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ABSTRACT

PACSAT  enpl oy
FSK uplinks
downl i nk.

schenes

The authors propose that
sever al 9600-bit/s noncoherent
and a 9600-bit/s coherent FFSK
Thi s conmbi nation of nodul ation
provides for sinple groundstation transmt-
ters, groundstation denodulators of several
cl asses of conplexity, and staged develop-
men t of space-rated systens. A research
plan is identified which will result in
sinple spacecraft systens being available
quickly and optimsed spacecraft systens
bei ng devel oped as tinme permts. Areas for
further study, resulting in 1.5:1 increase
in bit rate with no increase in signalling
bandwi dth, are discussed.

1.0 MSSION PRCFILE

Amateur  packet radio has expanded greatly
in the three years since Den Connors paper
"The PACSAT Project" appeared in the 1983
Proceedings [1]. The need for a reliable,
hi gh-t hr oughput, wor | d-wi de packet service
is much greater now than it was 3 years
ago; 300-bit/s HF stations cannot continue
tc provide acceptable |ong-distance service
tc exponentially-expanding VHF netropolitan
net wor ks. The general objectives and para-
neters of the PACSAT mission have changed
little since the project was first discuss-
ed: PACSAT  will be a store-and-forward
mai | box placed in a polar, lowearth orbit.

The mailbox will be served by several 9600-
bit/s uplink channels and a single 9600-
bit/s downli nk. PACSAT will use the AX 25
i nk-1ayer protocol, meking it conpatible
with an installed base of nore than 10, 000
TNCs. Delays in the PACSAT project, caused
by lack of funding for the m ssion, have
had sone positive results: t he vol unme and
power consunption of |arge RAM devices have
decr eased, whilst the availability of such
devi ces has increased; current plans call
for PACSAT to carry at least 4 Mytes of
message- storage RAM.

It takes a firm launch opportunity and
conmitment of funding to solidify the de-

sign of any satellite, and in the absence
of these stabilizing influences, PACSAT has
gone through many design neetings and de-
sign revisions. Tinme has not been wasted,
however; experience gained through design,
coastruction and operation of the UoSAT-2
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DCE [2] has taught us nuch that will bhe of
direct use when we begin to work in earnest
on a dedicated PACSAT spacecraft. Dur-i ng
this tine, the UoSAT group at the Univer-
sity of Surrey (UloS) -in the UK has becone
very interested in store-and-forward . -
muni cations using satellites in low « . th
orbit. Qur interest has noved past tne
role of supplying a spacecraft "bus" {or
the PACSAT mission toward actually taking
part in the design and construction of the
payl oad. Whatever for-n UoSAT-C takes A
there are several possibilities now heing
investigated') it will probably carrv a
PACSAT-1i ke transponder, Wth this in
m nd, the authors (with the help of many
others both within and outside of UoS) have
carried out an investigation of two criti-
cal PACSAT design issues: nmodul ati on and
denodul ati on, These topics have been ¢is-
cussed by Phil Karn [3], but we feel it
enough significant developments have tu.on
place to warrant further investigation,
2.0 LINK BUDGETS
The following discussion is driven by «-¢
satellite link budget, as calculated bv M.
Awan (UoS). This budget assumes that tre
satellite is to be small and inexpensive,
thus dictating a low-power downlink trans-
mtter. The orbital altitude assumed for
these calculations is 900 km
2-Meter Downlink Budge':
Transmtter power 4 W) 36 dfn
Transmt |osses -2 dHh
Ant enna gain 0dFi
El RP t34 dkm
Free-space path loss at 145
MHz -146.3 ¢B
Carrier power received by
groundstation (isotropic
ant enna) -112.2
Noi se density for receiver
(1 dB noise figure. 300 K
equi val ent antenna noi se

-172.9 dBm/Hz
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tenmperature.)



Carrier-power to noise density
ratio (l-degree satellite

el evation, isotropic antenna.) 60.6 dB/Hz

Bit rate (9600 bit/s) 39.8 dBHz

Avai |l abl e energy per bit divided

by the noise-spectral density

(Eb/ No) . 20.8 dB

Rather than assume a perfect system in

which this high signal-to-noise ratio is

avail abl e to a denodulator, M. Awan has

included an inplenmentation margin in his

cal cul ati ons.

