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ABSTRACT 

A conceptual design for a communication system serving 
a Mission Module and an Atmospheric Drag Probe on Manned Mars Flyby 
missions is formulated. The system serves two basic functions; 
namely, (1) transmission of 24 kilobits of scientific data from the 
probe to the Mission Module in 10 seconds and (2) periodic or con- 
tinuous range and range-rate tracking of the probe f rom the Mission 
Module. 

A method of optimally utilizing the RF transmitter power 
from both space vehicles is outlined as well as the weight of the 
communication system as a function of communication distances ar:d 
the frequency of tracking operation. A typical system would utilize 
the available communication system existing in the Mission Moeule 
for communicating with Earth via a 30-foot antenna and 150 watts of 
transmitter power. A complementary communication system on the 
probe would weigh approximately 40 pounds and would be ca able of 
operation over a maximum communication distance of 4 x l O E  nm. 
includes approximately 22 hours of tracking operation. 
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TECHNICAL MEMORANDUM 

I. I n t r o d u c t i o n  

An a tmospher i c  d rag  p robe  ( A D P )  has been proposed  f o r  
manned Mars f l y b y  m i s s i o n s  i n  t h e  1970's and beyond. The 
s c i e n t i f i c  o b j e c t i v e s  of t h e  p robe  and its i n t e r a c t i o n s  w i t h  t h e  
o t h e r  p r o b e s  t h a t  W i l l  be dep l syed  duying  L L -  t,~le saiiie rrlission nave 
been  d e s c r i b e d  ( l ) y  (*I. Prev ious  r e s u l t s  i n  a communication 
sys tem d e s i g n  s t u d y  f o r  a manned Mars f l y b y  m i s s i o n  ( 3 )  canno t  
be a p p l i e d  to t h e  ADP-mission module ( M M )  l i n k  because  o f  t h e  
s e v e r e  and  unique  environment t h a t  w i l l  be encoun te red  by t h e  
A D P .  T h i s  memorandum a d d r e s s e s  t h e  s p e c i f i c  problems i n  t h e  
communication s y s t e m  d e s i g n  f o r  t h e  ADP-MM l i n k s  i n  t h e  t r a n s -  
m i s s i o n  o f  s c i e n t i f i c  d a t a  from t h e  ADP to MM and  t r a c k i n g  of  
t h e  ADP f rom t h e  MM. 

The RF c h a r a c t e r i s t i c s  of t h e  p robe  environment  t h a t  
w i l l  be  encoun te red  by t h e  ADP a re  d i s c u s s e d  b r i e f l y  i n  Sec .  11. 
Sec .  I11 p r o v i d e s  v a r i o u s  s y s t e m  d e s i g n s  f o r  t h e  ADP t o  MM data  
l i n k  and es tab l i shes  t h e i r  system r e q u i r e m e n t s .  The d e s i g n  o f  
t h e  t r a c k i n g  l i n k  i s  d i s c u s s e d  i n  Sec .  I V  and  a l s o  i t s  s y s t e m  
r e q u i r e m e n t s .  S e c t i o n  V p r e s e n t s  a model f o r  sys tem s e l e c t i o n  
and areas where sys tem improvement may be p o s s i b l e .  The t r a c k i n g  
sys t em a n a l y s i s  and t h e  d e t a i l  f o r m u l a t i o n  o f  i t s  system p a r a m e t e r s  
are i n c l u d e d  i n  Appendix A .  

11. Drag Probe RF Environments 

The RF c h a r a c t e r i s t i c s  o f  t h e  p robe  environment  r e f e r r e d  
t o  h e r e  a re  t h o s e  t h a t  i n f l u e n c e  t h e  per formance  o f  t h e  ADP-MM 
communication l i n k ,  t h e s e  a r e :  

1. RF Blackout  from En t ry  Plasma - The d r a g  probe  deployed  
from t h e  MM on a Mars f l y b y  m i s s i o n  w i l l  e n t e r  t h e  s e n s j b l e  
a tmosphere  o f  Mars a t  approx ima te ly  1 0  km/sec. Without any 
b r a k i n g  from a r e t r o - r o c k e t ,  t h e  d e c e l e r a t i o n  of  t h e  probe  
would be accompl ished  by t h e  d r a g  c h a r a c t e r i s t i c s  of t h e  
p r o b e  t h r o u g h  aerodynamic s h a p i n g .  The end r e s u l t  i s  t h e  
g e n e r a t i o n  of h e a t  about t h e  probe  body which i n  t u r n  
g e n e r a t e s  a plasma s h e a t h  abou t  t h e  probe  body as w e l l .  
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Because o f  t h e  u n c e r t a i n t y  of  t h e  d e n s i t y  p r o f i l e  o f  t h e  
Mars a tmosphere  and t h e  l a c k  of  d e f i n i t i v e  i n f o r m a t i o n  on 
i t s  c o n s t i t u e n t s ,  v e r y  l i t t l e  can  be sa id  abou t  RF b l a c k o u t  
c o n d i t i o n s .  The o n l y  i n f o r m a t i o n  a v a i l a b l e  a t  t h i s  t i m e  i s  
d e r i v e d  from t h e  s t u d y  made by Langley Research  C e n t e r  ( L R C )  
f o r  t h e  Voyager program. It has been d e t e r m i n e d ,  w i t h  h i g h  
c o n f i d e n c e ,  t h a t  f o r  a b l u n t  body v e h i c l e ,  S-band f r e q u e n c i e s  
w i l l  n o t  be b l acked  o u t  a t  p robe  v e l o c i t i e s  o f  15 ,000  f t / s e c  
r ega rd le s s  o f  t h e  a l t i t u d e  and t h e  mixing  r a t i o  of gas 

c o n s t i t u e n t s  ( a  mix tu re  o f  Cc) , N2, and A . )  (4) 
v e l o c i t y  boundary where S-bang b l a c k o u t  b e g i n s  i s  y e t  to be  
de t e rmined .  

The uppe r  

2 .  Dopp le r  Frequency S h i f t  - The d o p p l e r  f r equency  p r o f i l e s  
nf t h e  ADP-MM l i n k  for v a r i o u s  Mars f l y b y  m i s s i o n s  have been 
computed by M r .  H .  H .  McAdams o f  t h e  P l a n e t a r y  S t u d i e s  Department 
a t  Bellcomm, I n c .  F igu re  1 shows t h e  d o p p l e r  f r e q u e n c y  pro-  
f i l e s  o f  two t y p i c a l  m i s s i o n s  which r e p r e s e n t  t h e  bounds o f  
e x p e c t e d  d o p p l e r  r ange  f o r  most Mars f l y b y  m i s s i o n s .  

3 .  M u l t i p a t h  E f f e c t s  - The m u l t i p a t h  phenomenon i s  n o t  new 
to communication, however, t h e  s e v e r i t y  o f  t h e  problem w i l l  
depend on t h e  s u r f a c e  c h a r a c t e r i s t i c s  of  t h e  M a r t i a n  t e r r a i n  
which i s  n o t  w e l l  known. The b e s t  one can  do a t  t h i s  p o i n t  
i s  to a l l o w  s u f f i c i e n t  d e s i g n  margin i n  t h e  communication 
s y s t e m  f o r  p o s s i b l e  d e g r a d a t i o n  e f f e c t s .  

It shou ld  be no ted  t h a t  each  o f  t h e  e n v i r o n m e n t a l  
c o n d i t i o n s  d i s c u s s e d  above by i t s e l f  does  n o t  cpuse  c o m p l i c a t i o n s  t o  
t h e  communication s y s t e m  d e s i g n ,  however,  t h e  total combina t ion  
p l u s  t h e i r  u n c e r t a i n t i e s  become p r o b l e m a t i c .  Consequent ly ,  t h e  
s y s t e m  d e s i g n  i s  s e p a r a t e d  i n t o  two p a r t s ,  namely: (1) t h e  
t r a c k i n g  s y s t e m  t h a t  i s  used f o r  t h e  p e r i o d  between AD? and MM 
s e p a r a t i o n  to t h e  beg inn ing  o f  RF b l a c k o u t  (assuming i t  does  e x i s t ) ,  
and ( 2 )  t h e  da t a  t r a n s m i s s i o n  s y s t e m  from t h e  ADP t o  t h e  MM t h a t  i s  
used  between t h e  p e r i o d  o f  ADP emergence from RF b l a c k o u t  to impac t .  

