circularly polarized an-
tenna of at least 13 dBic having switchable polarization sense
between RHCP and LHCP. If switchable polarizationisnot avail-
able, then RHCP is the preferred choice. Even though antennas
with gain exceeding 18 dBi are available, they are not cost effec-
tive because the local noise floor becomes the limiting factor.
Keep in mind that thisantennaisused for both the Mode B down-
link and the Mode J uplink.

Similarly, the 435-MHz antenna should be circularly polarized
and have at least 13 dBic gain. Higher gains, in the range of 14 to
18 dBic, are preferred. Switchable polarization is even more de-
sirable because the 435-MHz antenna serves as the uplink on
Modes B and S as well as the downlink for Mode J. Increased
antenna gain is more usable because the local noise floor is not
usually alimiting factor asit is at 145 MHz.

The1269-MHz Mode-L uplink antennashould have at | east 20-

_ _ dBic gain. Dueto the short wavelength (23 cm), therequired gain
Fig 23.19 — Simple ground plane i 5chjevable with relatively small antenna arrays such as four
and Yagi antennas can be used . . .
for low-Earth-orbit (LEO) satellite ~ Phased helices. Arrays of loop Yagis and standard horizontally
contacts. polarized Y agis can be used but there will be a 3-dB penalty for

polarization mismatch.

The 2400-MHz Mode-S downlink antenna should have at least 26 dBic gain. However, the required gain
is easily achievable using a 4-ft parabolic dish or aquad helix array.

The antenna array must be steerable in both azimuth and elevation. The elevation rotator boom must
be made of anonmetallic material such asfiberglass. Feed-lineloss should be held below 2 dB, and less
than 1 dB is preferable.

TheEIRP of the 435 and 145-M Hz transmitting system should be no morethan 1000 W and adj ustabl e,
allowing the lowest required power level to be used. For Modes B and J most communications can be
conducted using 100 to 300 W EIRP. A higher EIRP may be needed on Mode S, but the requirement will
still be below the 1000 W EIRP level. For Mode L, therequired EIRP at 1269 MHz is between 3000 and
5000 W.

The 145-MHz receiving system should have a noise figure no greater than 2 dB but lessthan 1 dB is
probably not usable even if it can be achieved. The 435 and 2400-MHz receiving system noise figures
should be less than 1 dB.

Using high altitude satellites should be considered weak signal work. Always improve the receiving
system first before increasing transmit EIRP. Once Phase 3D is operating, the downlink gain require-
ments will be much lower due to the higher transmitter powers used at the spacecraft.

ASSEMBLING A STATION FOR PHASE 3D

This section was written by ARRL Lab Engineer Zack Lau, W1VT.

If all goeswell, Phase 3D will besimilar to OSCAR 13, but much more“user friendly” for voice users.
Thus, astation that did well with OSCAR 13 has little to worry about; the equipment will be more than
enough for Phase 3D. Those building new stations can take advantage of technology improvementsin
the satellite, and get acceptable performance with more modest SSB/CW stations. Due to the laws of
physics, those expecting loud signals like those of low Earth orbit satellites will still be disappointed.
A station 100 times farther away is 40 dB weaker (400 km vs 40,000 km). Thus, digital userswon’t see
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any signal strength improvement compared to low Earth orbit satellites currently in use—the extra
distance will eliminate improvements in power and antennas.

Perhaps the biggest change is the orbit—it will repeat every two days. Thus, manually rotated or even
fixed antennas will become much more practical, possibly eliminating the need for an expensive rotator
system, for those who just want to maintain a schedule with another station. Stations without rotators may
wish to use smaller antennas to maximize their operating time. This generally requires more power and
better receivers to compensate. Mast mounting equipment near the antenna will reduce needed antenna
size. Using circularly polarized antennas as opposed to higher gain linearly polarized antennas will help
considerably toward optimizing your satellite time if the antennas don’t move. However, rotatable linear
arraysare probably preferred for local use. Horizontal polarization isthe standard for terrestrial SSB/CW.

The next biggest change for most users will be on the 2401-MHz downlink—there will be a linear
60-W PEP transponder, as opposed to the 1-W experiment aboard OSCAR 13. Thus, it becomes possible
to use asimple RHCP 16-turn helix instead of a 2-ft dish. However, it may be more cost effective to use
a2-ftdishwithal.8dB NFreceiver thantoobtaina0.6-dB NFreceiver for thehelix. Sincethesearesystem
noise figures, it isn’t unusual to need a 0.4-dB NF preamp to get that 0.6-dB NF receiver. The dish with
ano-tune preamp and receive converter makes alot more sense for abuilder with minimal test equipment.
The antenna gain to receiver temperature ratio (G/T) to shoot for is 0.53/kelvin. There will also be a
13-cm uplink—plan on +27-dBWic. Thisis5 W at the feed of a 20-dBic 2-ft dish. 10 W to aloop Y agi
would also work; the extra 3 dB compensates for the polarization mismatch. However, the satellite won't
be capabl e of in-band full duplex—aband can only be used ontransmit or receive, not both simultaneously.
Thus, since the 13-cm downlink is expected to be used heavily, the uplink is likely to get little use.

The 436-MHz uplink will need about 20 dBWic—10 W to a 5-turn 3-ft boom helix or a 5-ft boom
circularly polarized Y agi. Slightly larger antennas can compensate for feed-line loss. Chances are, there
will be little benefit to running a big amplifier—there will be an automatic notcher called LEILA to
prevent stations from hogging the transponder. Hopefully, this will force stations to improve receive
capability, when they find it difficult to hear themselves on the satellite.

On 436-MHz receive, you want a gain to system noise temperature ratio of 0.032/kelvin. A 12-dB
antennahasagain of 16. Thus, for al2-dBic antennayouneed a noise temperature under 500 kelvins,
or 4 dB. Earth noise, feed-line noise and antenna noise all add to the receiver noise. A mast-mounted
preamplifier and a small Y agi will work quite well. If the feed-line run is short, perhaps 50 ft, alarger
antenna would allow having the preamplifier near the operating position.

The 1269-MHz uplink will need about 26-dBWic—8 W to a 12-ft boom loop Y agi, 10 W to an RHCP
16-turn helix, or 6 W to a 3-ft dish. Current rules prohibit having a 1269-MHz downlink, so thisisn’t
planned for any of the satellites.

The 146-MHz uplink will need about 18 dBWic—10 W to a 5-ft boom circularly polarized Y agi or
3-turn helix. Again, thisis power at the feed of the antenna.

The 146-MHz downlink depends heavily on your local noiselevel. Amateursinrural areas can do just
fine with a2-dB system noise figure and an 8-dBic antenna. The predicted G/T needed is0.008/kelvin.
Thosein heavily populated urban areas may be disappointed with theresults—even with abig circularly
polarized beam and a mast-mounted preamplifier. These amateurs should consider using a quieter band
for the downlink.

Two meters does have a distinct advantage in one area—I|ess attenuation through trees. As the fre-
guency goes up, so does the attenuation through trees. Thus, while it is possible to hear the 2.4-GHz
downlink indoors, tree blockages often degrade signals. It gets worse if you are using a small antenna
with alow-noise preamplifier. Not only does atree block more of asmall antenna, but it also acts as a
warm noise source. This noise adds to the system noise figure, degrading signals even more.

Amateurs attempting to contact the satellite on the horizon with microwaves may notice two degra-
dationsto the path. Atmospheric loss can add another 1.6 dB of path lossat 2.4 GHz, increasing to 3 dB
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at 10 GHz, though thisistypically under 0.1 dB at 10 GHz for vertical paths. An antenna fixed on the
horizon will also see noise from the warm Earth, reducing system sensitivity. A more serious problem
may be finding excellent locations where one can worry about such details.

Itiseasy to overestimate the ease of obtaining alow noisefigure, particularly at microwaves. A single
bad connector, adapter or piece of coax can stop the system from meeting expectations. Avoid cheap
connectors and coax. Getting all the pieces to work properly together can be a challenge. Fortunately,
MMICs and computer aided design have resulted in designs that reduce potential problems. Still, itis
possible to have pieces that work fine by themselves, but poorly as a system. People have even had
problems with poorly designed power supplies generating spurs or modulating received signals. Fortu-
nately microwave ovens have not interfered with 2.4-GHz amateur satellite work. Similarly, it is easy
to underestimate the ease of obtaining low angle radiation at 2 m. The antenna height required may not
be practical. It is often wise to have a bit of excess capability, often called link margin. If you do have
excess uplink power, you should have a method of easily scaling it back.

While they are not expected to be as popular as the lower bands, a 5668-MHz uplink (34 dBWic), a
60-W PEP 10451-MHz downlink (G/T=13/kelvin) and a 24048-MHz downlink will be included. Even
with state-of-the-art equipment, it is likely that the latter will not be heard on long LOS paths due to
atmospheric absorption.

Simple antennas like the turnstile work well with the satellite overhead, but not so well near the
horizon. A simple vertical works better near the horizon. It makes alot of sense to match the orbit track
with the antenna pattern, keeping in mind that some computer simulations aren’t accurate with wires
close to real ground. lonized atmospheric layers can significantly disturb satellite communications by
blocking signalsto and from the satellite. There may also bea21-MHz uplink, butitislikely that it will
not work well for many users, due to the high galactic noise, and the modest antenna on the satellite.

Thepictureisn’t quite so rosy for digital users—the 146-MHz uplink will need +22 dBWic, 10 W to a12-
ft boom circularly polarized Y agi. The 1270-MHz uplink will need +34 dBWic, or 10 W to a 6-ft dish.

The 436-MHz downlink will require a G/T of 0.12/kelvin, or a13 dBic antennawith a1 dB preamp
(allowing 50 kelvins for sky and antenna noise, and 0.5 dB extra receiver noise).

DIGITAL COMMUNICATIONS SATELLITES

Theamateur satelliteenthusiast with aninterestin digital communicationswill find amultitudeof satellites
with which to experiment. All of the digital communications satellites currently operating in the Amateur
Satellite Service are in low Earth orbit. At first, it might seem that the short access times of LEO satellites
would not support useful communications services. But, aswill be seen shortly, thisis certainly not the case.

There are three general categories of Amateur Radio
satellites having digital communications links. First,
there are those that transmit telemetry and other infor-
mation of interest using digital codesbut do not provide
store-and-forward message service. Satellites in this
cate-gory include DOVE-OSCAR 17 (DO-17) and
UoSAT-OSCAR 11 (UO-11). Also, KITSAT-OSCAR
23 transmitsimages of the Earth (see Fig 23.20). Satel-
lites such as DO-17 and UO-11 provide an excellent
opportunity to learn the mechanics of tracking LEO
spacecraft and decoding their digital transmissions. At
the sametime, study of the captured telemetry datawill X
provide an appreciation of many aspects of spacecraft Fig 23.20 — This image of the Red Sea

engineering. was downloaded from KITSAT-OSCAR 23.
Another class of LEO satellites are those that provide  (photo courtesy Harold Price, NK6K)
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store-and-forward message servicesviaauser interface similar to those found on terrestrial packet radio
bulletin board systems.

Finally, there are many satellites that provide store-and-forward services using the PACSAT Broad-
cast Protocol developed by Ward and Price. Satellites using the PACSAT Broadcast Protocol include:
AMSAT-OSCAR 16 (AO-16), LUSAT-OSCAR 19 (LO-19), UoSAT-OSCAR 22 (UO-22), KITSAT-
OSCAR 23 (KO-23) and KITSAT-OSCAR 25 (KO-25). In addition to these satellites, there are other
projectsin the design and construction stages that will also usethe PACSAT Broadcast Protocol (PBP).
Table 23.9 contains alist of the digital store-and-forward satellites operating at the time of publication.

Amateur Radio / downlink-

( The Sounds 0f> Listen to 9600-baud packet transmissions on the KITSAT-OSCAR 25 (KO-25)

Satellites Transmitting Digital Telemetry Data Only

Monitoring satellites transmitting digital telemetry data provides an excellent receive-only introduc-
tion to amateur satellite operations for the computer enthusiast. Of course, one could monitor telemetry
from any of the digital satellites, but this section will deal with UO-11 because it does not provide two-
way communication capabilities.

UoSAT-OSCAR 11

UO-11 transmitsvariouskinds of dataon its 2-m downlink (145.825 MHz) and most of it isplain-text
ASCII, including bulletins and spacecraft telemetry. It isimportant to note that UO-11 transmits plain
text and not packets such asthose used interrestrial 2-m packet radio networks. Thismeansthat a packet
radio TNC is not required at the ground station.

Fig 23.21 shows a typical equipment configuration for receiving UO-11 transmissions. As can be
seen, all that isnecessary isto connect the receiver audio output to the demodulator input and the serial
data output from the demodulator to the computer serial port. If amodem is purchased at aflea market
or other used equipment outlet, be sure that it a Bell 202 standard as opposed to Bell 212. The type of
modem is usually obvious from the
model number but the 212 is much
more common than the 202. Kits for Kunnetl over refiscton or sgabeatar T e
Bell 202 demodulators are available
commercially and construction plans
have also been published in QST. 140 Mz (2m) Rx fudo ] 7200 bps AFSK

In aminimal equipment configura-

tionitisalso possibleto eliminatethe Gl oyt o S
expense of acomputer and substitute vt i ol

a serial terminal instead. However,
capturing the received telemetry for
later decoding or real-time telemetry
decoding will require a computer. In
thisregard, remember that 80286 and
earlier PCs are now sold at very rea-
sonabl e pricesand even discarded out-
right. These machinesare entirely ad-
equateto serveassubstitutesfor serial
terminals and can perform the telem-

etry capture and decoding functions  Fig 23.21 — Equipment needed to monitor digital transmis-
aswell. sions from UoSAT-OSCAR 11.

Could be IBM PC or compatible running

a serial communications program such as
Procomm, Telix, Bitcom or Comit, or

if data capture is not necessary, a dumb
terminal such as VT—-100, H=19, H—-29,
ADM-3A, and so on.

q o Modem Rxd to PC serial port.
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Fig 23.22 shows a typical UO-11 raw telemetry frame while Fig 23.23 shows a telemetry frame
decoded to engineering data. Telemetry capture and decoding software for UO-11 is available from
AMSAT-NA and AMSAT-UK.

Satellites Utilizing the

PACSAT File Broadcast UOSAT-2 0005026192842
Protocol 00512601467402206603398104056705043206023707055708049509035F
10442311356012000313068C14228D15355716182C17585E185419195638
. 203890211893226600230001240006250007261005273503285294295196
Many Amateur Radio opera- 30511631036732285E33590C340007352859363431374473384953395294
. 40809541123542644043000744169E450001460002475143485283494911
tors make use of terrestrial 50548C51100552697F537032547215550000560003575227585181595180
packet radio bulletin board sys- 6083E3615BD4621E0B633341644402651D0F66DFEC67000168000E69000F

tems(PBBS). ThesePBBSsare
the Amateur Radio counterpart ~ Fig 23.22 — A UoSAT-OSCAR 11 (UoSAT-2) telemetry frame as

of microcomputer-basedbulle- ~ monitored.
tin board systems, which use

the public telephone network.
.. UOSAT-2 ORBIT NO. 10335 DATE: 86/02/07 - Friday - 86.038 TIME: 02.04.00
However, much of the activity
. . CHANNEL PARAMETER RAW VALUE ACTUAL UNITS
onterrestrial PBBSsistaken up 00 Solar Array Current -Y 512 7.600 mA
. ) 01 Nav Magnetometer X Axis 467 1.350 uT
02 Nav e i -37.
with the repeated retrieval of 2 ey el 1A e aa o=
information of general interest. 04 Sun Sensor No. 1 0s6 0-000
For example, Amateur Radio 27 Sun semmer Ne. 4 055 /000
operatorsinterested in satellite 05 Sun semeer Ne. ¢ 030 ~ 0.000
H 10 olar Arra urrent 442 140.600
operatlons ma-y accessaPBBS 11 }Slav'Ma‘g‘entheier 'rem;Y 356 -7.536 rIl)ucjgrees c
to obtain the reference ele- 15 spare et ose 0-000
. . . 14 E u 8 .
ments used in their orbital pre- 15 ooE cPU Curremt 355 eaes0  ma
diction rograms. Conse- 17 Tacet Temperature +X 585 21.000 e c
ace emperature - . egrees
p g ) 18 Facet Temgerature +Y 541 -12.200 Degrees C
quently, the eXaCt samne 19 Facet Temperature +Z 563 -16.600 Degrees C
) . . 20 Solar Array Current -X 389 241.300 mA
information may be transmit- m el e e o mow
ted many tl mes. On terrestrlal 23 P/W Logic Current (+5V) 000 0.000 mA
/! eiger Curren .
networks re eated tl’ansmIS- 2; 11:/3 gleg sp.ccurr t(+1(0+;;V) ggg g.ggg ::
4 p 26 P/W Elec sp.curr (-10V) 100 9.300 mA
sion of the same data can be |38 racet rTempersture 325 250800 Degress ¢
tolerated because the system 30 Solar Array current X 209 ana00 m €
capacity is available by virtue 22 poM voltage Li0v 25 10.260  velts
Of the 24 hour er da access 33 1802 Computer Current (+10V) 591 124.110 mA
- 34 igitalk t 5 000 0.000
o etiors e B e Fowes oueput 2 amor
- 36 .
e eBES pie: S hp N e e W it Degcems ©
- 38 nd cod t! 495 -3.000 egrees
Vi Ing . Service. uc Ca 39 ::‘]‘::letryDeSyaixe-m T;l:i:z:a:i:e “(‘f-;{) 529 -9.800 gegrees g
pacity obviously doesnot exist 40 Solar Array Voltage (+30V) 792 27.600  Volts
. ) 41 +5 Volt Line Current 123 119.310 mA
ase 42 PCM Voltage SV 644 5.410 Volts
In the C Of a.LE_O S.atelllte- 43 DSR Curregt -:+5V) 000 0.000 mA
. 44 and eceiver urrent 169 155.480
bm SyStem Wlth Ilmlted VIS 45 (4:;';‘“ MHEz geaccn Povcl:er e()rllltput‘. 000 0.000 :;
ithili 1 1 46 3 eac ‘urrent 000 0.000
Iblllty tlme at any partICL”a'r 47 :3: ::: :eacz: :[:'em;e:atux:e 514 —6.300 xl?)‘:greres C
ground station location. What 8  BCR Temperature (1) i85 11.600  Degrees ¢
is needed isaway for multiple S0 s Vbt Dim Gameenyt Ot 16 o000 ma
users to benefit from the same 53 battery Cell voltages (MUX -
. . . . 54 T:Ie::{ry esyst:m a(:g\.le::ren(t ) 715 14:300 mA
transmission of aparticular file S5 2401 MAz Beacon Power Output 000 0.000 mw
. . . 56 2401 MHz Beacon Current 000 0.000 mA
S|ncemany usersareWIthlnthe 57 Battery Temperature 522 -8.400 Degrees C
. . 58 2401 MHz Beacon Temperature 518 -7.600 Degrees C
Satel“te footp”nt at the same 59 CCD Imager Temperature 518 -7.600 Degrees C

time.
SatellitessuchasAO-16and  Fig 23.23 — A UoSAT-OSCAR 11 (UoSAT-2) telemetry frame de-
UO-22 arein low Earth orbits coded to engineering units.
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at an average altitude of 800 km. From that vantage point, over populated areas such as the continental
United States, hundredsand perhaps even thousands of potential usersarewithinthe satellite’ sfootprint.
Although at any given ground station location (inthemiddlelatitudes) therewill be only 50 to 60 minutes
of accesstime per day, thereis still sufficient time for any individual station to receive alarge amount
of data. For example, with AO-16 operating at 1200 bps, it is possible to receive approximately 500
kbytes of dataper day. For UO-22, operating at 9600 bps, about 4 Mbytes of datacould bereceived. This
assumes, of course, that the ground station is in operation for all times the satellite is visible.

Based on the nature of the system components and on the experience gained withthe UoSAT-2 Digital
Communications Experiment (DCE)!, Ward and Price have developed the PACSAT Protocol Suite,
whichisfully documented in Notes 2-6. Look to these referencesfor the compl ete detail s of the protocol
implementation. The data-link layer protocol used isAX.25.” The PACSAT Protocol Suiteimplements
afile broadcast mode and afile server mode using acommon file format. Each of these two modes will
be described briefly. The hardware and software required to access the satellite will be presented in the
next section.

PACSAT File Header

Files being transmitted in broadcast mode and files being uploaded in file server mode make use of
the PACSAT file header. Fig 23.27 shows an example of the information contained in the file header.
In broadcast mode, anindividual data-link layer

frame information field contains only the file
number (I1D), filetype and the offset to the loca- o Dumber P
tioninthefilewherethe databelongs. The other o orpensien D 0270
information needed to identify the file and its Tast modified ©  Tu Jan 08 04157:26 1991
attributes are contained in the file header. User file tyoe : oxo0
software (PFHADD) has been provided to add a E:Zer::fh"ti’“um 31’2225‘3
PACSAT file header to a file before it is up- Zi‘z’%"‘upmm nsahd
loaded and to remove or display a file header upload time :  uninitialized
after the file has been downloaded (PHS). destination =~ @ wdSivd
download time : uninitialized
File and Directory Broadcast Mode Z’é@iﬁ&iﬁ’?ﬁ type 3 ‘g’géﬁm‘““"
riority :
The PACSAT Broadcast Protocol hasthefol- E;:’{, filenane e iragt
lowing attributes: (1) Any frame, when received keywords Poormes

independently, can be placed in the proper loca-
tionwithinthefiletowhichit belongs; (2) When  Fig 23.27 — PACSAT file header contents.

all frames have been received, thereceiving sta-

tion can tell that thefileis complete; and (3) For

file types where it makes sense, partial files are usable. Thisimpliesthat if adata compression scheme
is used, it should be possible to incrementally decompress the file.

The broadcast mode transmits files in the message system memory and their directory entries by
giving each file on the broadcast queue a certain amount of downlink time. The broadcasts continue in
a round-robin fashion until the user’s request has been filled.

File broadcasting is done as a series of AX.25’ unnumbered information (Ul) frames. Ul frames are
not acknowledged by the receiver and order of delivery isnot guaranteed. The terminal node controller
(TNC) passes the frame on to the application program only if the frame is correctly received. Error
checking of theframeisdoneviaCRC-16 by the TNC. Theformat of theinformation field of abroadcast
frame is shown below.

<flags> <file id> <file type> <offset> <data> <crc>
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In the information field format above, the file ID field is a file number assigned by the file server
system when the file is uploaded rather than an ASCII character string file name. The offset gives the
position relative to the beginning of the file where the data belongs. The CRC shown is a check on the
I-field contents only and isincluded to allow detection of errors on the serial link between the TNC and
the computer.

Requeststo placefilesin the broadcast queue are likewise done with Ul frames. The spacecraft does
respond to broadcast requests but not in terms of a data-link layer acknowledgment. It only sends a Ul
frame with “OK” in the information field to the station making a successful broadcast request. Error
indications, such as broadcast queue full, are also transmitted as Ul frames.

Even though a station may also access the satellite in a connected-mode transaction (described in the
next section), the file and directory broadcast mode is the primary method of operation. Since multiple
usersinthe satellite footprint may want to capture the same filesand update their directories at the same
time, downlink utilization is maximized when broadcasting is used. Individual users may request fills
of specific“holes’ intheir captured filesand directories, but the rebroadcast of entirefilesor directories
for multiple users is eliminated.

File Server Mode

AO-16, UO-22 and similar satellites can also operate in file server mode, which is transaction ori-
ented. Currently, thefile server modeisused only for uploading filesto the message system. An upload
transaction can be resumed later if it was previously interrupted (by LOS, for example).

When using the file server mode, an AX.25 connection exists between the ground station and the
spacecraft. Standard balanced-mode HDL C procedures control the exchange at the data-link layer. The
transaction-oriented operation ensures that the availability of the uplinks is maximized.

PACSAT Ground Station Equipment

A typical equipment configuration for utilizing AO-16 and UO-22 isshownin Fig 23.28. Even though
the diagram shows a station set
up to operate on both AO-16
and UO-22, a sensible ap-

proach would be to set up for Tx Audio Txd
AO-16 operation first and then e 2 e
progressto UO-22. Thisispar- o poe) ¢

ticularly true if you had been
operating on FO-20 because

. 435 MHz (70
the radios and modems are al- o o) S o
. . Rx Audio
ready in placeand attention can (for U0—22)

be focused on installing and
using the PB and PG software.
Even if you have not used FO-
20 it isstill easier to set up for
AO-16 first: 1200 bps opera-

IBM PC/AT or Compatible
running PB or PG

tion does not usually require
any internal connections and/
or modifications to the trans-

RS-232

Terminal Node
Controller
(TNC)

Rxd

Txd

com: port

mitter and receiver, whereas
9600 bps operation usually

doesrequiresomeinternal con- Fig 23.28 — Typical equipment configuration for utilizing the
nections. AMSAT-OSCAR 16 and UoSAT-OSCAR 22 satellites.
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PACSAT Ground Station Software Capabilities and Operation

To use all of the communication facilities available, four computer programs, PB, PG, PHS and
PFHADD, areavailablefree of chargeto the Amateur Radio community. PB allowsfilesand directories
being broadcast to be captured on the receiving station’s computer. PB also allows a station to request
the broadcast of hole fillsin partially received files and directories. PG is used to upload files to the
spacecraft for later broadcast. PFHADD adds the header required for uploading a user file. PHS will
display or removethefile header after downloading afile. PB, PG, PFHADD and PHSrun on IBM-PC/
AT and compatible systems.

Recall that file and directory broadcasting is done in AX.25 unconnected mode and file uploads are
donein AX.25 connected mode. Consequently, PB looks for Ul frames from the spacecraft and places
them in the proper location in the file being received if the user has requested that the file be captured.
PG, on the other hand, establishes a connection with the file server and attempts to complete the
transaction requested by the user. Thefollowing brief discussion of user software operation will provide
some insight into the mechanics of utilizing the communications facilities of the satellites.

A user wishing to monitor files and directories being broadcast on the downlink would configure
his/her station equipment as shown in Fig 23.28 and execute the PB program on the station computer.
Fig 23.29 shows a typical screen display from the PB program while monitoring UO-22 downlink
traffic. The lower half of the screen shows certain informational messages exactly as they appear on
the downlink. The upper left corner of the screen showsfiles for which captureisin progress (in this
case none), and the upper right corner shows directory headers and message numbers being heard on
the downlink.

Thelast line of the screen isastatusline. “DIR: Part (05)” meansthat an updated directory has been
partially received and there arefive holes (missing pieces). “AUTO: Dir” showsthat the ground station
computer directory is being updated automatically from the monitored directory data. “Dir” could be
replaced by afile number being downloaded. The valueslabeled “s:,” “b:,” “d:” and “e:” stand for data
ratein bytesper second for thelast five seconds, number of bytesmonitored from broadcast files, number
of bytes monitored from broadcast directories and number of CRC errors between the TNC and the
ground station computer.

Thelinebeginningwith*PB:” showswhich stationshave maderequestsfor filesor directories(or hole
fills) to bebroadcast. Station call signswiththesuffix “\D” have madedirectory requestswhiletheothers
have made file broadcast re-

queStS The message Open 1 Download: Priority Auto Grab Never Fill Dir Info. View dir. Quit! Help.
a W5EROH ShOWS that Station Message Holes Size Offset Rcvd Dir 3all S:EISLOG T: F:
Di 5126 s: H H
WSERO IS a ConneCted-mOde Di: 512f ::2i3ge view ::gig:[ g::ﬁ::ﬁ
! . Dir 50d6 S:AD920713 T: F:
user (probably doing afile up- g;; 3134 87 TN T TIOH6LEG Fi0RTBY
load) on uplink 2 and that up- Message ~defe heaxd. | onrT FiORGSAT
link 1 is available for another bir sods $imo207i3
user ) Dir 50d7 S:AL920713 T: F:
; . OK NOGIB
Fig 23.30 showsaportion of OK NoGIB
the ground station computer PB: WB7QKK KF50J\D KC2PH K8TL WBSEKW\D NOGIB\D KS8YAH
. . HIT V2.16 PBP V2.05 DBP V1.00
d”-ectory after |t has been Cap_ z:n Jzu714113dlgz49:021 1992 Uptime= 92/22:9:12 EDAC= 2158 Fmem=4204
lem= H 8:0.
tured from the downlink traf- Open 1.3 1 WSERO
fic. The upper right corner of PO
thescreen ShOWSthef!leproad' DIR: Part (05)  AUTO: Dir 8:0427 b:007650 d:001505 et
cast selection criteria in the

message “Select = All Mail.”

This means that m e traf- Fig 23.29 — PB display while receiving data from UoSAT-OSCAR 22

satellite downlink.
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ficaddressedto®All” or traffic
Keys: Pri uto b Never i aRchvi ui e ai; ct=] i i ifi i !
ermage 30 ST Mjan T o quit melp wain | selectall wll to this specific station’s call
5140 (g anav;ers W3TMZ |N6KK 07/13 17:56 420 Slgn WI” be downloaded aUtO-
513f 1 ; . .
s136 |9[511 NioUL |wexx  |07/13 1visd | 1080 matically. Thesecriteriacanbe
5136 |m|CSDP Membe : ; ;
Siaa|3]7 2w T s n. omeirc |ommy |07/13 17133 | 1345 changed to sit the station op-
50d9 BL920713 : 1 H
5047 |4 |azs20713 07713 17123 | 14408 erator through selection equa-
512f (g|Image viewer VE1HD |SMSBVF |07/13 15:55 695 . . .
5126 |g| j2g VKGAKI |VK6BMD |07/13 15:21 | 46410 tions employing relational and
5125 { g |VIDEO VK3AHJ |VK8SO 07/13 13:44 753 .
5120 | g|eb3cdc. 001 EB3CDC |EA4RI |07/13 12:49 | 1754 logical operators that test ap-
511f |m|images.hlp ALL VEIHD (07/13 12:48 725 . . -
5118 |m|DSP-12 query ALL DJ1RM [07/13 12:41 737 proprlatef|e|dSInthePACSAT
5101 |3 |Scpertrak agai oneue. |snim o771 ioii6 | eao i ' i
g |Supertrak again UG (2L :
50ff (g |Graphics Pacg:ket assist ZL1BIV {ZL2AMD (07/13 ig'i: 1058;;) Flle Header ConSIStent Wlth
50fd |g|RE. NET-EA EAMRJ |EB3CDC [07/13 09:33 | 2826 theselection of “All,” notethat
A1l Mail AL BL i
JIR: ;;-To-bate AUTO: Idle 8:0969 b:369695 d:135249 e:0002 flle numbers 5136’ 511f and
5118haveasquareblock inthe

Fig 23.30 — A display of a portion of a downloaded directory from S(tatus) C0|umn'. This m.dl_
UoSAT-OSCAR 22. cates that these files, which

have a“to” addressof “ALL,”

haveal ready been downl caded.
At the lower left corner of the screen the message “All Mail AL BL” appears. These are the selection
criteria for the directory display, as opposed to the criteria for automatic file downloading. Thus, the
directory display will show AL (activity log) and BL (broadcast log) filesin addition to files addressed
to other satellite users.

