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FOREWORD 

T h i s  f i n a l  r e p o r t  on t h e  Buoyant Venus S t a t i o n  F e a s i b i l i t y  
S t u d y  i s  submi t t ed  by t h e  M a r t i n  M a r i e t t a  C o r p o r a t i o n ,  Denver 
D i v i s i o n ,  i n  accordance  wi th  C o n t r a c t  NAS1-6607. 

The r e p o r t  i s  submi t ted  i n  s i x  volumes a s  f o l l o w s :  

Volume I - Summary and Problem I d e n t i f i c a t i o n ;  

Volume I1 - Mode M o b i l i t y  S t u d i e s ;  

Volume I11 - I n s t r u m e n t a t i o n  S t u d y ;  

Volume IV - Communication and Power; 

Volume V - Techn ica l  A n a l y s i s  of a 200- lb  BVS; 

Volume V I  - T e c h n i c a l  A n a l y s i s  of a 2000- and 5000- lb  
EnTs . 
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FINAL REPORT 

BUOYANT VENUS STATION FEASIBILITY STUDY 

VOLUME IV - COMMUNICATION AND POWER 

PART I - COMMUNICATIONS 

By J. D. Pettus and J. F. Baxter 
Martin Marietta Corporation 

COMMUNICATION STUDIES - T A S K  4.3 

The contractor shall study the requirements and limitations of station to 
orbiter communications. Where applicable, the communication system 
shall include released probe data links. The contractor shall select ,  
subject to Government approval, a station to orbiter communications sys- 
tem. The contractor shall &/me the physical a n d  operational character 
i s t ics  and limitations. From consideration of the  various mission mode 
trajectories and the orbiter S/C orbital characteristics, the contractor 
shall establish the requirements for station data storage and trans- 
mission to the orbiter S/C. 

SUMMARY 

The buoyant Venus station (BVS) telecommunications subsystem 
consists of radio and data management functions associated with 
commanding the station operation, telemetering data to the orbiter, 
measuring range from the orbiter to the station, and receiving data 
from radiosondes dropped from the station. 

Communications over maximum ranges of 14 000 km are required 
for some station locations assuming the standard orbit of 1000 km 
periapsis and 10 000 km apoapsis. 

Frequencies in the range of 200 to 400 MHz have been considered 
with no clear cut advantage for one end of the band over the other 
until the actual station size, weight allocations, and antenna 
type are considered. 

e 



Communications t r a n s m i s s i o n  p e r i o d s  of  from 3 to  15 minu tes  
a t  d a t a  r a t e s  of  30 t o  10 000 b i t l s e c  a r e  r e a s o n a b l e  depending  
on s t a t i o n  weight  c l a s s  and l o c a t i o n .  

Coherent  PSK/PM sys tems f o r  t h e  o r b i t e r l s t a t i o n  l i n k s  have 
an advantage  over  noncoherent  sys tems i n  b o t h  h i g h e r  d a t a  r a t e s  
f o r  t h e  power used and i n  accompl i sh ing  t h e  r a n g i n g  f u n c t i o n .  
Noncoherent  FSK l i n k s  do n o t  l end  themse lves  t o  i n t e g r a t e d  r a n g -  
i n g  t e c h n i q u e s .  

For cohe ren t  systems one must r e s o r t  t o  f r equency  s e a r c h  modes 
and keep ing  s u b c a r r i e r s  o u t  of  t h e  f r equency  s e a r c h  r ange .  T h i s  
r e s u l t s  i n  f i n i t e  a c q u i s i t i o n  t imes  and wide r  bandwidths  t h a n  
o t h e r w i s e  r e q u i r e d .  

Transmiss ion  of  d a t a  from t h e  s t a t i o n  t o  t h e  o r b i t e r  i s  under  
c o n t r o l  o f  t h e  o r b i t e r  and o c c u r s  o n l y  when t h e  o r b i t e r  i n i t i a t e s  
i t .  Once begun t h e  t r a n s m i t t e r  "on" t i m e  must be  l i m i t e d  by t h e  
s t a t i o n  programer u n l e s s  i t  i s  sooner  t e r m i n a t e d  by o r b i t e r  com- 
mand. 

Ten- t o  40-W s o l i d - s t a t e  t r a n s m i t t e r s  w i t h  good e f f i c i e n c y  
(30 t o  60%) are c o n s i d e r e d  f e a s i b l e  for 1970 technology,  however, 
d e s i g n  of phase-modulated t r a n s m i t t e r s  i n  t h i s  f requency  r a n g e  
may be  r e q u i r e d .  

INTRODUCTION 

T h i s  p a r t  o f  Volume I V  t r e a t s  t h e  te lecommunica t ion  p o r t i o n  
of  f e a s i b i l i t y  s t u d y  f o r  a BVS under t h e  s t u d y  ground r u l e s  d e -  
f i n e d  i n  the  fo l lowing  s e c t i o n .  

Pa rame t r i c  bounds and v a r i a b l e s  a r e  i d e n t i f i e d  a l o n g  w i t h  t h e  
r e s u l t s  of l i m i t e d  t r a d e  s t u d i e s  and d i s c u s s i o n  o f  p o s s i b l e  a p -  
p roaches  to use i n  t h e  c o n c e p t u a l  d e s i g n  of t h e  v a r i o u s  we igh t  
c l a s s  o f  s t a t i o n s  d e s c r i b e d  i n  t h e  o t h e r  volumes. 



TECHNICAL GUIDELINES FROM NASA-LRC 

Technical guidelines established by the NASA Statement o f  
Work L 6801 Exhibit A have a direct bearing on this communica- 
tion study: 
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1) An orbiter shall serve as a relay station for trans- 
mittal of data to earth, and shall be assumed to pos- 
sess all required receiving, storage, and transmitting 
capabilities; 

2) The nominal orbit shall be assumed to have a periapsis 
altitude of 1000 km and apoapsis altitude of 10 000 km; 

3) The station to orbiter communications system shall be 
assumed not to require directional orientation of 
antennas or high-gain antennas; 

tion(s) shall be consistent with subsonic velocity 
above the visible cloud layer for the three Venus 
a tmo s p h- rres. 

4 )  Initial conditions at inflation of the buoyant sta- 

SYMBOLS 

radio frequency bandwidth 

v ideo b andw i d t h 

Do p p 1 er f r e quenc y 
effective radiated power 

center frequency of filter 

frequency of reference subcarrier 

frequency shift key 
gain of receiving antenna above isotropic 

gain of transmitting antenna above isotropic 

Boltzmann ' s constant 
noise power density 

bit error probability 
pseudonoise 

phase shift key/phase modulation 
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BLO 

t ransmi  t t e r  power 

inpu t  s i g n a l  - t o - n o i s e  r a t  i o  

s i g n a l - t o - n o i s e  r a t i o  o u t  

system n o i s e  t empera tu re ,  O K  

an tenna  t empera tu re  

v e l o c i t y  of o r b i t e r ,  mlsec 

w a t t s  

wavelength,  m 

t r u e  anomaly of o r b i t ,  deg 

no i se  bandwidth of t h e  phase lock  loop a t  t h r e s h o l d  

COMMUNICATIONS GEOMETRY AND VARIABLES 

Four b a s i c  communications l i n k s  have been i d e n t i f i e d .  These 
a r e  t h e  t e l e m e t r y  l i n k  between t h e  buoyant  s t a t i o n  t o  o r b i t e r  r e -  
l a y ;  t h e  command l i n k  from t h e  o r b i t e r  r e l a y  t o  t h e  buoyant  s t a -  
t i o n ;  t h e  t e l e m e t r y  l i n k  between t h e  dropsondes  and t h e  buoyant 
s t a t i o n ;  and r ang ing  between t h e  o r b i t e r  and t h e  s t a t i o n  t o  d e -  
t e rmine  s t a t i o n  p o s i t i o n  l o c a t i o n s ,  

There  a r e  s e v e r a l  communications v a r i a b l e s  t h a t  can  be used 
t o  de te rmine  f e a s i b i l i t y  and l i m i t a t i o n s  of  t h e  l i n k s .  (Other  
v a r i a b l e s  have been e s t a b l i s h e d  by t h e  o r b i t . )  These v a r i a b l e s  
a r e  communications range  and p e r i o d ,  r a d i o  f r equency  band,  an tenna  
g a i n  and minimum e l e v a t i o n  a n g l e ,  modula t ion  t e c h n i q u e ,  t r a n s -  
m i t t e r  power, and d a t a  r a t e s .  

The O r b i t  

The communications geometry f o r  t h e  s t a t i o n  o r b i t e r  i s  shown 
i n  f i g u r e  1. The o r b i t  i s  t h e  s t a n d a r d  o r b i t  g iven  i n  t h e  s t a t e -  
ment of  work. The d i a g o n a l l y  shaded a r e a  r e p r e s e n t s  l o c a t i o n s  o f  
t h e  s t a t i o n  f o r  which no communications between t h e  s t a t i o n  and 
o r b i t e r  a r e  p o s s i b l e  because  t h e  s t a t i o n  w i l l  be below t h e  com- 
munica t ion  ho r i zon .  

4 



Maximum r a n g e ,  
14 000 km 

,rrJ L O r b i t a l  p l a n e  

Note:  1. Shaded a r e a  i s  below h o r i z o n .  
2 .  O r b i t a l  p e r i o d ,  2 2 8  m i n u t e s ,  
3 .  Range v a r i a t i o n ,  1000 t o  14 000 km. 
4 .  Communications p e r i o d ,  0 t o  106 m i n u t e s .  

F i g u r e  1. - Communications Geometry 
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The shaded area is fixed in relation to the orbit and the planet 
rotates very slowly in relation to the fixed geometry since the ro- 
tational period of the planet on its axis is approximately 250 days. 
The orbiter completes one orbit in approximately 228 minutes. 

Communications Range and Period 

The communications range and view period for the orbiterlsta- 
tion links vary from 1000 to less than 14 000 km and from zero to 
approximately 106 minutes depending on station location. The ef- 
fective view times are also a function of station antenna beam 
width and link margins, 

Table I shows view times for various station locations in the 
orbital plane as a function of station antenna half power beam 
width. As the station drifts away from the orbital plane, the 
available period per orbit can reduce to zero at a rate depending 
on the winds, location of the orbit, and initial location o f  the 
station. 

TABLE I. - AVAILABLE COMMUNICATION PERIODS, STATION TO 
0 RB IT E R 

Maximum communications periods for various 
station antenna half power 

beam widths, minutes 

140 

True 
anomaly, 

8 ,  
degrees 

from periapsis 

These facts are apparent if the assumed wind patterns described 
in Volume 111 are considered and figure 1 is reexamined. 

Ranges assumed €or the dropsonde to station link are zero to 
100 km with a maximum communications period of 1 hr. 



Radio Frequency Band Selection 

Many factors must be considered in selecting suitable fre- 
quencies (bands) for the various links. The major factors are 
listed in table 11. 

TABLE 11. - FACTORS IN SELECTION OF FREQUENCY BAND 

Critical frequency, ionoshpere . . . . . . estimated to be 2 to 20 MHz 
Attenuation (moderate rain) . . . . . . . at 3000 MHz 1 x 10 dB/km 

Attenuation (sleet, snow) . . . . . . . . less than rain 

Therefore . . . . . . . . . . . , . . . . 200 MHz to 3000 MHz (good from 

-3 

(positive slope with frequency) 

standpoint of above) 

Doppler and frequency instability . . . . reduce above to 200 MHz to 400 MHz 
plus desire for solid state 

Transmitter weight and efficiency . . . . high efficienty and low weight 
desired 

~~ 

The lower frequency limit must be well above the critical 
frequency for the Venus atmosphere (if one exists) and must be 
compatible with size and weight limitations for antenna and other 
equipment, 

In arriving at an upper frequency limit for the links, attenua- 
tion due to rain and/or ice particles, bandwidths due to frequency , 

instability, transmitter weight and efficiency, and limitations 
on solid state power amplifier techniques must be considered, 

Atmospheric attenuation. - It has been estimated (ref, 1) that 
the critical frequency on Venus varies from 2 to 20 MHz (the larger 
value for locations near the subsolar point). Hence a lower limit 
10 times the highest critical frequency was chosen. 

The upper limit has been chosen as 400 MHz, which is well be- 
low frequencies affected by rain and ice particles, and it meets 
the remaining criteria as well. 

A further consideration is the availability of frequency al- 
locations. Allocations in the 400 MHz range should be relatively 
easy to obtain, while the 215 to 260 MHz telemetry band will be 
closed after 1970. However, because of an approximately 6 dB pen- 
alty for going to the higher frequency, all of the preliminary link 
calculations have been made at 200 MHz, and for comparison purposes, 
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a few have a l s o  been made a t  400 MHz. 
coverage f o r  a l l  a n t e n n a s ,  a 400 MHz l i n k  i s  approx ima te ly  6 dB 
worse t h a n  t h e  200 MHz approach because o f  t h e  added space  l o s s .  
(The antenna g a i n s  a r e  approx ima te ly  t h e  same f o r  each  s i n c e  by 
t h e  t e c h n i c a l  g u i d e l i n e s ,  h i g h  g a i n  an tennas  a r e  n o t  a l l o w e d . )  

Assuming h e m i s p h e r i c a l  

T r a n s m i t t e r  we igh t ,  volume, power, and e f f i c i e n c y .  - A com- 
p a r i s o n  of  s o l i d  s t a t e  t r a n s m i t t e r  w e i g h t ,  volume, and e f f i c i e n c y  
from v a r i o u s  s o u r c e s  shows t h a t  f o r  a g iven  o u t p u t  power i n  t h e  
5 t o  25 W range,  t h e  we igh t  and volume i s  f o r  a l l  p r a c t i c a l  p u r -  
poses  c o n s t a n t  a c r o s s  t h e  f r equency  r ange  of  200 t o  500 MHz, b u t  
i n c r e a s e s  w i t h  power as shown by f i g u r e  2 .  

E f f i c i e n c y  d e c r e a s e s  w i t h  i n c r e a s e  i n  f r equency  and t h e  s l o p e  
i s  g r e a t e r  (more n e g a t i v e )  f o r  t h e  h i g h e r  power t r a n s m i t t e r s  as 
shown i n  f i g u r e  3 .  

Weight and s i z e  shown i n  f i g u r e s  2 and 3 a r e  c o n s i d e r a b l y  
more c o n s e r v a t i v e  than  t h e  d a t a  shown i n  t a b l e  I11 ( r e f .  2 ) ,  
which a r e  f o r  20 W t r a n s m i t t e r s  a t  250 MHz and 400 MHz, r e s p e c -  
t i v e l y .  I n  c o n t r a s t ,  t h e  e f f i c i e n c y  i n  f i g u r e  3 i s  more o p t i -  
m i s t i c .  

TABLE 111. - WEIGHT AND SIZE DATA, 
20 -W TRANSMITTERS 

I Par a m  e t  e r I I Frequency 

250 MHz 400 MHZ 

E f f i c i e n c y ,  % 

Volume, cu i n .  

Weight, oz 35 40 

I RF power l e v e l ,  w I 20 20 I I 
In fo rma t ion  from a d d i t i o n a l  s o u r c e s  (vendors )  t e n d s  t o  sup -  

p o r t  t h e  lower we igh t  and volumes and t h e  h i g h e r  e f f i c i e n c i e s .  
T h e r e f o r e  these v a l u e s  have been used i n  c o n c e p t u a l  d e s i g n  
of t h e  v a r i o u s  s t a t i o n s  r e p o r t e d  i n  Volumes V and V I  of t h i s  
r e p o r t .  

Antenna w e i g h t s  v s  f r equency .  - Antenna w e i g h t s  a t  t h e s e  
f r e q u e n c i e s  can v a r y  w i d e l y  ove r  t h e  band depending upon t h e  t y p e  
s e l e c t e d .  R e s u l t s  of a p r e v i o u s  s t u d y  of  a n t e n n a  w e i g h t s  f o r  
v a r i o u s  antenna t y p e s  v e r s u s  f requency i s  shown i n  f i g u r e  4 .  A l -  
though t h e s e  w e i g h t s  a r e  c o n s e r v a t i v e ,  t hey  show t h e  t r e n d  i n  
we igh t  as  r e l a t e d  t o  i r equency .  
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The crossed slot-cavity backed and the spiral-cavity backed 
antenna weights decrease approximately linearly with frequency 
between 200 and 400 MHz, while the turnstile over cup and turn- 
stile over ground plane are relatively constant over that range. 

The final frequency band selections for each size class of 
station depend on whether the station is weight limited and on 
the type of antenna that can be used since the antenna can be 
the deciding factor where weight optimization is the governing 
criterion, 

Modulation Techniques and Data Rates 

Modulation techniques, - Frequency shift key (FSK), phase 
shift key PSK/PM, and FM modulation methods including PN code 
ranging have been considered for one or more of the various 
links. Comparisons are made in the chapters associated with the 
basic communication links. 

Data rates. - Station average data acquisition rates are es- 
timated to range from 100 bit/sec for a maximum instrument pay- 
load to a rate of % bit/sec for an absolute minimum station. The 
station storage capacity, transmission link data rates, and pro- 
graming must, of course, be compatible with the instrumentation 
and sampling rates, This subject is discussed in the chapters 
treating each of the data links. 

STATION TO ORBITER DATA LINK 

Parametric Bounds on Range and Data Rates 

The communications range for this link varies from 1000 to 
approximately 14 000 km. The data rates to be considered are 
based on estimated station data accumulation rates of from 1 
million bits on some orbits for the larger stations to 3600 bits/ 
orbit on the smaller station. This gives a data rate range 
roughly 30 bits/sec to 5 or 10 kilobits/sec, depending on the 
time one selects as a minimum communications transmission period. 
Actually the higher data rates may be reduced if the concept of 
only partially dumping the station data store on a given orbit 
and completing the dump on following orbits is accepted. Scanning 
or picture data are subject to data compression as discussed in 
Volume V. 



Frequency Unce r t a in ty  and Bandwidths 

U n c e r t a i n t y  
due  t o  

T r a n s m i t t e r  

Rece iver  

Doppler  

To t a l  
u n c e r t a i n t y  
bandwidth 

I n  de t e rmin ing  bandwidth r equ i r emen t s  f o r  noncoherent  sys tems,  
f requency  u n c e r t a i n t i e s  of t h e  s t a t i o n  t r a n s m i t t e r ,  t h e  o r b i t e r  
r e c e i v e r ,  and t h e  d o p p l e r  s h i f t ,  as w e l l  a s  t h e  modula t ion  band- 
w i d t h  must be  c o n s i d e r e d .  

