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Abstract 

Wide-area S A R imagery obtained by the R A D A R S A T - 1 ScanSAR mode can suffer from 

various radiometric artifacts. Some of these artifacts arise from the incorrect application 

of Range Dependent Gain Corrections due to insufficient knowledge of satellite roll angle. 

Specifically, roll angle estimation errors as small as 0.1 degrees can cause noticeable gain 

errors of 1 dB or more. Beam-stitching techniques exist that can reduce these errors in the 

beam overlap region; however, accurate roll information is required for optimum radiometric 

calibration across the entire range swath. 

Current roll angle estimation algorithms do not provide consistent results even on routine 

scenes. These algorithms are susceptible to uncertainties in the range beam patterns, overall 

scene a°, and other system variables. Currently, the Canadian Data Processing Facility does 

not implement an automated roll angle estimator. Compensation for range gain errors is 

performed in the post-processing stage. 

This thesis proposes a new data acquisition method, in which signal data is obtained 

during the beam switchover by transmitting pulses through one beam and receiving them 

with another beam. This "hybrid data" is then used in a new (hybrid peak detection) 

and modified (three beam) algorithm to provide a more accurate and robust roll estimate. 

Algorithms using this hybrid data are more tolerant to lower mean scene a°, gain uncertainty, 

and other variables than algorithms using normal data. As this data is not currently acquired, 

the algorithm is tested using simulated data. The logistics of acquiring hybrid data are 

also explored. The implementation of hybrid data acquisition on R A D A R S A T - 1 would not 

require any significant software changes. The effects of various roll angle estimation errors 

on different beam combinations are simulated. 

The new data and algorithms offer significant potential for improving roll estimates. 

Results suggest that the three beam algorithm can generally tolerate 3-4 dB lower a° and 

0.2 to 0.4 dB more uncertainty in the beam pattern gain than a current algorithm, while 

meeting required radiometric accuracy. The hybrid peak detection algorithm did not meet 

stringent roll requirements, but was shown to produce consistent coarse roll estimates while 

remaining independent of the mean scene a° and beam gain uncertainty. Other current 

algorithms can also be modified to use the hybrid data for potentially greater accuracy. 
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C h a p t e r 1 

Synthetic Aperture Radar: 
Background 

1.1 Introduction 

S y n t h e t i c A p e r t u r e R a d a r ( S A R ) is a n i n v a l u a b l e t o o l for m a n y r e m o t e s e n s i n g a p p l i c a 

t ions . T h e a b i l i t y t o a c t i v e l y g a t h e r i n f o r m a t i o n a b o u t the ear th ' s sur face , n i g h t or day , a n d 

i r r e g a r d l e s s of w e a t h e r c o n d i t i o n s , is e x t r e m e l y i m p o r t a n t for sea-ice m o n i t o r i n g [1], c a r t o g 

r a p h y , a g r i c u l t u r e , forestry , c o a s t a l s u r v e i l l a n c e , a n d so f o r t h . E a c h a p p l i c a t i o n has its o w n 

p a r t i c u l a r needs i n t e r m s of r e q u i r e d r e s o l u t i o n , coverage a r e a , f r e q u e n c y b a n d , p o l a r i z a 

t i o n , a n d o t h e r r a d a r p a r a m e t e r s . In p a r t i c u l a r , the r e q u i r e d a r e a o f coverage is a p r i m a r y 

c o n s i d e r a t i o n , a n d s o m e recent S A R s y s t e m s a c c o m m o d a t e th i s b y h a v i n g s e v e r a l di f ferent 

i m a g i n g m o d e s . C a n a d a ' s first r a d a r sate l l i te , R A D A R S A T - 1 , is a n exce l l ent e x a m p l e of 

s u c h a ver sa t i l e sate l l i te . 