A user wishing to upload afile would first attach the PACSAT file header to the file and then use the
PG program to upload it to the satellite. PG is used only for file uploading and operates in connected
mode using the AX.25 datalink layer protocol. When using PG, a connection is established, an upload
transaction executed and the connection terminated as aresult of a single operator command. The one-
transaction-per-connection philosophy ensures maximum utilization of the uplinksin connected mode.
There is no wasted time while aground station operator executes acommand and then pauses deciding
what to do next.

[This section, including Figs 23.29 and 23.30, is reprinted with permission from “The Devel opment
of Low-Earth-Orbit Store-and-Forward Satellites in the Amateur Radio Service,” Proc |EEE Interna-
tional Phoenix Conference on Computers and Communications, Tempe, AZ, March 23-26, 1993, pp
378-386, ©1993 |EEE.]

WiSP

The software package just described, consisting of the PB, PG, PHS and PFHADD programs, isthe set of
programsinitially made available for accessing satellites utilizing the PACSAT Broadcast Protocol (PBP).
Morerecently, considerabl e software devel opment activity hasresulted in several alternativesto theoriginal
program suite. The most significant of these new programsis the Windows application WiSP devel oped by
Chris Jackson, ZL2TPO. An dternative to PB called XPB has been developed for the Linux X-Windows
environment by John Melton, GOORX/N6LY T, and Jonathan Naylor, GAKLX. Finaly, a version of PB
designed specifically for the IBM OS2 environment is currently in development. The WiSP and XPB
packages are available via FTP from several different sites including ftp.amsat.org. WiSP requires the
payment of aregistration feeto your national AMSAT organization while XPB fall under the GNU Public
License. A brief explanation and afew examples of WiSP operation follow.

Fig 23.31 showsthe display produced by the WiSP ground station control (GSC) program. Although
the display shows only one satellite, the program may be configured to track multiple satellites with
priorities assigned to each. Fig 23.32 shows the graphical tracking feature of WiSP that may be invoked
by the user if desired. When a satellite comes into view, a user-specified program can be run. This
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Groundstation Control
Setup Housekeeping Tracking Database Programs Help

[14:55:28 LOC |Sate11ite P E1 Start Time Finish Time
26 Aug 19268 [T 1 @ 27-08-96 14:53:53 27-08-96 15:23:53 [4]
uo-22
23:58:25 A0S
& viewni
o] Msghaker
[ ||
=
Satellite AZM Ele Range Doppler HA  Hode
uo-22 99.8 -67.2 12571.9 189 .4

Fig 23.31—WIiSP ground station control (GSC)
screen showing the next visibility times for UO-
22 along with the current clock time and the
countdown to next AOS timer.

Groundstation Control - Graphic Tracking
Tracking Observer

14:57:24 26 Aug 1996

uo-22 Lat:285 Lon: 58E Hght: 768km HA:19%4 Hode:

[0bserver Azm Ele Range Doppler Ofp

Fig 23.32—WIiSP graphical tracking screen.

program could be something assimpleasaterminal programto display raw downlink data. For thedigital
store-and-forward satellites like AO-16, LO-19, UO-22, KO-23 and KO-25, the MSPE program that is
part of the WiSP package will usually berun. Fig 23.33 showsatypical screen produced by M SPE while
monitoring UO-22. Notice that this is WiSP's equivalent to Fig 23.29 produced by the original PB
program. Users may select which files should be automatically downloaded and processed for later
reading. Finally, Fig 23.34 showsadisplay produced by the View Dir(ectory) function. Onceagainthere
isaclose parallel between the information shown my View-Dir and that shown in Fig 23.30 from PB.
The WIiSP package also has radio tuning and rotator control features. Sophisticated ground station
software packages such as WiSP truly demonstrate the maturity of the ground segment that supports

digital store-and-forward Amateur Radio satellites.

EQUIPPING A STATION

The previous sections have shown there are many satellites supporting Amateur Radio communica-
tionsin many different modes. The satellite enthusiast must take into consideration his/her own desires,
goalsand financial resourceswhen purchasing and assembling equi pment for an amateur satelliteground

MSPE [U0-22]

View-Dir [U0-22]

File Setup Directory Fill Satellite Send Msg Help File Setup Search Message Satellite Help
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Fig 23.33—WiSP real-time downlink data display
screen. This is the WiSP equivalent to Fig 23.29
for PB.
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Fig 23.34—WiSP display produced by the View-
DIR function. This is the WiSP equivalent to Fig
23.30 for PB.



station. Because there are so many different combinations of station equipment possible, it would be a
good idea to define some broad categories that arise naturally from a combination of the available
satellites, individual operating goals and required expenditures.

One possible set of categories for amateur satellite stations consists of: (1) receive-only stations; (2)
stations to work LEO satellites with analog transponders; (3) stations to work LEO digital store-and-
forward satellites; (4) stationstowork HEO satel liteswith anal og transponders; and (5) stationsutilizing
satellites with uplinks and/or downlinks in the microwave bands (above 450 MHz [70 cm]). As always,
there are many trade-offs that can be made. Some of the common ones will be mentioned later.

Perhaps the biggest difference between terrestrial and satellite communications is that the latter is
full-duplex operation. This means that you transmit and receive simultaneously. When communicating
through an analog transponder, you can hear your own downlink signal while transmitting, as well as
that of the station being worked. Full duplex provides the opportunity for afully interactive conversa-
tion, asif the other station isin the very same room.

Successful satellite operation demands that you can locate and hear your own signal from the space-
craft. Choose equipment with thisgoal in mind. Equipping astation for full-duplex operation is not too
difficult because the transmitter is on a different band than the receiver. Ground-station configurations
for high-altitude satellites vary according to the communications*“mode” being used. Figs 23.35, 36, 37
and 38 show several different configurations suitable for Modes B, J, L and S. An example of an entry-
level receive-only station can be seen in Fig 23.39.

70-CM 70-cm
Antenna Antenna
435-MHz 10, 6 or 2-Meter o Transmitting
Transceiver Transmitter g Converter
2-Meter 2-Meter
70-cm Power Amplifier Antenna 70-cm Power Amplifier Antenna
(If Needed) (If Needed)

145-MHz 10-Meter - Receiving
Transceiver Receiver Converter
2- Meter 2- Meter
Preamp Preamp
(A) (B)
70-cm
Antenna 70-cm
Antenna
Ten—Tec 2510
70-cm Power Amplifier T 70-cm Power Amplifier
Kenwood (If Needed) P _"M_ ] (If Needed)
TS-790A RCV
Transceiver 2-Meter
2-Meter Antenna
Antenna ‘
2- Meter 29-MH2
Preamp Receiver

© (D)

Fig 23.35 — Several different Mode-B satellite-station configurations are shown here. At A, separate
VHF/UHF multimode transceivers are used for transmitting and receiving. The configuration shown at
B uses transmitting and receiving converters or transverters with HF equipment. At C, a multimode,
multiband transceiver can perform both transmitting and receiving function, full duplex, in one
package. The Ten-Tec 2510 shown at D contains a 435-MHz transmitter and a 2 m to 10-m receiving
converter.
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Fig 23.36 — Several different
Mode-J satellite-station con-
figurations are shown here. At
A, separate VHF/UHF multi-
mode transceivers are used for
transmitting and receiving. The
configuration shown at B uses
transmitting and receiving
converters or transverters with
HF equipment. At C, a multi-
mode, multiband transceiver
can perform both transmitting
and receiving functions, full
duplex, in one package.
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Fig 23.37 — Several different
Mode-L satellite-station con-
figurations are shown here. At
A, separate VHF/UHF multi-
mode transceivers are used for
transmitting and receiving. The
configuration shown at B uses
transmitting and receiving
converters or transverters with
HF equipment. At C, a multi-
mode, multiband transceiver
can be used for full duplex
receiving and transmitting
(with the addition of a 2-m to
24-cm transmitting converter).
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Fig 23.38 — Several different
Mode-S satellite-station con-
figurations are shown here.

| 145 — MHz 1
RECEIVER '
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L _ 4 L—_—___ d
®
{_m_RaEQcE ________ 7|
Preamp s 1 DOWN— 145 — MHz |
v i CONVERTER RECEIVER |
e - Fig 23.39 — An entry-level
receiving station using 2 m
© and 70-cm converters and a

general coverage communica-
tions receiver.

Computer System

The main reason for mentioning computer equipment in this section isthat in many cases some other
part of the station will be used in conjunction with a computer. For example, automatic antenna posi-
tioning may be done using a computer and appropriate rotator control interface.

One of the most common uses for acomputer in the amateur satellite station is determining when and
where a particular satellite will be visible. When considering this aspect of satellite operations, think
carefully about what you really need and what “would be nice.” If you are an entry-level operator and
using omnidirectional antennas, a simple listing of AOS, LOS and position at 1-minute intervals is
sufficient. Many different orbital prediction programsareavailable; they rangein complexity fromthose
that produce simple time, heading and position printed output (see Fig 23.40) to those that produce
graphical displaysin real time (see Figs 23.15 and 16).

Y ou may be better off with one computer dedicated to satellite-related functions rather than trying to
do orbit prediction, antenna pointing, radio frequency control and your word processing and financial
records all on the same machine. There is nothing more annoying than stopping in the middle of some
other important work to get the right programs going for the next satellite contact. With every new
generation of microprocessor, systems using the preceding technologies become more plentiful at rea-
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DSP-based TNC. Since digital
amateur satellites tend to use

different modulation tech-
niques than terrestrial packet
radio, TNCs will usually re-
quire an additional external or
internal modem. Although choosing aD SP-based TNC will resultinahigher initial cost, themodemthen
becomes a matter of software rather than additional hardware. Consequently, as new modulation tech-
niques require new modems, only software has to be changed, either by downloading from a PC or
changing ROM chipsin the TNC.

Fig 23.40 — Tabular output from an orbit prediction program
showing time and position information for AO-16.

Antennas

Antennasfor receive-only and entry-level stationswill usually be simplefixed-position typessuch as
ground plane, turnstile over reflector, dipole and wire loop. High-orbit satellites such as AO-10 require
high-gain antennas that are movable in both azimuth and elevation. In between these two extremes are
the antenna requirements for the typical LEO satellite station that has evolved beyond the entry level.
In this case the gain requirements are not as high asfor AO-10 but for serious, dependable, day-to-day
operation, automated azimuth and elevation positioning will become most desirable.

The best antennas for use in the amateur satellite service are circularly polarized (CP). The present
trendinsatellitearraysfor 145 and 435 MHzisto usetwo complete Y agismounted perpendicul ar to each
other on the same boom. One set of elementsis mounted /s wavel ength ahead of the other. The antennas
are fed in phase and are switchable from RHCP to LHCP. Thisisin contrast to using helical antennas.
Circularly polarized Y agi antennaarrays are manufactured by K LM, Cushcraft, Telex/HyGain, M2 and
others. A typical set of crossed-Y agi antennas is shown in Fig 23.41.

Satellite antennas should be mounted as close to the station as possible. Height above ground makes
no difference for satellite work, except that the antennas must be mounted high enough that trees and
other obstructions do not block the view of the satellite at low elevations. A low mount allows use of
shorter feed lines (lower |osses) and often reduces noi se pickup by the antennas. Many operatorsareable
to set up their antennas on a10 to 15-ft mast right next to the shack and have only 20 ft of feed line. Plan
to use good-quality, low-loss coaxial cable from the start, such as Belden 9913. Even better are runs of
Hardline coaxial cable, available from a number of manufacturers.

Mode L transmitting antennas and Mode S receiving antennas have taken numerous forms, mostly
based on the technology needed for EME communications. Loop Y agis are popular, as are the large
parabolic reflector antennas seenin EME and TV RO services. While higher gain means|ower transmit-
ter power, the narrow beamwidths require the operator to reposition the antenna more often.

Although a practical CP Yagi for 24 cm has not yet been demonstrated, such an approach may be
feasible. AsModeL isonly operated near the satellite apogee, essentially on the satellite antenna pattern
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Fig 23'41__ A popular KLM 145-22C, 2-M Antenna
commercially manufac- With Stay Brace

/

tured antenna array for
AO-10 Modes B and J, is
a pair of KLM crossed
Yagis. Shown also are
Mode-L helical anten-
nas. The large box on

the mast contains a 2-m Elevation Axis,

and 70-cm preamplifier, Bearing

coaxial relays, a 24-cm Insulated

transverter and power - el

amplifier, and power- . \ KLM 50-52-11, - Antenna
KLM 435-40 CX, Yo~ -52-11,

supply regulators. 70-cm Anlenna i el U Sty s

With Stay Brace

24-cm Quad Array
of Helical Antennas

Lo . Equipment Box
T0-cm Feed Line

main lobe, RHCP operation is the only CP sense needed. This makes the use of a helical antenna
attractive. A home-built Mode L helical antennaarray is shownin Fig 23.41. Active Mode L operators
have also found that a small parabolic dish (6 ft in diameter, or larger) with acircularly polarized feed
can makeafineModeL antenna. A number of reasonably priced TV RO dishesareavailable; they require
only the addition of asuitable feed for Mode L service. For TVRO dishes of 12 ft diameter, a dual-band
(70 cm and 24 cm) feed for Mode L is a possibility, as the gain at 70 cm is sufficient for excellent
reception, and the gain is very substantial for QRP 24-cm transmissions.

For Mode S reception, the most commonly used antennas are a small helix (16 turns) or a small
parabolic dish (less than 3 ft).

Antenna Accessories

Long-boom Y agis, such asthe KL M antennasshownin Fig23.41, can suffer from boom sag that might
cause pattern distortion and pointing errors. In addition, aboom support isdesirablein areaswhere high
windsor iceareaproblem. To avoid possibleinterference with the antenna pattern, the boom brace must
be made from nonconductive material such as Phillystran HPTG2100 guy cable. Details for the brace
are shown in Fig 23.42.

The vertical boom-brace support member is nonconductive and made from a fiberglass fishing rod
blank. A short piece of threaded stainless-steel rod inserted in thetop of thetubeisused to adjust tension
on the boom brace. A 2-inch piece of /1g-inch copper tubing brazed across the threaded rod in a“ T”
fashion holds the Phillystran cablein place. Jam nuts secure the threaded rod once the boom is straight.

Experience with the exposed relays on the polarity switchers used on some commercial antennas has
shown that they are proneto failure caused by an elusive mechanism known as “diurnal pumping.” The
relay iscovered with aplastic case, and the seam between the case and PC board is sealed with asilicone
sealant. It is not hermetically sealed, however. As aresult, the day/night temperature swings pump air
and moisturein and out of therelay case. Under theright conditions of temperature and moisture content,
moisture from the air will condense inside the relay case when the air cools. Water builds up inside the
case, promoting extensive corrosion and unwanted electrical conduction, seriously degrading relay
performance in a short time.
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Fig 23.42 — A boom brace may be desirable for long Yagis. This
arrangement is made from non-conductive material to prevent

undesirable effects on the antenna pattern.

Fig 23.43 — KLM 2M-22C antenna CP switching relay with relocated
balun and protective cover.

If you have antennas with
sealed plastic relays, such as
the KLM CX series, you can
avoid problems by making the
modifications shown in Fig
23.43. Relocate the 4:1 balun
as shown and place a clear
polystyreneplasticrefrigerator
container over therelay. Notch
the container edges for the
driven element and the boom
so the container will sit down
over the relay, sheltering it
from the elements. Bond the
container in place with a few
dabs of RTV adhesive sealant.

Position the antenna in an
“X” orientation, so neither set
of elements is parallel to the
ground. The switcher board
should now be canted at an
angle, and one side of therelay
case should be lower than the
other. Carefully drill, by hand,
apair of */s>-inch holesthrough
the low side to vent the relay
case. The added cover keeps
rain water off therelay, andthe
holeswill prevent any build-up
of condensation inside the re-
lay case. Relayssotreated have
remained clean and operational
over periods of years without
any problems.

Antenna Rotators

Unlike stations located on
thesurfaceof theEarth, AO-10
and Phase 3D will be found
somewhere in the sky above.
Operators commonly aim an-
tennas toward another station
by changingthe pointingangle,
or azimuth (sometimes called
az). Aiming antennas toward
AO-10 and Phase 3D requires
thecontrol of antennael evation
(el). Satellite antennas must be
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ableto rotate from side to side and up and down simultaneously. While the use of electrically controlled
antennarotatorswill be discussed here, it might be noted that Phase 3 satellite motions are slow enough
that hand-operated, “armstrong” antenna control isfeasible. At times, the antennas may not need repo-
sitioning for periods of up to four hours. On the other hand, the fast-moving LEO satellites such as AO-
16 and UO-22 will almost certainly require an automatic positioning system.

Azimuth rotators are commonly used for positioning terrestrial HF and VHF antennas. Antennas for
low-orbit satellites can be on the smaller and lighter side, so light-duty TV -antennarotators such asthose
sold by Alliance, Channel Master, Radio Shack and otherscould be used for the azimuth rotator. Today’s
high-gain satellite arrays are a bit large for these light-duty rotators. Look for something more robust,
such asarotator recommended for turning asmall HF beam or VHF array. V arious model s manufactured
by Alliance, Daiwa, Kenpro, Telex and others are advertised in QST.

Elevation rotator selection is more limited. Commercially manufactured models such as the Y aesu G-
500A and G-5400B are available. The G-500A has been available in the past under different designations
such asKLM and Kenpro KR-500 andisdesigned for elevating small-to medium-size VHF or UHF arrays.
The G-5400B is a combined azimuth and elevation rotator. See Fig 23.44. Home-built elevation mounts
can also be fabricated from TV RO antenna jack-screw motion controls or other similar muscular devices.

A lower cost alternativeisthe Alliance U110 TV -antennarotator. Rotators of thistype have been used
successfully by satellite operatorsfor many years. Despiteitsrelatively light construction, the U110 will
handl e antenna |l oads weighing up to 40 pounds. The key to successisto achieve a static balance of the
antenna mass so the rotator does not have to elevate a “dead” load. A highly attractive feature of the
elevation rotators noted aboveisthat the cross boom to be rotated passes compl etely through the rotator.
This allows the mounting of one antenna on each side of center and the adjustment of their respective
positions for a side-to-side balanced |oad.

Automatic Antenna Positioning

Several products are now available to automatically steer a satellite antenna array under computer
control. Automatic antenna
pointing is particularly useful
when operating the OSCARsIn
low Earth orbit. Among the
products available are the Kan-
sas City Tracker/Tuner sold by
L.L.GraceCoandtheTrakBox
sold by TAPR. There are other
sourcesfor similar products but
thesetwo represent thetwo gen-
eral approaches to automated
antenna control. The Kansas
City Tracker is installed in an
existing station computer while
the TrakBox is a standalone
controller with its own built-in
Mi Croprocessor.

The Kansas City Tracker is
available either as a tracker
only or with the tuner option

which sets and correctsthera-  Fig 23.44 — The Yaesu G-5400B azimuth-elevation rotator includes
dio frequency throughout a a DIN computer connection.
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pass. In either case, the tracking and/or tuning functions are carried out by the rotator control card in
conjunction with Terminate and Stay Resident (TSR) programs running in the computer. Position and
Doppler frequency correction information for the TSRs is supplied by the tracking program. Some
rotators, such as the Y aesu G-5400B, already have a connector for the computer interface.

The TrakBox and similar units are specialized microprocessor-based control units. Usually, the po-
sitioninformation isdownloaded from a PC to the control box. After receiving the position information,
the controller operates in a standalone mode. Devices such as the TrakBox have an LCD display that
shows the operational status of the controller.

Whether to use a tracker and/or tuner that plug into the PC expansion bus or a standalone unit is a
complicated questioninvolving both technical mattersand personal preference. If your station computer
isusing at least an 80386 class processor, the question is largely a matter of preference. In the case of
80286 class or lower processors, it may be a good ideato offload the work of tracking and/or tuning to
an independent unit. Consider the situation of working one of the digital satellites like UO-22. With
everything running in a single computer that machine must: update antenna position, set the radio
frequency often enough to keep up with the Doppler shift, accept datafrom the TNC at arate of 19,200
bps, update files and directories on disk as data is being captured, and update the screen display.

Finally, even though atracker/tuner construction project has not been included in this section, itisan
area where home-brew systems are certainly a possibility. Relay drivers can be built to control the
rotators via signals from a parallel port. Analog-to-digital converters can be used to read the position
indicating voltage from the meter circuit. Furthermore, most modern transceivers can be controlled by
commands from a serial 1/0 port. Consequently, it is not beyond the capabilities of someone with
programming and hardware experience to build an antenna and frequency control system.

@ The Sounds of Listen to the effect of Doppler shift on the tone of the Fuji-OSCAR 29 CW
Amateur Radio / °®3°°"-

Antenna Cross-Boom Construction

One requirement not commonly discussed is that of using a nonmetallic elevation axis boom for
antennasthat havetheir boom-to-mast mounting hardwarein the center of the boom. A metal crossboom
will seriously distort the beam pattern of acircularly polarized antenna, so it isimportant to make those
portions of the cross boom nearest to the antennas from nonmetallic materials.

From astructural standpoint, the best nonmetallic material for thisjob isglass-epoxy composite tubing,
becauseits stiffnessis excellent. Lengths of this material may be found at an industrial supply house that
specializes in plastics. Also, KLM sells lengths of 11/, in. OD fiberglass masting for this purpose, and
Telex/HyGain includes fiberglass masting with their OSCAR antennas. If you have a rotator that will
accept a 11/, in. elevation boom, then your best bet isto use a single piece of thistubing. The 1%/, in. OD
fiberglass tubing also slides into the ID of the 11/, in. pipe used for the heavy-duty elevation axis.

A lessexpensivealternativeisto makethe crossboom from acombination of metallic and nonmetallic
tubing. For strength and stiffness, use a short length of steel or aluminum tubing through the middle of
therotator. L et themetal tubing extend for about 6in. on each side of therotator. Theninstall nonmetallic
masting, such as common PV C pipe, over the steel stubs.

The elevation boom pictured in Fig 23.41 was constructed with this method. The center piece that fits
through the U110 is a 2-ft section of 1.33-in.-OD steel tubing that originally was part of the top support rail
of achain-link fence. Attached to the steel stub on each side of therotator isa4-ft length of 11/4in., schedule-
40 PV C pipe. This pipe dlipped nicely over the center stub. Thefit is perfect — no machining was needed.

Unlike glass-epoxy tubing, PV C pipe is not very stiff. The secret to making PV C pipe capable of
supporting satellite Yagis is to insert a wooden dowel into the PV C pipe, along its entire length. The
finished dimension of 13/gin. wooden clothes-rod dowel (the kind you might hang inside acloset) isjust
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perfect for aslide fit into the pipe. This material is available from most lumber yards. Add afew 1/4in.
boltsto each side to secure the pieces, and you have asturdy, inexpensive, nonmetallic elevation boom.

Receivers

The old adage “Y ou can’t work 'em if you can’'t hear 'em” especially applies to satellite operation.
Receiving requirementsfor AO-10 are demanding, but pleasurabl e results can be achieved with theright
kind of equipment. OSCAR operation is a weak-signal mode where contacts can be made with signals
that are only 4 dB stronger than the noise. Conversational quality can be assured with signals that are
6 to 9 dB above the noise.

The first step to be taken before attempting to work such high altitude satellites as AO-10 is to
assembl e the best receiving setup possible. Thereis no point in getting transmitting capability until the
satellite signals can be comfortably heard.

Amateurs active on 2 m with amultimode transceiver already have the basic building block for receiving
Mode B and transmitting on Modes Jand L (with an additional transmitting converter). If you currently have
no VHF equipment, consider that a multimode, multiband transceiver will also allow you to explore the
exciting world of terrestrial 2-m and 70-cm SSB operations. The basic requirements are that the rig includes
SSB and CW modes and that it covers the entire 144-MHz band and (most of the) 420-MHz band. A
multimode transceiver also makes an excellent replacement for an FM-only 144-MHz rig.

The equipment manufactur-
ers listed in Table 23.10 all

make suitable transceivers, ei- Suppliers of Equipment of Interest to Satellite Operators

the.r single-band or multiband Contact information appears in the Handbook Address List in the Refer-
units. The current crop of  ences chapter. Send updates to the Handbook Editor at ARRL
base-station rigs includes the  Headquarters.

Kenwood single-band trans- Multimode VHF and UHF Trans-  Antennas
ceiversTS-711A (2m)and TS ceivers and Specialty Equipment  cysheraft Corp

Table 23.10

811 (70 cm), and multiband IKCOM Agmérica o EE\,\/AvnEIIEast Microwave
; enwood Communications ectronics
transceiver TS-471H and 1C- Yaesu USA Telex Communications

475H (70 cm). Yaesu offers

their multiband FT-726R and g;)en;/ne]rtlefr_s, Transverters and Ro.tators
. plihers Alliance
FT-736R transceivers. There Advanced Receiver Research Daiwa
arealso several compact multi-  Angle Linear Electronic Equipment Bank
mode radios intended for mo- ~ Hamtronics Kenpro
bile use that will be quite us-  Hen™y Radio M2 Enterprises
aq The PX Shack Telex
able. These include the Yaesu  Radio Kit Yaesu USA
i - - RF Concepts .
?ggll{e-t:(aggv\l/:;—ogggi ?g-dbz;lrd Spectrum International Other Suppliers
’ 9 SSB Electronics AEA
TR-751A and TR-851A, and . Amplifi ATV Research
the ICOM single-band 1C- ower AmpITers Down East Microwave
- Alinco Electronics Electronic Equipment Bank

290H. In addition, there are Communications Concepts Grove Enterprises
often good buys on the used Down East Microwave M2 Enterprises
market, if you're interested in Encomm Microwave Components of

' . Falcon Communications Michigan
an older radio. Gear such as Mirage Communications PacComm
the Kenwood TS-700 series, RF Concepts SHF Microwave Parts
Yaesu FT-225RD and ICOM TE Systems Tucson Amateur Packet Radio

(TAPR)

IC-251 are still popular. Many
of thesetransceivershavebeen  Note: This is a partial list. The ARRL does not endorse specific

. ) roducts.
reviewed in QST. P
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Users of Mode L may want to consider the use of a full transceiver in the station for the 24-cm
transmissions, as such a unit will also allow operations on the 23-cm band (1296 MHz). Kenwood and
Y aesu offer 23-cm modulesfor their multiband transceiversfor thisservice. ICOM also offersthesingle-
band IC-271A. Alternatively, there are some 24-cm transmitting convertersand transverters offered that
employ a 2-m IF.

An excellent solution to receiving Modes B, J and L satellite signals can be found in the form of
receiving converters used with a high-quality HF transceiver or receiver. The 2-m and 70-cm receiving
converter consists of amixer and alocal oscillator and may contain apreamplifier. The local oscillator
frequency isusually chosen so that signalswill be converted to the 10-m band. In addition, anumber of
manufacturersoffer transvertersthat include receiving and transmitting convertersin the same package.
Receiving converters are available from several supplierslisted in Table 23.10.

There are several advantages to using a receiving converter. Modern HF transceivers and receivers
most likely have excellent frequency stability, afrequency readout in 1 kHz or smaller steps, good SSB
and CW crystal filters, an effective noise blanker and high dynamic range. Chances are good that a
multimode VHF transceiver will offer some, but not all, of these features. Cost is another factor. If you
already own an HF rig, but are not interested in terrestrial VHF/UHF SSB operation (you don’t need 2-
m transmit capability for Mode B), the cost of building or buying a superior receiving converter will be
significantly lessthan that of even an older multimodetransceiver. One commercial example of aMode-
B-only unit isthe Ten-Tec 2510B, providing an excellent 2-m receiving converter and a complete 70-
cm SSB/CW transmitter, all with coupled VFOs for simultaneous tracking on both bands. While the
'2510isan economical way to get into satellite operation, itislimited to Mode B service only and cannot
provide any help for Mode Jand L services.

Experience has shown that daytime noise will often raise the practical 2-m receiver noise floor by 10
to 20 dB, thus making Mode B daytime communications difficult, at best. Weak downlink signals are
often no match for the noise. In general, noise is not a problem on 70-cm (for Mode J and Mode L
reception), but in some areas interference from airport radar can be troublesome. In addition, local FM
repeaters may be heard in the satellite passband of the ground-based receiver because the VHF trans-
ceiver may offer poor rejection of strong nearby signals. Use of a high-dynamic-range receiving con-
verter with a good HF transceiver has been shown to solve both of these problems. The lesson is that
many VHF transceivers have noise blankers that are inadequate for VHF/UHF satellite operation and
some VHF transceivers do not work well in areas with many nearby, strong signals. Consequently, in
some cases, better results may be achieved with
a receiving converter than with a VHF multi-
mode transceiver.

Receiving Accessories

For those stations using areceiving converter
and an HF receiver for downlink reception, an
in-line switchable attenuator, installed between
the converter output and the antennajack of the
10-m receiver, may prove useful. Such an at-
tenuator can be used to lower the AGC level and
improve the perceived signal-to-noise ratio. In The vaesu 736R is a multimode transceiver for 2 m
addition, by adjusting the attenuator so that the  (144-148 MHz) and 70 cm (430-450 MHz). It can be
S meter on the HF rig rests at zero at no signal, used for full-duplex receiving and transmitting on
more accurae sinel reports can be given. An 0,10 902 8 and 1013 odes and ) An
attenuator circuit is shown in the Test EQUIp-  (Mode L). Approximate power output: 20 W on 2 m
ment chapter. A useful modified form may in- and 70 cm, and 10 W on 23 cm.
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clude only three steps— 5, 10 and 20 dB. These
three settings allow attenuation in 5-dB steps
from O to 35 dB.

