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PREFACE 

Developments i n  l a r g e ,  l i gh twe igh t - s t ruc tu re s  technology, coupled wi th  the 
unfo ld ing  r e a l i t y  of t h e  c a p a b i l i t y  of t h e  Space S h u t t l e  f o r  ca r ry ing  l a r g e  payloads 
t o  o r b i t  on a r o u t i n e  b a s i s ,  have sparked i n t e r e s t  i n  very l a r g e  systems i n  space and 
i n  t h e  missions t o  which such systems could be assigned.  

The Large Space Systems Technology Program spearheaded i n i t i a l  e f f o r t s  i n  t h i s  
a r ena  by t h e  Nat iona l  Aeronautics and Space Adminis t ra t ion,  and missions employing 
l a r g e  space antennas have received much a t t e n t i o n .  Earth-observat ion radiometry 
u s i n g  l a r g e  space antennas i s  one of t h e  more demanding missions.  Consequently, it 
i s  f e l t  t h a t  t h e  o rgan iza t ion  of Earth-observation-system requirements  f o r  perform- 
i n g  radiometer  missions,  a long wi th  app rop r i a t e  l o g i c  p o i n t i n g  t o  p o t e n t i a l  des ign  
t r a d e s ,  would provide a needed re fe rence  f o r  s c i e n t i s t s ,  t e chno log i s t s ,  system 
des igne r s ,  and space p lanners .  
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SYMBOLS 

EIRP  

FOV 

IFOV 

S S T  

d r a g  a r e a  

bandwidth,  Hz 

c o n s t a n t ,  K 

d r a g  c o e f f i c i e n t  

s p a c e c r a f t  b a l l i s t i c  c o e f f i c i e n t ,  m2/kg 

an tenna  d i a m e t e r ,  m 

e f f e c t i v e  i s o t r o p i c  r a d i a t e d  power, W 

r e s o l u t i o n  e lement  ( f o o t p r i n t ) ,  m 2 

f i e l d  of view, deg 

f requency ,  Hz 

g a i n  

o r b i t  a l t i t u d e ,  km 

i n s t a n t a n e o u s  f i e l d  of view, deg 

o r b i t  i n c l i n a t i o n ,  deg 

Boltzmann c o n s t a n t ,  W-K" -HZ-' 

mass 

an tenna  power l e v e l  

o r b i t - r e p e t i t i o n  r a t e ,  r e p e t i t i o n s  p e r  day  

p o w e r - r e f l e c t i o n  c o e f f i c i e n t  of fo rward-d i rec ted  i n p u t  waves 

edge-to-edge swath width ,  km 

s e a - s u r f a c e  t empera tu re ,  OC 

t empera tu re ,  K 

an tenna  t empera tu re ,  K 

microwave-radiome t r ic  b r i g h t n e s s  t empera tu re ,  K 

ambient  t empera tu re  of r e f e r e n c e  load ,  K 

r e c e i v e r - i n p u t  n o i s e  t empera tu re ,  K 



T system-noise temperature,  K 
S Y S  

AT radiometer  s e n s i t i v i t y ,  K 

td 
dwell  time, s e c  

V o r b i t  v e l o c i t y ,  m/sec 

Ws 
wind speed, m/sec 

a a t t e n u a t i o n  f a c t o r  of radiometer  f r o n t  end, neper 

6 rms s u r f a c e  e r r o r ,  m 

E beam e f f i c i e n c y ,  pe rcen t  

OC 
angular - reso lu t ion  c a p a b i l i t y  

i 
inc idence  angle ,  deg 

Or 
angu la r - r e so lu t ion  requirement 

h antenna ope ra t i ng  wavelength, m 

u s tandard  d e v i a t i o n  

2 u var iance  of antenna temperature,  K~ 
T A 

'I; pos t d e  t e c t i o n  i n t e g r a t i o n  time, s e c  

Abbreviations: 

CONUS c o n t i n e n t a l  un i t ed  S t a t e s  

dBm power l e v e l ,  re fe renced  t o  1 mW, dB 

ESMR e l e c t r i c a l l y  scanned microwave radiometer  

GEO geosynchronous Earth o r b i t  

G e  o s  s a t e l l i t e  name 

I R i n £  r a r e d  

Landsat  s a t e l l i t e  name 

LEO low Earth o r b i t  

LSA l a r g e  space antenna 

Meteosat s a t e l l i t e  name 

MSU microwave sounding u n i t  

Nimbus 6 s a t e l l i t e  name 

v i i i  



NOAA 5 

R F I  

rms 

SASS 

SCAMS 

Seasat 

S MMR 

Tiros N 

WARC 

s a t e l l i t e  name 

radio-frequency in terference 

roo t  mean square 

Seasat A s a t e l l i t e  scatterometer 

scanning microwave spectrometer 

s a t e l l i t e  name 

scanning multichannel microwave radiometer 

s a t e l l i t e  name 

World Administrative Radio Conference 





I. INTRODUCTION 

The s p a c e c r a f t  r e sea rch  program a t  t h e  Nat ional  Aeronautics and Space Adminis- 
t r a t i o n  (NASA) i s  aimed a t  developing the  t e c h n i c a l  foundat ion f o r  f u t u r e  high- 
performance, c o s t - e f f e c t i v e  s p a c e c r a f t  systems. Development of large-space-antenna 
(LSA) systems is an i n t e g r a l  p a r t  of t he  program. Consequently, it i s  app rop r i a t e  t o  
de f ine  measurements and missions t h a t  may need o r  u t i l i z e  LSA systems and t o  d e l i n -  
e a t e  t h e  corresponding performance and system requirements  i n  o rde r  t o  guide t h e  
s p a c e c r a f t  and LSA-systems research .  Three gene r i c  a p p l i c a t i o n s  a r e  considered t o  be 
"technology d r i v e r s "  : ( 1 ) narrow-band communications, (2  r a d i o  astronomy from 
space,  and ( 3 )  Earth-observat ion radiometry.  

Although t h e  requirements f o r  t h e  t h r e e  a p p l i c a t i o n s  may be s i m i l a r  i n  many ways 
and a  b a s i c  LSA system may respond t o  a l l  of them, t h e r e  may be o t h e r  ways (e.g., 
o r b i t  parameters  and beam e f f i c i e n c i e s )  i n  which t h e  requirements  may be markedly 
d i f f e r e n t .  The impact of such d i f f e r e n c e s  on the  research  and technology e f f o r t s  
must be assessed .  This  r e p o r t  addresses  only t h e  requirements f o r  Earth-observat ion 
radiometry.  

Curren t  p r a c t i c a l  gu ide l ines  f o r  LSA-systems development c o n s t r a i n  t h e  antenna- 
ape r tu re  range from 50 t o  200 m and p o s t u l a t e  t h a t  t h e  f i r s t  f l i g h t  missions w i l l  
occur  i n  t h e  e a r l y  1990's.  The "new" information i n  t h i s  r e p o r t  i s  simply t h e  s e l ec -  
t i o n  of requirements  f o r  t h i s  antenna-size range p ro j ec t ed  t o  c i r c a  1990. A p re l imi-  
nary r e p o r t  was publ ished a s  r e f e r ence  1. An a t tempt  has  been made i n  t h e  p r e s e n t  
r e p o r t  t o  summarize t he  r a t i o n a l e  f o r  s e l e c t i o n  of t he se  requirements i n  a  progres-  
s i v e  fash ion ,  s t a r t i n g  with Earth-observat ion needs and measurement needs addressab le  
by an LSA radiometer  and concluding with radiometer ,  o r b i t ,  and performance r equ i r e -  
ments f o r  LSA systems. 

11. EARTH-OBSERVATION NEEDS 

General Needs 

The fo l lowing  s ta tements ,  taken from re fe r ence  2, o f f e r  a  s u c c i n c t  summary of 
t he  o b j e c t i v e s  and f u t u r e  emphases of NASA's Earth-observation program: 

"The Resource Observation program o b j e c t i v e s  inc lude  f o r e c a s t i n g  of a g r i c u l t u r a l  
product ion,  exp lo ra t i on  f o r  minera l  and energy resources ,  management of land use and 
water  resources ,  and assessment of geodynamic hazards .  Curren t  e f f o r t s  a r e  concen- 
t r a t e d  i n  u t i l i z i n g  medium- t o  low-resolut ion ins t ruments  i n  a  few s p e c t r a l  reg ions .  
Future  emphasis w i l l  be on h igh- reso lu t ion  (temporal,  s p a t i a l ,  and s p e c t r a l )  s t u d i e s  
i n  t r u l y  m u l t i s p e c t r a l  fash ion ,  inc lud ing  magnetic, microwave, I R ,  v i s i b l e ,  and 
s t e r e o  da ta . "  

"The Global Environment program o b j e c t i v e s  inc lude  monitor ing and f o r e c a s t i n g  of 
g l o b a l  weather and l o c a l  s eve re  storms, assessment and f o r e c a s t i n g  of c l ima te ,  moni- 
t o r i n g  and f o r e c a s t i n g  of ocean cond i t i ons ,  and assessment  of a i r  and water q u a l i t y .  
The f u t u r e  emphasis w i l l  be on mult i - instrument  systems t o  measure a  v a r i e t y  of phe- 
nomena s imultaneously,  and on geosynchronous observat ions."  



The i m p o r t a n t  f e a t u r e  of t h e s e  s t a t e m e n t s  r e g a r d i n g  LSA requ i rements  is  t h a t  
h i g h - r e s o l u t i o n  s e n s i n g  i n  t h e  microwave p o r t i o n  of t h e  spectrum i s  needed " t o  
measure a v a r i e t y  of phenomena s imul taneous ly , "  and t h a t  t h e s e  measurements would be 
p a r t i c u l a r l y  u s e f u l  i n  a g r i c u l t u r e ,  hydrology, and weather-  and c l i m a t e - f o r e c a s t i n g  
a p p l i c a t i o n s .  Measurement of t h e  n a t u r a l  e l e c t r o m a g n e t i c  r a d i a t i o n  i n  t h e  microwave 
p o r t i o n  of t h e  e l e c t r o m a g n e t i c  spectrum can  be employed i n  t h e  remote s e n s i n g  o f  
a tmospher ic ,  ocean-surface ,  and l and-sur face  pa ramete rs .  Atmospheric pa ramete rs  t h a t  
can be sensed  i n c l u d e  water  vapor,  n o n p r e c i p i t a t i n g  l i q u i d  water  ( c l o u d s ) ,  p r e c i p i -  
t a t i n g  l i q u i d  w a t e r  ( r a i n ) ,  t empera tu re  p r o f i l e s ,  and p o l l u t a n t s .  Ocean-surface 
pa ramete rs  t h a t  can be sensed  i n c l u d e  s u r f a c e  t empera tu re ,  s a l i n i t y ,  wind speed a t  
t h e  s u r f a c e ,  wa te r  p o l l u t a n t s  ( such  a s  o i l  s l i c k s ) ,  s e a - i c e  c o n c e n t r a t i o n ,  l o c a t i o n  
of ice edge,  and i c e  age.  Land-surface pa ramete rs  i n c l u d e  s o i l  mois tu re  and snow 
cover .  

For t h e  o b s e r v a b l e s  l i s t e d ,  h igh r e s o l u t i o n  g e n e r a l l y  means s p a t i a l - r e s o l u t i o n  
e lements  o r  f o o t p r i n t s  whose l a r g e s t  d imensions  range  from approx imate ly  20 t o  1 km, 
and a l s o  t e m p o r a l - r e s o l u t i o n  e lements  o r  r e v i s i t  i n t e r v a l s  which range from approx i -  
mately  4 days  t o  1 h r .  Thus, t h e  e l e m e r ~ t s  n e c e s s a r y  t o  de te rmine  microwave f requen-  
c i e s ,  an tenna-aper tu re  s i z e ,  and o r b i t - p a r a m e t e r  requ i rements  f o r  LSA systems have 
been d e f i n e d  i n  a p r e l i m i n a r y  f a s h i o n  by t h e  needs of t h e  NASA Ear th -observa t ion  
program. (See r e f .  2.) 

Key Measurements 

Microwave-radiometry a p p l i c a t i o n s  i n  t h e  band from 30 t o  6 cm (1 t o  5 GHz) have 
l o n g  been i d e n t i f i e d  a s  a " d r i v e r "  i n  t h e  development of l a r g e  space  an tennas .  S o i l -  
mois tu re  c o n t e n t ,  s e a - s u r f a c e  t empera tu re ,  and s a l i n i t y  a r e  t h e  key g e o p h y s i c a l  
pa ramete rs  o f  i n t e r e s t  f o r  remote s e n s i n g  i n  t h i s  wavelength reg ion .  P h y s i c a l  models 
and e x p e r i m e n t a l  demons t ra t ions  have v a l i d a t e d  t h e  t h e o r i e s  r e l a t i n g  microwave 
b r i g h t n e s s  t empera tu re  t o  t h e s e  g e o p h y s i c a l  q u a n t i t i e s .  The development o f  f u t u r e  
sys tems i n v o l v e s  t r a d e - o f f s  between r e q u i r e d  s p a t i a l  r e s o l u t i o n ,  swath width ,  r e v i s i t  
t ime, and d a t a  r a t e .  The d a t a  i n  t a b l e  1 ,  which lists requ i rements  g i v e n  i n  r e f e r -  
ence 3, were g e n e r a t e d  by s c i e n t i s t s '  s t u d y i n g  c o n f i g u r a t i o n s  of a m u l t i f r e q u e n c y  
microwave rad iomete r .  

TABLE 1 .- KEY MEASUREMENT REQUIREMENTS 

Measurand 

Sea-surface  t empera tu re :  
Open ocean ........... 
C o a s t a l  zone ......... 

S a l i n i t y :  
Open ocean ........... 
C o a s t a l  zone ......... 

S o i l  mois ture :  
A g r i c u l t u r e  .......... 
Hydrology ............ 

S p a t i a l  r e s o l u t i o n ,  
km 

20 t o  50 
1 

5 t o  10 
0.5 t o  1 

2 5 
3 

Swath, 
km 

500 t o  1000 
100 t o  150 

500 
100 t o  150 

Temporal r e s o l u t i o n ,  
h r 

48 t o  72 
48 t o  72 

7 2 
7 2 

48 t o  72 
48 t o  72 



The measurement of s e a - s u r f a c e  t empera tu re  (SST) on a  g l o b a l  b a s i s  i s  i m p o r t a n t  
t o  c l i m a t e  modeling,  weather  f o r e c a s t i n g ,  t h e  mari t ime i n d u s t r y ,  and t h e  f i s h i n g  
i n d u s t r y .  R e s o l u t i o n  requ i rements  i n  t h e  open ocean vary  from 20 t o  50 k m  w i t h  swath 
wid ths  a s  wide a s  1000 km and temporal  r e p e a t s  a s  r a p i d  a s  e v e r y  48 h r .  I n  c e r t a i n  
a r e a s  o f  t h e  open ocean where l a r g e  thermal  g r a d i e n t s  e x i s t ,  such  a s  t h e  Gulf Stream 
i n  t h e  A t l a n t i c  Ocean, h i g h e r  s p a t i a l  r e s o l u t i o n  on t h e  o r d e r  of 5  t o  10 km might b e  
r e q u i r e d .  (See  r e f .  3 . )  Sea-sur face  t empera tu res  have been mapped w i t h  t h e  S e a s a t  
SMMR microwave rad iomete r  o v e r  a n  a r e a  i n  t h e  wes te rn  North p a c i f i c  Ocean.   he range  
o f  t h e  measurement was from 10°C t o  2g°C w i t h  a s p a t i a l  r e s o l u t i o n  of 150 km. (See  
ref.  4 . )  A comparison w i t h  sea -sur face- tempera tu re  measurements made aboard s h i p s  
shows a d i f f e r e n c e  whose mean i s  0.22OC w i t h  a  s t a n d a r d  d e v i a t i o n  o f  0.75OC. 

