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ABSTRACT

This  paper describes work
within

underway
AMSAT to define modulation,

channel access methods, and related
system-level considerations in the
design  of the store-and-forward
radio  satellite  known  as PACSAT.

packet

This is not intended as a comprehensive
design specification, primarily  because
one doesn’t  yet exist! In particular,
only those decisions
concerning

primarily
spacecraft hardware  design

are emphasized here, since the details
of control  algorithms, protocols, etc,
will  reside in software  capable  of b e i n g
changed  and reloaded into the onboard
computer(s)  after launch.

1. Orbital Considerations--

P A C S A T  is intended  to operate in a low
altitude, polar orbit with the special
characteristic that the satellite  is
accessible from any point on earth at
least  twice every day, at about the same
local  time each day. These  so--called
“sun synchronous”  orbits are frequently
used by weather and earth resources
missions. Oscars 6 , 7, 8 at~3  9 are a l l
in sun synchronous orbits,  so many
amateurs are already  familiar  with them.

The l o w altitude and relatively high
velocity of such  a satellite  has several
implications  for communications:

1. For most earth locat i o n s ,  a
sequence  of two or three passes
occurs twice daily, a s  the turning
earth carries  the station  through
the orbital plane every twelve
hours.

2. Coverage  at any given time i s
relatively
changing.

small  and continuously
A

satellite
geostationary

“sees” a fixed portion
(41%) of the earth’s  surface. B y
comparison, Oscar-8 covers a l l
points on earth at least twice per
day, but when it is directly over
t h e  n o r t h  central  US, it can
see North America.

only

3. Passes  are short. A typical  pass
may last  for only  15 m i n u t e s  f r o m
horizon  t o  horizon. For digital
communications, the highest
possible  bit rate is desirable  to
maximize the amount of
communication  that can be carried
during  a pass, al though for
operational flexibil.ity the
spacecraft downlink transmission
rate will be under the control  of
a command  station.

4. Path losses are modest,
approximately 25-30 dB lower than
to geostationary  satellites. This
may allow the use of lower
transmitter power,  omnidirectional
antennas, or less efficient
modulation techniques, all of
which  help  r e d u c e  c o s t s .

5. Doppler shift is significant.  At
70  cm,  ho.r i z on - t o -hor  izon DopLller
shift can be as rluch as +JS Ot-
minus 10 khz, rtlqu i r i rq sime f 0 131
o f aut0ma.t  ic f l-t’qclCrK:y t rack i rq
f o r opt imum pi’;- for-rmf-I  w . Exl r-t]
wide rece i ve‘r f iPer- ar’ 3
noncoherent dmo(-J.u  1 c? +_  i orI will
t o l e r a t e  Doppler s h i f t ,  b u t  at the
cost of reduced  perfor-lrl(3rlce.

6. Propagation time is short,  ranging
from 3 milliseconds when the
satellite  i s overhead  to 12
milliseconds 0 r-l the horizon.
Therefore, a communication
protocol requiring cl.ose
interaction between  the satellite
and its users would not unduly
penalize  performance
very small’packets.

except for

2 . Downlink  Margins--

In designing a communications
spacecraft, there are always  practical
limitations  on power,  size and weight,
of ten with the emphasis  on powrer.
Hence, the power available for the
spacecraft transmitter becomes the
limiting  factor  in the overall  system
design. For this reason,  it is helpful
to start our analysis with  a stated,
realistic value. This immediately
provides insight into the r a n g e  o f
modulation and b i t rate opt ions
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available, t h e r e f o r e , AMSAT ’ s bes t
e s t i m a t e  o f RF output power for PACSAT
is P-2 watts.

For a s p a c e c r a f t  i n  a n Oscar-8 o r b i t
( a l t i t u d e  9 0 0  k m ) ,  p a t h  l o s s  on t w o
meters would vary from 135 dB when the
satellite  i s  d i r e c t l y  o v e r h e a d  t o  147 dB
with the sate.llite o n the h o r i z o n ,  a
range of 12 dB. Since even during an
o v e r h e a d  pass the  sa te l l i t e  spends most
o f i t s time “nearer” the horizon than
d i r e c t l y overhead, we w i l l be
conservative a n d  use t h e  h o r i z o n  f i gure
in s u b s e q u e n t  c a l c u l a t i o n s .