Modem | oss 2 dB

Antenna pointing |oss 1 dB

Ant enna agei ng ? dB

Desense due to transmitter 1 dB

Man-nmade interference 3 dB

Pol ari sation mismatch 3 dB

Mil tipath cancellation 1 dB

System Margin 2 dB

14.0 dB

Subtracting this from the previous

result 20.8 dB
-14.0 dB

Available Eb/No with satellite at

1 degree elevation, with 0dBi-

gain receiving antenna. 6.8 dB

Assume that our denodulators need 15 dB

Eb/No to produce a bit error rate (BER) of

1E-6 (as discussed bel ow).

Eb/No at denodul ator 15 4B

Eb/No available with 0-dBi gain

antenna with satellite at the

hori zon. - 6.8 dB

Necessary antenna gain. 8.2 dBi

an 8.2 dBi gain receiving antenna is
necessary for 9600-bit/s, 1E-6 BER communi -
cation when the satellite is at the hori-
zon. A station so equipped wll have excess
antenna gain when the satellite is high in
the sky, and stations with less gain wll
have coverage for less than the full hori-
zon-to-horizon satellite pass. Table 1
shows the antenna gain required at eleva-
tions from horizon to 90 degrees, as calcu-
lated using the above assunptions.

Thus,

2.1 Possible Downlink on 70-cn®?

above link calculations assune a 2-

downlink PACSAT could, however, down-
The difference in

The

net er
link on 70-cm (435 Miz).
free-space path |oss between 2-m and 70-cm
is about 9.5 dB. Since we nust keep the
satellite small, this 9.5 dB cannot be nade
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by sinply increasing downlink power or
providing antenna gain on the spacecraft.
Goundstations would have to increase their
antenna gain, but antennas the sane size as
required for two-neter downlink reception
woul d  produce about 3 dB nore gain on 70
cm Additional link "gain" is realized on
70 cm because lower levels of nman-nmade
noi se reduce inplenentation | oss. Wi l e
Table 1 shows that stations wth 0-dBi
antennas would not be able to access the
satellite (at the reference BER), stations
wi t hout antenna-pointing capability could
use fixed-pointing gain antennas ained at
hi gh el evati ons. Thus, wusing a 70-cm down-
link is a possible option for PACSAT and
should be explored. To simplify the
followi ng discussion, however , we assune
that the downlink Will be in 2-met er
band.

up

t he

2.2 Uplink Budget

Wi | st
abl e
t he
we
teur
amat eur

free-space loss nmay make it desir-
to keep all PACSAT conmunications on
| owest frequency available (2 nmeters),
have discarded this notion for an ana-
spacecraft. The state-of-the-art in
radio does not easily allow sinmul-
taneous transnmission and reception wthin
the same band. Receivers do not have
enough inmmunity to front-end overload and
transmtters produce wi de-band phase noi se.
The option of having both uplinks and down-

links at VHF might,, nonetheless, be invest-
igated for a store-and-forward satellite
operating in sone comercial service, where
the cost of purpose-built equipnent could
be justified. In the amateur service we
must consider the equipnent at hand, and
recoomend that the uplink be in the 70-cm
band, assuming that the downlink is at 2
neters.

Again, we are faced with the 9.5 dB differ-
ence in path |loss between 2 neters and 70
cm We assune that, by using methods dis-
cussed bel ow, we wWll be able to nake up-

link denobdul ators about 2 dB nore efficient
than those on the downli nk.

Path |oss difference between

70 cmand 2 m -9.5 dB
Increased efficiency of

spacecraft denodul at ors. 2 dB
Di fference between 2-m and

70-cm power budgets. -7.5 dB
As a point of reference, using wuplink
antennas having the sane gain as downlink
antennas (8.2 dBi), the groundstation will
need 7.5 dB greater EIRP on 70 cm than the

satellite needs on 2 neters, resulting in a

requi rement for 14 watts transmitter out-
put. This will result in horizon-to-hori-
zon coverage at 9600 bit/s, with BER | ess
than 1E-6. Agai n, stations wth fixed



ant ennas, | ower antenna gain or |ower out-
put. power would be able to access the
satellite at higher elevations or wth

