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User requirements and inherent system constraints d ic ta te that  operational 
synthetic aperture (SAR) systems for observations a t  o r b i t a l  heights shou; - 
have the fol lowing characterist ics: 

1) W i d e  Swaths 

2) Cwerage a t  Ne;-ly Constant Incident Angles 
3) Pmgraimnable Incident Angles 
4) Low Transmitter Power 
5) Reasonable Antenna S i te  

Conventional designs f a i l  t o  achieve these objectives. 

A mult ip le beam radar i 
The mult ip le beam approach readi ly overccmes the radar an&igsJity constraints 
associated with o r b i t a l  systems and therefore permits imagery (der  swaths 
much wider than 100 kilometers. 
m i  t s  imagery a t  nearly constant incident angles. When ireq:iensy scanning 
i s  employed, the Tenter angle may be prugramd. T h  redundant use of 
the antenna aperture during reception resul ts i n  lower transmitted p, '=r 

and i n  shorter antenna lengtns i n  comparison t o  conventional designs. 
Compatibil i ty of the approach w i th  passive imagery i s  also suggested. 

*oposed as a solut ion meeting these reqcirements. 

Fur themre,  the antenna technique per- 

The svstem concepL i s  developed and i l l u s t r a t e d  by means o f  examples. 
One design example i s  thought t o  be sui table for hydrological monitoring 
while the other i s  thought t o  be suitdble for monitoririg vegetation re- 
sources. 

1 . 0 INTRODUCTION 
The r o l e  f o r  the imaging radar as an o r b i t a l  senscr f o r  earth oriented ob- 
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observations has emerged i n  recent years. E f fo r t s  are underway t o  deuton- 
s t ra te radar's capabi l i ty  from space using conventional design approaches 
t o  minimize developaent costs and r isks. Although conventional radar 
imaging systems should be flm aboard spacecraft on an i n te r im  basis t o  
demonstrate t h e i r  capabi l i ty  and u t i l i t y ,  u l t imately operational systems 
should be oasec! on advanced radar concepts m t i v a t e d  by user requirements 
and by inherent system constraitits. An examination o f  these requirements 
indicates tha t  a cal ibrated operational system should, among other factors, 
have the fol lowing general characterist ics: 

1) Yide Swath Coverage 
2) Nearly Constant Incident Anglc 
3) Programable Incident Angle 
4) Low Transmitter Power 
5) Reasonable Antenna Length 

I n  addi t ion t o  these i t  i s  also desirable that  the radar sjstem be compat- 
i b l e  wi th a rad iomter  system so as t o  permit act ive and passive imagery 
s i w l  timeously. 

Swath width i s  necessary f o r  frequent and timely observations. 
t ional  systems wide coverage i s  l im i ted  by pract ica l  antenna lengths, by 
avai lable transmitter power, and by other factors. 
systems t yp i ca l l y  image over a large domain of incident angles. Quantita- 
t i v e  interpretat ion o f  these returns w i l l  require removal o f  the incident 
angle behavior, pa r t i cu la r l y  a t  the smaller incident tngles. 
systems which generate wide swaths t y p i c a l l y  require high peak transmit 
pavers since the PRF ra te must be reduced t o  meet rarbge ambiguity con- 
straints.  I n  some cases t h i s  can shorten the transmitter 's l i fe t ime.  

I n  conven- 

Crosstrack oriented 

Broad Seam 

To overcome swath width ' imitat ions Moore, e t  a i .  [ I ]  havc suggested and 
investigated a scanning synthetic aperture radar-. Another technique to  
improve swath width while imaging a t  nearly a constant incident angle i s  

suggested by a mult ip le beam antenna concept advanced by Bucknam, e t  a l .  
[ Z ]  for a d i f f e ren t  appl icat ion. 
demonstrate i t s  app l i cab i l i t y  i n  a synthetic image formation system. 