The amount o f  s c i e n t i f i c  data  c o l l e c t e d  b y  t h e  ADP and t h e  
da ta  t r a n s m i s s i o n  r a t e  from t h e  ADP a r e  p r o v i d e d  b y  M r .  McAdams and 
summarized i n  T a b l e  I .  It i s  assumed t h a t  a l l  da t a  w i l l  be r e c o r d e d  
d u r i n g  p robe  d e s c e n t  and t h e  RF b l a c k o u t  p e r i o d .  The data p l a y b a c k  
w i l l  t ake  p l a c e  a f t e r  t h e  p r o b e  emerges from b l a c k o u t  to t h e  t ime 
o f  impac t .  The a v a i l a b l e  t r a n s m i s s i o n  time i s  estimated to be  t e n  
s e c o n d s .  

111. Data Transmiss ion  System from ADP to MM 

Under o r d i n a r y  c i r c u m s t a n c e s ,  t h e  most e f f i c i e n t  modu la t ion  
method f o r  da ta  t r a n s m i s s i o n  would be c o h e r e n t  PSK (PCM/PM)’. The 
imp lemen ta t ion  of a r e c e i v e r  on t h e  MM would r e q u i r e  t h a t  f r equency  
l o c k  be m a i n t a i n e d  between t h e  ADP t r a n s m i t t e r  and t h e  MM r e c e i v e r .  
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C o n s i d e r i n g  t h e  u n c e r t a i n t i e s  o f  t h e  ADP env i ronmen t s  d i s c u s s e d  
p r e v i o u s l y ,  i t  i s  h i g h l y  p robab le  t h a t  t h e  RF b l a c k o u t  w i l l  c ause  
t h e  s y s t e m  t o  d rop  o u t  o f  f r equency  l o c k ,  a f r e q u e n c y  r e a c q u i s i -  
t i o n  w i l l  t h e n  be  needed a f t e r  t h e  ADP emerges from b l a c k o u t  
b e f o r e  any data can  b e  t r a n s m i t t e d  t o  M M .  S i n c e  t h e  a v a i l a b l e  
t i m e  p e r i o d  f o r  data  t r a n s m i s s i o n  a f t e r  R F  b l a c k o u t  i s  u n c e r t a i n ,  
p l a n n i n g  on t h e  u s e  o f  a cohe ren t  PSK s y s t e m  a t  t h i s  time i s  ve ry  
r i s k y ,  

A non-coherent  f r e q u e n c y - s h i f t - k e y i n g  (FSK) sys tem i s  
c o n s i d e r e d  n e x t .  I n  o r d e r  t o  a c h i e v e  t h e  i d e a l  per formance  of a 
FSK s y s t e m ,  which i s  approx ima te ly  4 dB p o o r e r  i n  per formance  t h a n  
a c o h e r e n t  PSK s y s t e m ,  one needs t o  know t h e  e x a c t  f r e q u e n c y  o f  
t h e  s i g n a l  a t  t h e  r e c e i v e r  i n p u t .  A l t e r n a t i v e l y ,  a more complex 
r e c e i v e r  i s  r e q u i r e d  t o  compensate f o r  t h e  u n c e r t a i n t y  i n  f r e q u e n c y .  
~ 1 1 ~ s  cou ld  be i n  the r o r m  of' a u t o m a t i c  f r equency  c o n t r o l  o r  
m u l t i p l e  f i l t e r  c h a n n e l s ,  e t c .  S e v e r a l  a n a l y s e s  have been made on 
"non- idea l "  FSK r e c e i v e r s  which are u s u a l l y  r e f e r r e d  t o  as  "wideband 
FM r e c e i v e r s " .  These r e c e i v e r s  employ wide r  bandwidth t h a n  t h a t  
n e c e s s a r y  t o  d e t e c t  t h e  i n f o r m a t i o n  b e i n g  t r a n s m i t t e d .  The e x c e s s  
bandwidth i s  n e c e s s a r y  t o  accommodate t h e  d o p p l e r  f r equency  and 
o s c i l l a t o r  i n s t a b i l i t i e s .  For t h e  c a s e  c o n s i d e r e d  here ,  t h e  r e c e i v e r  
has two main c h a n n e l s ,  one f o r  e a c h  symbol t r a n s m i t t e d  (mark or 
s p a c e ) .  The bandwidth o f  each main channe l  i s  a p p r o x i m a t e l y  77 kHz 
( 6 5  kHz d o p p l e r  f r e q u e n c y ,  + 1 x o s c i l l a t o r  s t a b i l i t y ,  and 
2 . 4  kHz b i t - ra te -bandwidth) :  Two d i f f e r e n t  d e t e c t i o n  methods which 
have been a n a l y z e d  i n  R e f .  5 a r e  c o n s i d e r e d .  The f i r s t  one u s e s  an  
enve lope  d e t e c t o r  and t h e  second u s e s  comb f i l t e r s  f o l l o w e d  by 
e n v e l o p e  d e t e c t o r s ,  one f o r  each o f  t h e  f i l t e r  c h a n n e l s .  The second 
method e s s e n t i a l l y  s u b d i v i d e s  t h e  r e c e i v e r  bandwidth i n t o  a number 
o f  b i t - r a t e - b a n d w i d t h  channe l s  ( 3 2  f o r  e a c h  symbol i n  t h i s  c a s e ) ,  
Each channe l  can b e  t h o u g h t  of  as an  independen t  r e c e i v e r  o p e r a t i n g  
i n  p a r a l l e l  w i t h  t h e  o t h e r s .  

rnL 2 

I n  t h e  f o l l o w i n g ,  t h e  r e l a t i v e  per formance  of  t h e  f o u r  
r e c e i v e r s  ment ioned a r e  compared. T h e  c r i t e r i o n  used f o r  t h e  
comparison i s  t h e  r e q u i r e d  s i g n a l - t o - n o i s e  d e n s i t y  r a t i o  (S/NO) f o r  
a t r a n s m i s s i o n  r a t e  of 2 . 4  k i l o - b i t s  p e r  second ( k b p s )  and 
maximum b i t  e r r o r  r a t e  ( B E R ) .  

R e c e i v e r  

S i g n a l  Power t o  Noise 
S p e c t r a l  D e n s i t y  R a t i o ,  
S/NO, i n  dB-Hz BER-2.4kbps)  

4 0 . 8  1. Coherent  PSK 

3. Wide-band FSK u s i n g  c o m b - f i l t e r s  47.4 ( R e f .  5 )  
4 .  Wide-band FSK u s i n g  envelope  d e t e c t o r s  4 9 . 0  ( R e f .  5 )  

2 .  Idea l  non-coherent  FSK 44.8 
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It i s  c l e a r  f rom t h e  l i s t i n g  above t h a t ,  depending  on t h e  c h o i c e  
o f  modu la t ion  method and r e c e i v e r  d e s i g n ,  a n  e i g h t  t o  one 
d i f f e r e n c e  e x i s t s  i n  t h e  performance r e q u i r e m e n t  which, i n  t h i s  
c a s e ,  means a n  e i g h t  t o  one d i f f e r e n c e  i n  t h e  RF t r a n s m i t t e r  
power l e v e l  a t  t h e  ADP. F u r t h e r  improvement i n  per formance  can  be 
o b t a i n e d  by u s i n g  coding  t e c h n i q u e s .  For  i n s t a n c e ,  t h e  u s e  o f  
M-ary FSK (MFSK) t e c h n i q u e  w i t h  M = 4 ,  which i m p l i e s  s e n d i n g  a 
d i s c r e t e  f r equency  t o n e  f o r  e v e r y  two b i t s  of i n f o r m a t i o n  u n i q u e l y  
combined, would be t t e r  t h e  performance of  r e c e i v e r  No. 4 above by 

1 . 4  d B  and r e c e i v e r  No. 3 by  a p p r o x i m a t e l y  2 d B ( 5 ) .  However, t h e  
u s e  o f  MFSK would f u r t h e r  compl i ca t e  n o t  o n l y  t h e  r e c e i v e r  d e s i g n  
b u t  t h e  t r a n s m i t t e r  d e s i g n  a s  w e l l .  