Given that approximately 1 watt of
t r a n s m i t t e r  OUtpUt powt3 i s  availa?jle  o n
2  m e t e r s , a r.d that on! n i d i r tl c t_ i u r! SI 1
antennas are  used  both on the sp~~,..~~:*raf  t
a n d  o n  t h e  grcll~rld,  r e ce iver -  inpll! po we I’
w o u l d  b e -147 d’3W (-117 d%i:,  or .3
mic rovo l t s  in to 50 ohnc;.)  A race i ve:-
w i t h  a bandwid th  o f  15 k h z  a n d  a  nois-2
temperature of. 3 0 0  K  w;-tzld  gen?rate a ‘1
equivalent. i npu t n o i s e power o f  - 1 6 2
dsw, f o r  a  c a r r i e r - t o - n o i s e  r a t i o  o f -1 3
dB, adequate f o r a  l o w  b i t  e r r o r  r a t e
with virtually any d i g i t a l  m o d u l a t i o n
scheme. However, since t h e  s a t e l l i t e
w i l l  move  rapidly,  use a real antenna
with unavoidable pattern nulls, and
often p a s s behind such real-world
obstructions  as trees and hills,
additional  margin  is desirable.

This could  be a c h i e v e d  in several ways I
bY

1. Reducing the receiver bandwidth.
Each factor of two reduction  would
improve  t h e  c a r r i e r - t o - n o i s e  r a t i o
figure  by 3 dB. However ,  f o r  a
g i v e n  type of m o d u l a t i o n , this
reduces the b i t rate, w h i c h  i s
u n d e s i r a b l e  b e c a u s e  i t  l i m i t s the
a m o u n t  o f  t ra f f i c  that  can  be  sent
during the relatively b r i e f
passes.

2 . Using more s e n s i t i v e receivers.
It is n o w  q u i t e e a s y  t o f i n d
inexpensive  preamplifiers  with low
noise figures. However, e x t e r n a l
n o i s e then  becomes  a f a c t o r ,
l imit ing the degree of  improvement
possible.

3. Using gain antennas with automatic
track i nq . Techniques f o r this
have been experimented w i t h  b y
AMSAT  m e m b e r s f o r  several  y e a r s ,
and soon wil l  be  within the realm
o f t h e  a v e r a g e  u s e r  o f  t h e  Phase-
3B spacecraft  .

Although the computation of
antenna point ing angles  has become
v e r y  e a s y  ( t h e  AMSAT  ZX 8 1  p r o j e c t
uses that very inexpensive
personal  computer  f o r the t a s k ) ,
the gain antennas are s t i l l
r e l a t i v e l y  l a r g e  a n d  r e q u i r e  f i x e d

4.

locat i o n s .  We sho1;I.d t h e r e f o r e
reyui rc g a i n an t en n (1;  17 only as a
l a s t r e s o r t , i n  the s k? 11 s e t t-1 J. t i t
s h o u l d  b e possible!  t o r-n a ‘2;  e
e f f e c t i v e  u s e  o f I?ACSAT  w i t hout
them.

Using more e f f i c i e n t modulation
methods. There e x i s t  t e c h n i q u e s
which can g i v e much b e t t e r
p e r f o r m a n c e  i n t h e  p r e s e n c e 0 f
noise  which are not Yet wi.dely
used in the Amateur service . Many
of these techniques h,ave been
widely used in commercial
t e r r e s t r i a l and s a t e l l i t e
s e r v i c e s , but ur-t i 1 :now,  they have
o f t e n  b e e n  c o n s i d e r e d  out o f  r each
o f t h e  a v e r a g e  amatleur  b e c a u s e  o f
c o s t and complexity, However,
advances in digital e l e c t r o n i c s
h a s  d e - c o u p l e d  t h e  i s s u e  o f c o s t
from complex i ty , b r i n g i n g these
techniqu.es within r e a c h  o f the
average  amateur.