T h i s  antenna concept i s  examined here t o  
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2.0 THE =TI-BEAM SAR CONCEPT 

2.1 REAL EAMs 
The multi-beau antenna i n  i t s  mapping node i s  i l l u s t r a t e d  i n  Figure 1. The 
antenna consists o f  two horizontal arrays o f  ve r t i ca l  eleinents. This pla- 
nar colposite array faces a t  an azimuthal angle 43 between the uptrack and 
crosstrack directions. One array serves as the transmitt ing antenna and 
the other as the receiving antenna. The ve r t i ca l  elements i n  the arrays 
are i den t i ca l l y  phased t o  create i n  the elevation plane a narrow beam 
which points darnsrard a t  an incident angle 
ning technique the angle o f  incidence my be changed as i l l u s t r a t e d  i n  Fig- 
ure 2. The width o f  transmit antenna i s  su f f i c i en t l y  small t o  i l l u n i n a t e  
a c i r cu la r  swath t o  the right o f  the ground track. The ve r t i ca l  elemeqts 
i n  the receive array are the same height as Ihe elements i n  the transmit 
array. The output signals from the receive elements are processed s inu l -  
taneously t o  form NB rea l  beams. The rea l  beams overlap t o  provide re- 
ceive coverage over the en t i re  i l 'm ina ted  area. 

2.2 SYNTHETIC BEANS 
The translat ion of the real  aperture together wi th range gating i s  employed 
+o generate high resolut ion synthetic beams i n  each real  receive beam. The 
intersect ion of these synthetic beams w i th  the scene forms p ixe l  elements 
as suggested by Figure 3. A mosiac o f  radar imges may be created by 
appropriately colnbining the synthetic resolut ion elements i n  a l l  receive 

By using a frequency scan- 

beams. 

It i s  advantageous t o  image i n  the uptrack sector def 
i. i terva1 O0;$< 45'. More swath i s  generated per u n i t  
i n  the uptrack sectcr i n  comparison t o  the crosstrack 
Therefore, fewer receive beams per u n i t  o f  swath leng 

ned by the azimuthal 
azimuthal beanwidth 
sector (45Oi ~j, < 90"). 
h are required. I n  

addit ion the multi- look strategies d i f f e r  s ign i f i can t l y  between the two 
sectors. 
cessi ng. 

The choice o f  one sector, consequentyy, ! . impli f ies the SAR pro- 

To generate mult ip le looks i n  the uptrack sector processed retvrns a r e  
sampled i n  azimuth a t  ident ical  cross-track distances a t  a l l  range in te r -  
vals as i l l u s t r a t e d  i n  Figure 3. The detected samples a t  ident ical  
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FIGURE 1. THE GEOMETRY OF THE MULTIPLE BEAY SAR 
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FICXIRE 2. THE EFFECT OF A PROGRAPIABLE IMCIDENT A X X E  
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FIGURE 3. AZIMUTHAL SAMPLING STRATAGEM FOR GENERATING 
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cmsstrack distances are then sum& on the same c e l l  but  from d i f f e r e n t  
range bins as mde possible by the t rans lat ion o f  the aperture. Therefore 

mul t ip le  looks are created " in elevation" rather than " in  azimuth" as i s  
the case with systems looking crosstrack. 

2.3 - TRANSHITTER CONFIGURA~ION 
The transmitter architecture i s  i l l u s t r a t e d  i n  the block diagram o f  Figure 
4. A bank of frequency synthesizers provide the frequency scanning capa- 
b i l i t y .  The output of a frequency source i s  modulated, ampli f ied and d i -  
rected t o  the transmit antenna. A small port ion o f  the transmitter power 
i s  sampled f o r  in ternal  ca l ibrat ion of the system. 

2.4 RECEIVER CONFIGURATION 
A receiver block diagram representing a processing approach for the multi- 

beam SAR i s  i l l u s t r a t e d  i n  Figure 5. Amplif ied signals from the elements 
o f  the receive antenna are combined wi th  appropriate phase sh i f ts  t o  pro- 
duce return signals w i th in  each real  beam. The output of each beam i s  
then coherently atmdulated t o  zero I F  using quadrature local  osc i l l a to rs  
Range compression i s  performed on the I and Q channels. The range sampling 
i s  performed i n  such a manner t o  track the range walk i n  each beam. 
samples are then stored i n  a corner turning memory. Two such memory banks 
are provided t o  store samples from overlapping synthetic apertures. 

The 

As one memory bank f i l l s ,  the samples i n  the other undergo azimuthal ccun- 
pression. Signals generated by the azimuthal processor are appropriately 
sampled i n  accord wi th the multi- look strategem described above. 
samples are stored i n  the post processor memory. The processor registers 

and overlays the mult ip le looks. 
elements are directed i n t o  the telemetry l i n k .  