R A D A R S A T - 1 has two m a i n i m a g i n g m o d e s , s ing le b e a m a n d S c a n S A R [2], e a c h o f w h i c h 

is c o m p r i s e d o f s evera l b e a m s as g i v e n i n T a b l e 1.1. S c a n S A R i m a g i n g differs f r o m c o m m o n 

s ing le b e a m i m a g i n g i n t h a t i t sacrif ices a z i m u t h r e s o l u t i o n for w i d e - s w a t h coverage . T h e 

m e t h o d b y w h i c h th i s sacrif ice is a c c o m p l i s h e d is best e x p l a i n e d t h r o u g h first u n d e r s t a n d i n g 

s ingle b e a m S A R a n d t h e n c a r r y i n g t h a t u n d e r s t a n d i n g over to S c a n S A R i m a g i n g . 
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Mode Beam Name Abbr. Width Unit 

Single Beam Standard S1-S7 100 km 

Single Beam Extended Low/High Incidence E L I , EH1-EH6 75/170 km 

Single Beam Fine F1-F5 50 km 

Single Beam Wide W1-W3 150 km 

ScanSAR Wide A SCWA 500 km 

ScanSAR Wide B SCWB 450 km 

ScanSAR Narrow A SCNA 300 km 

ScanSAR Narrow B SCNB 300 km 

Table 1.1: RADARSAT-1 imaging modes and available beams 

1.2 Single beam SAR 

S i n g l e b e a m S A R is the i m a g i n g of a c o n t i n u o u s s t r i p o f the ear th ' s sur face for a spec i f i ed 

p e r i o d . A s the sate l l i te m o v e s i n its o r b i t a r o u n d the e a r t h , the sa te l l i t e a n t e n n a t r a n s m i t s 

a n d receives s igna l s f r o m w i t h i n a fixed b o u n d a r y . T h i s b o u n d a r y is d e f i n e d as a s t r i p of 

the ear th ' s sur face t h a t has a n e a r a n d far edge ( w i t h respec t to the sate l l i te ) . T h e s e n e a r 

a n d far edges c o r r e s p o n d t o the m i n i m u m ( m i n ) a n d m a x i m u m ( m a x ) e l e v a t i o n angles o f 

the a n t e n n a b e a m p a t t e r n . T h e m i n a n d m a x e l e v a t i o n angles are fixed for the d u r a t i o n 

of a s ingle i m a g e . F i g u r e 1.1, o n the f o l l o w i n g page , d e p i c t s a s t a n d a r d s ing le b e a m S A R 

c o n f i g u r a t i o n . I n t h i s figure, L is t h e a n t e n n a l e n g t h i n a z i m u t h , D is t h e a n t e n n a w i d t h i n 

e l e v a t i o n , r p is the c h i r p d u r a t i o n a n d the i n t e r - p u l s e p e r i o d ( d e t e r m i n e d f r o m 1 / P R F ) is 

a lso s h o w n . 

T h e s i g n a l t r a n s m i t t e d f r o m the a n t e n n a is a l inear F M c h i r p of fixed d u r a t i o n , b a n d w i d t h , 

a n d power . It is t r a n s m i t t e d at fixed in terva l s for a speci f ic i m a g e o n a c a r r i e r f r e q u e n c y w h i c h 

defines the r a d a r b a n d (i.e. X , C , e tc) . T h e s i g n a l trave l s a l o n g d i s t a n c e ( a p p r o x i m a t e l y 

1900 k m ) f r o m the sate l l i te to the surface a n d back; hence , the r e c e i v e d s i g n a l s t r e n g t h is 

q u i t e l o w a n d rece iver t i m i n g b e c o m e s c r i t i c a l to ensure t h a t t h e c o r r e c t s i g n a l is o b s e r v e d 

a n d r e c o r d e d . T h e r e c e i v e d s i g n a l is r e c o r d e d b y the sate l l i te i n c o m p l e x f o r m . A c o m p l e x 

s i g n a l has a r e a l i n - p h a s e (I) c o m p o n e n t , a n d a n i m a g i n a r y or q u a d r a t u r e ( Q ) c o m p o n e n t . 



/L 

Figure 1.1: Typical single beam SAR flight configuration. The satellite moves along the track at the top 

while illuminating an elevation swath of varying widths, according to Table 1.1 
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1.2.1 Factors affecting Signal Amplitude and Phase 

S o m e m a i n f a c t o r s w h i c h affect t h e a m p l i t u d e , \JP + Q2, a r e these [3]: 

• R a n g e to t a r g e t (also k n o w n as s lant r a n g e ) , E M wave e n e r g y s t r e n g t h is s t r o n g l y 

d e p e n d e n t o n r a n g e . R = r a n g e t o t a r g e t i n g e n e r a l a n d rQ = r a n g e a t t h e c losest 

a p p r o a c h . 