Preamplifiers

No discussion of satellite receiving systems
would be complete without mentioning pream-
plifiers. Good, low-noise preamplifiers are es-
sential for receiving weak downlink signals.
Multimode rigs and most transverters will hear  enwood's TS-790A is a dual-band (144-148 MHz
much better withtheadditionof aGaASFET pre-  and 430-450 MHz) multimode transceiver. A 23-cm
amplifier ahead of the receiver front end, albeit _(1240—1300 MHz) module is optional. Power output
at the expense of aconsiderablereductioninthe 'S 35-45 W on 144 MHz, 30-40 W on 430 MHz and

. . . . . 10 W on 1240 MHz.
third-order intercept point of thereceiver. While
apreamplifier can be added right at the receiver
in the station, it may not do much good there. Considerably better results can be obtained if the preamp
is mounted near the antenna. Indeed, antenna mounting of a preamp is essential for UHF and higher
operation. Losses in the feed line will seriously degrade the noise figure of even the best preamplifier
mounted at the receiver, while an antenna-mounted preamplifier can overcome nearly all of these noise
figure problems.

Table 23.10 lists several sources of commercially built preamplifiers. These are available in several
configurations. Some models are designed to be mounted in areceive-only line, for use with areceiving
converter or transverter. Others, designed with multimode transceiversin mind, have built-in relaysand
circuitry that automatically switch the preamplifier out of the antennaline during transmit. Still others
are housed, with relays, in weatherproof enclosures that mount right at the antenna. For the equipment
builder, several suitable designs appear in The Radio Amateur’s Satellite Handbook.

Tower-Mounted Preamplifiers

Mast-mounting of sensitive electronic equipment has been a
fact of life for the serious VHF/UHFer for years, although it may
seem to be a strange or difficult technology for many HF opera-
tors. To get the most out of your satellite station, you'll need to
mount a low-noise preamplifier on the tower or mast, near the
antenna, so that feed-linelosses do not degrade |ow-noise perfor-
mance. Feed-line losses ahead of the preamplifier add directly to
receiver noisefigure. A preampwitha0.5-dB noisefigurewill not
do you much good if thereis 3 dB of feed-lineloss between it and
the antenna.

In Fig 23.41, note the large white box located below the eleva-
tionrotator. Fig 23.45 showstheinterior of thisbox. A closelook
shows a 2-m preamplifier for the Mode B downlink and relaysto
switch it in and out of the line to the antenna. This setup is de-
signed to beat excessivefeed-linelossesfor basic stations. Trans-  Fig 23.45 — Interior of the tower-
mitting equipment for the 70-cm and 24-cm bandsisalso housed mounted equipment rack with the
in the same enclosure. Normal installations may require only the ~ cover removed. The 70-cm equip-
receiving preamplifier (2m for Mode B and 70 cm for Mode Jand ;nuep”rfl;s r(;gutlha?ol resftawzhilirﬁot‘:‘;enrs
L) to be mounted on the mast. The transmitting equipment iS  mit converter and a 2-m preamp
discussed further in the next section. are mounted on the right.
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Transmitters

The AO-10 Mode B uplink requires a controllable 5 to 50 W of 435-MHz RF power at the antenna.
This assumes a good antenna, which will be discussed later. Feed-line losses in a typical 435-MHz
installation can easily run 3 dB, so you’'ll need anywhere between 10 and 100 W output from your
transmitter.

Since there are many combinations of transmitter power and antenna gain that will result in a satis-
factory signal through AO-10, satellite users generally talk about their uplink capability in terms of
effective radiated power (ERP). ERP takes into account antenna gain, feed-line loss and RF output
power. For example, a 10-W signal into a 3-dB-gain antenna will have an ERP of 20 W (3 dB greater
than, or twiceasstrong as, 10 W). Thisassumesno lossinthefeed lineand all 10 W from the transmitter
reaches the antenna. If the signal is 10 W into a 10-dB-gain antenna, the ERPis 100 W. The same 100-
W ERP can be achieved with a 50-W transmitter and a 3-dB-gain antenna.

Stations with an uplink ERP as low as 10 W can be copied through AO-10, Modes B and J, but ERP
levelsof 100to 400 W arethe norm. No matter what your ERP, your signal on the downlink should never
be stronger than the general beacon at 145.81 MHz (Mode B) and 435.65 MHz (Mode J). Asareminder,
satellite service ground stations do not have to be as strong as the beacon to provide excellent commu-
nications; good operators will adjust their signalsto just the level needed for the QSO. Y ou must have
away of adjusting your uplink signal power so that your downlink isno stronger than the beacon. These
points are discussed in detail in The ARRL Operating Manual.

If the Mode-B satellite ground station has a 10-W transmitter, a short run of low-loss feed line and
good antennagain, an additional amplifier would probably not be needed. If losses and gains do not add
up to therequired ERP, a 30 to 40-W amplifier may be needed. Some operators have 100-W amplifiers,
but with the antennas available today, use of that much power is guaranteed to create an uplink signal
that far exceeds the beacon level. This is considered by good operators to be an antisocial action.
Considerate operators with the 100-W amplifiers quickly reduce drive power to lower the ERP to
acceptable levels.

Most satellite operators use UHF multimode transceivers to generate Mode B uplink signals. The
manufacturerslistedin Table 23.10 make 70-cm multimode transceiversthat are similar to the 2-m units
as described earlier. Although most of these transceivers provide 10-W output, some can deliver 25 W
or more.

Earlier satellites in the AMSAT programs created and fostered the need for good multimode 2-m
transceivers, asthey formed the nucleus of the satellite station. Current and future satellite programswill
find the 70-cm transceiver asthefocal point of the satellite station, emphasi zing the trend to even higher
frequencies.

For Mode L transmitting, there are several
transmitting converters, transverters, amplifiers
and even amultimodetransceiver availablefrom
the suppliers listed in Table 23.10.

Transmitting Accessories

The tower-mounted equipment rack shown in
Fig 23.45 contains the 70-cm and 24-cm power
amplifiers. Tower mounting of a transmitter is
probably unnecessary for 70-cm, but becomes
much more important for higher frequencies.
Feed-line losses at 70 cm are generally twiceé  The ICOM IC-820H is a state-of-the-art transceiver
thoseof 2m, whilethoseat 24 cmareabouttwice  designed especially for satellite use.

Repeaters, Satellites, EME and Direction Finding 23.47



those of 70 cm, or four timesthose of 2m. For an
80-ft feed line, the losses at 24 cm can easily
reach 6 dB for even the best coaxial cable. Con-
sequently, a 100-W amplifier in the shack will
only yield 25 W at the antenna. A good alterna-
tive is to place the transmitting converter and a
20-W solid-stateamplifier inthetower-mounted
box near the antennas. Theresultsare nearly the
same, and you avoid the time and money needed
togeneratehigh power that will just belostinthe The Yaesu FT-847's satellite mode provides the
feed lme_anyway' . user with a full featured satellite trzfnsceiver. As a

A coaxial RF sampler isconnectedtotheoutput  ponus, it also covers all the HF bands!
of the 70-cm amplifier since it is good amateur
practice to monitor the power at the antennato be
surethetransmitter isworking properly. Coaxial relaysareused for proper switching of the power amplifiers
and 70-cm preamp for OSCAR Mode J and L operation as well as for terrestrial communications.

One very important aspect of using GaAsFET preamps with transmitting equipment is getting every-
thing to switch at the proper time. If transmitters, amplifiers and antenna relays are keyed simulta-
neously, it’s likely that RF will be applied to the feed line before the relays are fully connected to the
antennaload. Such hot switching can easily arc the contacts on expensive coaxial relays. In addition, if
the TR relay is not fully closed, RF may be applied to the preamplifier. Such bursts of RF energy are
guaranteed to destroy the GaAsFET in the preamplifier. Many pieces of transmitting equipment (espe-
cially multimode transceivers) emit a short burst of RF power when switched on or off, so thereisthe
risk of transmitting into your preamp even if you are careful to pause before keying.

Ideally, keying of a transmitter should follow a timing sequence that will ensure the safety of the
equipment. When you switch into transmit from receive, the coaxial relays change state to remove the
preamplifier from theline. Next, the power amplifier iskeyed on. Thelast thing that happensisthat the
transmitter RF is enabled. When switching back to receive, the sequenceisjust the opposite. First, the
transmitter RF is switched off, the power amplifier is disabled, and then the TR relays change state to
place the preamp back in service. Solid-state sequencers to control station TR switching are shown in
the Station Accessories chapter.

Specialized Transceivers

Separate transceivers or transmitting and re-
ceiving convertersare no longer the only way to
go. Modern equipment offerings by 1COM,
Kenwood, Yaesu and Ten-Tec, tailored for the
satellite user, do it all in one package.

The Yaesu FT-847, for example, covers all
bands through 450 MHz—including HF. In sat-
ellite mode, it has duplex crossband capability.
Its dual VFOs can be tied together, making it
easy to track frequencies. This is particularly
hel pful when using satelliteswithinverting tran-
sponders, such asFO-29 and the upcoming Phase
3D. When theradio isinthisconfiguration, tun-
ing the uplink VFO causesthedownlink VFOto  jcom's IC-821A is another modern, full-featured
tune automatically in the opposite direction. transceiver designed for satellite use.
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ICOM’s IC-821H is a dual-band (2-m/70 cm) multimode transceiver that also features a handy sat-
ellite mode. Like the FT-847, its dual-VFO design makes it easy to tune satellites with inverting tran-
sponders. In satellite mode, the Main (transmit) and Sub band frequencies follow each other, either in
the same direction or in reverse.

TheKenwood TR-790A and Y aesu FT-726R and FT-736R unitsstart out as 2-m multimodetransceiv-
ers. They are, however, expandable to work on other bands with the addition of optional modules. The
Mode-B satellite operator would most likely be interested in the TR-790A or FT-726R/FT-736R with
the stock 144-MHz and 430-MHz modules. These same RF modules will also serve well for Mode J
directly and Mode L using an outboard 23-cm transmitting converter. Both manufacturers also offer 23-
cm transceive modules, for Mode L, for their multiband units. To tieit all together, these Kenwood and
Y aesu transceiversal so both offer satellite modul es (stock or optional) that allow the amateur to transmit
on one band for the uplink while receiving on another band for the downlink. This is full duplex
operation; the effect is the same as having two separate radios in one box.

Tower-Mounted Equipment Shelters

A great many amateurs seem apprehensive about placing their valuable radio equipment outdoors.
Such fears are unfounded if adequate care is taken to protect the equipment from the elements. The
equipment shown in the photos has been outdoors for years without any adverse effects.

Fig 23.46 shows the basic scheme for weatherproofing tower-mounted equipment. The fundamental
concept is to provide a cover to shelter equipment from rain. A deep drawn aluminum pan can make an
excellent shelter. A trip to the housewares section of thelocal department storewill reveal avariety of plastic
and aluminum trays and pans that can make suitable rain covers. Polyethylene plastic is not durable in the
sunlight. Clear polystyrene refrigerator containers work better than those made of polyethylene, and alumi-
num is best of all. Choose a cover that is large enough for your equipment; remember to leave room for
connecting cables.

The bottom of the rain cover is open to the elements. Thisis
done on purpose and will not cause any problems. Do not try to
hermetically seal the enclosure. By leaving the bottom open, ad- é
equate ventilation will prevent accumulation of water condensa-
tion. Just make sure that water cannot run into the enclosure by
way of cablescomingfromabove. FormthecablesasshowninFig
23.46toprovidedriploops. Adding apiece of window screen over
the opening should be considered to avoid infestations of nesting
insects, such as wasps, and the wire-hungry ravages of squirrels.

The mast-mounted enclosure shown earlier is awelded alumi-
num box purchased from a surplus dealer. It was used because it
was available and the price was right. You don’t really need abig
box like thisif you just want to protect a preamp and relays.

Rain Cover

\ Mast

Preamp and
@, Relay Box

Coaxial Cable

Station Control to Antenna

Fig 23.47 isaschematic diagram of the control circuitry for the Coaxial Cable to Station
2-m side tower-mounted rack. Parts of this diagram will be help-
ful, even if only the preamp is mounted at the antenna. Note that
thiscircuitisdesigned around the surplus coaxial relaysthat were  Fig 23.46 — Protection for tower-
available at thetime. Y our version will probably be differentand ~ mounted equipment need not be
will ergnd on the relays available to you. . ﬁﬁ)blggaéz' SBheojvli]rz éoﬂ? ;te ivsatgf
Thiscircuitry performsseveral functions. For starters, itplaces  drips off the cable jacket before it

the preamp in the line only during receiving periods and takesit  reaches the enclosure.
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Fig 23.47 — Control circuitry for the mast-mounted 2-m preampli-

fier and 24-cm Mode-L transmitter. K1-K3 are surplus coaxial

relays.

out of the line during transmit-
ting periods as well as at those
timeswhen the stationisnot in
use. Thisisneeded if the satel-
lite array is used for terrestrial
transceive operation as well.
The switching arrangement
shown also protectsthe preamp
from stray electromagnetic
pulses (EMP), such as light-
ning strokes, when the station
isnotinuse. EMP protectionis
desirable even if the antenna
and preamp are used only for
receiving satellite signals.
Fig23.47isonly alittiemore
complicated than the average
mast-mounted preamp setup
because it also allows 2-m RF
todrivea24-cmModelL trans-
mitting converter. An extrare-

lay (K3) isused to switch between 2-m and 24-cm operation. K1, an SPDT transfer relay, switchesthe
antennabetween theinput of the preamp and athrough lineto K2. K2, another SPDT relay, switchesthe
feed line, from the shack, between the preamp output and K1. Therelays are connected so that they must
be energized to place the preamp in line, thus ensuring that the preamp is disconnected when not in use.

Depending on the complexity of your satellite station, you might want to combine most of the switch-
ing and control circuitry into asinglebox sothat it providesready accessto all controls. Fig 23.48 shows

a Minibox cut to alow profile
(beneath the multi-antenna ro-
tator control unit) that contains
all of the switches needed to
control the station accessories.
It houses a TR sequencer cir-
cuit board as well. This box
controls the following func-
tions: changeantennapol ariza-
tionfrom RHCPto LHCPon 2
m and 70 cm; switch the 2-m
and 70-cm preamplifiersinand
out of the circuit; and switch
the power amplifier in or out of
the line. The box also contains
a high performance 2-m re-
ceive converter, for use with
the station HF transceiver,
when the Mode B conditions
get to be really difficult. As
shown, home-built control unit
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Fig 23.48 — The satellite station at WD4FAB, with a home-brew
antenna controller mounted above a low-profile station controller.
On the right is a Yaesu FT-726R transceiver, with a power meter,
clock and 23-cm transverter mounted on top.



boxes can bedressed up with the addition of aplotted or printed label on white paper. Thelabel isbonded
to the panel with the use of thin double-sided adhesive tape. A covering of clear |abel tape protects the
label from smudges and dirt.

Station Equipment Summary

Satellite communication, like any other facets of Amateur Radio, requires some specialized station
equipment and accessories. Having the best equi pment does not necessarily guarantee success. Thereare
anumber of “hints-and-kinks” typeideasthat can make OSCAR operation far more satisfying. Some of
the equipment itemsthat have been discussed here provide capabilitiesbeyond the bare minimum needed
for successful satellite operation. They may also be of valuein VHF and UHF terrestrial work. Design
your station to suit your own needs. Some operators may continually tinker with their station equipment,
making frequent improvements, as part of their participation in the Amateur Radio hobby.

SUPPORTING CONCEPTS AND THEORY

Previous sectionshavedescribed the satel litesand communi cation modesavail ableaswel | asvarioustypes
of equipment needed for successful satellite operations. Asis often the case with other specialized commu-
nications systems, there are certain concepts and theory peculiar to satellite communication. The purpose of
this section is to review some topics that range in importance from “essential” to “interesting to know.”

Orbital mechanicsand trackingwill beexaminedfirst. Thematerial presented herewill bemoredescriptive
than mathematical. For a complete treatment of this subject, the reader is directed to The Radio Amateur’s
Satellite Handbook published by the ARRL. The need to usecircularly polarized antennas was mentioned in
thediscussion of equipping astation. Thissectionincludesamorecompl etediscussion of circular polarization
along with arelated phenomenon whose effects can be mitigated somewhat by using circularly polarized
antennas — spin modulation. The sections on path loss and link budget will help explain why certain
combinations of receiving and transmitting equipment and antennas were recommended.

Tracking and Orbital Mechanics

In order to complete a QSO viaan Amateur Radio satellite, the ground station operators must be able
to predict when the satellite will be visible at their respective locations. Previous sections have recom-
mended a stepwise approach to the complexities of amateur satellite operation. Expertisein the area of
satellite tracking can be gained in a similar manner.

One method of tracking that is adequate for operations using omnidirectional antennas on LEO
satellites uses the Oscar-locator, published by the ARRL as part of The Satellite Handbook. The
Oscarlocator is a graphical tracking aid that consists of a satellite ground track indicator and a set of
range circles overlaid on a polar projection map of the world. Since the ground track is calibrated in
minutes, it isonly necessary to position the track at the correct equator crossing location and note how
many minutes later the satellite will cross inside the range circle.

There are, of course, many computer programs availablefor satellite tracking. These range in complexity
from those that produce text output such asshown in Fig 23.40 to those that produce graphical output inreal -
time such as seen in Figs 23.15 and 16. It is also possible to obtain real-time tracking programs that will, in
conjunction with the proper antenna controller, position your antennas automatically.

All of these programsrely onwhat iscalled areference Keplerian element set for their operation. The
Keplerian element sets for Amateur Radio satellites are distributed via on-the-air nets, terrestrial and
packet radio networks and printed media.

The reference element sets used by the program need to be updated periodically. This is necessary
because afuture position isbeing computed based on aknown previous position specified by the element
set. As the length of time between the reference element set and the future prediction increases, the
predictions are prone to inaccuracies due to perturbations of the orbit such as atmospheric drag.
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How often the reference elements should be updated i s dependent on the satellite. Reference elements
for LEO satellites should probably be updated about once per month. Element sets for HEO satellites
such as AO-10 and Phase 3D need not be updated nearly asoften. Thisis particularly trueif the element
set in use has been produced by averaging previous element setsover along period of time. Other special
cases such asthe US Space Shuttle SAREX missions can require very frequent updates of the elements
sets because the orbit geometry can change significantly and frequently depending on the goals of the
mission. Reference element sets are distributed by AMSAT every week by many media including HF
and VHF packet radio networks, the packet radio satellites such as AO-16 and UO-22, as well as
commercial information services such as CompuServe’'s HamNet.

Satellite tracking softwareis now available for awide variety of computers from many different sources.
However, if you purchase your tracking program from AMSAT-NA, you can be sure that your contribution
will help finance the next Amateur Radio satellite project. No matter where you purchase your program, you
should be sure that it has the features you need and will run correctly on your computer system.

Circular Polarization

In the HF bands, polarization differences between antennas are not really noticeable because of the
nonlinearities of ionospheric reflections. On the VHF and UHF bands, however, there is little iono-
spheric reflection. Cross-polarized stations (one using avertical antenna, the other ahorizontal antenna)
often find considerable difficulty, with upwards of 20-dB loss. Such linearly polarized antennas are
“horizontal” or “vertical” in terms of the antenna’s position relative to the surface of the Earth, a
reference that loses its meaning in space.

The need to use circularly polarized (CP) antennas for space communications is well established. If
spacecraft antennas used linear polarization, ground stations would not be able to maintain polarization
alignment with the spacecraft because of changing orientation. Ground stations using CP antennas are
not as sensitiveto the polarization motions of the spacecraft antenna, and thereforewill maintain abetter
communications link.

All AO-10gainantennas(for 2m, 70 cm, 24 cmand 13 cm) are configured for RHCP operation along their
maximum gain direction. See Table 23.11 and Fig 23.49. Since this direction is also the main antennalobe
along the spacecraft +Z axis, the best communications with AO-10
will alsobealongthat direction. Sincethe AO-10radiationsareRHCP,
ground stations should also be RHCP for optimum communications.

Therearetimes, however, when LHCP provides abetter satellite
link. AO-13 was designed so that the main antenna |obe was ori- AX
ented toward the center of the Earth when the satellite was at apo-
gee. AO-10is not under active orientation control dueto afailure
of the flight computer memory. Thus, the AO-10 main-lobe orien-
tation is a matter of chance.

Table 23.11
Polarization and Gain of AO-10 Antennas

Fig 23.49 — This diagram shows

High Gain Antennas Omni Antennas the far-field radiation pattern
Frequency Polarization Gain Polarization Gain (undeformed) for the 2-m high-
(MHz) (dBi) (dBi) gain antenna on AO-10 and AO-13.
i (Adapted from The AMSAT-Phase
igg Sngg gg t!near gg Il Satellite Operations Manual,
. inear . -
repared by AMSAT and Project
1269 RHCP 12.0 RHCP 0.0 OSCAR) :
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Independently switchable RHCP/LHCP antennacircul arity isnecessary, especially for 70 cm. Itisnot
required for 24 cm operation as Mode L operations are only conducted on the main lobe. Switchable
RHCP/LHCP on 2 mis very convenient and useful for Mode B operations.

Spin Modulation

A characteristicof theAO-10designisthat the2-mand 70-cm high-gain array patternshavethreesidelobes
located along the spin axisthat are only about 3 dB weaker than the primary axial lobe. Theeffectiveradiation
pattern intended for this antenna is shown in Fig 23.49. Lobes in the off-axis antenna patterns produce
amplitude modulation of signal strength as the spacecraft spins about its axis. Off-axis operations of AO-10
arean established fact of life, creating spin modul ation frequencies of about 0.5 Hz froma 10 r/min spinrate.

Stations using CP antennas are much less prone to be affected by spin modulation than those using
linearly polarized antennas.
Good signals are maintainable
even far off-axisfromthemain
lobe, if the ground station is
using switchable CP.

In free space, a station lo-
cated at a distance from an RF
source will receive an average
power flow from that source
that isinversely proportional to
thesquareof thedistance. Dou-
bling the range will reduce the 25
signal by 6 dB. Since Phase 3
satellites have substantially el-
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liptical orbits, the changes in
path length (slant range) and
path loss is correspondingly
sizable. Fig 23.50 illustrates
the changes in path length of
AO-10/P3D signalsfor all con-
ditions from apogee to perigee
and for direct overhead passes
(subsatellite point location) to
thefar-limb viewing at AOS or
LOS.

Other physical processesin-
troduceadditional lossesinsig-
nals traveling to and from a
Phase 3 spacecraft through the
troposphere and ionosphere.
Whilemany of theseeffectsare
frequency dependent, the addi-
tional path losses are small
compared to the slant range
path losses. Table 23.12 sum-
marizes the path losses for the
2-m, 70-cm and 24-cm bands.

Fig 23.50 — Change of range loss of signal strength during the
11.7-hour elliptical orbit of AO-10. (Adapted from The AMSAT-
Phase Ill Satellite Operations Manual, prepared by AMSAT and

Project OSCAR.))

Table 23.12

Summary of One-Way Transmission Losses for

Communications Paths Between Earth and Phase 3
Spacecraft at Apogee in an 11.7-Hour Elliptical Orbit, as

Viewed Near AOS-LOS Range

Attenuation (dB)

Loss Mechanism 2m 70 cm 24 cm
Path Loss 168.07 177.57 186.86
Tropo/lonospheric Refraction 0.002 0.0003 0.0002
Tropo Absorption 0.1 0.7 1.65
lonospheric Absorption (by category)
D Layer 0.12 0.013 0.002
F-Layer 0.12 0.013 0.002
Aurora 0.13 0.014 0.002
Polar Cap Absorption (a rare D-layer event) 0.47 0.053 0.006
Field-Aligned Irregularities t t t

TLittle data available; characterized by rapid amplitude and phase fluc-
tuations. (Adapted from The AMSAT-Phase |ll Satellite Operations

Manual prepared by AMSAT and Project OSCAR)
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Link Budget

Link budget computations can be deceiving to the unwary observer. The problems arise from the
application of wide-bandwidth spacecraft transponders to handle a wide variety of complex, time-
averaged, narrow-bandwidth QSOs. The analysis presented in T able 23.13 employs a somewhat |ower
signal-to-noise ratio than the source information. Actual on-the-air experience has shown these lower

Table 23.13
Link Budget Computations for Mode-B and Mode-L Transponders on OSCAR 10 at Apogee

and AOS-LOS Range

Ground Station Uplink

Symbol Parameter Mode B Mode L
(70-cm uplink)  (24-cm uplink)

N;¢ Sat Receiver Noise Floor —136.7 dBm —137.4 dBm

SNR Avg Signal-to-Noise Ratio 15.0 dB 15.0 dB

Ps Signal at Satellite —121.7 dBm -122.4 dBm

G, Satellite Antenna Gain 9.0 dBi 12.0 dBi

Pa Signal at Sat Antenna —130.7 dBm —-134.4 dBm

PL Path Loss 177.57 dB 186.86 dB

Lit lono/Tropo Loss 0.73 dB 1.65 dB

Lop Pointing/Polarization Loss 1.5dB 1.5dB

P+G; Reqd Gnd Stn avg ERP 19.10 dBW 25.61 dBW
or: 81.3 W 363.9 W
Gnd Stn PEP ERP 25.10 dBW 31.51 dBW
or: 323.6 W 1448.8 W

G, Gnd Station Antenna Gain 16.0 dBi 19.0 dBi

Py Gnd Stn PEP Power Output 9.1 dBW 13.6 dBW
or: 8.1W 18.2 W

Satellite Downlink

Symbol Parameter Mode B Mode L

(2-m downlink)  (70-cm downlink)

P Satellite Max. PEP Output 16.99 dBW 16.99 dBW
Average Output 10.99 dBW 10.99 dBW

L Multi-user Load Share -15.0 dB -20.0 dB

Gq Satellite AGC Compression 0.0 dB 0.0 dB

G, Satellite Antenna Gain 9.0 dBi 9.5 dBi

Py Average User ERP Output  34.99 dBm 30.49 dBm

PL Path Loss 168.07 dB 177.57 dB

Li+ lono/Tropo Loss 0.33dB 0.73 dB

Lo.p Pointing/Polarization Loss 1.5dB 1.5dB

G, Receiving Antenna Gain 12.0 dBi 16.0 dBi

Ps Received Signal Level —122.91 dBi -133.31 dBm

Pn Noise in Rcv Bandwidth —137.76 dBm —-146.67 dBm

SNR Avg Signal-to-Noise Ratio 14.8 dB 13.4 dB

Link computations are based on the following parameters:

11.7 hour elliptical orbit
Eccentricity = 0.6

Slant range = 41.395 km at AOS/LOS

2.4 kHz SSB Signal
6 dB peak (PEP) to average signal ratio
Ground Station Receiving Noise Characteristics
at2m: T =505K, NF=4.4dB
at70 cm: T =65 K, NF =0.9 dB

(Adapted from The AMSAT Phase Ill Satellite Operations Manual, prepared by AMSAT and Project OSCAR)
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valuesto beworkable. The computation isalso performed on the basis of averaged RF power levels. The
conversion to PEP is done at the end, assuming a 6-dB relationship between PEP and average.

In the link computations, no allowances have been made for ground station transmission line attenu-
ation. Information for attenuation of avariety of popular feed linesisshowninthe Transmission Lines
chapter. If you measure RF power near the antenna and have a tower-mounted, |ow-noise preamp, the
link computations can be used as presented. The computation is based on two possible worst-case
conditions: with the maximum slant range values at AOS/LOS, and with the spacecraft at apogee. An
important assumption is that the spacecraft antenna pattern is on-axis to the communications path, a
highly unusual spacecraft orientation condition. Of course, an infinite number of cases could be pre-
sented in such atabular assessment.

Another highly variable parameter that must be taken into account is pointing and polarization loss.
With thewidevariety of AO-10 offset pointing situationsthat are seen in typical operation, the pointing
and polarization losses can easily achieve values of 10 dB or more. Nevertheless, the presentation of
Table 23.12 isin the ballpark for Mode B operations for those power levels and received signal condi-
tions seen in practice.
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THE 4 x 3 x 5 MHz FILTER FOR MODE J

If your 435-MHz receive system is sensitive enough to experience desense from your 2-m uplink, the
filter shown in Fig 23.51 should solve the problem. Most Mode JOSCAR users have experienced some
difficulty getting satisfactory results on this mode. Being able to receive well isthe secret. Adding this
filter should narrow the passband enough to allow rejection of unwanted noise and birdies. Insert it
before any preamp or converter in the antenna feed line. If the third-harmonic level is high, it may be
necessary to use a similar filter built for the 144-MHz band after your uplink 144-MHz rig.

Most plumbing-supply outlets can supply you with the material for the 3/4- and 3-inch copper pipe.
The only other item of cost is the type of coax receptacle you want to use. Make it adaptable to your
system, without sacrificing loss. The filter should cost less than $10.

Becareful whenyou solder double-sided PC board. Direct the heat of your torch at the pipe and enough
heat will transfer to the board to allow the solder to flow. It is not necessary to use PC board, as copper
or brass that is thick enough to support the unit will do. If copper or brassis not available, a soup can
you can solder to works well. The more stable the structure, the better.

Thefilter has a narrow passband, but with a good high-gain, |ow-noise system you should be able to
peak up the noisewith no signal. A low-power 145.050-MHz signal into adummy load should give you
atest signal to peak the filter.

Theinsertion loss measured in the ARRL Lab was around 0.4 to 0.5 dB. If you want to improve this

Parts List
Piece No.
1 Pipe, copper Cut ends square. Drill or punch for
3" diam, 5" long connectors 33/4" from bottom.
2 Pipe, copper AgSn (plumbing alloy) solder to center of 10.
3/4" diam, 4" long
3 Disk, copper Drill through center. Solder solid hook-up
3/4" diam wire between disk and connector to space
1/16"-1/g" thick disk 3/16" from piece 2.
4 Disk, copper Drill through center. Solder solid hook-up
3/4" diam wire between disk and connector to space
116"-1g" thick disk 3/16" from piece 2. *
5 Connector, coax BNC, SMA or N type. Solder to prevent "‘/7“"
turning. For large connector, use chassis I
Drill Punch t
punCh' Fitr(l.‘,oZ; Ci:iecg)r
6 Sameas5 334" 3-3/4" from
Bott:
7 Nut, brass 1/4"-20 hex e
8 Nut, brass 1/4"-20 hex |
9 PC board, double- Drill hole in center to clear 1/4-20 bolt. /@
sided. Top 4" x 4", Solder 7 and 8 each side of hole. (Use bolt \
11 to hold nuts in place when soldering.) //@
10 PC board, double- Solder 2 in center.
sided. Bottom 4" x 4",
11 Bolt, brass Insert through 12, then through 7 and 8.
1/4-20 x 3"
12 Locking nut, To hold piece 11 after resonance
brass, 1/4-20 hex adjustment. (10)

Fig 23.51—Parts list for the 4 x 3 x 5 MHz filter.
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figure, use silver braze and silver plating. Thisfilter was fashioned after adesign by Joe Reisert, W1JR,
and was built by Jay Rusgrove, W1VD.