Detected 

From the post processor memory the p ixe l  

3.0 CONCEPT VERIFICATION 

3.1 INTRODUCTION 
A design 3pproach f o r  the multi-beam SAR i s  presented i n  t h i s  section t o  
confirm the acceptabi l i ty  o f  the concept. I n  the approach i t  is cssumed 
that the radar wavelenyth A, the elevation beawidth BH, the incident 
angle Co, the swath width S and s p a t i a l  resolut ion p a r e  specified by 

\. 
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the  user appl icat ion.  F u r t h e m r e ,  i t  w i l l  be pragmat ica l ly  assumed tha t  
the swath w i l l  be generated i n  the azimuthal sector  between 10' and 45'. 
The antenna w i l l ,  therefore, p o i n t  a t  $o = 27.5'. Throughout the concept 
v e r i f i c a t i o n  a planar ear th  w i l l  be used t o  s i m p l i f y  the analysis.  

3.2 ORBITAL ALTITUDE 
The o r b i t a l  a l t i t u d e  z i s  dependent upon the swath width desired. The para- 
t w t r i c  dependence o f  the swath width on the a l t i t u d e  i s  i l l u s t r a t e d  as a 
func t ion  o f  inc ident  angle i n  the graphs o f  Figure 6. 

angles i t  may be necessary t o  image on both sides o f  the grou .a t rack  w i th  
separate systems t o  improve the swath width. 

A t  S M ' ~  5vi:ident 

3.3 RADAR AMBICUITIES 
An important consioe,-h;;m i n  designing o r b i t a l  SAR systems i s  prov id ing 
s u f f i c i e n t  ambiguity suppression. To achieve sa t i s fac to ry  suppression i n  
t h i s  design v e r i f i c a t i o n  a guard f a c t o r  o f  1.7 w i l l  be used i n  the range 
and azimuth sampl i ng requi rements . When these requi  re iwnts are combined 
the fo l low ing  r e s t r i c t i o n  on the beam widths i s  derived: 

(1) < 2 8L 8" - .088;\c/tv tan Oo s in+ 

where c i s  the speed o f  propagation and v i s  the ground t rack ve loc i ty .  
The above expression can be used t o  determine an acceptable azimuthal 
beam width 6L since BH has been speci f ied.  

The s u i t a b i l i t y  o f  such gua1.d factors  i s  dependent on reawnably low side- 
lobe levels .  
a 17.6 dB sidelobe leve l  i s  chosen. The associated beam widtk i s  given 

I n  view o f  the two-way cha rac te r i s t i c  i n  the range d iwns ion ,  

by [31 
- 1.02X 

BII - - Hsin Bo 

where H i s  the antenna height.  A s'delobe leve l  o f  40 dB i s  chosen i n  the 
azimuth dimension i n  view o f  the one-way cha rac te r i s t i c  there. The az i -  
muthal b e m  width i s  given by [3 ]  

where L i s  tt ie antenna length. To i l l umina te  the e n t i r e  35' sector, 

the width of the t ransmit  antenna mus t  be given by 
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FIGURE 6. THE MULTI-BEAM SAR SIJATH WIDTH CHAT X T E R I S T I C  
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W = 1.7A/sinOo (4) 

NB = 0.61/BL $=9,) (5) 

The above re la t ionsh ins  speci fy  the antenna dimensions. 

From BLthe number o f  receive beams can be computed approximately as 

A PRF which includes the 1.7 guard f a c t o r  

3.4 TRANSMITTER POWER 
PRF = 5.9 v/L 

s given by 

( 6 )  

It i s  we l l  known tha t  the average t ransmi t te r  power i s  given as 
2 4  - 4rA-R LsFkT S/N 

%a - ( 7 )  

where 
R = radar range 
L, = system loss k c t o r  
F = receiver  noise f i gu re  
kT 
S/N = s ignal  t o  noise r a t i o  

v{qr = product o f  antenna e f f i c i m c i e s  
(I = sca t te r ing  c o e f f i c i e n t  

= noise power per u n i t  bandwidth 

(8) AtAr = LWH 2 =  s i n  eo COS(I$-$~) 

Ta = 1.28 hR/2v(' s i n  eocosI$))ip ( 3 )  
2 2 

The corresponding peak power i s  given by 

W t r  = BrfWta/PRF Cr (10) 

whwe 
Cr = range compression .ac to r  

Brf = 0.5c/psineo (11) 

The range comp.ession fac to r  Cr cannot be iccrtqsed i n d e f i n i t e l y  s ince the 
sum o f  the t ransmit  and receive durations must be less than the PRF 

i n te rva l .  
i n te rva l  t o  a l low f o r  receiver  gate rise and f a l l  times and for var ia t ions 

When a guard spa;e o f  four  t ransmit  pulse lengths is added t o  the 
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i n  a l t i t ude ,  a range compression const rafnt  can be establ ished 

< B r f  1 2AR C r -  
C 

where AR i s  the range i n t e r v a l  over the i l l umina ted  area. 