• T r a n s m i t t e r p o w e r , Pt 

• A n t e n n a g a i n p a t t e r n s , G(9, (j>), a l l a n t e n n a s h a v e a b e a m p a t t e r n w i t h nu l l s a n d lobes 

w h i c h is d e p e n d e n t o n t h e e l e v a t i o n ang le 6 a n d the a z i m u t h ang le (f>. 

• T a r g e t re f lec t iv i ty , a, a n d t a r g e t i n c i d e n c e angle , T h e a m o u n t of E M e n e r g y re f lec ted 

f r o m a t a r g e t d e p e n d s o n i ts c h a r a c t e r i s t i c s a n d i n c i d e n c e ang le . 

T h e r e are severa l t e r m s t h a t m a y v a r y f r o m tex t to text , u s e d i n reference to targe t 

re f l ec t iv i ty : 

— t a r g e t r a d a r cross s e c t i o n ( R C S ) , or a, is de f ined as the size of a u n i f o r m l y re f l ec t ing 

s p h e r e t h a t r e t u r n s the s a m e a m o u n t of E M e n e r g y as t h e t a r g e t , g i v e n i n m 2 . 

— a0 is de f i ne d as the f r a c t i o n a l p o r t i o n of the e n e r g y re f l ec ted f r o m the targe t , w h i c h 

is a l so s t a t e d as t h e R C S / u n i t g r o u n d a r e a . 

— a° is f u r t h e r d e f i n e d as t h e d B r e p r e s e n t a t i o n o f c ° , n o r m a l i z e d t o p i x e l a r e a b y 

a" = 10 x l o g 1 0 3 ^ . 

— (5° is the re f l ec t iv i ty p e r u n i t s lant r a n g e ( d B ) , a n d is r e l a t e d t o a0 b y (3° = cr° — 

10 x l o g 1 0 ( s i n ( ^ ) ) [4]. 

S i g n a l p h a s e t a n ( Q / J ) however , is p r i m a r i l y affected by: 

• r a n g e to t a r g e t (R) 

• t a r g e t s c a t t e r i n g m e c h a n i s m s w i t h i n a s ingle r a n g e ce l l , for e x a m p l e p e n e t r a t i o n d e p t h , 

s i g n a l in ter ference p a t t e r n s , a n d so f o r t h . 

A l l of these fac tors c o m b i n e to g ive the S A R f o r m of the r a d a r e q u a t i o n [5]: 

PtG\BeU </>) X3ahs a°ry 

S N R ~ 2(i*)*R*kT0FvaB ' ' 
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where A is the carrier wavelength, aus is an aperture-taper factor ( a ^ = 1 for uniform 

i l luminat ion) , ry is the across-track (range) resolution, k is Bo l t zmann ' s constant = 1.38e—23, 

T0 is the reference temperature, F is the receiver noise figure, v is the relative sensor-target 

velocity, and a s is a pulse taper factor. F r o m (1.1), it can be seen that the S N R is strongly 

dependent on gain, frequency, and range. The frequency and range are typ ica l ly well known; 

however, the gain pattern is based upon elevation angle, which is not. 

It is this uncertain relationship of signal strength based on beam gain that gives rise to 

the problem addressed i n this thesis. Overa l l , scene S N R is affected by proper radiometr ic 

beam cal ibra t ion. 

T h i s S A R version of the radar equation has several different forms. A d d i n g i n a relat ion 

for S N R to the P R F , incidence angle 0j, squint angle 6sq, chirp length T p , and receiver 

bandwid th B, gives another useful form: 

QNR = P ' G 2 ( g e ' » *) A ' ( c W 2 ) < 7 ° P R F n 2 , 
2 ( 4 T T ) 3 v R3 (fe T0 B) sin 6, sin 8sq

 [ ' ] 

Interestingly, the range term is R3 and not R4, as would be expected from the two-way 

propagation of an E M wave from an isotropic source, and reflected from a perfect, uniform 

sphere back to the source. T h i s is given thus: 

IS(R) = Pt/(4n R2)2 (1.3) 

where Is is the received intensity back at the source. For a real aperture radar, (1.3) does 

hold true. However, a S A R coherently adds signal pulses so that the received signal voltage 

is a function of the number of summed pulses. T h i s coherent addi t ion significantly affects 

signal da ta but not noise, as seen below: 