C a r r i e r  f requency  

200 MHZ 400 MHz 500 MHz 

+ l o  +2 0 f2 5 

22 ?4 +5 

k5.3 510.6 + 1 2  

i17.3 KHz 534.6 KHz 242 KHz 

T o t a l  f requency  u n c e r t a i n t y  f o r  c a r r i e r  f r e q u e n c i e s  of 200, 
400,  and 500 MHz a r e  shown i n  t a b l e  I V .  A f requency  t o l e r a n c e  
of  +0.005% f o r  t h e  t r a n s m i t t e r  and 0.001% f o r  t h e  r e c e i v e r  were 
assumed. A s t r a i g h t  l i n e  f l i g h t  p a t h  s i m p l i f i c a t i o n  was used i n  
c a l c u l a t i n g  t h e  maximum Doppler, D = V/h cos  cp where D = Doe- 
p l e r ,  V = v e l o c i t y ,  A = wavelength ,  and cp = 10'. 

These v a l u e s  a r e  cons idered  v e r y  c o n s e r v a t i v e .  I n  t h e  p re l im-  
i n a r y  d e s i g n  of t h e  v a r i o u s  s t a t i o n s ,  t r a n s m i t t e r  s t a b i l i t i e s  of 
+0.002% were  assumed. The d a t a  p r e s e n t e d  i n  t h i s  volume a r e  
based on t h e  CO.O05% f requency  t o l e r a n c e  f o r  wors t - case  c o n d i t i o n s .  

TABLE I V .  - FREQUENCY UNCERTAINTY BANDWIDTHS 

Modulat ion Techniques 

Two b a s i c  modula t ion  t echn iques  (noncoherent  FSK and cohe ren t  
PSK/PM) were cons ide red  i n  deve lop ing  t r a n s m i t t e r  power an tenna  
g a i n  p roduc t  r equ i r emen t s  f o r  d a t a  r a t e s  v e r s u s  communications 
range  f o r  t h i s  l i n k .  
noncoherent  FSK l i n k  and i n  f i g u r e  6 f o r  a PCM/PSK/PM l i n k .  

These d a t a  a r e  shown i n  f i g u r e  5 f o r  a 

The PSK l i n k  h a s  a n  advantage o f  abou t  10 dB, however i t  r e -  

Suppor t ing  l i n k  c a l c u l a t i o n s  
q u i r e s  a f requency  s e a r c h  mode f o r  t h e  o r b i t e r  r e c e i v e r  t o  t a k e  
advantage  o f  t h e  narrow bandwidth.  
a r e  g iven  i n  t h e  n e x t  s e c t i o n .  

13  



o m -  
O c o b  

uuL, c c c  
.d .d .d 
0 0 0  
P.lP4P.l 

m 
0 
rl 

14 

? 

3 
rl 

0 
4. 

0 
cc) 

0 
N 

0 
rl 

3 
‘cl 
0 
k a 
C 
.d 
m 
M 

k al 

PI 

0 
rl 

& 
0) 
U 

d 

rl 

I+ 

O. 

c 
0 

.rl 
U 
a 
rl 
3 a 

U c 
W 

0 
0 
hl 
I 

m 
W 

0 

e 



' I  

I 

i j  

i 
, 

I 
I 
I 

m I 
I 

X I 
0 
I4 

- 
ul 0 b ul m 
r( rl 

3 
3 
4 

3 

2 ;  
a, 

a 
l-l 
a, 
U 
U 
.d 

+ E  
v1 
C 
td 
l-l 
U 

n 
td 
C 

+ u  8 
- 3  

m a 
I 
h 
W 

4 

3. 

15 



Link C a l c u l a t i o n s  f o r  a S t a t i o n  t o  O r b i t e r  Te leme t ry  Link 

FSK l i n k ,  - A s e r i e s  of  l i n k  c a l c u l a t i o n s  has  been  made f o r  
t h e  s t a t i o n - t o - o r b i t e r  t e l e m e t r y  l i n k  f o r  FSK modu la t ion  u s i n g  
s p l i t  phase  PCM fo rma t .  Sample c a l c u l a t i o n s  f o l l o w  f o r  a d a t a  
r a t e  of  100 bi ts /sec and  a r ange  of 1000 km. Table V g i v e s  e f -  
f e c t i v e  r a d i a t e d  power r e q u i r e d  f o r  v a r i o u s  b i t  ra tes  and r anges  
f o r  a 0-dB o r b i t e r  an tenna .  The r e s u l t s  a r e  p l o t t e d  i n  f i g u r e  5 .  

Rece iver  n o i s e  power d e n s i t y .  - Assuming a r e c e i v e r  n o i s e  
f i g u r e  of 5 dB, an an tenna  t empera tu re  of 700"K, and where T a 
i s  an tenna  t empera tu re ,  t h e  sys tem n o i s e  t e m p e r a t u r e ,  T ,  i s :  

T = (NF-1) 290 + Ta 

= (3.16 - 1) 290 f 700 

= 726 

T = 1326°K 

The n o i s e  power d e n s i t y  number = KT where K = Bol tzmann ' s  
c o n s t a n t  : 

Number = -198.6 dBm + 31.3  dB 

-167.4 dBM 

Receiver  bandwidth.  - The r e c e i v e r  bandwidth c a l c u l a t i o n s  
a r e :  

T r a n s m i t t e r  f requency  t o l e r a n c e  +0.005% = + l o  000 Hz 

Receiver  f requency  t o l e r a n c e  kO.OOl% = +2 000 Hz 

Maximum d o p p l e r  ( p e s s i m i s t i c )  = 25 330 Hz 
-t17 330 Hz 

v e l o c i t y  cos 100 D =  
A 

3 

1.5 m ( 0 . 9 8 7 )  
8.1  x 10 m/sec D =  

D = 5330 Hz 

To ta l  bandwidth B = 2(17  330) + 2(200)  
(per  c h a n n e l )  RF 

BRF = 35 KHz 

1 0  log BRF = 45.4 dB 



TABLE V .  - TRANSMITTER ANTENNA G A I N  PRODUCTS (dBm) FSK 
SPLIT PHASE MODULATION 

Data  r a t e ,  b i t l s e c  Range, km . 
, 

E f f e c t i v e  r a d i a t e d  power, dBM, 200 MHz l i n k  (0 
dB ga in  o r b i t e r  an tenna)  

1 000 

3 000 

5 000 

10 000 

15 000 

2 1 . 7  

3 1 . 2  

3 5 . 7  

4 1 . 7  

4 5 . 2  - 

2 3 . 5  

3 3 . 0  

3 7 . 5  

4 3 . 5  

4 7  .O 

27.2 

36 .7  

4 1 . 2  

4 7 . 2  

5 0 . 7  

28 .8  

3 8 . 3  

4 2 . 8  

4 8 . 8  

5 2 . 3  

31 .6  

4 1 . 1  

4 5 . 6  

51 .6  

5 5 . 1  

34.2 

4 3 . 7  

4 8 . 2  

5 4 . 7  

5 7 . 7  

37 .O 

4 6 . 5  

5 1  .O 

5 7 . 0  

6 0 . 5  

I E f f e c t i v e  r a d i a t e d  power, dBm, 400 MHz l i n k  

1 000 

3 000 

5 000 

10 000 

15 000 

28.9 

38.4 

4 2 . 9  

4 8 . 9  

5 2 . 4  

$ 4 . 7  

54.2 

3 7 . 8  

5 1 . 8  

6 1 . 3  

4 0 . 9  

5 0 . 4  

5 4 . 9  

6 0 . 3  

6 4 . 4  

4 6 . 8  

60.G 

7 0 . 3  

I N o t e :  P l o t t e d  i n  f i g u r e  5 .  

1 7  



Required i n p u t  s i g n a l  t o  n o i s e  a t  d e t e c t o r .  - For FSK i n  which 
a n  envelope  d e t e c t o r  i s  used ,  t h e  r e q u i r e d  i n p u t  s i g n a l - t o - n o i s e  
r a t i o  (SNR) i s  r e l a t e d  t o  t h e  o u t p u t  SNR by t h e  f o l l o w i n g  e x p r e s -  
s i o n :  

SNR. = a + 4- 
1 

where 

0 
SN R V 

B 
a = -  

B~~ 

and 

B = v ideo  bandwidth 
V 

= RF bandwidth a t  i n p u t  t o  d e t e c t o r  

SNR. = i n p u t  s i g n a l  t o  n o i s e  t o  d e t e c t o r  

SNR = o u t p u t  s i g n a l  t o  n o i s e  a t  v i d e o  

B~~ 

1 

0 

For t h i s  s p e c i f i c  example,  t h e  o u t p u t  s i g n a l  t o  n o i s e  r e q u i r e d  
-3 

f o r  a b i t  e r r o r  p r o b a b i l i t y  o f  1x10 i s  13.6 dB o r  22.9.  

The r e q u i r e d  i n p u t  s i g n a l - t o - n o i s e  r a t i o  i s  t h e n  

2oo (22.9)  = 0.131 35 000 
a =  

SNR. = a + d a ( I + a )  

SNR. = 0.505 

1 

1 

10 l o g  SNRi = -2.97 dB 

The ba lance  o f  t h e  c a l a u l c a t i o n s  a r e  shown i n  t a b l e  V I ,  

L ink  c a l c u l a t i o n s  f o r  s t a t i o n - t o - o r b i t e r  te lemetry l i n k  P X /  
PM modula t ion ,  - The PSK/PM l i n k  f o r  which sample c a l c u l a t i o n s  
a r e  shown has  a s i n g l e  s u b c a r r i e r  t h a t  phase modula tes  t h e  t r a n s -  
m i t t e r .  The s u b c a r r i e r  c o n s i s t s  o f  a pseudonoise  (PN) synchron i -  
z a t i o n  code added t o  a c l o c k  s u b c a r r i e r  modulo 2 .  The r e s u l t a n t  
s i g n a l  i s  b iphase  modulated by t h e  d a t a  t o  produce  t h e  f i n a l  i n p u t  
t o  t h e  t r a n s m i t t e r .  
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TABLE VI. - STATION-TO-ORBITER TELEMETRY LINK 
CALCULATIONS, FSK MODULATION, 100 
BIT/  SEC 

I tem 

System l o s s e s  
Space l o s s  (1000 km) 
Adverse t o l e r a n c e  

T o t a l  l o s s e s  

System n o i s e /  cyc  1 e 
RF bandwidth 
Required SNR 

i 

Required r e c e i v e r  power 

Required e f f e c t i v e  

r a d i a t e d  power (ERP) a 

200 MHz 

5 dB 
139 dB 

4.5 dB 

148.5 dB 

-167.4 dBm 
45.4 dB 

- 2 . 9 7  dB 

-125.0 dBm 

t 23.5 dBm 
( f o r  1000 km) 

400 MHz 

5 dB 
145 dB 

4.5 dB 

154.5 dB 

-167.4 dBm 
48.4 dB 
-4 .79  dB 

-123.8 dBm 

+ 30.7 dBm 
( f o r  1000 km) 

a 
ERP = PT f GT 

where 

PT = t r a n s m i t t e r  power, dBm 

GT = g a i n  o f  t r a n s m i t t i n g  an tenna ,  dB 

G = g a i n  o f  r e c e i v i n g  an tenna ,  dB R assumed 
= 0 dB 

See t a b l e  V f o r  ERP va lues  f o r  o t h e r  d a t a  r a t e s  and 
r a n e e s .  
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The o r b i t e r  r e c e i v e r  c o h e r e n t l y  demodulates  t h e  s i g n a l  u s i n g  
a c a r r i e r  phase lock  loop and c o h e r e n t  s u b c a r r i e r  demodulator  
( r e f .  3 ) .  

T h i s  type o f  system, a l though  n e a r  optimum, p r e s e n t s  a p rob-  
lem when au tomat i c  f requency  s e a r c h  i s  r e q u i r e d  as i n  t h i s  case 
because  t h e  s u b c a r r i e r  and PN code spectrum f a l l  i n  t h e  c a r r i e r  
f requency  sea rch  band. 
t o  a two s u b c a r r i e r  system and e l i m i n a t i n g  t h e  PN sync ( r e f .  4 ) .  

T h i s  problem may be c i rcumvented  by going  

The lower f requency  s u b c a r r i e r  i s  modulated (modulo 2 )  by a 
squa re  wave a t  h a l f  t h e  b i t  r a t e  and t h e  h i g h e r  f r equency  sub-  
c a r r i e r ,  which i s  tw ice  t h e  f requency  of  t h e  lower s u b c a r r i e r ,  i s  
modulated (modulo 2 )  by t h e  d a t a  as shown i n  f i g u r e  7 .  (The b i t  
r a t e  shown is  1000 b i t l s e c . )  A t  t h e  r e c e i v i n g  end t h e  c a r r i e r  
phase l o c k  loop  l o c k s  on to  t h e  incoming c a r r i e r ,  t h e  lower f r e -  
quency s u b c a r r i e r  i s  doubled and t r a c k e d  i n  a c l o s e d  loop  t o  
p rov ide  a r e f e r e n c e  f o r  demodula t ing  t h e  d a t a  s u b c a r r i e r .  Un- 
ambiguous b i t  sync  i s  d e r i v e d  i n  t h e  second phase lock  loop  and 
t h e  d a t a  are r ecove red  from t h e  d a t a  channel  u s i n g  a matched 
f i l t e r  ( i n t e g r a t e  and dump a s  shown i n  f i g u r e  8 ) .  

Margins for t h i s  approach  are  c o m p e t i t i v e  w i t h  t h e  s i n g l e  
channel  approach and have been used f o r  t h e  200- and 2000-lb 
c l a s s  s t a t i o n s  d e s c r i b e d  i n  Volumes V and V I .  

A f requency s e a r c h  mode i s  r e q u i r e d  of t h e  o r b i t e r  r e c e i v e r  
t o  a c q u i r e  the  t r a n s m i t t a l  s i g n a l  because  of  a f r equency  un- 
c e r t a i n t y  of t h e  o r d e r  of 35 kHz. 

I f  one assumes a 30-sec  one-way sweep c y c l e  t h e  r a t e  of  
change o f  f requency t h a t  t h e  phase lock  loop w i l l  encoun te r  i s :  

2n ( f r equency  u n c e r t a i n t y )  Aw = 
sweep pe r iod  

2n (34  600)  
30 nw = 

2 AW = 7250 r a d l s e c  

T h i s  can be  rounded off t o  8000 r a d / s e c 2  o r  1270 Hz/sec.  
S i n c e  t h e  maximum doppler  r a t e  is  o n l y  43.8 Hz/sec  i t  w i l l  be  
n e g l e c t e d .  

20 
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I f  no more t h a n  a 20" phase e r r o r  i s  assumed between t h e  i n -  
p u t  f r equency  and t h e  VCO f r equency  f o r  t r a c k i n g  f r equency  r a t e s ,  
t h e  2BL0 bandwidth r e q u i r e d  f o r  t h e  c a r r i e r  t r a c k i n g  loop  a t  

t h r e s h o l d  i s :  

(minimum) = 20 4 7 )  1 df 
BLO ne d t  

= 20  d k  ( 1 2 7 0 )  * BLO 
2 BLO 2 160 Hz 

The b a l a n c e  of  t h e  l i n k  c a l c u l a t i o n s  i s  shown i n  t a b l e  V I I .  

E f f e c t  of  S t a t i o n  Locat ion on Maximum Te leme t ry  Data Rate  

Four s t a t i o n  l o c a t i o n s  have been chosed t o  examine t h e  r e -  
s u l t s  p l o t t e d  i n  f i g u r e  5 and 6 .  These l o c a t i o n s  a r e  shown i n  
f i g u r e  7 as p o i n t s  A,  B y  C y  and D .  P o i n t s  A, By and C a r e  
l o c a t e d  i n  t h e  o r b i t a l  plane a t  t r u e  anomaly 8 of  4 5 " ,  9 0 ° ,  
and 180", r e s p e c t i v e l y .  Po in t  D i s  l o c a t e d  a t  8 = 180°, b u t  
o u t  of  t h e  o r b i t a l  p l a n e  so t h a t  a maximum communications p e r i o d  
of  3 minu tes  i s  a v a i l a b l e ,  

Assuming a t r a n s m i t t e r  power of 20 W ,  and combining s t a t i o n  
and o r b i t e r  an tenna  g a i n s  of  7 dB,  f i g u r e  5 shows t h a t  f o r  a n  FSK 
system t h e  maximum d a t a  r a t e s  t h a t  c a n  be used f o r  a b i t  e r r o r  

p r o b a b i l i t y  of 1x10 vary from 3200 b i t l s e c  f o r  p o i n t  A t o  4 7 5  
b i t / s e c  f o r  p o i n t  D .  A comparison of t h e  f o u r  p o i n t s  on f i g u r e  
6 shows t h a t  were cohe ren t  PSK modu la t ion  u s e d ,  t h e  d a t a  r a t e s  
cou ld  be i n c r e a s e d  by  a f a c t o r  of  about  10 o r ,  as an a l t e r n a t i v e ,  
t r a n s m i t t e r  power cou ld  be lowered a p p r e c i a b l y .  

-3 

R e f e r r i n g  t o  t h e  t a b l e  i n  f i g u r e  9 n o t e  t h a t  f o r  t h e  FSK s y s -  
tem t h e  t o t a l  d a t a  t r a n s m i t t e d  a t  t h e  maximum r a t e  f o r  each  of 
t h e  f o u r  s t a t i o n  l o c a t i o n s  exceeds 1 m i l l i o n  b i t l o r b i t  e x c e p t  f o r  
l o c a t i o n  D .  