Measurements of SST from s a t e l l i t e s  (Geos, NOAA 5, T i r o s  N, and ~ e t e o s a t )  o v e r  
c l o u d - f r e e  ocean a r e a s  have been made w i t h  h i g h - r e s o l u t i o n  i n f r a r e d  rad iomete rs .  The 
T i r o s  N measurements have a n  accuracy  of f l ° C  w i t h  a  s p a t i a l  r e s o l u t i o n  of 1 km. 
Meteosa t  s p a t i a l  r e s o l u t i o n s  a r e  a b o u t  8  km. (see r e f .  5.) Moni tor ing o f  SST on a  
g l o b a l  b a s i s  by u s i n g  a n  I R  and/or v i s i b l e  rad iomete r  is l i m i t e d  t o  c l o u d - f r e e  
r e g i o n s .  me a p p l i c a t i o n  of h i g h - r e s o l u t i o n  microwave rad iomet ry  cou ld  p r o v i d e  mea- 
surements  i n  cloud-covered r e g i o n s  w i t h  an  e q u i v a l e n t  accuracy  and a s p a t i a l  r e s o l u -  
t i o n  o f  5 t o  1 0  km. Recent  work s u g g e s t s  t h a t  a h i g h - r e s o l u t i o n  microwave r a d i o m e t e r  
c a n  p r o v i d e  t h e  n e c e s s a r y  measurements of t h e  a tmospher ic  l o s s e s  and t h e r e b y  c o r r e c -  
t i o n  f a c t o r s  s o  t h a t  s i g n i f i c a n t  improvements i n  t h e  accuracy  o f  I R  and/or  v i s i b l e  
r a d i o m e t e r s  can be  ach ieved .  (See r e f .  6 . )  

S e a - s u r f a c e - s a l i n i t y  measurements w i t h  s p a t i a l  r e s o l u t i o n  b e t t e r  ( l o w e r )  t h a n  
1 km f o r  coas ta l -zone  a p p l i c a t i o n s  can  be  o b t a i n e d  by remote-sensing a i r c r a f t ;  conse- 
q u e n t l y ,  s a l i n i t y  o b s e r v a t i o n s  from space  c o n c e n t r a t e  on t h e  open ocean where moder- 
a t e  r e s o l u t i o n  measurements a r e  r e q u i r e d  on a  g l o b a l  s c a l e .  

A S o i l  Mois ture  Working Group was e s t a b l i s h e d  d u r i n g  t h e  S o i l  Mois tu re  Workshop 
h e l d  a t  t h e  Department o f  ~ g r i c u l t u r e  i n  January  1978 t o  c o o r d i n a t e  and deve lop  a n  
i n t e g r a t e d  p l a n  of r e s e a r c h .  Th is  group i n c l u d e d  members from NASA, u n i v e r s i t i e s ,  
and o t h e r  government agenc ies .  This working g roup  p u b l i s h e d  t h e i r  recommendations i n  
t h e  form o f  a p l a n  g iven  i n  r e f e r e n c e  7. T h i s  p l a n  d i s c u s s e s  s o i l - m o i s t u r e  measure- 
ment requ i rements  a s  t h e y  a p p l y  t o  a g r i c u l t u r e ,  hydrology,  and c l i m a t e ,  and it p r e -  
s e n t s  a  s e t  o f  p r e l i m i n a r y  system requ i rements  f o r  each t y p e  of s e n s o r  sys tem a p p l i e d  
t o  e a c h  a p p l i c a t i o n .  Table 2  summarizes t h e s e  requ i rements  a s  t h e y  a p p l y  t o  a  pas-  
s i v e  microwave s e n s o r .  

TABLE 2.- SOIL-MOISTURE RESOLUTION REQUIREMENTS 

Recen t  s t u d i e s  ( r e f .  8) t o  e v a l u a t e  and q u a n t i f y  t h e  r e l a t i v e  m e r i t s  of  s o i l -  
m o i s t u r e  o b s e r v a t i o n s  a t  a 1-km r e s o l u t i o n  r a t h e r  t h a n  a t  a 10-km r e s o l u t i o n  reached  
t h e s e  c o n c l u s i o n s :  

Temporal 
r e s o l u t i o n ,  h r  

24 t o  72 

24 t o  72 

71 t o  144 

S p a t i a l  
r e s o l u t i o n ,  km 

<10 

10 t o  25 

100 t o  200 

A g r i c u l t u r e  

Hydrology 

Cl imate  

Radiometr ic  
r e s o l u t i o n ,  K 

f l  

f . 5  

Not s p e c i f i e d  



( 1 )  R a i n f a l l  amounts from most s torms i n  t h e  c e n t r a l  Uni ted S t a t e s  (u.s .)  can be 
r e s o l v e d  on a  10-km s c a l e  wi th  a  20-percent underes t imate  of t h e  peak. 

( 2 )  For l and  f e a t u r e s  i n  t h e  midwestern U.S., a  10-km rad iomete r  r e s o l u t i o n  
p r o v i d e s  u s e f u l  and r e p r e s e n t a t i v e  s o i l - m o i s t u r e  measurements. 

( 3 )  Most c r o p - y i e l d  f o r e c a s t s  can be accomplished and improved w i t h  approxi-  
mate ly  10-km r e s o l u t i o n .  A 1-km r e s o l u t i o n  i n  t h e  c e n t r a l  U.S. would b e n e f i t  t h o s e  
concerned w i t h  d e t a i l s  of s o i l  mois tu re  over  r e g i o n s  where ponds and l a k e s  c a u s e  
rad iomete r  a m b i g u i t i e s .  

Refe rence  8 s t a t e s  t h a t  t h e  s o i l - m o i s t u r e  c o n t e n t  i s  p r o p o r t i o n a l  t o  t h e  r a i n f a l l  
amounts o v e r  an  a r e a .  I n  a n  a n a l y s i s  of over  400 c e n t r a l  U.S.  s to rm systems,  a  10-km 
r e s o l u t i o n  was shown t o  be t h e  c h a r a c t e r i s t i c  s c a l e  s i z e  f o r  t h e  amount o f  r a i n f a l l .  
F u r t h e r ,  an  a n a l y s i s  of Landsat  images showed t h a t  l and  f e a t u r e s  were a c c u r a t e l y  
r e p r e s e n t e d  by a  10-km s c a l e  s i z e .  I n  t h e  c e n t r a l  U.S. and i n  s i m i l a r  a g r i c u l t u r a l  
a r e a s ,  s o i l - m o i s t u r e  requ i rement  needs may be m e t  w i t h  10-km s p a t i a l  r e s o l u t i o n .  
F i n e r  ( s m a l l e r )  r e s o l u t i o n ,  on t h e  o r d e r  of 1  km, however, may be r e q u i r e d  i n  a r e a s  
where ( a )  r a d i o m e t r i c a l l y  i n t e r f e r i n g  water  bod ies  a r e  more p r e v a l e n t ,  (b) t e r r a i n  
v a r i a b i l i t y  o c c u r s  on a  s m a l l e r  s c a l e ,  (c)  f i e l d s  and k i n d s  of c r o p s  a r e  more v a r i -  
a b l e  and d i v e r s e ,  and ( d l  i r r i g a t i o n  p a t t e r n s  e x h i b i t  f i n e  s p a t i a l  s t r u c t u r e .  I n  
summary, f o r  s o i l - m o i s t u r e  d e t e r m i n a t i o n s ,  a s p a t i a l  r e s o l u t i o n  o f  10 Ian cou ld  be 
u s e f u l ;  however, a r e s o l u t i o n  o f  1  km is d e s i r a b l e  f o r  t h e  m a j o r i t y  of a g r i c u l t u r a l ,  
h y d r o l o g i c a l ,  and c l i m a t e  a p p l i c a t i o n s .  

The d e s i r e d  i n t e r v a l s  between r e v i s i t s  range from 1 t o  6 days  ( t a b l e  2 )  w i t h  
most of t h e  a p p l i c a t i o n s  be ing  s a t i s f i e d  w i t h i n  3 days .  I r r i g a t i o n  s c h e d u l i n g ,  
r e s e r v o i r  c o n t r o l ,  c r o p  f o r e c a s t i n g ,  and f l o o d  assessment  demand f r e q u e n t  r e v i s i t s .  
It is c r i t i c a l  t h a t  t h e  swath wid th  be  s u f f i c i e n t l y  l a r g e  t o  meet t h i s  need and main- 
t a i n  con t iguous  coverage o v e r  l a r g e  geographic  a r e a s  v i t a l  t o  f u l l  u t i l i z a t i o n  of t h e  
v a r i o u s  measurements, f o r  example, s o i l - m o i s t u r e  measurements o v e r  major farm b e l t s  
i n  t h e  l a t i t u d e  band from 30° N t o  50' N. 

Summary of Measurement Needs 

Measurement needs f o r  a l l  a p p l i c a b l e  geophys ica l  measurands f o r  a n  LSA radiom- 
e t e r  m i s s i o n  are shown i n  t a b l e  3. The measurands a r e  l i s t e d  a t  t h e  t o p  of t h e  
t a b l e .  S o i l  m o i s t u r e ,  s e a - s u r f a c e  t empera tu re ,  and s a l i n i t y  a r e  t h e  key measurements 
r e q u i r i n g  t h e  use  of a n  LSA radiometer .  The s e l e c t e d  c r i t i c a l  measurement r e q u i r e -  
ments a r e  d i s c u s s e d .  

Range is l i s t e d  i n  terms of t h e  geophys ica l  q u a n t i t y  and v a r i e s  w i t h  each 
measurand. So i l -mois tu re  range  requirements  a r e  s e t  by a g r i c u l t u r a l  needs .  However, 
w a t e r - p o l l u t a n t  r equ i rements  a r e  paced by t h e  s e n s i n g  o f  o i l - s p i l l  t h i c k n e s s ;  and i c e  
measurements, by b e i n g  a b l e  t o  de te rmine  boundar ies .  I n  s e c t i o n  I V ,  t h e s e  ranges  a r e  
c o n v e r t e d  t o ,  and l i s t e d  i n ,  terms of " b r i g h t n e s s  t empera tu re , "  t h e  q u a n t i t y  a c t u a l l y  
measured by t h e  LSA rad iomete r .  

Accuracy a l s o  is l i s t e d  i n  terms of t h e  geophys ica l  parameter .  Again, s o i l -  
m o i s t u r e  requ i rements  f o r  a g r i c u l t u r a l  a p p l i c a t i o n s  a r e  t h e  c r i t i c a l  ones .  I n  s e c -  
t i o n  I V ,  accuracy  ( i n c l u d i n g  p r e c i s i o n  and s e n s i t i v i t y )  r equ i rements  a r e  t r a n s l a t e d  
i n t o  a l l o w a b l e  e r r o r  and n o i s e  t o l e r a n c e s  i n  terms of b r i g h t n e s s  t empera tu re .  



TABLE 3.- MEASUREMENT REQUIREMENTS FOR LSA RADIOHETER 

Climate a p p l i c a t i o n s  have t h e  g r e a t e s t  need f o r  measurements over a  long per iod  
of t i m e .  A p r e c i s e  s p e c i f i c a t i o n  i s  n o t  needed f o r  technology-development purposes ,  
and, thus ,  t h e  requirement f o r  experiment l i f e t i m e  is  simply s t a t e d  a s  " s e v e r a l  
years ."  

Large geographic  reg ions  must be surveyed. Contiguous coverage of t he se  a r e a s  
is  v i t a l  t o  t he  f u l l  u t i l i z a t i o n  of t h e  var ious  measurements, f o r  example, cont iguous 
so i l -mois ture  measurements over  major farm b e l t s .  In s e c t i o n  111, t h i s  requirement 
is t r a n s l a t e d  i n t o  swath width and o r b i t  requirements .  

Selec ted  
requi rements  

Range ... . . . .. . . 

Accuracy ....... 

S p a t i a l  
r e s o l u t i o n  ... 

Coverage . . . . . . . 

~ e m p o r a l - r e p e a t  
i n t e r v a l s  +. .. 

Experiment 
l i f e t i m e  .. . .. 

The needs of most a p p l i c a t i o n s  a r e  met with temporal-repeat i n t e r v a l s  (sampling 
o r  r e v i s i t  i n t e r v a l s )  of approximately every 3 days.  A few a p p l i c a t i o n s ,  however, 
r e q u i r e  r e p e a t s  a s  o f t e n  a s  once every day. Therefore ,  3 days i s  considered t h e  
primary requirement f o r  temporal r e s o l u t i o n  and 1 day is the  secondary requirement.  
In  s e c t i o n  111, t h i s  requirement (a long with coverage) is  t r a n s l a t e d  i n t o  o r b i t  and 
swath-width requirements .  

Many a p p l i c a t i o n  needs a r e  met with approximately 10-km s p a t i a l  r e so lu t ion .  A 
number of a p p l i c a t i o n s ,  however, r e q u i r e  r e s o l u t i o n s  a s  f i n e  ( sma l l )  a s  1 km. There- 
f o r e ,  t h e  s e l e c t e d  s p a t i a l - r e s o l u t i o n  requirement ranges from 10 km (mandatory) t o  
1 km ( d e s i r e d ) .  In  s e c t i o n  111, these  s p a t i a l - r e s o l u t i o n  requirements a r e  t r a n s l a t e d  
i n t o  o r b i t - a l t i t u d e  requirements;  and i n  s e c t i o n  I V ,  they a r e  t r a n s l a t e d  i n t o  main- 
beam e f f i c i e n c y  and antenna ape r tu re - s i ze  s p e c i f i c a t i o n s .  

mois ture  

5 t o  40% 
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S e v e r a l  
years  

An extremely wide range of measurement needs has  been expressed by d a t a  u se r s ,  
e s p e c i a l l y  f o r  s p a t i a l  r e s o l u t i o n ,  temporal r epea t s ,  and geographic coverage. How- 
ever ,  a s  w i l l  be shown l a t e r ,  LSA radiometers  have s eve re  l i m i t a t i o n s  t h a t  f o r c e  
t r ade -o f f s  regard ing  the  requirements imposed by r e s o l u t i o n  and coverage needs on 
o r b i t  parameters ,  swath width,  antenna-aperture  s i z e ,  and accuracy. Even wi th  an 
i d e a l  system, LSA radiometers  i n  t he  range from 50 t o  200 m can promise only r e l a -  
t i v e l y  moderate s p a t i a l  r e so lu t ion .  Therefore,  a  prime-measurement s c e n a r i o  is  envi- 
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s ioned  i n  which h igh- reso lu t ion ,  o p t i c a l ,  thematic  mappers and s y n t h e t i c  a p e r t u r e  
r ada r s ,  which have l imi t ed  coverage, slow temporal r e p e a t ,  and high d a t a  rates ,  a r e  
complemented by moderate-resolut ion (1 0 t o  1  km) LSA radiometers ,  which provide f u l l  
Earth coverage ( l a r g e  swaths)  with f a s t  temporal r e p e a t s  (1 t o  3 days)  a t  modest d a t a  
r a t e s .  

111. RADIOMETER ORBIT REQUIREMENTS FOR LARGE SPACE ANTENNAS 

Orb i t  A l t i t ude  

S e l e c t i n g  t h e  ope ra t i ng  a l t i t u d e  f o r  an LSA Earth radiometer  is a  r a t h e r  complex 
t a sk .  The LSA s p a c e c r a f t  must be high enough t o  i n s u r e  long experiment l i f e t i m e s  
wi th  t he  r equ i r ed  geographical  coverage and y e t  low enough t o  s a t i s f y  s p a t i a l -  
r e s o l u t i o n  requirements  with t h e  s m a l l e s t  p o s s i b l e  antenna.  The f a c t o r s  a f f e c t i n g  
t h e  choice of a l t i t u d e  and t h e i r  impact on t h e  space-observat ion system a r e  l i s t e d  i n  
t a b l e  4. 