i ncreased BER
3.0 MODULATI ON AND DEMODULATI ON

Signal -to-noise ratios such as we have been
discussing (73 - 15 dB) would produce the
desired BER of 1E-6 in systenms enploying
any of several nbdulation nethods. Anmpng
the choices are frequency-shift keyi ng
(FSK), minimumshift keying (MSK) and Jif-
ferential phase-shift keying (DPSK). DPSK
is described in [3] and has previously been
prcposed as the nodulation nethod for
PACSAT. The major disadvantages of DPSK
are that once it has been filtered for
bandwi dth efficiency it cannot be anplified
by limting anplifiers, and that it re-
quires the use of conplex synchronous re-
ceivers and transnmitters. W propose the
use of noncoherent FSK on the uplink and
coherent FFSK on the downlink. Noncoher ent
FSK is sinply the technology investigated
by S. Goode [4] -- transmitter VCO control
voltage is derived from filtered baseband
dat a. Coher ent FFSK requires that the
phase of the RF signal be strictly con-
trolled, requiring a transmtter nore com
plex than the sinple groundstation trans-
mtter. There is, however , an inportant
advantage to using coherent FFSK rather
than DPSK: coherent FFSK can be denodul ated
by si npl e, non- coher ent recei ver/
denodul at or s.
3.1 General Uplinks

We propose that groundstations use non-
synchronous FSK with a optinmm deviation of

3.2 KkHz. Modul ators woul d be based on S
Goode's system [4] The data rate will be
fixed at 9600 bit/s, and the IF bandwidth
of limting anplifiers fixed at 15 kHz.
Receivers on the spacecraft would feed
plain quadrature frequency discrininators
followed by filters and slicers -- again as

This may seem a tech-
but the very con-
reliability and
spacecr aft

sol ution.

in Goode's system
nically regressive step,
siderable pressures on
power consunption onboard the

always tend to favor the sinplest
It is hoped that by developing post-dis-
crimnator filters that reduce or elimnate
inter--synbol interference, we could realize
a 1E-6 BER with uplink signals as low as 13
dB Eb/No. W intend to investigate this in
the lab as soon as possible.

The choice of non--coherent FSK for the
uplink nmkes the groundstation nodul ator/
transmtter relatively sinple. It also
satisfies the desire to have the 9600-bit/s
signal fit in the 15-kHz bandwidth of a
staadard | F. On the 70-cm uplink, maximum
Doppler shift will be +/- 10 kHz, and with-
out conpensati on, this nmuch shift wll
cause denodulation to fail. We  propose
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the groundstation be responsible {0
uplink Doppler to within roughly
500 Hz. |In selecting uplink channels, we
shal | endeavour to provide wide enough
spacing that if one groundstation does ~n(t
correctly track Doppler shift, its trans-
mssions wll not drift adjacent up link
channel s. Uplink channel spacing of 50-kHz
shoul d provide this protection..

t hat
tracking

course sone disadvantages to
scherme. First of these
is that stations with marginal links cannot
decrease their BER by sinmply decreasing
their bit rate. For such a speed reduction
to have the desired effect, the IF bandwith
of the uplink receivers would have to be
nar r owned. The conplexity 0f wvariable=-
bandwi dth receivers is not acceptable. The
only way to increase throughput on these
links is to resort to forward error correc-
tion (FEC) and take advantage of c¢0ding
gai n. P. Sweeney of UoS has investigated
sinple FEC schemes for store-and-forward
satel lites. H's work indicates that an
array code based on two Hamming structures
could restore an uplink error rate of 2(-3
to our reference standard 1E-6 BER His
proposed code reduces the data rate to 6600
bit/s (with a signalling rate of 9600
bit/s) and reduces the Eb/No requirenment hy
3.6 dB. This is a significant benefit to
the overall system allowing the transmt-
ter power to be nore than hal ved.

There are, of
using such a sinple

di sadvantage to enploying sinple
denodul ators on the satell ite
is that they are not upward conpatible with
such desirable types of nbdulation as Tame
FM (al so known as GCeneralized Mninum Shift
Keyi ng, GVBK).