To t r a n s m i t  t h i s  amount of  d a t a  per  o r b i t ,  t h e  t r a n s m i t t e r  
must be on f o r  t h e  f u l l  t r a n s m i s s i o n  p e r i o d  t h a t  i s  a v a i l a b l e .  
For a w e i g h t - l i m i t e d  s t a t i o n ,  t h i s  approach i s  n o t  f e a s i b l e  be -  
c a u s e  of  pr imary power supply l i m i t a t i o n s ;  t h e r e f o r e ,  a f i x e d  
p e r i o d  and d a t a  r a t e  appea r s  t o  be  most p r a c t i c a l .  
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TABLE V I 1  . - LINK CALCULATION STATION-TO -ORBITER TELEMETRY LINK, PSK/ PM 
MODULATION, SINGLE SUBCARRIER 

~ 

System l o s s e s  5 . 0  dB 
Space l o s s  (15 000 km) 1 6 2 .  dB 
Adverse t o  1 e r  ance 4 . 5  dB 

Losses  1 7 1 . 5  dB 

System n o i s e l c y c l e  - 1 6 7 . 4  dBM 
C a r r i e r  2 B  = 160 - 22.04 dB 

Threshold SIN 6 . 0  dB 
C a r r i e r  modulat ion l o s s  3.57 dB 

LO 

Required c a r r i e r  power 

System n o i s e l c y c l e  

Da ta  and synchronous channe l  

B i t  r a t e ,  100 b i t l s e c  
S i g n a l  e n e r g y / b i t / c y c l e  
D e t e c t i o n  l o s s  

modu la t ion  lo s s  

Required s u b c a r r i e r  power 

- 1 3 5 . 8  dBm 

- 1 6 7 . 4  dBm ERP(dB) = G + P T T  

where : 2 . 5 2  dB 

8 . 0  dB 
0.92 dB P = Transmi t  power (dBm) 

20.0 dB GT = Transmi t  a n t e n n a  g a i n  (dB) 

T 
- 1 3 6 . 0  dBm 

Required ERP + 35.7 dBm f o r  100 b i t l s e c  a t  15 000 km 
(assuming 0 dB f o r  r e c e i v e  
an tenna  g a i n )  

Note: ERP v a l u e s  f o r  o t h e r  b i t  r a t e s  and r a n g e s  a r e  shown i n  f i g u r e  6 .  
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For t h e  l a r g e r  c l a s s  s t a t i o n s ,  v a r i a b l e  t r a n s m i s s i o n  r a t e s  and 
t r a n s m i t t e r  on-t imes can be used .  A l t e r n a t i v e s  c a n  be  a p p l i e d  t o  
a l l e v i a t e  power- l imited s i t u a t i o n s  when n e c e s s a r y ,  such  as r e -  
d u c i n g  sampling r a t e s  of  t h e  i n s t r u m e n t a t i o n .  

COMMAND CONTROL 

Near r e a l - t i m e  d i r e c t  command from e a r t h  v i a  t h e  o r b i t e r  as 
a r e l a y  i s  no t  p r a c t i c a l  because  of t r a n s m i s s i o n  d e l a y  t ime and 
o c c u r r e n c e  of p e r i o d s  when t h e  e a r t h - t o - s t a t i o n  r e l a y  l i n k  i s  n o t  
p o s s i b l e  because of  t h e  l i n k  geometry.  However, command programs 
f o r  t h e  s t a t i o n  may be t r a n s m i t t e d  t o  and s t o r e d  i n  t h e  o r b i t e r  
f o r  r e l a y  t o  t h e  s t a t i o n  a t  a p p r o p r i a t e  t i m e s .  

For t h e  smaller c l a s s  of  s t a t i o n  o n l y  r e a l - t i m e  commands f o r  
t h e  o r b i t e r  s t o r a g e  were c o n s i d e r e d ,  For t h e  l a r g e r  s t a t i o n ,  t h e  
s t a t i o n  i t s e l f  can hand le  s t o r e d  as w e l l  a s  r e a l - t i m e  commands, 
i f  n e c e s s a r y .  

Approaches t o  t h e  Problem 

S e v e r a l  command c o n t r o l  approaches  were c o n s i d e r e d ,  For  t h e  
s m a l l e s t  s t a t i o n ,  s e q u e n t i a l  t one  and PCM t o n e  command systems 
were cons ide red  because  of  we igh t  l i m i t a t i o n s  f o r  t h e  s t a t i o n .  
A PCM/FSK approach could a l s o  be t a k e n ;  however,  t h e  t o n e  s y s -  
tems have seen c o n s i d e r a b l e  s e r v i c e .  

For t h e  l a r g e r  s t a t i o n s ,  a PCM system i s  c o n s i d e r e d  mandatory 
w i t h  cod ing  p r o v i s i o n s  t o  p r o v i d e  low p r o b a b i l i t y  of a c c e p t a n c e  
o f  f a l s e  commands, E i t h e r  FSK o r  PCM/PM systems can  be imple-  
mented.  P o s s i b l e  i n t e g r a t i o n  of t h e  command system w i t h  t h e  
r a n g i n g  must a l s o  be examined. 

The c o n t r o l  o f  when t o  t r a n s m i t  and f o r  how long  i s  one of  
t h e  important  s t a t i o n  c o n t r o l  r e q u i r e m e n t s .  T h i s  can  be hand led  
i n  s e v e r a l  ways. I n  t h e  s m a l l  s t a t i o n ,  t h e  t r a n s m i t t e r  can be 
t u r n e d  on by d e t e c t i o n  of t h e  p re sence  o f  a beacon o r  command 
c a r r i e r  from t h e  o r b i t e r ;  t u r n  o f f  c a n  be  c o n t r o l l e d  by a f i x e d  
d e l a y  t i m e ,  I f  command c a p a c i t y  and w e i g h t  a l l o c a t i o n s  a r e  a v a i l -  
a b l e ,  t h e  f i x e d  d e l a y  t ime can be a d j u s t e d  to two o r  more d i f f e r e n t  
v a l u e s  by command a f t e r  t h e  c o n d i t i o n  of t h e  pr imary power system 
i s  determined and ove r  a pe r iod  of  t ime where d e g r a d a t i o n  e f f e c t s  
may be de t e rmined .  
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Command Rates  and Capac i ty  

0 

Command r a t e s  f o r  smal l  s t a t i o n s  can  be  on t h e  o r d e r  of  one 
command per  10 s e c  f o r  tone  sys t ems ,  w h i l e  t h e  l a r g e r  s t a t i o n s ,  
depending upon t h e i r  complexi ty ,  can u s e  r a t e s  an  o r d e r  of magni- 
t u d e  o r  so g r e a t e r ,  

The s imple  t o n e  systems can  hand le  up t o  2 1  o r  more r e a l -  
t i m e  commands, PCM t o n e  command sys tems up t o  70 r e a l - t i m e  com- 
mands, and a t y p i c a l  programable command decoder  t h a t  hand les  
de l ayed  a s  w e l l  a s  r e a l  time commands h a s  a c a p a c i t y  f o r  h a n d l i n g  
256 d i s c r e t e  command words and 32 s t o r e d  commands. 

The commerc ia l ly  a v a i l a b l e  command decoder  u n i t s  i n  g e n e r a l  
may n o t  meet t h e  s t e r i l i z a t i o n  r equ i r emen t s  w i t h o u t  some m o d i f i -  
c a t i o n .  

Conclus ions  

The command system must be  s e l e c t e d  t o  b e s t  f u l f i l l  t h e  needs  
f o r  a p a r t i c u l a r  s t a t i o n ' s  programing and sequenc ing  f u n c t i o n s .  
These a r e  b e s t  de te rmined  d u r i n g  t h e  d e s i g n  of a p a r t i c u l a r  s i z e  
s t a t i o n .  F u r t h e r  c o n s i d e r a t i o n s  are d i s c u s s e d  i n  Volumes V and 
V I  f o r  t h e  v a r i o u s  s t a t i o n  d e s i g n s  i n  which d e t a i l  sequences  and  
command l i s t s  were prepared .  

The r ang ing  f u n c t i o n  m u s t  a l s o  be  cons ide red  i n  t h e  s e l e c t i o n  
of t h e  command modula t ion  t echn ique .  

Sample l i n k  c a l c u l a t i o n s  f o r  a PCM/FSK command l i n k  f o r  a 
15 000-km range  and a 10 b i t / s e c  d a t a  r a t e  a r e  shown i n  t a b l e  
V I I I .  With no an tenna  ga in  i n  t h e  l i n k  t h e  o r b i t e r  t r a n s m i t t e r  
r equ i r emen t  i s  approximate ly  10 W .  

C a l c u l a t i o n s  f o r  a tone s e q u e n t i a l  AM command system and a 
PSK/PM system a r e  d i s c u s s e d  i n  t h e  200- lb  s t a t i o n  volume (Vol V ) .  

RANGING ORBITER TO STATION 

The Requirement 

A r equ i r emen t  h a s  been i d e n t i f i e d  t o  measure r ange  between 
t h e  o r b i t e r  and t h e  s t a t i o n  tw ice  o r  more on each  communications 
pas s  t o  h e l p  i d e n t i f y  s t a t i o n  l o c a t i o n ,  a s  d i s c u s s e d  i n  l a t e r  
s e c t i o n s .  Range accuracy  on t h e  o r d e r  of  ?2 km a p p e a r s  t o  b e  
d e s i r a b l e .  
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TULE VIII. - COMMAND LINK CALCULATIONS ORBITER-TO- 
BUOYANT STATION, 200 MHz, FREQUENCY 
SHIFT KEY, 10 BIT/SEC 

System l o s s  

Space l o s s  

5 . 0  dB 

162.5 dB 

4 . 5  dB 

Losses 1 7 2 . 0  dB 
___- Adverse t o  1 e r  ance 

Receiver n o i s e / c y c l e  - 1 6 7 . 4  dBm 1362'K s 'stem tempe 

Bandwidth 4 5 . 4  dB 3 4 . 8  kHz bandwidth 

SNR - 8 .6  dB SNR = 15 dB 
0 

- i 

Required r e c e i v e  s i g n a l  -130 .6  dBm 
__ . 

t u r  e 

+ 4 1 . 4  dBm 10 b i t s / s e c ,  15 000 km _ _  Required ERP 

ERP = G f P T T  

wh e re : 

G = Gain of  t r a n s m i t  an tenna  (dB) 

P = T r a n s m i t t e r  power (dBm) 

G R  = Gain o f  r e c e i v e  a n t e n n a  (dB) = 0 dB 

T 

T 



P o s s i b l e  Approaches 

Two approaches can  be c o n s i d e r e d  f o r  t h i s  a p p l i c a t i o n ,  a l l  
of which measure t h e  round t r i p  d e l a y  t ime .  These a r e :  

1) Two-day r a d i o  - t u rna round  u s i n g  r ange  t o n e s ;  

2 )  Two-way r a d i o  - t u rna round  d i g i t a l  PN code.  

Range t o n e s .  - One method of implementing r ange  i s  t o  u s e  
r ange  t o n e s  and measure the r e l a t i v e  phase de l ay .  The h i g h e s t  
f r equency  tone  i s  used f o r  measuring t h e  s m a l l e s t  d e s i r e d  i n -  
crement and t h e  lower tones t o  r e s o l v e  ambigu i ty .  

A system used by Goddard Space F l i g h t  Cen te r  f o r  t h e  STADAN 
n e t  r e q u i r e d  s i x  r a n g i n g  t o n e s  (8,  3 2 ,  160,  800, 4000 and L O  000 
H z ) ( r e f .  5 ) .  

Two s u b c a r r i e r s  a t  4 kHz and 20 kHz would be r e q u i r e d .  The 
f o u r  lower f r equency  tones would modulate  t h e  4 kHz s u b c a r r i e r  
t o  move t h e  baseband f r e q u e n c i e s  o u t  of  t h e  r e c e i v e r ' s  r f  t r a c k i n g  
1 oop bandwidth . 

The d i s a d v a n t a g e  o f  such a system i s  t h e  number of r e q u i r e d  
phase l o c k  l o o p s  i n  t h e  o r b i t e r  r e c e i v i n g  system (one f o r  each 
t o n e ) ,  t h e  c o h e r e n t  r e l a t i o n s h i p s  r e q u i r e d  i n  g e n e r a t i n g  t h e  
t o n e s ,  t h e  a c q u i s i t i o n  t ime, and t h e  complex i ty  i n  i n t e g r a t i o n  o f  
t h e  system w i t h  the  command and t e l e m e t r y  where power i s  l i m i t e d .  

Turnaround r a n g i n g  us ing  PN r a n g i n g  codes .  - A pseudonoise  
r a n g i n g  code may be used t o  d e t e r m i n e  range i n  a manner s i m i l a r  
t o  t h a t  u sed  by t h e  NASA Deep Space N e t  i n  a tu rna round  r a n g i n g  
mode. The system r e q u i r e s  PN code g e n e r a t o r s  and a r ange  ex- 
t r a c t o r  f o r  t h e  o r b i t e r  p l u s  two-way c o h e r e n t  phase modulat ion 
and l i n k s .  

By u s i n g  t h r e e  code sequences t o  make up t h e  t o t a l  sequence 
l e n g t h ,  code a c q u i s i t i o n  t ime may be reduced t o  a few seconds 
a f t e r  two-way r f  c a r r i e r  lock has  been e s t a b l i s h e d .  

The advan tage  of  such a system i s  r e a l i z e d  when c o h e r e n t  
command and t e l e m e t r y  l i n k s  a r e  used s i n c e  a n  i n t e g r a t e d  command, 
t e l e m e t r y ,  and t r a c k i n g  system can r e s u l t .  Link c a l c u l a t i o n s  
f o r  such a system a r e  shown i n  Volumes V and V I .  
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Conc lus ions  

For i n t e g r a t e d  c o h e r e n t  command t e l e m e t r y  and t r a c k i n g  t h e  
PN r a n g i n g  code system h a s  a n  advan tage  ove r  r a n g e  t o n e s .  

For f u r t h e r  d i s c u s s i o n  s e e  Volume V and V I  f o r  t h e  t r a d e o f f s  
i n  d e s i g n  of t h e  v a r i o u s  s i z e  s t a t i o n s .  

RANGING FROM THE BUOYANT STATION TO THE SURFACE 

The c a p a b i l i t y  o f  r a n g i n g  from t h e  s t a t i o n  t o  t h e  s u r f a c e  t o  
an accu racy  o f  +1 km i s  a d e s i r a b l e  f u n c t i o n  f o r  t h e  s t a t i o n .  
No hardware now a p p e a r s  s u i t a b l e  f o r  t h i s  a p p l i c a t i o n  and f o r  t h e  
r ange  (100 km) d e s i r e d .  However, a s t u d y  i s  now i n  p r o g r e s s  by 
a t  l e a s t  two vendors  under NASA c o n t r a c t  t o  complete  d e s i g n  s t u d i e s  
f o r  an a l t i m e t e r  t o  o p e r a t e  a t  r a n g e s  up t o  15.5 km f o r  u s e  i n  
p l a n e t a r y  m i s s i o n s .  The c o n t r a c t  s t a t e m e n t  o f  work "Langley R e -  
s e a r c h  Center  s t a t e m e n t  of  Work L-6050, August 19 ,  1965" s e t s  d e -  
s i g n  g o a l s  f o r  e x t e n d i n g  t h e  r ange  t o  100 km f o r  f u t u r e  a p p l i c a -  
t i o n s .  These d e s i g n  g o a l s  a r e  shown i n  t a b l e  I X .  

P r e l i m i n a r y  r e s u l t s  r e p o r t e d  by Westinghouse E l e c t r i c  Corpora -  
t i o n  ( r e f ,  6 )  under NASA C o n t r a c t  NAS1-5953 i n d i c a t e  t h a t  w i t h  a 
pulsed r a d a r  t e c h n i q u e ,  t h e i r  c h o i c e  f o r  t h e  s h o r t e r  r a n g e  u n i t ,  
t h e  21 km accuracy i s  a t t a i n a b l e  a t  t h e  100-km range  w i t h  i n c r e a s e d  
power and /o r  an tenna  g a i n  and o t h e r  minor changes.  

The weight  and power o b j e c t i v e s  of  10 l b  and 20 W w i l l  be e x -  
ceeded.  Westinghouse e s t i m a t e s  w e i g h t s  on t h e  o r d e r  of  42 t o  60.5 
l b  and average power of approx ima te ly  32 W .  P r i n c i p a l  development 
i t e m s  a re  i d e n t i f i e d  a s  a n t e n n a ,  TWT t r a n s m i t t e r ,  and i n t e g r a t e d  
microwave c i r c u i t r y .  

A s u i t a b l e  r a d a r  a l t i m e t e r  f o r  measuring r a n g e s  up t o  100 km 
cou ld  b e  developed g i v e n  t h e  r e q u i r e d  l e a d  t ime .  F u r t h e r ,  s i n c e  
t h e  d a t a  r a t e s  i n d i c a t e d  i n  t a b l e  I X  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  
t h o s e  r e q u i r e d  f o r  t h e  buoyant s t a t i o n ,  b o t h  t h e  power and w e i g h t  
r equ i r emen t s  cou ld  be  reduced t o  some d e g r e e .  