From t h e  performance r e q u i r e m e n t s  e s t ab l i shed  above ,  
t h e  t r a n s m i t t e r  ~C)!^.TPY r e q u i r e d  a t  t h e  ADP can be cal_culated as a 
f u n c t i o n  of communication d i s t a n c e  by u s i n g  t h e  one-way t r a n s m i s s i o n  
e q u a t i o n ,  e x p r e s s e d  as:  

2 2  
6 , 0 0 0  f d M ( S I N O )  K Teff  Ls st - 

pt - 
Gt Gr- 

where: f = RF f r equency  i n  MHz 
d = communication d i s t a n c e  i n  nm 
M = c i r c u i t  margin r e q u i r e d  
(S/NO) = S i g n a l - t o - n o i s e  s p e c t r a l  d e n s i t y  r a t i o  r e q u i r e d  

K = Bol tzman ' s  c o n s t a n t  = 1.38  x 1 0  -23 jou les /OK 

Teff  = e f f e c t i v e  n o i s e  t e m p e r a t u r e  r e c e i v i n g  s y s t e m  

= Combined s y s t e m  l o s s e s  

Gt  = t r a n s m i t t i n g  an tenna  g a i n  

Gr = r e c e i v i n g  an tenna  g a i n  

Pt = t r a n s m i t t e r  power i n  watts 

N o  = n o i s e  s p e c t r a l  d e n s i t y  = K Tef f  ,n watt/ 

L s y s t  

Z 

The s y s t e m  parameters t h a t  a r e  assumed f o r  t h e  ADP-MM communication 
l i n k  a re  summarized i n  Table  11. The MM p a r a m e t e r s  are  t a k e n  from 
R e f ,  3 and t h e  ADP parameters a re  es t imated.  The ADP a n t e n n a  
i n f o r m a t i o n  i s  o b t a i n e d  from M r .  McAdams, and i s  assumed t o  be a 
s imple  s p i r a l  w i t h  beamwid th  o f  60° and 5 dB g a i n .  The wide beam- 
w i d t h  i s  n e c e s s a r y  s o  t h a t  t h e  a n t e n n a  beam of  the probe  w i l l  be  
p o i n t i n g  i n  t h e  g e n e r a l  d i r e c t i o n  o f  t h e  MM th roughou t  the  p r o b e ' s  
t r a j e c t o r y ,  
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S u b s t i t u t i n g  t h e  assumed p a r a m e t e r s  i n t o  (1): 

- 1 4  Pt  = 1 . 8 6  x 10 (S/NO) d 2  

or e x p r e s s e d  i n  terms o f  dB: 

The r e s u l t s  of Pt r e q u i r e d  f o r  v a r i o u s  r e c e i v e r  d e s i g n s  are g i v e n  
i n  F i g .  2 .  

I V .  T rack ing  System 

hetweeyl t h e  t i m e  of s e p a r a t i o n  of  t he  ADP from t h e  MM a n d  i t s  
a r r i v a l  a t  Mars ( b e f o r e  RF b l a c k o u t )  w i l l  be  accompl ished  by a 
c o h e r e n t  S-band sys tem s i m i l a r  t o  t h e  one deve loped  and proposed  f o r  
Apol lo  re la ted  B r i e f l y ,  t h e  two-way d o p p l e r  f r e q u e n c y  
s h i f t  of t h e  RF c a r r i e r  p r o v i d e s  t h e  r a n g e - r a t e  i n f o r m a t i o n ,  and 
t h e  d i f f e r e n c e  i n  phase  o f  a two l e v e l  psuedo-noise  ( P N )  code* i s  
used  for t h e  r ange  measurement. 

The r a n g e  and r a n g e - r a t e  t r a c k i n g  of  t h e  ADP from t h e  MM 

The r ange  code i s  t r a n s m i t t e d  on a s u b - c a r r i e r  r a t h e r  
t h a n  t h e  main c a r r i e r ,  such  a s  i n  t h e  Mark I sys tem used  f o r  t h e  
Apo l lo  USB s y s t e m ,  to a v o i d  t h e  code spec t rum i n t e r f e r e n c e  t o  t h e  
main c a r r i e r  c h a n n e l .  A two l e v e l  code sequence  i s  chosen as i t  
p r o v i d e s  a n  e f f i c i e n t  method of a c h i e v i n g  l a r g e  unambiguous r a n g e  
measurement wi thou t  t h e  co r re spond ing  i n c r e a s e  i n  code a c q u i s i t i o n  
t i m e .  The imp lemen ta t ion  of t h e  hardware i s  r e l a t i v e l y  s i m p l e  and 
i t s  per formance  i s  a l s o  adequa te  f o r  t h e  needs  c o n s i d e r e d .  A more 
d e t a i l e d  d e s c r i p t i o n  o f  t h e  PN code d e s i g n  i s  g i v e n  i n  Ref. 6 ;  for 
t h e  MM-ADP r a n g i n g  a p p l i c a t i o n ,  t h e  b i t  p e r i o d  of  t h e  PN code i s  
i n c r e a s e d  by  a f a c t o r  of t e n  o v e r  t h a t  d e s c r i b e d  (Ref.  6 )  t o  1 6 0  
u s e c .  i n  o r d e r  t o  p r o v i d e  an  unambiguous r a n g e  c a p a b i l i t y  of a p p r o x i -  
ma te ly  4 0 0 , 0 0 0  nm. The performance r e q u i r e m e n t  f o r  t h e  r ange  t r a c k i n g  
s y s t e m  can be e x p r e s s e d  as f o l l o w s :  ( 7 )  

S/NO = 30,000/Tint, 

*A two l e v e l  PN code i s  one made up o f  two i ndependen t  PN sequences  
combined l o g i c a l l y  t o  p rov ide  a composi te  code e q u a l  i n  l e n g t h  to 
t h e  p r o d u c t  of t h e  l e n g t h s  of t h e  two component s e q u e n c e s ,  
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where Tint i s  t h e  i n t e g r a t i o n  t i m e  needed ( i n  s e c o n d s )  t o  a c q u i r e  
t h e  r a n g e  code.  
t i m e ,  t h e  per formance  r equ i r emen t  f o r  t h e  r a n g i n g  c h a n n e l  would be :  

Assuming 60  seconds  as t h e  maximum code a c q u i s i t i o n  

S/NO = 2 7 . 0  dB-Hz. 

The equipment a c c u r a c y  f o r  r a n g i n g  i s  estimated t o  be 500 f t .  

The hear t  of t h e  s y s t e m  d e s i g n  i s  t h e  phase  l o c k  loop 
(PLL)  i n  t h e  ADP and MM. The P L L ' s  s e r v e  two i m p o r t a n t  f u n c t i o n s :  

1. They g e n e r a t e  r e p l i c a s  of  t h e  r e c e i v e d  RF c a r r i e r s  t o  
facilitate dcppler  f requency  e x t r a c t i o n ,  and. t h e r e f o r e ,  
measurement of t h e  r a n g e - r a t e  between t h e  ADP and MM. 

2 .  I n  a d d i t i o n ,  t he  r e p l i c a  f r e q u e n c i e s  g e n e r a t e d  are  a l s o  
phase  cohe ren t  w i t h  t h e  r e c e i v e d  c a r r i e r s .  T h e r e f o r e ,  t h e  
r e p l i c a  a t  t h e  MM can be used  as  t h e  r e f e r e n c e  f r e q u e n c y  
f o r  c o h e r e n t l y  demodulat ing t h e  r e c e i v e d  s i g n a l  ( i n  t h i s  c a s e ,  
t h e  r a n g i n g  c h a n n e l ) .  

The d i s c u s s i o n  on the  d e s i g n  o f  t h e  P L L ' s  i s  g i v e n  i n  
Appendix A .  It i s  shown t h a t  t h e  per formance  r e q u i r e m e n t s  o f  t h e  
r a n g e - r a t e  channe l s  ( c a r r i e r )  a re :  

(S/NO)c a t  ADP = 36 dB-Hz, and 

(S/NO)c a t  MM = 37.5 dB-Hz. 

The equipment accu racy  f o r  r a n g e - r a t e  i s  estimated t o  be 0 .33  f t / s e c ,  
and t h e  two-way f r equency  a c q u i s i t i o n  t i m e  i s  approx ima te ly  11 s e c .  

S i n c e  a two-way cohe ren t  s y s t e m  i s  i n v o l v e d ,  t h e  perform- 
a n c e  of  t h e  ADP t o  MM l i n k  (down-link) i s  a f f e c t e d  n o t  o n l y  b y  t h e  
parameters a s s o c i a t e d  w i t h  t h e  down-link b u t  t h o s e  of t h e  MM t o  ADP 
l i n k  ( u p - l i n k )  as w e l l .  Consequent ly ,  t h e  s t r a i g h t  forward  one-way 
t r a n s m i s s i o n  e q u a t i o n  used  p r e v i o u s l y  canno t  be a p p l i e d .  The two- 
way l i n k  performance a n a l y s i s  i s  g i v e n  i n  Appendix A ;  a summary o f  
t h e  a n a l y s i s  i s  g i v e n  here .  

1. 
f requency  a c q u i s i t i o n  t i m e  d e t e r m i n e  t h e  d e s i g n  o f  t h e  PLL's 
i n  b o t h  t h e  MM and ADP. 