TABLE 4.- FACTORS AFFECTING CHOICE OF ORBIT ALTITUDE 

The angu la r - r e so lu t ion  requirement Or f o r  an LSA i n  terms of t he  r equ i r ed  
s p a t i a l  r e s o l u t i o n  o r  f o o t p r i n t  F a t  t h e  Ea r th ' s  s u r f a c e  and t h e  o r b i t  a l t i t u d e  h 
i s  given a s  8, = 2 tan- '  F/2h which, f o r  small  ang le s ,  is  0, ( r a d i a n s )  = F/h. 
The l i m i t i n g  angu la r - r e so lu t ion  c a p a b i l i t y  ( s e e  s e c t i o n  I V )  of a  c i r c u l a r  antenna of 
diameter  D and ope ra t i ng  wavelength A is €+,(radians) = 1.22A/D. Consequently, 
t o  meet t h e  requirement  means t h a t  h  < FD/1.22h. For a  single-beam 200-m LSA sens-  
i n g  a  measurand a t  A = 20 c m  (e.g. ,  s o i l  moisture)  with t h e  10-km mandatory reso lu-  
t i o n ,  a  radiometer  must be opera ted  i n  low Ear th  o r b i t  (LEO) a t  a l t i t u d e s  less than 
approximately 8000 km. Operation a t  geosynchronous Earth o r b i t  (GEO) i s  p r o h i b i t e d  
under t h e  imposed c o n s t r a i n t s .  S imi l a r ly ,  f o r  a single-beam 50-m LSA sens ing  s o i l  
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moisture a t  h = 20 cm with 1-km resolut ion ,  the  o r b i t  a l t i t u d e  must be l e s s  than 
approximately 200 km. Therefore, 200 km i s  considered t o  be the  absolute minimum 
o r b i t  a l t i t u d e .  

The required o r b i t  l i f e t ime  is  s e t  by those appl ica t ions  which requi re  long- 
durat ion measurements, such as  cl imate predic t ion .  The b a l l i s t i c  c o e f f i c i e n t  
CDA/m of the  spacec ra f t  a f f e c t s  the  o r b i t  l i f e t ime  and, thus, e s t ab l i shes  a  
p r a c t i c a l  lower l i m i t  on o r b i t  a l t i t u d e s ,  a s  i l l u s t r a t e d  i n  f igure  1 (from r e f .  9 ) .  
The ca lcu la t ions  a r e  f o r  a  period of low s o l a r  a c t i v i t y  which gives long l i f e t i m e  
es t imates ,  The cDA/m r a t i o  f o r  a  large-aperture microwave-radiometer spacec ra f t  
w i l l  probably be i n  the  range from 0.02 t o  2, depending on the  configurat ion.  (See 
r e f .  10 , )  Orbits  a s  low a s  450 km may have l i f e t imes  up t o  4 yr without any s i g n i f i -  
can t  orbit-boost-adjustment capab i l i ty .  Therefore, f o r  a  l i f e t ime  requirement of 
seve ra l  years ,  450 km i s  considered t o  be the lowest p r a c t i c a l  o r b i t  a l t i t u d e .  

Orbit a l t i tude.  k m  

\ i l l 0 0  

Estimated CDA/rn range 
f o r  large radiometer 

spacecraft 

0 2 4 6 8 10 
Orb i t  l i fe t ime,  y r  

Figure 1 .- Lifetimes i n  low Earth o r b i t  f o r  periods of 
low s o l a r  a c t i v i t y .  Adapted from reference 9. 

In sec t ion  11, the need was es tabl i shed f o r  contiguous coverage (implying wide 
swaths) with repeat  i n t e r v a l s  of 1 t o  3 days. Wide swaths a t  low a l t i t u d e s  requi re  
la rge  system f i e l d s  of view and large  incidence angles of the radiometer l i n e  of 
s i g h t  with the  l o c a l  v e r t i c a l  d i r e c t i o n  a t  the  Ear th ' s  surface.  In the  discussion of 
po la r i za t ion  requirements ( sec t ion  I V ) ,  it is  es tabl i shed t h a t  s ing le ,  hor i zon ta l  



p o l a r i z a t i o n  s ens ing  is s u f f i c i e n t  t o  make t h e  d e s i r e d  so i l -mois ture  measurements, 
provided t h e  inc idence  angle  does n o t  exceed approximately 30'. By imposing t h i s  30° 
c o n s t r a i n t ,  t h e  minimum a l t i t u d e  f o r  contiguous coverage wi th  a 1-day r e p e a t  i n t e r v a l  
is approximately 2200 km. Such an a l t i t u d e  pena l ty ,  f i v e  t imes the  p r a c t i c a l  mini- 
mum, i s  probably no t  acceptab le  s i n c e  it means t h a t  t h e  antenna diameter  D 'must 
i nc rease  f i v e  times t o  achieve t he  requi red  s p a t i a l  r e s o l u t i o n .  In  o rde r  t o  show t h e  
impact of lower a l t i t u d e  a l t e r n a t i v e s  on the  space-observat ion system, t a b l e  5 l is ts  
the  approximate viewing parameters f o r  s e v e r a l  examples, The r e f e r ence  example i s  
t h e  h i g h e r - a l t i t u d e  o r b i t  d i scussed  prev ious ly .  

TABLE 5.- APPROXIMATE VIEWING PARAMETERS FOR GLOBAL CONTIGUOUS COVERAGE 

In  example 1 ,  t h e  need f o r  measurements with a 1-day r e p e a t  i n t e r v a l  is  ignored,  
which r e s u l t s  i n  being a b l e  t o  ope ra t e  a s  low a s  450 km, thus reducing t h e  swath 
width and mi ld ly  i n c r e a s i n g  t h e  field-of-view angle ,  

Example 

Reference 

1 

2 
i 

In  example 2, t h e  incidence-angle  l i m i t  of approximately 30° f o r  s i n g l e  p o l a r i -  
z a t i o n  is ignored,  which a l s o  r e s u l t s  i n  being a b l e  t o  ope ra t e  a s  low a s  450 km. The 
swath width r equ i r ed  i s  somewhat smal le r  than t h a t  of t he  r e f e r ence  example because 
more viewing o p p o r t u n i t i e s  ( i . e . ,  o r b i t s  pe r  day) occur  a t  t h e  lower a l t i t u d e .  The 
system s a c r i f i c e s  a r e  t h e  probable  need f o r  dua l -po l a r i za t i on  s ens ing  and t h e  use o f  
very l a r g e  system FOV's. 

Earth-curvature  e f f e c t s  over  wide swaths d i s t o r t  t h e  " foo tp r in t " ;  l i kewi se ,  
systems with a l a r g e  f ie ld-of-view angle  have i n h e r e n t  d i s t o r t i o n s .  The LSA d e s i g n  
and/or t h e  da ta - reduc t ion  a lgor i thms  must c o r r e c t  such d i s t o r t i o n s  t o  w i th in  t o l e r -  
ances.  (See t a b l e  4.) Af te r  field-of-view and swath-width des ign  choices  a r e  made, 
t h e  f i n a l  p a r t  of the o r b i t - a l t i t u d e  s e l e c t i o n  process  determines t he  e x a c t  f r a c -  
t i o n a l  number of o r b i t  r e p e t i t i o n s  pe r  day Q r equ i r ed  t o  f i x  e x a c t l y  t he  r e v i s i t  
t imes and t o  guaran tee  proper  swath-pat tern ove r l ap  margins. Figure 2 (adapted from 
r e f .  11) g ives  t he  o r b i t  a l t i t u d e  h necessary t o  ach ieve  t h e  s p e c i f i e d  o r b i t -  
r e p e t i t i o n  f a c t o r s  Q. For example, f o r  1-day r epea t s  wi th  va lues  of Q of 15 
and 14, the corresponding a l t i t u d e s  a r e  approximately 540 and 850 km, r e s p e c t i v e l y .  

Alt i tude,  
km 

2200 

450 

450 

1 2 For 3-day r e p e a t s  wi th  values  of Q of 15 y, 14 7, 14 7, 2 and 13 - t h e  a l t i t u d e s  a r e  
3 ' 

approximately 460, 640, 775, and 975 km, r e s p e c t i v e l y .  
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Q, repetitions per day 

Figure 2.- O r b i t  a l t i t u d e  p l o t t e d  a g a i n s t  
o r b i t - r e p e t i t i o n  r a t e .  Adapted from 
re fe r ence  1 1 , 

I n  summary ( s e e  t a b l e  61, a l t i t u d e  choices  a r e  determined by d i f f e r e n t  requi re -  
ments and t h r e e  a l t i t u d e s  a r e  pos s ib l e :  ( 1 )  a very-high-orbi t  range from 2200 t o  
8000 km,  where u s e f u l  measurements can p o t e n t i a l l y  be made with s i n g l e  p o l a r i z a t i o n ,  
b u t  f o r  which l a r g e r  antenna a p e r t u r e s  a r e  requi red  f o r  s p a t i a l  r e so lu t ion ;  (2 )  a 
very-low-orbit  range from 200 t o  450 km, where t h e  drag-makeup c a p a b i l i t y  necessary  
f o r  long experiment l i f e t i m e s  is  a s i g n i f i c a n t  des ign  cons ide ra t i on  ( t h i s  range i s  
u s u a l l y  reserved  f o r  proof t e s t i n g  onboard S h u t t l e  s o r t i e  miss ions) ;  and ( 3 )  an  
in te rmedia te  o r b i t - a l t i t u d e  range from 450 t o  2200 km, where long l i f e  can be 
ob ta ined  more e a s i l y  and where some t r ade -o f f s  regard ing  r e s o l u t i o n ,  field-of-view 
angles ,  swath width,  s p a c e c r a f t  drag,  and s o  f o r t h ,  a r e  pos s ib l e .  F ina l ly ,  w i th in  
each a l t i t u d e  range, t h e  r epea t - i n t e rva l  requirements  d i c t a t e  a s e l e c t i o n  from 
s e v e r a l  d i s c r e t e  a l t i t u d e s  and, gene ra l l y ,  t h e  lowest  a l t i t u d e  is s e l e c t e d  t o  o b t a i n  
b e t t e r  s p a t i a l  r e s o l u t i o n  with a sma l l e r  ape r tu re .  For example, t h e  lowest  a l t i t u d e  

1 i n  t he  i n t e rmed ia t e  range f o r  a 3-day r e p e a t  (Q = 15  - r e p e t i t i o n s  pe r  day)  is 
3 

approximately 460 km, and the  lowest  a l t i t u d e  f o r  a 1-day r e p e a t  is approximately 
540 km. 



TABLE 6.- ORBIT ALTITUDE 

a ~ e s o l u t i o n  is  based on a beamwidth of approximately 3 dB. 

A l t i t ude  d e s c r i p t o r  
- 

Maximum: 8000 km ........................ 
Minima : 

200 km ................................. 

450 km ................................. 
2200 km ................................ 

P r a c t i c a l  ope ra t i ng  and des ign  t r ade -o f f s  
range from 450 t o  2200 km .............. 

. 

O r b i t  I n c l i n a t i o n  

Requirement 

Single-beam re so lu t iona  of 10 km 
wi th  200-m a p e r t u r e  a t  h = 20 c m  

Single-beam re so lu t iona  of 1 km with  
50-m a p e r t u r e  a t  h = 20 cm 

Lowest p r a c t i c a l  long- l i fe t ime o r b i t  

Lowest o r b i t  f o r  g l o b a l  cont iguous 
s ens ing  wi th  1-day r e p e a t  u s i n g  
inc idence  ang le s  <30° 

Long-duration, h igh- reso lu t ion ,  g l o b a l  
coverage with s m a l l e s t  antenna 

Orb i t  i n c l i n a t i o n  i has  a smal l  e f f e c t  on a l t i t u d e  s e l e c t i o n s  f o r  given r e p e a t  
i n t e r v a l s  ( s e e  f i g .  2 ) ,  with t h e  g r e a t e s t  e f f e c t  being on geographic coverage. Pola r  
coverage is l o s t  with low- inc l ina t ion  o r b i t s ,  whereas e q u a t o r i a l  coverage is  enhanced 
by a f a c t o r  of l / s i n  i. O r b i t  i n c l i n a t i o n s  i n  t h e  range from 60° t o  98O can b e s t  
s a t i s f y  t he  geographic-coverage requirements .  The h ighe r  i n c l i n a t i o n s  may be chosen 
f o r  b e t t e r  i c e  coverage. A Sun-synchronous o r b i t  (98O i n c l i n a t i o n )  may be chosen s o  
t h a t  measurements can be made a t  t he  same time of day and/or t o  reduce Sun-gl int  
i n t e r f e r e n c e  wi th  t h e  r e l a t i v e l y  weak microwave emission. An o r b i t  i n c l i n a t i o n  of 
60° provides  good coverage over  t h e  temperate zones and farm b e l t s  and, consequent ly ,  
i s  about  t h e  lowest  o r b i t  i n c l i n a t i o n  t h a t  can s a t i s f y  t h e  coverage r equ i r ed  f o r  
so i l -mois ture  and sea-surface- temperature  measurements. 

For an  o r b i t  i n c l i n a t i o n  of 60° a t  an a l t i t u d e  ad jus t ed  f o r  a 1-day r e p e a t  
i n t e r v a l  (approximately 600 km), t h e  c o n t i n e n t a l  United S t a t e s  (CONUS) p o r t i o n  of a 
coverage p l o t  is  shown i n  f i g u r e  3 (from r e f .  10) f o r  a radiometer  with a 300-km 
swath. Approximately 20 p e r c e n t  of f u l l  coverage is  obta ined .  I f  longer  r e p e a t  
i n t e r v a l s  a r e  acceptab le ,  t h e  e x t r a  o r b i t  passes  dur ing  t h e  i n t e r v a l  can f i l l  i n  t h e  
p a t t e r n .  With t h e  same 60° o r b i t  i n c l i n a t i o n  and 300-km swath and a minor a l t i t u d e  
adjustment  t o  provide a 3-day r epea t ,  approximately 60 pe rcen t  of f u l l  CONUS coverage 
is obtained.  I f  t he  swath is increased  t o  approximately 500 km, f u l l  CONUS coverage 
i s  poss ib l e .  The f e a s i b i l i t y  of meeting t h e  requirement of contiguous coverage of 
t he  United S t a t e s  and o t h e r  major geographic a r e a s  v i t a l  t o  t he  var ious  measurements, 
wi th  a r e p e a t  i n t e r v a l  approaching 1 t o  3 days,  is  impossible  t o  a s s e s s  a t  t h i s  p o i n t  
f o r  it w i l l  depend on the  p a r t i c u l a r  radiometer s p a c e c r a f t  des ign  and the  correspond- 
i n g  o r b i t  parameters .  In p a r t i c u l a r ,  des igns  f o r  wide-angle of f -nadi r  viewing and 
f o r  low atmospheric drag  must be developed f o r  systems whose r e s o l u t i o n  performance 
may d e p a r t  s i g n i f i c a n t l y  from t h e  i d e a l  d i f f r a c t i o n - l i m i t e d  case.  Such system impli-  
c a t i o n s  and l i m i t a t i o n s  a r e  addressed i n  t he  succeeding s e c t i o n s .  



Figure 3 . -  Geographic coverage f o r  I -day-orbi t  
r e p e a t  i n t e r v a l  a t  a l t i t u d e  of approximately 
600 km. Adapted from reference  10. 