Reports  from t h e  o t h e r  NASA c o n t r a c t o r  f o r  a p a r a l l e l  s t u d y  
a r e  n o t  p r e s e n t l y  a v a i l a b l e .  
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TABLE I X .  - DESIGN GOALS FOR SPACE PROBE RADAR ANTENNA (PER 
NASA LRC STATEMENT OF WORK L-6050, AUG 19 ,  1965) 

Parameter  

A l t i t u d e  r ange  

Accuracy 

Frequency 

V e l o c i t y  (maximum 

A c c e l e r a t i o n  (maximum) 

Antenna s i z e  (maximum) 

Power r e q u i r e d  (maximum) 

S i z e  (maximum) 

Weight (maximum) 

Data r a t e  and fo rma t  ( r a d a r  
a l t i m e t e r )  

Data r a t e  and format  ( s u r f a c e  
roughness)  

Radar r e f l e c t i v i t y  c o e f f i c i e n t  

S/N f o r  d e s i r e d  d a t a  

Miss ion  l i f e t i m e  

Performance 

30 m t o  100 km ( approx ima te ly  100 
f t  t o  330 000 f t )  

Maximum e r r o r  s h a l l  n o t  exceed 
+_lo!, o r  25 m ,  whichever  i s  l a r g e r  

X-band, 8 - 10 GHz 

10 km/ s e c  

250 g 

24-in-diam p a r a b o l o i d  \3r e q u i v -  
a l e n t )  

20 w 
500 c u  i n .  ( i n c l u d i n g  a n t e n n a )  

15 l b  ( i n c l u d i n g  a n t e n n a )  

One r e a d i n g  eve ry  10 s e c  minimum; 
10 r e a d i n g s l s e c  maximum; l e a s t  
s i g n i f i c a n t  b i t  = 3 m; 16 b i t  
b i n a r y  code ,  

One r e a d i n g  eve ry  100 s e c  minimum; 
1 r e a d i n g l s e c  maximum; r e s o l u t i o n  
= 10 m minimum t o  10 km maximum; 
maximum r a t e  = 5000 b i t / s e c  

S i m i l a r  t o  e a r t h  ex t r emes  (-20 
t o  -30 dB) 

P rov ide  a minimum SIN = 20 dB a t  
maximum t o  minimum range  

Approximately 2 y e a r s  t o t a l  ( 2  
y e a r s  i n  i n a c t i v e  o r  s t andby  
c o n d i t i o n  +2 days i n  t h e  o p e r a t -  
i n g  c o n d i t i o n )  
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DROP SONDE TO STATION LINK 

S i g n i f i c a n t  pa rame te r s  a f f e c t i n g  t h e  drop s o n d e - t o - s t a t i o n  
communications l i n k  a r e :  

1) S t a t i o n  d a t a  s t o r a g e  c a p a c i t y  l i m i t a t i o n ;  

2 )  Required d a t a  r a t e :  1 t o  100 b i t l s e c ;  

3 )  Communications pe r iod :  5 t o  100 m i n u t e s ;  

4 )  Communications r a n g e ,  0 t o  100 km; 

5 )  Weight a l l o c a t i o n .  

The wide v a r i a t i o n s  i n  t h e  bounds f o r  communications p e r i o d  
and b i t  r a t e  a r e  a r e s u l t  of  t h e  v a r i a t i o n s  i n  t h e  e s t i m a t e d  t ime 
i t  t a k e s  f o r  dropsondes of d i f f e r e n t  s i z e  and b a l l i s t i c  c o e f f i -  
c i e n t  t o  f a l l  from t h e  s t a t i o n  t o  t h e  p l a n e t ' s  s u r f a c e  f o r  t h r e e  
a tmosphe r i c  d e n s i t y  models.  
on-off  keying can r e a d i l y  be used f o r  t h i s  l i n k  a t  t h e  d a t a  
r a t e s  shown. 

Frequency s h i f t  key modu la t ion  o r  

Link c a l c u l a t i o n s  f o r  a 100 b i t / s e c  d a t a  r a t e  a t  a nominal 
200 MHz c a r r i e r  f r equency  a r e  shown i n  t a b l e  X .  

Assuming a t o t a l  an tenna  g a i n  of  0 dB, a minimum t r a n s m i t t e r  
power of  26 mW i s  r e q u i r e d .  Inc luded  i s  a 10 dB margin f o r  f a d -  
i n g .  F u r t h e r  l i n k  c a l c u l a t i o n s  and d e s i g n  d a t a  a r e  g i v e n  i n  t h e  
d e s i g n  s e c t i o n s  of Volumes V and V I  f o r  t h e  v a r i o u s  s i z e  s t a t i o n s .  

Reducing t h e  v a r i a t i o n  i n  communications p e r i o d  f o r  t h e  d r o p -  
sonde i s  very d e s i r a b l e  s i n c e  a s e v e r e  p e n a l t y  c a n  be i n c u r r e d  
by i n c l u d i n g  d a t a  s t o r a g e  c a p a c i t y  f o r  t h e  w o r s t  c a s e  of  h i g h  d a t a  
r a t e  and s l o w  d e s c e n t .  

L I N K  INTEGRATION CONSIDERATIONS 

Some of t h e  more c h a l l e n g i n g  q u e s t i o n s  t h a t  a r i s e  i n  t h e  i n -  
t e g r a t i o n  of t h e  v a r i o u s  s t a t i o n / o r b i t e r  communications l i n k s  a re :  

1) Should c o h e r e n t  systems PSK/PM be used and r e l y  on 
frequency s e a r c h  modes f o r  r e c e i v e r s  w i t h  f i n i t e  
a c q u i s i t i o n  t imes a t  ends (command and t e l e m e t r y ) ?  
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TABLE X. - L I N K  CALCULATIONS DROP SONDE TO STATION TELEMETRY 
LINK, FSK, SPLIT PHASE, 200 MHz 

System l o s s e s  5 .0  dB 

Space l o s s  200 MHz (100 km) 119.0 dB 

Adverse t o l e r a n c e  

Losses  

4.5 dB 

128.5 dB 

Receiver n o i s e /  cyc 1 e 

Rece iver  bandwidth r f  = 25 kHz 44.0  dB 

-167.4 dBm 

-5 Required SNRi P = 10 - 0.87 dB e 

Required s i g n a l  power -124.3 dBm 

Required ERP + 4.2 dBm 

Add f a d i n g  margin  + 10 dB 

ERP w i t h  f a d i n g  margin + 14.2 dBm 100 b i t / s e c ,  100 km 

w i t h  0 dB g a i n  f o r  an tennas ,  power = 2 6 . 2  mW 

A = - - - -  ( 3 1 . 6 )  
25 000 

SNR. = A + 
1 

SNR. = 0.819 
1 

10 Log SNR = 0.87 dB f o r  15 dB SNR 
i 0 
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2 )  I f  noncoherent  sys tems such  as FSK, a u d i o  t o n e  d i g i t a l ,  
o r  even a u d i o  tone  s e q u e n t i a l  (AM modula t ion )  a r e  used 
f o r  t h e  command l i n k  and FSK (no s u b c a r r i e r s )  f o r  t h e  
t e l e m e t r y ,  how i s  t h e  r a n g i n g  f u n c t i o n  hand led ,  e s -  
p e c i a l l y  when power i s  l i m i t e d  and r e s t r i c t e d  t o  low 
g a i n  an tennas?  

3) I f  c o h e r e n t  sys tems a r e  n o t  used  i n  which t e l e m e t r y ,  
r a n g i n g ,  and command a r e  i n t e g r a t e d ,  can  f r e q u e n c i e s  
be  a l l o c a t e d  s o  t h a t  a s i n g l e  an tenna  can  be used f o r  
a l l  f u n c t i o n s  ( e x c e p t  dropsonde  r e c e p t i o n ) ?  

A l l  of t h e s e  d e s i g n  q u e s t i o n s  had t o  be f aced  i n  d e s i g n i n g  t h e  
200- lb  c l a s s  s t a t i o n  where we igh t  was ex t r eme ly  l i m i t e d  and i n  
d e s i g n i n g  t h e  l a r g e r  s t a t i o n s .  E l i m i n a t i o n  of t h e  r a n g i n g  r e -  
qui rement  would g r e a t l y  s i m p l i f y  t h e  problem; however , t h i s  re-  
q u i r e m e n t w a s  cons ide red  b a s i c  and was inc luded  i n  each  o f  t h e  
d e s i g n s .  

An example o f  a comple t e ly  i n t e g r a t e d  c o h e r e n t  system w i t h  
turnaround r a n g i n g  u s i n g  a PN r ange  code was shown f o r  t h e  200- lb  
c l a s s  s t a t i o n .  Link c a c l u l a t i o n s  and b lock  d iagrams a r e  shown 
i n  Volume V .  

CONCLUSIONS 

There a r e  f o u r  b a s i c  communications l i n k s  a s s o c i a t e d  w i t h  t h e  
FVS. They  a re :  command, o r b i t e r  t o  s t a t i o n ;  t e l e m e t r y ,  s t a t i o n  
t o  o r b i t e r ;  t e l e m e t r y ,  dropsonde t o  s t a t i o n ;  and r a n g i n g ,  o r b i t e r  
t o  s t a t i o n .  

The ranging  f u n c t i o n  p r e s e n t s  t h e  g r e a t e s t  problem when non- 
c o h e r e n t  l i n k s  a r e  c o n s i d e r e d  f o r  t h e  t e l e m e t r y  and command, r e -  
s p e c t i v e l y  ( f o r  example FSK t e l e m e t r y  and AM tone  command). 

A f u l l y  i n t e g r a t e d  c o h e r e n t  system can  be implemented u s i n g  
f requency  s e a r c h  t e c h n i q u e s ;  however,  c a r e  must be t a k e n  t o  keep 
s u b c a r r i e r s  and s idebands  o u t  of t h e  s e a r c h  band. T h i s  t y p e  of 
system provides  a lmost  a 10  dB h i g h e r  t e l e m e t r y  d a t a  r a t e  and 
e n a b l e s  use of a PN r a n g i n g  code provided  t h e  PN modu la t ion  i s  
s t a r t e d  a f t e r  two-way c a r r i e r  l ock  i s  e s t a b l i s h e d .  

The beginning  o f  d a t a  t r a n s m i s s i o n  from t h e  s t a t i o n  t o  
o r b i t e r  should be under  t h e  c o n t r o l  of  t h e  o r b i t e r  w i t h  a maximum 
"on" t ime t o  p reven t  damage t o  t h e  pr imary power system and t o  
e s t a b l i s h  a f i x e d  d u t y  c y c l e  f o r  t h e  sys tem.  For l a r g e r ,  more 
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complex s t a t i o n s  t h e  maximum "on" t ime may be changed by command 
t o  t a k e  advantage of l onge r  view t imes ( i f  t h e  pr imary power s y s -  
tem i s  f l e x i b l e ) .  

I n i t i a l  l o c a t i o n  of t h e  s t a t i o n  i n  r e l a t i o n  t o  t h e  o r b i t  and 
t h e  wind p a t t e r n s  w i l l  have a s i g n i f i c a n t  e f f e c t  on t h e  number 
o f  days  communications can  be e s t a b l i s h e d  between t h e  o r b i t e r  and 
t h e  s t a t i o n ,  

A s imple noncoherent  FSK system can  be implemented f o r  t h e  
d r o p - s o n d e - t o - s t a t i o n  l i n k ,  I n  t h i s  c a s e  s p l i t  phase o r  b i -  
phase PCM format  should be used t o  a i d  i n  d e r i v i n g  b i y  synchro -  
n i z a t i o n  i n  t h e  s t a t i o n .  

Type and c a p a c i t y  of the command system depends on t h e  s i z e  
and complexi ty  of s t a t i o n  o p e r a t i o n .  Anything from s imple  s e -  
q u e n t i a l  tone t o  PCM s t o r e d  command programers can be used d e -  
pending on t h e  need and the d e s i r e  t o  i n t e g r a t e  t h e  command l i n k  
w i t h  t h e  t e l e m e t r y  and r ang ing .  

The frequency range of 200 t o  400 MHz i s  s u i t a b l e  f o r  u s e  on 
a l l  l i n k s .  The c h o i c e  i s  h i g h l y  dependent  on the  type  o f  an tenna  
used when we igh t  i s  t h e  d e t e r m i n i n g  f a c t o r .  A 6-dB p e n a l t y  i n  
t r a n s m i t t e r  power accompanies u s e  of t h e  h i g h e r  f r equency .  Of 
c o u r s e ,  e v e n t u a l l y  one w i l l  be l i m i t e d  by t h e  a b i l i t y  t o  g e t  
t h e  d e s i r e d  f r equency  a l l o c a t i o n s .  

F i n a l l y ,  t h e r e  i s  no r eason  t o  b e l i e v e  t h a t  f e a s i b i l i t y  of  t h e  
BVS concep t  i s  j e o p a r d i z e d  by i n h e r e n t  l i m i t a t i o n s  on communica- 
t i o n s .  Care must be e x e r c i s e d ,  however, i n  p l ann ing  f a v o r a b l e  
o r b i t  and s t a t i o n  l o c a t i o n s .  
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FINAL REPORT 

BUOYANT VENUS STATION FEASIBILITY STUDY 

VOLUME I V  - COMMUNICATION AND POWER 

PART I1 - POWER 

By A .  A .  Sorensen and J .  F .  Bax te r  
Mart i n  Marie t t a Cor po r a t  i o n  

POWER SYSTEM S T U D I E S  - T A S K  4.4 

The contractor shall determine the power requirements of each 
buoyant station studied and shall investigate the capability of various 
types of power systems to meet these requirements. The impact of 
power requirements and power system limitations on station weight and 
mission lifetime shall be investigated The study shall include power 
systems for release probes where applicable. 

SUMMARY 

Of t h e  t h r e e  e s t a b l i s h e d  p r a c t i c a l  b a t t e r y  systems o n l y  t h e  
n i c k e l  cadmium b a t t e r y  h a s  been s u c c e s s f u l l y  s t e r i l i z e d .  Exten-  
s i v e  work i s  underway on the s i l v e r - z i n c  system because of i t s  
g r e a t e r  i n h e r e n t  ene rgy  d e n s i t y .  The s i lver-cadmium system h a s  
n o t  been i n v e s t i g a t e d .  Other  h y d r i d  systems such as t h e  z inc -ox-  
ygen system g i v e  promise of y e t  g r e a t e r  ene rgy  d e n s i t i e s ,  b u t  are 
s t i l l  under development.  F o r  l ong- t e rm o p e r a t i o n s ,  one week t o  
s i x  months, b a t t e r i e s  a r e  of i n t e r e s t  o n l y  when used w i t h  a con- 
s t a n t  power s o u r c e  t o  s u p p l y  peak l o a d s .  The r a d i o i s o t o p e  thermo- 
e l e c t r i c  g e n e r a t o r  (RTG) i s  f a v o r e d  ove r  t h e  s o l a r  c e l l  a r r a y  be- 
cause i t  i s  c o m p a r a t i v e l y  e n v i r o n m e n t - i n s e n s i t i v e  and i t s  was te  
h e a t  can p rov ide  the rma l  c o n t r o l  t o  o t h e r  payload components.  

Wind-driven g e n e r a t o r s  and r a d i o i s o t o p e  t h e r m o e l e c t r i c  gene ra -  
t o r s  were not c o n s i d e r e d  as power s o u r c e s  f o r  r e l e a s e  p robes  be-  

'cause of u n c e r t a i n t y  of t h e  Venusian atmosphere and h i g h  s p e c i f i c  
w e i g h t .  S i l v e r - z i n c ,  magnesium p e r c h l o r a t e ,  and ammonia b a t t e r i e s  
have s u f f i c i e n t l y  h i g h  r a t e s  of d i s c h a r g e  t o  s a t i s f y  t h e  s h o r t - t i m e  
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power r e q u i r e m e n t s .  Only t h e  s i l v e r - z i n c  and t h e  magnesium per- 
c h l o r a t e  b a t t e r i e s  appear  amenable t o  s t e r i l i z a t i o n .  It i s  r e c -  
ommended t h a t  t h e  r e s e r v e  magnesium p e r c h l o r a t e  b a t t e r y  be c o n s i d -  
e r e d  f o r  r e l e a s e  probes f o r  t h e  Venus Buoyant S t a t i o n  (VBS) be-  
cause of i t s  h igh -ene rgy  d e n s i t y ;  38 W-hrl lb  compared t o  15 t o  20 
W-hr/lb f o r  t h e  r e s e r v e  s i l v e r - z i n c  b a t t e r y .  If  ground t e s t s  of 
t h e  a c t u a l  f l i g h t  probe b a t t e r i e s  are r e q u i r e d ,  manua l ly  a c t i v a t e d  
s i l v e r - z i n c  b a t t e r i e s  would be s u b s t i t u t e d .  

INTRODUCTION 

Paragraph 4 . 4  of t h e  s t a t e m e n t  of work r e q u i r e s  t h e  c o n t r a c -  
t o r  t o  de t e rmine  t h e  power r e q u i r e m e n t s  of each buoyant s t a t i o n  
s t u d i e d  and t o  i n v e s t i g a t e  t h e  c a p a b i l i t y  of v a r i o u s  t y p e s  of s y s -  
tmes t o  meet t h e  r e q u i r e m e n t s ,  The i n d i v i d u a l  power r e q u i r e m e n t s  
of t h e  200 l b  and t h e  2000 l b  s t a t i o n s  a r e  o u t l i n e d  i n  Volumes V 
and V I .  This  p a r t  of t h e  r e p o r t  i n v e s t i g a t e s  t h e  c a p a b i l i t i e s  of 
v a r i o u s  types  of  sys t ems .  

B a t t e r y  c h a r a c t e r i s t i c s  are examined f o r  t h e i r  a p p l i c a b i l i t y  
t o  s h o r t - t e r m  m i s s i o n s ,  w h i l e  r a d i o i s o t o p e  t h e r m o e l e c t r i c  g e n e r a -  
t o r s  (RTG) and s o l a r  c e l l  p a n e l s  a r e  compared f o r  t h e i r  s u i t a b i l -  
i t y  f o r  use on long-term m i s s i o n s .  The i n f l u e n c e  of s t e r i l i z a t i o n  
on components w i l l  be d i s c u s s e d .  

The s t a t e m e n t  of work a l s o  i n c l u d e s  power systems f o r  r e l e a s e  
p robes .  I n  t h e  s t u d y  i t  i s  assumed t h a t  b e f o r e  sonde r e l e a s e  t h e  
system w i l l  be i n  t h e  Venusian atmosphere a t  a l t i t u d e s  from 10 t o  
80 km w i t h  t e m p e r a t u r e s  r a n g i n g  from 194.2'K t o  674.8"K and pres -  

su res  r ang ing  between 7 x 10 t o  2.67 x 10 m i l l i b a r s .  A f t e r  re- 
l e a s e  t h e  atmospheric  t e m p e r a t u r e s  and p r e s s u r e s  w i l l  i n c r e a s e  un- 
t i l  a t  impact,  t e m p e r a t u r e s  r a n g i n g  from 650'K t o  750'K and p r e s -  

s u r e s  r ang ing  from 5.07 x lo3  t o  4.05  x 10 m i l l i b a r s  w i l l  be en- 
c o u n t e r e d .  

- 2  4 

4 

The small  sonde w i l l  r e q u i r e  5 W peak power and 5 W-hr ene rgy ,  
w h i l e  t h e  l a r g e  sonde w i l l  r e q u i r e  2 5  W p e a k  power and 25  W-hr en- 
e r g y .  