The above expressions are he lp fu l  i n  speci fy ing the t ransmi t te r  power i-3- 

qui  remnts.  

3.5 RANGE YIGRATION CONSIDERATIONS 
Since the multi-beam SAR i s  a squinted system, the changing range t o  a 
reso lu t ion  c e l l  must be compensated. 
same processing bin, the range gate must be advanced 

To keep a reso lu t ion  -:ll w i t h i n  the 

(13)  

every radar pulse. This w i l l  t rack  the so-cal led range walk. 

I n  addi t ion,  there i s  range curvature a l so  induced by the admIce of the 
spacecraft. The azimuthal coverage i s  r e s t r i c t e d  by t h i b  curvature as 
i l l u s t r a t e d  i n  Figure 7. To keep the azimuthal elements i n  focus through- 
out the beam the fo l low ing  i nequa l i t y  

r) 

3 . 1 ~ ~  s i n  eo 
x 4 -  % 

coseo (14 )  

must be sa t i s f i ed .  
t i o n  i f  the processing i s  t o  be kept simp'.. 

3.6 X R  PZOCESSIPG REQUIREMENTS 
To min ia i te  the telemetry data r a t e  on wide swath systems, i t  i s  important 
t o  perform the SAR process! on-bourd the spacecraf t .  The t e a s i b i l i r y  o f  
such a processor i s  depenknt on i t s  adaptab i l i t y ,  speed and memory re-  
quirements. Various processing techniques having s u f f i c i e n t  speed and 
adap tab i l i t y  have been advanced [4] .  
thk multi-beam SAR is nominally given by 

This r e s t r i c t i o n  w i l l  impact the beam s ize  or resolu- 

The S.9R processing ineniory s ize  f o r  

(15) 
2 M = 4.6 PRF v Ta NL NB/o  

where NL i s  the number o f  independent looks. 
and Q memories and two memory banks as described i n  Section 3.4. 

This estimate i s  bawd on I 

3.7 
If the processed data i s  l oga r i t hm ica l l y  converted and i f  e igh t  b i t s  o f  

TELEMETRY 6 ' -- RATE 
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m c  range are crployed. them the t e l c r t y  b i t  rate i s  g i m  by 
5 = 5.5 v 2 m 0 / p  ( 16) 

This rate estimate does not include the bits required for housekeeping, 
synchronization, contml, error recovery codes, etc. These w i l l  add 
s l i g h t l y  to  the &OWE est imte.  

2 

4.0 xs1a  ILLumTIocIs 
To ,:;istrrte the potential o f  the multi-beam SAR concept two designs are 
presented. One design i s  based on system parareten thought t o  be su i t -  
able f o r  hydrological m i t o r i n g  [5j. The second design i s  appropriate 
f o r  mi tor ing \-,getation resources [6]. The design quidelines are pre- 
sented i n  Table 1. The resul t ing aesigns are presented i n  Table 2. 

4.1 
It i s  apparent from the parer entr ies of Table 2 that  the redundant use of 
the receiving aperture has reduced the average and peak transmitted parers 
cortsiderably i n  colparison t o  conventional systems offer ing cosparable 
swaths. The peak pmer requirerent was fur ther reduced by the high PRF 
pennitted by the mlti-beam approach. This law  peak power w i l l  s ign i f i -  
cantly increase the l i f e  o f  the transmitter. 

As a point o f  reference a conparison o f  the SIR-B X band design [7] with 
the multi-beam X band design i s  presented i n  Table 3. It i s  clear from 
these entries that the mlt4-beatn SAR can achieve identical resolution, 
mre looks, larger swath, and a coaparable S/N r a t i o  with less trans- 
m i  t t e r  power a t  much higher a1 ti tudes. 