O r b i t  Maintenance 

Since o r b i t - i n c l i n a t i o n  v a r i a t i o n s  a r e  small  and Earth measurements a r e  r e l a -  
t i v e l y  i n s e n s i t i v e  t o  such v a r i a t i o n s ,  o r b i t  maintenance is p r imar i l y  concerned with 
a l t i t u d e  maintenance. Orb i t - a l t i t ude  changes a f f e c t  t h e  s p a t i a l  r e s o l u t i o n ,  swath 
width,  geographic  coverage, and sampling r e p e t i t i o n .  O r b i t - a l t i t u d e  changes a r e  
caused by t h e  atmospheric drag  of t h e  s p a c e c r a f t  and by s o l a r - r a d i a t i o n  p re s su re  on 
t h e  s p a c e c r a f t .  For example, a t  900 km, by us ing  conserva t ive  e s t ima te s  of antenna 
s i z e ,  mass, c ro s s - sec t iona l  a r e a ,  and atmospheric d e n s i t y  ( so la r -cyc le  maximum), t h e  
atmospheric  drag  of a sample s p a c e c r a f t  is  es t imated  and average o r b i t - a l t i t u d e  decay 
is ca l cu l a t ed .  (See f i g .  4.) This decay is r e l a t i v e l y  smooth i f  compared with t h e  
c y c l i c  f l u c t u a t i o n s  i n  t h e  per igee ,  which i s  a l s o  shown i n  f i g u r e  4. The c y c l i c  
f l u c t u a t i o n s  a r e  t he  r e s u l t  of t h e  i n t e g r a t e d  a c t i o n  of a tmospheric-densi ty  (drag-  
f o r c e )  v a r i a t i o n s  wi th  time, g r a v i t a t i o n a l  f o r c e s  of t h e  Earth,  Sun, and Moon, s o l a r -  
r a d i a t i o n  p re s su re ,  and magnetic f o r c e s  on the  s p a c e c r a f t .  Even f o r  l a r g e  s p a c e c r a f t  
wi th  l a r g e  a r e a  mass r a t i o s  requi red  f o r  LSA radiometry,  t h e  c y c l i c  f l u c t u a t i o n s  a r e  
smal l  i f  compared with t he  s t eady - s t a t e  decay of average o r b i t  a l t i t u d e .  
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Figure 4.- Sample e s t ima te  of o r b i t - a l t i t u d e  v a r i a t i o n s  and decay. 
Adapted from reference  10. 

I t  i s  d i f f i c u l t ,  c o s t l y ,  and n o t  necessary t o  compensate f o r  t h e  c y c l i c  f l uc tua -  
t i o n s  i n  o r b i t  a l t i t u d e ,  b u t  t he  s t eady  d e c l i n e  i n  average a l t i t u d e  cannot  be ignored 
f o r  long- l i fe t ime missions.  Changes i n  t h e  sampling p a t t e r n  and r e p e a t  i n t e r v a l  a r e  
a s soc i a t ed  wi th  l o s s  of o r b i t  a l t i t u d e .  A t  some p o i n t  i n  t h e  process  of a c q u i s i t i o n ,  
a n a l y s i s ,  and i n t e r p r e t a t i o n  of t h e  d e s i r e d  da t a ,  most u s e r s  of microwave-radiometer 
d a t a  e i t h e r  map o r  syn thes i ze  images of t he  measured q u a n t i t i e s .  I n  a d d i t i o n  t o  good 
image q u a l i t y  and a c c u r a t e  geode t i c  r e g i s t r a t i o n ,  microwave-radiometer d a t a  u s e r s  
must be guaranteed t h a t  a  p a r t i c u l a r  o r b i t  pass  w i l l  occur  wi th  some degree of p r e c i -  
s i o n  over  t h e  programmed a r e a  and a t  t h e  programmed time. This  i s  e s p e c i a l l y  impor- 
t a n t  i n  planning ope ra t i ons  t o  acqu i r e  d a t a  a t  s p e c i f i c  t i m e s  and s p e c i f i c  s i t e s .  
Requirements f o r  t h e  p r e c i s i o n  have n o t  y e t  been se t  by microwave-radiometer d a t a  
u s e r s ,  bu t  t o l e r ances  have been es t imated  by comparing LSA missions with o t h e r  Earth- 
observa t ion  missions.  Approximate t o l e r ances  which appear t o  be easy  t o  meet a r e  
expressed a s  fol lows:  

L a t e r a l  d r i f t  of o r b i t  .. . . . . . . . . . 

Sampling-time d r i f t  .............. 

< k0.1 swath width o r  f i v e  t i m e s  t h e  
r e s o l u t i o n  element  s i z e ,  whichever 
i s  sma l l e r  

< f15 min f o r  Sun-synchronous o r b i t ;  
< &1 h r  f o r  60° o r b i t  

I 



For a p a r t i c u l a r  s p a c e c r a f t  design,  t he se  t o l e r ances  can be t r a n s l a t e d  i n t o  
propulsion-system performance requirements and onboard p r o p e l l a n t  needs. 

Summary of O r b i t  Requirements 

~ o s t  LSA observa t ion  requirements can be s a t i s f i e d  by ope ra t i ng  wi th in  t h e  a l t i -  
tude  range from 450 t o  2200 km. In  t h i s  range, many des ign  t r ade -o f f s  a r e  pos s ib l e .  
Discrete a l t i t u d e  s e l e c t i o n s  a r e  a s soc i a t ed  with t he  o r b i t - r e p e t i t i o n  r a t e  and t h e  
r e v i s i t - i n t e r v  1 requirements.  For example, approximately 460 km i s  t h e  lowest  a l t i -  B 
tude f o r  a 15  - o r b i t - r e p e t i t i o n  r a t e  requi red  f o r  a 3-day r e p e a t  cyc le .  

3 

Coverage of important  farm b e l t s  and ocean a r e a s  d i c t a t e s  an o r b i t - i n c l i n a t i o n  
choice >60°. I c e  coverage may demand near-polar o r b i t s .  The Sun-synchronous 98O 
o r b i t  may be chosen f o r  s i n g l e  time-of-day sampling and avoidance of Sun g l i n t .  

Act ive maintenance of average o r b i t  a l t i t u d e  may be r equ i r ed  i n  some o r b i t s  t o  
r e t a i n  i n i t i a l  sampling r e p e a t  cyc l e s ,  swath, c o n t i g u i t y ,  and geodet ic  p r e c i s i o n  of 
mapped-data products  . 

I V .  RADIOMETRIC REQUIREMENTS FOR LARGE SPACE ANTENNAS 

Earth-observat ion requirements were def ined  i n  s e c t i o n  I1 and o r b i t  requirements  
were def ined  i n  s e c t i o n  I11 f o r  LSA space - f l i gh t  missions.  This s e c t i o n  summarizes 
t h e  r e s u l t i n g  requirements imposed on the  LSA radiometer  system i t s e l f .  These 
i nc lude  requirements f o r  frequency, p o l a r i z a t i o n ,  s p a t i a l  r e s o l u t i o n  ( i nc lud ing  t h e  
e f f e c t s  of beam e f f i c i e n c y  and a p e r t u r e  s i z e ) ,  br ightness- temperature  range,  
accuracy,  and temporal r e s o l u t i o n  ( i nc lud ing  t h e  e f f e c t s  of p r ede t ec t i on  bandwidth, 
system noise ,  and i n t e g r a t i o n  t ime) .  

Frequency 

The s e l e c t i o n  of t he  optimum ope ra t i ng  frequency f o r  t h e  LSA microwave radiom- 
eter  r e q u i r e s  cons ide ra t i on  of t h e  fol lowing f i v e  f a c t o r s :  

(1 )  The s e n s i t i v i t y  of t h e  rad iomet r ic  b r igh tnes s  temperature  TB t o  a change 
i n  t h e  geophysical  parameter t o  be measured v a r i e s  with frequency; the magnitude of 
t h e  p a r t i a l  d e r i v a t i v e  of b r igh tnes s  temperature with r e s p e c t  t o  t he  geophys ica l  
parameter  is  frequency dependent. Examples of t h e  s e n s i t i v i t y  of TB t o  changes i n  
sea-surface temperature  (SST) and sea-surface s a l i n i t y  a r e  presen ted  i n  f i g u r e s  5 
and 6, r e s p e c t i v e l y .  The measurement of open-ocean SST ( s a l i n i t y  i s  36 pp t )  over a 
temperature  range from O°C t o  30°C with a reasonable  s e n s i t i v i t y  of 0.25 K/OC o r  
b e t t e r  (h ighe r )  l i m i t  t h e  frequency range from 3 .3  t o  6.2 GHz f o r  an inc idence  angle  
of O0 ( n a d i r )  and from 2.6 t o  8.3 GHz f o r  an inc idence  angle  of 53' (wi th  v e r t i c a l  
p o l a r i z a t i o n ) .  The choice of a h ighe r  s e n s i t i v i t y  f a c t o r  would reduce t h e  a v a i l a b l e  
frequency range, whereas choosing a lower s e n s i t i v i t y  f a c t o r  would i n c r e a s e  t h e  
radiometer-accuracy requirement.  The measurement of s a l i n i t y  with a reasonable  



s e n s i t i v i t y  of 0.25 K/ppt f o r  open oceans a t  20°C would r e q u i r e  a  frequency less than 
2.2 GHz f o r  an inc idence  angle  of O0 and less than 2.8 GHz f o r  an inc idence  ang le  of 
530. 

The v a r i a t i o n  of t h e  microwave b r igh tnes s  temperature of the  s e a  s u r f a c e  is  a  
func t ion  of thermodynamic temperature (SST), d i e l e c t r i c  cons t an t  ( temperature  and 
s a l i n i t y ) ,  s u r f a c e  roughness (wind speed, d i r e c t i o n ,  and f e t c h ) ,  and s u r f a c e  coverage 
(foam, o i l ,  and s t r e a k s ) .  The r e t r i e v a l  of one of t h e  aforementioned geophys ica l  
parameters  r e q u i r e s  e i t h e r  a  knowledge of t he  o t h e r  geophys ica l  parameters ,  t h a t  is,  
an independent measurement of t he  geophysical  parameter,  o r  t h e  s e l e c t i o n  of a  f r e -  
quency a t  which t h e  s e n s i t i v i t y  of b r igh tnes s  temperature  t o  t h a t  parameter i s  small .  
For example, i f  a  frequency of 8  GHz and an  inc idence  angle  of 53' were chosen t o  
measure t h e  SST, t he  e f f e c t  of s a l i n i t y  would be -0.02 K/ppt. Since, from f i g u r e  5, 
temperature  s e n s i t i v i t y  i s  0.27 K/OC a t  O°C, then t h e  e r r o r  s e n s i t i v i t y  due t o  s a l i n -  
i t y  would be -0.02OC/ppt. !his e r r o r  source  could be neglec ted  f o r  an accuracy 
requirement of *l°C. 

The s e n s i t i v i t y  of microwave b r igh tnes s  temperature  of t h e  s e a  s u r f a c e  t o  wind 
speed is  shown i n  f i g u r e s  7 ( a )  and 7 (b )  f o r  s e v e r a l  models and t h e o r i e s .  (See 
r e f s .  12 and 13, r e s p e c t i v e l y . )  The s e n s i t i v i t y  t o  wind speed i n c r e a s e s  wi th  f r e -  
quency and is  a  func t ion  of p o l a r i z a t i o n  and inc idence  angle .  There i s  an inc idence  
ang le  (=50°)  a t  which t h e  s e n s i t i v i t y  t o  s u r f a c e  roughness due t o  wind speed f o r  
v e r t i c a l  p o l a r i z a t i o n  is  minimized. (See r e f .  14.) However, t h e  e f f e c t  of foam 
coverage is  s t i l l  p re sen t .  From f i g u r e  7 ( a ) ,  i f  8  GHz were chosen t o  minimize s a l i n -  
i t y  e f f e c t s ,  t h e  s e n s i t i v i t y  t o  wind speed would be 1 . I  K / m / s e c .  I f  a  s e n s i t i v i t y  of 
0.25 K/OC is  assumed, t h i s  would t r a n s l a t e  t o  an SST e r r o r  s e n s i t i v i t y  of 4°C/m/sec, 
which is h ighly  s i g n i f i c a n t  f o r  an accuracy requirement of i l ° C .  The p r e s e n t  capa- 
b i l i t y  of remote s ens ing  of wind speed i s  1.3 m/sec ( o r  l a )  f o r  t he  Seasa t  SASS and 
2 m/sec f o r  t he  Seasa t  SMMR. (See r e f .  15. ) 

( 2 )  Atmospheric l o s s e s  a s  a  func t ion  of frequency l i m i t  t h e  measurement of t he  
geophysical  parameters  of t h e  E a r t h ' s  s u r f a c e  t o  microwave f requenc ies  below approxi-  
mately 40 GHz.  (See r e f .  12.) 

( 3 )  Ga lac t i c  and cosmic no i se  r e f l e c t e d  from t h e  E a r t h ' s  s u r f a c e  c o n s t i t u t e  a  
l i m i t i n g  lower frequency. The cosmic no i se  c o n t r i b u t e s  a  cons t an t  background n o i s e  
of 3  K over  t h e  frequency range of i n t e r e s t .  However, a t  1  GHz, g a l a c t i c  no i se  
v a r i e s  between approximately 5 and 50 K, depending upon l o c a t i o n  of t he  z e n i t h  p o i n t  
of  t h e  observa t ion  p o i n t  of the  E a r t h ' s  s u r f a c e  i n  t h e  c e l e s t i a l  sphere.  Below 
1 GHz, g a l a c t i c  no i se  i nc reases  with frequency between f  -2.5 and f-3.0 , dependent 
upon t h e  l o c a t i o n  of t h e  z e n i t h  po in t .  (See r e f .  4 . )  Therefore ,  ope ra t i on  of micro- 
wave radiometers  f o r  LSA a p p l i c a t i o n s  i s  n o t  a s  accu ra t e  below 1 GHz because of t h e  
d i f f i c u l t y  of making ga l ac t i c -no i se  c o r r e c t i o n s .  

( 4 )  Radio-frequency i n t e r f e r e n c e  (RFI) produces problems with proper  ope ra t i on  
of pas s ive  microwave senso r s .  As a r e s u l t ,  t he  World Adminis t ra t ive  Radio Conference 
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Figure  5.- S e n s i t i v i t y  of microwave b r i g h t n e s s  t empera tu re  o f  
s e a  s u r f a c e  t o  v a r i a t i o n  i n  s e a - s u r f a c e  t empera tu re  a s  a  
f u n c t i o n  of f requency,  i n c i d e n c e  a n g l e  (0°  and 53O), and 
thermodynamic t empera tu re  (O°C and 30°C) . S a l i n i t y ,  36 pp t .  
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Figure  6.- S e n s i t i v i t y  of microwave b r i g h t n e s s  t empera tu re  o f  
s e a  s u r f a c e  t o  v a r i a t i o n  i n  s a l i n i t y  a s  a  f u n c t i o n  of f requency ,  
i n c i d e n c e  a n g l e  (0°  and 53O ) , and s a l i n i t y  ( 1  0  p p t  and 36 p p t )  . 
SST = 20°C. 
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( a )  Data compiled from experimental  d a t a  wi thout  s p e c i f i c a t i o n  
of inc idence  angle  and p o l a r i z a t i o n .  Adapted from re fe r ence  1 2 .  
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( b )  Data showing e f f e c t s  of inc idence  angle  and p o l a r i z a t i o n .  
( I n f e r r e d  va lue  of nad i r  d a t a  obtained by averaging h o r i z o n t a l  
and v e r t i c a l  measurements.) Adapted from re fe r ence  13. 