SYMBOLS LIST 

A-h 

AU 

i n .  

kg 

l b  

m 

mm 

mRem 

P s i g  

W-hr 

O C  

OF 

O K  

amp e r e  -hour 

as t r on om i c a1 un i t 

inch  

ki logram 

pound 

me te r  

m i  1 1 i m e  t e r  

m i l l i r o e n t g e n  e q u i v a l e n t  man 

pounds p e r  squa re  inch gage 

w a t t  hour  

d e g r e e s  C e l c i u s  

d e g r e e s  F a h r e n h e i t  

deg rees  Ke lv in  

BATTERIES 

Secondary Systems 

The secondary systems of g r e a t e s t  r e c e n t  i n t e r e s t  and t h a t  
have become e s t a b l i s h e d  as p r a c t i c a l  b a t t e r i e s  a r e  t h e  n i c k e l - c a d -  
mium, s i lver-cadmium, and the  s i l v e r - z i n c .  The n i cke l - cad ium h a s  
enjoyed widespread u s e  i n  commerical d e v i c e s ,  w h i l e  t h e  s i l v e r  b a t -  
t e r i e s  have l a r g e l y  been l i m i t e d  t o  m i l i t a r y  and space  s e r v i c e ,  
The nickel-cadmium b a t t e r y  has  t h e  l o n g e s t  l i f e .  The s i l v e r - z i n c  
system y i e l d s  the  h i g h e s t  energy d e n s i t y ,  b u t  i s  c h a r a c t e r i z e d  by 
a r e l a t i v e l y  s h o r t  a c t i v a t e d  l i f e  stemming from t h e  n a t u r e  of  t h e  
s e p a r a t o r s  and t h e  s o l u b i l i t y  of t h e  z i n c  e l e c t r o d e ,  as w e l l  as 
i t s  tendency t o  " t r e e . "  The s i lver-cadmium system combines some 
of t h e  advantages and d i sadvan tages  of t h e  nickel-cadmium and t h e  

3 9  



s i l v e r - z i n c  systems s i n c e  i t  a d o p t s  one e l e c t r o d e  from e a c h .  Both 
t h e  s i lver-cadmium and t h e  s i l v e r - z i n c  systems e x h i b i t  t h e  poor 
v o l t a g e  r e g u l a t i o n  of t h e  s i l v e r  e l e c t r o d e .  The s i l v e r  cadmium 
system a l s o  y i e l d s  l e s s  ene rgy  s i n c e  i t s  o p e r a t i n g  p o t e n t i a l  i s  
0 .4  V lower t h a n  t h a t  of t h e  s i l v e r - z i n c  sys t em.  T h i s  i s  i n  con- 
sequence of changing from t h e  s h o r t - l i v e d  z i n c - e l e c t r o d e  t o  t h e  
more s t a b l e  cadmium e l e c t r o d e .  

R a t e ,  
h r  

5 

1 

k 

The nickel-cadmium and t h e  s i lver-cadmium c e l l s  a r e  des igned  
f o r  c y c l i c  o p e r a t i o n .  Cycle  l i f e  i s  a f u n c t i o n  of t e m p e r a t u r e  and 
d e p t h  of d i s c h a r g e .  I n  g e n e r a l ,  nickel-cadmium c e l l s  a r e  c a p a b l e  
of  10 000 c y c l e s  and s i lver-cadmium c e l l s  a r e  c a p a b l e  of 1000 cy-  
c l e s .  Even though some d e s i g n s  of s i l v e r - z i n c  b a t t e r i e s  a r e  des -  
i g n a t e d  as pr imary,  t h e y  a r e  a c t u a l l y  c a p a b l e  of s e v e r a l  cha rge -  
d i s c h a r g e  c y c l e s .  This pe rmi t s  them t o  be used i n  checkout  t e s t s  
n e c e s s a r y  t o  e s t a b l i s h  c o n f i d e n c e  i n  t h e  o p e r a b i l i t y  of t h e  s y s -  
t e m  b e f o r e  l a u n c h .  

Energy d e n s i t y ,  W-hr/lb 

Ni-Cd Ag-Cd Ag- Zn 

80°F  0 ° F  - 4 0 ° F  8 0 ° F  0 ° F  -40°F  80°F  0 ° F  -80°F  

1 7  1 2  10 30 24 1 4  50 38 5 

1 2  10 8 2 7  19 0 46 35 0 

11 8 5 2 1  1 3  0 39 30 0 

Performance. - A l a r g e  number of chemical  and mechan ica l  c h a r -  
a c t e r i s t i c s  may be v a r i e d  i n  t h e  d e s i g n  of a b a t t e r y  depending on 
t h e  c h a r a c t e r i s t i c s  d e s i r e d .  Consequent ly  t h e  ene rgy  d e n s i t y  may 
v a r y  c o n s i d e r a b l y  f o r  a g i v e n  chemical  sys t em.  For comparison pur  
poses ,  d a t a  a r e  g i v e n  i n  Tab le  I on energy o u t p u t  of u n s t e r i l i z e d  
b a t t e r i e s ,  and r e t e n t i o n  of cha rge  f o r  t h e  t h r e e  b a t t e r y  systems 
as a f u n c t i o n  of t e m p e r a t u r e .  

Temperature,  
OF 

75 

120 

160 

TABLE I .  - COMPARISON OF THREE BATTERY SYSTEMS 

Charge r e t e n t i o n ,  days t o  
50% r a t e d  c a p a c i t y  

N i  -Cd Ag-Cd and Ag-Zn 

300 730 

2s  170 

10 20 

40 



S t e r i l i z a t i o n .  - S t e r i l i z a t i o n  e f f o r t s  t o  meet NASA r e q u i r e -  
ments have been c a r r i e d  o u t  on nickel-cadmium and s i l v e r - z i n c  b a t -  
t e r i e s .  H e r m e t i c a l l y  s e a l e d  nickel-cadmium c e l l s  have been h e a t -  
s t e r i l i z a b l e  w i t h o u t  l a r g e  d e t e r i o r a t i o n  i n  c a p a c i t y  and no a p p a r -  
e n t  s t r u c t u r a l  damage. T e s t s  ( r e f .  2 )  showed s t e r i l i z a t i o n  i n  t h e  
d i s c h a r g e d - s h o r t e d  c o n d i t i o n  produced a g e n e r a l  and immediate l o s s  
of abou t  25% of i n i t i a l  c a p a c i t y ,  b u t  c o n t i n u e d  c y c l i n g  showed 
l i t t l e  a d d i t i o n a l  l o s s  i n  c a p a c i t y  and c o n s i s t e n t  c h a r g e - d i s c h a r g e  
c h a r a c t e r i s t i c s  up t o  t h e  end of  t h e  300-cycle  t e s t  conduc ted .  Per-  
formance i s  about t h e  same a s  expec ted  f o r  a nickel-cadmium c e l l  
t h a t  had n o t  been h e a t  s t e r i l i z e d .  L i t t l e  work h a s  been done o r  
r e p o r t e d  on s i lver-cadmium c e l l s .  Some of t h e  problems caused 
( r e f .  3 )  by t h e  s t e r i l i z a t i o n  h e a t  c y c l e  i n  s i l v e r - z i n c  b a t t e r i e s  
a r e  : 

1) Reduct ion of the s i l v e r  ox ide  i n  t h e  ca thode ;  

2 )  I n c r e a s e d  s o l u b i l i t y  of t h e  z i n c  anode i n  t h e  p o t a s -  

3) D e n d r i t i c  growth from t h e  e l e c t r o d e s ,  c a u s i n g  punc- 

4 )  Rapid d e t e r i o r a t i o n  of o r g a n i c  s e p a r a t o r s  c a u s i n g  

5 )  Formation of gases  (hydrogen) e v o l v i n g  from z i n c  a t  

s i u m  hydrox ide  e l e c t r o l y t e ;  

t u r e  of t h e  s e p a r a t o r s ;  

e l e c t r o l y t e  con tamina t ion ;  

h i g h  t empera tu res ;  

6)  Terminal  and case s e a l i n g  problems. 

The b a t t e r y  performance s u f f e r s  from t h e s e  problems a s  f o l l o w s :  

1) Loss of c a p a c i t y  (35 t o  50%); 

2 )  Reduced wet s t and  l i f e  (6 t o  8 months) ;  

3 )  P r e s s u r e  b u i l d u p  and c e l l  r u p t u r e ;  

4 )  Reduced open c i r c u i t  v o l t a g e .  

A $1 m i l l i o n  a y e a r  program i s  underway i n  an a t t e m p t  t o  de- 
v e l o p  s i l v e r - z i n c  b a t t e r i e s  c a p a b l e  of  w i t h s t a n d i n g  s t e r i l i z a t i o n .  
JPL h a s  c o n t r a c t e d  w i t h  Rad ia t ion  A p p l i c a t i o n s ,  I n c .  , and Narmco 
f o r  t h e  development of s e p a r a t o r s .  C o n t r a c t s  a r e  a l s o  i n  e f f e c t  
f o r  work on complete  b a t t e r i e s  w i t h  Delco-Remy and E l e c t r i c  S t o r -  
age B a t t e r y  Company. NASA L e w i s  L a b o r a t o r i e s  have been s u p p o r t -  
i n g  work a t  t h e  Astropower L a b o r a t o r y  of Douglas A i r c r a f t  on an 
i n o r g a n i c  s e p a r a t o r .  The i r  p r o p r i e t a r y  e f f o r t  was o r i g i n a l l y  d i -  
r e c t e d  mere ly  a t  o b t a i n i n g  a wide r  t e m p e r a t u r e  range f o r  o p e r a t -  
i n g  s i l v e r - z i n c  b a t t e r i e s ,  The s e p a r a t o r  h a s  now proven i t s e l f  
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c a p a b l e  of s u s t a i n i n g  w e l l  o v e r  1500 c y c l e s  a t  2 5 ° C  i n  5-A-h c e l l s  
( r e f .  4 ) .  A t  100°C, t h e s e  c e l l s  have l a s t e d  o v e r  600 c y c l e s .  The 
d e p t h s  of d i s c h a r g e ,  35 and 50%, r e s p e c t i v e l y ,  open u p  t h e  p o s s i -  
b i l i t y  of l o n g - l i v e d  t e m p e r a t u r e - t o l e r a n t ,  s econda ry  s i l v e r - z i n c  
c e l l s .  The i r  we t - s t and  l i f e  a t  25°C (bu t  n o t  f o r  100°C) f o r  1 
month i s  good. They have been s t e r i l i z e d  a t  145°C f o r  t h r e e  36- 
h r  p e r i o d s  and acco rd ing  t o  p r e l i m i n a r y  t e s t  d a t a ,  s u f f e r e d  no 
s i g n i f i c a n t  damage. Each of t h e  two s t e r i l i z e d  c e l l s  h a s  been 
c y c l e d  more t h a n  200 times a t  room t e m p e r a t u r e  so f a r ,  one a t  10% 
and t h e  o t h e r  a t  17% dep th  of d i s c h a r g e .  Development work on t h e s e  
s e a l e d  p r e s s u r e  r e l i e v e d  c e l l s  i s  c o n t i n u i n g  under NASA Lewis Lab- 
o r a t o r i e s  s p o n s o r s h i p .  R e c e n t l y  NASA Ames n e g o t i a t e d  a c o n t r a c t  
w i t h  Astropower. The second q u a r t e r l y  r e p o r t  ( r e f .  5) h a s  been 
i s s u e d .  The o b j e c t i v e  of  t h e  c o n t r a c t  i s  t o  deve lop  a 1 A-h h e a t  
s t e r i l i z a b l e  s e a l e d  c e l l  c a p a b l e  of w i t h s t a n d i n g  s t e r i l i z a t i o n  
p r e s s u r e  and s t i l l  performing a d u t y  c y c l e  a f t e r  10 months wet 
l i f e .  The s p e c i f i e d  t e m p e r a t u r e  r ange  d u r i n g  t r a n s i t  and o p e r a -  
t i o n  i s  283°K t o  302.4"K (50°F t o  85°F) .  The f i r s t  q u a r t e r  was 
devo ted  mainly t o  s t u d y  of component c o n t r i b u t i o n  t o  p r e s s u r e  and 
g a s  composi t ion d u r i n g  t h e  s t e r i l i z a t i o n  p r o c e d u r e .  S e v e r a l  t e s t s  
on s i l v e r  and z i n c  o x i d e  e l e c t r o d e s ,  s e p a r a t o r s  and i n t e r s e p a r a t o r s ,  
s e a l a n t s ,  and  combina t ions  i n  v a r i o u s  e l e c t r o l y t e s  gave pressures  
as h i g h  as 3600 mm Hg a b s o l u t e  and as low as 1400 mm Hg. The g a s  
a n a l y s i s  g e n e r a l l y  showed a t y p i c a l  d e c r e a s e  i n  oxygen c o n t e n t ,  
v e r y  l i t t l e  hydrogen, and o r g a n i c  g a s e s  a t  times u p  t o  5% (mainly 
me thane ) .  I n  t h e  second q u a r t e r  e x p e r i m e n t a l  c e l l s  were assembled.  
The v e n t e d  c e l l s  developed f o r  NASA L e w i s  have a s p e c i f i c  o u t p u t  
of  48.4 W-hr/kg ( 2 2  W-hr l lb ) .  Astropower e x p e c t s  t h a t  t h e  s p e c i f -  
i c  o a t p u t  of p r o d u c t i o n  s e a l e d  c e l l s  w i l l  be c o n s i d e r a b l y  h i g h e r .  

Packaging. - C e l l s  a r e  a v a i l a b l e  i n  a wide v a r i e t y  of s i z e s  
i n  b o t h  c y l i n d r i c a l  and p r i s m a t i c  s h a p e s .  C y l i n d r i c a l  s i z e s  v a r y  
i n  c a p a c i t y  from 0 . 5  t o  5 A-h, w h i l e  p r i s m a t i c  shapes  a r e  a v a i l a b l e  
i n  c a p a c i t i e s  from 1 t o  500 A-h. Nickel-cadmium c e l l s  a r e  housed 
i n  s t a i n l e s s  s t e e l  w h i l e  s i lver-cadmium and s i l v e r - z i n c  c e l l s  are 
encased  i n  p l a s t i c  o r  a p l a s t i c - m e t a l  combina t ion .  For  space u s e ,  
s e a l e d  c e l l s  w i t h  v e r y  low g a s  l e a k a g e  r a t e s  a r e  o b t a i n e d  on s t a i n -  
l e s s  s t e e l  cans by use  of h e r m e t i c  ce ramic - to -me ta l  s ea l s .  More 
r e c e n t l y  c e l l s  are a l s o  b e i n g  developed u s i n g  bonded r u b b e r  s e a l s .  
S i l v e r - z i n c  and s i lver-cadmium c e l l s  have been epoxy s e a l e d .  A 
v a r i e t y  of arrangements  have been used t o  s u p p o r t  c e l l s  s o  t h a t  
t h e y  may be used as a b a t t e r y .  C y l i n d r i c a l  c e l l s  have been epoxy 
e n c a p s u l a t e d  w h i l e  p r i s m a t i c  c e l l s  have been packaged i n  b o t h  can-  
i s t e r s  and open f r ames .  C y l i n d r i c a l  c e l l s  a r e  i n h e r e n t l y  a b l e  
t o  w i t h s t a n d  t h e  b u i l d u p  of i n t e r n a l  p r e s s u r e s ;  pr ismatic  c e l l s  
need mechanical c o n s t r a i n t  t o  p reven t  b u l g i n g  t h a t  would c a u s e  an 
i n c r e a s e  i n  i n t e r n a l  r e s i s t a n c e .  
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R e l i a b i l i t y .  - Achieving h i g h  r e l i a b i l i t y  i s  l a r g e l y  a mat ter  
of app ly ing  a b a t t e r y  s o  t h a t  i t s  c a p a b i l i t i e s  a r e  n o t  exceeded i n  
t h e  a r e a s  of t empera tu re ,  cha rg ing  c o n t r o l ,  and d i s c h a r g e  r a t e  and 
c a p a c i t y .  T e s t  programs s i m u l a t i n g  t h e  a c t u a l  c o n d i t i o n s  t o  be en- 
c o u n t e r e d  a r e  e s s e n t i a l  t o  develop conf idence  i n  t h e  b a t t e r y  t o  ac-  
complish i t s  m i s s i o n .  Under t h e s e  c o n d i t i o n s  r e l i a b i l i t i e s  approach- 
i n g  one have been ach ieved .  

F u t u r e  Developments. - A d d i t i o n a l  r e s e a r c h  t o  i n c r e a s e  under-  
s t a n d i n g  of t h e  coup le  p rocesses  and development o f  c e l l s  t o  i m -  
prove t h e i r  s p e c i f i c  o u t p u t  and l i f e  under space c o n d i t i o n s  i s  b e i n g  
c o n t i n u e d .  Working under  NASA c o n t r a c t s  t o  deve lop  a s e p a r a t o r  
f o r  a s t e r i l i z a b l e  s i l v e r - z i n c  b a t t e r y ,  Monsanto Research Corpora- 
t i o n  i s  e v a l u a t i n g  l i g a n d  p o l y m e r s ;  Westinghouse E l e c t r i c  Corpora-  
t i o n  i s  examining composite membranes; and Southwest Research I n -  
s t i t u t e  i s  i n v e s t i g a t i n g  g r a f t i n g  of po lye thy lene  f i l m  w i t h  a c r y l -  
i c  a c i d  u s i n g  i r r a d i a t i o n .  E l e c t r i c  S t o r a g e  B a t t e r y  Company i s  
i n c o r p o r a t i n g  s e p a r a t o r  m a t e r i a l  developed by R A I  Research Corpo- 
r a t i o n  i n t o  s t e r i l i z a b l e  c e l l s  a b l e  t o  r e s i s t  h i g h  impact shocks .  
M a r t i n  M a r i e t t a  a t  Denver has an i n t e r n a l  program f o r  t e s t i n g  and 
e v a l u a t i n g  s t e r i l i z e d  b a t t e r i e s .  