Vaignal,N = NV, (1.4) 

(VLse,N) = N(V?) (1.5) 

V2 

SNR;v = ,yTal'N

) = N S N R i ( L 6 ) 
\ noise,N/ 

where the subscript 1 implies the signal and S N R for a single pulse. T h e number of pulses 

that are to be coherently added is a function of the radar platform parameters, and is given 

thus: 
N = - £ 1-7 
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w h e r e t h e p a r a m e t e r s are as p r e v i o u s l y d e s c r i b e d . U p o n s u b s t i t u t i o n o f (1.7) i n t o (1.3), a n 

R t e r m is r e m o v e d , r e s u l t i n g i n t h e r a d a r e q u a t i o n (1.1). 

1.2.2 S igna l S a m p l i n g 

T h e t r a n s m i t t e d F M c h i r p is r e c e i v e d a n d s t o r e d i n m e m o r y i n a r a n g e / a z i m u t h f o r m a t . 

A s t h e c h i r p p u l s e b o u n c e s off e v e r y targe t i n the sate l l i te f o o t p r i n t a n d r e t u r n s to the 

a n t e n n a , a l l o f t h e f a c t o r s m e n t i o n e d i n s u b s e c t i o n 1.2.1 a c t o n t h e s i g n a l . S i g n a l t i m i n g is 

c r i t i c a l i n d e t e r m i n i n g h o w th i s s i g n a l is s a m p l e d a n d r e c o r d e d . T h e r e are two di f ferent t i m e 

m e a s u r e m e n t s t h a t affect a S A R s y s t e m : fast t i m e a n d s low t i m e . 

Fast T i m e 

T h e sate l l i te is t y p i c a l l y p r o g r a m m e d t o m a i n t a i n coverage of t h e s a m e m i n a n d m a x e l e v a t i o n 

angles t h r o u g h o u t the d u r a t i o n of the i m a g e . S i n c e the ear th ' s r a d i u s d e p e n d s o n l a t i t u d e , 

the n e a r a n d far ranges w i l l c h a n g e as the sate l l i te m o v e s . T i m i n g p a r a m e t e r s are a d j u s t e d as 

r e q u i r e d t o m a i n t a i n t h e c o r r e c t e l e v a t i o n angles; however , t h e n u m b e r o f s a m p l e s r e c o r d e d 

p e r r a n g e l ine does n o t o f ten c h a n g e d u r i n g a scene. In t e r m s o f d a t a r e c o r d i n g , the n e a r a n d 

far edges of the s w a t h c a n there fore be c o n s i d e r e d fixed f r o m p u l s e to pu l se , w h i c h m e a n s 

t h a t e a c h r a n g e l ine has the s a m e w i n d o w of o p p o r t u n i t y to rece ive a s i g n a l f r o m targe t s i n 

the s w a t h . 

T h i s w i n d o w is q u i t e s h o r t , t y p i c a l l y < 0.4 m s , d u r i n g w h i c h t i m e the sate l l i te m o v e s 

a p p r o x i m a t e l y 3 m e t e r s . S i n c e the r a n g e to targe t is a p p r o x i m a t e l y 800-900 k m , th i s 3 m 

sate l l i te m o v e m e n t is c o n s i d e r e d ins ign i f i cant for th i s o n e w i n d o w . A l l r e c o r d e d s i g n a l d a t a 

for e a c h r a n g e l ine is b a s e d e n t i r e l y o n t i m i n g i n the r a n g e d i r e c t i o n . I n a R A D A R S A T - 1 

s ing le s t a n d a r d b e a m , o n e r a n g e s w a t h c a n c o v e r u p to 100 k r n , a n d m a y h a v e a r a n g e ce l l 

s p a c i n g o f 12 m ; t h i s resul t s i n a p p r o x i m a t e l y 8000 r a n g e cel ls p e r r a n g e l ine b e i n g r e c o r d e d 

i n less t h a n 0.4 m s . T h e r e f o r e , the suff icient s a m p l i n g a n d r e c o r d i n g i n t o r a n g e cel ls of o n e 

t r a n s m i t t e d c h i r p pu l se , ref lected f r o m m a n y targets , is s a i d to be o p e r a t i n g i n "fast t i m e " , 

T. 