The ot her
di scri m nat or

3.2 Uplink Enhancenents

Gven sufficient tine, we hope to complete
an investigation into a nore conplex uplink
decoder, employing the delay denodul ators
di scussed in [5]. These ingenious demcdu-
lators require no clock or carrier
recovery, should be highly tolerant of
Doppl er shift, and could provide virtually
the sane performance as nore conplex svn-
chronous decoders (11 dB Eb/No for 1F-6
BER) . To take advantage of this enhanced
uplink decoder, the groundstation wculd
reduce deviation to +/- 2.4 kHz, but wculd
not have to resort to a coherent transmt-
ter. Unlike a sinple quadrature discrimna-
tor, a delay decoder could realize de-
creased BER at lower bit rates (given a
fixed groundstation power) without altering
recei ver |F bandwi dth. The uplink signal
could still be generated by a Goode-tvpe
modem as it need not be synchronous.
G oundst ati ons that do not reduce their
deviation wll get the same perfornmance
that they would have from sinple quadrature
discrimnators. The limtation of the delay
decoder is that it is STILL a frequency



di scri m nat or and cannot work on Tane

FM/GMSK .
3.3 Research Uplink

Gven even nore tine (and satellite power),
we propose to have a "research" uplink for
experimentation with synchronous, highly-~
efficient nodul ati on nethods. This uplink
would use a De-Buda type synchronous re-
cei ver [6] requiring <clock and carrier
recovery. Stations using such the uplink
would HAVE to have phase-controlled coher-

ent transmitters. These increases in com
plexity are rewarded by the ability to use
Tame FM/GMSK and send 14,400 bit/s within
the 15-kHz uplink channel. The research
uplink would not detract from the PACSAT
mssion, as the general wuplink channels
woul d always provide a standard, predict -
able service to the user. The research
uplink coul d, however, aid us in the nec-
essary search for higher throughput and
provide enhanced service to the advanced
user.

3.3 Uplink Summary

We propose that the wuplink enploy non-
synchronous  FSK. If spacecraft decoders

di scrim na-

use straightforward quadrature

tors, the optimum transmitter deviation is
+/- 3.2 kHz. Provided that delay-type
denodul ators can be developed for t he

spacecr af t envi ronnent , groundst ati ons

using +/- 2.4 kHz deviation (FFSK) would
realize 2 dB advantage over those using
ot her devi ations. As a point of reference,

a station transmtting 14 watts FSK into an
8.2-dBi antenna would have a BER less than
1E-6 from horizon to horizon. A station
with omidirectional antennas would achieve
the same BER while the satellite was above
30 degrees elevation and experience degrad-
ation (see Table 1) at lower elevations.
Both FEC and transmission-rate reduction
should be investigated as ways of providing
lower BER to narginal stations. A research
uplink, whilst not detracting from the
n ssi on, could provide an invaluable tool
for developnent of efficient, hi gh- speed
signal ling nmethods.

4.0 DOMLI NKS

It has been denonstrated in the literature
[7] (and it has becone painfully apparent
to packet-radio users on crowded channels)
that nultiple stations contending for a
single communications channel drastically
reduce channel efficiency. Thus, as RUDAK
[8] serves a 2400 bit/s uplink with a 400-
bit/s downlink, PACSAT will be able to
serve four or five 9600-bit/s uplinks W th
a single 9600-bit/s downli nk. The nodul a-
tion nmethod chosen for this downlink nust
be power and bandwidth efficient and it
must yield reasonable results to unsophist-
icated groundstations. It would also be
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“we can easily fit

advantageous if users willing to invest in
sophi sticated decoders could expect to get
better performance for their effort. To
fill these requirenents, we recomend co-
herent FFSK, al so known as "fast frequency
shift keying wth spectral nmodi fication
using non- linear filtering." The deviation

at 9600 bit/s will be +/- 2.4 kHz.

The transmtters is

such

complexity of coherent
that we do not wish to insist that
users have them W can, on the other
hand, afford the effort to build a few
such transmitters for the satellite. co-
herent FFSK is bandwidth efficient (again
9600 bit/s into 15-kHz)
and it produces a constant-envel ope signal
which can be passed through efficient
limting anplifiers wi t hout bandwi dt h
spreadi ng. This is an inportant considera-
tion when choosing a nodulation method for
the satellite.

If the satellite transmts coherent FFSK,
t he user is presented with a range of
potential receiver/decoders and an acconpa-
nying range of performance. The groundsta-
tion need not use a synchronous denodul ator
- adapted narrowband FM receivers with
di scrimnator decoders would require 15 dB
Eb/No for 1E-6 BER Del ay-type denodul a-
tors (theoretically sinple to construct)
and sophisticated synchronous receiver/de-
coders should lower this requirement to
around 11 dB -- a valuable gain of 4 dB.
This is precisely the type of upgradable
system that we desire in an anmteur-radio
operation.