A similar filter isavailable as a kit from the Microwave Filter Co, Inc (see the Refer ences chapter).

MFC developed their model 9397 filter specially as akit for amateur Mode-J satellite operators. Dick
Jansson, WD4FAB, describes the kit fully in September 1992 QEX.
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PARABOLIC REFLECTOR AND HELICAL ANTENNAS FOR MODE S

The Mode S transponder has become very popular for avariety of reasons. Among the reasons are:
good performance can be realized with a physically small downlink antenna and good quality
downconvertersand preamps are avail abl e at reasonabl e prices. I ncreased operation on Mode Shaslong
been advocated by anumber of peopleincluding Bill McCaa, KORZ, who led the team that designed and
built the Mode S transponder'4 and James Miller, G3RUH, who operated one of the AO-13 command
stations.’® Ed Krome, K9EK, and James Miller have published many articles detailing the construction
of preamps, downconverters, and antennas for Mode S.16-22 The following is a condensation of several
articles written by G3RUH describing two types of antennas that can be easily built and used for
reception of the Phase 3 Mode S downlink.

Parabolic Reflector

There are three partsto the dish antenna— the parabolic reflector, the boom, and the feed. There are
as many ways to accomplish the construction as there are constructors. It is not necessary to slavishly
replicate every nuance of the design. The only critical dimensions occur in the feed system. When the
construction is complete, you will have a 60-cm diameter S-band dish antenna with a gain of about 20
dBi with RHCP and a 3 dB beamwidth of 18°. Coupled with the proper down-converter, performance
will be more than adequate for Mode S.

The parabolic reflector used for the origina antenna was intended to be a lampshade. Several of these
aluminum reflectors were located in department store surplus. The dishis 585 mm in diameter and 110 mm
deep corresponding to an f/d ratio of 585/110/16 = 0.33 and a focal length of 0.33 x 585 = 194 mm. The
f/d of 0.33isabit too concave for asimple feed to give optimal performance but the price wasright, and the
under-illumination keeps ground noise
pickup toaminimum. Thereflector already
had a40-mm holeinthecenter withthree4- /
mm holesarounditinal-inchradiuscircle.

The boom passes through the center of
the reflector and is made from 12.5 mm
square aluminum tube. Theboom must be
long enough to provide for mounting to
the rotator boom on the back side of the
dish. The part of the boom extending
through to the front of the dish must be
long enough to mount the feed at the fo- Feed Helix comvortor

Boom A A AT
cus. If you choose to mount the down- | s
converter or apreamp near thefeed, some P
additional lengthwill be necessary. Care- Adaptor Rers
fully check therequirementsfor your par-
ticular equipment.

A 3 mm thick piece of aluminum, 65 Porabolic
mm in diameter is used to support the
boom at the center of the reflector. Once
the center mounting plateisinstalled, the
center boom is attached using four small \
angle brackets — two on each side of the \
reflector. See Fig 23.52 for details of re-
flector and boom assembly. Fig 23.52 — Detail of 60-cm Mode-S dish and feed.

Tg
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A small helix isused for the S-band antenna feed. Thereflector for the helix is made from a 125 mm
square piece of 1.6 mm thick aluminum. The center of the reflector has a 13-mm hole to accommodate
the square center boom described above. The type N connector is mounted to the reflector about 21.25
mm from the middle. This distance from the middle is, of course, the radius of a helical antennafor S
band. Mount the N connector with spacers so that the back of the connector is flush with the reflector
surface. The helix feed assembly is shown in Fig 23.53.

Copper wire about 3.3 mm in diameter is used to wind the
helix. Wind four turns around a 40-mm diameter form. The Spacing = 1.2 AN
turns are wound counterclockwise. This is because the polar- width 0.0
ization senseisreversed from RHCP when reflected from the
dish surface. The wire helix will spring out slightly when
winding is compl ete.

Oncethe helix iswound, carefully stretchit sothat theturnsare
spaced 28 mm (1 mm). Make sure the finished spacing of the
turnsis nice and even. Cut off the first half turn. Carefully bend
thefirst quarter turn about 10° soit will be parallel to thereflector
surface oncethe helix is attached to the N connector. Thisquarter
turn will form part of the matching section.

Cut a strip of brass 0.2 mm thick and 6 mm wide matching
the curvature of the first quarter turn of the helix by using a  Fi9 23.53 — Helix side of 60-cm

. Mode-S dish feed. The N-type
paper pattern. Be careful to get this pattern and subsequent .. cioris fixed with three
brass cutting done exactly right. Using alarge soldering iron  screws, and is mounted on a 1.6-
and working on a heat-proof surface, solder the brass stripto  mm spacer to bring the PTFE
thefirst 1/ turn of the helix. Unlessyou are experienced at this ~ Mmo!ding flush with the reflector.

. . . . . . Dimensions are in mm;
type of soldering, getting the strip attached just right will re- 1, "~ 55 4 mm.
quire some practice. If it doesn’t turn out right, just dismantle,
wipe clean and try again.

After tack soldering the end of the helix to the type N connector, the first /4 turn, with its brass
strip in place, should be 1.2 mm above the reflector at its start (at the N connector) and 3.0 mm at
its end. Be sure to line up the helix so its axis is perpendicular to the reflector. Cut off any extra
turns to make the finished helix have 21/4 turns total. Once you are satisfied, apply a generous
amount of solder at the point the helix attaches to the N connector. Remember this is all that
supports the helix.

Once the feed assembly is completed, pass the boom through the middle hole and complete the
mounting by any suitable method. The middle of the helix should be at the geometric focus of the
dish. In the figures shown here, the feed is connected directly to the downconverter and then the
downconverter isattached to the boom. Y ou may requireaslightly different configuration depend-
ing on whether you are attaching a downconverter, preamp, or just a cable with connector. Angle
brackets may be used to secure the feed to the boom in a manner similar to the boom-to-reflector
mounting. Be sure to use some method of waterproofing if needed for your preamp and/or
downconverter.

Matching

Detail

Spacing = 3.0

Reflector 125 x 125 /

All dimensions are in mm.

16-Turn Helix

The 16-turn helix described in this section was designed to be as physically small as possible and stil
allow reception of Mode S downlink signals.?! The results of tests using the antennawhile AO-13 was
at apogee of 43,000 km can be found in Reference 22. When coupled with an adequate preamp/
downconverter system, the 15.5 dBic gain of the 16-turn helix is adequate for CW operation, and under
good conditions, may be adequate for SSB operation as well.
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The 16-turn helix is shown
in Fig 23.54. The helix and re-
flector plate are constructed as

described for theparabolicdish & O g VNN s
above, except that the helix is k%"{\‘x i j‘ﬁf A *HS\ oy HQP
wound right handed (clock- _
wise). The matching section /ﬂ,
spacing from the reflector is 2

mm at the start and 8 mm at the

end. The helix is supported at Fig 23.54 — 16-turn helix antenna for Mode S.
every fifth turn, starting with
turn 3/4, using PTFE (Teflon) spacers screwed to the boom.
For additional information on constructing antennasfor use at microwave frequencies, see The ARRL
UHF/Microwave Experimenter’s Manual.
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MODE-S RECEIVE CONVERTER

Thisproject, designed by Zack Lau, W1VT, inthe ARRL Lab, wasfirst published in July 1994 QEX,
pp 25-30. Its goal is asimple yet high-performance 13-cm receive converter optimized for 2401-MHz
OSCAR Mode-S reception. The design takes advantage of recent advances in PHEMT technology to
simplify the circuitry while also improving performance. See Fig 23.55. A template package is avail-
able.?3 The finished unit checks out with a0.33-dB NF and 31 dB of conversion gain, according to the
ARRL Lab’s HP 346A/8970 noise-figure meter. This low noise figure, combined with a 15-turn helix
antenna, achieves a gai n-to-noise-temperature ratio of around 1. The converter also is small enough to
be mounted at the focus of a dish with minimal blockage.

The biggest design simplification comes from the use of Hewlett-Packard PHEMT GaAs
MGA-86576 MMICs, which are almost ideal in this application. The MGA-86576 has arelatively
low noise figure of 1.5 dB, just theright output power of + dBm, alow current draw of 16 mA, and
again of 23 dB that peaks in-band. The major disadvantage of the device isthat it requires very
good grounding for stability. Hewlett-Packard suggests four plated-through holes under each
lead. Sincethisdesignisfor amateursto duplicate, rather than for commercial manufacturers, very
thincircuit board, 15-mil 5880 Rogers Duroid, was used. Microwave Components of Michigan has
been selling this material for many years. Excellent stability can be obtained with this thin board
by bending the leads sharply and running them through the board. Unlike those of some surface-
mount devices, the |eads of these MM ICs are long enough to go through and bend back against the
board for a good mechanical attachment.

An advantage to PHEMT MMICs s their significant power efficiency. The 564 to 2256-MHz mul-
tiplier draws only 23 mA, even when an inefficient LM317L lin-
ear regulgtor 'is usedSee Tqble 23.14. . Table 23.14

The mixer isaMini-Circuits SYM-11, a surface mount device Measured Performance of the
with a reasonable RF port impedance. Its 50-Q input SWR is  gg4 o 2256-MHz Multiplier
roughly 2:1.

Sincethetwo MMICsand PHEMT draw only about 50 mA, the ~ Input (dBm)  Output (dBm)

local oscillator board was redesigned. See Fig 23.56. Size and ;'(9) 3-8
current consumption were both cut in half. A major part of thesize 8.8 6.0
reduction was obtained by using smaller filters. Thiswas done by 10.0 6.8
capacitively loading the hairpin loops of the filter with 4.7-pF 10.7 7.0
. h ; . . . 13.0 7.3
chip capacitors. This adds an interesting variable to no-tune de-
Fig 23.55—Schematic of the S-band converter.
C1, C2—100-pF ATC 100A chip capacitors (sub- Ul, U4—LM317L adjustable voltage regulator.
stitution not recommended). U2, Us—Hewlett-Packard MGA 86576 PHEMT
C3, C9, C10—1000-pF chip capacitors. MMIC.
C4, C7, C8—8.2-pF, 50-mil chip capacitors. U3—Mini-Circuits SYM-11 mixer.
C5—0.1-uyF or larger capacitor. W1—#32 silver-plated wire taken from 20-gauge
C6—100-pF feedthrough capacitor (any value Teflon stranded wire (8-mil diameter). This is a
from 10 pF to 0.1 pF should work fine). loop whose ends are 200 mils apart using 250
C11—4.7-pF chip capacitor. mils of wire (plus more for the connections).
C12—10-pF chip capacitor. One end is 55 mils above ground; the other
D1—1N4001 rectifier diode. end is grounded.

D2—Hewlett-Packard 5082-2835 Schottky diode W2—#32 silver-plated wire. This loop is between
(or another Schottky switching diode). the center pin of the coax and the transistor
L3, L4—4 turns #28 enameled wire, gate. The gate lead is 20 mils long. Not count-
116-inch ID. ing connections, the length is 310 mils. The

RD1—22-Q, 1/10-W chip resistor, 50 x 80 mils. ends of the loop are 182 mils apart.
R3, R6, R7—51-Q, 1/10-W chip resistor. [Schematic on next page.]
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FL1
2400 MHz

D1 6
1N4001 100

1.55 V 1228V 9 to

15V

FL2

2256 MHz
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2.423 v 1000

240 1178V

R4
U2
MGA86576

RF Amplifier

144—MHz
IF Output

RF Preamp

4x Multiplier

RF Amplifier
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1000

o

Cc9

Fig 23.56—Schematic of the 564-MHz local
oscillator.

C3—2 to 10-pF trimmer capacitor.

C4—15-pF NPO capacitor.

C5—47-pF N1500 capacitor. A commonly avail-
able NPO could be used, but the temperature
compensation improves stability. (See text.)

C8—0.33-uF or larger capacitor to prevent U2
from oscillating.

C9—1000-pF feedthrough capacitor. Any value
from 100 pF to 0.1 pF should work well.

LO Output
+13 dBm

N
X
3
<
©
n

CHIP

3| z J1—SMA panel jack. At 564 MHz connectors are
3 optional.
ol e L1—7 turns #28 enameled wire, 0.1-inch diam-
E Gg— é\é eter, closewound. 8 turns may work if C3

tunes low enough.

L2—14 turns #26 enameled wire on a T-25-10
core. As many as 17 turns may be needed on
a T-25-6 core, though 10 turns are usually
specified. It depends on the crystal’s shunt
capacitance.

R7—270-Q resistor. Replace with a 470-Q resis-
tor to run the MMIC from +12 V (no 8-V
regulator).

R8—82-Q resistor. Replace with a 220-Q, 1/,-W
resistor to run the MMIC from +12 V.

RFC1—8 turns #26 enameled wire, 0.10-inch 1D,
closewound.

U1—78L05 5-V regulator.

U2—78M08 8-V regulator.

U3—MAR-6, MSA-0685 MMIC.

U4—MAR-3, MSA-0385 MMIC.

W1—Wire jumper.

568—MHz BPF

10 to 15V
{ 100 mA

12.56 V

T

0.47
35V

CBJ_
+

78M08

568—-MHz BPF

Y1—94-MHz crystal. International Crystal Manu-
facturing part number 473390. For better
temperature stability, mount the crystal on

Reg
T IN
ND

the ground-plane side of the board and cover
it with antistatic foam.

1.687 V
R4
100

78L0O5

94—MHz Oscillator
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signs. A disadvantage is that capacitor tolerances can skew the center frequency of the filter, perhaps
unacceptably. On the other hand, it also can compensate for variations in board material. Thus, a bad
batch of boards might well be salvaged merely by changing the value of the chip capacitors. Thiscircuit
might also be used for a561.6 or 568-MHz LO. Multiply the former frequency by 10 for a5616-MHz,
6-cm LO and the latter by 18 for a 10,224-MHz, 3-cm LO.

A major variable in dealing with G-10 or FR-4 glass-epoxy board is the board thickness. Variations
can be aslarge as 14%—significant in determining the resonant frequency of amicrostrip filter. Rogers
advertises an available thickness tolerance of £1.5%.

The local oscillator is the circuit used in the no-tune transverters.2* This circuit is not recom-
mended if you wish to set the oscillator to a precise frequency, however. Like many overtone
circuits, this one may be difficult to get running properly, since there are at |east three things that
can go wrong. The most insidious is a parallel resonance in the tank bypass circuit at around 100
MHz. This may prevent the circuit from oscillating properly. This problem can be prevented by
changing the value of the bypass capacitors or by changing the spacing between them so the stray
inductance changes. The next possibility is that the tank circuit may not resonate at the desired
frequency. The easiest solution isto install a47-Q resistor in place of the crystal and resonating
inductor to see what the tuning range of the tank circuit is. Be sure to verify that the oscillator is
operating at 94 MHz. It is entirely possible that the output is near 564 MHz but the oscillator is
operating at some other frequency, such as 80.6 MHz. Finally, the parallel resonating inductor
must resonate near the desired overtone. Since the shunt capacitance across the crystal seems to
vary, the inductance value also must vary. This shunt capacitance can be measured with a 1-kHz
capacitance meter that reads a few picofarads accurately.

With atemperature compensating capacitor for C5, ahome-built 561-MHz|ocal oscillator drifted 368
Hz over atemperaturevariation of 41° (0to 41°C). Unfortunately, temperature compensating capacitors
of specific values are not readily available in small quantities, although they can be found in *bargain
assortments” at Radio Shack.

CONSTRUCTION

After etching the Teflon board, cut slotsin the board for ground foils and transistor source | eads.
These are marked with thin pads. Use ano. 10 X-acto knife with asharp blade. The slot should just
touch the outside of the pad, so the transistor will cover the copper pads. In addition to the four
slots for the transistors, there are seven slots to ground pads with thin copper foil (roughly 1 mil
thick). Next, cut the “U” for the RF preamplifier. This allows a piece of unetched circuit board to
be soldered in place for the ground plane. Finally, three holes are needed for the IF and dc power
connections. Coax can be run between the I F connection and a panel-mount connector. Copper can
be cleared away from the holeswith ahand-held drill bit. Thistakesabit of practice with such thin
board material.

A disadvantage of 15-mil board is poor mechanical rigidity. Thus, the board should be mounted
inabrassframe. 0.025%1-inch brassstrip can be used. Attach the connectorsto the brassstripswith
screws, then solder the strips to the circuit board. The strips without connectors are then soldered
to the circuit board. An extra brass strip was added at the center of the enclosure near the mixer
for extra stiffness.

The preamplifier construction isamost identical to the design published in Nov 1993 QEX.2° Instead
of an SMA connector, however, a nonstandard N connector was used—one with a panel-mount flange
similar in size to a BNC connector.

R2 is set so the voltage across R1is0.10 V, making the bias current of Q1 10 mA. W1 and W2 may
haveto be tweaked for best noisefigure. It is easy to damage Q1 via el ectrostatic discharge while doing
this, so take proper precautions.
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OPERATING HINTS

If this converter will be used with atypical transceiver, the mixer must be protected from the trans-
mitter. When turned off, many modern transceivers transmit momentarily. Installation of a postampli-
fier and attenuator is recommended if you wish to connect this converter to the antenna port of a
transceiver. This unit was really meant to be hooked up at the antenna, much like a mast-mounted
preamplifier. Thereislittle benefit to using an expensive GaAs FET preamplifier if it isfed with many
feet of lossy coax. However, you can separate the preamp/MMIC amplifier and the rest of the converter,
mounting the RF amplifiersat the antennaand having the converter in the station. Doing the cal cul ations
to determine the noise figure of the new system is recommended.
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A SIMPLE JUNKBOX SATELLITE RECEIVER

Thisproject, by John Reed, W610J, appeared firstin April 1994 QEX. Single-conversion receivers—
including direct-conversion designs—have received a good deal of attention, primarily because of the
articleby Rick Campbell, KK7B, in August 1992 QST. Thereceiver described here has been configured
for monitoring the 70-cm polar-orbiting PACSATS, and has demonstrated very good performance in
spite of thelimitations of single-conversion designs. In addition, it hasretained the simplicity, compact-
ness and versatility of single conversion. The receiver can operate in any part of the 70-cm band. The
output is an IF signal having a 250-Hz to 2-MHz passband.

Fig 23.57 isablock diagram of the receiver. This diagram shows one particular PACSAT configu-
ration—the receiver is being used with a 50-kHz IF filter/amplifier/FM discriminator, a 9600-baud
modem and a TNC/computer.

GENERAL DESCRIPTION

The receiver’s 3x51/,x57/g-inch metal cabinet contains two 43/,x5-inch circuit boards. One is the
UHF circuit board that has a 70-cm input filter, low-noise monolithic preamplifier, double-balanced
mixer and |F preamplifier. See Fig 23.58. There is also an LO driver consisting of a tripler/filter
arrangement operating from a 145-MHz, 6-mW source. The VFO circuit board has a24-MHz varactor-
tuned VFO and a 145-MHz frequency multiplier followed by a two-stage monolithic amplifier. This
amplifier output isthe LO driver input. The VFO circuit board includesa10-V regulator operating from
a 12 to 20-V external source.

On the front panel thereisa
12-position band selector
switch covering 3.6 MHz of
the 70-cm band in 300-kHz
steps. Fine tuning within these
steps is accomplished with Bana-Pass
a potentiometer covering a
500-kHz spread. The selector
range can be placed in any part
of the 70-cm band by trimmer
adjustments |ocated on the cir-
cuit boards. The back panel
contains a BNC connector for
the 70-cm input and jacks for
the receiver output and the
AFC input.

UHF Circuit Board
IF Output

IF y 250 Hz
Preamplifier { to 2 MHz
Bandwidth

436—MHz —~
Input  { ~c

3X

Multiplier

Band—Pass
Filter

VFO Circuit Board

VFO/2X 3X
Multiplier  [>|  Multiplier

| : | : 145 MHz
MAR-1 MAR—-4

LIMITATIONS AFC

Single-conversion receivers - |
lack discrimination of the un- | Auxiliary Equipment I

used sideband. For example, in TolF | sooitz L] Frequency
. . p Ouotput Amplit”zler = Discriminator =
a PACSAT application with a It 4t

|

1 T 11

9600—-BPS > TNC/ L
41

|

Modem

50-kHz IF there will be anim-

age frequency 100 kHz from
the received signal. In actual
operation, therehasbeennoin-
terference from asignal at this
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Fig 23.57—Block diagram of the receiver. The dashed-line section
indicates a particular configuration for monitoring 9600-baud
PACSATSs.
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Fig 23.58—Schematic of the UHF circuit board. See Fig 23.59 for detail of the UHF filters. All capaci-
tors are 50-V disc ceramics unless otherwise noted. All RFCs are 20 turns of #26 wire having an ID of
1/16 inch. C8 and C9 are 10-pF FILMTRIMS (Sprague-Goodman part #GYA10000). L6 is 7 turns of #18
wire, Y4-inch 1D, 3/g inch long with a 1-turn link coupling coil connected to the VFO amplifier output
coupling cable.

image frequency while monitoring PACSATS. Intherare case where there may be interference, you can
tune to the opposite sideband, placing the image at a different frequency.

Probably of more importance is that unattenuated noise at the image frequency causes a 3-dB S/N
degradation. Although thisisclearly not optimal, typical signal variations of polar-orbiting satellitesare
so large that this loss does not represent a major compromise. A second possible limitation is 1/f noise
originating from the diode mixer. But practically all 1/f noise is below 10 kHz. Therefore, PACSAT
application, withits50-kHz I F, is not affected. Even in applications requiring the use of lower frequen-
cies, the receiver’'s RF amplifier will largely override the 1/f noise.

The IF preamplifier has been left wideband simply as a versatility feature. Although the dynamic ranges
of boththemixer and | F preamplifier starttoroll over at about thesameinput level s, afilter between the mixer
and preamplifier will help avoid possible overloading effects of unwanted signal sthat passthrough theinput
filter but are outside the useful passband. For example, a50-kHz filter (20-kHz bandwidth) will improvethe
performance of the PACSAT configuration during some interference conditions.

Frequency stability isamajor consideration of simple 70-cm local-oscillator design. Oneinfluencing
factor in this case is that polar-orbiting satellites have total Doppler shifts of up to 20 kHz. This alone
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requires automatic frequency control—unlessyou are willing to keep one hand on the tuner! Of course,
if AFC can compensate for Doppler, it can also compensate for some drift in the local oscillator.

CIRCUIT BOARDS

Thecircuit boards are assembl ed using aglue-down stripline techniquethat holdsthe componentsand
acts as conducting RF links. Using this method, the printed-circuit board foil remains a solid ground-
plane, making it appropriate to use a single-sided board. A second feature is that the glued-down pads
can beeasily removed to accommodatelayout changes. The component striplinesareabout /s-inchwide,
and the lengths are determined by how many connections are desirable in asingle line. The connecting
pads are separated by foil notches made with ahacksaw, about ®/16-inch apart or longer, depending upon
layout convenience.

The 50-Q RF conducting lines are made 3/s>-inch wide, assuming the use of standard glass-epoxy
0.059-inch material. The width is different from conventional etched striplines due to the raised glue-
down stripline edge effect. In this particular application, the critical RF lines are so short that the type
of PC board material isof little consequence. EImer’ s Clear Household Cement can be used for fastening
the striplines. The cement sets up enough to use the pad in a few minutes. Removal of a pad becomes
difficult after setting-up for several weeks or more.

UHF CIRCUIT BOARD

The possibility of overloading of the preamplifier by off-frequency interferenceis minimized by first
passing the input signals through a three-section stripline filter. It has an insertion loss of 0.7 dB. As
shown in Fig 23.59, the filter is easy to build from readily available materials. Although the diagram

50 Q Input/Output Connections ‘
¢ 1 Inch from the Common S
©) § =

- - -

/3x1/8x0.032-lnch Brass with a 1/8-Inch Square Leg on One End
]
| I e

\Single or Double Sided PCB ﬁ
7/32"
7 32"——|_'L—|‘_ 3/8

Wood
Soldering 1/2"
Jig

Fig 23.59—Detail of the UHF filter. The filter is easily assembled using the wood soldering jig to hold
the striplines at the proper spacing while soldering. Use a Y/g-inch drill placed between the striplines
and PC board to ensure proper height above the mounting surface while assembling. The jig slots
are made with a hacksaw, which makes the desired 0.032-inch slot width. The devices marked C are
1.6 to 6-pF FILMTRIMSs, a Sprague-Goodman plastic-dielectric capacitor (part #GYA5R000). Surplus
2.4 to 9-pF ceramic trimmers also worked well. The local oscillator filter is the same except the input
stripline is 1.5 inches long rather than 3 inches long, and the related capacitor, C9, is increased to
10 pF (#GYA10000).

2

=]
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specifies a Sprague capacitor, which is available from many sources (Digi-Key, for example), there are
inexpensive surplus miniature ceramic trimmersthat will work fine aslong as the minimum capacitance
is 2.5 pF or less.

The MAR-6 preamplifier MMIC hasatypical gain of 18 dB with anoisefigure of 3.0dB. Thecritical
operating characteristic isthe 3.5-V bias voltage (measured at the MM I C output terminal). A 10-V V,
together with 430-D seriesresistors, sets the proper biasto allow the MMIC to operate near its nominal
16-mA current specification. Although chip coupling capacitorsarerecommended, standard disc ceram-
ics offer little performance compromise. People with poor eyesight will find disc ceramics much easier
to use. Two capacitorsin parallel reduce possible compromising inductance. The two MMIC ground
leads are raised above the board surface using strips of '/16-inch thick brass to make them level with the
input and output leads, which connect to the glue-down striplines.

The SBL 1 mixer is mounted in the conventional manner. Use of adrill to slightly ream each of the
eight pin holesto avoid pin contact with the foil allows proper connection to the glue-down striplines.
Grounded pins are soldered to the PC board with a small piece of soldering braid over the pin. This
permits arelatively easy desoldering procedure if for some reason it becomes necessary to remove the
mixer. The LO level into the mixer is monitored by a diode peak-reading detector. The nominal level
IS5 mW, or about 0.8V at TP3.

The LO driver filter islike the input filter except the input stripline is made shorter and used with a
larger value capacitor. Thisoptimizesloading of Q4, the MRF 901 tripler. TheLO driver hasamaximum
output of 20 mW. The output isreduced to the desired level by thedrive control, R1, located on the VFO
circuit board.

The IF preamplifier is similar to the one described in Campbell’s QST article. The grounded-base
stage, Q5, providesa50-Q load to themixer and approximately 40 dB of gain. Itisfollowed by an emitter
follower to supply alow output impedance.

VFO CIRCUIT BOARD

SeeFig 23.60. The VFO, Q1, isa24-MHz JFET Colpittsoscillator. It istuned by a12-V Zener diode
connectedto operatelikeavaractor. It produces approximately a 10-pF capacitance changethat provides
the desired 436-MHz LO shift of 4 MHz (222-kHz shift at the VFO). The output istaken from the FET
drainwitha48-MHztuned circuit. Thisdoublesthefrequency whileproviding reasonabl eisolation from
the VFO.

Fig 23.61 shows the results

of tests made of various VFO F—————1 —
components. Fig 23.61 also F LS g

describes two acceptable com-
ponent combinations. The
dominant temperature-sensi- - | Polystyrene || Polystyrene |
tive components are the induc-

tor (L1) and the tuned circuit

CapaCItorS (CZ’ 3’ 4) ) The band- L1 C2 and C4 c3 C1 Bandset
set trimmers (both the capaci-

tors and the variable ferrlte), Fig 23.61—Relative temperature coefficients of the VFO compo-
and the varactor arelesssensi-  nents as observed during circuit operation. The solid lines indicate
tive. The two recommended a configuration using a solid Plexiglas coil form and the dashed
combinations have an initial lines a thin-wall ceramic form. Both configurations will operate

. continuously for six hours together with a 10° F ambient tempera-
turn-on frequenc_y shift ) of ture change with less than a 20-kHz shift in frequency. There is
about 10 kHz during the first  |jittie performance difference between the three types of band-set
15 minutes of operation. After  methods as a function of temperature change.
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Fig 23.60—Schematic of the VFO circuit board.

C1—40-pF FILMTRIM (Sprague-Goodman L5—7 turns #18 wire, /4 inch ID, 3/ginch long with
#GYC40000). a 1-turn link coupling coil made from #22
C2—100-pF silver mica. hookup wire. The twisted pair is about 1.5

C3—100-pF polypropylene (Panasonic #ECQ- inches long.

P1H101J2). RFC—20 turns #26 wire, /15 inch ID. Output cou-
C4—330-pF silver mica. pling to the tripler—about 1 ft of miniature
D1—1N4742, 12-V Zener diode (used as a microphone cable (RS 278-510).

varactor). A—3/g inch diam Plexiglas rod.

L2—10 turns #26 wire wound on a /4-inch diam B—7 turns coil #26 gauge wire.
form (wood dowel). C—4 turns coil #26 gauge wire.

L3—10 turns #26 wire wound on a /4-inch diam D—0.010-inch diam carpet thread wound with the
form with a 2-turn link coupling coil made from coil for uniform turn spacing.

#30 wire-wrapping wire. The twisted pair is E—3%/16 inch diam holes to hold the coil.

about 2 inches long. F—#4-40 coil mounting stud. It is cemented or
L4—5 turns #18 wire, /4-inch 1D, 5/15-inch long threaded into the Plexiglas form.

with a 1-turn link coupling coil made from #22 G—Place several lines of clear cement along the

hookup wire. The twisted pair is about 1 inch coil length (Elmer’s Clear Household Cement).

long.
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that theshiftislessthan 10 kHz. Anuncompensated configuration using all micacapacitorstogether with
a Plexiglas coil form has afrequency shift of about 15 kHz per degree change of ambient temperature.

A resistive divider network, shownin Fig 23.62, providesthe varactor tuning voltage and an input for
the AFC or scanner function. A 12-position switch selects voltage divider resistors having values that
compensate for the varactor nonlinearity, resulting in a 300-kHz frequency shift for each position. The
voltagefor the varactor will vary from 3.7t0 6.6 V or 3.4 10 6.0 V depending on the position of the fine-
tuning potentiometer. The AFC/scanner input isnominally biased to 5 V. The frequency can be shifted
up to 200 kHz either plus or minus by forcing the biasto 0 or 10 V. The bias resistance is 5 kQ.

Two 10-turn potentiometers, one for bandset and the other for fine tuning, are an alternative method.
Frequency calibration is performed simply by monitoring the varactor input voltage with ameter. This
method worked very well. It didn’t compensatefor the nonlinear varactor, but the tuning wasfine enough
to make that unimportant.