T h e r e are severa l fac tors w h i c h affect rece ived s i g n a l s t r e n g t h , a n d h e n c e t h e a b i l i t y t o 

s h a p e t h e a n t e n n a b e a m p a t t e r n to fit the rece ive w i n d o w is a n e c e s s a r y r e q u i r e m e n t of a n y 

r a d a r s y s t e m . T h e r a n g e b e a m p a t t e r n , Wr, is t y p i c a l l y de f ined i n t e r m s o f a n t e n n a g a i n 

6 



( d B ) a n d sate l l i te e l e v a t i o n angle . It is c a r e f u l l y d e s i g n e d to t a k e the fac tors i n S e c t i o n 1.2.1 

i n t o a c c o u n t , w i t h t h e J R ~ 3 t e r m b e i n g one o f the m o s t s ign i f i cant . H e n c e , two i d e n t i c a l 

t arge t s d i f f er ing o n l y i n r a n g e w i l l p r o d u c e s l i g h t l y di f ferent r e t u r n s , d e p e n d i n g o n w h i c h 

p o r t i o n o f the b e a m p a t t e r n the s i g n a l passes t h r o u g h . 

Slow T i m e 

In o r d e r to p r o d u c e a n i m a g e t h a t has a d e q u a t e d a t a s a m p l i n g i n a z i m u t h , as we l l as i n 

r a n g e , it is n e c e s s a r y to t r a n s m i t a series of c h i r p pulses as the sate l l i te m o v e s i n its o r b i t . 

A s p r e v i o u s l y m e n t i o n e d , e a c h t r a n s m i t t e d p u l s e requ ires less t h a n 0.4 m s , w h i c h m e a n s t h a t 

t h e sa te l l i t e c o u l d t r a n s m i t a c h i r p a t i n t e r v a l s s l i g h t l y g r e a t e r t h a n 0.4 m s . T h e r e are o t h e r 

l i m i t a t i o n s as we l l , i n c l u d i n g r a n g e t i m i n g , c h i r p d u r a t i o n , m e m o r y l i m i t a t i o n s , a n d n a d i r 

r e t u r n s . T h e s e a l l p l a y a ro le i n s e l ec t ing the P R F . F o r R A D A R S A T - 1 , t h e P R F is u s u a l l y 

b e t w e e n 1200-1400 H z . W h e n t a k i n g s a t e l l i t e - e a r t h g e o m e t r y i n t o a c c o u n t , th is m e a n s t h a t 

there are 8 to 10 pul ses " in the air" at a n y one t i m e . 

T h e a n t e n n a f o o t p r i n t for a s ingle b e a m o n the sur face o f t h e e a r t h is g e n e r a l l y q u i t e 

large , 3-5 k m i n a z i m u t h a n d u p to 150 k m i n range . S i n c e the sa te l l i t e o n l y m o v e s a few 

m e t e r s b e t w e e n pulses , one t a r g e t m a y be v i s i b l e to the a n t e n n a for 1000 di f ferent pulses . A s 

t h e sa te l l i t e c o n t i n u e s t r a n s m i t t i n g a n d r e c e i v i n g , t h e r e c o r d e d d a t a is s t o r e d s e q u e n t i a l l y 

b y r a n g e l ine i n w h a t is c a l l e d "slow t i m e " , or t. 

T h e a z i m u t h b e a m p a t t e r n also has v a r y i n g g a i n b a s e d o n the a z i m u t h p o s i t i o n , m u c h l ike 

the r a n g e b e a m p a t t e r n has v a r y i n g g a i n b a s e d o n the e l e v a t i o n angle . H o w e v e r , w h e r e a s the 

r a n g e b e a m p a t t e r n was spec i f i ca l l y d e s i g n e d ( in t h e o r y ) to a c c o u n t for s evera l di f ferent g a i n 

fac tors , t h e a z i m u t h b e a m p a t t e r n uses u n i f o r m w e i g h t i n g , a n d h e n c e , i ts b e a m p a t t e r n is 

q u i t e s i m i l a r to a s ine f u n c t i o n ( § 1 ^ ) . O t h e r t h a n the ir shapes , the m a i n d i f ference b e t w e e n 

the r a n g e w i n d o w p a t t e r n , Wr, a n d the a z i m u t h w i n d o w p a t t e r n , Wa, is t h e a s p e c t r a t i o of 

the f o o t p r i n t . 