3. Modulation  Alternatives. -p-w

We feel that t h e  m o d u l a t i o n method
chosen is a c r u c i a l e l e r n e n t  o f the
PACSAT design, a n d  I will spend the next
part of thiis p a p e r evaluating 013  r
alternatives.

3.1 AFSK-FM

Audio frequency frequency--shift -keying
on an FM c a r r i e r  i s the technique
current ly i n widespread use f 0 r
terrestrial amateur packe: r a d i o ,  w i t h
the Bell 202 modem frequencies (1200 and
2200 hz) a de - fac to  s tandard . In t h e
amateur-  satelL.ite  service,  IJOS4T-Oscar-9
u s e s  b i t - c o h e r e n t AYSi-(-- FM f 0 r* i t s Vii b‘
and UHF  telemet  ry, wi t h tcn(? f rt’quenc  i ~~1s
o f 1 2 0 0  a n d 2 4 0 0  E-l/ - clos;;F’  enolqh  to
t h o s e  o f  t h e  E&l1 203 t o  allow the u-it)
o f that ( no II - c 3 h ~2 I- tl I: t and t h e r t:’ f (.-I [- tl
non- opt imum  > modem by the m i-1 j 0 r i t y (3 f
s ta t  i ons  r e ce iv ing  tt+x-xtry.

AFSK-  F M  has s e v e r a l  m.jor-  ath;iqtage:,:  i t
i s cheap, s imple  I an? allol6  t h e  USC of
general-purpose trdhseeivers withoilt
modi  f icat ion. Dopp”Ler t r a c k i n g  I s
relatively  easy ,  s ince  mos t a.ma  t cur FM
receivers have suff  ic ier-t  bandwidth to
a l l o w  large frequency  deviations  (e*g, 1
khz) without  signif icant  d e g r a d a t i o n  o f
b i t  error r a t e , and the modulation tone
f r e q u e n c i e s  are not directly affected by
Doppler  shift (I

Despite  i ts  s implic ity ,  however,  AFSK-FM
has s e r i o u s  d i s a d v a n t a g e s  f o r  s a t e l l i t e
use, which  rule  out  i t s  u s e  in PACSAT:

1. Inefficient  b a n d w i d t h  u t i l i z a t i o n .
A 15 khs channel  is  used by UOSAT
to carry a (maximum) 1200 bps data
stream, a b a n d w i d t h  d e n s i t y  o f
o n l y  .08 b i t s / h e r t z . Particularly
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in t h e  2  meter b a n d , spectrum
efficiency is an important
consideration.

2. Poor n o i s e performance. S ince
AFSK-FM i s essentially doubly-
modulated F M ,  it exhibits  a very
sharp noise threshold at a
relatively high c a r r i e r - t o - n o i s e
ratio, and s u f f e r s  g r e a t l y  f r o m
impulse noise. Sub je c t i ve
experience with reception  of t h e
3 5 0  m i l l i w a t t  1 4 5 , 8 2 5  M H z  UOSAT-
Oscar-9 te l emetry b e a c o n  s h o w s
that pulse noise, e.g., f r o m  p o w e r
lines, causes signif  icant  e r r o r s
e v e n  a t  s i g n a l  s t r e n g t h s  o t h e r w i s e
s u f f i c i e n t t o cause “ f u l l
q u i e t i n g ”  i n the b a s e b a n d  F M
channel. L,oca  1 i m p u l s e  noise  and
fades be low thresho ld due to
spacecra f t rotat ion and
p o l a r i z a t i o n l o s s e s cause many
errors, des;pi  t e  a t h e o r e t i c a l l y
good link m a r g i n .

3.2 FSK

Although in common use on the HE‘  c7:mtm-m
bands, “ s t r a i g h t “ f r e q u e n c y  s h i f t  k e y i n g
(FSK or Fl) has not Yet C@II'+C! i n t o
widespread use o n  t h e  h i g h e r  f r e q u e n c y
bands. FSK at VHF c a n  b e implemented
with simple modif  icat ions t o most
convent ional VHF-FM t r a n s c e i v e r s ;  a
d i r e c t input t 0 the modulator and a
s l i c e r  on the d i s c r i m i n a t o r  o u t p u t  i s
required. The spectral e f f i c i e n c y  o f
FSK can be as high  as 1  b i t /Hz ;  f or our
w o r k i n g  b a n d w i d t h  o f  1 5  k h z ,  FSK c o u l d
realistically  s u p p o r t  a  d a t a  r a t e  o f  a t
least  1 0  kbps.