The VFO isfollowed by an FET tripler and atwo-stage MMIC amplifier. The 145-MHz tripler has
amaximum output of about 0.5 mW. Thislevel iscontrolled by varying the FET drain voltage with the
potentiometer R1, and monitored by adiode peak detector (TP1). Thefirsst MMIC MAR1 stagehasagain
of about 18 dB and an output capability of +7 dBm in the VHF region. Its nominal operating currentis
17 mA with abias of 5 V. Although this output is probably enough to drive the LO tripler, the MAR4
was added as a safety factor to
allow for circuit performance
variations. It hasagain of about 910
8 dB with an output of +13
dBm. Its nominal operating
current is 50 mA with a bias 250
voltage of 6 V. The biasresis-
tors, 300 and 100 Q, together
with the 10-V source, operate
theMMICsclosetotheir nomi-
nal values. Thereisarelatively
high-Qtunedcircuit usedinthe
interstage coupling between 560
thetwo MMICsfor filtering out
unwanted VFO responses.
There are three tuned circuits
for this purpose, L4/C6, L5/C7 VFO Varactor )

Voltage (
and L6/C8, to ensure areason- 97k

ably pure waveform for driv- r/\/W—o

ing the LO tripler. Output of OV /_%‘Bk

SW—1
6—P0S—2-POLES

1k

680

1k
Fine Tuning
Potentiometer

theVFO amplifierismonitored
by apeak voltmeter at TP2. Itis
also used to initially align L6/ AFC Input
C8. At resonance, TP2 will
read a minimum value due to
lowering of the load imped-

ance. About onefoot of minia-  Fig 23.62—Schematic of the varactor voltage controller. There is a
ture microphone cable is used 300-kHz frequency shift between each SW-1 position. The fine

‘o tuning frequency shift is 500 kHz. The total tuning range is 4 MHz.
to connect the ampllflgr R_F The AFC input can shift the frequency up to £200 kHz. It is biased
output to the UHF circuit {0 +5V by a 5-kQ resistive divider. Maximum shift occurs when it is
board. Thereisabit of lossin  forced to 0 or +10 V.

Repeaters, Satellites, EME and Direction Finding 23.71



using this cable, but there is
power to spare and cable flex-
ibility is an important consid-
eration.

ALIGNMENT

The receiver can be aligned
using nothing morethanamulti-
meter anda2-mtransceiver. The
2-m receiver permitsinitial fre-
quency set of the VFO, and the
third harmonic of the 2-m trans-
mitter provides a signal for ini-
tial test and alignment of thein-
put filter and RF amplifier. The
required alignment steps are de-
tailed in Table 23.15.

Performance of the compact
stripline filter is far from out-
standing. However, it does al-
low me to monitor PACSATS
while transmitting into the ad-
jacent 2-m uplink antenna
without interfering with there-
ceivedsignal (forthePACSAT
full-duplex mode). The author
has concluded that amorecom-
plex internal filter would not
substantially improve the
receiver’s performance.

The receiver has been used
to copy FM 9600-baud packet
from UO-22 and KO-23, and
1200-baud PSK from AO-16.
Itisasimpleassembly that isa
pleasure to use.
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Table 23.15
Procedures for Final Alignment

1. Adjust all capacitors to minimum capacitance except C1, C5 and C8.
Set these three at maximum capacitance. Set R1 for maximum VFO
output.

2. Turn the tuner controls for midband response. SW1: pos 6, SW2: low
pos. Fine tuning potentiometer: midway point.

3. Set the 2-m transceiver to 145.33 MHz and arrange conditions such
that a rubber duck, or some other pick-up device, can be placed near
L1.

4. Tune the VFO to 24 MHz by decreasing C1 until the VFO is heard on
the receiver.

5. Tune L3/C5 to 48 MHz by decreasing C5 while peaking the 2-m
receiver response.

6. Peak the 146-MHz multiplier response by decreasing C6 while moni-
toring TP1; it should read about 0.3 V.

7. Peak the VFO amp response by increasing C7 while monitoring TP2;
it should read greater than 1 V.

8. Peak L6/C8 to 146 MHz by increasing C8 while monitoring TP2; it will
null to about 0.8 V.

9. Peak the LO filter by decreasing C9 while monitoring TP3, then trim
the remaining two 5-pF capacitors. TP3 should read about 1.2 V.

10. Correct the LO mixer input by adjusting R1 on the VFO circuit board
for 0.8 V at TP3.

11. Normalize the IF preamp operation by adjusting R2 to make the dc
voltage at TP4 2 V.

12. Peak the three input filter 5-pF capacitors for maximum response to
the 2-m transmitter’s third harmonic.

13. Optimize the S/N by tuning to a marginal input signal that is about
+10 dB S/N (transmitter harmonic, noise, etc) and peaking the three
filter 5-pF capacitors. S/N alignment requires the receiver input be
terminated with a 50-Q load.

Parts Suppliers

MMICs—Down East Microwave.

SBL1—Oak Hills Research.

Panasonic P-Series Polypropylene capacitors and Sprague-Goodman
FILMTRIMs—Digi-Key Corp.

Silver mica capacitors and ceramic trimmers—All Electronics.
Plexiglas—Check the Yellow Pages under Plastics.

Brass—Hobby shops usually stock small sheets of brass in various
thicknesses.




AN INTEGRATED L-BAND SATELLITE ANTENNA AND AMPLIFIER

The new Phase 3D satellite
offers a variety of bands and
modes; literally something for
everyone. It will have commu-
nications capability on every
authorized amateur satellite
frequency between 146 MHz
and 24 GHz. Uplinks are on
146, 435, 1270, 2400 and 5670
MHz. Downlinks are on 146,

435,2400and 10450 MHz,and Photo A—This antenna was designed to be home-brewed without
; ; any special tools or shop equipment. It is mounted on two 4-foot
24 GHz. All uplink receivers long hardwood dowel rods. See the text for construction details.

and downlink transmitters
share a common intermediate
frequency and are switched through a matrix. This allows any uplink to be paired with any downlink;
even multiple transmitters and receivers may be paired. Frequency pairings will be selected based on
operating considerations. Up and downlinksin the same band (such ason 146, 435 and 2400 MHz) will
never be used simultaneously.

To demonstrate what can be done, using a typical commercially available amplifier module, Ed
Krome, KO9EK (ex-KA9LNV), built an amplifier for the L-band uplink. The amplifier is mounted on a
boom, counterbalancing a helical antenna. The antenna design was taken from a program in the ARRL
UHF/Microwave Experimenter’s Manual. All of the work was done in the author’s home workshop
without any special toolsor equipment. This project showsyou can still home-brew equipment, even for
the latest of the amateur satellites.

Theamplifier/antennacombination takesa* system” approach to providing aconvenient and practical
method of generating a satisfactory Phase 3D uplink, while keeping cable and construction costs to a
minimum.

It is likely that the same frequency combinations that have proven historically popular will be used
frequently on Phase 3D. Much was|earned about communicationswith AO-13. ModeL (to betermed Mode
L/U), with its 1270 MHz uplink and 435 MHz downlink, was very
popular and an excellent performer. Mode S (now Mode U/S; 2400
MHz downlink and 435 M Hz uplink), wasincluded asan experiment,
and proved to be extremely successful. S-band downlinks with 30
inch diameter parabolic dish antennas could providea most armchair
SSB copy. It isexpected that Phase 3D will see both of those modes

Antenna details

Construction parameters for a 1270 MHz, 15 turn helix an-
tenna (from helix.bas by KA1GT) (all dimensions are in inches)
Length of wire in each turn = 10.445
Total length of wire required for entire antenna = 156.7
Coil diameter (center of wire) = 3.24

'
/

Spacing between turns (center to center) = 2.31 Photo B—The matching brick
Circumference = 10.186 amplifier can be mounted on the
Total length of antenna coil = 34.7 reverse side of the mast to coun-

terbalance the antenna.
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frequently, as well as a combination that takes the best of both, Mode L/S.

For the 23 cm, or L band, uplink, both kits and commercial equipment are available. Commercial
equipment, such asthe ICOM 1C-1271 series and the 23-cm plug-in module for the popular Y aesu FT-
736R, provide about 10-W of output power. Ten waitts, coupled to an antennaas small asa12-turn helix,
is predicted to be adequate for satisfactory SSB communications. However, microwave frequencies
present different problems from the lower bands. In particular, 10-W in the shack does not necessarily
mean you will seethose 10 watts at the antenna. Common (and reasonably priced) coaxial feed linesare
quite lossy at 1270 MHz. The old standby, RG-8U, loses almost 13 dB per 100 feet, which leaves
1/,-W out from the 10-W input. Hardline is a good solution, but tends to be expensive.

AN INTEGRATED APPROACH

A much better solution may beto integrate the antennaand final amplifier, eliminating the feed-linelosses
between thetwo. Fortunately, an el egant solution existsfor the*amplifier” part of thisintegration. Thisisthe
M57762 amplifier module, areadily available “hybrid” amplifier (referred to asabrick) designed for linear
amplifier service on 23 cm. This 50-Q impedance module requires only the addition of suitable dc power
circuitry, input and output connectors and a heat sink to provide a 10 to 20-W, 13 dB gain amplifier.

Many antenna designs are available. One practical design for satellite communications is the helix
antenna. Helix antennas are broadbanded, inherently circularly polarized and relatively easy to con-
struct. A suitable helix antennamay be designed using KA1GT’ s helix.bas computer program from The
ARRL UHF/Microwave Experimenter’ s Manual. The antenna shown uses 15 turns of no. 8 copper wire
and providesacalculated gain of 15 dB. Thisdesign was sel ected becauseit provides slightly more than
the minimum required gain and physically fits on a 3-foot long boom.

The L band uplink amplifier and antenna shown carries the integration a step further. The amplifier
is mounted on the back end of the helix antenna frame (on the opposite side of the clamp for the
crossboom), thereby serving as a counterweight to partially offset the weight of the helix. This is
desirable to reduce elevation rotor load.

The amplifier isfed from a shack-mounted 23-cm transmitter, but is rated for less input power than
what the common transmitters (as previously noted) produce. To extend our development of an inte-
grated arrangement evenfurther, it may be possibleto usethelength of cable between the shack-mounted
transmitter and the pole-mounted amplifier to attenuate the transmitter’s signal down to the level re-
quired by the amplifier. The M57762 israted at 1-W (+30 dBm) input. First, calculate the attenuation
required between the transmitter and the amplifier to prevent damage to the amplifier. Then calculate
the amount of your feed line required to provide that attenuation. If the run between the transmitter and
amplifier isshorter than the cablerequired for attenuation, simply usethewholerequired length of cable
and coil the excess up as adrip loop at the bottom of the tower.

ANTENNA CONSTRUCTION

Probably the easiest way to build the helix itself isto stretch out the required length of wire (adding afoot
or twotoholdonto, whichwill becut off later), thenmark thewireevery “Length of Turn” distance. Calculate
thecumulativelength and mark fromthat to prevent errors. Then close wind themarked wiresmoothly around
aform dlightly smaller than the noted diameter. It seems easier to “unwind” the helix while stretching it to
sizethanto“wind” it. Stretch the helix along arod until the overall length isachieved. Measure and equalize
spacing between turns. Finally, cut off the ends to get the desired helix. The helix is effectively fed from its
circumference through a matching transformer in the form of afin soldered to the first 1/4 turn of the helix.
A /5 inch wide strip of 0.015 inch brass stock, cut to match the curve of the helix, works fine. Position the
fin back about 1/4 inch from the connector, then solder it to thefirst quarter turn, parallel to thereflector plate.
A usable method of connecting the large helix wireto the N connector center conductor isto flatten the last
1/, inch of the wire with a hammer and block, then drill a hole in the flattened end to fit over the center
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conductor. Finally, solder it in place. On the antennashown, areturn loss of 16 dB was attained when the end
of the helix was spaced about 0.1 inch from the reflector.

The antenna frame was constructed from 4-foot long hardwood dowel rods. The frame shown uses a
3/4 inch rod on top and 1/, inch rod underneath, jointed together by /4 inch dowel sections slipped into
drilled holes and glued into place. Since the inside diameter of the helix is equal to the pitch diameter
minusonetimesthewire diameter, thisframeis 3.1 inchesoutside dimension. The spacersinthe 36 inch
helix sectionwereinstalled first, then thefreeendsof therodswere passed through properly spaced holes
drilled in the reflector plate, then the remaining spacers were installed (through holes drilled in the
dowels) and glued in place. Varnish the frame before installing the helix. The reflector plate is secured
to the frame with homemade angle brackets. The helix was slipped over the frame, stretched to the
correct turn-to-turn spacing and held to the frame in several places with small tie-wraps. A homemade
clamp plate is used to connect the top dowel rod to the antenna crossboom. Keep the crossboom attach-
ment closeto the back of thereflector to aid balance of the finished assembly. Sincetheamplifier isbuilt
with all RF and dc connectionson one end, it may be mounted connectors down on the end of the antenna
frame and easily weatherproofed with an inverted plastic container. The cables are routed up into the
amplifier in such away as to provide drip loops and prevent water from getting into the amplifier.

A problem with helix antennas is that the helix itself is insulated from dc ground. Therefore, static
el ectricity may build up onthe helix until it damagesthe attached device. One method of preventing such
buildup isto add ashorted 1/, wavel ength stub to the antennafeed. Since ashorted 1/, wave stub presents
an extremely high impedance at itsnon-shorted end, itisvirtually “invisible” to the RF flowing between
the antenna and amplifier at the design frequency but fully grounded for dc. The stub shown is actually
3/, wavelength since 1/, wavel ength is too short to be physically practical. Three-quarter wavelengthis
measured from the center conductor of the main cableto the shorted end of the stub. With RG-213 cable,
the length of the stub from the end of the male N connector to the short is 4% inches. Attach the stub
to the antenna through a“T” fitting. Assembled return loss was measured at 20 dB.

AMPLIFIER CONSTRUCTION

The amplifier (Fig 23.62A)
is constructed by mounting the
module itself on a heat sink, ,7—| M57762 I:‘
and using an etched circuit 500

50 Q

board, slipped under the leads 1 v':FN:N B g FB[If B RFoUT
ax.

onthebrick, toprovideboth RF 5pF
and dc connections. The only ClanC2s ClAsc2
things critical about the board ii /Li
are the width of the 50-Q input ut

and output lines (0.1 inch wide o1 —
on 0.062 inch thick, G10 H138V) T N Ut

1

board). Keep all leadsfrom the o L e e
module to the board traces as ;; /L;
short as possible. The connec-

tors(type-N arerecommended) Fig 23.62A—Just a handful of parts are needed to connect the brick
should be mounted on theend  amplifier module. All capacitor pairs are 10 uF/35 V chip or tanta-
of the heat sink in suchaman-  lum units in parallel with 1000 pF chip capacitors. D1 is a 4-A
ner that the center conductors  (Minimum), 50-V power rectifier such as Digi-Key GI820CT-ND. It
prevents damage due to reverse connection of the power leads. Ul
lay on t,he board trac,es' Keep is a 7809 voltage regulator (9-V, 1-A). Check RF Parts and Down
everything short! No insulator  East Microwave (see the Chapter 30 Address List) for pricing and
isrequired betweenthemodule  availability of the amplifier module.

7809
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and the heat sink. Be sure to use thermal conductive grease between the brick and the heat sink. The
circuit board also must be grounded to the heat sink. Ensure good grounding of the circuit board to the
heat sink by drilling and tapping several holes through the circuit board as shown.

A template, with additional construction details and a PC board layout, is available from the ARRL.
See Chapter 30, References, for ordering information.
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Earth-Moon-Earth (EME)

EME communication, also known as “moonbounce,” has become a popular form of space communi-
cation. The concept is simple: The moon is used as a passive reflector for VHF and UHF signals. With
a total path length of nearly 500,000 miles, EME is the ultimate DX. EME is a natural and passive
propagation phenomenon, and EME QSOs count toward the WAS, DXCC and VUCC awards. EME
opens up the VHF and UHF bands to a new universe of worldwide DX.

Thefirst demonstration of EME capability was done by the US Army Signal Corpsjust after WW 1.
In the 1950s, using 400 MW of effective radiated power, the US Navy established a moon relay link
between Washington, DC, and Hawaii that could handle four multiplexed Teletype (RTTY) channels.
The first successful amateur reception of EME signals occurred in 1953 by W4AO and W3GKP.

It took until 1960 for two-way amateur communications to take place. Using surplus parabolic dish
antennas and high-power klystron amplifiers, the Eimac Radio Club, W6HB, and the Rhododendron
Swamp VHF Society, W1BU, accomplished this milestonein July 1960 on 1296 MHz. In the 1960s, the
first wave of amateur EME enthusiasts established amateur-to-amateur contacts on 144 MHz and 432
MHz. In April 1964, W6DNG and OH1NL madethefirst 144-MHz EME QSO. 432-MHz EME experi-
mentation was delayed by the 50-W power limit (removed January 2, 1963). Only one month after the
first 144-MHz QSO was made, the 1000-ft-diameter dish at Arecibo, Puerto Rico, was used to demon-
strate the viability of 432-MHz EME, when a contact was made between KB4BPZ and W1BU. The
first amateur-to-amateur 432-MHz EME QSO occurred in July 1964 between W1BU and KH6UK.

The widespread availability of reliable |ow-noise semiconductor devices along with significant im-
provementsinY agi arraysusheredinthe second wave of amateur activity inthe 1970s. Contactsbetween
stations entirely built by amateurs became the norm instead of the exception. In 1970, thefirst 220- and
2304-MHz EME QSOswere made, followed by thefirst 50-MHz EME QSO in 1972. 1970s activity was
still concentrated on 144 and 432 MHz, although 1296-MHz activity grew.

As the 1980s approached, another quantum leap in receive performance occurred with the use of
GaASFET preamplifiers. This, and improvements in Yagi performance (led by DL6WU’s log-taper
design work), and the new US
amateur power output limit of
1500 W have put EME in the
grasp of most serious VHF and
UHF operators. The 1980s saw
144- and 432-MHz WAS and
WAC become a reality for a
great number of operators. The
1980s also witnessed the first
EME QSOs on 3456 MHz and
5760MHz (1987), followed by
EME QSOs on 902 MHz and
10 GHz (1988).

EME is still primarily aCW
mode. As stations have im-
proved, SSB isnow morepopu-

lar. Regardless of thetransmis- gl § P e e
sion mode, successful EME e 5»»‘4“?

operating requires:
1) Asclosetothelegal power ~ Tommy Henderson, WD5AGO, pursues 144-MHz EME from his
output as possible. Tulsa, Ok_lahoma, QTH_ with this array. Local electronics students
helped with construction.
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2) A fairly large array (compared to OSCAR antennas).

3) Accurate azimuth and elevation rotation.

4) Minimal transmission-line losses.

5) A low system noise figure, preferably with the preamplifier mounted at the array.

@ The Sounds 0f> G3HUL listens to echoes of 70-cm signals reflected off the moon.
Amateur Radio

Choosing an EME Band

Making EME QSOs is a natural progression for many weak-signal terrestrial operators. Looking at
EME path loss vs frequency (Fig 23.63), it may seem as if the lowest frequency is best, because of
reduced path loss. Thisisnot entirely true. The path-lossgraph does not account for the effects of cosmic
and man-made noise, nor does it relate the effects of ionospheric scattering and absorption. Both short-
and long-term fading effects also must be overcome.

50-MHz EME is quite achallenge, astherequired arrays are very large. In addition, sky noise limits
receiver sensitivity at this frequency. Because of power and licensing restrictions, it is not likely that
many foreign countries will be able to get on 50-MHz EME.

144 MHz is probably the easiest EME band to start on. It supports the largest number of EME
operators. Commercial equipment is widely available; a 144-MHz EME station can almost be com-
pletely assembled from off-the-shelf equipment. 222 MHz is a good frequency for EME, but there are
only a handful of active stations, and 222 MHz is available only in ITU Region 2.

432 MHzisthemost active EM E band after 144 MHz. Librationfading (seeFig 23.69) ismoreof aproblem
than at 144 MHz, but sky noise is more than an order of magnitude less than on 144 MHz. The improved
receive signal-to-noise ratio may more than make up for the more rapid fading. However, 432-MHz activity
ismost concentrated into the one or two weekends a month when conditions are expected to be best.

902 MHz and above should be considered if you primarily enjoy experimenting and building equip-
ment. If you plan to operate at these frequencies, an unobstructed moon window isamust. The antenna
used is almost certain to be a dish. 902 MHz has the same problem that 222 MHz has — it’s not an
international band. Equipment and activity are expected to be limited for many years.

1296 MHz currently has a
good amount of activity fromall 255

over the world. Recent equip- 8 //NORMAL APOLEE mBy
ment improvements indicate 2 250 wiloss —— 48
1296 MHz should experience a @ // b M
signifi-cant growth in activity g / %7 o m | 153
over the next few years. 2300 2 y %o oo | 194
240 3456 — 281.0 8 —— 15.5 O
MHz has received renewed in- z / T, a0 e 158 7
terest. It suffers from non- 2 235 A iz Loss A
aligned international band as- | & FARTHEST / Bowmoe — 160
X oS ; PERIGEE 220 — 255.0 dB 16.1
signments and restrictions in £ 230 g ey 133
different parts of the world. i 2304 - 7760 ® - o4
Z 225 NOMINAL PERIGEE 3436 — 279:0 dB — 166
g 10 GHz 288.0 dB |

Antenna Requirements NEAREST 24 GHz 296.0 dB }g’;
220 PERIGEE ! ! :
Thetremendouspathlossin- 0.8 04 0  +0.4 +0.8 +1.2 +1.6 +20 +24 +28 +3.0

ADDITIONAL PATH LOSS IN DECIBELS

curred over theEME circuit re-

quires a hlgh-power.transmlt- Fig 23.63 — Variations in EME path loss can be determined from
ter, alow-noise receiver and a  this graph. SD refers to semi-diameter of the moon, which is indi-
high-performance antenna ar- cated for each day of the year in The Nautical Almanac.
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ray. Although single-Y agi QSOs are possible, most new EME operatorswill rapidly become frustrated
unlessthey are able to work many different stations on aregular basis. Because of libration fading and
the nature of weak signals, a 1- or 2-dB increase in array gain will often be perceived as being much
greater. Animportant antennaparameter in EM E communi cationsisthe antennanoisetemperature. This
refersto the amount of noisereceived by the array. The noi se comesfrom cosmic noise (noise generated
by stars other than the sun), Earth noise (thermal noise radiated by the Earth), and noise generated by
man-made sources such as power-line leaks and other broadband RF sources.

Y agi antennas are almost universally used on 144 MHz. Although dish antennas as small as 24 ft in
diameter have been successfully used, they offer poor gain-to sizetrade-offsat 144 MHz. The minimum
array gain for reliable operation is about 18 dBd (20.1 dBi). The minimum array gain should also allow
a station to hear its own echoes on aregular basis. Thisis possible by using four 2.2-A Y agis. The 12-
element 2.5-\ Yagi described in the Antennas and Projects chapter is an excellent choice. When
considering a Yagi design, you should avoid old-technology Yagis, that is, designs that use either
constant-width spacings, constant-length directors or a combination of both. These old-design Y agis
will have significantly poorer sidelobes, anarrower gain bandwidth and a sharper SWR bandwidth than
modern log-taper designs. Modern wideband designs will behave much more predictably when stacked
in arrays, and, unlike many of the older designs, will deliver close to 3 dB of stacking gain.

222-MHz requirements are similar to those of 144 MHz.

Although dish antennas are somewhat more practical, Yagis still predominate. The 16-element
3.8-A Y agi described inthe Antennasand Pr oj ects chapter isagood building block for 222-MHz EME.
Four of these Y agis are adequate for aminimal 222-MHz EME station, but six or eight will provide a
much more substantial signal.

At 432 MHz, parabolic-dish antennas become viable. The minimum gain for reliable 432-MHz EME
operation is 24 dBi.

Yagis are also used on 432 MHz. The 22-element Yagi described in the Antennas and Projects
chapter is an ideal 432-MHz design. Four of the 22-element Y agis meet the 24-dBi-gain criteria, and
have been used successfully on EME. If you are going to use afixed polarization Y agi array, you should
plan on building an array with substantially more than 24-dBi gain if you desire reliable contacts with
small stations. This extra gain is needed to overcome polarization misalignment.

At 902 MHz and above, the only antennaworthy of considerationisaparabolic dish. Whileit hasbeen
proventhat Y agi antennas are capable of making EME QSOsat 1296 MHz, Y agi antennas, whether they
use rod or loop elements, are simply not practical.

EME QSOs have been made at 1296 MHz with dishes as small as 6 ft in diameter. For reliable EME
operation with similarly equipped stations, a12-ft diameter dish (31 dBi gainat 1296 MHz) isapractical
minimum. TV RO dishes, which aredesigned to operate at 3 GHz make excellent antennas, provided they
havean accurate surfacearea. Theonedrawback of TV RO dishesisthat they usually have an undesirable
F/dratio. Moreinformation on dish construction and feeds can be found in The ARRL Antenna Book and
The ARRL UHF/Microwave Experimenter’s Manual.

Polarization Effects

All of the close attention paid to operating at the best time, such as nighttime perigee, with high moon
declination and low sky temperaturesis of little use if signals are not aligned in polarization between the
two stations attempting to make contact. There aretwo basic polarization effects. Thefirstiscalled spatial
polarization. Simply stated, two stations (using az-el mountsand fixed linear polarization) that arelocated
far apart, will usually not havetheir arraysalignedin polarization as seen by the moon. Spatial polarization
can easily be predicted, given the location of both stations and the position of the moon.

The second effect is Faraday rotation. Thisis an actual rotation of the radio waves in space, and is
caused by the charge level of the Earth’s ionosphere. At 1296 MHz and above, Faraday rotation is
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virtually nonexistent. At 432 MHz, it is believed that up to a 360° rotation is common. At 144 MHz, it
is believed that the wavefront can actually rotate seven or more complete 360° revolutions. When
Faraday rotation is combined with spatial polarization, there are four possible results:

1) Both stations hear each other and can QSO.

2) Station A hears station B, station B does not hear station A.

3) Station B hears station A, station A does not hear station B.

4) Neither station A not station B hear each other.

At 144 MHz, there are so many revolutions of the signal, and the amount of Faraday rotation changes
so fast that, generally, hour-long schedules are arranged. At 432 MHz, Faraday rotation can take hours
to change. Because of this, half-hour schedulesare used. During the daytime, you can count on 90to 180°
of rotation. If both stations are operating during hours of darkness, there will be little Faraday rotation,
and the amount of spatial polarization determines if a schedule should be attempted.

At 1296 MHz and above, circular polarization is standard.

The predominant array is a parabolic reflector, which makes circular polarization easy to obtain.
Although the use of circular polarization would make one expect signals to be constant, except for the
effect of the moon’ s distance, long-term fading of 6 to 9 dB is frequently observed.

Withimprovedlong-Y agi designs, for yearsthe solution to overcoming pol arization misalignment has
been to make the array larger. Making your station’s system gain 5 or 6 dB greater than required for
minimal EME QSOs will allow you to work more stations, simply by moving you farther down the
polarization loss curve. After about 60° of misalignment, however, making your station large enough
to overcome the added losses quickly becomes a lifetime project! See Fig 23.64.

At 432 MHz and lower, Yagis are widely used, making the linear polarization standard. Although
circular polarization may seem like asimple solution to polarization problems, when signals are reflected
off the moon, the polarization sense of circularly polarized radio wave is reversed, requiring two arrays
of opposite polarization sense be used. Initially, crossed Y agiswith switchable pol arization may also |ook
attractive. Unfortunately, 432-MHz Y agisare physically small enough that the extrafeed linesand switch-
ing devices become complicated, and usually adversely affect array performance. Keep in mind that even
at 144 MHz, Y agis cannot tolerate metal mounting masts and frames in line with the Y agi elements.

When starting out on EME, keep in mind that it is best to use a simple system. Y ou will still be able
towork many of thelarger fixed-polarization stations and those who have pol arization adjustment (only
one station needs to have polarization control). Once you gain
understanding and confidence in your simple array, a more com- Attenuation vs. Polarization Misalignment
plex array such asonewith polarization rotation can be attempted.

Receiver Requirements _s L ANGLE — Loss
0° 0
-9 = 10° -0.13 dB
20° -0.54 dB
30° -1.25dB

A low-noise receiving setup is essential for successful EME
work. Many EME signals are barely, but not always, out of the

Attenuation dB

noise. Todetermineactual receiver performance, any phasingline sl §§ :§§§ §§

and feed linelosses, along withthe noisegeneratedinthereceiver, Ll ;85 e

must be added to the array noise reception. When all losses are | 9‘0 "T’ Y
considered, a system noise figure of 0.5 dB (35 K) will deliver 070 20 30 40 50 60 70 80 80
about all the performancethat can be used at 144 MHz, even when Misalignment Angle
low-loss phasing lines and a quiet array are used. Fig 23.64 — The graph shows

The sky noise at 432 MHz and above islow enough (cold sky  how quickly loss because of
is<15K (kelvins) at432MHz, and 5K at 12906 MHZz) sothelowest ~ polarization misalignment in-
possible noise figureis desired. Current high-performancearrays ~ C'éases after 45°% The curve

. . repeats through 360°, showing
will have array temperatures near 30 K when unwanted noise 5 |oss at 0° and maximum l0ss

pickup is added in. Phasing line losses must also be included, at 90° and 270°.
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along with any relay losses. Even at 432 MHz, it is impossible to make receiver noise insignificant
without the use of a liquid-cooled preamplifier. Current technology gives a minimum obtainable
GaASFET preamplifier noise figure, at room temperature, of about 0.35 dB (24 K). See Fig 23.65.

GaASFET preamps have also been standard on 1296 MHz and above for several years. Noise figures
range from about 0.4 dB at 1296 MHz (30 K) to about 2 dB (170K at 10 GHz). HEMT devices are now
available to amateurs, but are of little use below 902 MHz because of 1/f noise. At higher frequencies,
HEMT devices have already shown impressively low noise figures. Current HEMT devices are capable
of noise figures close to 1.2 dB at 10 GHz (93 K) without liquid cooling.