Pr imary 

S i l v e r - z i n c ,  - The va lue  of s i l v e r - z i n c  b a t t e r i e s  l i e s  i n  t h e  
unusual  e l e c t r o c h e m i c a l  p r o p e r t i e s  of t h e  s i l v e r  components em- 
ployed.  These p rov ide  a l a r g e  o u t p u t  p e r  u n i t  of weight  d u r i n g  
d i s c h a r g e  and t h e  c u r r e n t  is d e l i v e r e d  a t  a n e a r l y  c o n s t a n t  v o l t -  
age.  S i l v e r  b a t t e r i e s  may be d i s c h a r g e d  a t  v e r y  h i g h  r a t e s .  Un- 
d e r  d i s c h a r g e  t h e  two s i l v e r  o x i d e s ,  s i l v e r  d i o x i d e  and s i l v e r  
pe rox ide  a r e  reduced t o  m e t a l l i c  s i l v e r .  
i s  more dense t h a n  t h e  ox ides ,  t h e  po res  of t h e  p l a t e s  open a s  
d i s c h a r g e  p r o g r e s s e s .  Th i s  accoun t s  i n  p a r t  f o r  t h e  f l a t  c h a r a c -  
t e r i s t i c  of t h e  d i s c h a r g e  c u r v e s .  

S i n c e  m e t a l l i c  s i l v e r  

S i l v e r - z i n c  b a t t e r i e s  are made i n  b o t h  t h e  r e s e r v e  and t h e  non- 
r e s e r v e  forms.  The r e s e r v e  d e s i g n  i n c o r p o r a t e s  an au tomat i c  a c t i -  
v a t i o n  system c o n s i s t i n g  of an e l e c t r i c a l l y  f i r e d  g a s  g e n e r a t o r  
t h a t  s u p p l i e s  p r o p u l s i v e  f o r c e  t o  d r i v e  t h e  e l e c t r o l y t e  c o n t a i n e d  
i n  a m e t a l  t u b e  e l e c t r o l y t e  r e s e r v o i r  c o i l e d  around t h e  b a t t e r y  
p robes .  T h i s  arrangement i s  w i d e l y  used f o r  weapon systems where 
i t  i s  e s s e n t i a l  t o  have the  system i n e r t  b e f o r e  use because  of 
t h e  unknown t i m e  of s t o r a g e ,  The ene rgy  d e n s i t y  v a r i e s  from about 
15 t o  20 W-hr/lb i n c l u d i n g  t h e  a c t i v a t i o n  equipment.  Stand t i m e  
a f t e r  a c t i v a t i o n  i s  about 1 2  h r  s i n c e  a minimum amount of s e p a r a -  
t o r  m a t e r i a l  i s  used between t h e  p l a t e s .  Temperature  range i s  
4.4"C t o  49OC; when t h e  b a t t e r y  i s  e l e c t r i c a l l y  h e a t e d  b e f o r e  re- 
l e a s e ,  t h e  low t empera tu re  i s  extended t o  - 5 4 ° C .  
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Nonreserve s i l v e r - z i n c  b a t t e r i e s  of t h e  s e a l e d  t y p e  have been 
used f o r  s c i e n t i f i c  space  m i s s i o n s  where i t  i s  d e s i r e d  t o  check 
o u t  performance b e f o r e  l a u n c h .  The b a t t e r i e s  used i n  Mar ine r  I V ,  
r a t e d  a t  2 7  V and 50 A-h, had a s p e c i f i c  ene rgy  of 38 W-hr/lb,  as 
shown i n  r e f e r e n c e  6 .  The c a p a c i t y  r e t e n t i o n  a f t e r  one y e a r  s t o r -  
age a t  32'C was 90%. 
t h a t  many more l a y e r s  of p l a t e  s e p a r a t o r  mater ia l  be used f o r  t h e  
n o n r e s e r v e  b a t t e r y  t h a n  f o r  t h e  r e s e r v e  t y p e ,  T h i s  r e s u l t s  i n  a 
d e c r e a s e d  t e r m i n a l  v o l t a g e  under h i g h  d i s c h a r g e s ,  which w i l l  prob- 
a b l y  be accented w i t h  t h e  s e p a r a t o r  m a t e r i a l s  needed i n  a s t e r i -  
l i z a b l e  b a t t e r y .  

Design t o  g i v e  a l o n g  s t a n d  l i f e  n e c e s s i t a t e s  

Zinc-oxygen. - Recen t ly  t h e r e  has  been c o n s i d e r a b l e  i n t e r e s t  
i n  t h e  zinc-oxygen b a t t e r y  system and development i s  underway by 
s e v e r a l  companies ( r e f .  7 ) .  Th i s  i s  a c t u a l l y  a t y p e  of f u e l  c e l l  
u s i n g  m e t a l l i c  z i n c  as t h e  f u e l  and gaseous oxygen as t h e  o x i d i z e r .  
The system i s  c l o s e l y  r e l a t e d  t o  t h e  z inc -ca rbon  e l e c t r o d e  a i r  
c e l l s ,  b u t  u ses  pure oxygen i n  p l a c e  of a i r .  R e l a t i v e l y  h i g h  r a t e s  
can be imposed and ex t r eme ly  h igh  e f f i c i e n c i e s  a r e  r e a l i z e d  from 
t h e  a c t i v e  m a t e r i a l s .  The system c o n s i s t s  of e l e c t r o p l a t e d  porous 
z i n c  o x i d e s  and powdered s i l v e r  ca thodes  c o n t a i n i n g  p l a t inum as a 
c a t a l y s t .  The oxygen i s  imposed on t h e  systems a t  150 p s i g  nomi- 
n a l ,  w i t h  no p r e s s u r e  d i f f e r e n c e  between t h e  ca thode  and anode 
compartments. The system i s  hand led  as a pr imary b a t t e r y ,  w i t h  
t h e  e x c e p t i o n  t h a t  oxygen must be s u p p l i e d  b e f o r e  power can be ob- 
t a i n e d .  The c e l l s  are f a b r i c a t e d  w i t h  t h e  z i n c  e l e c t r o d e  i n  a 
cha rged  s t a t e  and a r e  a c t i v a t e d  w i t h  e l e c t r o l y t e  j u s t  b e f o r e  u s e .  
N e g l e c t i n g  a c t u a l  oxygen t ankage ,  t h e  system can  be  expec ted  t o  
approx ima te ly  double  t h e  ene rgy  o u t p u t  of p r e s e n t l y  a v a i l a b l e  s i l -  
v e r - z i n c  b a t t e r i e s .  I f  i n d i v i d u a l  oxygen t ankage  i s  a r e q u i r e -  
ment,  i t  i s  e s t i m a t e d  t h a t  t h e  o u t p u t  would be about  1% t imes  t h a t  
of  t h e  b e s t  s i l v e r - z i n c  b a t t e r i e s .  A b a t t e r y  w i t h  a c a p a b i l i t y  
of approx ima te ly  1 2  kWh a t  an 8 - h r  r a t e  would produce 90-100 W- 
h r / l b ,  i n c l u d i n g  i t s  own oxygen t ankage .  A u n i t  i n t e n d e d  t o  op- 
e r a t e  a t  a 400-hr r a t e  would d e l i v e r  somewhat g r e a t e r  t h a n  150 
W-hr/lb.  For o p e r a t i n g  p e r i o d s  o f  s e v e r a l  hundred h o u r s ,  t h i s  
system would appear  t o  have s u f f i c i e n t  advantages ove r  s i l v e r - z i n c  
b a t t e r i e s  i n  i t s  s p e c i f i c  o u t p u t  and ove r  f u e l  c e l l s  i n  s i m p l i c i t y ,  
t h a t  i t  could become a con tende r  as a space  power system. The c e l l  
o p e r a t i o n  produces a r e a c t i o n  product  t h a t  i s  e s s e n t i a l l y  z i n c  ox- 
i d e ,  a s o l i d  m a t e r i a l  t h a t  remains w i t h i n  t h e  po res  of t h e  f u e l  
e l e c t r o d e  and c r e a t e s  no problem of d i s p o s a l .  Con tac t  w i t h  t h e  
manufac tu re r  i n d i c a t e s  t h a t  no t e s t s  have been conducted t o  de-  
t e rmine  i f  t he  b a t t e r y  can be h e a t  s t e r i l i z e d .  It i s  p o s s i b l e  
t h a t  t h e  plat inum c a t a l y s t  i n  t h e  ca thode  may be a d v e r s e l y  a f -  
f e c t e d .  The upper t e m p e r a t u r e  i s  a l s o  l i m i t e d  by t h e  s i d e  r e a c -  
t i o n  of z i n c  i n  t h e  e l e c t r o l y t e .  A t  t e m p e r a t u r e s  above 3 8 O C  (100 
OF), t h e  tendency f o r  t h i s  r e a c t i o n  t o  occur  i n c r e a s e s .  Cont inu-  
ous o p e r a t i o n  above 49°C (120°F) is  n o t  recommended. 



Magnesium p e r c h l o r a t e  b a t t e r i e s .  - I n  t h e  l a s t  few y e a r s  t h e  
U.S .  Army E l e c t r o n i c s  Command h a s  been s p o n s o r i n g  development of 
p r o d u c t i o n - f e a s i b l e  magnesium/magnesium p e r c h l o r a t e / m e r c u r i c  ox- 
i d e  b a t t e r i e s  ( r e f .  8 ) .  The use of  magnesium p e r c h l o r a t e  h a s  s e v -  
e r a l  advan tages  o v e r  t h e  e l e c t r o l y t e s  no rma l ly  used i n  magnesium 
b a t t e r i e s ,  t h e  most pronounced b e i n g  t h e  s lower  c o r r o s i o n  r a t e  of 
magnesium i n  t h i s  s o l u t i o n ,  The ma jo r  problem w i t h  t h e  use of t h i s  
system i s  t h e  c o n t r o l  of t h e  h e a t  i nvo lved  from t h e  h e a t  of s o l u -  
t i o n  of t h e  magnesium. The b a t t e r i e s  a r e  b u i l t  i n  t h e  r e s e r v e  con- 
f i g u r a t i o n ,  and may be a c t i v a t e d  w i t h  a s o l u t i o n  o f  5-normal e l e c -  
t r o l y t e  o r  by t h e  a d d i t i o n  of w a t e r  t o  anhydrous e l e c t r o l y t e  c r y s -  
t a l s  c o n t a i n e d  w i t h i n  t h e  c e l l .  The c e l l s  may be mod i f i ed  f o r  
h i g h -  and l o w - r a t e  a p p l i c a t i o n s  by v a r y i n g  t h e  p o s i t i v e  and nega- 
t i v e  p l a t e  t h i c k n e s s  and i n c r e a s i n g  o r  d e c r e a s i n g  t h e  number of 
p l a t e s  p e r  c e l l .  T e s t s  have been made i n  t h e  t e m p e r a t u r e  r ange  
from -40°C t o  52'C. 

A h i g h - r a t e  b a t t e r y  d i s c h a r g i n g  i t s  nominal c a p a c i t y  i n  1 h r  
h a s  g i v e n  38 W-hr/lb.  Wet s t a n d  l i f e  i s  one t o  two months.  

Ammonia b a t t e r i e s .  - The l i q u i d  ammonia-act ivated b a t t e r y  h a s  
been e s t a b l i s h e d  t o  a r e a s o n a b l e  p o i n t  of adequacy f o r  f u s e - t y p e  
a p p l i c a t i o n s  ( r e f .  9 ) .  The b a t t e r i e s  have s e v e r a l  advan tages  i n -  
c l u d i n g  h i g h  c a p a c i t i e s  per  u n i t  weight  and volume, a wide o p e r a t -  
i n g  t e m p e r a t u r e  r ange ,  and a b i l i t y  t o  be  packaged t o  meet a d i v e r s -  
i t y  of o p e r a t i n g  c o n d i t i o n s .  The h i g h  vapor  p r e s s u r e  of l i q u i d  
ammonia a t  o r d i n a r y  t empera tu res  n e c e s s i t a t e d  t h e  development of 
s p e c i a l  packaging t e c h n i q u e s .  The b a t t e r i e s  c a n  be  r e s e r v e  a c t i -  
v a t e d  under f u l l - l o a d  c o n d i t i o n s  i n  100 msec and c a n  be s t o r e d  f o r  
c o n s i d e r a b l e  p e r i o d s  of time o v e r  a wide t e m p e r a t u r e  r ange  w i t h  
v i r t u a l l y  no change i n  u l t i m a t e  b a t t e r y  performance.  

Shee t  magnesium anodes w i t h  e i t h e r  m e r c u r i c  s u l f a t e  o r  s i l v e r  
c h l o r i d e  c a t h o d e s  have been used i n  m u l t i c e l l  work and y i e l d  a p -  
p r o x i m a t e l y  2 . 3  V open c i r c u i t .  These c a t h o d e s  a re  c a p a b l e  of  
20- t o  3C-minute r a t e  d i s c h a r g e  o v e r  t h e  -54°C t o  7 4 ° C  t e m p e r a t u r e  
r a n g e .  U n i t s  b u i l t  have given a t o t a l  of 15 W-hr f o r  an ene rgy  
d e n s i t y  of 4 . 5  FI-hrllb.  P r o j e c t e d  ene rgy  d e n s i t y  i s  8 W-hr l lb .  

Mercury c e l l s .  - Mercury c e l l s  were developed i n  t h e  e a r l y  
p a r t  of World War 11. 
m e r c u r i c  o x i d e ,  an e l e c t r o l y t e  of potassium h y d r o x i d e  w i t h  p o t a s -  
s i u m  z i n c a t e  and a z i n c  anode, The c e l l s  a r e  n o t  adap ted  t o  s h o r t -  
t ime  use  s i n c e  t h e  i n t e r n a l  r e s i s t a n c e  i s  r e l a t i v e l y  h i g h ,  It i n -  
c r e a s e s  n e a r l y  l i n e a r l y  u n t i l  90% of t h e  d i s c h a r g e  i s  comple t ed .  
( A f t e r  t h a t  t h e  r e s i s t a n c e  i n c r e a s e s  more r a p i d l y ) .  The energy 
d e n s i t y  d e c l i n e s  from 45 W-hr/lb a t  t h e  100-hr  r a t e  t o  25 W-hr/lb 
a t  t h e  24-hr  r a t e .  

They c o n s i s t  of a d e p o l a r i z i n g  c a t h o d e  of 
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A l k a l i n e  zinc-manganese d i o x i d e  c e l l s .  - The a l k a l i n e  z i n c -  
manganese d i o x i d e  system h a s  been e s t a b l i s h e d  commerc ia l ly  t o  s u -  
p e r s e d e  the  o l d  s t a n d a r d  Lec lanche  d r y  c e l l  where a low c o s t ,  f a i r -  
l y  h i g h  c u r r e n t - p r o d u c i n g  c e l l  i s  needed f o r  c o n t i n u o u s  d u t y  a p -  
p l i c a t i o n s .  
s a l t s  t h a t  impede f u r t h e r  i o n  movement i n t o  t h e  c a t h o d e ,  and as 
a r e s u l t ,  i t s  o u t p u t  v a r i e s  c r i t i c a l l y  w i t h  d r a i n  r a t e .  The a l -  
k a l i n e  ca thode ,  on t h e  o t h e r  hand,  r e g e n e r a t e s  e l e c t r o l y t e  d u r i n g  
d i s c h a r g e  and remains h i g h l y  c o n d u c t i v e .  T h i s  r e s u l t s  i n  o v e r  a 
seven t o  one i n c r e a s e  a t  heavy d r a i n  ( r e f .  10) as shown below f o r  
a "D" s i z e  c e l l  d i s c h a r g e d  a t  0 .5  A t o  0 .8  V. 

The LeClanche d i s c h a r g e  r e a c t i o n  q u i c k l y  produces 

Of t h e  n ine  n u c l i d e s  a v a i l a b l e  f o r  power pu rposes  Plutonium 
2 3 5  i s  t h e  m o s t  d e s i r a b l e  because of i t s  long  h a l f - l i f e  (87.6 
y e a r s )  and low r a d i a t i o n  l e v e l .  A t  a d i s t a n c e  of 1 m from an un- 
s h i e l d e d  5-W RTG, t h e  n e u t r o n  dose would be 3.4 mRem/hr w h i l e  t h e  
gamma dose  would be  o n l y  0 . 5  mRem/hr. The maximum p e r m i s s i b l e  ex-  
posu re  i s  100 mRem f o r  a 40-hr  work week, o r  an a v e r a g e  of  2 . 5  

p e r i o d s  of time o n l y ,  nominal c o n t r o l  of a c c e s s  t o  t h e  RTG i s  re- 
q u i r e d .  No damage w i l l  be caused  t o  e l e c t r o n i c  equipment.  

I mRem/hour. Since t h e  ave rage  r a t e  may be exceeded f o r  l i m i t e d  

T i m e ,  h r  C a p a c i t y  , W-hr 

A l k a l i n e  20 7 . 6  

LeClanche 2 . 5  1 
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T h i s  system f o r  low d i s c h a r g e  r a t e s  shows an ene rgy  d e n s i t y  
of 30 W-hr/lb.  D i scha rge  i n  20 h r  i s  c o n s i d e r e d  a h i g h  r a t e .  The 
c e l l  i s  t h e r e f o r e  n o t  a d a p t a b l e  f o r  s h o r t - t i m e  probe u s e  because  
of t h e  l a r g e  drop i n  t e r m i n a l  v o l t a g e ,  

RADIOISOTOPE THERMOELECTRIC GENERATORS (RTG) 

The RTG g e n e r a t e s  a u s a b l e  v o l t a g e  by c o n v e r t i n g  t h e  h e a t  p ro -  
duced by t h e  decay of a r a d i o a c t i v e  i s o t o p e  d i r e c t l y  i n t o  e l e c t r i c -  
i t y  by m a i n t a i n i n g  a t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  the rmocoup les .  
With e x i s t i n g  d e s i g n s  about 5% of t h e  h e a t  i s  c o n v e r t e d  t o  e l e c -  
t r i c i t y .  The b a l a n c e  i s  r a d i a t e d  a t  a t e m p e r a t u r e  l e v e l  of 150°C 
t o  205°C (300°F t o  400 'F) .  E x i s t i n g  d e s i g n s  use  l e a d  t e l l u r i d e  
c o u p l e s .  Experimental  work and system s t u d i e s  have been made u s -  
i n g  s i l icon-germanium a l l o y  c o u p l e s .  T h i s  system would r e j e c t  
h e a t  a t  260'C t o  315'C (500°F t o  6 0 0 ° F ) .  