The Bell System’s Advanced Mobile Phone
Serv i ce (AMPS:, uses NBFM v o i c e
transceivers  with  8 khz peak d e v i a t i o n ,
3 0  khz IF bandwidth, and  d i s c r iminator
de tec t i on  t o  carry  a  b i p h a s e - e n c o d e d  10
kbps FSK signaling channel. In bipkase
encoding, the  da ta  s t ream i s exclusive-
ored with a c l o c k  a t t h e  b i t  r a t e ,
resulting  in a s i g n a l with no DC
component whose energy  i s  c oncent ra ted
about  a frequency  e q u a l  t o  t h e  b i t  rate.

This allows  a n “ i n d i r e c t  F M ” (phase
modulated) t ransmit ter to be used,
provided  an in tegra tor i s inser ted
between the bi-phase  encoder and the
modulator. T h i s  i s  a  d i r e c t adaptation
o f FM techniques  used to  encode data on
disks and high-density  magtapes . S ince
in FM the baseband (demodulator output)
n o i s e  level inc reases with i n c r e a s i n g
frequency, a  pr!actical l i m i t  t o  t h e  b i t
rate exists req,uiring r e l a t i v e l y high
receiver  input  C/‘N r a t i o s  w h e n  o p e r a t i n g
at  h igh  ra tes . In AMPS, c o n s i d e r a b l e
retransmission r e d u n d a n c y  i s a l s o
p r o v i d e d  s i n c e  m u l t i p a t h  f a d i n g , not
gaussian  n o i s e , i s  the  pr imary  source  o f
errors  in m o b i l e  r a d i o .

AMPS is  evidence that high rate FSK is
prac:t ical g i v e n  a  s u f f i c i e n t  C/N r a t i o .
F’erformance  would be better with PACSAT,
z;.inc:e  m u l t i p a t h  f a d i n g  i s  l e s s  severe  i n
r;atellite  c h a n n e l s  t h a n  i n t e r r e s t r i a l
mob  i. le rad io , e x c e p t  whw. the s a t e l l i t e
is  near the horizon. For 0 il r work i ng
C/N figure  o f 1 5  dR, n o II c o h c r e n t
r e c e p t i o n  o f  FSK ( e . g . ,  w i t h  a n  ordinary
F'M d is c r iminator ) would p-ov ide a
t.heoretical b i t e r r o r ra te G f a bo 1-l t
lo*--7  ; a c cep tab le , b u t  w i t h l i t t l e
marg  in f o r impiementat ion 10 2; s e s and
f’ading  e For example, i f  C/N dropped to
12 daB,  the bit error rate would jump t o
5  x  lOA-4.

Because of  the t ight  C/N margin,  Doppler
correction  i s  r e q u i r e d  i n  o r d e r  t o  a l l o w
narrow receiver  bandwidths no .wider than
the signal. Since biphase encoding
p r o d u c e s  no b a s e b a n d  D C component I
Doppler c o u l d  b e  t r a c k e d  b y  a  s i m p l e
in tegra tor connected t o the
d i s c r iminator  output .

W e  c:an rule out uSe  o f noncoherert FSK
modulators f o r PACSAT, because it will
be shown later  that another modulation
t.echn ique (MSK) e x i s t s whic:h is
c:ompat  i b l e  w i t h  s i m p l e  FSK demodulation
bu t a l s o  a l l o w s  c:oherent de tec t i on  w i th
a 3*5 - 4 dB improvement in bit e r r o r
ra te . However, our a n a l y s i s 10 f
noncoherent  FSK is u s e f u l because i t
ind i ca tes t h e  performar.ce  t h a t  could be
expected if MSK is demodulated wi.th a n
FM receiver.