At 1296 MHz, a new noise-limiting factor appears. The physical temperature of the moon is 210 K.
Thismeansthat just likethe Earth, itisablack-body radiator. The additional noisesourceisthereflection
of sun noise off the moon. Just as afull moon reflects sunlight to Earth, the rest of the electromagnetic
spectrum is also reflected. On 144 and 432 MHz, the beamwidth of atypical array iswide enough (15°
istypical for 144 MHz, 7° for 432 MHz) that the moon, which subtends a 0.5° areais small enough to
beinsignificant in the array’ s pattern. At 1296 MHz, beamwidths approach 2°, and moon-noise figures
of upto5dB aretypical at full moon. Stations operating at 2300 MHz and above have such narrow array
patterns that many operators actually use moon noiseto assure that their arrays are pointed at the moon!

A new weak-signal operator is encouraged to experiment with receivers and filters. A radio with
passband tuning or | F-shift capability is desired. These features are used to center the passband and the
pitch of the CW signal to the frequency at which the operator’s ears perform best. Some operators also
use audio filtering. Audio filtering is effective in eliminating high-frequency noise generated in the
radio’ saudio or | F stages. This noise can be very fatiguing during extended weak signal operation. The
switched-capacitor audio filter has become popular with many operators.

Transmitter Requirements

Although the maximum legal
power (1500 W out) is desirable, ANT ANT
the actual power required can be
considerably less, depending on PRE-
the frequency of operation and RX il RX W
size of the array. Given the mini- S Yy = » AMP
mumarray gainrequirementspre- HARDLINE
viously discussed, the power lev-
els recommended for reasonable
successareshowninTable23.16. " o

The amplifier and power sup- ®)
ply should be constructed with ANT
adequate cooling and saf ety mar- FILTER
gins to allow extended slow- PRE- PRE— HARDLINE
speed CW operationwithout fail - R AP m AP
ure. Thetransmitter must also be TTX
freefromdriftand chirp. TheCW
note must be pure and properly ©
shaped. Signals that drift and

chirparehardertocopy. Theyare  Fig 23.65 — Two systems for switching a preamplifier in and out
especially annoying to operators of the receive line. At A, a single length of cable is used for both

. the transmit and receive line. At B is a slightly more sophisticated
who use narrgw CW fl_lters' A system that uses two separate transmission lines. At C, a high-
stable, clean signal will improve  isojation relay is used for TR switching. The energized position is
your EME success rate. normally used on receive.

HARDLINE
®) X /RX

RX

HARDLINE

X
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Table 23.16

Transmitter Power Required

for EME Success

Power at the array

50 MHz
144 MHz
222 MHz
432 MHz
902 MHz

1296 MHz

1500 W
1000 W
750 W
500 W
200 W
200 W

2300 MHz and above 100 W

P = total path loss (dB)

Gy = receiving antenna gain (dBi)
Pn = receiver noise power (dBW).

Calculating EME Capabilities

Onceall station parametersare known, the expected strength of
the moon echoes can be cal cul ated given the path lossfor the band
in use (see Fig 23.61). The formula for the received signal-to-
noiseratiois:

SIN=Py—Li+ G- P+ G, - P, (1)

where
P, = transmitter output power (dBW)
L = transmitter feed-line loss (dB)
Gt = transmitting antenna gain (dBi)

Receiver noise power, Py, is determined by the following:

Pn = 10 |Og_‘]_0 KBTS

where

(2)

K = 1.38x10723 (Boltzmann's constant)
B = bandwidth (Hz)
Ts = receiving system noise temperature (K).

Receiving system noise temperature, Ts, can be found from:

Ts=Ta+ (Lr-1) T1+ LT,

where

T, = antenna temperature (K)

3

L, = receiving feed-line loss (ratio)
T, = physical temperature of feed line (normally 290 K)
T, = receiver noise temperature (K).

An example calculation for atypical 432-MHz EME link is:
P, = +30 dBW (1000 W)

Gt = 26.4 dBi (8 x 6.1-A 22-€l Yagis)

L, = 1.02 (0.1-dB preamp at antenna)

Lt =1.0dB

P1 =262 dB

Gr = 23.5 dBi (15 ft parabolic)
Ta=60K

T1=290K

T, =35.4K (NT = 0.5 dB)
Ts=101.9K

P,=-188.5dB
S/IN=+54dB

Itisobviousthat EME isno place for acompromise station. Even relatively sophisticated equipment

provides less-than optimum results.
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Locating the Moon

The moon orbits the Earth . . , :
) . Fig 23.66— Parabolic-antenna gain vs size, frequency and surface
onceinapproximately 28days,  errors. All curves assumed 60% aperture efficiency and 10-dB
a lunar month. Because the power taper. Reference: J. Ruze, British IEEE.

plane of the moon’s orbit is

tilted from the Earth’ s equato-

rial plane by approximately 23.5°, the moon swings in a sine-wave pattern both north and south of the
equator. Theangleof departure of the moon’ sposition at agiventimefromtheequatorial planeistermed
declination (abbreviated decl). Declination angles of the moon, which are continually changing (afew
degrees a day), indicate the latitude on the Earth’s surface where the moon will be at zenith. For this
presentation, positive declination angles are used when the moon is north of the equator, and negative
angles when south.

The longitude on the Earth’s surface where the moon will be at zenith is related to the moon’s
Greenwich Hour Angle, abbreviated G.H.A. or GHA. “Hour angle’ is defined as the angle in degrees
to the west of the meridian. If the GHA of the moon were 0°, it would be directly over the Greenwich
meridian. If the moon’s GHA were 15°, the moon would be directly over the meridian designated as 15°
W longitude on a globe. As one can readily understand, the GHA of the moon is continually changing,
too, because of both the orbital velocity of the moon and the Earth’ s rotation inside the moon’s orbit.
The moon’s GHA changes at the rate of approximately 347° per day.

GHA and declination are terms that may be applied to any celestial body. The Astronomical Alma-
nac (available from the Superintendent of Documents, US Government Printing Office) and other
publicationslist the GHA and decl of the sun and moon (aswell asfor other celestial bodiesthat may
be used for navigation) for every hour of the year. Thisinformation may be used to point an antenna
when the moonisnot visible. Almanac tablesfor the sun may be useful for calibrating remote-readout
systems.

Using the Almanac

The Astronomical Almanac and other almanacs show the GHA and declination of the sun or moon at
hourly intervalsfor every day of the period covered by the book. Instructions areincluded in such books
for interpolating the positions of the sun or moon for any time on a given date. The orbital velocity of
the moon is not constant, and therefore precise interpolations are not linear.

Fortunately, linear interpolations from one hour to the next, or even from one day to the next, will
resultin datathat isentirely adequatefor Amateur Radio purposes. If linear interpolationsare madefrom
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0000 UTC on one day to 0000 UTC on the next, worse-case conditions exist when apogee or perigee
occurs near midday on the next date in question. Under such conditions, the total angular error in the
position of the moon may be as much as a sixth of adegree. Because it takes afull year for the Earth to
orbit the sun, the similar error for determining the position of the sun will be no more than a few
hundredths of a degree.

If apolar mount (a system having one axis parallel to the Earth’ s axis) is used, information from the
Almanac may be used directly to point theantennaarray. Thelocal hour angle (LHA) issimply the GHA
plusor minusthe observer’slongitude (plusif east longitude, minusif west). The LHA isthe angle west
of the observer’smeridian at which the celestial body islocated. LHA and declination information may
be translated to an EME window by taking local obstructions and any other constraints into account.

Azimuth and Elevation

An antenna system that is positioned in azimuth (compass direction) and elevation (angle above the
horizon) is called an az-el system. For such asystem, some additional work will be necessary to convert
thealmanac datainto useful information. The GHA and decl information may be converted into azimuth
and elevation angles with the mathematical equations that follow. A calculator or computer that treats
trigonometric functionsmay be used. CAUTION: Most almanacslist datain degrees, minutes, and either
decimal minutes or seconds. Computer programs generally require this information in degrees and
decimal fractions, so a conversion may be necessary before the almanac data is entered.

Determining az-el datafrom equationsfollowsaprocedure similar to calculating great-circle bearings
and distances for two points on the Earth’ s surface. There is one additional factor, however. Visualize
two observerson opposite sidesof the Earth who are pointing their antennasat the moon. Imaginary lines
representing the boresights of the two antennaswill converge at the moon at an angle of approximately
2°. Now assume both observers aim their antennas at some distant star. The boresight lines now may be
considered to be parallel, each observer having raised his antennain elevation by approximately 1°. The
reason for the necessary change in elevation is that the Earth’ s diameter in comparison to its distance
from the moon is significant. The same is not true for distant stars, or for the sun.

Equations for az-el calculations are:

sinE=sinL sinD + cosL cosD cos LHA (4)
sSnE-K

tanF=>——
cosE (5)
ssinD-sinEsinL

cosC= (6)

cosE cosL
where

E = elevation angle for the sun

L = your latitude (negative if south)

D = declination of the celestial body

LHA = local hour angle = GHA plus or minus your longitude (plus if east longitude, minus if west

longitude)

F = elevation angle for the moon

K = 0.01657, a constant (see text that follows)

C =true azimuth from north if sin LHA isnegative; if sin LHA is positive, then the azimuth = 360 — C.

Assume our location is50° N latitude, 100° W longitude. Further assume that the GHA of the moon
is 140x and its declination is 10°. To determine the az-el information we first find the LHA, which is
140 minus 100 or 40°. Then we solve equation 4:
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sin E =sin 50 sin 10 + cos 50 cos 10 cos 40

sin E=0.61795 and E = 38.2°
Solving equation 5 for F, we proceed. (The value for sin E has already been determined in equation 4.)
_ 0.61795-0.06175

c0s38.2
=0.76489

From this, F, the moon’s elevation angle, is 37.4°.
We continue by solving equation 6 for C. (The value of sin E has already been determined.)

tanF

_sin10-0.61795sin50

€0s38.2c0s50
=0.59308

C therefore equals 126.4°. To determine if C is the actual azimuth, we find the polarity for sin LHA,
which is sin 40° and has a positive value. The actual azimuth then is 360 — C = 233.6°.

If az-el dataisbeing determined for the sun, omit equation 5; equation 5takesinto account the nearness
of the moon. The solar elevation angle may be determined from equation 4 alone. In the above example,
thisangle is 38.2°.

The mathematical procedure is the same for any location on the Earth’s surface. Remember to use
negative valuesfor southerly latitudes. If solving equation 4 or 5 yields anegative valuefor E or F, this
indicates the celestial body below the horizon.

These equations may al so be used to determine az-el datafor man-made satellites, but adifferent value
for the constant, K, must be used. K is defined as theratio of the Earth’ sradius to the distance from the
Earth’s center to the satellite.

Thevaluefor K asgiven above, 0.01657 isbased on an average Earth-moon distance of 239,000 miles.
The actual Earth-moon distance varies from approximately 225,000 to 253,000 mi. When this change
in distance is taken into account, it yields a change in elevation angle of approximately 0.1° when the
moon is near the horizon. For greater precision in determining the correct elevation angle for the moon,
the moon'’ s distance from the Earth may be taken as:

cosC

D =-15,074.5 x SD + 474,332

where
D = moon’s distance in miles
SD = moon’s semi-diameter, from the almanac.

Computer Programs

As has been mentioned, a computer may be used in solving the equations for azimuth and elevation.
For EME work, itisconvenient to cal cul ate az-el dataat 30-minuteintervalsor so, and to keep theresults
of all calculations handy during the EME window. Necessary antenna-position corrections can then be
made periodically.

A BASIC language programfor theIBM PCisavailablefromthe ARRL Technical Secretary. Request
the ' 95 Handbook EME template. This program provides azimuth and elevation information for half-
hour intervals during a UTC day when the celestial body is above the horizon. The program makes a
linear interpolation of GHA and declination values (discussed earlier) during the period of the UTC day.

Commercial, shareware and public-domain tracking programs are also available. See the Refer ences
chapter for alist of some available programs. Real Trak prints out antenna azimuth and el evation head-
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ings for nearly any celestial object. It can be used with the Kansas City Tracker program described in
the satellite section to track celestial objects automatically. VHF PAK provides real-time moon and
celestial object position information. Two other real-time tracking programs are EME Tracker and the
VK3UM EME Planner.

Libration Fading of EME Signals

One of the most troublesome aspects of receiving a moonbounce signal, besides the enormous path
loss and Faraday rotation fading, is libration fading. This section will deal with libration (pronounced
lie-brayshun) fading, its cause and effects, and possible measures to minimize it.

Libration fading of an EME signal is characterized in general as fluttery, rapid, irregular fading not
unlike that observed in tropospheric scatter propagation. Fading can be very deep, 20 dB or more, and
the maximum fading will depend on the operating frequency. At 1296 MHz the maximum fading rate
is about 10 Hz, and scales directly with frequency.

Onaweak CW EME signal, libration fading givesthe impression of arandomly keyed signal. In fact
on very slow CW telegraphy the effect is as though the keying is being done at a much faster speed. On
very weak signals only the peaks of libration fading are heard in the form of occasional short bursts or
“pings.”

Fig 23.67 shows samples of a typical EME echo signal at 1296 MHz. These recordings, made at
W2NFA, show thewild fading characteristicswith sufficient S/N ratio to record the deep fades. Circular
polarization was used to eliminate Faraday fading; thustheserecordingsareof librationfadingonly. The
recording bandwidth waslimited to about 40 Hz to minimizethe higher sideband-frequency components
of libration fading that exist but are much smaller in amplitude. For those who would like a better
statistical description, libration fading is Raleigh distributed. In the recordings shown in Fig 23.63, the
average signal-return level computed from path loss and mean reflection coefficient of the moon is at
about the +15 dB S/N level.

Itisclear that enhancement of echoesfar in excess of thisaveragelevel isobserved. Thispoint should
be kept clearly in mind when attempting to obtain echoes or receive EME signals with marginal equip-
ment. The probability of hearing an occasional peak is quite good since random enhancement as much
as 10 dB is possible. Under these conditions, however, the amount of useful information that can be
copied will be near zero. Enthusiastic newcomersto EM E communicationswill be stymied by thiseffect

Fig 23.67 — Chart recording of moon echoes received at W2FNA on July 26, 1973, at 1630 UTC.
Antenna gain 44 dBi, transmitting power 400 W and system temperature 400 K.
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since they know they can hear the signal strong enough on peaks to copy but can’t make any sense out
of what they try to copy.

What causeslibration fading?Very simply, multipath scattering of theradio wavesfromthevery large
(2000-mile diameter) and rough moon surface combined with the relative motion between Earth and
moon called librations.

To understand these effects, assumefirst that the Earth and moon are stationary (no libration) and that
a plane wave front arrives at the moon from your Earthbound station as shown in Fig 23.68A.

The reflected wave shown n Fig 23.68B consists of many scattered contributions from the rough moon
surface. It is perhaps easier to visualize the process asif the scattering were from many small individual flat
mirrorsonthemoon that reflect small portions(amplitudes) of theincident waveenergy indifferent directions
(paths) and with different path lengths (phase). Those paths directed toward the moon arrive at your antenna
asacollection of small wave fronts (field vectors) of various amplitudes and phases. The vector summation
of al these coherent (same frequency) returned waves (and thereisanear-infinite array of them) takes place
at the feed-point of your antenna (the collecting point in your antenna system). The level of the final sum-
mation as measured by areceiver can, of course, have any value from zero to some maximum. Remember
that weassumed the Earth and moon were stati onary, which meansthat thefinal summation of thesemultipath
signal returns from the moon will be one fixed value. The condition of zero relative motion between Earth
and moon isarare event that will be discussed later in this section.

Consider now that the Earth and moon are moving relative to each other (asthey arein nature), so the
incident radio wave “sees” aslightly different surface of the moon from moment to moment. Since the
lunar surface isvery irregular, the reflected wave will be equally irregular, changing in amplitude and
phase from moment to moment. Theresultant continuous summa-

tion of the varying multipath signals at your antenna feed-point

produces the effect called libration fading of the moon-reflected :

signdl. ncomingy ¢ Fous e
Theterm librationisused to describe small perturbationsin the Wove § g sSurfoce Surface

movement of celestial bodies. Each libration consistsmainly of its 1

diurnal rotation; moon libration consists mainly of its 28-day } Reflecten

rotation which appears as a very slight rocking motion with re- b Wave ®

spect to an observer on Earth. Thisrocking motion can be visual-

ized as follows: Place a marker on the surface of the moon at the Fi

; .. ) ig 23.68 — How the rough
center of the moon disc, which isthe point closest to theobserver,  syrface of the moon reflects a
asshowninFig23.69. Over time, wewill observethat thismarker  plane wave as one having many
wanders around within asmall area. Thismeansthe surfaceof the ~ field vectors.
moon as seen from the Earthisnot quite fixed but changesslightly
as different areas of the periphery are exposed because of this
rocking motion. Moon libration is very slow (on the order of
10" radians per second) and can be determined with some diffi-
culty from published moon ephemeris tables.

Although the libration motions are very small and slow, the
larger surface area of the moon has nearly an infinite number of o W, [ooserver Area of Wandering
scattering points (small area). Thismeansthat even slight geomet- of Horker
ric movements can alter the total summation of the returned I
multipath echo by asignificant amount. Sincethelibrations of the
Earthand moonarecalculable, itisonly logical toask if thereever ~ Fig 23.69 — The moon appears to
occurs Qtime Wher:l the total libration is zero or near zero. The E\gﬁ?ﬁe{hug ;?ixogg I:ni?l?:rt ct)rr]]eth e
answer is yes, and it has been observed and verified experimen-  moon’s surface will appear to
tally onradar echoesthat minimum fading rate (not depth of fade)  move about in a circular area.
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iscoincident with minimum total libration. Calculation of minimum total librationisat best tediousand
can only be done successfully by means of acomputer. Itisaproblemin extrapolation of rates of change
in coordinate motion and in small differences of large numbers.

EME OPERATING TECHNIQUES

Many EME signals are near the threshold of readability, a condition caused by a combination of path
loss, Faraday rotation and libration fading. Thisweakness and unpredictability of the signals hasled to
the development of techniques for the exchange of EME information that differ from those used for
normal terrestrial work. The fading of EME signals chops dashes into pieces and renders strings of dots
incomplete. Thisled to the use of the“T M O R” reporting system. Different, but similar, systems are
used on the low bands (50 and 144 MHz) and the high bands (432 MHz and above). Tables 23.17 and
23.18 summarize the differences between the two systems.

As equipment and techniques have improved, the use of normal RST signal reports has become more
common. It is now quite common for two stations working for the first time to go straight to RST reports
if signals are strong enough. These normal reports et stations compare signals from one night to the next.
EME QSOsare often made during the ARRL VHF contests. These contactsrequirethe exchange of 4-digit
grid locators. On 432 MHz and above, the sending of ceec has come to mean “ Please send me your grid

square,” or conversely, “1 am now going to send my grid square.”

Thelength of transmit and receive periodsisal so different between
the bands. On 50 and 144 MHz, 2-minute sequences are used. That
is, stationstransmit for two full minutes, and then receivefor twofull
minutes. One-hour schedules are used, with the eastern-most station
(referenced to the international date line) transmitting first. Table
23.19 givesthe 2-minute sequence procedure. On 222 MHz, both the
144 and 432-MHz systems are used.

On 432 MHz and above, 2Y/>-minute sequences are standard.

Thelonger period isused to let stations with variable polarization
have adequatetimeto peak thesignal. Thelast 30 secondsisreserved
for signal reportsonly. Table23.20 providesmoreinformationonthe
432-MHz EME QSO sequence. The western-most station usually
transmitsfirst. However, if one of the stations has variable polariza-
tion, it may elect to transmit second, to takethe opportunity to usethe
first sequenceto peak thesignal. If both stations have variable polar-
ization, the station that transmits first should leave its polarization
fixed on transmit, to avoid “polarization chasing.”

CW sending speed is usually in the 10 to 13-wpm range. It is
often best to use greater-than-normal spacing between individual

Table 23.17

Sighal Reports Used on 144-
MHz EME

T — Signal just detectable

M — Portions of call copied

O — Complete call set has been
received

R — Both “O” report and call sets

__have been received

SK — End of contact

Table 23.18

Signal Reports Used on 432-
MHz EME

T — Portions of call copied

M — Complete calls copied

O — Good signal—solid copy
(possibly enough for SSB work)

R — Calls and reports copied

SK — End of contact

Table 23.19 Table 23.20

144-MHz Procedure — 2-Minute Sequence 432-MHz Procedure—2'/ -Minute Sequence
Period 11/, minutes 30 seconds Period 2 minutes 30 seconds

1 Calls (W6XXX DE W1XXX) 1 VE7BBG DE K2UYH

2 WI1IXXX DE WEGXXX TTTT 2 K2UYH DE VE7BBG

3 WBEXXX DE W1XXX 0000 3 VE7BBG DE K2UYH TTT

4 RO RO RO RO DE WIXXX K 4 K2UYH DE VE7TBBG MMM

5 RRRRRR DE WEXXX K 5 RM RM RM RM DE K2UYH K __
6 QRZ? EME DE WIXXX K 6 RRRRR DE VE7BBG sK
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dits and dahs, as well as between complete letters. This helpsto overcome libration fading effects. The
libration fading rate will be different from one band to another. This makes the optimum CW speed for
one band different from another. Keep in mind that characters sent too slowly will be chopped up by
typical EME fading. Morse code sent too fast will simply be jumbled. Pay attention to the sending
practices of the more successful stations, and try to emulate them.

Doppler shift must also be understood. As the moon rises or setsit is moving toward or away from
objects on Earth. This leads to a frequency shift in the moon echoes. The amount of Doppler shift is
directly proportional to frequency. At 144 MHz, about 500 Hz is the maximum shift. On 432 MHz, the
maximum shift is 1.5 kHz. The shift isupward on moonrise and downward on moonset. When the moon
is due south, your own echoes will have no Doppler shift, but stations located far away will still be
affected. For scheduling, the accepted practice isto transmit zero beat on the schedule frequency, and
tune to compensate for the Doppler shift. Be careful—most transmitters and transceivers have a built-
in CW offset. Some radios read this offset when transmitting, and others don’t. Find out how your
transmitter operates and compensate as required.

Random operation has become popular in recent years. In the ARRL EME contest, many of the big
gunswill not even accept schedules during the contest periods, because they can slow down the pace of
their contest contacts.

Amateur Radio

@ The Sounds of W2RS works W5UN by bouncing a 2-meter CW signal off the moon.

EME Operating Times

Obvioudly, thefirst requirement for EM E operationisto havethemoon visible by both EME stations. This
reguirement not only consists of times when the moon is above the horizon, but when it is actually clear of
obstructions such astreesand buildings. It hel psto know your exact EM E operating window, specifiedinthe
form of beginning and ending GHAs (Greenwich Hour Angle) for different moon declinations. Thisinfor-
mation allows two different stations to quickly determineif they can simultaneously see the moon.

Once your moon window isdetermined, the next step isto decide on the best times during that window
to schedule or operate. Operating at perigee is preferable because of the reduced path loss. Fig 23.61
showsthat not all perigeesare equal. Thereisabout a0.6-dB difference between the closest and farthest
perigee points. The next concern is operating when the moon is in a quiet spot of the sky. Usually,
northern declinations are preferred, as the sky is quietest at high declinations. If the moon is too close
tothesun, your array will pick up sun noise and reduce the sensitivity of your receiver. Finally, choosing
days with minimal libration fading is also desirable.

Perigee and apogee days can be determined from the Astronomical Almanac by inspecting the tables
headed “S.D.” (semi-diameter of the moon in minutes of arc). These semi-diameter numbers can be
compared to Fig 23.63 to obtai n the approximate moon distance. Many computer programs for locating
the moon now give the moon’s distance. The expected best weekends to operate on 432 MHz and the
higher bands are normally printed well in advance in various EME newsletters.

When the moon passes through the galactic plane, sky temperature is at its maximum. Even on the
higher bands this is one of the least desirable times to operate. The areas of the sky to avoid are the
constellations of Orion and Gemini (during northern declinations), and Sagittarius and Scorpios (during
southern declinations). The position of the moon relative to these constellations can be checked with
information supplied in the Astronomical Almanac or Sky and Telescope magazine.

Frequencies and Scheduling

According to the ARRL-sponsored band plan, the lower edge of most bands is reserved for EME
operation. On 144 MHz, EME frequencies are primarily between 144.000 and 144.080 MHz for CW,
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and 144.100 and 144.120 MHz for SSB. Random CW activity is usually between 144.000 and 144.020
MHz. IntheUS, 144.000 to 144.100 MHz isa CW sub-band, so SSB QSOs often take place by QSYing
up 100 kHz after a CW contact has been established. Because of the large number of active 144-MHz
stations, coordinating schedulesin thesmall EM E window isnot simple. Themoreactivestationsusually
have assigned frequencies for their schedules.

On 432 MHz, theinternational EME CW calling frequency is432.010 MHz. Random SSB calling is
done on 432.015 MHz. Random activity primarily takes place between 432.000 and 432.020 MHz. The
greater Doppler shift on 432 MHz requires greater separation between schedul e frequenciesthan on 144
MHz. Normally 432.000 MHz, 432.020 MHz and each 5-kHz increment up to 432.070 MHz are used
for schedules.

Activity on 1296 MHz is centered between 1296.000 and 1296.040 MHz. The random calling fre-
guency is1296.010 MHz. Operation on the other bands requires more specific coordination. Activity on
33 cm is split between 902 and 903 MHz. Activity on 2300 MHz has to accommodate split-band
procedures because of the different band assignments around the world.

EME Net Information

An EME net meetson 14.345 MHz on weekendsfor the purpose of arranging schedul es and exchang-
ing EME information. The net meets at 1600 UTC. OSCAR satellites are becoming more popular for
EME information exchange. When Mode B isavailable, adownlink frequency of 145.950 MHz iswhere
the EME group gathers. On Mode L and Mode JL, the downlink frequency is 435.975 MHz.

Other Modes

Most EME contactsarestill madeon CW, although SSB hasgained in popularity anditisnow common
to hear SSB QSOs on any activity weekend. The ability to work SSB can easily be calculated from Eq
1. The proper receiver bandwidth (2.3 kHz) issubstituted. SSB usually requires a+3-dB signal-to-noise
ratio, whereas slow-speed CW contacts can be made with a 0-dB signal-to-noise ratio. Slow-scan
television and packet communication has been attempted between some of the larger stations. Success
has been limited because of the greater signal-to-noiseratiosrequired for these modes, and severesignal
distortion from libration fading.
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Radio Direction Finding

Far more than simply finding the direction of anincoming radio signal, radio direction finding (RDF)
encompasses a variety of techniques for determining the exact location of asignal source. The process
involves both art and science. RDF adds fun to ham radio, but has serious purposes, too.

This section was written by Joe Moell, KOOV.

RDF isalmost as old as radio communication. It gained prominence when the British Navy used it to
track the movement of enemy ships in World War I. Since then, governments and the military have
devel oped sophisticated and complex RDF systems. Fortunately, simple equipment, purchased or built
at home, is quite effective in Amateur Radio RDF.

In European and Asian countries, direction finding contests are foot races. The object isto befirst to
find four or five transmittersin alarge wooded park. Y oung athletes have the best chance of capturing
the prizes. This sport isknown asfoxhunting (after the British hill-and-dal e horseback events) or ARDF
(Amateur Radio direction finding).

In North Americaand England, most RDF contests involve mobiles—cars, trucks, vans, even motor-
cycles. It may be possibleto drive all the way to the transmitter, or there may be a short hike at the end,
called a sniff. These competitions are also called foxhunting by some, while others use bunny hunting,
T-hunting or the classic term hidden transmitter hunting.

Inthe 1950s, 3.5 and 28 MHz were the most popular bands for hidden transmitter hunts. Today, most
competitive huntsworldwidearefor 144-MHz FM signal's, though other VHF bands are al so used. Some
international foxhunts include 3.5-MHz events.

Even without participating in RDF contests, you will find aknowledge of the techniques useful. They
simplify the search for aneighborhood source of power- lineinterferenceor TV cableleakage. RDF must
be used to track down emergency radio beacons, which signal the location of pilots and boaters in
distress. Amateur Radio enthusiasts skilled in transmitter hunting arein demand by agencies such asthe
Civil Air Patrol and the US Coast Guard Auxiliary for search and rescue support.

The FCC’s Field Operations Bureau has created an Amateur Auxiliary, administered by the ARRL
Section Managers, to deal with interference matters. In many areas of the country, there are standing
agreements between Local Interference Committees and district FCC offices, permitting volunteers to
provide evidence leading to prosecution in serious cases of malicious amateur-to-amateur interference.
RDF is an important part of the evidence-gathering process.

Themost basic RDF system consists of adirectional antennaand amethod of detecting and measuring
thelevel of theradio signal, such asareceiver with signal strength indicator. RDF antennas range from
a simple tuned loop of wire to an acre of antenna elements with an electronic beam-forming network.
Other sophisticated techniquesfor RDF usethe Doppler effect, or measurethetime of arrival difference
of the signal at multiple antennas.

All of these methods have been used from 2 to 500 MHz and above. However, RDF practices vary
greatly between the HF and VHF/UHF portions of the spectrum. For practical reasons, high gain beams,
Dopplers and switched dual antennas find favor on VHF/UHF, while loops and phased arrays are the
most popular choiceson 6 m and below. Signal propagation differencesbetween HF and VHF also affect
RDF practices. But many basic transmitter hunting techniques, discussed later in this chapter, apply to
all bands and all types of portable RDF equipment.

RDF ANTENNAS FOR HF BANDS

Below 50 MHz, gainantennassuchasY agisand quadsareof limited valuefor RDF. Thetypical installation
of atribander on a 70-ft tower yields only ageneral direction of the incoming signal, due to ground effects
and the antenna’ sbroad forward |obe. L ong monoband beams at greater heightswork better, but still cannot
achieve the bearing accuracy and repeatability of simpler antennas designed specifically for RDF.
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RDF Loops

An effective directional HF antenna can be as uncomplicated as a small loop of wire or tubing,
tuned to resonance with a capacitor. When immersed in an electromagnetic field, the loop acts
much the same asthe secondary winding of atransformer. The voltage at the output is proportional
to the amount of flux passing through it and the number of turns. If the loop is oriented such that
the greatest amount of area is presented to the magnetic field, the induced voltage will be the
highest. If it isrotated so that little or no areais cut by the field lines, the voltage induced in the
loop is zero and a null occurs.