Figure 7.- S e n s i t i v i t y  of microwave b r i g h t n e s s  temperature o f  
s ea  s u r f a c e  t o  wind speed. 



(WARC) has a l located several  frequency bands, c l a s s i f i ed  as  e i t h e r  primary, shared, 
or  secondary, f o r  passive microwave measurements from space. These frequency bands 
a r e  l i s t e d  i n  t ab le  7. 

TABLE 7.- WARC FREQUENCY ALLOCATIONS 

*Measurands a re  indicated by the following l e t t e r s :  
a: Sa l in i ty ;  s o i l  moisture 
b: Sea-surface temperature 
c: Water roughness (winds); ra in ;  i c e ;  snow 
d: Rain; ice ;  snow; water vapor 
e: Ice; o i l  s p i l l s ;  clouds; snow 

Primary a l loca t ions  a r e  those i n  which a l l  electromagnetic emissions by other 
services a r e  prohibited by in te rna t iona l  agreement. Shared a l locat ions  a r e  those 
where other emissions a r e  permitted; however, other users a re  requested t o  l i m i t  
emissions t o  those l eve l s  which would allow operation of passive spaceborne sensors.  
Secondary a l locat ions  a r e  those where the passive sensor cannot place any cons t ra in t s  
on emissions by other services .  When re fe r r ing  t o  t ab le  7, it i s  apparent t h a t  there  
a r e  very few protected frequency bands avai lable  f o r  passive remote sensing from 
Earth-orbiting s a t e l l i t e s .  The avoidance of RFI  w i l l  be a key fac to r  i n  the ove ra l l  
frequency se lec t ion  s ince  shared and secondary a l loca t ions  must be used. 

Measurand* 

a 
a 
b 
b 
b 
b 
b 
b1 c 
bt c 
c 
c 
C I  d 
C I  d 
d 
d 
d 
e 
e 

Frequency range, GHz 

1.370 t o  1.400 
1 .400 t o  1 .427 
2.640 t o  2.655 
2.655 t o  2.690 
2.690 t o  2.700 
4.200 t o  4.400 
4.950 t o  4.990 
6.425 t o  7.075 
7.075 t o  7.250 

10.600 t o  10.680 
10.680 t o  10.700 
15.200 t o  15.350 
15.350 t o  15.400 
18.600 t o  18.800 
22.210 t o  22.500 
23.600 t o  24.000 
31.300 t o  31.500 
31 .500 t o  31 .800 

Type of a l loca t ion  

Secondary 
Primary 
Secondary 
Shared 
Primary 
Secondary 
Secondary 
Shared 
Shared 
Shared 
Primary 
Secondary 
Primary 
Shared 
Shared 
Primary 
Primary 
Primary 



The problem of RFI can e a s i l y  be shown. For example, t h e  r e l a t i o n s h i p  between 
antenna temperature  Tant and t h e  power l e v e l  a t  t he  antenna P i s  given by 

where k  ( t h e  Boltzmann cons t an t )  is  equa l  t o  1.38 x 1 o - ~ ~  W-K-I -HZ-' and B ( t h e  
p r e d e t e c t i o n  bandwidth) is equa l  t o  200 MHz. For a  s i g n a l  l e v e l  equ iva l en t  t o  a  
radiometer  no i se  l e v e l  of 0.2 K, t h e  power a t  t h e  antenna t e rmina l s  would be 
-123 dBm. Any e x t e r n a l  i n t e r f e r e n c e  must be k e p t  below t h i s  l eve l .  By assuming 
t h a t  t h e  antenna was n o t  po in ted  toward t h e  i n t e r f e r i n g  s i g n a l ,  a  s p a t i a l  f i l t e r -  
i n g  by t h e  antenna of a t  l e a s t  30 dB can be used. By assuming t h a t  a  maximum-size 
antenna of 200 m is  used a t  a  range of 1000 km with an a p e r t u r e  e f f i c i e n c y  of 
50 percent ,  t h e  e f f e c t i v e  i s o t r o p i c  r a d i a t e d  power (EIRP) from t h e  ground can be 
c a l c u l a t e d  from 

-1 0  
6  2  

E I R P  = 5.0 x 10 
mW x 271(10 ) 

= 0.2 mw 
71 
-( 100) 

2  
2  

That  i s ,  an i s o t r o p i c  r a d i a t o r  t h a t  t r ansmi t s  0.2 mW i n t o  t h e  s i d e  lobes on t h e  sur -  
f ace  of t he  Earth would ba re ly  be d e t e c t a b l e .  Any h ighe r  power would r e q u i r e  
f i l t e r i n g  i n  t h e  radiometer.  

The measurement of t h e  var ious  geophysical  parameters  can be made only i n  spec i -  
f i c  frequency reg ions .  As s t a t e d  prev ious ly ,  sea-sur face  temperature can be measured 
a c c u r a t e l y  only between 2.6 and 8.3 GHz.  Considera t ion  of RFI and frequency a l l o c a -  
t i o n  would l i m i t  t h e  s e l e c t i o n  of a  frequency f o r  sea-surface- temperature  measurement 
t o  a  60-MHz-wide band from 2.64 t o  2.70 G H z ,  a 200-MHz-wide band from 4.2 t o  4.4 GHz, 
a  40-MHz-wide band from 4.95 t o  4.99 GHz, o r  an 825-MHz-wide band from 6.42 t o  
7.250 GHz. 

( 5 )  The s e l e c t i o n  of a  frequency f o r  microwave-radiometer measurement of s o i l  
moisture  i s  inf luenced  by an a d d i t i o n a l  f a c t o r ,  t he  depth of p e n e t r a t i o n  through 
t h e  biomass cover,  such a s  vege ta t ion ,  t o  t h e  E a r t h ' s  s u r f a c e  t o  measure t h e  s o i l -  
moisture  con ten t .  The c o r r e l a t i o n  c o e f f i c i e n t  of t h e  measured b r igh tnes s  temperature  
wi th  volumetr ic  so i l -mois ture  con ten t  a s  a  func t ion  of frequency is  shown i n  f i g u r e  8 
( d a t a  taken from r e f .  1 6 ) .  The measurement of s o i l  moisture  f o r  bare  s o i l s  can be  
made a t  any frequency between 0.5 and 10 GHz. However, i f  t h e  su r f ace  is  covered by 
vege ta t ion ,  then only t he  longer  wavelengths can provide  t h e  depth of p e n e t r a t i o n  
necessary  t o  measure s o i l  moisture.  Cons idera t ion  of frequency a l l o c a t i o n ,  RFI, 
g a l a c t i c  no i se ,  and depth of p e n e t r a t i o n  l i m i t s  t he  frequency f o r  s o i l  moisture  t o  a  
57-MHz-wide band from 1.370 t o  1.427 G H z .  This  a l s o  r e p r e s e n t s  a  good frequency 
s e l e c t i o n  f o r  s a l i n i t y  measurements i n  t he  open ocean. 

I n  summary, t h e  o v e r a l l  frequency range f o r  Earth-viewing LSA radiometers  is 
roughly bounded a t  t he  lower end by g a l a c t i c  no i se  and a t  t h e  h igher  end by atmo- 
s p h e r i c  l o s s e s .  The range s e l e c t e d  f o r  t h i s  requirements  d e f i n i t i o n  is  1  t o  40 GHz. 
Ind iv idua l  frequency s e l e c t i o n s  from wi th in  t h i s  range f o r  each measurand must be 
made very c a r e f u l l y  by t ak ing  i n t o  account  t h e  f i v e  f a c t o r s  d i scussed  and t h e  f a c t  
t h a t  an LSA radiometer ,  from a  p r a c t i c a l  s t andpo in t ,  probably w i l l  n o t  be designed 
f o r  an  i n d i v i d u a l  optimized frequency f o r  each measurand. Ins tead ,  two t o  s i x  f r e -  
quencies  may have t o  s u f f i c e  f o r  a l l  measurands. For t h i s  requirements d e f i n i t i o n ,  
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Figure  8.- C o r r e l a t i o n  of microwave b r i g h t n e s s  t empera tu re  wi th  v o l u m e t r i c  
s o i l - m o i s t u r e  c o n t e n t  f o r  b a r e  s o i l ,  grass-covered s o i l ,  and a l f a l f a -  
covered s o i l  a s  a f u n c t i o n  of f requency.  Adapted from r e f e r e n c e  16. 
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t h e  p r a c t i c a l  f requency  (and wavelength)  ranges  from which f r e q u e n c i e s  can be 
s e l e c t e d  a r e  l i s t e d  i n  t a b l e  8. Also l i s t e d  a r e  t h e  s e l e c t i o n s  f o r  a  sample s i x -  
f requency  rad iomete r .  

TABLE 8.- PRACTICAL FREQUENCY AND WAVELENGTH RANGES OF MEASURANDS 

Frequency 
wavelength 

Frequency range, 
GHz ............ 

Wavelength, cm ... 
Sample frequency 

s e l e c t i o n s ,  GHz: 

1.4 ............ 
4.2 t o  4.4 ..... 
6.6 ............ 
1 0.7 ........... 
21 ............. 
37 ............. 

moisture ' 

1 t o  10 

30 t o  3 

C r i t i c a l  

Important 

Important 

Helpful  

Sea-surface 
temperature 

2 t o  6 

15 t o  5 

C r i t i c a l  

Important 

Helpful 

Helpful 

Helpful 

water 
roughness 

(winds) 

2 t o  37 

15 t o  0.8 

Helpful 

Important 

C r i t i c a l  

P r e c i p i t a t i n g  
l i q u i d  water 

( r a i n )  

6 t o  37 

5 t o  0.8 

Helpful  

Helpful 

Important 

Important 

S a l i n i t y  

1 t o  2 

30 t o  15 

C r i t i c a l  

Nonprecipi tat ing 
l i q u i d  water 

(c louds)  

20 t o  37 

1.5 t o  0.8 

~ m p o r t a n t  

xmportan t 

Helpful 

C r i t i c a l  

Ice  

10 t o  37 

3 t o  0.8 

Helpful 

Helpful 

Important 

Important 

Important 

C r i t i c a l  

water 
p o l l u t a n t s  

( o i l )  

1 t o  37 

30 t o  0.8 

Helpful 

Helpful 

Helpful 

Helpful 

Important 

Atmospheric 
water 
vapor 

15 t o  25 

2 t o  1.2 

C r i t i c a l  



P o l a r i z a t i o n  

P o l a r i z a t i o n  of t h e  an tenna  f e e d  is i m p o r t a n t  s i n c e  t h e  e m i s s i v i t y  of t h e  s u r -  
f a c e  is a f u n c t i o n  of b o t h  t h e  p o l a r i z a t i o n  a n g l e  and i n c i d e n c e  a n g l e  of t h e  s e n s i n g  
beam r e c e i v e d  by t h e  LSA. The e m i s s i v i t y  of t h e  s u r f a c e  must be modeled s o  t h a t  
an tenna  t empera tu re  can be conver ted  t o  t h e  p h y s i c a l  t empera tu re  of t h e  s u r f a c e .  The 
modeling is  made e a s i e r  i f  b o t h  t h e  p o l a r i z a t i o n  a n g l e  and i n c i d e n c e  a n g l e  a r e  f i x e d .  
However, t h i s  is n o t  always c o n s i s t e n t  wi th  p h y s i c a l l y  r e a l i z a b l e  an tenna  scann ing  
and f e e d  systems.  Table  9 l is ts  t h e  p o l a r i z a t i o n  o p t i o n s .  

TABLE 9.- POSSIBLE COMBINATIONS OF POLARIZATION I N  ORDER OF 
DECREASING DESIRABILITY 

The measurement of a s p e c i f i c  geophys ica l  pa ramete r  de te rmines  which p o l a r i z a -  
t i o n  is d e s i r e d .  So i l -mois tu re  measurements a r e  more s e n s i t i v e  t o  h o r i z o n t a l  p o l a r -  
i z a t i o n  w i t h  i n c i d e n c e  a n g l e s  l e s s  than  30°, whereas sea -sur face- tempera tu re  measure- 
ments are more s e n s i t i v e  t o  v e r t i c a l  p o l a r i z a t i o n  w i t h  i n c i d e n c e  a n g l e s  around 50°.  
(See  r e f .  14.)  C i r c u l a r  p o l a r i z a t i o n  is n o t  l i s t e d  s i n c e  measuring two o r t h o g o n a l  
l i n e a r  p o l a r i z a t i o n s  is e q u i v a l e n t  t o  measuring c i r c u l a r  p o l a r i z a t i o n .  

Order of 
d e s i r a b i l i t y  

1  
2 
3 
4 

A s  no ted  i n  t a b l e  9, a f i x e d  i n c i d e n c e  a n g l e  w i t h  beam p o s i t i o n  i s  v e r y  d e s i r -  
a b l e .  Th i s  i m p l i e s  a  c o n i c a l  s c a n  o r  a c o n i c a l  a r r a y  p a t t e r n  of m u l t i p l e  beams. I n  
t h e  c a s e  of ex t remely  wide swath systems necessa ry  f o r  t h e  E a r t h ' s  coverage,  t h e  
i n c i d e n c e  a n g l e  of t h e  rad iomete r  l i n e  of s i g h t  w i t h  t h e  l o c a l  v e r t i c a l  d i r e c t i o n  a t  
t h e  E a r t h ' s  s u r f a c e  is  n o t  t h e  same f o r  a l l  s e n s i n g  beams, b u t  t h e  v a r i o u s  a n g l e s  a r e  
f i x e d  by t h e  viewing geometry. As noted i n  s e c t i o n  111 on rad iomete r  o r b i t  r e q u i r e -  
ments, t h e  i m p o s i t i o n  of a l i m i t  on t h e  beam i n c i d e n c e  a n g l e  can impose a s e v e r e  
a l t i t u d e  o p e r a t i n g  p e n a l t y .  

C r o s s - p o l a r i z a t i o n  e f f e c t s  caused by t h e  LSA i t s e l f ,  f o r  example, o f f s e t  f e e d ,  
shou ld  be minimized. I n i t i a l  s t u d i e s  (unpubl i shed)  i n d i c a t e  t h a t  a c r i t e r i o n  of -60 4 
t o  -70 dB a p p e a r s  t o  be q u i t e  adequa te  f o r  measurand r e t r i e v a l  purposes;  however, 
t h e  c a p a b i l i t y  of LSA d e s i g n s  t o  meet t h i s  r equ i rement  must be i n v e s t i g a t e d .  P r e s e n t  
an tenna  d e s i g n s  i n d i c a t e  t h a t  t h i s  is a n  ex t remely  d i f f i c u l t  d e s i g n  c r i t e r i o n  t o  
meet. 

L i n e a r  
p o l a r i z a t i o n  

Dual 
S i n g l e  
Dual 

S i n g l e  

S p a t i a l  R e s o l u t i o n  

The remote-sensing d a t a - u s e r ' s  r equ i rement  f o r  s p a t i a l  r e s o l u t i o n  g iven  i n  
table 3 as 1 0  km (mandatory) t o  approximately  1  km ( d e s i r e d )  is  i n t e r p r e t e d  i n  t h i s  
s e c t i o n  i n  terms of rad iomete r  requirements .  Unavoidable d i f f r a c t i o n  and s c a t t e r i n g  
degrade  remote-sensing beams; consequen t ly ,  t h e  s p a t i a l - r e s o l u t i o n  requ i rement  must 

Inc idence  
a n g l e  

Fixed 
Fixed 

R o t a t i n g  
R o t a t i n g  

Comment 

Highly d e s i r a b l e  

L e a s t  d e s i r a b l e  



be more p r e c i s e l y  def ined  i n  both s p a t i a l  s i z e  and energy d i s t r i b u t i o n  of t he  sens ing  
beams. The paragraphs t h a t  fo l low show the  need f o r  p r e c i s e  requirements and develop 
t h e  requirements  r e l a t e d  t o  beam e f f i c i e n c y ,  antenna a p e r t u r e ,  and r e f l e c t o r  s u r f a c e  
roughness. 