The d o p p l e r  ra te  between t h e  MM and ADP, and t h e  a l l o w a b l e  

2 .  For  a g i v e n  PLL d e s i g n ,  t he  minimum per formance  is 
de te rmined  f o r  t h e  c a r r i e r  channe l  which p r o v i d e s  the  range-  
r a t e  i n f o r m a t i o n ,  
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3 .  The r e q u i r e d  maximum unambiguous r a n g e  t o  b e  measured,  
t h e  r ange - readou t  r e s o l u t i o n  d e s i r e d ,  and t h e  a l l o w a b l e  
r a n g e  code a c q u i s i t i o n  t i m e  p r i m a r i l y  d e t e r m i n e  t h e  d e s i g n  
o f  t h e  PN r a n g e  code and t h e  r a n g e  r e c e i v e r .  

4 .  
per formance  of t h e  r a n g i n g  c h a n n e l  i s  d e t e r m i n e d .  

Fo r  a g i v e n  PN range code and r e c e i v e r  d e s i g n ,  t h e  minimum 

5.  An op t imized  s y s t e m  i s  proposed  i n  which t h e  r a n g e  and 
r a n g e - r a t e  c h a n n e l s  for b o t h  up and down l i n k s  r e a c h  t h e i r  
minimum per formance  c r i t e r i a  s i m u l t a n e o u s l y .  

6 .  
l i n k  modula t ion  i n d i c e s  a r e  r e l a t e d  as shown . i n  F i g u r e  5. 

To meet t h e  opt imized  d e s i g n  c r i t e r i a ,  t h e  up and down 

7 .  For e-"-ery gi.".eii .up-i;iik -.-2 L L  L L ~ ~ I I S I L L  L powei-, 2 C G ~ T ~ S ~ O E ~ ~ E ~  
down-link t r a n s m i t t e r  power, as shown i n  F i g .  6 ,  must be  used  
t o  s a t i s f y  t h e  o p t i m i z a t i o n  c r i t e r i a .  

8 .  A t  a f i x e d  d i s t a n c e ,  a n  i n f i n i t e  s e t  o f  up and down l i n k  
t r a n s m i t t e r  powers can b e  used  t o  meet t h e  minimum per formance  
r e q u i r e m e n t s  depending  on t h e  up - l ink  modu la t ion  index  chosen .  
T h i s  e f f e c t  i s  shown i n  F i g .  7 ,  c u r v e s  ( 2 )  and ( 3 ) .  

The c o n c e p t u a l  des ign  o f  t h e  t r a c k i n g  s y s t e m  i n  
s i m p l i f i e d  b l o c k  diagrams i s  g i v e n  i n  F i g u r e s  3 and 4 .  The p e r t i n e n t  
parameters o f  t h e  s y s t e m  a r e  summarized i n  T a b l e  111. The a n a l y t i c a l  
r e s u l t s  g i v e n  i n  F i g .  7 obv ious ly  do no t  p r o v i d e  a c l e a r  c u t  answer 
i n  terms of t h e  t r a n s m i t t e r  power  r e q u i r e d  f o r  t h e  MM and ADP 
as d i s c u s s e d  i n  i t e m  8 above.  
o v e r a l l  d e s i g n  o f  t h e  MM and ADP shou ld  be made t o  c o n s i d e r  t h e  
w e i g h t ,  p r ime  power, and t h e  p r o b e  deployment s t r a t e g y  which 
u l t i m a t e l y  d e t e r m i n e  t h e  maximum communication d i s t a n c e .  
a c a r e f u l  examina t ion  of F i g .  7 w i t h  some s i m p l e  a s sumpt ions  p r o v i d e s  
s i g n i f i c a n t  r e s u l t s  t h a t  w i l l  ease t h e  o v e r a l l  v e h i c l e  d e s i g n  t rade-  
o f f .  T h i s  i s  duscussed  i n  t h e  f o l l o w i n g .  

A d d i t i o n a l  t r a d e o f f s  c o n c e r n i n g  t h e  

However, 

A p r e v i o u s  s tudy  (3) concluded t h a t ,  f o r  t h e  MM t o  E a r t h  
communication, t h e  e f f e c t i v e  r a d i a t e d  power (ERP) needed a t  t h e  MM 
i s  65 .6  dBW. With a 30 f t  an tenna  on t h e  MM, t h e  t r a n s m i t t e r  power 
needed i s  approx ima te ly  1 5 0  w a t t s .  It i s  r e a s c n a b l e  t o  assume t h a t  
t h e  same t r a n s m i t t e r  and an tenna  can b e  used  f o r  MM-ADP communication 
as w e l l .  To i l l u s t r a t e  t h e  u t i l i z a t i o n  of F i g .  7 ,  t h e  no rma l i zed  
power v s .  d i s t a n c e  f o r  1 5 0  wat t  t r a n s m i t t e r  power i s  a l s o  p l o t t e d  on  
F i g .  7 as cu rve  (1). A d i s t a n c e  v s .  ADP t r a n s m i t t e r  power r e q u i r e -  
ment can be  o b t a i n e d  by u s i n g  t h e  f o l l o w i n g  p r o c e d u r e s  w i t h  

4 . 1 0 ~  nm as t h e  communication d i s t a n c e  f o r  i l l u s t r a t i o n :  
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1. From curve  (11, t h e  no rma l i zed  u p - l i n k  t r a n s m i t t e r  power,  
(P tu /d  a t  t h a t  d i s t a n c e  i s  9.4 x 1 0  watt/nm . 2 -10 2 

2 .  Curve ( 2 )  i n d i c a t e s  t h e  op t imized  u p - l i n k  modu la t ion  

i n d e x  ( e u )  t o  b e  1.13 r a d i a n s  a t  Ptu/d2 = 9 . 4  x 1 0  -lo watt/nm . 2 

3. From curve  ( 3 ) ,  t h e  r e q u i r e d  down-link no rma l i zed  power 
2 watt/nm . (P td /d  2 ) a t  e u  = 1.13 i s  1 . 4  x 1 0  -10 

4 .  The down-link t r a n s m i t t e r  power i s :  

= 1 . 4  x 1 0  -10 x ( 4  x 1 0 5 ) 2  = 2 2 . 4  watts.  P t  

The r e s u l t s  are shown i n  F i g .  8 .  S i m i l a r l y ,  MM t r a n s m i t t e r  power 
v a l u e s  of 300 wat t s ,  and 75 watts are a l s o  p r e s e n t e d  i n  Fig. 8 f o r  
comparison;  t w c  c o n c l u s i o n s  can  b e  made r e a d i l y ,  namely: 

1. For  e v e r y  up - l ink  power v a l u e ,  there  i s  a communication 
d i s t a n c e  beyond which t h e  down-link power r e q u i r e m e n t  i n c r e a s e s  
r a p i d l y .  

2 .  A t  communication d i s t a n c e s  l e s s  t h a n  5 x lo5 nm, t h e  
down-link power r equ i r emen t  i s  a lmos t  independent  of t h e  up- 
l i n k  power and has a s l o p e  o f  a p p r o x i m a t e l y  6 . 3  dB per  o c t a v e  
w i t h  d i s t a n c e .  

V. System S e l e c t i o n  

The c o n c e p t u a l  communication d e s i g n  f o r  t h e  MM-ADP l i n k s  
can  b e  summarized as f o l l o w s :  

1. 
used f o r  t h e  MM-Earth communication l i n k s  ( 3 )  i s  assumed t o  
be a d e q u a t e .  The r e c e i v e r  d e s i g n  and t h e  data  p r o c e s s o r  
d e s i g n  shou ld  be s u f f i c i e n t l y  f l e x i b l e  t o  meet t h e  MM-ADP 
communication l i n k s  w i t h  ease.  The on ly  un ique  subsys tems f o r  
t h i s  a p p l i c a t i o n  i s  t h e  r a n g e  code g e n e r a t o r  and  t h e  r a n g e  
r e c e i v e r  f o r  t h e  t r a c k i n g  f u n c t i o n ;  c o n c e i v a b l y ,  t h t s  equipment  
would b e  u t i l i z e d  d u r i n g  o t h e r  phases of  t h e  m i s s i o n  where 
t r a c k i n g  i s  needed,  s u c h  as E a r t h  o r b i t  a s s e m b l y ,  and  t h e  
rendezvous  o f  t h e  MM wi th  t h e  Mars S u r f a c e  Sample R e t u r n  p r o b e  
(MSSR) (1)(2). 
deployment of ADP i s  a s  f o l l o w s :  

MM - The an tenna  s y s t e m  and t h e  RF power a m p l i f i e r  sys t em 

From Refe rence  2 ,  t h e  nominal  s t r a t e g y  f o r  t h e  
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1. MM-ADP s e p a r a t i o n  o c c u r s  approx ima te ly  1 0  d a y s  
b e f o r e  t h e  MM p a r i a p s i s  p a s s a g e  of Mars ( to].  