By f a r  t h e  most s i g n i f i c a n t  h a z a r d s  a r e  t h o s e  a s s o c i a t e d  w i t h  
i n h a l a t i o n  and i n g e s t i o n  of f u e l  p a r t i c u l a t e s .  Plutonium o f f e r s  
r e l a t i v e l y  sma l l  d i r e c t  r a d i a t i o n  dose r a t e s ,  even f o r  i n v e n t o r i e s  
i n  t h e  megacurie  r a n g e .  However, j u s t  one i n h a l e d  p a r t i c l e  i n  t h e  
micron s i z e  range i s  s u f f i c i e n t  t o  cause a body t o  r e c e i v e  a max- 
imum al lowed r a d i o a c t i v e  burden. For  t h i s  r eason  t h e  AEC r e q u i r e s  
a s a f e t y  a n a l y s i s  t o  be performed once t h e  f u e l  form, g e n e r a t o r  
d e s i g n ,  and m i s s i o n  t r a j e c t o r i e s  have been d e f i n e d .  The a n a l y s e s  
de t e rmine  confo rmi ty  of d e s i g n  t o  n u c l e a r  s a f e t y  c r i t e r i a  and e s -  
t a b l i s h  d e s i g n  c o n s t r a i n t s  t o  meet t h e  g e n e r a l  c r i t e r i a .  The b a s -  
i c  n u c l e a r  s a f e t y  c r i t e r i a  a r e  s t a t e d  i n  terms of t h e  p r o b a b i l i t y  
of i n f l i c t i n g  r a d i o b i o l o g i c a l  damage t o  a number of p e o p l e .  Those 
a c c i d e n t s  which c a n  g i v e  r i s e  t o  a haza rdous  c o n d i t i o n  a r e  l aunch  
f i r e s ,  r e e n t r y  burnup, l and  impact ,  ocean submergence and e a r t h  
b u r i a l .  I n  d e s i g n i n g  t h e  f u e l  c a p s u l e ,  t h e r e f o r e ,  c o n s i d e r a t i o n  
i s  g iven  t o  f u e l  form, i t s  chemical  a c t i v i t y  and c o m p a t i b i l i t y  
w i t h  t h e  c o n t a i n e r  m a t e r i a l s ,  t h e  c a p s u l e  impact s t r e s s e s ,  and t h e  
b u r i a l ,  o p e r a t i o n a l ,  and r e e n t r y  h e a t  t r a n s f e r  r e q u i r e m e n t s .  A 
number of RTGs developed by M a r t i n  M a r i e t t a  have s e e n  space u s e .  
Two SNAP-3 g e n e r a t o r s ,  r a t e d  a t  2 . 5  W were launched i n  June and 
November 1961 t o  power Navy n a v i g a t i o n a l  s a t e l l i t e s .  SNAP-9A gen- 
e r a t o r s  w i t h  a 25 W r a t i n g  were launched w i t h  a d d i t i o n a l  nav iga -  
t i o n a l  s a t e l l i t e s  i n  September and December of 1963. Launch of 
t h e  SNAP-19 g e n e r a t o r  system i s  schedu led  f o r  l a t e  1967 o r  e a r l y  
1968.  It w i l l  be used as a p o r t i o n  of t h e  power s u p p l y  f o r  t h e  
Nimbus-B m e t e o r o l o g i c a l  s a t e l l i t e .  

A 50-W RTG (SNAP-27) w i l l  be emplaced on t h e  moon by an a s t r o -  
n a u t  as p a r t  of an Apollo expe r imen t .  The RTG t echno logy ,  d e v e l -  
oped o v e r  10 y e a r s ,  i s  now a v a i l a b l e  f o r  a p p l i c a t i o n  t o  t h e  Venus 
program. 

The rmoe lec t r i c  M a t e r i a l s  

The f a c t o r  t h a t  a f f e c t s  g e n e r a t o r  e f f i c i e n c y  t h e  most i s  t h e  
t h e r m o e l e c t r i c  m a t e r i a l  used t o  c o n v e r t  h e a t  t o  e l e c t r i c i t y .  TWO 
m a t e r i a l s  a r e  commonly cons ide red  f o r  space  power, l e a d  t e l l u r i d e  
and s i l icon-germanium a l l o y .  Lead t e l l u r i d e  p o s s e s s e s  a h i g h e r  
f i g u r e  of m e r i t  ( a  p a r t  of t h e  e f f i c i e n c y  e x p r e s s i o n )  t h a n  s i l i -  
con-germanium s o  t h a t  i t  can be o p e r a t e d  a t  a lower t e m p e r a t u r e  
and s t i l l  g i v e  t h e  same e f f i c i e n c y .  It h a s  a maximum o p e r a t i n g  
h o t  j u n c t i o n  t e m p e r a t u r e  of l lOO'F  compared t o  1800'F f o r  s i l i -  
con-germanium a l l o y ,  Nuclear s a f e t y  c o n s i d e r a t i o n s ,  however, l i m -  
i t  t h e  u s e f u l  h o t  j u n c t i o n  t e m p e r a t u r e  t o  between 1500'F and 1600'F. 
There a r e  o t h e r  d i f f e r e n c e s  between t h e  two m a t e r i a l s  t h a t  a r e  
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s i g n i f i c a n t .  Sil icon-germanium a l l o y  i s  n o t  harmed by e i t h e r  ox- 
i d i z i n g  atmosphere o r  vacuum. Lead t e l l u r i d e  i s  degraded by o x i -  
d a t i o n  and must be s e a l e d  w i t h  an i n e r t  gas  such as a rgon .  S i l i -  
con-germanium a l l o y  i s  a l s o  s t r o n g e r  mechan ica l ly  t h e n  l e a d  t e l -  
l u r i d e ,  and a b l e  t o  w i t h s t a n d  t h e  dynamic l o a d i n g  o f  a r o c k e t  
l aunch  wi th  l e s s  s u p p o r t ,  

Heat D i s s i p a t i o n  

The l e v e l  a t  which h e a t  i s  d i s s i p a t e d  becomes a n  i m p o r t a n t  con- 
s i d e r a t i o n  when t h e  p re sence  of  a s t e r i l i z a t i o n  c a n i s t e r  su r round-  
i n g  t h e  space c a p s u l e  i s  c o n s i d e r e d .  The RTG may be s e a l e d  i n s i d e  
t h e  c a n i s t e r  b e f o r e  s t e r i l i z a t i o n  w i t h  h e a t  conducted th rough  t h e  
s k i n  o f  the c a n i s t e r  b e f o r e  d i s s i p a t i o n .  T o  a c h i e v e  minimum we igh t  
( r e f .  11) d e s i g n  s t u d i e s  have shown t h a t  t h e  optimum c o l d  j u n c t i o n  
t empera tu re  i s  350°F t o  400'F f o r  l e a d  t e l l u r i d e  compared t o  500°F 
t o  600'F f o r  s i l icon-germanium a l l o y .  

A paramet r i c  s t u d y  was made on RTGs t h a t  would d i s s i p a t e  t h e i r  
was t e  h e a t  d i r e c t l y  t o  s p a c e  by r a d i a t i o n  o r  t o  t h e  Venusian a t -  
mosphere by c o n v e c t i o n / r a d i a t i o n  from r a d i a l  f i n s  and h o u s i n g s .  
Sil icon-germanium a l l o y  was s e l e c t e d  f o r  t h e  t h e r m o e l e c t r i c  con- 
v e r s i o n  system, Design t e m p e r a t u r e s  were as f o l l o w s :  

Design p o i n t  ambient t e m p e r a t u r e  350°F 176.7"C 

Maximum s t e a d y - s  t a t e  ambient op- 
e r a t i n g  t empera tu re  600°F 315.6"C 

Maximum 1 - h r  t r a n s i e n t  o p e r a t i n g  
t empera tu re  700°F 371.1OC 

Packaging 

For  t h e  Venus m i s s i o n  t h e  h e a t  s o u r c e ,  t h e r m o e l e c t r i c  modules, 
and the rma l  i n s u l a t i o n  would be packaged i n  a c y l i n d r i c a l  hous ing .  
F i n s  would b e  provided t o  i n c r e a s e  t h e  e f f e c t i v e  r a d i a t i n g  a r e a  
and t o  permit c o n v e c t i v e  c o o l i n g  when i n  t h e  Venusian atmosphere.  
R e s u l t s  of t h e  Mar t in  M a r i e t t a  p a r a m e t r i c  s t u d y  a r e  shown i n  Ta -  
b l e s  I1 and 111. 



TABLE 11. - RTG WEIGHT SUMMARY 

Item 

Heat s o u r c e ,  l b  

T h e r m o e l e c t r i c  modules, l b  

Thermal i n s u l a t i o n s ,  l b  

Housing and h e a t  sou rce  
s u p p o r t ,  l b  

R a d i a t o r  f i n s ,  l b  

T o t a l  RTG weight  

Pounds 

K i  1 ograms 

20 

9 .o 
4 . 1  

2 .5  

2 . 2  

4 .O 

2 1 . 8  

9 . 9  

Power o u t p u t ,  W 

30  

1 4 . 5  

6 . 2  

3 .O 

2 . 5  

6 .O - 

3 2 . 2  

1 4 . 6  

3 . 5  4 . 5  

3 . 5  5 .O 

8.0 

4 2 . 2  

19 .2  

1 2  .o 

6 3 . 4  

2 8 . 8  

TABLE 111. - RTG PHYSICAL CHARACTERISTICS 

I t e m  

H e i g h t ,  i n ,  

Diameter  hous ing ,  i n .  

cm 

c m  

Diameter a c r o s s  f i n  t i p s ,  i n .  
cm 

O u t p u t  v o l t a g e ,  V 

Number of r a d i a l  f i n s  

11 
2 8  

5 
1 2 . 7  

1 3 . 7 5  
35 .O 

5 .O 

5 

Power o u t p u t ,  W 

30 

11 
2 8  

5 . 5  
14 .O 

1 4 . 2 5  
3 6 . 2  

7 . 5  

6 
I- 

40 

2 2  
56 

5 
1 2 . 7  

1 3 . 7 5  
3 5  .O 

10 .o 
5 

6 0  

22  
56 

5 . 5  
14 .O 

1 4 . 2 5  
3 6 . 2  

1 5  .O 

6 

S t e r i l i z a t i o n  

A s  s e e n  above, t h e  m i n i m u m  o p e r a t i n g  t e m p e r a t u r e  i s  1 7 6 . 7 " C ,  
which i s  w e l l  above t h e  s t e r i l i z a t i o n  t e m p e r a t u r e s  of 135°C and 
1 4 5 ° C .  The s t e r i l i z a t i o n  problem t h e n  does n o t  conce rn  t h e  b i o t a  
l o a d  on t h e  RTG, b u t  p reven t s  i n t e r n a l  t e m p e r a t u r e s  w i t h i n  t h e  RTG 
from exceeding d e s i g n  l i m i t s  when t h e  s t e r i l i z a t i o n  c a n i s t e r  i s  
h e a t e d .  The i n t e r n a l  t e m p e r a t u r e s  of  t h e  RTG can be l i m i t e d  by: 
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1) S h o r t - c i r c u i t i n g  t h e  RTG, which lowers  i t s  h o t  j u n c -  

2)  P r o v i d i n g  f o r c e d  c i r c u l a t i o n  c o o l i n g  of t h e  RTG f i n s  

t i o n  t e m p e r a t u r e  by about  5OoC; 

d u r i n g  t h e  s t e r i l i z a t i o n  c y c l e .  

I n  s p i t e  of e x t e n s i v e  r e s e a r c h  e f f o r t s  no b reak th roughs  have 
o c c u r r e d  i n  t h e r m o e l e c t r i c  m a t e r i a l s .  R a t h e r  c o n t i n u e d  p r o g r e s s  
h a s  been made i n  p r o c e s s i n g  and combining of e x i s t i n g  compounds 
and i n  improved e n g i n e e r i n g  p r a c t i c e s .  T h i s  t r e n d  i s  expec ted  t o  
c o n t i n u e  with a s u b s t a n t i a l  i n c r e a s e  i n  e f f i c i e n c y  and consequen t  
improved s p e c i f i c  o u t p u t .  

Re 1 i ab il i t  y 

RTGs a r e  i n h e r e n t l y  r e l i a b l e  because t h e y  have no moving p a r t s .  
Of a l l  t h e  g e n e r a t o r s  manufactured by M a r t i n  M a r i e t t a ,  o n l y  one 
h a s  expe r i enced  a complete  l o s s  of power (open c i r c u i t ) .  One u n i t  
s u c c e s s f u l l y  powered a remote wea the r  s t a t i o n  on t h e  i s l a n d  of Axel 
Heiberg from August 1961 t o  August 1965. 

The SNAP-7 program was i n i t i a t e d  i n  1950 a t  t h e  Ba l t imore  D i -  
v i s i o n  of t he  M a r t i n  M a r i e t t a  C o r p o r a t i o n .  The d e s i g n e d  l i f e  of  
t h e s e  g e n e r a t o r s  i s  10 y e a r s .  A t o t a l  of more t h a n  1 9  y e a r s  of 
c o n t i n u o u s  o p e r a t i o n  h a s  been accumulated.  T h i s  p a r t i c u l a r  d e v e l -  
opment program h a s  proved t h e  i n h e r e n t  r e l i a b i l i t y  and u s e f u l n e s s  
of such power s u p p l i e s  f o r  l ong- t e rm una t t ended  o p e r a t i o n  i n  r e -  
mote s t a t i o n s ,  as w e l l  as f o r  u n d e r s e a  beacons and communications 
l i n k s .  The SNAP-9A program was i n i t i a t e d  i n  August 1961.  The f i r s t  
system w a s  s u c c e s s f u l l y  p l aced  i n  o r b i t  on September 2 8 ,  1963; t h e  
second i n  December; t h e  t h i r d  f a i l e d  t o  a c h i e v e  o r b i t  when l aunched  
i n  A p r i l  1964. The second SNAP-9A i s  s t i l l  s u c c e s s f u l l y  powering 
t h e  payload.  The s a t e l l i t e  w i t h  t h e  f i r s t  u n i t  developed an e l e c -  
t r i c a l  s h o r t  c i r c u i t  t h r e e  months a f t e r  l aunch ,  however, t e l e m e t r y ,  
powered by an a u x i l i a r y  so l a r -powered  c i r c u i t ,  shows t h a t  t h e  gen- 
e r a t o r  c o n t i n u e s  t o  o p e r a t e .  

C u r r e n t  development work by M a r t i n  M a r i e t t a  on t h e  SNAP-17, 
SNAP-19, and SNAP-29 c o n t i n u e s  t o  emphasize h i g h  r e l i a b i l i t y  i n  
t h e r m o e l e c t r i c  sys t ems .  
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SOLAR CELL ARRAYS 

Two f a c t o r s  cause  t h e  expected o u t p u t  from a s o l a r  c e l l  a r r a y  
t o  be i n t e r m i t t e n t .  The buoyant s t a t i o n  may be p r e s e n t  f o r  l ong  
p e r i o d s  on t h e  d a r k  s i d e  of Venus, o r  i t  may be below t h e  t o p s  of 
t h e  c l o u d s .  For  con t inuous  o p e r a t i o n  of equipment a b a t t e r y  would 
have t o  be u s e d ,  P r e s e n t  knowledge of t h e  buoyant s t a t i o n  i s  n o t  
adequa te  t o  permit b a t t e r y  s i z i n g .  The o t h e r  a l t e r n a t i v e  would be 
t o  use s u n l i g h t  when it  i s  a v a i l a b l e  and t o  a c c e p t  i n t e r m i t t e n t  op- 
e r a t i o n  of t h e  s t a t i o n .  

The d i s t a n c e  of Venus from t h e  sun v a r i e s  from 0.718 AU t o  

0 .728 AU, r e s u l t i n g  i n  2710 t o  2640 W/m2 of r a d i a t i o n  be ing  a v a i l -  
a b l e .  S o l a r  c e l l  a r r a y s  us ing  s i l i c o n  s o l a r  c e l l s  have had e x t e n -  
s i v e  u s e  i n  space and t h e r e  i s  a s t r o n g  i n c e n t i v e  t o  c o n t i n u e  use 
of system because of r e l i a b i l i t y  c o n s i d e r a t i o n s .  Of t h e  ene rgy  
i n  t h e  s u n l i g h t  about 10% can be c o n v e r t e d  t o  e l e c t r i c i t y  by s i l -  
i c o n  s o l a r  c e l l s  a t  normal t e m p e r a t u r e s .  A s  t h e  sun i s  approached,  
t h e  e q u i l i b r i u m  t empera tu re  of  a s o l a r  c e l l  panel  i n c r e a s e s .  I n -  
c r e a s e d  t empera tu re  r e s u l t s  i n  a d e c r e a s e  i n  c e l l  e f f i c i e n c y  u n t i l  
f i n a l l y  a t  230'C no e l e c t r i c a l  power i s  g e n e r a t e d .  F i g u r e  1 shows 
a p l o t  of t h e  o u t p u t  t h a t  may be expec ted  f r o n  a t y p i c a l  a r r a y  a s  
a f u n c t i o n  of d i s t a n c e  from t h e  sun .  The a r r a y  i s  normal t o  t h e  
s u n ' s  r a y s  and i s  i n  s p a c e ,  Arrays may be b u i l t  t o  w i t h s t a n d  l aunch  

c o n d i t i o n s  w i t h  a u n i t  weight of 4 .9  kg/m2 (1 l b / f t 2 > .  
s p e c i f i c  o u t p u t  of a n  a r r a y  i n  s u n s h i n e  a t  Venus can  be 3 0 . 9  W/kg 
(14.0 W/lb) .  Fo r  f i x e d  i n s t a l l a t i o n  on a buoyant s t a t i o n  a number 
of p a n e l s  would have t o  be i n s t a l l e d  o r  e l s e  t h e  s o l a r  c e l l s  would 
need t o  be d i s t r i b u t e d  around t h e  p e r i p h e r y  of t h e  s t a t i o n .  Th i s  
would lower t h e  s p e c i f i c  o u t p u t  by a f a c t o r  of f i v e ,  assuming pan- 
e l s  were p l aced  on t h e  top and on f o u r  s i d e s  of t h e  s t a t i o n .  