To achievethistransformer effect, the loop must be small compared with the signal wavelength.
In asingle-turn loop, the conductor should be less than 0.08 A long. For example, a 28-MHz |oop
should be lessthan 34 inchesin circumference, giving adiameter of approximately 10 inches. The
loop may be smaller, but that will reduce its voltage output.
Maximum output from a small loop antenna is in directions

corresponding to the plane of the loop; these lobes are very
broad. Sharp nulls, obtained at right angles to that plane, are
® ®

more useful for RDF.
For a perfect bidirectional pattern, the loop must be balanced

electrostatically with respect to ground. Otherwise, it will exhibit
two modes of operation, the mode of a perfect loop and that of a
nondirectional vertical antenna of small dimensions. This dual-
© ®

mode conditionresultsinmildto severeinaccuracy, depending on
the degree of imbal ance, because the outputs of thetwo modesare
not in phase. . . R Fig 23.70 — Small loop field

Thetheoretical trueloop patternisillustratedinFig23.70A.  patterns with varying amounts of
When properly balanced, there are two nulls exactly 180° antenna effect — the undesired
apart. When the unwanted antenna effect is appreciable and response of aloop acting merely
the loop is tuned to resonance, the loop may exhibit little di- fﬁeargifje?fawfetﬁ:];ﬁgpﬁfégﬁsto
rectivity, asshownin Fig 23.70B. By detuning thelooptoshift  The horizontal lines show the
the phasing, you may obtain a useful pattern similar to Fig plane of the loop turns.
23.70C. While not symmetrical, and not necessarily at right
anglesto the plane of the loop, this pattern does exhibit a pair
of nulls.

By careful detuning and amplitude bal ancing, you can approach
the unidirectional pattern of Fig 23.70D. Even though there may
not beacompletenull inthepattern, it resolvesthe 180° ambiguity
of Fig 23.70A. Korean War eramilitary loop antennas, sometimes
available on today’ s surplus market, use this controlled-antenna-
effect principle.

An easy way to achieve good electrostatic balance is to shield
the loop, as shown in Fig 23.71. The shield, represented by the
dashed lines in the drawing, eliminates the antenna effect. The
response of awell-constructed shielded loop is quite close to the
ideal pattern of Fig 23.70A.

For 160 through 30 m, single-turn loops that are small Fig 23.71 — Electrostatically
enough for portability are usually unsatisfactory for RDF  shielded loop for RDF. To pre-
work. Multiturn loops are generally used instead. They are vent shielding of the loop from

easier to resonate with practical capacitor values and give Magnetic fields, leave the shield
unconnected at one end.
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higher output voltages. This type of loop may also be shielded. If the total conductor length
remains below 0.08 A, the directional pattern is that of Fig 23.70A.

Ferrite Rod Antennas

Another way to get higher loop output is to increase the permeability of the medium in the vicinity
of theloop. By winding acoil of wire around aform made of high-permeability material, such asferrite
rod, much greater flux is obtained in the coil without increasing the cross-sectional area.

Modern magnetic core materials make compact directional receiving antennas practical. Most por-
table AM broadcast receiversusethistype of antenna, commonly called aloopstick. Theloopstick isthe
most popular RDF antenna for portable/mobile work on 160 and 80 m.

As does the shielded loop discussed earlier, the loopstick responds to the magnetic field of the
incoming radio wave, and not to the electrical field. For agiven size of loop, the output voltageincreases
with increasing flux density, which is obtained by choosing aferrite core of high permeability and low
loss at the frequency of interest. For increased output, the turns may be wound over two rods taped
together. A practical loopstick antennais described later in this chapter.

A loop on aferrite core has maximum signal response in the plane of theturns, just asan air coreloop.
This means that maximum response of aloopstick is broadside to the axis of the rod, as shown in Fig
23.72. The loopstick may be shielded to eliminate the antenna effect; a U-shaped or C-shaped channel
of aluminum or other form of “trough” isbest. The shield must not be closed, and itslength should equal
or slightly exceed the length of the rod.

Sense Antennas

Because there are two nulls 180° apart in the directional pattern of asmall loop or loopstick, thereis
ambiguity as to which null indicates the true direction of the target station. For example, if the line of
bearing runs east and west from your position, you have no way of knowing from this single bearing
whether the transmitter is east of you or west of you.

If bearings can be taken from two or more positions at suitable
direction and distance from the transmitter, the ambiguity can be
resolved and distance can be estimated by triangulation, as dis-
cussed later inthischapter. However, itisalmost alwaysdesirable
to be able to resolve the ambiguity immediately by having a uni-
directional antenna pattern available.

Y ou can modify aloop or loopstick antenna pattern to have
asinglenull by adding asecond antennaelement. Thiselement
is called a sense antenna, because it senses the phase of the
signal wavefront for comparison with the phase of the loop
output signal. The sense el ement must be omnidirectional, such
as a short vertical. When signals from the loop and the sense
antenna are combined with 90° phase shift between the two, a
heart-shaped (cardioid) pattern results, as shown in Fig
23.73A.

Fig 23.73B shows a circuit for adding a sense antenna to a
loop or loopstick. For the best null in the composite pattern,
signals from the loop and sense antennas must be of equal
amplitude. R1 adjusts the level of the signal from the sense _ ,
antenna. Fig _23.72 — Field pattern for a

. o . ferrite rod antenna. The dark bar

Inapractical system, the cardioid patternnull isnot assharpas  represents the rod on which the

the bidirectional null of theloop alone. Theusual procedurewhen  loop turns are wound.
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transmitter hunting is to use the loop alone to
0 obtain a precise line of bearing, then switch in

Pattorn the sense antenna and take another reading to
S resolve the ambiguity.

Phased Arrays and Adcocks

‘ Two-element phased arrays are popular for
” amateur HF RDF base station installations.
Many directional patterns are possible, de-
pending on the spacing and phasing of the el-
ements. A useful example is two 1/,-\ ele-
ments spaced /4 A apart and fed 90° out of

Sonsing Anteme Py Resultant phase. Theresultant patternisacardioid, with
anull off one end of the axis of the two anten-
(a) Seneing-Element nas and abroad peak inthe oppositedirection.
Loop The directional frequency range of this an-
\§\R1 tenna is limited to one band, because of the

critical length of the phasing lines.
. The best-known phased array for RDF is the
Eloment Adcock, named after the man who invented it in
OSt/C o st 1919. It consists of two vertical elements fed

’ age
In /90\ 180° apart, m.oun'ted 0] thgarray may be ro‘Fated.
j . Element spacingisnot critical, and may beinthe
K range from /19 to 3/4 A. The two elements must
- be of identical lengths, but need not be self-reso-
777 nant; shorter elements are commonly used. Be-
@ cause neither the element spacing nor length is
critical in terms of wavelengths, an Adcock ar-
Fig 23.73 — At A, the directivity pattern of a loop ray may operate over more than one amateur
antenna with sensing element. At B is a circuit for band.

combining the signals from the two elements. . . . .
Adjust C1 for resonance with T1 at the operating Fig 23.74isaschematic of atypical Adcock

frequency. configuration, called the H-Adcock because

of its shape. Response to a vertically polar-

ized wave is very similar to a conventional
loop. The passing wave induces currents 11 and 12 into the vertical members. The output current
in the transmission lineis equal to their difference. Consequently, the directional pattern hastwo
broad peaks and two sharp nulls, like the loop. The magnitude of the difference current is propor-
tional to the spacing (d) and length (1) of the elements. You will get somewhat higher gain with
larger dimensions. The Adcock of Fig 23.75, designed for 40 m, has element |engths of 12 ft and
spacing of 21 ft (approximately 0.15 A).

Fig 23.76 shows the radiation pattern of the Adcock. The nulls are broadside to the axis of the array,
becoming sharper with increased element spacings. When element spacing exceeds /4 A, however, the
antenna begins to take on additional unwanted nulls off the ends of the array axis.

The Adcock is a vertically polarized antenna. The vertical elements do not respond to horizontally
polarized waves, and the currents induced in the horizontal members by a horizontally polarized wave
(dotted arrows in Fig 23.74) tend to balance out regardless of the orientation of the antenna.

Since the Adcock uses a balanced feed system, a coupler is required to match the unbalanced input
of thereceiver. T1lisanair-wound coil with atwo-turnlink wrapped around the middle. The combination
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Fig 23.75 — An experimental Fig 23.76 — The pattern of an
Adcock antenna on a wooden Adcock array with element

ct frame. spacing of 1/, wavelength. The
c3 c2 elements are aligned with the
vertical axis.
m
RO isresonated with C1 to the operating frequency. C2 and C3 are null-

clearing capacitors. Adjust them by placing a low-power signal
0—< source some distance from the antenna and exactly broadside to it.
7 Adjust C2 and C3 until the deepest null is obtained.

While you can use a metal support for the mast and boom,
wood is preferable because of its nonconducting properties.
Similarly, amast of thick-wall PV C pipe givesless distortion of
the antenna pattern than ametallic mast. Place the coupler onthe
ground below the wiring harness junction on the boom and connect it with a short length of 300-
Q twin-lead feed line.

Fig 23.74 — A simple Adcock
antenna and its coupler.

Loops vs Phased Arrays

L oops are much smaller than phased arrays for the same frequency, and are thus the obvious choice
for portable/mobile HF RDF. For base stations in atriangulation network, where the 180° ambiguity is
not a problem, Adcocks are preferred. In general, they give sharper nulls than loops, but thisisin part
afunction of the care used in constructing and feeding the individual antennas, aswell as of the spacing
of the elements. The primary construction considerations are the shielding and balancing of thefeed line
against unwanted signal pickup and the balancing of the antennafor asymmetrical pattern. Usersreport
that Adcocks are somewhat |ess sensitive to proximity effects, probably because their larger aperture
offers some space diversity.

Skywave Considerations

Until now we have considered the directional characteristics of the RDF loop only in the two-dimen-
sional azimuthal plane. In three-dimensional space, the response of a vertically oriented small loop is
doughnut-shaped. The bidirectional null (analogous to a line through the doughnut hole) isin the line
of bearing in the azimuthal plane and toward the horizonin the vertical plane. Therefore, maximum null
depth is achieved only on signals arriving at 0° elevation angle.

Skywave signals usually arrive at nonzero wave angles. As the elevation angle increases, the null in
avertically oriented loop pattern becomes more shallow. It is possible to tilt the loop to seek the null in
elevation aswell asazimuth. Some amateur RDF enthusiastsreport success at estimating distanceto the
target by measurement of the elevation angle with atilted loop and computations based on estimated
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height of the propagating ionospheric layer. This method seldom provides high accuracy with simple
loops, however.

Most users prefer Adcocks to loops for skywave work, because the Adcock null is present at all
elevation angles. Note, however, that an Adcock hasanull in all directions from signals arriving from
overhead. Thus for very high angles, such as under-250-mile skip on 80 and 40 m, neither loops nor
Adcocks will perform well.

Electronic Antenna Rotation

State-of-the-art fixed RDF stationsfor government and military work use antennaarrays of stationary
elements, rather than mechanically rotatable arrays. The best known type is the Wullenweber antenna.
It has a large number of elements arranged in a circle, usually outside of a circular reflecting screen.
Depending ontheinstallation, thecircle may be anywherefrom afew hundred feet to morethan aquarter
of a mile in diameter. Although the Wullenweber is not practical for most amateurs, some of the
techniques it uses may be applied to amateur RDF.

Thedevicewhich permitsrotating the antennabeam without moving the elements hasthe classic name
radiogoniometer, or simply goniometer. Early goniometers were RF transformers with fixed coils
connectedtothearray elementsand amoving pickup coil connected to thereceiver input. Bothamplitude
and phase of the signal coupled into the pickup winding are altered with coil rotation in a way that
corresponded to actually rotating the array itself. With sufficient elements and a goniometer, accurate
RDF measurements can be taken in all compass directions.

Beam Forming Networks

By properly sampling and combining signals from individual elementsin alarge array, an antenna
beam is electronically rotated or steered. With an appropriate number and arrangement of elementsin
the system, it is possible to form almost any desired antenna pattern by summing the sampled signalsin
appropriate amplitude and phase rel ationships. Delay networks and/or attenuation are added in linewith
selected elements before summation to create these relationships.

To understand electronic beam forming, first consider just two elements, shown as A and B in Fig
23.77. Also shown is the wavefront of aradio signal arriving from adistant transmitter. The wavefront
strikes element A first, then travels somewhat farther before it strikes element B. Thus, there is an
interval between the times that the wavefront reaches elements A and B.

We can measure the differences in arrival times by delaying the signal received at element A before
summing it with that from element B. If two signal s are combined
directly, the amplitude of the sum will be maximum when the
delay for element A exactly equal s the propagation delay, giving
an in-phase condition at the summation point. On the other hand,
if one of the signalsisinverted and the two are added, the signals
will combine in a 180° out-of-phase relationship when the ele-
ment A delay equal sthe propagation delay, creating anull. Either
way, once the time delay is determined by the amount of delay Element Blement
required for a peak or null, we can convert it to distance. Then
trigon.omet.ry' calculations provide the direction from which the Fig 23.77 — One technique used
wave IS arriving. in electronic beam forming. By

Altering the delay in small increments steersthe peak (or null)  delaying the signal from element
of the antenna. The system is not frequency sensitive, other than A Py an amount equal to the
the frequency range Iimi'tations of the array el em.ents. Lumpeq- g:giﬁ?ﬁgzg (:)(:(Ij:}i/é é‘l’;oirf 'S; :;z,
constant networks are suitable for delay elementsif the systemis  eyen though the signal is not in
used only for receiving. Delay linesat installationsused for trans-  the broadside direction.

Propagation
oS \ Delay
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mitting and receiving employ rolls of coaxial cable of various lengths, chosen for the time delay they
provide at all frequencies, rather than as simple phasing lines designed for a single frequency.
Combining signalsfrom additional elements narrowsthe broad beamwidth of the pattern fromthetwo
elements and suppress unwanted sidel obes. Electronically switching the delays and attenuations to the
various elements causes the formed beam to rotate around the compass. The package of electronicsthat
does this, including delay lines and electronically switched attenuators, is the beam forming network.

METHODS FOR VHF/UHF RDF

Three distinct methods of mobile RDF are commonly in use by amateurs on VHF/UHF bands: direc-
tional antennas, switched dual antennas and Dopplers. Each has advantages over the others in certain
situations. Many RDF enthusiasts employ more than one method when transmitter hunting.

Directional Antennas

Ordinary mobile transceivers and hand-heldswork well for foxhunting on the popular VHF bands. If
you havealightweight beam and your receiver hasan easy-to-read S-meter, you are nearly ready to start.
All you need is an RF attenuator and some way to mount the setup in your vehicle.

Amateurs seldom use fractional wavelength loops for RDF above 60 MHz because they have bidirec-
tional characteristics and low sensitivity, compared to other practical VHF antennas. Sense circuitsfor
loops are difficult to implement at VHF, and signal reflections tend to fill in the nulls. Typically VHF
loopsareused only for close-in sniffing wheretheir compactnessand sharp nullsare assets, andlow gain
is of no consequence.

Phased Arrays

The small size and simplicity of 2-element driven arrays make them a common choice of newcomers
at VHF RDF. Antennas such as phased ground planesand ZL Specials have modest gainin onedirection
and anull in the opposite direction. The gain is hel pful when the signal isweak, but the broad response
peak makes it difficult to take a precise bearing.

Asthe signal gets stronger, it becomes possible to use the null
for asharper S-meter indication. However, combinations of direct
and reflected signals (called multipath) will distort the null or
perhaps obscure it completely. For best results with this type of
antenna, always find clear |ocations from which to take bearings.

Parasitic Arrays ‘

Parasitic arrays are the most common RDF antennas used by
transmitter hunters in high competition areas such as Southern
California. Antennas with significant gain are a necessity due to
the weak signals often encountered on weekend-long T-hunts,
wherethe transmitter may be over 200 milesdistant. Typical 144-
MHz installationsfeature Y agis or quads of threeto six elements,
sometimes more. Quads aretypically home-built, using datafrom
The ARRL Antenna Book and Transmitter Hunting (see Bibliog-
raphy).

Twotypesof mechgnical construc?ion arepopularfgr mobileVHF  Fig Zﬁél?t?on_onhv?/ ge(i\\b[i)lg Egrures
quads. Themode! of Flg23.78us_esth|ngaugeW|re(solldorstr_an(_jed), :—:tsr:?n wire quad for 144 MHz and
suspended on wood dowel or fiberglass rod spreaders. It is light- 5 yechanical linkage that permits
weight and easy to turn rapidly by hand while the vehicle moves.  either the driver or front passen-
Many huntersprefer to uselarger gaugesolidwire(suchasAWG10) ~ ger to rotate the mast by hand.
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on aPVC plastic pipe frame (Fig 23.79). This quad is more rugged
and hassomewhat wider frequency range, at the expense of increased
weight and wind resistance. It can get mashed going under awillow,
but it is easily reshaped and returned to service.

Y agis are a close second to quads in popularity. Commercial
modelswork finefor VHF RDF, provided that the mast i sattached
at agood balance point. Lightweight and small-diameter elements
are desirable for ease of turning at high speeds.

A well-designed mobile Yagi or quad installation includes a
method of selecting wave polarization. Although vertical
polarizationisthenormfor VHF-FM communications, horizontal
polarization is allowed on many T-hunts. Results will be poor if
a VHF RDF antenna is cross-polarized to the transmitting an-
tenna, because multipath and scattered signals (which have inde-
terminate polarization) are enhanced, relative to the cross-polar-
izeddirect signal. Theinstallation of Fig 23.78 featuresaslipjoint
at the boom-to-mast junction, with an actuating cord to rotate the
boom, changing thepolarization. Mechanical stopslimittheboom

rotation to 90°. Fig 23.79 — KOOV uses this
mobile setup for RDF on several
Parasitic Array Performance for RDF bands, with separate antennas

. . . . ) for each band that mate with a
The directional gain of amobile beam (typically 8 dB or more)  common lower mast section,

makes it unexcelled for both weak signal competitive huntsand  pointer and 360° indicator. An-
for locatinginterferencesuchasTV cableleakage. Withanappro- ~ ténnashown is a heavy gauge

. ; . . . wire quad for 2 m.
priate receiver, you can get bearings on any signal mode, includ-
ing FM, SSB, CW, TV, pulses and noise. Because only the re-
sponse peak isused, the null-fill problemsand proximity effects of loops and phased arrays do not exist.

You can observe multiple directions of arrival while rotating the antenna, allowing you to make
educated guesses as to which signal peaks are direct and which are from nondirect paths or scattering.
Skilled operators can estimate distance to the transmitter from the rate of signal strength increase with
distance traveled. The RDF beam is useful for transmitting, if necessary, but use care not to damage an
attenuator in the coax line by transmitting through it.

The 3-dB beamwidth of typical mobile-mount VHF beams is on the order of 80°. Thisis a great
improvement over 2-element driven arrays, but it is still not possible to get pinpoint bearing accuracy.
Y ou can achieve errors of lessthan 10° by carefully reading the S-meter. In practice, thisisnot amajor
hindrance to successful mobile RDF. Mobile users are not as concerned with precise bearings as fixed
station operators, because mobile readings are used primarily to give the general direction of travel to
“home in” on the signal. Mobile bearings are continuously updated from new, closer locations.

Amplitude-based RDF may be very difficult when signal level varies rapidly. The transmitter hider
may be changing power, or thetarget antennamay be moving or near awell-traveled road or airport. The
resultant rapid S-meter movement makes it hard to take accurate bearings with a quad. The processis
slow because the antenna must be carefully rotated by hand to “eyeball average” the meter readings.

Switched Antenna RDF Units

Three popular types of RDF systems are relatively insensitive to variations in signal level. Two of
them use apair of vertical dipole antennas, spaced 1/, | or less apart, and alternately switched at arapid
rate to the input of the receiver. In use, theindications of the two systems are similar, but the principles
are different.
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Switched Pattern Systems

The switched pattern RDF set (Fig 23.80) alternately createstwo cardioid antenna patternswith lobes
totheleft andtheright. The patternsare generated in much the sameway asinthe phased arraysdescribed
above. PIN RF diodes select the alternating patterns. The combined antennaoutputsgo to areceiver with
AM detection. Processing after the detector output determines the phase or amplitude difference be-

tween the patterns’ responses to the signal.

Switched pattern RDF sets typically have a zero center meter as an indicator. The meter swings
negative when the signal is coming from the user’s left, and positive when the signal source is on the
right. When the plane of the antenna is exactly perpendicular to the direction of the signal source, the

meter reads zero.

The sharpness of the zero crossing indication makes possible
more precise bearings than those obtainable with aquad or Y agi.
Under ideal conditionswith awell-built unit, null direction accu-
racy iswithin 1°. Meter deflection tell sthe user which way to turn
to zero the meter. For example, a negative (left) reading requires
turning the antennaleft. Thissolvesthe 180° ambiguity caused by
the two zero crossings in each complete rotation of the antenna
system.

Becauseit requiresAM detection of theswitched pattern signal,
this RDF system finds its greatest use in the 120-MHz aircraft
band, where AM is the standard mode. Commercial manufactur-
ers make portable RDF sets with switched pattern antennas and
built-in receiversfor field portable use. These sets can usually be
adapted to the amateur 144-MHz band. Other designs are adapt-
ableto any VHF receiver that coversthe frequency of interest and
has an AM detector built in or added.

Switched pattern units work well for RDF from small aircraft,
for whichthetwo vertical antennasare mounted in fixed positions
on the outside of the fuselage or simply taped inside the wind-
shield. The left-right indication tells the pilot which way to turn
the aircraft to homein. Since street vehicles generally travel only
on roads, fixed mounting of the antennas on them is undesirable.
M ounting vehicular switched-pattern arrayson arotatablemast is
best.

Time of Arrival Systems

Another kind of switched antenna RDF set uses the difference
in arrival times of the signal wavefront at the two antennas. This
narrow-aperture Time-Difference-of-Arrival (TDOA) technology
is used for many sophisticated military RDF systems. The rudi-
mentary TDOA implementation of Fig 23.81isquite effectivefor
amateur use. The signal from transmitter 1 reaches antenna A
before antenna B. Conversely, the signal from transmitter 3
reaches antenna B before antenna A. When the plane of the an-
tennais perpendicular to the signal source (as transmitter 2 isin
the figure), the signal arrives at both antennas simultaneously.

If the outputs of the antennas are alternately switched at an
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audio rateto thereceiver input, the differencesin the arrival times of acontinuous signal produce phase
changes that are detected by an FM discriminator. The resulting short pulses sound like atone in the
receiver output. The tone disappears when the antennas are equidistant from the signal source, giving
an audible null.

The polarity of the pulses at the discriminator output is a function of which antennais closer to the
source. Therefore, the pul ses can be processed and used to drive al eft-right zero center meter inamanner
similar to the switched pattern units described above. L eft-right LED indicators may replace the meter
for economy and visibility at night.

RDF operations with a TDOA dual antenna RDF are done in the same manner as with a switched
antenna RDF set. The main difference is the requirement for an FM receiver in the TDOA system and
an AM receiver inthe switched pattern case. No RF attenuator is needed for close-in work inthe TDOA
case.

Popular designs for practical do-it-yourself TDOA RDF sets include the Simple Seeker (described
elsewhere in this chapter) and the WODUU design (see article by Bohrer in the Bibliography). Articles
with plansfor the Handy Tracker, asimple TDOA set with adelay lineto resolvethe dual-null ambiguity
instead of LEDs or a meter, are listed in the Bibliography.

Performance Comparison

Both types of dual antenna RDFs make good on-foot “sniffing” devices and are excellent performers
when there are rapid amplitude variations in the incoming signal. They are the units of choice for
airbornework. Comparedto Y agisand quads, they give good directional performance over amuch wider
frequency range. Their indications are more precise than those of beams with broad forward lobes.

Dual-antenna RDF sets frequently give inaccurate bearings in multipath situations, because they
cannot resolve signals of nearly equal levels from more than one direction. Because multipath signals
are acombined pattern of peaks and nulls, they appear to change in amplitude and bearing as you move
the RDF antenna along the bearing path or perpendicular to it, whereas a non-multipath signal will have
constant strength and bearing.

The best way to overcome this problem isto take large numbers of bearings while moving toward the
transmitter. Taking bearings while in motion averages out the effects of multipath, making the direct
signal more readily discernible. Some TDOA RDF sets have a slow-response mode that aids the aver-
aging process.

Switched antenna systems generally do not perform well when the incoming signal is horizontally
polarized. In such cases, the bearingsmay beinaccurate or unreadable. TDOA unitsrequireacarrier type
signal such as FM or CW; they usually cannot yield bearings on noise or pulse signals.

Unless an additional method is employed to measure signal strength, it is easy to “overshoot” the
hidden transmitter location with a TDOA set. It is not uncommon to see a TDOA foxhunter walk over
the top of a concealed transmitter and walk away, following the opposite 180° null, because thereisno
display of signal amplitude.

Doppler RDF Sets

RDF setsusing the Doppler principleare popular in many areas because of their ease of use. They have
an indicator that instantaneously displays direction of the signal source relative to the vehicle heading,
either on acircular ring of LEDs or adigital readout in degrees. A ring of four, eight or more antennas
picks up the signal. Quarter-wavelength monopoles on a ground plane are popular for vehicle use, but
half-wavelength vertical dipoles, where practical, perform better.

Radio signalsreceived on arapidly moving antenna experience a frequency shift due to the Doppler
effect, aphenomenon well known to anyone who has observed amoving car withitshorn sounding. The
horn’ s pitch appears higher than normal as the car approaches, and lower as the car recedes. Similarly,
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the received radio frequency increases as the antenna moves to-
ward the transmitter and vice versa. An FM receiver will detect
this frequency change.

Fig 23.82 shows a 1/4-A vertical antenna being moved on a
circular track around point P, with constant angular velocity. As
the antenna approaches the transmitter on its track, the received
frequency is shifted higher. The highest instantaneous frequency
occurswhen theantennaisat point A, because tangential velocity
toward the transmitter is maximum at that point. Conversely, the
lowest frequency occurswhen the antennareaches point C, where
velocity is maximum away from the transmitter.

Fig 23.83 shows a plot of the component of the tangential ve-
locity that is in the direction of the transmitter as the antenna
moves around the circle. Comparing Figs 23.82 and 23.83, notice
that at B in Fig 23.83, thetangential velocity iscrossing zero from
the positive to the negative and the antennais closest to the trans-
mitter. The Doppler shift and resulting audio output from the
receiver discriminator follow the same plot, so that a negative-
slope zero-crossing detector, synchronized with the antennarota-
tion, senses the incoming direction of the signal.

The amount of frequency shift due to the Doppler effect is
proportional to the RF frequency and the tangential antenna ve-
locity. The velocity isafunction of the radius of rotation and the
angular velocity (rotationrate). Theradiusof rotation must beless
than /2 A to avoid errors. To get a usable amount of FM deviation
(comparable to typical voice modulation) with this radius, the
antennamust rotate at approximately 30,000 RPM (500 Hz). This
puts the Doppler tone in the audio range for easy processing.

Mechanically rotating awhip antennaat thisrateisimpractical,
but aring of whips, switched to thereceiver in succession with RF

Axis of
Rotation

Transmitter
Signal

e

Rotation

N4 Whip
Antenna

Fig 23.82 — A theoretical Doppler
antenna circles around point P,
continuously moving toward and
away from the source at an audio
rate.

Velocity Vq

Fig 23.83 — Frequency shift
versus time produced by the
rotating antenna movement
toward and away from the signal
source.

PIN diodes, can simulate arapidly rotating antenna. Doppler RDF
sets must be used with receivers having FM detectors. The DoppleScAnt and Roanoke Doppler (see
Bibliography) are mobile Doppler RDF sets designed for inexpensive home construction.

Doppler Advantages and Disadvantages

Ring-antenna Doppler sets are the ultimate in simplicity of operation for mobile RDF. There are no
moving parts and no manual antenna pointing. Rapid direction indications are displayed on very short
signal bursts.

Many units lock in the displayed direction after the signal leaves the air. Power variations in the source
signal cause no difficulties, as long as the signal remains above the RDF detection threshold. A Doppler
antennagoes on top of any car quickly, with no holesto drill. Many Local Interference Committee members
choose Dopplers for tracking malicious interference, because they are inconspicuous (compared to beams)
and effective at tracking the strong vertically polarized signals that repeater jammers usually emit.

A Doppler does not provide superior performancein all VHF RDF situations. If the signal istoo weak
for detection by the Doppler unit, the hunt advantage goes to teams with beams. Doppler installations
arenot suitablefor on-foot sniffing. Thelimitations of other switched antennaRDFsalso apply: (1) poor
resultswith horizontally polarized signals, (2) noindication of distance, (3) carrier typesignalsonly and
(4) inadvisability of transmitting through the antenna.
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Readout to the nearest degreeis provided on some commercial Doppler units. Thisdoesnot guarantee
that level of accuracy, however. A well-designed four-monopol e set istypically capable of £5° accuracy
on 2 m, if the target signal is vertically polarized and there are no multipath effects.

The rapid antenna switching can introduce cross modulation
productswhentheuser isnear strong of f-channel RF sources. This
self-generated interference can temporarily render the system
unusable. While not acommon problem with mobile Dopplers, it
makes the Doppler a poor choice for use in remote RDF installa-
tions at fixed sites with high power VHF transmitters nearby.

Mobile RDF System Installation

Of these mobile VHF RDF systems, the Doppler typeisclearly
the simplest from a mechanical installation standpoint. A four-
whip Doppler RDF array is easy to implement with magnetic
mount antennas. Alternately, you can mount all the whips on a
frame that attachesto the vehicleroof with suction cups. In either
case, setup israpid and requires no holesin the vehicle.

Y ou canturn small VHF beams and dual-antennaarraysreadily
by extending the mast through a window. Installation on each
model vehicle is different, but usually the mast can be held in
place with some sort of cup inthe arm rest and aplastic tie at the
top of the window, asin Fig 23.84. Thistechnique works best on
carswith frames around the windows, which allow the door to be
openedwiththeantennain place. Check local vehiclecodes, which
limit how far your antenna may protrude beyond the line of the
fenders. Larger antennas may haveto be put on the passenger side
of the vehicle, where greater overhang is generally permissible.

The window box (Fig 23.85) is an improvement over through-
the-window mounts. It provides a solid, easy-turning mount for
the mast. The plastic panel keeps out bad weather. Y ou will need
to custom-design the box for your vehicle model. Vehicle codes
may limit the use of a window box to the passenger side.

For the ultimate in convenience and versatility, cast your fears
aside, drill a hole through the center of the roof and install a
waterproof bushing. A roof-hole mount permits the use of large
antennaswithout overhang violations. Thedriver, front passenger
and even a rear passenger can turn the mast when required. The
installation in Fig 23.79 uses a roof-hole bushing made from
mating threaded PV C pipe adapters and reducers. When it is not
inusefor RDF, aPV C pipecap providesawatertight cover. There
isapointer and 360° indicator at the bottom of themast for precise
bearings.