S p a t i a l  r e s o l u t i o n  has  many d i f f e r e n t  meanings. In  image eva lua t ion ,  r e s o l u t i o n  
r e f e r s  t o  t he  s i z e  of the  s m a l l e s t  d i s c e r n i b l e  f e a t u r e .  In radiometry,  t he  Rayleigh 
c r i t e r i o n  s t a t e s  t h a t  two components of equa l  i n t e n s i t y  should be considered reso lved  
when the  p r i n c i p a l  maximum of one co inc ides  with t h e  f i r s t  minimum of t he  o t h e r .  
I n  remote s ens ing  of t h e  Ea r th ' s  parameters ,  a  number of terms have been used t o  
desc r ibe  t h e  r e s o l u t i o n  element: f o r  example, p i x e l ,  f o o t p r i n t ,  f i e l d  of view (FOV), 
i n s t an t aneous  f i e l d  of view ( IFOV) ,  beam width,  and s p o t  s i z e .  For t he  purposes of 
t h i s  r e p o r t ,  t h e  r e s o l u t i o n  element is def ined  a s  t h e  f i e l d  of view a t  t h e  E a r t h ' s  
s u r f a c e  du r ing  a  single-measurement sequence. 

I n  s e c t i o n  111, t h e  angular - reso lu t ion  c a p a b i l i t y  of a  c i r c u l a r  antenna of diam- 
e t e r  D and ope ra t i ng  wavelength A was s t a t e d  a s  8 ( r a d i a n s )  = 1.22h/D, and t h i s  

C IFOV a t  t h e  E a r t h ' s  s u r f a c e  was considered t h e  resolution element.  The movement of 
t he  FOV dur ing  a  measurement sequence i s  n o t  taken i n t o  account .  (The sequence i s  
covered subsequent ly  i n  s e c t i o n  V i n  t h e  d i s cus s ion  e n t i t l e d  " S e n s i t i v i t y  and Mult- 
i p l e  Beams.") Furthermore, i t s  c h a r a c t e r i s t i c  dimension ( i n  t h i s  case ,  a  d i ame te r )  
i s  def ined  by t h e  3-dB power contour  of t he  main beam, even though t h e  "edge" of t he  
main beam is a c t u a l l y  about  2.5 t imes l a r g e r .  This r e s o l u t i o n  element d i s r ega rded  
p a r t  of t he  main beam, along with t he  s i d e  lobes  and back lobes which toge the r  supply 
ha l f  t he  power received.  Obviously, t he re fo re ,  p r e c i s i o n  radiometry r e q u i r e s  a  
knowledge of both t h e  s i z e  and t h e  energy of t h e  fu l l - s ens ing  beam. 

Beam ef f ic iency . -  Beam e f f i c i e n c y  E, o r ,  more p rope r ly ,  main-beam e f f i c i e n c y ,  
i s  def ined  a s  t h e  i n t e g r a l  of power over  t h e  main beam o u t  t o  t h e  f i r s t  minimum 
div ided  by the  i n t e g r a l  over the  complete antenna p a t t e r n .  It r ep re sen t s  t he  f r a c -  
t i o n  of t h e  power rece ived  through t h e  main beam i f  t h e  antenna was i n  an i so the rma l  
enc losure .  The power received from a l l  ang le s  o t h e r  than the  main beam, 1 - E ,  

comes from sources  o t h e r  than the  scene being observed and, i n  genera l ,  is  n o t  
a c c u r a t e l y  known. The e f f e c t i v e  antenna temperature  then c o n s i s t s  of two p a r t s :  

The second term must be removed by assuming a  temperature  d i s t r i b u t i o n  f o r  

Tother  and i n t e g r a t i n g  over  a l l  t h e  s i d e  lobes and back lobes .  This process  i s  
s imple i f  most of t h e  power is  i n  t h e  f i r s t  s i d e  lobe and t h e  scene i s  homogeneous, 
such a s  an ocean scene. On the  o t h e r  hand, t he  main beam may be on the  ocean and 
t h e  s i d e  lobes may be p a r t i a l l y  viewing land. In t h i s  case ,  it may be impossible  t o  
make the  c o r r e c t i o n  t o  the  requi red  accuracy.  In  any case ,  t h e  l a r g e r  t he  beam e f f i -  
c iency ,  t h e  e a s i e r  it is  t o  c o r r e c t  f o r  t h e  unwanted rece ived  r a d i a t i o n .  I f ,  f o r  
example, 1 - E = 0.02 ( a  main-beam e f f i c i e n c y  of 98 p e r c e n t ) ,  t he  maximum va lue  of 
t h e  second term would be 0.02 x 300° = 6O, which could be c a l c u l a t e d  t o  w i th in  *0.2O 
wi th  a  knowledge of Tother t o  w i th in  & l o 0 .  

The r equ i r ed  beam e f f i c i e n c y  is h ighly  dependent on t h e  requi red  measurement 
accuracy, s ide- lobe s t r u c t u r e ,  and scene he t e rogene i ty .  Experience i n  us ing  d a t a  
from t h e  Seasa t  and Nimbus 6 SMMR has shown t h a t  f o r  main-beam e f f i c i e n c i e s  l e s s  than 
90 pe rcen t ,  it is  d i f f i c u l t  t o  c o r r e c t  f o r  t he  power rece ived  from the  s i d e  lobes  
and back lobes  t o  t h e  accuracy requi red  f o r  de te rmina t ion  of sea-surface tempera- 



t u r e s .  It i s  p o s s i b l e  t o  o b t a i n  main-beam e f f i c i e n c i e s  E of 99 p e r c e n t  wi th  
c e r t a i n  t y p e s  of horn an tennas  t o  a s  low a s  60 p e r c e n t  f o r  a un i fo rmly  i l l u m i n a t e d  
r e f l e c t o r  an tenna .  S ince  t h e  r e q u i r e d  main-beam e f f i c i e n c y  i s  dependent  on t h e  
p a r t i c u l a r  o b s e r v a t i o n ,  it is  d i f f i c u l t  t o  s p e c i f y  a g e n e r a l  r equ i rement  on E f o r  a 
b road  range  of measurements o t h e r  t h a n  t o  s a y  t h a t  E s h o u l d  be  a s  h i g h  a s  p o s s i b l e .  
I n  o r d e r  t o  p r o v i d e  guidance t o  d e s i g n e r s  and t e c h n o l o g i s t s ,  however, t h i s  r e q u i r e -  
ments d e f i n i t i o n  w i l l  a d a p t  ( t o  guaran tee  d a t a  i n v e r s i o n )  E > 90 p e r c e n t  f o r  a 
homogeneous s c e n e  a s  a g e n e r a l  requirement .  

Beam s i z e  and an tenna  diameter . -  I n  t a b l e  10, o p t i c a l  and microwave beams a r e  
compared w i t h  r e g a r d  t o  r a d i a t i o n  s o u r c e ,  beam s i z e ,  and beam e f f i c i e n c y  f o r  p e r f e c t  

TABLE 10.- DIFFRACTION-LIMITED BEAMS 

d i f f r a c t i o n - l i m i t e d  d e s i g n s .  ( S c a t t e r i n g  of energy o u t s i d e  t h e  main beam is  covered 
n e x t  i n  t h e  d i s c u s s i o n  e n t i t l e d  "Sur face  Roughness .") Case 1 is t h e  c l a s s i c  o p t i c s  
c a s e  which u s e s  t h e  Rayleigh r e s o l u t i o n  c r i t e r i o n .  The maximum p o s s i b l e  energy i n  
the main beam, c a l l e d  t h e  Airy  p a t t e r n ,  is  84 p e r c e n t .  (See r e f .  17.) An ex tended  
s o u r c e ,  c a s e  2, however, a p p l i e s  more d i r e c t l y  t o  remote s e n s i n g  of t h e  E a r t h  w i t h  
s e n s o r s  such a s  t h o s e  on Landsat .  The 84-percent  maximum energy  o c c u r s  i n  t h e  d i s k  
( o r  main beam) which i s  twice  t h e  c l a s s i c  o p t i c s  s i z e .  (See r e f .  18.) Case 3 
a p p l i e s  t o  t h e  t r a d i t i o n a l .  microwave-antenna half-power beamwidth used f o r  communica- 
t i o n s ,  r a d a r ,  and s i m i l a r  a p p l i c a t i o n s ,  whereas c a s e  4 a p p l i e s  more d i r e c t l y  t o  pas- 
s i v e  microwave remote s e n s i n g .  I n  c a s e  4, t h e  e f f e c t  of t h e  s i d e  and back l o b e s  must 
be suppressed  i n  o r d e r  t o  i n c r e a s e  t h e  main-beam e f f i c i e n c y  t o  90 p e r c e n t  o r  more. 
The s i z e  of t h i s  main beam i s  approx imate ly  2.5 t imes  t h e  half-power s i z e ,  o r  3h/D. 

R a d i a t i o n  
s o u r c e  

O p t i c a l  

Microwave 

I n  a c t u a l  p r a c t i c e ,  t h e  s i z e  of t h e  r e s o l u t i o n  e lements  v a r i e s  from t h e  h a l f -  
power beam s i z e ,  approximately  1.22A/D1 t o  twice  t h e  s i z e  of t h e  main beam, 6A/D. 
(Twice t h e  main-beam s i z e  a l l o w s  f o r  one beamwidth t r a n s l a t i o n  d u r i n g  a measurement 
sequence. )  Th is  ambigui ty  of approx imate ly  a f a c t o r  of f i v e  e x i s t s  i n  s t a t e m e n t s  
of b o t h  measurement requ i rements  and measurement c a p a b i l i t i e s .  I n  t h i s  r equ i rements  
d e f i n i t i o n ,  t h e r e f o r e ,  a degree  of conserva t i sm i s  b u i l t  i n  by u s i n g  t h e  c r i t e r i o n  
t h a t  t h e  maximum dimension of the main beam should  be e q u a l  t o  or smaller t h a n  one- 

Case d e s c r i p t i o n  

Case 1: Incoheren t ;  non- 
p o l a r i z e d ;  p o i n t  s o u r c e  

Case 2: Incoheren t ;  non- 
p o l a r i z e d ;  extended s o u r c e  

Case 3: Coherent;  p o l a r i z e d  
p o i n t  s o u r c e s  

Case 4: P a r t i a l l y  c o h e r e n t ;  
p a r t i a l l y  p o l a r i z e d ;  
extended s o u r c e  

Beam s i z e ,  r a d  

-1.22A/~ t o  f i r s t  
minimum 

=2.44h/D t o  f i r s t  
minimum 

= I  .22 A/D t o  h a l f -  
power p o i n t s  

=3VD 

Beam e f f i c i e n c y ,  p e r c e n t  

84 ( f u l l  Airy  p a t t e r n )  

84 ( f u l l  Airy p a t t e r n )  

50 (half-power beam) 

>90 ( f u l l  main beam; 
s i d e  l o b e s  d e p r e s s e d )  

J 



h a l f  t h e  r e s o l u t i o n  requirement .  By u s i n g  t h i s  c o n s e r v a t i v e  c r i t e r i o n  a t  t h e  p r a c t -  
i c a l  minimum a l t i t u d e  o f  450 km, t h e  an tenna  d iamete r  D r e q u i r e d  f o r  a 10-km 
r e s o l u t i o n  a t  A = 20 cm is  54 m, whereas t h e  b e s t  r e s o l u t i o n  p o s s i b l e  w i t h  a  200-111 
an tenna  is 2.7 km. 

F i g u r e  9  shows t h e  minimum r e q u i r e d  an tenna  d i a m e t e r  a s  a f u n c t i o n  of wavelength 
f o r  a 600-km o r b i t .  Both the o p t i m i s t i c  and c o n s e r v a t i v e  cri teria are used f o r  t h e  
10-km (mandatory) and t h e  1-km ( d e s i r e d )  r e s o l u t i o n s .  For t h e  mandatory 10-km reso-  
l u t i o n ,  t h e  f u l l  200-m a p e r t u r e  is  n o t  r e q u i r e d  f o r  a  s i n g l e  beam; b u t  f o r  t h e  
d e s i r e d  1-km r e s o l u t i o n ,  t h e  50-m a p e r t u r e  is  adequa te  o n l y  a t  t h e  upper end o f  t h e  
f requency range.  
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Figure  9.- Minimum r e q u i r e d  an tenna  d iamete r  a t  o r b i t  a l t i t u d e  of 600 km f o r  
v a r i o u s  s p a t i a l - r e s o l u t i o n  requ i rements .  

S u r f a c e  Roughness.- I n  a d d i t i o n  t o  d i f f r a c t i o n ,  s c a t t e r i n g  from a  r e f l e c t o r  
s u r f a c e  a l s o  reduces  main-beam e f f i c i e n c y .  Tha t  is ,  any d e v i a t i o n  from a p e r f e c t  
geomet r ic  s u r f a c e  w i l l  s c a t t e r  r a d i a t i o n  o u t  of t h e  main beam. The d i r e c t i o n  i n  
which t h e  r a d i a t i o n  is s c a t t e r e d  is determined by t h e  s i z e  and d i s t r i b u t i o n  of t h e  
e r r o r s .  However, t h e  magnitude of t h e  energy  g a i n  of t h e  main beam is  g iven  by t h e  

well-known Ruze formula  g = goe ( -4 r r6 /~1  '. (See r e f .  I 9 . )  Here, go is  t h e  g a i n  
f o r  a p e r f e c t l y  smooth r e f l e c t o r  and t h e  e x p o n e n t i a l  r e p r e s e n t s  t h e  energy a t t e n u a -  
t i o n  f a c t o r  due t o  t h e  r m s  s u r f a c e  e r r o r s  6 f o r  a r e f l e c t o r  o p e r a t i n g  a t  a  wave- 
l e n g t h  A; f o r  example, i f  6 = h/16, beam e f f i c i e n c y  i s  reduced t o  approx imate ly  



50 p e r c e n t .  I f  t h e  beam e f f i c i e n c y  must be g r e a t e r  t h a n  90 p e r c e n t  and s u r f a c e  
roughness  is budgeted f o r  on ly  one-half  of t h e  10-percent  a l l o w a b l e  beam-energy l o s s ,  
t h e n  t h e  s u r f a c e  i r r e g u l a r i t i e s  must be mainta ined s o  t h a t  6 is less t h a n  A/55. 