4.1 Research Downlink

that PACSAT carry a research

ongoi ng experinentation wth

hi gh-ef fici ency signal ling
met hods. On first consideration, one as-
sumes that if the satellite could power two
downl i nks, we would be able to double the
power on our general downlink. The re-
search downli nk, however, would not have
the 100 percent duty cycle of the general
downlink. It would be turned on only for
experiments or for limted "sophisticated
user" service. G oundstations wusing this
downlink woul d have to have synchronous
decoders. The data rate could reach 14,400
bit/s wthin 15 kHz bandwidth or 19, 200
bit/s in a 20-kHz bandw dth. To do this we
would enploy a tighter form of non-linear
prenmodul ation filtering -- changing t he
modul ation to "tame FM' (also called Gener-
alized Mninmum Shift Keying, GVBK).

We
downlink
hi gh- speed,

pr opose
for

4.3 Downlink Sunmmary

Coher ent FFSK can be efficiently generated
and anplified on the satellite, and pr o-
vides the users with a w de range of poten-
tial decoders. Wth even a sinmple discrim
i nator decoder, a user with an 8.2 dB gain



antenna could get horizon-to-hori-

receive

zon coverage, while a user with an omidir-
ecti onal antenna woul d get the reference
BZR of 1E-6 whenever the satellite was
ahbove 30 degrees elevation. We would Iike
t0 experiment with Tame FM (GvBK), which
would allow us to increase bit rate by half

uplink bandwi dth. Such

wi.thout increasing
in the final

research should be accornodated
PACSAT design.

5.0 DOPPLER TRACKI NG
maxi mum  Dop-

and
sone

In the assumed 900 km orbit,
pler shift at 2 neters is +/- 3.5 kHz,
at. 70 cm it is +/- 10 kHz. Wi |l e
frequency error between transmitter and
receiver has been accounted for in the link
cal cul ations under inplenentation nargin,
we believe that error much greater than 500
Hz should be avoided. We need to do
further research to support this claim
Tre coherent FFSK proposed for the down-
l'inks can, with suitable data random za-
tion, yield a DC-free baseband signal. Any
dc level on the denodul ated signal woul d
then indicate frequency error. This dc
"error signal" becomes the basis for  Dop-
pl er tracking.

the wuplink
allowing the

anywhere in a

It was originally proposed that
receivers track Doppler shift,
user to set his transmtter
wide uplink channel and not change frequen-
cy over the course of a pass. W& recomend
t hat this technique be discarded. Qur re-
comendation is based on the followng
scenari o: I magi ne that two users, one "in
front of" the satellite and the other
"behind" the satellite are both sending
packets on the same uplink channel. one of
these users is seeing nearly +10 kHz Dop-
pler shift, while the other sees nearly -10
kHz Doppler (in the worst case). If the
uplink receiver is responsible for Doppler
tracking, on alternating packets it wll
have to swing 20 kHz to |lock on the necess-
ary signal. As far as we can tell fromthe
literature and from personal contacts, no
one has been able to track this nuch in-
stantaneous frequency shift at a data rate
near 9600 bit/s. If we were to use AFC
loops with such bandw dth, they would prob-
ably take hundreds of bit periods to lock
up, cutting into precious uplink communica-
tion tinme

that the groundstation be re-
tracki ng Doppler shifts. | f
computer-controll ed, t he
inform

We propose

sponsible for
the station is
conputer can easily produce Doppler
ation in analog or digital form for the
uplink transmitter. If the station is not
conputer controll ed, the downlink receiver
must already have sonme closed-loop Doppler-
tracking nechanism which could feed a
tracking signal to the uplink transmtter.
For the groundstation receiver, t racki ng
the spacecraft is a relatively easy task.
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The groundstation sees a smooth Doppler
shift over the course of a pass, not the
rapid switching that w0uld have to he
tracked by the satellite. Devel opnent nf
suitable groundstation receivers and trans-
mtters should, we bhelieve, be undertaken
or at | east coordinated as part of t he
PACSAT project.