DIRECTION-FINDING TECHNIQUES AND PROJECTS

Theability tolocate atransmitter quickly with RDF techniques
isaskill you will acquire only with practice. It is very important
to become familiar with your equipment and its limitations. You
must also understand how radio signals behave in different types
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of terrain at the frequency of the hunt. Experienceisthe best teacher, but reading and hearing the stories
of others who are active in RDF will help you get started.

Verify proper performance of your portable RDF system before you attempt to track signals in
unknown locations. Of primary concern is the accuracy and symmetry of the antenna pattern. For
instance, a lopsided figure-8 pattern with a loop, Adcock, or TDOA set leads to large bearing errors.
Nulls should be exactly 180° apart and exactly at right angles to the loop plane or the array boom.
Similarly, if feed-line pickup causes an off-axis main lobe in your VHF RDF beam, your route to the
target will be a spiral instead of a straight line.

Perform initial checkout with a low-powered test transmitter at a distance of a few hundred feet.
Comparethe RDF bearing indication with the visual path to the transmitter. Try to “find” the transmitter
with the RDF equipment asiif its position were not known. Be sure to check all nulls on antennas that
have more than one.

If imbalance or off-axis response is found in the antennas, there are two options available. Oneisto
correct it, insofar aspossible. A second option isto accept it and use some kind of indicator or correction
procedure to show the true directions of signals. Sometimes the end result of the calibration procedure
isacompromise between these two options, as a perfect pattern may be difficult or impossibleto attain.

The same calibration suggestions apply for fixed RDF installations, such as abase station HF Adcock
or VHF beam. Of course it does no good to move it to an open field. Instead, calibrate the array inits
intended operating position, using a portable or mobile transmitter. Because of nearby obstructions or
reflecting objects, your antenna may not indicate the precise direction of the transmitter. Check for
imbalance and systemic error by taking readings with the test emitter at locations in several different
directions.

Thetest signal should be at adistance of 2 or 3 milesfor these measurements, and should bein asclear
an area as possible during transmissions. Avoid locations where power lines and other overhead wiring
can conduct signal from the transmitter to the RDF site. Once antenna adjustments are optimized, make
atable of bearing errors noted in all compass directions. Apply these error values as corrections when
actual measurements are made.

Preparing to Hunt

Successfully tracking down a hidden transmitter involves detective work — examining all the clues,
weighing the evidence and using good judgment. Before setting out to locate the source of asignal, note
itsgeneral characteristics. Isthe frequency constant, or doesit drift? Isthe signal continuous, and if not,
how long are transmissions? Do transmissions occur at regular intervals, or arethey sporadic? Irregular,
intermittent signals are the most difficult to locate, requiring patience and quick action to get bearings
when the transmitter comes on.

Refraction, Reflections and the Night Effect

Y ou will get best accuracy in tracking ground wave signals when the propagation path is over homo-
geneous terrain. If there is a land/water boundary in the path, the different conductivities of the two
media can cause bending (refraction) of the wave front, asin Fig 23.86A. Even the most sophisticated
RDF equipment will not indicate the correct bearing in this situation, as the equipment can only show
the direction from which the signal isarriving. RDFers have observed this phenomenon on both HF and
VHF bands.

Signal reflections al so cause misleading bearings. Thiseffect becomes more pronounced asfrequency
increases. T-hunt hiders regularly achieve strong signal bounces from distant mountain ranges on the
144-MHz band.

Tall buildingsalso reflect VHF/UHF signal's, making midcity RDF difficult. Hunting on the 440-MHz
and higher amateur bands is even more arduous because of the plethora of reflecting objects.
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Fig 23.86 — RDF errors caused by refraction (A) and reflection (B).
The reading at A is false because the signal actually arrives from a

direction that is different from that to the source. At B, a direct Ing terrain, a signal r_e”eCt_'on
signal from the source combines with a reflected signal from the from ahigher mountain, build-
mountain ridge. The RDF set may average the signals as shown, or ing, water tower, or the like

indicate two lines of bearing. may be much stronger than the

direct signal. In extreme cases,
triangulation from several locationswill appear to “confirm” that the transmitter is at the location of the
reflecting object. Thedirect signal may not bedetectableuntil you arriveat thereflecting point or another
high location.

Objects near the observer such as concrete/steel buildings, power lines and chain-link fences will
distort theincoming wavefront and give bearing errors. Even adense grove of trees can sometimes have
an adverse effect. It is always best to take readings in locations that are as open and clear as possible,
and to take bearingsfrom numerous positionsfor confirmation. Testing of RDF gear should also be done
in clear locations.

Locating local signal sources on frequencies below 10 MHz is much easier during daylight hours,
particularly with loop antennas. In the daytime, D-layer absorption minimizes skywave propagation on
thesefrequencies. Whenthe D layer disappearsafter sundown, you may hear the signal by acombination
of ground wave and high-angle skywave, making it difficult or impossible to obtain a bearing. RDFers
call this phenomenon the night effect.

While some mobile T-hunters prefer to go it alone, most have more success by teaming up and
assigning tasks. The driver concentrates on handling the vehicle, while the assistant (called the “navi-
gator” by some teams) turns the beam, reads the meters and calls out bearings. The assistant is also
responsible for maps and plotting, unless there is a third team member for that task.

Maps and Bearing-Measurements

Possessing accurate maps and knowing how to use them is very important for successful RDF. Even
in difficult situations where precise bearings cannot be obtained, atown or city map will helpin plotting
pointswhere signal levels are high and low. For example, power line noise tends to propagate along the
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power line and radiates as it does so. Instead of a single source, the noise appears to come from a
multitude of sources. Thisrendersmany ordinary RDF techniquesineffective. Mapping locationswhere
signal amplitudes are highest will help pinpoint the source.

Several types of area-wide maps are suitable for navigation and triangulation. Street and high-
way maps work well for mobile work. Large detailed maps are preferable to thick map books.
Contour maps are ideal for open country. Aeronautical charts are also suitable. Good sources of
mapsinclude auto clubs, stores catering to camping/hunting enthusiasts and city/county engineer-
ing departments.

A heading isareading in degrees relative to some external reference, such as your house or vehicle;
abearing isthetarget signal’ s direction relative to your position. Plotting a bearing on a hidden trans-
mitter from your vehicle requires that you know the vehicle location, transmitter heading with respect
to the vehicle and vehicle heading with respect to true north.

First, determineyour location, using landmarks or anavigation device such asaloran or GPSreceiver.
Next, using your RDF equipment, determine the bearing to the hidden transmitter (0 to 359.9°) with
respect to the vehicle. Zero degrees heading correspondsto signals coming from directly in front of the
vehicle, signals from the right indicate 90°, and so on.

Finally, determine your vehicle's true heading, that is, its heading relative to true north. Compass
needl es point to magnetic north and yield magnetic headings. Translating amagnetic heading into atrue
heading requires adding a correction factor, called magnetic declination, which isapositive or negative
factor that depends on your location.

Declination for your areaisgiven on US Geological Survey (USGS) maps, though it undergoeslong-
term changes. Add the declination to your magnetic heading to get a true heading.

As an example, assume that the transmitted signal arrives at 30° with respect to the vehicle
heading, that the compassindicatesthat the vehicle’ sheading is 15°, and the magnetic declination
is +15°. Add these values to get a true transmitter bearing (that is, a bearing with respect to true
north) of 60°.

Because of the large mass of surrounding metal, it isvery difficult to calibrate an in-car compass for
high accuracy at all vehicle headings. It is better to use aremotely mounted flux-gate compass sensor,
properly corrected, to get vehicle headings, or to stop and use a hand compass to measure the vehicle
heading from the outside. If you T-hunt with a mobile VHF beam or quad, you can use your manual
compassto sight along the antennaboom for amagnetic bearing, then add the declination for true bearing
to the fox.

Triangulation Techniques

If you can obtain accurate bearings from two locations separated by a suitabl e distance, the technique
of triangulationwill givethe expected location of thetransmitter. Theintersection of thelinesof bearing
from each location provides afix. Triangulation accuracy is greatest when stations are located such that
their bearings intersect at right angles. Accuracy is poor when the angle between bearings approaches
0° or 180°.

There is always uncertainty in the fixes obtained by triangulation due to equipment limitations,
propagation effects and measurement errors. Obtaining bearings from three or more locations reduces
the uncertainty. A good way to show the probable area of the transmitter on the triangulation map isto
draw bearingsasanarrow sector instead of asasingleline. Sector width representsthe amount of bearing
uncertainty. Fig 23.87 shows aportion of amap marked in this manner. Note how the bearing from Site
3 has narrowed down the probable area of the transmitter position.

Computerized Transmitter Hunting
A portable computer is an excellent tool for streamlining the RDF process. Some T-hunters use one

Repeaters, Satellites, EME and Direction Finding  23.107



Fig 23.87 — Bearing sectors from three RDF positions drawn on a
map for triangulation. In this case, bearings are from loop anten-
nas, which have 180° ambiguity.

Fig 23.88 — Screen plot from a computerized RDF system showing
three T-hunt bearings (straight lines radiating from small circles)
and the vehicle path (jagged trace). The grid squares correspond to
areas of standard topographic maps.

to optimize VHF beam bear-
ings, generating a two-dimen-
sional plot of signal strength
versus azimuth. Others have
automated the bearing-taking
process by using acomputer to
capture signal headingsfrom a
Doppler RDF set, vehiclehead-
ing from a flux-gate compass,
and vehicle location from a
GPS receiver (Fig 23.88). The
computer program can com-
pute averaged headings from a
Doppler set toreducemultipath
effects.

Provided with perfect po-
sition and bearing informa-
tion, computer triangulation
could determinethetransmit-
ter location within the limits
of its computational accu-
racy. Two bearings would
exactly locate a fox. Of
course, there are always un-
certainties and inaccuracies
in bearing and position data.
If these uncertainties can be
determined, the program can
compute the uncertainty of
the triangulated bearings. A
“smart” computer program
can evaluate bearings, trian-
gulate the bearings of mul-
tiple hunters, discard those
that appear erroneous, deter-
mine which locations have
particularly great or small
multipath problems and even
“grade” the performance of
RDF stations.

By adding packet radio
connections to a group of
computerized base and mo-

bile RDF stations, the processed bearing data from each can be shared. Each station in the network
can display the triangulated bearings of all. Thisrequires acommon map coordinate set among all
stations. TheUSGSUniversal Transverse Mercator (UTM) grid, consisting of 1x1-km grid squares,

is a good choice.

The computer is an excellent RDF tool, but it is no substitute for a skilled “navigator.” Y ou will
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probably discover that using a computer on a high-speed T-hunt requires a full-time operator in the
vehicle to make full use of its capabilities.

Skywave Bearings and Triangulation

Many factors makeit difficult to obtain accuracy in skywave RDF work. Because of Faraday rotation
during propagation, skywave signals are received with random polarization. Sometimes the vertical
component is stronger, and at other times the horizontal. During periods when the vertical component
isweak, thesignal may appear to fadeon an Adcock RDF system. At thesetimes, determining an accurate
signal null direction becomes very hard.

For a variety of reasons, HF bearing accuracy to within 1 or 2° is the exception rather than the rule.
Errors of 3to 5° are common. An error of 3° at athousand miles represents adistance of 52 miles. Even
with every precaution taken in measurement, do not expect cross-country HF triangulation to pinpoint
asignal beyond a county, acorner of a state or alarge metropolitan area. The best you can expect isto
be able to determine where a mobile RDF group should begin making alocal search.

Triangulation mapping with skywave signals is more complex than with ground or direct waves
because the expected paths are great-circle routes. Commonly available world maps are not suitable,
because the triangulation lines on them must be curved, rather than straight. In general, for flat maps,
thelarger the areaencompassed, the greater the error that straight linetriangulation procedureswill give.

A highway map is suitable for regional triangulation work if it uses some form of conical projection,
such asthe Lambert conformal conic system. This maintainsthe accuracy of angular representation, but
the distance scale is not constant over the entire map.

One alternative for worldwide areas is the azimuthal -equi di stant projection, better known as agreat-
circle map. True bearings for great-circle paths are shown as straight lines from the center to all points
on the Earth. Maps centered on three or more different RDF sites may be compared to gain an idea of
the general geographic area for an unknown source.

For worldwide triangulation, the best projection is the gnomonic, on which all great circle paths are
represented by straight lines and angular measurements with respect to meridians are true. Gnomonic
charts are custom maps prepared especially for government and military agencies.

Skywave signals do not always follow the great-circle path in traveling from a transmitter to a
receiver. For example, if the signal is refracted in atilted layer of the ionosphere, it could arrive from
adirection that is several degrees away from the true great-circle bearing.

Another cause of signals arriving off the great-circle path is termed sidescatter. It is possible that, at
agiven time, theionosphere does not support great-circle propagation of the signal from the transmitter
to the receiver because the frequency is above the MUF for that path. However, at the same time,
propagation may be supported from both ends of the path to some mutually accessible point off the great-
circle path. The signal from the source may propagate to that point on the Earth’s surface and hop in a
sideways direction to continue to the receiver.

For example, signalsfrom Central Europe have propagated to New England by hopping from an area
in the Atlantic Ocean off the northwest coast of Africa, whereasthe great-circle path putsthereflection
point off the southern coast of Greenland. Readingsin error by as much as 50° or more may result from
sidescatter. The effect of propagation disturbances may be that the bearing seems to wander somewhat
over afew minutes of time, or it may be weak and fluttery. At other times, however, there may be no
telltale signs to indicate that the readings are erroneous.

Closing In

On a mobile foxhunt, the objective is usually to proceed to the hidden T with minimum time and
mileage. Therefore, do not go far out of your way to get off-course bearings just to triangulate. It is
usually better to take the shortest route along your initial line of bearing and “home in” on the signal.
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With alittle experience, you will be able to gauge your distance from the fox by noting the amount of
attenuation needed to keep the S-meter on scale.

As you approach the transmitter, the signal will become very strong. To keep the S-meter on scale,
you will need to add an RF attenuator in the transmission line from the antennato the receiver. Simple
resistive attenuators are discussed in another chapter.

In the final phases of the hunt, you will probably have to leave your mobile and continue the hunt on
foot. Evenwith an attenuator in theline, inthe presence of astrong RF field, some energy will be coupled
directly into the receiver circuitry. When this happens, the S-meter reading changes only slightly or
perhaps not at all asthe RDF antenna rotates, no matter how much attenuation you add. The cureisto
shield the receiving equipment. Something as simple as wrapping the receiver in foil or placingitina
bread pan or cake pan, covered with apiece of copper or aluminum screening securely fastened at several
points, may reduce direct pickup enough for you to get bearings.

Alternatively, you can replace the receiver with a field-strength meter as you close in, or use a
heterodyne-type active attenuator. Plans for these devices are at the end of this chapter.

The Body Fade

A crude way to find the direction of a VHF signal with just a hand-held transceiver is the body fade
technique, so named because the blockage of your body causes the signal to fade. Hold your HT close
to your chest and turn all the way around slowly. Y our body is providing a shield that gives the hand-
held acardioid sensitivity pattern, with asharp decreasein sensitivity to therear. Thisnull indicatesthat
the source is behind you (Fig 23.89).

If the signal is so strong that you can’t find the null, try tuning
5 or 10 kHz off frequency to put the signal into the skirts of the I F
passband. If your hand-held is dual-band (144/440 MHz) and you
are hunting on 144 MHz, try tuning to the much weaker third har-
monic of the signal in the 440-MHz band.

The body fade null, whichisrather shallow to begin with, can be )
obscured by reflections, multipath, nearby objects, etc. Step well
away from your vehicle before trying to get abearing. Avoid large
buildings, chain-link fences, metal signsand thelike. If you do not
get a good null, move to a clearer location and try again.

Air Attenuators

. . . . Fig 23.89 — When performing the
In microwave parlance, asignal that is too low in frequency to body fade maneuver, a hand-held

be propagated in awaveguide (that is, below the cutoff frequency) transceiver exhibits this direc-

is attenuated at a predictable logarithmic rate. In other words, the tional pattern.

farther inside the waveguide, the weaker the signal gets. Devices

that use this principle to reduce signal strength are commonly

known as air attenuators. Plans for a practical model for insertion in a coax line are in Transmitter
Hunting (see Bibliography).

With thisprinciple, you can reducethelevel of strong signalsinto your hand-held transceiver, making
it possibleto use the body fade technique at very closerange. Glen Rickerd, KC6TNF, documented this
technique for QST. Start with apasteboard mailing tube that has sufficient inside diameter to accommo-
date your hand-held. Cover the outside of the tube completely with aluminum foil. You can seal the
bottom end with foil, too, but it probably will not matter if the tube islong enough. For durability and
to prevent accidental shorts, wrap thefoil in packing tape. Y ou will also need ashort, stout cord attached
to the hand-held. The wrist strap may work for this, if long enough.

To usethisair attenuation scheme for body fade bearings, hold the tube vertically against your chest
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and lower the hand-held into it until the signal begins to weaken
(Fig 23.90). Holding thereceiver in place, turn around slowly and
listen for a sudden decrease in signal strength. If the null is poor,
vary the depth of thereceiver inthetubeand try again. Y ou do not
need to watch the S-meter, which will likely be out of sight in the
tube. Instead, use noise level to estimate signal strength.

For extremely strong signals, remove the “rubber duck” an-
tennaor extend the wrist strap with ashoelaceto get greater depth
of suspensioninthetube. Thedepththat worksfor one person may
not work for another. Experiment with known signals to deter-
mine what works best for you.

Fig 23.90 — The air attenuator for
a VHF hand-held in use. Suspend
the radio by the wrist strap or a
string inside the tube.
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THE SIMPLE SEEKER

The Simple Seeker for 144 MHz is the latest in a series of dual-antenna TDOA projects by Dave
Geiser, WA2ANU. Fig 23.79 and accompanying text shows its principle of operation. It is simple to
perform rapid antenna switching with diodes, driven by a free-running multivibrator. For best RDF
performance, the switching pulses should be square waves, so antennas are alternately connected for
equal times. The Simple Seeker usesaCM OSversion of the popular 555 timer, which demandsvery little
supply current. A 9-V alkaline battery will give long life. See Fig 23.95 for the schematic diagram.

PIN diodes are best for this application because they have low capacitance and handle a moderate
amount of transmit power. Philips ECG553, NTE-555, Motorola MPN3401 and similar types are suit-
able. Ordinary 1N4148 switching diodes are acceptable for receive-only use.

Off the null, the polarity of the switching pulses in the receiver output changes (with respect to the
switching waveform), depending on which antennais nearer the source. Thus, comparing the receiver
output phase to that of the switching waveform determines which end of the null line points toward the

k— LESS THAN A ﬂ
2 ANTENNA

ECG553 ECG553

470 470 See Text
6—14 vV DC
_ + BALUN
[o] POWER
(o] ON
CHOPPER OFF
TLC555 Multivibrator FUNCTION

470 pF

4.7 k
4 RF to FM
Reset L O ® AN i
Vop 8 _B‘ 22 uF DF TRANSMIT _L 470 of ANT Transceiver
1 I 25 V min ’l\ p

GND

- DUPLEXER
4.7 k / J 7

Except as indicated, decimal values of
Discharge -2 capacitance are in microfarads ( uF);
others are in picofarads ( pF);

100 k 220 k L 0.01 L resistances are in ohms; k=1,000, M=1,000,000.
4.7 uF
100 k _ 1N4148 AF PAD
TONE 47 K POLARITY 0-25 0
Trigger 9—& OT 25 V min A
6 \'\O T
Threshold | 10 Q 10 Q
] Tw Tw
Output 3 FWD: E TwW 1w
22 uF I 100-0-100 10 0 10 Q
25 V min Tg. 47 k O W W
1k 1N4148
BALANCE

PHASE DETECTOR

1 VARIABLE —
AF1 ATTENUATOR  AF2

Fig 23.95 — Schematic of the Simple Seeker. A capacitor from point T to ground will lower the tone
frequency, if desired. A single SPDT center-off toggle switch can replace separate power and func-
tion switches.
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transmitter. The common namefor acircuit to make thiscomparison isaphase detector, achievedinthis
unit with asimple bridge circuit. A phase detector balance control isincluded, although it may not be
needed. Serious imbalance indicates incorrect receiver tuning, an off-frequency target signal, or mis-
alignment in the receiver IF stages.

Almost any audio transformer with approximately 10:1 voltage step-up to a center-tapped secondary
meets the requirements of this phase detector. The output is a positive or negative indication, applied
to meter M1 to indicate left or right.

Antenna Choices

Dipoleantennas are best for long-distance RDF. They ensure maximum signal pickup and providethe
best load for transmitting. Fig 23.96 shows plans for a pair of dipoles mounted on an H frame of
1/,-inch PV C tubing. Connect the 39-inch elements to the switcher with coaxial cables of exactly equal
length. Spacing between dipoles is about 20 inches for 2 m, but is not critical. To prevent external
currents flowing on the coax shield from disrupting RDF operation, wrap three turns (about 2 inch
diameter) of the incoming coax to form a choke balun.

For receive-only work, dipoles are effective over much more than their useful transmit bandwidth. A
pair of appropriately spaced 144-MHz dipoles works from 130 to 165 MHz. Y ou will get greater tone
amplitude with greater dipole spacing, making it easier to detect the null in the presence of modulation
onthesignal. But do not make the spacing greater than one-half free-space wavel ength on any frequency
to be used.

Best bearing accuracy de-
mands that signals reach the
receiver only from the 20
switched antennasystem. They
should not arrive on the re-
ceiver wiring directly (through
an unshielded case) or enter on
wiring other than the antenna
coax. The phase detecting sys-

. . " S Verticals to C Pi
tem isless amplitude sensitive With Lergs Cotter Key

than systems such as quads and

Y agis, but if you use small-ap- ‘%\
ertureantennassuch as* rubber . _h4[ ra— I>Lf_
duckies,” a small signal leak o ~—>d_K o_
may have a big effect. A wrap

of aluminumfoil aroundthere-

. Handle Length
ceiver case helps block un- not Ciitieal” ——__
wanted signal pickup, but
tighter shielding may be
needed.

Fig 23.97 shows a “sniffer”
version of the unit with helix
antennas. The added RDF cir-

cuitsfit in ashielded box, with
it~hi Fig 23.96 — “H” frame for the dual dipole Simple Seeker antenna
tEe S;/lVIt(ihlng puﬁes fﬁd set, made from 1/,-in. PVC tubing and tees. Glue the vertical dipole
t rpug a OW-paSS. ilter (the supports to the tees. Connect vertical tees and handle to the cross
series 4.7-kQ resistor and  piece by drilling both parts and inserting large cotter pins. Tape

shunt 470-pF capacitor) to the the dipole elements to the tubes.

v Ll L L
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Fig 23.97 — Field version of the
Simple Seeker with helix anten-

nas.

Fig 23.98 — Interior view of the
Simple Seeker. The multivibrator
and phase detector circuits are
mounted at the box ends. This
version has a convenient built-in
speaker.

receiver. The electronic
switch is on a 20-pin DIP
pad, with the phase detector
on another pad (see Fig
23.98).

Because the phase detec-
tor may behave differently
on weak and strong signals,
the Simple Seeker incorpo-
rates an audio attenuator to
allow either a full-strength
audio or alesser, adjustable
received signal to feed the
phasedetector. Y ou can plug
headphones into jack AF2
and connect receiver audio
to jack AF1 for no attenua-

tion into the phase detector, or reverse the external connections, using the pad to control level to both

the phones and the phase detector.

Conventionisthat the meter or other indicator deflectsleft when the signal isto the left. Othersprefer
that aleft meter indication indicatesthat the antennaisrotated too far to theleft. Whichever your choice,
you can select it with the DPDT polarity switch. Polarity of audio output varies between receivers, so
test the unit and receiver on aknown signal source and mark the proper switch position on the unit before
going into the field.

PIN diodes, when forward biased, exhibit low RF resistance and can pass up to approximately 1 W
of VHF power without damage. The transmit position on the function switch applies steady dc bias to
one of the PIN diodes, allowing communications from a hand-held RDF transceiver.
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AN ACTIVE ATTENUATOR FOR VHF-FM

During a VHF transmitter hunt, the strength of the received signal can vary from roughly a
microvolt at the starting point to nearly avolt when you are within an inch of thetransmitter, a120-
dB range. If you use abeam or other directional array, your receiver must provide accurate signal -
strength readings throughout the hunt. Zero to full scale range of S-meters on most hand-held
transceivers is only 20 to 30 dB, which is fine for normal operating, but totally inadequate for
transmitter hunting. Inserting a passive attenuator between the antenna and the receiver reduces
thereceiver input signal. However, the useful ness of an external attenuator islimited by how well
the receiver can be shielded.

Anjo Eenhoorn, PAOZR, has designed a simple add-on unit that achieves continuously variable
attenuation by mixing the received signal with asignal from a500-kHz oscillator. This process creates
mixing productsabove and below theinput frequency. The spacing of the closest productsfrom theinput
frequency is equal to the local oscillator (LO) frequency. For example, if the input signal is at 146.52
MHz, the closest mixing products will appear at 147.02 and 146.02 MHz.

The strength of the mixing products varies with increasing or decreasing LO signal level. By DFing
onthemixing product frequencies, you can obtain accurate headingseveninthepresence of avery strong
received signal. As aresult, any hand-held transceiver, regardless of how poor its shielding may be, is
usable for transmitter hunting, up to the point where compl ete blocking of the receiver front end occurs.
At the mixing product frequencies, the attenuator’ s range is greater than 100 dB.

Varying the level of the os-

cillator signal provides the ex-
traadvantageof controllingthe
strength of theinput signal asit
passesthroughthemixer. Soas
you close in on the target, you
have the choice of monitoring
and controlling the level of the
input signal or the product sig-
nals, whichever provides the
best results.

The LO circuit (Fig 23.99)
uses the easy-to-find 2N2222A
transistor. Trimmer capacitor C1
adjusts the oscillator's fre-
guency. Frequency stability is
only aminor concern; afew ki-
lohertz of driftistolerable. Q1's
output feedsan emitter-follower
buffer using a 2N3904 transis-
tor, Q2. A linear-taper potenti-
ometer (R6) controlstheoscilla
tor signal level present at the
cathode of themixingdiode, D1.
The diode and coupling capaci-
tor C7 arein serieswith the sig-
nal path from antenna input to
attenuator output.

S1
POWER

ON/OFF cs
—0 o—¢——¢ ——
ON 0.1
L1
R2 470 pH R3
100 k 47 k
R4 J1
c4 Q2 C7%
1+ s 330 1k 2N3904 INPUT
T- 1.4v — o 6
2N2222A 290 120
R5 %
R6 % 1k
1k
C3 = €2 ATTENUATION D1 % 92
0.01 0.0027 1N4148 | OUTPUT
c1
£~ 75
TUNE
Except as indicated, decimal values of /77

capacitance are in microfarads ( uF );
others are in picofarads (pF);
resistances are in ohms; k=1,000.

* See text and caption

Fig 23.99 — Schematic of the active attenuator. Resistors are 1/4-W,

5%-tolerance carbon composition or film.

BT1 — Alkaline hearing-aid L1 — 470-pH RF choke.
battery, Duracell SP675 or L2 — 3.3-uH RF choke.

equivalent. R6 — 1-kQ, 1-W linear taper
C1 — 75-pF miniature foil trim- (slide or rotary).
mer. S1 — SPST toggle.

J1, J2 — BNC female connectors.
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This frequency converter design is unorthodox; it does not use the conventional configuration of a
doubly balanced mixer, matching pads, filters and so on. Such sophistication is unnecessary here. This
approach givesan easy to build circuit that consumesvery little power. PAOZR usesatiny 1.4-V hearing-
aid battery with ahomemade battery clip. If your enclosure permits, you can substitute astandard AAA-
size battery and holder.

Construction and Tuning

For a template for this project, including the PC board layout and parts overlay, see Chapter 30,
References. A circuit board is available from FAR Circuits. The prototype (Fig 23.100) uses a plated
enclosure with female BNC connectors for RF input and output. C7, D1, L2 and R5 are installed with
point-to-point wiring between the BNC connectors and the potentiometer. S1 mounts on the rear wall
of the enclosure.

Most hamswill find the 500-kHz frequency offset convenient, but the oscillator can be tuned to other
frequencies. If VHF/UHF activity ishighinyour area, choose an oscillator frequency that creates mixing
products in clear portions of the band. The attenuator was designed for 144-MHz RDF, but will work
elsewhere in the VHF/UHF range.

Y ou can tune the oscillator with a frequency counter or with a strong signal of known frequency. It
helps to enlist the aid of a friend with a hand-held transceiver a short distance away for initial tests.
Connect ashort piece of wireto J1, and cable your hand-held transceiver to J2. Select asimplex receive
frequency and have your assistant key the test transmitter at itslowest power setting. (Better yet, attach
the transmitter to a dummy antenna.)

With attenuator power on, adjust R6 for mid-scale S-meter reading. Now retune the hand-held to
receive one of the mixing products. Carefully tune C1 and R6 until you hear the mixing product. Watch
the S-meter and tune C1 for maximum reading.

If your receiver features memory channels, enter the hidden transmitter frequency along with both
mixing product frequencies before the hunt starts. This allows you to jump from one to the other at the
press of a button.

When the hunt begins, listen to the fox’ s frequency with the attenuator switched on. Adjust R6 until
you get apeak reading. If thesignal istoo weak, connect your quad or other RDF antennadirectly to your
transceiver and hunt without the attenuator until the signal becomes stronger.

Asyou get closer to the fox, the attenuator will not be able to reduce the on-frequency signal enough
to get good bearings. At this point, switch to one of the mixing product frequencies, set R6 for on-scale
reading and continue. As you
make your final approach, stop
frequently to adjust R6 andtake
new bearings. At very close
range, remove the RDF an-
tenna altogether and replace it
with a short piece of wire. It's s :
agood ideato make up a short : = K L e
length of wire attached to a : | /-m
BNC fitting in advance, so you : N
do not damage J1 by sticking
random pieces of wire into the
center contact.

Wh'le_'t IS most C_onven'(_ent Fig 23.100—Interior view of the active attenuator. Note that C7, D1
to use this system with receiv-  and L2 are mounted between the BNC connectors. R5 (not visible

ers having S-meters, the meter in this photograph) is connected to the wiper of slide pot R6.
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is not indispensable. The active attenuator will reduce signal level to a point where receiver noise
becomes audible. Y ou can then obtain accurate fixes with null-seeking antennas or the “body fade”
technique by simply listening for maximum noise at the null.
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