X.3 DSPK

I>i f ferent ial Phase-Shi f t K e y i n g  (DPSK)
ii s relatively  new to  amateur radio ,  but
w i l l  b e  u s e d  b y  AMSAT  f o r  t h e  P h a s e III
spacec ra f t  eng ineer ing  beacon . DESK h a s
signi  f icant a d v a n t a g e s  : i t  i s f a i r l y
bandwidth e f f i c i e n t , w o r k s  v e r y  w e l l  i n
:Low c a r r i e r - t o - n o i s e leve Is, and can
automatical ly t rack Doppler sh,ft i f
correctly designed.

DPSK  i s  a c t u a l l y  a m o d i f i e d  f o r m  o f  tru?
PSK in  tha t  the  change  ( o r -  l a ck  thereo f )
in c a r r i e r ph.3  se between each hit
i n t e r v a l  i s  u s e d  t:o dt?termine  the  output
state. In true PSK, t h e  a b s o l u t e phcist?
o f t h e  c a r r i e r  d u r i n g  each b i t  i n t e r v a l
cjet1wmines the outp’11 state, wh i ch
requ i res a n  abso:lute  p h a s e  r e f e r e n c e  a”_
t h e  r e c e i v e r .  I f  a c ‘L o (1 k i s der  ivet3
f ram the inconing d (3 t- a stream, there
would be a 50-50 c h c~ II (1 e tha’: the
rece iver would :;ynchr-onize  1 8 0  d e g r e e s
f r o m  t h e  c o r r e c t  tralue,  r e s u l t i n g  i n  a
100% b i t e r r o r  rate! D i f f e r e n t i a l  PSK
avoids this  p r o b l e m  a t the c o s t  o f
hav i ng channel e r r o r s “propagate”
through  success ive  b i t s . H o w e v e r ,  i n  a
packet environment w h e r e  o n l y  a s i n g l e
b i t  e r r o r  i s  needled t o  c a u s e r e j e c t i o n
o f a p a c k e t and  re t ransmiss i on ,  ex t ra
errors “caused” by the f i r s t  a r e  o f  n o
consequence.
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T h e  n o i s e  p e r f o r m a n c e  o f DPSK is
considerably better than conventional
F S K ;  f o r  o u r  1 5  dB reference C/N, the
bit error rate would decrease to lo*-10.
However, the real advantage would be
under marginal conditions: the bit error
rate would not increase to 5 x lOA-4
until t h e  C / N  r a t i o had decreased  to
about 9 dB. Within  a  1 5  kHz  bandwidth
DPSK could carry  15 kbps,  a l t h o u g h  i t s
n o i s e  performance  would  be degraded by
such tight filtering; 9600 bps would be
more realistic.

AMSAT  has considerable experience with
DPSK modulators and demodulators
d e s i g n e d  for 400 bps telemetry reception
from Phase 3-B. Experiments  have shown
t h a t  non-linear  transmitters  are OK, and
that  2 .4  khz  SSB transce ivers  are fine
a s  long as compensation  is m a d e  f o r the
nonlinear phase  response  characteristic
of SSB IF crystal filters.

The  Phase 3 telemetry decoders use
Costas loop carrier recovery which
provides  o p t i m a l  p e r f o r m a n c e , b u t  may
take an excessively  l o n g  time to lock up
in a multi-access packet environment.
However, very simple DPSK demodulators
e x i s t  that require no clock recovery
circuit and are a b l e  t o l o ck up in
essentially  a single bit time. These
methods w o r k  a t t h e  e x p e n s e  o f  n o i s e
performance; the figures quoted  above
refer  to this form of demodulation,
while the Phase  3 demodulators do
somewhat better.

NASA has also made extensive use of low
c o s t , l o w - s p e e d ,  ( 1 0 0 - 4 0 0  bps) doppler-
tracking  PSK systems with low altitude
sate l l i tes for applications including
remote  data  co l lec t ion and search-and-
rescue.