2.  

t o - 2 4  h r s . ,  which c o r r e s p o n d s  t o  a communications 
The ADP's a r r i v e  a t  Mars between to-16  hrs. and 

d i s t a n c e  of approx ima te ly  2 . 6  x l o 5  nm t o  4 x 1 0  5 nm. 

T h e r e f o r e ,  t h e  u s e  of 1 5 0  watt  power a m p l i f i e r  is j u s t i f i e d  n o t  
o n l y  because  i t  i s  a v a i l a b l e ,  b u t  a l s o  by t h e  f a c t  tha t  higher  
power from t h e  MM would n o t  h e l p  t o  r e d u c e  the ADP t r a n s m i t t e r  
power a p p r e c i a b l y ,  as i n d i c a t e d  i n  'Figure 8 ,  f o r  d i s t a n c e s  l e s s  
t h a n  6 x 1 0  5 nm, ( approx ima te ly  t0-36 h r s . ) .  

ADP - rnL llle ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ i ~ a t l o i i  --I_.. - s y s t e m  oi? the AEP woilld c o n s i s t  2 ,  
of a c o h e r e n t  t r a n s p o n d e r  for t h e  t r a c k i n g  f u n c t i o n ,  a 
d i g i t a l  s t o r a g e  d e v i c e  i n  c o n j u n c t i o n  w i t h  a data p r o c e s s o r  
and a FSK modula tor  for s c i e n t i f i c  data t r a n s m i s s i o n .  The 
RF power a m p l i f i e r  i s  common t o  b o t h  t r a c k i n g  and data 
t r a n s m i s s i o n  f u n c t i o n s ,  e x c e p t  a low power mode i s  u s e d  f o r  
t r a c k i n g  and a h i g h  power mode f o r  data t r a n s m i s s i o n .  An 
onboard s e n s o r  would be needed for s w i t c h i n g  power l e v e l s .  

From p rev ious  d i s c u s s i o n  and  r e s u l t s  p r e s e n t e d  i n  F i g u r e s  
2 and  8 ,  a model for s e l e c t i n g  a communication sys tem c a n  be 
d e r i v e d .  Fu r the rmore ,  t h i s  model i s  on ly  needed f o r  t h e  ADP. The 
model would e f f e c t i v e l y  r e l a t e  t h e  communication sys tem weight and 
t h e  maximum communication d i s t a n c e  t o  b e  s e r v e d .  Needless t o  s a y ,  
t h e  we igh t  estimated a t  p r e s e n t  f o r  a f u t u r e  s y s t e m  i s  s p e c u l a t i v e ,  
as c e r t a i n  d e v i c e s  needed ex i s t  i n  t h e  l a b o r a t o r i e s  o n l y .  T h e r e f o r e ,  
i t  shou ld  be unde r s tood  t h a t  t h e  weight  d i s c u s s i o n s  t o  f o l l o w  are  
n o t  based on t h e  "s ta te  o f  t h e  a r t "  b u t  r a the r  on a n t i c i p a t e d  
t e c h n o l o g y  of  t h e  n e x t  decade. 

The weight  o f  t h e  communication s y s t e m  of t h e  ADP c a n  be  
d i v i d e d  i n t o  two g e n e r a l  c a t e g o r i e s :  

1. Subsystems independent  of communication d i s t a n c e ,  and 

2 .  Subsystems dependent to t h e  communication d l a t a n c e ,  

The first c a t e g o r y  i n c l u d e s :  t r a n s p o n d e r ,  s t o r a g e  d e v i c e ,  data 
p r o c e s s o r ,  and t h e  FSK modula tor .  I n  t he  second c a t e g o r y  a re :  
RF power a m p l i f i e r ,  and prime power s u p p l y .  

The estimated w e i g h t s  for t h e  subsys tems i n  c a t e g o r y  
(1) are :  
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t r a n s p o n d e r  4 l b s .  
d a t a  s t o r a g e  dev ice  0 .5  lbs. 
d a t a  p r o c e s s o r  and FSK modu la to r  1 . 0  l b s .  
T o t a l  c a t e g o r y  (1) 5.5 l b s .  

(8 1 

The d a t a  s t o r a g e  d e v i c e  envisaged  i s  a d i g i t a l  d e v i c e  produced  by 
LSI ( l a rge  s c a l e  i n t e g r a t i o n ) .  

The es t imated weights  f o r  t h e  subsys tems i n  c a t e g o r y  
( 2 )  a re :  

P r i m e  power s u p p l y - s i l v e r  z i n c  b a t t e r y  9 0  w a t t - h r / l b  C9)  
RF power a m p l i f i e r  package ( t r a v e l i n g  wave t u b e  t y p e )  

f o r : l < P < 2 0  watt 
f o r :  20<P<200 watt 
fo r :200<P<1000  watt 

0.2 W = 5 x P  
w = 2 .35  x P 
W = 0.65 x P 

0.45 
0 . 6 9  

where W = weight  o f  RF power a m p l i f i e r  package i n  pounds 
P = RF power i n  watts. 

The estimates made f o r  t h e  RF power a m p l i f i e r s  are  based  on a 
d i s c u s s i o n  w i t h  Mr. B.  M .  Kendal l  o f  Langley Research  Cen te r  where 
a one k i l o w a t t  RF a m p l i f i e r  s t u d y  i s  now i n  p r o g r e s s . *  F i g .  9 
shows t h e  weight  f o r  RF a m p l i f i e r  t u b e s  a l o n e  as a f u n c t l o n  o f  
RF o u t p u t  power and a l s o  t h e  comple te  RF power a m p l i f i e r  package 
which i n c l u d e s  t h e  h igh  v o l t a g e  power s u p p l y  and o t h e r  e l e c t r o n i c  
components r e q u i r e d  f o r  t h e  t u b e  o p e r a t i o n ,  It shou ld  be  mentioned 
t h a t  Mr. Kenda l l  s u p p l i e d  m o s t  o f  t h e  d i s c r e t e  p o i n t s  on t h e  c u r v e  
f o r  t h e  power a m p l i f i e r  packages ,  t h e  estimated c u r v e s  and weight 
r a n g e s  are estimated by t h e  a u t h o r .  The p o s s i b i l i t y  o f  u s i n g  s o l i d  
s t a t e  h i g h  power RF a m p l i f i e r s  were a l s o  d i s c u s s e d ;  t h e s e  d e v i c e s ,  
at p r e s e n t , a r e  n o t  as f a r  a long  i n  t h e i r  development as comparable  
power t u b e  d e v i c e s .  Fur thermore ,  s o l i d  s t a t e  power e f f i c i e n c i e s  
p r o b a b l y  w i l l  be i n f e r i o r  t o  t u b e  t y p e  d e v i c e s ;  i t  i s  es t imated  
t h a t  t h e  power e f f i c i e n c y  of t h e  t u b e s  w i l l  be 40%,whi le  s o l i d  
s t a t e  a m p l i f i e r s  w i l l  e x h i b i t  abou t  h a l f  as much. T h e r e f o r e ,  o n l y  
t u b e  a m p l i f i e r s  are  c o n s i d e r e d ,  

The t o t a l  system weight  c a n  now be e x p r e s s e d  a s :  

ws = 5 . 5  t 5p1 O s 2  + (P1T1)/900 t ( F 2 T 2 ) / 9 0 n  for :1<P1<20 watt  

ws = 5 . 5  t 2.35P1 0 ' 4 5  t (P1T1)/90rl t (P2T2)/?Oq for :20<P1<200 watt 

Ws = 5 . 5  + 0.65P1 Oa6' + (PlTl)/90n t ( P 2 T 2 ) / 9 0 n  for:200<P1<1000 w a t t  

*The s t u d y  i s  b e i n g  accomplished by V a r i a n  A s s o c i a t e s  unde r  a LRC 
c o n t r a c t .  
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where : Ws = t o t a l  system weight  i n  pounds 

P1 = power r equ i r emen t  f o r  data  t r a n s m i s s i o n  i n  watts ( F i g .  2 )  

P 2  = power r equ i r emen t  f o r  t r a c k i n g  sys t em i n  watts ( F i g .  8 )  

T1 = data  t r a n s m i s s i o n  p e r i o d  i n  h r s .  

T2 = t o t a l  t r a c k i n g  p e r i o d  i n  h r s .  

rl = power e f f i c i e n c y  of RF power a m p l i f i e r .  