DISCUSSIocl OF THE IKSIGW RESULTS 

Also from the entries of Table 3 i t  i s  noted that the antenna length has 
been shortened considerably while achieving a larger swath with the 
multi-beam system. Had the SIR-B system obtained a s imi lar  swath i t s  
antenna length would have been 29 meters long. The area o f  the multi-beam 
antenna i s  considerably larger than conventional systems. This arises be- 
cause the physical aperture i s  considerably larger than the projected aper- 
ture. This feature may become bothersome a t  the small incident angle and 
longer wavelengths. However, the aperture s i ze  fo r  the C tand design i s  
within the capabil i ty o f  a f ree f l y ing  system; consequently, i t s  s i z e  i s  
not objectionable. 

. 
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Parertcr Application Units 
MmlOqy Veqetatiorr 

i 6 2.5 a 
% 15 I S  ml 
BH 2 0.5 deg 

s" 86 160 b 

0 50 25 I 

TABLE 2 
IIOIIIML DESIGW RESULTS 

BL 
PRF 

600 
6.8 
6.8 
0.39 
3.2 
4.5 
11.6 
65.4 
10 
-2.0 
- 10 
6 
390 
22 
200 
280 
11 

300 
4.1 
3.4 
0.06 
1.1 
9.3 
8.5 
46.5 
10 
-2.0 
-20 
3 
150 
128 
100 
450 
32 

km 
R 

m 
m 

deg 
KHZ 

Mi2 

llls 

dB 
dB 
dB 
dB 
- 
watts 

watts 
beams 
1 ooks 10 

P.Sxl0 words 
6 6 

6 6 

NL 10 

z 1.5x10 
2.7~10 19.8~ 10 b i  ts/sec 8. 
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TABLE 3 
colpAllIsow OF MJLTI-BEAn m COWVENTIONAL ORBITAL SARS 

Parameter ml1 ti -w SIR-B Units 
x 2.5 3.6 a 
2 6aJ 185 Itl 

128 800 w 
,450 20 In 

L 3-4 12 R 

H 4-1 24 R 

p: 25 25 It 

U0 -20 -23 dB 
S/N 10 14 dB 

160 68 h 
10 8 

loo 400 

"ta 

'IL 
cr 

It i s  encouraging to  note that  the ammy sizes and telemetry b i t  rates are 
lore than within the capabi l i t ies  o f  current technology. The telemetry 
b i t  rates deRonstrate the advantages of on-board processing. The reduc- 
tion, among other factors, resul ts from overlaying the mul t ip le  looks 
aboard the spacecraft. 

5.0 CONCLUSIONS 
A unique and novel approach t o  radar imaging has been ident i f ied.  The re- 
su l ts  of the ver i f i ca t ion  analysis have denonstrated that  the multi-beam 
SAR exhibi ts sytem properties conpatible w i th  free f l y i n g  sate l l i tes.  The 
constant incident angle (par t icu lar ly  a t  the smaller angles) and the large 
swatb are a t t rac t i ve  features t o  experimenters and users requir ing quanti- 
ta t i ve  data over large areas. 

The multi-beam approach allows f l e x i b i l i t y  i n  designing orb i t ing  systems. 
The radar ambiguity constraints are more easi ly sat isf ied through the use 
o f  m l t i p l e  beams on reception. The redundant use o f  the receiving aper- 
ture reduces the transmitter power by a sizeable factor. This allows the 
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&signer mom choices i n  pmer w l i f i e r s  and assures hi. a more re l iab le  
trmsdtter section, It i s  also anticipated that rea l - t ime SAR processing 
within a ulti-bear syster w i l l  be easier t o  irplenent. The constant 
incident angle and MPIDW receive bears make c lu t te r  locking more effect ive 
and simpl i f ies focusing of the processor associated with each beam. 
particular, the depth o f  focus and range curvature are both easi ly managed 
within the confines o f  narrow beams. 

I n  

The mult iple beam approach i s  also capat ib le  with a passive imaging 
system. A port ion o f  the PRF interval  not occupied by the transmission or  
the return can be used as a quiet l is ten ing time. The beam processor may 
be erployed t o  fom radiometer p ixe l  elements. Concurrent passive and 
active i lagery i s  a very at t ract ive alternative, part icular ly when the 
radar inages can be used t o  show the internal conposition o f  the radion- 
e ter  pixel  elerent. 
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