3.4 MM

Minimum Shift Keying (MSK) i s a hybrid
of FSK a n d P S K .  I t can be regarded
either as coherent  FSK with a shift of
exactly one-half of the data bit rate,
o r  as PSK where the modulating waveform
is a triangular ramp produced by
integrating the binary input signal.
Another  equivalent  way  t o  l o o k  a t  MSK i s
as quadrature  PSK (PSK with four
possible  phases instead  of two) in which
the quadrature  channel carr ies  t h e same
data as the main channel  but delayed  by
one-half  bit period. In fact, the usual
method for optimally decoding  MSK
involves building  two PSK demodulators
with combining circuitry; clearly  this
is more involved  than a simple PSK
demodulator.

One of MSK’S advantages  over PSK is that
is requires m i n i m a l  filtering  to reduce
its bandwidth  to the minimum required.
It has a constant envelope amplitude,
unlike  bandwidth limited PSK I allowing
it to pass through  a real-world  linear
spacecraft transponder with minimal

intermodulation distort  ion to other
signals, It can also be passed
a nonlinear ( e . g . ,

through
Class C) a m p l i f i e r

without the e n v e l o p e  distortion and
resultant bandwidth-spreading that
occurs with DPSK signals. The  other
advantage of MSK,  perhaps the major  one
f o r  o u r  a p p l i c a t i o n ,  i s  t h a t  i t c a n  b e
decoded with simple noncoherent  FM
discriminators with a theoretical  3.6 dB
l o s s  of noise performance.

Optimally decoded M S K  a n d  P S K have
almost t h e  s a m e  performance in the
presence  o f  G a u s s i a n  n o i s e . However,
MSK  has a significant  advantage  over PSK
in cases o f adjacent channel
interference, due to MSK's smaller
bandwidth. Tighter IF f i l t e r s c a n  b e
used with less performance degradation,
and it  should be easier  to attain a rate
of 15 kbps in our 15 khz bandwidth.
Differential decoders eliminating the
need for carrier recovery,  similar  to
those mentioned  earlier for DPSK, exist
for MSK but are not as simple.

3.5 Discussion:  M S K  vs. DPSK-- ---

The “votes” are not yet a l l  i n  among  the
PACSAT system definition  and design
team, although  we have narrowed the
choice to one between  DPSK  and MSK.
MSK’s  most significant  advantage  is
clearly its c o m p a t i b i l i t y with s i m p l e
noncoherent  demodulators  such as an FM
discriminator,, However, this penalizes
those who  want to “do it right”,  as
optimal  demodulation  of MSK essentially
r e q u i r e s  building  a PSK demodulator
twice.

We could go with a form of DPSK
essentially similar  to that used by the
Engineering Beacon  on the Phase 3
spacecraft  I e x c e p t  at a higher  bit rate.
While  there is s t r o n g i n t e r e s t  i n MSK
for AMICON (Phase 3) data
communications, the relatively short
time ava i lable to settle major
hardware-related  PACSAT issues could
cause us to choose the simpler
technology, i.e., DPSK. While the FSK
demodulator compatibility  f e a t u r e  i s  n o
doubt  attractive, optimal demodulators
for PACSAT would  be produced by AMSAT on

relatively
&-obably

large scale, and would
be a small fraction  ($50 -

$100) of the total  s t a t i o n  c o s t .

Either method would  prov:i.de means f o r
Doppler c o r r e c t i o n . The Phase-3H
telemetry receivers use Costas loop
demodulators f o r the D P S K  s i g n a l ,
g e n e r a t i n g  a s  a  b y p r o d u c t  a  c o r r e c t i o n
voltage ind i ca t ing the o f f s e t o f  t h e
downlink c a r r i e r . This c o r r e c t i o n
voltage can be taken  ou t  o f  the  r e ce iver
and applied with the appropriate amount
of gain t o  t h e  t r a n s m i t t e r ,  t u n i n g  i t s
frequency to compensate for uplink
DODDkr. While the unlink channel
demodulators  Twill  probably*  be able  to
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t r a c k  o u t the frequency  shift without
correction, we feel that minimizing
channel lockup time is important  enough
that correction should be provided.