The performance l i m i t s  of l a r g e  ground-based a n t e n n a s  used f o r  r a d i o  astronomy 
and communications a r e  determined p r i m a r i l y  by t h e  accuracy  of t h e  r e f l e c t i n g  s u r -  
f a c e s .  F igure  10 p l o t s  an tenna  d iamete r  a s  a f u n c t i o n  of minimum u s a b l e  wavelength  
bin f o r  some of t h e  w o r l d ' s  b e s t  r a d i o  t e l e s c o p e s .  m e  c r i t e r i o n  used f o r  Amin 

X , cm 
m i n  

F i g u r e  10.- Diameter p l o t t e d  a g a i n s t  o p e r a t i n g  wavelength 
f o r  10 Earth-based l a r g e  an tenna  systems.  

was t h e  half-power antenna-gain  c r i t e r i o n .  It can be s e e n  t h a t  t h e r e  i s  a d e f i n i t e  
c o r r e l a t i o n  between an tenna  d iamete r  and . The s o l i d  l i n e  on t h e  f i g u r e  approx- 
i m a t e s  t h e  c o r r e l a t i o n  and cor responds  t o  D = 6 0 0 0 h i n .  By a p p l y i n g  t h i s  c o r r e l a -  
t i o n  t o  LSA's a t  37 GHz ,  t h e  cor responding  d i a m e t e r  i s  approx imate ly  50 m. By u s i n g  
t h i s  c r i t e r i o n ,  a n t e n n a s  l a r g e r  than  50 m would have t o  o p e r a t e  a t  less than  37 GHz. 
The half-power c r i t e r i o n  used f o r  r a d i o  t e l e s c o p e s  cor responds  t o  6 = A/16. I f  
6 = h/55 i s  used a s  t h e  c r i t e r i o n  f o r  E a r t h  rad iomet ry ,  h igh-frequency o p e r a t i o n  is 
f u r t h e r  r e s t r i c t e d .  A l t e r n a t i v e  modes of o p e r a t i o n  a r e  env i s ioned ,  however, where 
o n l y  a s m a l l  p o r t i o n  of t h e  t o t a l  a v a i l a b l e  a p e r t u r e  is  used a t  t h e  h i g h e r  f requen-  
cies, o r  where t h e  D / A  l i m i t  is r a i s e d  by reduc ing  6 th rough  b e t t e r  e n g i n e e r i n g  
and manufacture  of t h e  r e f l e c t i n g  s u r f a c e  and by t h e  u s e  of mechan ica l ly  a c t i v e  s u r -  
f a c e  c o n t r o l l e r s .  Thus, t h e  p r a c t i c a l  maximum o p e r a t i n g  f requency  is  somewhat depen- 
d e n t  on c o n f i g u r a t i o n  and technology,  b u t  37 GHz remains a s  t h e  requirement .  



Brightness-Temperature Range, Accuracy, and Resolut ion 

Earth-emitted r a d i a t i o n  is the  a c t u a l  q u a n t i t y  sensed i n  t he  p re sc r ibed  reso lu-  
t i o n  element wi th  a corresponding beam e f f i c i e n c y .  It  depends on both temperature 
and e m i s s i v i t y  and i s  r e f e r r e d  t o  a s  b r igh tnes s  temperature .  The phys i ca l  tempera- 
t u r e  over t h e  Ear th  i s  approximately 290 & 50 K. The e m i s s i v i t y  v a r i e s  from 1 t o  
0.2, thus g i v i n g  a br ightness- temperature  range from 48 t o  340 K. The co ld  (approxi-  
mately 3 K)  sky i s  o f t e n  used a s  a c a l i b r a t i o n  source  s o  t h a t  t h e  radiometers  should 
have a dynamic range of approximately 3 t o  340 K. The br ightness- temperature  ranges 
f o r  t h e  var ious  measurands a r e  shown i n  t a b l e  11. Also shown a r e  t h e  measurement 
accuracy and r e s o l u t i o n  requirements .  The accuracy requirement ,  o r ,  more p rope r ly ,  

TABLE 11 .- BRIGHTNESS-TEMPERATURE RADIOMETER REQUIREMENTS 

a ~ o  be determined. 

Geophysical 
parameter 

Brightness-  
temperature  
range, K ... 

Brightness- 
temperature  
accuracy,  
K .......... 

Brightness-  
temperature  
r e s o l u t i o n  
( p r e c i s i o n ) ,  
K .......... 

t h e  t o l e r ance  f o r  uncorrected e r r o r s ,  v a r i e s  d r a s t i c a l l y  wi th  t he  u s e r ' s  a p p l i c a t i o n .  
General ly ,  1 pe rcen t  of t he  b r igh tnes s  temperature o r  from 2 t o  3 K is a t y p i c a l  
requirement ,  b u t  some s p e c i f i c  a p p l i c a t i o n s  r e q u i r e  a b s o l u t e  accu rac i e s  t h a t  approach 
the  p r e c i s i o n  and temperature r e s o l u t i o n  requirements .  

The br ightness- temperature  r e s o l u t i o n  requirement  is  r e l a t e d  t o  t h e  accuracy and 
p r e c i s i o n  requirements  f o r  t he  measurands. It is  often used in te rchangeably  with 
radiometer  s e n s i t i v i t y  AT. However, i n  determining geophys ica l  p r o p e r t i e s ,  f o r  
example, sea-sur face  temperature,  t h e  u n c e r t a i n t y  i n  t h e  measurement of b r igh tnes s  
temperature  is  o f t e n  l a r g e r  than AT. (Radiometer c a l i b r a t i o n s  i nc lude  t h e  same 
n o i s e  a s  t h e  s i g n a l ;  consequent ly ,  t h e  u n c e r t a i n t y  i n  b r i g h t n e s s  temperature a f t e r  
c a l i b r a t i o n  is l a r g e r  than AT.) From unpublished d a t a  by William D. S tan ley  of 

Water 
p o l l u t a n t s  

( o i l )  

5 t o  200 

( a  1 

( a )  

Soi  1 
moisture  

90 t o  300 

2 

0.5 

Salinity 

50 t o  150 

0.2 

0.1 

Sea-surface 
temperature 

85 t o  200 

0.2 

0.1 

Water 
roughness 

(winds 

85 t o  300 

1 

0.5 

I c e  

100 t o  250 

2 
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Old Dominion U n i v e r s i t y ,  Norfolk ,  V i r g i n i a ,  t h e  v a r i a n c e  of t h e  measurements can be 
modeled as 

where 

(J 
2 v a r i a n c e  of an tenna  t empera tu re  f o r  a d e s i r e d  measurand 
T A 

C a d d i t i v e  c o n s t a n t  

a a t t e n u a t i o n  f a c t o r  f o r  rad iomete r  f r o n t  end 

Ri 
p o w e r - r e f l e c t i o n  c o e f f i c i e n t  of i n p u t  wave i n  forward d i r e c t i o n  

I n  t h i s  f o r m u l a t i o n ,  measurement u n c e r t a i n t i e s  are r e l a t e d  d i r e c t l y  t o  AT, b u t  o t h e r  
an tenna  and r a d i o m e t e r  c h a r a c t e r i s t i c s  produce a m u l t i p l i c a t i v e  f a c t o r  and a n  add i -  
t i v e  c o n s t a n t  C. A t  low v a l u e s  o f  AT, g e n e r a l l y  (0.5 K, C becomes i m p o r t a n t .  
Values of C have been c a l c u l a t e d  by S t a n l e y  which, a t  small v a l u e s  of AT, i n c r e a s e  
v a r i a n c e s  by a n  o r d e r  of magnitude o r  more. Based on t h e s e  r e c e n t  r e s e a r c h  r e s u l t s ,  
t h e  va lue  chosen f o r  AT a s  b e i n g  r e a s o n a b l e  f o r  t h i s  r equ i rements  d e f i n i t i o n  i s  
0.5 K. 

V. SYSTEM-DESIGN IMPLICATIONS 

I n  s e t t i n g  t h e  requ i rements  f o r  LSA r a d i o m e t e r s  f o r  t h e  purpose  of g u i d i n g  t ech-  
nology developments,  e v e r y  p o s s i b l e  e f f o r t  was made t o  a v o i d  c o n s t r a i n i n g  t h e  sys tem 
d e s i g n .  The g o a l  was t o  s e t  r equ i rements  boundar ies  w i t h i n  which t r a d e s  c o u l d  be 
made t o  e f f e c t  v i a b l e ,  c o s t - e f f e c t i v e ,  r ad iomete r  sys tem d e s i g n s .  N e v e r t h e l e s s ,  the 
requ i rements  do have system-design i m p l i c a t i o n s  which, because  of complex sys tem 
i n t e r r e l a t i o n s h i p s ,  may be d i f f i c u l t  t o  a s s e s s .  The h i e r a r c h y  and i n t e r p l a y  of t h e  
requ i rements  is i l l u s t r a t e d  by t h e  microwave-radiometer sensor -des ign  diagram shown 
i n  block form i n  f i g u r e  1 1 .  P rev ious  s e c t i o n s  of t h i s  r e p o r t  have d i s c u s s e d  most of 
t h e  i t ems  summarized by t h i s  b lock diagram. For example, s e c t i o n  I1 d i s c u s s e d  t h e  
a p p l i c a t i o n s  and measurements, s e c t i o n  111 r e l a t e d  t h e s e  t o  o r b i t  r equ i rements ,  and 
s e c t i o n  I V  d e a l t  w i t h  t h e  rad iomete r  requ i rements .  Th i s  s e c t i o n  f o c u s e s  on t h e  
sys tem-design i m p l i c a t i o n s  f o r  t h e  radiometer .  

Antenna Losses and Radiometer E r r o r s  

H i s t o r i c a l l y ,  a c t u a l  measurement u n c e r t a i n t i e s  f o r  r e a l - f l i g h t  r a d i o m e t e r s  a r e  
o f t e n  two t o  t h r e e  t imes  t h e  p reexper iment  e s t i m a t e s .  Accurate  r a d i o m e t e r s  must 
minimize s y s t e m a t i c  e r r o r  s o u r c e s  such a s  an tenna  s i d e  l o b e s ,  a n t e n n a - r e f l e c t i o n  
c o e f f i c i e n t ,  an tenna  l o s s ,  r e f l e c t o r - s u r f a c e  s c a t t e r i n g ,  a b s o r p t i o n  and t r a n s m i s s i v -  
i t y ,  an tenna  phys ica l - t empera tu re  v a r i a t i o n s ,  and a n t e n n a - p a t t e r n  f u n c t i o n s  which 
can produce b i a s e s  i n  t h e  b r i g h t n e s s  t empera tu re  t h a t  a r e  d i f f i c u l t  t o  q u a n t i f y  o r  
i s o l a t e .  Random-error s o u r c e s  a r e  r e l a t e d  t o  v a r i o u s  an tenna  l o s s e s  and r a d i o m e t e r  
c h a r a c t e r i s t i c s ,  i n c l u d i n g  rad iomete r  s e n s i t i v i t y  AT, and a r e  r e p r e s e n t e d  i n  t h e  



A p p l i c a t i o n :  A p p l i c a t i o n s ;  measurands;  
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F igure  11.- Microwave-radiometer sensor -des ign  diagram. 

v a r i a n c e  e q u a t i o n  (eq.  ( 1 ) )  by t h e  m u l t i p l i c a t i v e  f a c t o r s  and t h e  a d d i t i v e  con- 
s t a n t  C. The system-design i m p l i c a t i o n s  are t h a t  g e n e r i c  o r  p a r t i c u l a r  LSA r a d i -  
ometer d e s i g n s  must be ana lyzed  i n  d e t a i l  r e g a r d i n g  p o t e n t i a l  an tenna  l o s s e s  and 
rad iomete r  e r r o r s  and t h a t  c a l i b r a t i o n  c o n s i d e r a t i o n s  must be an  i n t e g r a l  p a r t  o f  
t h e  d e s i g n  p r o c e s s .  

S e n s i t i v i t y  and M u l t i p l e  Beams 

The t empera tu re  s e n s i t i v i t y  of a switched rad iomete r  can be modeled by 

where 

T system n o i s e  t empera tu re  ( r e c e i v e d  r a d i a t i o n  p l u s  i n t e r n a l  n o i s e )  
S Y S  

B p r e d e t e c t i o n  bandwidth 

'c p o s t d e t e c t i o n  i n t e g r a t i o n  t ime  



A s  can be seen  by equa t ion  ( I ) ,  AT can be minimized by decreas ing  t h e  system no i se  
temperature  o r  maximizing t h e  bandwidth and/or i n t e g r a t i o n  t i m e .  

The system no i se  temperature  Tsys is  composed of t h e  r e c e i v e r  temperature  and 
t h e  s i g n a l  (an tenna)  temperature.  For a p r e c i s i o n  nul l -balance Dicke radiometer ,  

where 

To 
ambient temperature  of re fe rence  load 

T r ece ive r - inpu t  no ise  temperature 
r e c  

Here, To i s  t y p i c a l l y  300 K and Tr,, i s  gene ra l l y  t h e  i n p u t  no i se  temperature  of 
t h e  front-end, low-noise a m p l i f i e r  ( f l e l d - e f f e c t  t r a n s i s t o r  (FET) o r  paramet r ic  
a m p l i f i e r )  and the  preceding l o s s  con t r ibu t ion .  

The maximum a l lowable  bandwidth is c o n t r o l l e d  by WARC frequency a l l o c a t i o n s ;  
however, smal le r  bandwidths might be requi red  t o  guard a g a i n s t  i n t e r f e r e n c e s  from 
a d j a c e n t  bands. From 1 t o  20 GHz, t y p i c a l  bandwidths range from 5 t o  200 MHz, 
depending on t h e  frequency of opera t ion .  Above 20 GHz, bandwidths t y p i c a l l y  a r e  
g r e a t e r  than 200 MHz. 

In  o rde r  t o  keep from smearing t h e  measurement r e s u l t s ,  t h e  i n t e g r a t i o n  time 
should be sma l l e r  o r  equa l  t o  t h e  time t h a t  t h e  s ens ing  beam dwells  on a r e s o l u t i o n  
element. Most Earth-viewing microwave ins t ruments  (ESMR, SCAMS, SMMR, and MSU) use 
a c r o s s t r a c k  scan with continuous coverage wi th in  t h e  scan l i m i t s ;  t h a t  is,  t h e  foo t -  
p r i n t s  a r e  cont ic~uous i n  both along-track and c r o s s t r a c k  d i r e c t i o n s .  The observed 
region between t h e  scan  l i m i t s  i s  c a l l e d  the  swath. A s  t h e  f o o t p r i n t  is  made 
sma l l e r ,  t h e  time a v a i l a b l e  f o r  a s i n g l e  measurement becomes s h o r t e r  and the  temper- 
a t u r e  radiometer  s e n s i t i v i t y  AT, consequently,  degrades.  With a s i n g l e  r e c e i v e r  
ins t rument ,  t h e r e  is  always a t rade-off  between f o o t p r i n t  s i z e  and s e n s i t i v i t y  i f  
complete s u r f a c e  coverage is  maintained wi th in  each swath measurement zone. 

It can be shown t h a t  t h e  dwell  time td ( t h e  t i m e  a v a i l a b l e  f o r  a s i n g l e  
measurement) i s  given by 

where F is  t h e  f o o t p r i n t  diameter ,  S is t h e  edge-to-edge swath con ta in ing  S/F 
i n d i v i d u a l  f o o t p r i n t s ,  and V i s  the  o r b i t  v e l o c i t y  (where Earth r o t a t i o n  i s  
ignored)  . 

By s e t t i n g  td = 7 and us ing  t y p i c a l  va lues  i n  equa t ions  (21, ( 3 ) ,  and ( 4 ) ,  AT 
i s  c a l c u l a t e d  f o r  f o o t p r i n t s  of 10 km and 1 km over  a swath-width range from 100 t o  
2000 km. These 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  12. Also d i sp layed  a r e  t h e  measurement 
requirements  f o r  br ightness- temperature  r e s o l u t i o n  from t a b l e  10 and swath-width 
requirements  f o r  var ious  types of coverage. 



Estimate assumptions: 

V = 7.6 lon/sec (altitude, -600 km) 

I B = 2 7  PMz 1 
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Figure 12.- Typical temperature s e n s i t i v i t y  p lo t t ed  
aga ins t  swath width f o r  modeled single-beam 
radiometer. 