1.2.3 P h y s i c a l Effects of S igna l Sampl ing 

O b s e r v i n g a n d r e c o r d i n g the s i g n a l d a t a i n a r a n g e / a z i m u t h f o r m a t a l lows for the d a t a to 

b e c o r r e l a t e d i n o r d e r to c o n s t r u c t a r a d a r i m a g e . E a c h r a n g e l ine is c o r r e l a t e d w i t h a n 

a p p r o p r i a t e l y m a t c h e d filter, as d e r i v e d f r o m the t r a n s m i t t e d c h i r p p a r a m e t e r s . D u r i n g 
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t h i s c o r r e l a t i o n , k n o w n as r a n g e c o m p r e s s i o n , t h e d a t a t r a n s f o r m s f r o m noisy , or u n c o r r e 

c t e d d a t a , t o d a t a t h a t n o w has c h a r a c t e r i s t i c s b a s e d o n a s u m of g r o u n d targe t s t h a t are 

e q u i d i s t a n t f r o m the sate l l i te for e a c h p a r t i c u l a r r a n g e l ine [3]. 

In o r d e r to d i s t i n g u i s h a m o n g s t m a n y targe t s of e q u i d i s t a n c e for a s ingle r a n g e ce l l , S A R 

s y s t e m s also c o r r e l a t e the d a t a i n the a z i m u t h d i r e c t i o n . T h i s c o r r e l a t i o n is b a s e d o n t h e 

p h a s e d i f f erence t h a t o c c u r s for e a c h targe t , i n a z i m u t h , d u e t o a c h a n g e i n t h e sa te l l i t e 

p o s i t i o n for e a c h r a n g e l ine . A l t h o u g h targe t s s e p a r a t e d i n a z i m u t h m a y c o n s t i t u t e a s ing le 

r a n g e ce l l , the a z i m u t h p h a s e h i s t o r y of e a c h targe t over a series of r a n g e l ines m a y b e 

suff ic ient , so t h a t the a z i m u t h c o r r e l a t i o n or c o m p r e s s i o n w i l l b e ab le t o d i s t i n g u i s h t h e m . 

D e p e n d i n g o n s y s t e m p a r a m e t e r s , a n o t h e r effect t h a t m a y h a v e to b e c o r r e c t e d for is R C M . 

R C M o c c u r s w h e n i ts r a n g e r e c e p t i o n t i m e var ies m o r e t h a n o n e r e s o l u t i o n ce l l ( t y p i c a l l y 

de f ined b y the inverse of the r a n g e s a m p l i n g rate ) over a target ' s e x p o s u r e t i m e . T h i s 

m i g r a t i o n is a w e l l - k n o w n f u n c t i o n of s low t i m e , t, a n d t a r g e t d i s t a n c e , r G , a n d is w r i t t e n as 

r(t,r0). 

1.2.4 P o i n t Target Signal S t rength 

O n c e a l l t h e p r e v i o u s c o n s i d e r a t i o n s are t a k e n i n t o a c c o u n t , R a n e y [6] def ines the r e c e i v e d a n d 

d e m o d u l a t e d (to b a s e b a n d ) s i g n a l s t r e n g t h f r o m a s ingle p o i n t targe t , a s s u m i n g a — AxAy, 

as fol lows: 

.(*,r.r.) = W.W Wr (r - ^ ) exp U ( r - ^ ) e x p 
47T . . 

-j—r{t,r0/ 

(1. 

w h e r e cD is the s p e e d of l ight , a n d A is the s i g n a l c a r r i e r w a v e l e n g t h . F r o m (1.8), it is 

c l ear t h a t t h e r e are four m a i n fac tors d e a l i n g w i t h s i g n a l s t r e n g t h . T h e first two fac tors 

are a m p l i t u d e fac tors a n d d e a l w i t h the a z i m u t h a n d r a n g e w i n d o w s ; the t h i r d a n d f o u r t h 

fac tors a r e p h a s e fac tors . T h e t h i r d f a c t o r represent s t h e c h i r p for a spec i f i c r a n g e a n d 

the f o u r t h dea l s w i t h t h e D o p p l e r m o d u l a t i o n neces sary for a z i m u t h c o m p r e s s i o n . It is t h e 

s e c o n d fac tor , Wr the r a n g e w i n d o w a m p l i t u d e , w h i c h is the p r i m a r y focus o f th i s r e search . 