To de t e rmine  t h e  va lue  to b e  used  f o r  T2 r e q u i r e s  a d e t a i l -  
ed t r a c k i n g  a n a l y s i s  where accu racy  r e q u i r e m e n t s  and t h e  number o f  
da t a  samples needed would be  de t e rmined  from o p e r a t i o n a l  c o n s i d e r a -  
t i o n s .  

Assuming t h e  nominal p robe  deployment s t r a t e g y  of  Ref. 2 ,  
T2 w i l l  be some f r a c t i o n  of n i n e  days  depending  32 t h e  d u t y  c y c l e  
r e q u i r e d  f o r  t h e  t r a c k i n g  o p e r a t i o n .  I n  t h e  f o l l o w i n g ,  t h e  r e s u l t s  
o b t a i n e d  assuming d u t y  c y c l e s  o f  5%,  lo%, 50%,  and 1 0 0 %  are 
e v a l u a t e d .  
1/360 h r .  S u b s t i t u t e  t h e s e  v a l u e s  i n t o  t h e  weight  e q u a t i o n s :  

The v a l u e  o f  T1 i s  o b t a i n e d  from Sec .  I as 1 0  seconds ,  or 

f o r :  1<P1<20  watts 

ws = 5.5  t 2.35p1 0 . 4 5  t 6 a P 2  

= 5 . 5  t O.65P1 0.69 t 6 a P 2  

f o r :  20<P1<200 watts 

f o r :  200<P1<1000 watts 
wS 

where: a = d u t y  c y c l e  o f  t r a c k i n g  o p e r a t i o n .  

The pr ime power weight  f o r  d a t a  t r a n s m i s s i o n ,  P1T1/90n, i s  o m i t t e d  
as it  i s  v e r y  small i n  comparison w i t h  t h e  o t h e r  terms i n  t h e  
e q u a t i o n -  Combining t h e  weight e q u a t i o n s  w i t h  t h e  RF power r e q u i r e -  
ments p r e s e n t e d  i n  F i g u r e s  2 and  8 ,  a weight  v s .  d i s t a n c e  r e l a t i o n  
can  be d e r i v e d ,  which i s  g iven  i n  F i g u r e  10. 

From F i g .  1 0 ,  i t  is  s e e n  tha t  when a l a r g e  d u t y  c y c l e  i s  
assumed f o r  t h e  t r a c k i n g  o p e r a t i o n ,  t h e  data  t r a n s m i s s i o n  method 
chosen  i s  i n c o n s e q u e n t i a l  from t h e  t o t a l  sys t em weight s t a n d p o i n t .  
With low d u t y  c y c l e  f o r  t r a c k i n g  o p e r a t i o n ,  t he  c h o i c e  o f  data t r a n s -  
m i s s i o n  method becomes more c r i t i c a l .  Curves 3 and 4 i n  F i g .  1 0  
r e p r e s e n t  c o h e r e n t  PSK and i d e a l  FSK modu la t ion  methods which, as 
p r e v i o u s l y  d i s c u s s e d  i n  Sec.  11, are d i f f i c u l t  t o  r e a l i z e .  These 
c u r v e s  are p r o v i d e d  f o r  comparison and i n d i c a t e  t h e  uppe r  l i m i t  i n  
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t h e o r e t i c a l l y  a t t a i n a b l e  per formances .  Curves 1 and 2 i n  F i g .  1 0  
r e p r e s e n t  t h e  wideband FSK modula t ion  methods t h a t  appear a t t r a c t i v e  
because  of  t h e  expec ted  RF environment  f o r  t h e  ADP m i s s i o n .  The 
weight  d i f f e r e n c e s  between these two methods are r e l a t i v e l y  s l i g h t ;  
as e x p e c t e d ,  t h e  heavier  s y s t e m ,  which i s  t h e  one u s i n g  an  enve lope  
d e t e c t o r t 5 ) ,  i s  a l s o  t h e  s i m p l e r  sys tem t o  implement.  

Sys t em improvement may be  p o s s i b l e  i n  s e v e r a l  areas, 
some o f  these are:  

1. Reduct ion  i n  t h e  r e c e i v e r  t e m p e r a t u r e  f o r  ADP. A s o l i d  
s t a t e  p r e a m p l i f i e r  i s  chosen f o r  t h e  a n a l y s i s  here because  o f  
i t s  s i m p l i c i t y .  F u t u r e  low n o i s e  a m p l i f i e r  t .echnology may 
e v o l v e  so  t h a t  a l i g h t  weight p a r a m e t r i c  a m p l i f i e r  may b e  
p o s s i b l e .  

2 .  A lower  t h r e s h o l d  r e q u i r e m e n t  may be c o n s i d e r e d  f o r  t h e  
PLL on t h e  ADP d u r i n g  f r equency  a c q u i s i t i o n  o p e r a t i o n .  It has 
been c la imed t h a t  i f  a a p r i o r i  knowledge o f  t h e  d o p p l e r  
f r equency  e x i s t s ,  t h e  PLL t h r e s h o l d  can  b e  r educed  by 3 d B .  

3. When more i s  known o f  t h e  RF b l a c k o u t  c h a r a c t e r i s t i c s  
f o r  Mars a tmosphere  e n t r y ,  it may be p o s s i b l e  t o  u s e  S-band 
or h i g h e r  f r e q u e n c i e s  f o r  da ta  t r a n s m i s s i o n  w i t h o u t  i n t e r r u p t i o n .  
If these  h i g h e r  f r e q u e n c i e s  o b v i a t e  t h e  b l a c k o u t  phenomenon 
t h e  u s e  o f  c o h e r e n t  PSK f o r  da ta  t r a n s m i s s i o n  becomes a t t r a c t i v e  
and would p r o v i d e  a c o n s i d e r a b l e  weight r e d u c t i o n ,  as shown i n  
F i g .  1 0 ,  when t h e  d u t y  c y c l e  o f  t h e  t r a c k i n g  o p e r a t i o n  i s  low. 

4 .  Improvement i n  t h e  ene rgy  d e n s i t y  ( w a t t - h r / l b )  o f  t h e  
b e t t e r y  would p r o v i d e  a c o n s i d e r a b l e  s a v i n g s  i n  t o t a l  s y s t e m  
we igh t .  More e x o t i c  d e v i c e s ,  such  as zinc-oxygen p r imary  
b a t t e r y  f u e l  c e l l  h y b r i d s  have t h e  p o t e n t i a l  t o  p r o v i d e  
120-150 w a t t - h r / l b .  ( 9 )  

On t h e  o t h e r  hand, i f  t h e  m u l t i p a t h  envi ronment  n e a r  
Mars p roves  t o  be worse t h a n  t h e  6 d B  per formance  margin  a l l o w e d  
i n  t h i s  a n a l y s i s ,  t h e  system weight  would have t o  be i n c r e a s e d  
a c c o r d i n g l y .  m, . 

2034-RKC-dlb 
R .  41- K .  Chen 

A t  t a c  hmen t s 
T a b l e s  I - I11 
F i g u r e s  1 - 10 
A-ppendix A 
Re fe rences  
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Table I1 

Assumed Parameters f o r  One-way Data Transmission 

Mission Module 

Antenna Gain 4 4  dB at 2.3 GHz (30 ft dish) 

RF Losses 3.0 dB 

Receiving $stem Noise Temperature 
(uncooled parametric amplifier-120°K 
Sky noise - 20°K 
Mars noise - 1O0K) 1500~ 

Atmospheric Drag Probe 

Antenna Gain 5.0 dB 

RF Losses 1.5 dB 

Pointing and Polarization Loss 3 . 0  dB 

Receiving System Noise 9 0 Q O K  
Temperature (Solid State 
Amplifier) 

Performance Margin Required 6 . Q  dB 
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Table I11 

Paramete r s  f o r  T r a c k i n g  System 

All p a r a m e t e r s  i n  Tab le  I1 a p p l y .  