4. Access Conflict Resolution

PACSAT will be a multi-access  satellite,
intended to serve a number of users
simultaneously attempting  to send
messages to the satellite. The downlink
transmitter  will b e  connected  to the
onboard computer, not directly to the
up1 ink r e c e i v e r  a s in conventional
“bent-pipe” s a t e l l i t e transponders.
Despite the short propagation delay,
users w i l l n o t  b e  able to monitor the
immediate  status of an uplink  channel  by
l istening t o  the downlink,  as it may  be
busy sending  down  a m e s s a g e  intended for
another user. Therefore, provisions
must be made to resolve uplink access
conf l i c ts . (Naturally, since only one
transmitter, t h e  satellite,  transmits  on
the downlink, access resolution  is
relevant only for the uplink.)

Assume for the moment that the satellite
t r a f f i c  will be “balanced”,  that is, the
amount of traffic successfully received
at the satell ite will  be approximately
equal to the amount of traffic sent back
t o  t h e  ground when averaged over a
sufficiently long period of  time. It is
agreed that this is an unlikely
situation, which  would  only  be true if
PACSAT were to be used exclusively  for
point-to-point communications. Repeated
transmission of the same informat ion
from the s a t e l l i t e  ( e . g . , broadcast
bulletins  or spacecraft  telemetry) would
disproportionately increase downlink
loading. However ,  i t i s  my assertion
that a balanced traffic assumption  is a
useful one,  as it represents  a “worst
case” f o r  system design.

All known methods which resolve
contention between multiple uplink
transmitters require overhead, and hence
more bandwidth, than downlink
transmissions for which there is only a
single transmitter. We are  therefore
tentatively planning to use the 70 cm
band, which has a 3-Megahertz  Amateur
S a t e l l i t e  S e r v i c e a l locat ion (435-438
MHZ), for uplink  transmissions  to PACSAT
and the smaller 2 meter band segment  for
the downlink.

In t h e  f o l l o w i n g  s e c t i o n s ,  I w i l l
describe two possible access methods for
PACSAT, and compare their re lat ive
merits.

4.1 Pure Aloha With Multiple  Uplink
ZZFiZinels  -

The Aloha method calls for each stat ion
to transmit at will, without concern  to
interference with other transmitters.
(S ince  s tat ions communicating w i t h  a
satell ite are usually far enough apart

t o  prevent them from hearing each other,
n o t  m u c h  i s  gained by listening  on the
up1 ink frequency.) The we1  l-known
maximum theoretical throughput  of an
A l o h a  channel, above which delay time
r i s e s  without  bound, is 18%.

A very simple and attractive scheme
therefore appears. If it is desired to
balance uplink a n d  downlink  c a p a c i t y ,
six uplink channels  (6 x 18% = 10(3%)
could  be provided. Each one is ” equa 1 “
to the others  and scanned rapidly  enough
b y  the spacecraft’s  onboard  computer  to
allow simultaneous reception,,  at least
for a time,  on all six. A user stat ion
wou Id select one of the six up1 ink
channels  essentially at random whenever
it has traffic for the satellite. Since
the channels are all equ ivalen  t , i3 1 1
that matters is that the stat ions
distribute their traffic a 1~ I: 0 s s the
channels in order to level  out loading.
This could be accomplished s imply  by
allowing each station  to choose  an
uplink f r e q u e n c y  at random, changing  it
as often as desired, perhaps  with  each
transmission. It can be shown that with
a sufficient number of stations,  traffic
w i l l  tend to become evenly  distributed
over the channels.

It should  be pointed out that to provide
flow control, a requirement independent
of the access method chosen, the
spacecraft a n d  ground computers  will
follow  a synchronized "handshaking"
protocol once a traffic transfer starts.
If  the ground computers are “pat ient”
enough, that  i s , they allow enough time
for processing and queuing  delays  aboi3.d
t h e  s a t e l l i t e , coll isions would result
only when new stations initial:Ly access
the  sate l l i te .

In addition to providing f l o w  c o n t r o l ,
the go-ahead messages to each stat ion
could inc lude  a “recommended” up1 ink
c h a n n e l  t o use. Based on channe  1
loading s t a t i s t i c s kept in the
spacecraft computer, the ground stat ion
would sti l l  be free to use any channel
i t wished, although f o l l o w i n g  the
recommendat ion would improve up1 ink
tra f f i c  d is tr ibut ion .