1.2.5 Range W i n d o w 

T h e r a n g e w i n d o w b e a m p a t t e r n , or r a n g e b e a m p a t t e r n , is d e t e r m i n e d b y the p h y s i c a l 

a t t r i b u t e s of t h e r a d a r a n t e n n a . R A D A R S A T - 1 was the first sate l l i te t o h a v e severa l a v a i l a b l e 

b e a m p a t t e r n s w h i c h c a n be se lec ted b a s e d o n the scene i m a g i n g g e o m e t r y . B a s i c a n t e n n a 

d e s i g n t h e o r y for a flat a n t e n n a d i c t a t e s t h a t a n increase i n s ize h a s t w o m a i n effects o n t h e 

r a n g e b e a m p a t t e r n : 

• T h e m a i n b e a m l o b e b e c o m e s m o r e c o n c e n t r a t e d . 

• T h e g a i n is i n c r e a s e d . 

S A R a n t e n n a s are spec i f i ca l l y d e s i g n e d to b e l o n g i n the d i r e c t i o n o f t r a v e l , or a z i m u t h 

d i r e c t i o n , a n d n a r r o w i n t h e p o i n t i n g , or r a n g e d i r e c t i o n . T h i s resu l t s i n a r a n g e b e a m 

p a t t e r n t h a t is s i g n i f i c a n t l y l a r g e r t h a n the a z i m u t h b e a m p a t t e r n . T h e r a n g e b e a m p a t t e r n 

i n s ing le b e a m m o d e c a n cover 8000 r a n g e cells , w h i l e the a z i m u t h b e a m p a t t e r n m a y cover 

o n l y 1000 a z i m u t h s a m p l e s . 

S i n c e the r a n g e b e a m p a t t e r n is b a s e d o n e l e v a t i o n ang le a n d c o n v e r t e d to a s lant r an ge , 

a n y e r r o r s t h a t o c c u r w h i l e c o r r e c t i n g t h e r a n g e b e a m p a t t e r n w i l l a l so b e b a s e d o n e l e v a t i o n 

ang le , o r s lant r a n g e . T h i s c o n v e r s i o n is n e c e s s a r y b e c a u s e t h e r a d a r m e a s u r e s s lant r a n g e 

a n d n o t e l e v a t i o n ang le . In a z i m u t h , the b e a m p a t t e r n is b a s e d o n f requency . A l l t arge t s 

h a v e the s a m e D o p p l e r f r e q u e n c y b a n d w i d t h ; t h u s , t arge t s are t r a n s m i t t e d a n d r e c e i v e d 

t h r o u g h t h e s a m e a z i m u t h b e a m p a t t e r n . 

T h e axes o n the final s ingle b e a m scene however , are b a s e d o n s lant r a n g e ( w h i c h is 

n o r m a l l y c o n v e r t e d to a g r o u n d range) a n d a z i m u t h t i m e , n o t a z i m u t h f requency . T h e r e f o r e , 

r a n g e b e a m - p a t t e r n errors r e s u l t i n g f r o m the a p p l i c a t i o n o f t h e w r o n g R D G C a p p e a r as 

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

H o w e v e r , e r r o r s i n the a z i m u t h b e a m - p a t t e r n c o r r e c t i o n affect the a z i m u t h f r e q u e n c y o f t h e 

scene, a n d are n o t as v i s ib l e to the eye s ince the errors e q u a l l y affect a l l targets . H o w e v e r , 

scene c o n t e n t , i n c i d e n c e a n g l e d e p e n d e n c e , A G C e r r o r s , a n d o t h e r effects, m a y c o n t r i b u t e 

m o r e t h a n b e a m - p a t t e r n errors ( in e i ther r a n g e or a z i m u t h ) to t h e a m p l i t u d e d a t a . 