6.0 ADAPTIVE COMMUNTCATTON

Not wi t hst andi ng that the realization o a
si ngl e- speed, 9600-bit/s, Space-enginec-od

conmmuni cations systern wil 1l be a mpjor task ,

we propose that PACSAT have an 0Opticnal
reduced data rate to accomodate poor links
and/or an optional t-ligh data rate ' or
especially good links. The :importance of

these options can be understood by studv ing
Table 1. For our proposed PACSAT orbit, : re
free-space path loss is 12 dB less when :t-e
satellite is overhead than when it is =t
the horizon. A station with steerable
ant ennas, equi pped to conmunicate with the
satellite at low elevation angles wll + ve
12 dB "extra" link margin wher the sat-'-
lite is overhead. This extra margin cc-id
easily accomodate an increased data «rite
while the satellite is high in the sky. ihe
free-space loss profile of the satelli-e-
groundstati on link a'lows stations «ith
omi directional 0-dBi antennas to the .« t-
ellite when it is 30 degrees or nore above
the horizon, but thisis n0t the nmost
efficient solution for stations with fived
ant ennas. These stat-ions need antennas
adapted to the link profile --- 8 dBi on the
horizon and down to -3 dBi overhead. Alrer-
natively, a station equipped with hizh-
speed encoders and decoders could USC a
directional antenna fixed at a high eleva-
tion, communicating all of its traffic in 3
bandwidth-efficient manner when the satel-
lite was closest. Such adaptive communica-
tions are well suited to the packet-r «'i 3
envi ronnent , in which administrative w--
sages can be communicated between satellite

and groundstation w thout disrupting O0Other
conmmuni cati ons. Users nmay be able o
"bargain" wth PACSAT for an increased cor
decreased conmunications rate.

7.0 CONCLUSION

Presented here are some thoughts concerning
PACSAT desi gn. Qur recommendations are NOT

of ficial PACSAT design decisions. They are
presented to give users sone idea of how ve
arrive at design decisions, to give ally
idle technicians some things to implement,
and to allow those with opinions on these
rnatters to express those opinions. Ve
cannot hope to decide today what wll be
the best nodulation methods available in
the future, but we think that FSK and F:3K
will provide PACSAT with the communications

The
non--
smloth

tools needed to carry out its mssion.
proposed conbinati on of coherent and
coherent met hods should provide a



transition between the relatively slow data 8.0 ACKNOW.EDGQVENTS
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TABLE 1 - PATH LOSS and REQUIRED GAIN VS. SATELLITE ELEVATI ON

El. Pat h Loss Gin on 2 neters Gin on 70 cm
0 146. 6 8.2 17.9
10 143.9 5.5 15.0
20 141.5 3.1 12. 6
30 139.5 1.1 10.6
40 137.9 -0.5 9.0
50 136.7 -1.7 7.8
60 135.8 -2.6 6.9
70 135.2 -3.2 6.3
80 134.9 -3.5 6
90 134.8 -3.5 6

(1) Elevation of satellite in degrees.
(2) Free space loss at 2 neters.
(3) Gain (dBi) necessary to achieve 1E-6 BER on 2-meter downli nk.

(4) Gain (dBi) necessary to achieve 1E-6 BER on 70-cm downli nk.

REFERENCES

[1]
[2]

[3]

[4]

(5]

(6]

[7]
(8]

"The PACSAT Project," Den Connors, Proceedings of the Second ARRL
Amat eur Radi o Conputer Networking Conference, ARRL, 1983.

"The UO 11 DCE Message Store-and-Forward System"™ H. Price, J. VWard,
Proceedings of the Fifth ARRL Amateur Radio Conputer NetworKking
Conference, ARRL, 1986.

"Mbdul ati on and Access Techniques for PACSAT," P. Karn, Proceedings
of the Second ARRL Amateur Radio Conputer Networking Conference, ARRL,
1983.

"Modi fying the Hamtronics FM5 for 9600 Bps Packet Operation,”

S. Goode, Proceedings of the Fourth ARRL Amateur Radio Computer

Net wor ki ng Conference, ARRL, 1985.

"Differential detection of MSK with non-redundant error correction,"”
T. Msanura, et al, |EEE Transactions on Communication Vol 25, No 6,
June 1979.

"Coherent denmpdulation of frequency shift keying with |ow deviation
ratio" R De Buda, |EEE Transactions on Conmunication, June 1972.
Conputer Networks, A. Tanenbaum Prentice-Hall, 1981.

"Formal Definition Meeting for the Packet Radio Experinment RUDAK

to be Included in AMSAT P3-C," Proceedings of the Fourth ARRL Amateur
Radi o Conmputer Networking Conference, ARRL, 1985.

5.16