Mis s ion  Module 

L i m i t e r  Bandwidth,  r a n g i n g  c h a n n e l ,  BRd 

L i m i t e r  Bandwidth,  c a r r i e r  c h a n n e l ,  BRd 

PLL Thresho ld  Bandwidth, 2BLo 

Carrier c h a n n e l  performance r equ i r emen t  
a t  l i m i t e r  i n p u t  (S/NIcd 

Ranging c h a n n e l  performance r equ i r emen t  
a t  l i m i t e r  i n p u t  (S/N)Rd 

Atmospheric  Drag Probe 

L i m i t e r  Bandwidth,  r ang ing  c h a n n e l ,  BRu 

Bcu L i m i t e r  Bandwidth,  c a r r i e r  c h a n n e l ,  

PLL Thresho ld  Bandwidth, 2BLo 

Carrier c h a n n e l  performance r e q u i r e m e n t  
a t  l i m i t e r  i n p u t  (S/N)cU 

1 5  kHz 

1 4  kHz 

280 Hz 

-3 .4  dB 

-13.8 dB 

15 kHz 

10 kHz 

200 Hz 

-3.4 d B  
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FIG. 6 UP AND DOWN LINK TRANSMITTER POWER RATIO 
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APPENDIX A 

Two-way Coherent T rack ing  System A n a l y s i s  

F i g u r e s  3 and 4 p r o v i d e  t h e  s i m p l i f i e d  b l o c k  d iagrams 
of  t h e  s y s t e m  t o  be a n a l y z e d .  The RF t r a n s m i s s i o n  e q u a t i o n  can  
be e x p r e s s e d  as:  

Pt Gt GF 
z z  6 , 0 0 0  f d Lsyst 

where: Pr = t o t a l  r e c e i v e d  power 

Pt = t r a n s m i t t e d  power 

G t  = t r a n s m i t t i n g  an tenna  g a i n  

Gr = r e c e i v i n g  an tenna  g a i n  

f = RF f r equency  i n  MHz 

d = d i s t a n c e  i n  nm 

= Combined s y s t e m  losses. L s y s t  

P r ,  t h e  t o t a l  r e c e i v e d  power ,  has to s a t i s f y  t h e  communication 
c h a n n e l  r e q u i r e m e n t s  f o r  range ( r a n g i n g  c h a n n e l ) ,  and r a n g e - r a t e  
( c a r r i e r  c h a n n e l )  f u n c t i o n s  as f o l l o w s :  

( A - 3 )  

where: (S /NO)R = S i g n a l - t o - n o i s e  s p e c t r a l  d e n s i t y  r a t i o  r e q u i r e d  

( S / N O ) c  = S i g n a l - t o - n o i s e  s p e c t r a l  d e n s i t y  r a t i o  r e q u i r e d  

f o r  t h e  r a n g i n g  c h a n n e l .  

f o r  t h e  c a r r i e r  c h a n n e l .  
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L & LR = t h e  r a t i o  of power i n  t h e  c a r r i e r  c h a n n e l  and  C r a n g i n g  c h a n n e l , r e s p e c t i v e l y , t o  t h e  t o t a l  power 
r e c e i v e d .  

a & aR = S/N d e g r a d a t i o n  from t h e  l i m i t e r  s t a g e  o f  t h e  
C c a r r i e r  channel  and r a n g i n g  c h a n n e l , r e s p e c t i v e l y ,  

it i s  approximated by (1 t 2SNRi ) / (4 / a  t S N R i ) ,  
where SNRi  i s  t h e  S/N a t  t h e  l i m i t e r  i n p u t .  . 

E q u a t i o n s  ( A - 2 )  and (A-3) can b e  a l t e r e d  t o :  

( A - 4 )  

(A-5) c; 
Teff  'c 

where: ( S / N ) R  and ( S / N I C  a r e  t h e  s i g n a l - t o - n o i s e  r a t i o  r e q u i r e d  
a t  t h e  i n p u t  of t h e  l i m i t e r  s t a g e  f o r  t h e  r a n g i n g  channe l  
and c a r r i e r  c h a n n e 1 , r e s p e c t i v e l y .  

BR and Bc a re  t h e  i n p u t  n o i s e  bandwidth o f  t h e  l i m i t e r  
s t ages  of  t h e  r a n g i n g  c h a n n e l  and c a r r i e r  c h a n n e 1 , r e s p e c t i v e l y .  

S i n c e  a two-way cohe ren t  s y s t e m  i s  i n v o l v e d ,  t h e  down 
l i n k  (ADP t o  M M )  per formance  i s  a f f e c t e d  n o t  o n l y  by t h e  parameters 
a s s o c i a t e d  w i t h  t h e  down-link b u t  t h o s e  of  t h e  up - l ink  ( M M  to A D P )  
as w e l l .  The e x a c t  a n a l y s i s  f o r  t h e  o p t i m a l  d e s i g n  o f  such  a 
s y s t e m  i s  n o t  t r i v i a l  and ,  t o  t h e  b e s t  o f  o u r  knowledge, has y e t  to 
be  p u b l i s h e d .  W .  C .  Lindsey o f  t h e  J e t  P r o p u l s i o n  Labora tory  
( J P L )  has p u b l i s h e d  s e v e r a l  a r t i c l e s  r e l a t ed  to t h e  s u b j e c t  
ma t t e r  (10)(11)(12) which p r o v i d e  some i n s i g h t  to t h e  n a t u r e  o f  t h e  
problems i n v o l v e d .  A d e t a i l e d  t r e a t m e n t  of t h e  a n a l y s i s  i s  beyond 
t h e  scope  of t h e  d i s c u s s i o n  he re ;  i n s t e a d ,  a n  approximate  approach  
i s  used  on t h e  basis  of  r e a s o n a b l e  a s sumpt ions  which s i m p l i f y  t h e  
c a l c u l a t i o n s  f o r  sys tem e v a l u a t i o n s .  

The hea r t  of  t h e  s y s t e m  d e s i g n  i s  t h e  phase l o c k  l o o p s  (PLL)  
i n  t h e  ADP and t h e  MM. T h e y  s e r v e  t h e  f o l l o w i n g  f u n c t i o n s :  

1. They g e n e r a t e  r e p l i c a s  of t he  r e c e i v e d  RF c a r r i e r s  t o  
f a c i l i t a t e  d o p p l e r  f requency  e x t r a c t i o n ,  and the re fo re ,  measure 
t h e  r a n g e - r a t e  between t h e  ADP and M M .  

2 .  I n  a d d i t i o n ,  t h e  r e p l i c a  f r e q u e n c i e s  g e n e r a t e d  a l s o  main- 
t a i n  phase coherency w i t h  t h e  r e c e i v e d  c a r r i e r s .  T h e r e f o r e ,  
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t h e  r e p l i c a  i n  t h e  MM can be used  as t h e  r e f e r e n c e  f r e q u e n c y  
f o r  c o h e r e n t l y  demodula t ing  t h e  r e c e i v e d  s i g n a l  ( i n  t h i s  c a s e ,  
t h e  r a n g i n g  c h a n n e l ) .  

The o p e r a t i n g  environment  and r e q u i r e m e n t s  d i c t a t e  t h e  d e s i g n  of  t h e  
P L L ' s .  B r i e f l y ,  f o r  t h e  a p p l i c a t i o n  needed here,  t h e  ma jo r  d e s i g n  
c o n s i d e r a t i o n s  a re :  

1. The e x p e c t e d  r a t e  of change of  t h e  d o p p l e r  f r equency  
between t h e  ADP and MM, and 

2 .  The a c c e p t a b l e  l e n g t h  o f  t i m e  f o r  a c h i e v i n g  two-way 
f r equency  l o c k  ( a c q u i s i t i o n ) .  

Without g o i n g  i n t o  t h e  d e t a i l e d  p r o c e d u r e s  for t h e  d e s i g n  
o f  PLL,  which i s  a l s o  a n o n - t r i v i a l  s u b j e c t ,  mater ia l  f rom 
R e f e r e n c e s  13 and 1 4  i s  used  t o  c a l c u l a t e  t h e  p a r a m e t e r s  of  a 
second o r d e r  PLL whose c h a r a c t e r i s t i c s  a r e  compa t ib l e  w i t h  t h e  
f o l l o w i n g  RF l i n k  p a r a m e t e r s  t a k e n  from F i g .  1: 

Maximum Doppler  Rate 13 kHz/Se c 26  kHz/Sec 

Maximum Doppler  Range 20 kHz 40  kHz 

O s c i l l a t o r  D r i f t  (Assumed) 2 ~ 1 0 - ~  max. 2 x 1 0 - ~  max. 

The r ange  of d o p p l e r  f requency  i s  p u r p o s e l y  r e s t r i c t e d  as w e  a re  
assuming t h a t  t h e  l a s t  r ange  and  r a n g e - r a t e  r e a d i n g  would be t a k e n  
sometime between 40-50 seconds b e f o r e  t h e  ADP impac t s  t h e  s u r f a c e  
of Mars. T h i s  i s  d i c t a t e d  by t h e  assumpt ion  t h a t ,  d u r i n g  t h e  same 
p e r i o d ,  t h e  o n s e t  of  t h e  RF b l a c k o u t  o c c u r s .  The p a r a m e t e r s  f o r  
t h e  P L L ' s  a r e :  

Noise  Bandwidth a t  th re sho ld*(2BLo)  200 Hz 280 Hz 

I n p u t  Bandwidth of l i m i t e r  s tage (Bc) 1 0  kHz 1 4  kHz 

Damping F a c t o r  a t  t h r e s h o l d  (5,) 0 707 0 . 7 0 7  

Maximum r a t e  of  sweep f r equency  used  
f o r  a c q u i s i t i o n  8 . 3  kHz/sec.  