Figure  12 shows t h a t  i n  o rde r  t o  meet t h e  g loba l ,  contiguous-coverage, high- 
r e s o l u t i o n  requirement  f o r  any of t h e  measurands, excep t  i c e ,  s t e p s  must be taken t o  
reduce va lues  of AT d rama t i ca l l y  (i .e . , improve radiometer  c a p a b i l i t y )  below t h e  
va lues  t y p i c a l  of r e a l  single-beam-scanned radiometers  a s  represen ted  by the one 
modeled. The minimum-allowable measurement i n t e g r a t i o n  time f o r  a single-beam cross -  
t r a c k  scan system with 10-km r e s o l u t i o n  and 600-km swath is approximately 0.025 sec .  
By t ak ing  i n t o  cons ide ra t i on  r e a l  radiometer systems, t h i s  i s  gene ra l l y  an i n s u f f i -  
c i e n t  time f o r  measurements with AT l e s s  than 0.5 K. It i s  obvious, t h e r e f o r e ,  
t h a t  r e a l  LSA radiometer  systems w i l l  l i k e l y  have t o  u t i l i z e  multiple-beam concepts  
i n  o rde r  t o  meet requirements f o r  frequency range of ope ra t i on ,  swath width,  s p a t i a l  
r e s o l u t i o n ,  and temperature s e n s i t i v i t y  . 

There a r e  two b a s i c  systems f o r  e f f e c t i n g  multiple-beam opera t ion :  ( 1 )  Phased- 
a r r a y  systems i n t e r c e p t  t h e  whole wave f r o n t  impinging on t h e  microwave antenna aper-  
t u r e  and a d j u s t  s i g n a l  phases e l e c t r o n i c a l l y  t o  form beams which may be f i x e d  o r  
scanned t o  o b t a i n  t he  swath widths requi red ;  and ( 2 )  r e f l e c t o r  systems u t i l i z e  
mul t ip le - feed  a r r a y s  wi th  a s i n g l e  l a r g e  r e f l e c t o r .  Multiple-beam r e f l e c t o r  systems 
can be configured f o r  "push-broom" ope ra t i on  ( f i x e d  beams with o r b i t - v e l o c i t y  scan  
o n l y )  o r  f o r  "whisk-broom" ope ra t i on  (mu l t i p l e  beams wi th  mechanical c r o s s t r a c k  and 
o r b i t - v e l o c i t y  s c a n ) .  

For r e f l e c t o r  systems, l a r g e  angular  f i e l d s  of view necessary f o r  wide swaths 
can b e s t  be ob ta ined  with multiple-beam conf igu ra t i ons  whose i l l u m i n a t i o n  a r e a s  on 
t h e  r e f l e c t o r  do n o t  f u l l y  over lap ,  thus r e s u l t i n g  i n  t h e  requirement f o r  a r e f l e c t o r  
whose s i z e  may be apprec iab ly  l a r g e r  than the  a p e r t u r e  s i z e  f o r  a s i n g l e  beam. 

Image Qual i ty  and Beam Ef f i c i ency  

Image-quality requirements impose a severe  beam-efficiency requirement on 
r e f l e c t o r  systems which, i n  t u rn ,  impose r e f l e c t o r - s u r f a c e  i r r e g u l a r i t y  and shape- 
d i s t o r t i o n  l i m i t s  which a r e  r e l a t e d  t o  the  wavelength of opera t ion .  The r e f l e c t o r -  
s u r f a c e  m a t e r i a l  o r  f i n i s h  and t h e  s t r u c t u r a l  d i s t o r t i o n  under thermal c y c l i n g  a r e  
the  important  cons ide ra t i ons .  Ref lec tor -e r ror  t o l e r ances  f a l l  somewhere w i th in  t h e  
range from v 3 0  t o  A/100 f o r  random roughness ( A / 5 5  i s  equ iva l en t  t o  a 5-percent 
l o s s  i n  beam e f f i c i e n c y )  and wi th in  t h e  range from A/16 t o  A/32 f o r  l a rge-sca le -  
shape ( t he rma l ly  o r  o therwise  d e t e r m i n i s t i c )  d i s t o r t i o n .  

Other image-quality requirements (adapted from r e f .  10) a r e  a s  fo l lows:  

( 1 )  The v a r i a t i o n s  i n  resolut ion-element  s i z e s  F f o r  a multiple-beam system 
s h a l l  n o t  exceed &I0 pe rcen t  of t he  average f o r  a l l  beams. 

( 2 )  Allowable dev ia t i ons  from p e r f e c t  c o n t i g u i t y  and cross-scan al ignment  of t he  
r e s o l u t i o n  elements a r e  a s  fol lows:  

( a )  S t a t i c  cross-scan con t igu i ty :  Gaps between i n d i v i d u a l  r e s o l u t i o n  
elements and over laps  of r e s o l u t i o n  elements s h a l l  n o t  exceed IF. 

(b) S t a t i c  along-scan displacement:  S h a l l  n o t  exceed 2F. 

( c )  Stat ic- image d i s t o r t i o n  of a group of r e s o l u t i o n  elements:  
Although c o n t i g u i t y  may be maintained wi th  some types of image d i s t o r -  
t i o n ,  the  cross-scan o r  along-scan displacement  of any s i n g l e  r e so lu -  
t i o n  element from i t s  i d e a l  p o s i t i o n  s h a l l  n o t  exceed 2F. 



( d )  Dynamic dev ia t i ons :  J i t ter  o r  o s c i l l a t o r y  d e v i a t i o n s  of any kind with 
equ iva l en t  s p a t i a l  wavelengths of l e s s  than 500F s h a l l  n o t  exceed a 
peak amplitude of 0.5F. 

' ( 3 )  Allowable dev ia t i ons  from p e r f e c t  r e g i s t r a t i o n  of r e s o l u t i o n  elements a r e  
def ined  a s  fol lows:  

De ta i l ed  system requirements f o r  t h e  number of beams, beam alignment,  scanning 
technique,  s p a c e c r a f t - a t t i t u d e  accuracy,  r e f l e c t o r  t o l e r a n c e s ,  and o the r  conf igura-  
t i o n  o r  design-dependent parameters  can be der ived  from t h e  b a s i c  requirements  by 
keeping i n  mind t h e i r  interdependence a s  depic ted  i n  f i g u r e  11. 

CONCLUSIONS 

Over c o n t r o l  p o i n t s  

<0.5F 

<0.5?? 

<0.5?? 

<1 .OO 

Deviat ion ca tegory  

Temporal-regis t ra t ion o f f  s e t s  
between two images over  same 
a r e a  ........................... 

.... Geodesic accuracy of an image 

Uncer ta in ty  between two a d j a c e n t  ... images from d i f f e r e n t  passes  

Rota t ion  between ad j acen t  images 
from d i f f e r e n t  passes  .......... 

Conclusions regard ing  radiometer  requirements  f o r  Earth-observat ion systems 
us ing  l a r g e  space antennas a r e  presen ted  i n  t h e  fo l lowing  f i v e  groups: 

Global 

< 5F 

<5F 

< 5F 

< 3O 

Earth-Observation Requirements 

1.  Microwave sens ing  of a v a r i e t y  of geophysical  phenomena on a g l o b a l  s c a l e  is 
r equ i r ed  t o  suppor t  a g r i c u l t u r a l ,  hydro logica l ,  meteoro logica l ,  atmospheric,  and 
oceanographic a p p l i c a t i o n s .  

2. P o t e n t i a l  measurands f o r  radiometers  us ing  lar'ge space antennas (LSA) 
inc lude  s o i l  moisture ,  sea-surface temperature ,  s a l i n i t y ,  water roughness (winds) ,  
and i ce .  

3 .  Measurements made with moderate-resolut ion pas s ive  microwave systems capable  
of contiguous mapping of l a r g e  reg ions  of t he  Earth wi th  f r equen t  r e v i s i t s  w i l l  com- 
plement h igh- reso lu t ion  measurements made over  l i m i t e d  a r e a s  with o p t i c a l  systems and 
a c t i v e  microwave systems. 



Key-Measurement Requirements 

4. S o i l  moisture  and sea-sur face  temperature a r e  key measurands because t hey  
r e q u i r e  an LSA system and drive-technology developments. 

5. Many a p p l i c a t i o n  needs a r e  met with approximately 10-km r e s o l u t i o n .  A num- 
b e r  of a p p l i c a t i o n s ,  however, r equ i r e  r e s o l u t i o n s  a s  f i n e  ( sma l l )  a s  1 km. There- 
f o r e ,  t he  s p a t i a l  requirement ranges from 10 km (mandatory) t o  1 km ( d e s i r e d ) .  

6. Most a p p l i c a t i o n  needs a r e  met with temporal-repeat i n t e r v a l s  of approxi- 
mately once every  3 days. A few a p p l i c a t i o n s ,  however, r e q u i r e  r epea t s  a s  o f t e n  a s  
one p e r  day. Therefore ,  3 days i s  considered t h e  primary requirement f o r  temporal 
r e so lu t ion ;  and 1 day, t he  secondary requirement.  

7. Contiguous coverage of l a r g e  geographic a r e a s  is  v i t a l  t o  f u l l  u t i l i z a t i o n  
of the  var ious  measurements, f o r  example, s o i  1-mois t u r e  measurements over  major farm 
b e l t s .  

8. Climate a p p l i c a t i o n s  have t h e  g r e a t e s t  need f o r  measurements over  long 
pe r iods  of time. A p r e c i s e  s p e c i f i c a t i o n  is  n o t  needed f o r  technology-development 
purposes; t hus ,  t h e  requirement f o r  experiment l i f e t i m e  is  s t a t e d  simply a s  " s e v e r a l  
years .  " 

O r b i t  Requirements 

9. The radiometer  must ope ra t e  a t  an a l t i t u d e  i n  t he  range from 450 t o  2200 km 
i n  o rde r  t o  o b t a i n  s p a t i a l  r e s o l u t i o n  from 1 t o  10 km with  antenna a p e r t u r e s  from 
50 t o  200 m and t o  s a t i s f y  l i f e t i m e ,  coverage, r epea t ,  and incidence-angle  
requirements .  

10. O r b i t - i n c l i n a t i o n  choices  range from 60° t o  9 8 O .  The important  farm b e l t s  
and ocean a r e a s  a r e  covered with an i n c l i n a t i o n  a s  low a s  60°. Sun-synchronous 
sampling and poss ib ly  t h e  avoidance of Sun g l i n t  w i l l  r e q u i r e  a 9 8 O  i n c l i n a t i o n .  

11. Swath widths of 300 km o r  more a r e  requi red  i n  o rde r  t o  ob t a in  cont iguous 
coverage with t h e  r equ i r ed  temporal r e so lu t ion .  

12. Active maintenance of t h e  average o r b i t  a l t i t u d e  may be requi red  t o  main ta in  
p r e c i s e  temporal-repeat  i n t e r v a l s  and geode t i c  p r e c i s i o n  of mapped-data products .  

Radiometer Requirements 

13. For t he  complete l i s t  of measurements and f o r  t h e  antenna-aperture  range 
from 50 t o  200 m, t he  frequency range t o  be considered i s  approximately from 1 t o  
37 GHz. 

14. The key measurements ( s o i l  moisture  and sea-sur face  temperature)  r e q u i r e  t h e  
lower f requenc ies  (1 t o  10 GHz) and the  l a r g e r  a p e r t u r e s  (approaching 200 m f o r  a 
I -km s p a t i a l  r e s o l u t i o n )  . 



15. Dual -pola r iza t ion  ( o r  s i n g l e  l i n e a r ,  non ro t a t i ng  p o l a r i z a t i o n )  measurements 
a r e  r equ i r ed  because of i nve r s ion  e r r o r s  caused by e m i s s i v i t y  e f f e c t s  a t  l a r g e  o f f -  
normal ang le s  (>30°)  of t h e  emit ted microwave r a d i a t i o n .  

16. Main-beam e f f i c i e n c i e s  g r e a t e r  than 90 pe rcen t  a r e  requi red  f o r  Ea r th  
radiometry i n  o rde r  t o  o b t a i n  good image q u a l i t y  and t o  avoid smearing of he te ro-  
genous scenes.  

17. An extremely l a r g e ,  angular-system f i e l d  of view (60° o r  more) is  r equ i r ed  
t o  meet t he  contiguous-mapping and wide-swath requirements .  

18. The dynamic range i n  terms of b r igh tnes s  temperature  i s  approximately 3 K t o  
340 K. 

19. For t h e  r equ i r ed  s p a t i a l  r e s o l u t i o n ,  t h e  sys t ema t i c  e r r o r  i n  der ived  b r igh t -  
ness  temperature must be l e s s  than approximately 2OC t o  3OC. 

20. Brightness- temperature  r e s o l u t i o n  requirements  range from approximately 
0.1 K t o  0.5 K. 

21. Radiometric-system no i se  temperature  must be low over  t h e  frequency range t o  
achieve s e n s i t i v i t i e s  d i c t a t e d  by br ightness- temperature  p r e c i s i o n  and r e s o l u t i o n  
requirements .  

22. Within t h e  range of system no i se  and bandwidth of t y p i c a l  radiometers ,  a 
br ightness- temperature  s e n s i t i v i t y  of approximately 0.5 K is achievable  and t h e  man- 
da to ry  s p a t i a l - r e s o l u t i o n  requirement of 10 km can be met f o r  most measurands. 

Sys tem-Design Requirements 

23. For a t y p i c a l  radiometer ,  s p a t i a l  r e s o l u t i o n  better ( sma l l e r )  than  10 km 
r e q u i r e s  longer  dwell  t imes than can be provided by a scanning single-beam system. 

24. Real L S A  radiometer  systems w i l l  l i k e l y  have t o  u t i l i z e  multiple-beam con- 
cep t s  i n  o rde r  t o  meet t he  requirements f o r  frequency range of opera t ion ,  swath 
width,  s p a t i a l  r e s o l u t i o n ,  and br ightness- temperature  s e n s i t i v i t y .  

25. The requirement  f o r  a l a r g e  angular-system f i e l d  of view can b e s t  be m e t  
w i th  multiple-beam concepts  whose i l l u m i n a t i o n  a r e a s  on t h e  r e f l e c t o r  do n o t  f u l l y  
over lap ,  thus r e s u l t i n g  i n  t he  requirement f o r  a r e f l e c t o r  whose s i z e  is  app rec i ab ly  
l a r g e r  than t h e  a p e r t u r e  s i z e  f o r  a s i n g l e  beam. 

26. Beam-efficiency requirements impose r e f l e c t o r  i r r e g u l a r i t y  and s t r u c t u r a l -  
d i s t o r t i o n  l i m i t s  which a r e  r e l a t e d  t o  t h e  wavelength of ope ra t i on  and the  s i z e  of 
the antenna a p e r t u r e .  

27. Re f l ec to r - e r ro r  t o l e r ances  (which depend on a p e r t u r e  s i z e ,  i n h e r e n t  beam 
e f f i c i e n c y  of t he  feed and i l l umina t ion  des igns ,  and s ide- lobe  power-loss budget )  



f a l l  somewhere w i t h i n  t h e  f o l l o w i n g  ranges ,  expressed  i n  terms of f r a c t i o n s  of t h e  
o p e r a t i n g  wavelength  A. 

Random roughness  : A/30 t o  h /100  

Large-scale-shape ( d e t e r m i n i s t i c )  d i s t o r t i o n :  h/1 6 t o  h / 3 2  

28. D e t a i l e d  sys tem requ i rements  f o r  t h e  number of beams, beam a l ignment ,  scan-  
n i n g  t e c h n i q u e ,  s p a c e c r a f t - a t t i t u d e  accuracy ,  r e f l e c t o r  t o l e r a n c e s ,  and r e l a t e d  
des ign-dependent  pa ramete rs  can be d e r i v e d  from t h e  measurement, o r b i t ,  r a d i o m e t e r ,  
and g e n e r a l  sys tem requ i rements  d e l i n e a t e d  h e r e i n .  

Langley Research Cente r  
N a t i o n a l  Aeronau t ics  and Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
A p r i l  1 4 ,  1983 
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