4.2 Reservation  Aloha

The “anarchy” of the Aloha system could
be reduced  somewhat,  with a n  a s s o c i a t e d
improvement in spectrum e f f i c i e n c y ,  a t
the cost of extra discipline in  the
ground stat ion computers and added
delay.

One of the uplink channels  is designated
as the “calling channel”,  on which
stations  transmit  their initiayl  requests
for service to the satellite. This  is
in contrast  to t h e  last scheme,  in which
a new station may request s e r v i c e  a t  i3ny

time on any channel. Requests would
indicate the amount of service  desired,
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and Decause  tney  wou ld  be  shor t ,  t ra f f i c
on t h e  c a l l i n g  channel  w o u l d  h o p e f u l l y
b e  w e l l  b e l o w  the 18% “total bedlam”
figure. The satellite responds by
granting the requesting stat ion
permission to transmit  i t s  traffic on a
s p e c i f i c  frequency  during  a given time
“slot”. D e p e n d i n g  on the length  of the
t i m e  slots  and the tightness of their
scheduling, each station m i g h t  t o
compute  and compensate for propagation
delays which change  continuously  during
a pass.

There  are two advantages  of
Aloha:

Reservation

1. New stat ions requesting service
would not interfere with  data
exchanges  already in progress  on
the working  channels.

2. Due to the tight scheduling  of the
working channels, fewer of them
might  be necessary, reducing
spacecraft  hardware  complexity.

4.3 Discussion:  Pure Aloha vs.- P
Reservation

These two schemes represent specific
points  in what is actually a fairly
continuous spectrum  of alternatives
between “total anarchy” and “total
disc ip l ine” . The “more d i s c i p l i n e d ”
reservation scheme wi th  the  des ignated
c a l l i n g  channel  can potentially  provide
better channel  utilization  than the p u r e
Aloha  method; however,  i t suffers from
an ‘Achilles Heel” in that it is much
m o r e  susceptible  to jamming, ac c identa l
or otherwise, p a r t i c u l a r l y  o n  t h e
calling channel. With any channel
usable both for calling a n d  w o r k i n g ,  t h e
multi-channel Aloha system provides
built-in redundancy against c e r t a i n
hardware  failures a s  well  asj a m m i n g .
For this reason, along with the strongly
attractive f e a t u r e  o f s i m p l i c i t y ,  w e
f e e l that each channel s h o u l d  b e
equivalent, although  by ground software
convention one channel could be used
primarily  for initial  service  requests.

W h i l e  t h e  throughput  of Aloha may seem
low, the 18% figure is valid  only  for a
very l a r g e  number of users; “excess
capacity” exists in s y s t e m s  with a  small
number of users, especially those in
which one u s e r  presents  most of the
traffic load. If it turns out that
uplink  loading becomes a limiting factor
(unlikely for reasons discussed
ear l ier ) , it would  be possible  to change
operations to a “slotted Aloha” access
method. This  would  involve  programming
the ground station computers  to “agree”
that a reference event, e.g, the
beginning  of a certain  telemetry frame
periodically interspersed into the
downlink  data stream, represents  the
b e g i n n i n g  o f  a  p a c k e t  s l o t . If  the
ground stat ions were to time their
transmissions to coincide  with such

slots, the utilization  of each channel
could double to 37%, and this
improvement  c o u l d  b e obtained with  no
changes  to spacecraft hardware  or
software. However  I each station would
have to compute and c o r r e c t f o r  t h e
varying prop(sgat ion delays to t. he
satellite  as in the Reservation  Aloha
system.

5. Summary

T h i s  paper has presented a n d  d i s c u s s e d
the various  modulation and access  m e t h o d
alternatives available  to the PACSAT
design team. It must be emphasized that
the cone lus it ons reached here are
prel iminary; o n l y after: c o n s i d e r a b l e
simulation, exper imen ta t ion, and
breadboarding a c t i v i t y will t h e  f i n a l
decisions be made.

In any case, it is probably  true that we
have already “over-engi  neer-ed” the
PACSAT uplink in that the downlink w i l l
almost c e r t a i n l y  b e c o m e  t h e  throughput-
limiting  factor. Now  if we only had a
f e w  more watts of power....
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