The a c q u i s i t i o n  t i m e  for two-way f r equency  l o c k  i s  approx ima te ly  
11 seconds .  

~~ 

*Threshold  i s  d e f i n e d  as S/N = 1 i n  2BLo bandwidth .  
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For the determination ofthe maximum rate of change 
of the sweep frequency used for acqulsition, it is assumed that 
a 6 dB signal-to-noise ratio exists in the PLL (SNRL). 
be shown that the equivalent noise bandwidth (2BL)of the PLL 
at this signal level is 2.55 times greater than its threshold 
bandwidth (2BLo). Therefore, for this particular PLL design, 
the performance requirements for the carrier channel are as 
follows : 

It can 

For ADP 

F o r  MM 

similarly, (S/No)cd = 34.5 dB-Hz. 

Since the noise in the up-link carrier channel will be turned 
around through the ADP transponder and will appear as modulation 
on the down-link carrier, each link individually will need to be 
3 dB better in performance, which leads to the following channel 
requirements: 

(S/NO)cu = 36 dB-HZ or (S/N)cu = -3.4 dB 

(S/NO)cd = 37.5 dB-Hz or (S/N)cd = -3.4 dB 

and from Sec. IV.: 

(S/No)Rd = 27 dB-HZ or (S/N)Rd = -13.8 dB. 

The only remaining performance requirement that has not 
been determined is the signal-to-noise spectral density ratio 
required for proper operation of the ranging channel at the ADP, 
( This requirement taken with the carrier channel require- 
ment dictates the allocation of transmitted RF power to the carrier 
and ranging channels. From equations (A-2) and (A-3) or (A-4) and 
(A-51, it is seen that parameters LR and Lc play an important role 
in determining the transmitter power requirements. For a given 
design, these parameters are related tn the modulation methods 
chosen and, in the case of a two-way coherent system, also relate 
to the signal-to-noise ratio at the signal turn-around point as 
seen in the following expressions: 

) Ru * 
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2 
'd Lcd = c o s  

LRd = s i n 2  ed L~ 

2 

2 

= cos  

LRu = S i n  

where: Lc & LR are  d e f i n e d  p r e v i o u s l y ,  t h e  a d d i t i o n a l  s u b s c r i p t s ,  
u and d ,  d e n o t e  t h e  up- l ink  and down-link d i f f e r e n c e s .  

e ' s  are t h e  modula t ion  i n d i c e s  f o r  t h e  r a n g e  code s u b c a r r i e r  
and t h e  s u b s c r i p t s  d i f f e r e n t i a t e  t h e  up and  down l i n k s .  

The term Ls i s  a s s o i c a t e d  w i t h  t h e  l i m i t e r  c h a r a c t e r i s t i c s  o f  t he  
r a n g i n g  channe l  i n  t h e  ADP. It i s  t h e  r a t i o  of  s i g n a l  power a t  
t h e  l i m i t e r  o u t p u t  (SRo) t o  t h e  i n p u t  s i g n a l  power (SRi) of  t h e  

l i m i t e r ,  and i s  approximated b y :  

(A-10) 

where: (S/NIRu i s  t h e  s i g n a l - t o - n o i s e  r a t i o  a t  t h e  i n p u t  of  
l i m i t e r  s t a g e  i n  t h e  r a n g i n g  channe l  of  ADP.  

S u b s t i t u t i n g  e q u a t i o n s  (A-6)-(A-10) i n t o  e q u a t i o n s  (A-41 and (A-5): 

2 
Pru Cos e, 

(S/N) = 
NOu Bcu cu 

( A - 1 1 )  

(A-12) 

(A-14) 
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where: N o  = K Tef f  . 

The f u l l  impact  o f  t h e  i n t e r r e l a t i o n  between t h e  up and 
down l i n k s  i s  now c l e a r l y  seen from e q u a t i o n  ( A - 1 4 ) .  It i s  a l s o  
a p p a r e n t  t h a t  f o u r  parameters, t h e  up and  down l i n k  modu la t ion  
i n d i c e s  o f  t h e  r a n g i n g  s u b c a r r i e r ,  and t h e  up and down l i n k  
t r a n s m i t t e r  power are s u b j e c t e d  t o  t r a d e o f f  c o n s i d e r a t i o n s .  One 
of  t h e  c r i t e r i a  used  f o r  t r a d e o f f  i s  t o  o p t i m i z e  t h e  modu la t ion  
i n d i c e s  s o  t h a t  t h e  d i v i s i o n  of power among t h e  c a r r i e r  and r a n g i n g  
c h a n n e l s  would r e a c h  t h e  minimum r e q u i r e d  per formance  s i m u l t a n e o u s l y  
a t  a c e r t a i n  maximum communication d i s t a n c e  f o r  b o t h  l i n k s .  

The f u n c t i o n a l  r e l a t i o n  between t h e  o p t i m i z e d  up and 
down l i n k  modu la t ion  i n d i c e s  i s  o b t a i n e d  by combining e q u a t i o n s  
(A-13)-(A-14) and ( A - l O ) - ( A - l 2 ) :  

I n s e r t i n g  t h e  known pa rame te r s  f rom T a b l e  111: 

2 1 0  Tan eu 2 
2 c o t  e d  = 

4.17 + Tan e u  
( A - 1 7 )  

The r e s u l t s  are g i v e n  i n  F i g .  5 ,  which shows t h a t  f o r  a g i v e n  
u p - l i n k  modula t ion  i n d e x ,  t h e  down-link modu la t ion  i n d e x  must 
be  t h a t  i n d i c a t e d  f o r  op t ima l  per formance  o f  b o t h  up and down 
l i n k s .  

For  e v e r y  s e t  o f  e d  and e U ,  t h e  r e q u i r e d  t o t a l  RF 
r e c e i v e d  power, Prd and Pru ,  can  be de t e rmined  from e q u a t i o n s  
( A - 1 2 )  and (A-15). The  r e c e i v e d  power i s  r e l a t ed  t o  t h e  t r a n s m i t t e d  
power by  e q u a t i o n  ( A - 1 ) .  Combining t h e s e ,  t h e  e x p r e s s i o n s  f o r  
r e q u i r e d  t r a n s m i t t e r  power become: 

( A - 1 8 )  

(A-19) 
L U  Gt Gr Cos 2 

where M i s  t h e  added margin.  
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I n s e r t i n g  t h e  known v a l u e s  of t h e  p a r a m e t e r s  f rom T a b l e  I I I i n t o  
(A-18)  and ( A - 1 9 )  y i e l d :  

-10 d2 
, and - 1 . 6 8  x i o  

' tu COS e u  
- 

2 

-10 d2 - 1.18  x i o  
COS ed  2 ' td - 

The r a t i o  o f  e q u a t i o n s  ( 2 3 )  and ( 2 4 ) ,  

' tul'td = 1 . 4 2  Cosded/Cos'eU , 

(A-20)  

(A-21)  

(A-22)  

p r o v i d e s  t h e  r e l a t i v e  t r a d e o f f  c r i t e r i o n  f o r  t h e  up and down l i n k  
t ransmi t te r  power. Equa t ion  (A-22)  i s  p l o t t e d  i n  F i g .  6 u s i n g  t h e  
u p - l i n k  modu la t ion  i n d e x  as t h e  independent  p a r a m e t e r .  The a b s o l u t e  
t r ansmi t t e r  power r equ i r emen t s  f o r  b o t h  up and  down l i n k s  are 
p l o t t e d  i n  F i g .  7 as c u r v e s  ( 2 )  and ( 3 ) ,  a g a i n ,  u s i n g  t h e  up - l ink  
modu la t ion  index  as t h e  independent  p a r a m e t e r .  It s h o u l d  b e  n o t e d  
i n  F i g .  7 t h a t  i n s t e a d  of power, a no rma l i zed  p a r a m e t e r  
P t / d  
wat t /nm2,  t h i s  s h o u l d  n o t  be confused  w i t h  t h e  w e l l  known power 
d e n s i t y  t e r m  which a l s o  has t h e  same u n i t  b u t  has an e n t i r e l y  
d i f f e r e n t  p h y s i c a l  meaning. 

2 i s  used  w i t h  t h e  dimension of power p e r  u n i t  d i s t a n c e  s q u a r e d ,  
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