Thus  t h e  
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Figure 1. - S o l a r  C e l l  Array  Output 

e 

a 
52 



WIND-DRIVEN TURBINE 

The wind-d r iven  t u r b i n e  o f f e r s  a p o s s i b i l i t y  f o r  powering a 
dropsonde by v i r t u e  of t h e  p o t e n t i a l  energy i t  p o s s e s s e s  when re- 
l e a s e d ,  A s  demonstrated i n  Volume 111, t h e  sonde r e a c h e s  h i g h  ve -  
l o c i t i e s  q u i c k l y  i n  t h e  upper atmosphere and i s  slowed when d e n s e r  
p o r t i o n s  of t h e  atmosphere a r e  e n c o u n t e r e d .  The sonde i s  c o n v e r t -  
i n g  i t s  p o t e n t i a l  and k i n e t i c  ene rgy  i n t o  h e a t i n g  t h e  a i r .  The 
r a t e  of c o n v e r s i o n  i s  lowes t  a t  t h e  t e r m i n a l  v e l o c i t y  j u s t  b e f o r e  
s u r f a c e  e n c o u n t e r .  F i g u r e  2 shows t h e  r a t e  i n  wat t s  a t  which en-  
e r g y  i s  be ing  d i s s i p a t e d  t o  t h e  atmosphere by a 5 - l b  sonde as a 
f u n c t i o n  of b a l l i s t i c  c o e f f i c i e n t  f o r  t h e  t h r e e  model a tmospheres .  

Some of t h e  energy normally d i s s i p a t e d  t o  t h e  atmosphere may 
be d i v e r t e d  t o  u s e f u l  form by a small w ind-d r iven  t u r b i n e .  Ener-  
gy and momentum c o n s i d e r a t i o n s  show t h a t  t h e  maximum power t h a t  
can  be e x t r a c t e d  i s  59.2% of t h a t  a v a i l a b l e  i n  t h e  i n t e r c e p t e d  a i r -  
stream. The power r e q u i r e d  by t h e  sonde i s  5 W .  Applying a 25% 
t u r b i n e  e f f i c i e n c y  and a 50% g e n e r a t o r  e f f i c i e n c y ,  i t  i s  found 
t h a t  67.6 W m u s t  be a v a i l a b l e  i n  t h e  i ' n t e rcep ted  a i r s t r e a m .  T h i s  
compares w i t h  t h e  l i m i t s  of 80 and 1360 W shown i n  f i g u r e  2 .  S i n c e  
t h e  energy e x t r a c t e d  by t h e  t u r b i n e  shou ld  be o n l y  a f r a c t i o n  of  
t h a t  a v a i l a b l e ,  b a l l i s t i c  c o e f f i c i e n t s  lower t h a n  0 . 5  shou ld  be 
avoided f o r  a sonde equipped w i t h  a wind-d r iven  g e n e r a t o r .  

I n  c o n s i d e r i n g  t u r b i n e  d e s i g n  n o t e  t h a t  dynamic p r e s s u r e  i s  
o n l y  a f u n c t i o n  of t h e  b a l l i s t i c  c o e f f i c i e n t  w h i l e  v e l o c i t y  i s  
b o t h  a f u n c t i o n  of b a l l i s t i c  c o e f f i c i e n t  and atmosphere model.  
The d i f f e r e n c e s  i n  v e l o c i t y  might  be accounted f o r  i n  d e s i g n  by 
u s i n g  a v a r i a b l e  p i t c h  t u r b i n e .  The e s t i m a t e d  we igh t  of a 5-W 
system i s  0 . 6  l b  f o r  t h e  g e n e r a t o r ,  0 . 1  l b  f o r  r e c t i f i e r  and con- 
t r o l ,  and 0 . 3  l b  f o r  t h e  t u r b i n e ,  f o r  a t o t a l  of 1 . 0  l b .  

COMPARISON AND SELECTION OF POWER SOURCES 

Buoyant S t  a t  i o n  

The s e l e c t i o n  of a power system f o r  t h e  buoyant s t a t i o n  de- 
pends on m i s s i o n  d u r a t i o n .  A b a t t e r y  i s  ene rgy  l i m i t e d  w h i l e  t h e  
RTG and s o l a r  c e l l  a r r a y s  a r e  power l i m i t e d .  Consequen t ly ,  t h e  
b a t t e r y  weight  r e q u i r e d  € o r  a m i s s i o n  i s  p r o p o r t i o n a l  t o  i t s  du r -  
a t i o n ,  w h i l e  t h e  weight  of t h e  o t h e r  two systems depends on maxi- 
mum power demands and i s  n e a r l y  independent  of m i s s i o n  d u r a t i o n .  
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F i g u r e  3 shows we igh t s  ve r sus  m i s s i o n  d u r a t i o n  p l o t t e d  f o r  f o u r  
systems each supp ly ing  60 W c o n t i n u o u s l y .  The two b a t t e r i e s  shown 
have ene rgy  d e n s i t i e s  of 55 W-hrlkg (25 W-hrl lb)  and 220 W-hr/kg 
(100 W - h r l l b ) .  These v a l u e s  a r e  r e p r e s e n t a t i v e  of what may be ex- 
pec ted  of a s t e r i l i z e d  s i l v e r - z i n c  b a t t e r y  and a zinc-oxygen b a t -  
t e r y ,  r e s p e c t i v e l y .  The RTG and s o l a r  c e l l  a r r a y  we igh t s  are t h o s e  
p r e v i o u s l y  g i v e n ,  The f i g u r e  shows t h a t  f o r  m i s s i o n  d u r a t i o n s  of 
more t h a n  a few days t h e  c o n s t a n t  power s o u r c e s  posses s  a weight  
advan tage .  

Power systems have peak l o a d s  imposed on them because of i n -  
t e r m i t t e n t  communication demands. Thus, f o r  p r a c t i c a l  systems,  
minimum weight w i l l  be achieved i f  a b a t t e r y  i s  used t o  s u p p l y  
peak l o a d s  w h i l e  t h e  c o n s t a n t  power s o u r c e  s u p p l i e s  t h e  ave rage  
l o a d ,  i n c l u d i n g  b a t t e r y  r e c h a r g i n g .  Such an arrangement i s  shown 
i n  f i g u r e  4 where an RTG i s  used as t h e  power s o u r c e .  A t  l i g h t  
l o a d s  power i s  s u p p l i e d  from t h e  RTG th rough  t h e  c o n v e r t e r - r e g u l a -  
t o r ,  w h i l e  t h e  b a t t e r y  i s  under c h a r g e .  When peak power demands 
a r e  encoun te red  t h e  b a t t e r y  i s  swi t ched  t o  t h e  l o a d s .  The a r r a n g e -  
ment o f f e r s  some redundancy t o  t h e  RTG s i n c e  t h e  b a t t e r y  i s  a b l e  
t o  c a r r y  t h e  l o a d s  long  enough f o r  t e l e m e t r y  i n f o r m a t i o n  concern-  
i n g  a m a l f u n c t i o n  t o  be r e c e i v e d .  

Release Probe 

Two c o n s t r a i n t s  s t r o n g l y  a f f e c t i n g  t h e  s e l e c t i o n  of t h e  b a t -  
t e r y  system a r e  requirements  t h a t  t h e  b a t t e r y  be a b l e  t o  d e l i v e r  
i t s  c a p a c i t y  i n  1 h r  and t h a t  it be h e a t  s t e r i l i z a b l e .  The en- 
v i ronmen ta l  f a c t o r s  encountered d u r i n g  t h e  v a r i o u s  phases of t h e  
m i s s i o n  b e f o r e  probe r e l e a s e  a r e  not  gove rn ing  s i n c e  t h e y  a r e  s i m -  
i l a r  t o  t h o s e  encoun te red  on o t h e r  m i s s i o n s  where b a t t e r i e s  have  
been used.  A f t e r  probe r e l e a s e ,  t e m p e r a t u r e s  above b a t t e r y  capa- 
b i l i t i e s  w i l l  be encoun te red .  T h i s  w i l l  r e q u i r e  use of t he rma l  
i n s u l a t i o n  and h e a t  abso rb ing  m a t e r i a l s .  High p r e s s u r e s  w i l l  a l -  
s o  be encoun te red ,  which w i l l  r e q u i r e  t h a t  c e l l  c a s e s  be e i t h e r  
s u f f i c i e n t l y  s t r o n g  t o  w i t h s t a n d  t h e  p r e s s u r e s  o r  r e l e a s e  v e n t s  
p rov ided .  
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The folowing t a b u l a t i o n  compares ene rgy  d e n s i t i e s  f o r  t h e  b a t -  
t e r y  systems c o n s i d e r e d .  

System Energy d e n s i t y ,  W-hr/lb 

S i l v e r - z i n c  

Reserve 15 t o  20 

Nonreserve 30 

Magnesium p e r c h l o r a t e  38 

Ammonia 8 

Mercury 45 a t  low r a t e s  

30 a t  low r a t e s  A l k a l i n e  zinc-Mn0 
2 

Of t h e  systems l i s t e d ,  s t e r i l i z a t i o n  programs a r e  underway on 
o n l y  t h e  s i l v e r - z i n c  system. One of t h e  problems encoun te red  i n  
h e a t  s t e r i l i z a t i o n  i s  r e a c t i o n  between t h e  e l e c t r o l y t e  and t h e  
s e p a r a t o r  m a t e r i a l .  T h i s  would be avoided i n  t h e  r e s e r v e - t y p e  
b a t t e r y  where t h e  e l e c t r o l y t e  i s  s e p a r a t e l y  c o n t a i n e d .  

Some d i f f i c u l t i e s  have been encoun te red  w i t h  t h e  s t e r i l i z a t i o n  
o f  p y r o t e c h n i c s .  However, e l e c t r i c a l  match m a t e r i a l s  and g a s  gen- 
e r a t o r s  t h a t  w i l l  w i t h s t a n d  s t e r i l i z a t i o n  t e m p e r a t u r e s  have been 
developed ( r e f .  1 2 ) .  I t  a p p e a r s  a t  t h i s  t ime t h a t  l i t t l e  p e n a l t y  
may be a s s o c i a t e d  w i t h  t h e  s t e r i l i z a t i o n  o f  r e s e r v e  b a t t e r i e s .  
A s  p r e v i o u s l y  s t a t e d ,  r e s e r v e  b a t t e r i e s  canno t  be p r e t e s t e d ,  how- 
e v e r ,  s i n c e  a number of r e l e a s e  probes w i l l  be used,  t h i s  may n o t  
be a s e r i o u s  o b j e c t i o n .  

The magnesium p e r c h l o r a t e  and ammonia b a t t e r i e s  can  a l s o  be  
made i n  t h e  r e s e r v e  c o n f i g u r a t i o n .  Containment of t h e  5-normal 
magnesium p e r c h l o r a t e  s o l u t i o n  i s  s imple  s i n c e  t h e  vapor  p r e s s u r e  
a t  t h e  s t e r i l i z a t i o n  t e m p e r a t u r e  of 135°C i s  o n l y  one atmosphere.  
Containment of  ammonia w i l l  be d i f f i c u l t  s i n c e  t h e  s t e r i l i z a t i o n  
t e m p e r a t u r e  i s  above t h e  c r i t i c a l  p o i n t  of ammonia, 132.35'C and 
111.3 atmospheres of p r e s s u r e .  

I n  t h e  magnesium p e r c h l o r a t e  b a t t e r y ,  magnesium i s  used as 
t h e  anode and e i t h e r  m e r c u r i c  o x i d e  o r  manganese d i o x i d e  as t h e  
c a t h o d e .  Con tac t  w i t h  t h e  m a n u f a c t u r e r  i n d i c a t e s  t h a t  manganese 
d i o x i d e  would be f a v o r e d  i n  a s t e r i l i z e d  form of t h e  b a t t e r y  as 
b e i n g  more s t a b l e  t h a n  m e r c u r i c  o x i d e .  I n  t h e  r e s e r v e  c o n f i g u r a -  
t i o n  no major problems a r e  f o r e s e e n  i n  s u r v i v i n g  t h e  s t e r i l i z a t i o n  
c y c l e .  The magnesium p e r c h l o r a t e  b a t t e r y  h a s  fewer  problems and 
i s  s i m p l e r  t o  manufac tu re  t h a n  t h e  s i l v e r - z i n c  b a t t e r y .  
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The mercury and a l k a l i n e  zinc-manganese d i o x i d e  systems a r e  

i n h e r e n t l y  low r a t e ,  and t h e r e f o r e  no t  s u i t a b l e  f o r  r e l e a s e  probe 
u s e .  

The pr imary recommendation i s ,  t h e r e f o r e ,  t h a t  t h e  r e s e r v e  mag- 
nesium p e r c h l o r a t e  b a t t e r y  be c o n s i d e r e d  f o r  r e l e a s e  probes f o r  
t h e  BVS because of i t s  h i g h  ene rgy  d e n s i t y  and a d a p t a b i l i t y  t o  
s t e r i l i z a t i o n .  Should ground t e s t s  of f l i g h t  probe b a t t e r i e s  be 
a f i r m  requirement  manual ly  a c t i v a t e d  s i l v e r - z i n c  b a t t e r i e s  would 
be s u b s t i t u t e d .  

CONCLUSIONS 

To d a t e  no s p e c i f i c  m i s s i o n  d u r a t i o n  h a s  been e s t a b l i s h e d  f o r  
t h e  BVS. I n d i c a t i o n s  a r e  t h a t  i t  w i l l  span  from one week t o  s i x  
months, based upon p r e l i m i n a r y  s c i e n c e  d a t a  r e q u i r e m e n t s .  For  
t h i s  d u r a t i o n ,  t h e  obvious c a n d i d a t e  f o r  a power system i s  a r a d i o -  
i s o t o p e  t h e r m o e l e c t r i c  g e n e r a t o r  (RTG), used w i t h  a nickel-cadmium 
b a t t e r y  t o  supp ly  peak l o a d s ,  
o p e r a t i o n  f o r  t h e  nickel-cadmium b a t t e r y  a r e  2 3 3 ° K  t o  3 2 2 ° K .  When 
t h e  RTG i s  used,  however, a s o u r c e  of h e a t  i s  a v a i l a b l e ,  which may 
be used t o  moderate t h e  e f f e c t s  of low t empera tu res  on t h e  b a t t e r y  
and o t h e r  components of t h e  payload.  
ment t h i s  c o u l d  e n a b l e  o p e r a t i o n  a t  t h e  lower t e m p e r a t u r e  l i m i t s  
shown ( 1 9 4 . 2 ' K ) .  
which i s  much h i g h e r  t h a n  t h e  c a p a b i l i t y  of t h e  b a t t e r y  o r  o t h e r  
payload equipment.  Thus, should t h e  b a t t e r y  and o t h e r  equipment 
be i n s u l a t e d  f o r  s h o r t - t e r m  o p e r a t i o n  i n  a h o t  a tmosphere,  excur -  
s i o n s  cou ld  be made i n t o  l o w e r  a l t i t u d e s  w i t h  t h e  RTG i n  ope ra -  
t i o n .  Although i n v e s t i g a t i o n  of e n t r y  c o n d i t i o n s  i s  n o t  p a r t  of 
t h i s  c o n t r a c t ,  an i n v e s t i g a t i o n  of t h e  t r a n s i e n t  t he rma l  c o n d i t i o n  
d u r i n g  atmospheric  e n t r y  w i l l  have t o  be made f o r  t h e  RTG. Ade- 
q u a t e  d a t a  on atmosphere c i r c u l a t i o n  a r e  no t  a v a i l a b l e  t o  pe rmi t  
t h e  d e s i g n  of a r e l i a b l e  s o l a r - c e l l  system. 

The extreme l i m i t s  of con t inuous  

With the rma l  c o n t r o l  equ ip -  

The RTG i t s e l f  i s  a b l e  t o  o p e r a t e  a t  5 8 8 . 6 " K Y  

P o s s i b l e  c a n d i d a t e s  f o r  powering r e l e a s e  probes a r e  wind-d r iven  
g e n e r a t o r s ,  RTGs, and b a t t e r i e s .  The p r e s e n t  wide d i v e r g e n c e  be-  
tween t h e  atmospheric  models would p r e s e n t  d i f f i c u l t i e s  i n  e s t a b -  
l i s h i n g  a d e s i g n  f o r  a wind t u r b i n e  t o  d r i v e  a g e n e r a t o r .  An RTG, 
which weighs about a pound p e r  wat t  o f  o u t p u t ,  i s  n o t  economical 
from t h e  weight o r  c o s t  v i ewpo in t s  f o r  v e r y  s h o r t  m i s s i o n s .  Rat- 
t e r i e s  a r e  w e l l  adapted t o  p r o v i d e  l o a d s  f o r  s h o r t  t i m e  p e r i o d s ,  
Use of thermal  i n s u l a t i o n  and h e a t  a b s o r b i n g  m a t e r i a l s  can  min i -  
mize t h e  e f f e c t s  of h i g h  atmospheric  t e m p e r a t u r e s  d u r i n g  t h e  pe- 
r i o d  of u s e .  
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A comparison of  t h e  d i f f e r e n t  systems i s  shown i n  t a b l e  I V .  

TABLE I V .  - POWER SYSTEM COMPARISON 

System 
_____~ 

Batteries 

Silver-zinc 

Nickel-cadmium 

Zinc-oxygen 

Magnesium perchlorate 

Ammonia 

RTG 

Solar cells 

Wind-driven turbine gener- 
ator 

S t er il iz ab1 e 

Probably 

Yes 

Questionable 

Probably 

Difficult 

Yes 

Yes 

Yes 

Temperature range, 
O C  

15 to 35 

-40 to 49 

-15 to 49 

-40 to 52 

-54 to 74 

-273 to 135 

-100 to 60 

-40 to 100 

Mar t in  M a r i e t t a  Corpora t ion  

May 9 ,  1967 
Denver ,  Colorado 80201 

~~ ~ 

Specific output, 
W-hr/lb 

25 sterilized 

10 sterilized 

90 to 100 projected 

38  unsterilized 

4.5 unsterilized 

about 1 W/lb 
IC) W/lb in sunlight 
at 1 AU 

5 W / l b  

Development status 

Sterilizable batteries 
being developed 

Sterilizable batteries 
available 

No sterilization effort 

No sterilization effort 

No sterilization effort 

Space proven 

Space proven 

Specific designs require 
development 
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