S i n c e r a n g e e r r o r s r e s u l t i n g f r o m a n i n c o r r e c t r a n g e R D G C a p p l i c a t i o n cause o b v i o u s 

defects i n the i m a g e , it is i m p o r t a n t t h a t the c o r r e c t R D G C b e used . T h i s r e q u i r e s a c c u r a t e 
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k n o w l e d g e of t h e sate l l i te a t t i t u d e , m a i n l y , the r o l l angle . U n f o r t u n a t e l y , R A D A R S A T - 1 

does n o t p r o v i d e v e r y a c c u r a t e r o l l ang le d a t a f r o m o n - b o a r d a t t i t u d e sensors i n the d a t a 

d o w n - l i n k . A s i m p l e d e s c r i p t i o n of the p r o b l e m is t h a t R A D A R S A T - 1 has v e r y a c c u r a t e 

r a n g e t i m i n g , b u t less a c c u r a t e a n t e n n a p o i n t i n g i n f o r m a t i o n , a n d b a s e d o n m e a s u r e m e n t s 

b y C S A , r o l l c o n t r o l m a y o n l y be w i t h i n ± 0 . 3 ° . 

D e p e n d i n g o n the se lec ted b e a m , scene r a d i o m e t r y , a n d o t h e r fac tors , s ingle b e a m S A R 

is n o t as sens i t ive to i n c o r r e c t R D G C a p p l i c a t i o n s as S c a n S A R . T h i s is b e c a u s e r a d i o m e t r i c 

e r r o r s v a r y s l o w l y t h r o u g h o u t t h e scene. S c a n S A R i m a g e r y , h o w e v e r , is s ens i t i ve to s m a l l 

e r r o r s i n R D G C c o r r e c t i o n s , s i n c e s m a l l g a i n di f ferences i n t a r g e t b r i g h t n e s s g r e a t e r t h a n 

0.2 t o 0.3 d B a r e eas i ly n o t i c e d as d i s c o n t i n u i t i e s i n t h e scene [7]. T h i s is b e c a u s e s ingle 

b e a m S A R is b a s e d o n o n e b e a m , w h i l e S c a n S A R m u s t s t i t c h t o g e t h e r two or m o r e b e a m s . 

In the o v e r l a p r e g i o n , e a c h b e a m has its o w n , a n d u s u a l l y o p p o s i t e , g a i n e r r o r s w h i c h create 

a d i s c o n t i n u i t y i n i m a g e i n t e n s i t y at the s t i t c h i n g p o i n t . 

1.3 ScanSAR 

S c a n S A R was d e v e l o p e d p r i m a r i l y for the p u r p o s e of i n c r e a s i n g the coverage a r e a o f a S A R 

s y s t e m , at the e x p e n s e o f a z i m u t h r e s o l u t i o n , a n d w i t h o u t s ign i f i cant h a r d w a r e c h a n g e s 

f r o m a n o r m a l s ingle b e a m S A R [5]. T h i s is a c h i e v e d b y u s i n g at least two di f ferent r a n g e 

s w a t h s a n d r e d u c i n g the a m o u n t o f t i m e s p e n t i m a g i n g e a c h . I n s t e a d o f f o c u s i n g o n a s ing le 

i m a g e s t r i p , S c a n S A R swi tches b e t w e e n s t r i p s o f di f ferent ranges . R a n g e r e s o l u t i o n is n o t 

n e c e s s a r i l y a f fected , as the r a n g e s a m p l i n g p a r a m e t e r s d o n o t change; however , a z i m u t h 

r e s o l u t i o n is d e g r a d e d a c c o r d i n g t o t h e lower b a n d w i d t h a v a i l a b l e for f o r m i n g a n i m a g e i n 

e a c h di f ferent r a n g e s t r i p . 

I n the R A D A R S A T - 1 S c a n S A R s y s t e m , a p p r o x i m a t e l y 57-120 pulses are t r a n s m i t t e d a t 

e a c h s t r i p before the s y s t e m swi tches to the n e x t s t r i p . T h i s g r o u p o f pulses , a i m e d a t the 

s a m e s t r i p , is c a l l e d a b u r s t . A s p r e v i o u s l y m e n t i o n e d , P R F ' s v a r y f r o m 1200-1400 H z , w h i c h 

m e a n s t h a t t h e s y s t e m has a p p r o x i m a t e l y 12 to 15 b u r s t s p e r s e c o n d . F o r a n e x a m p l e o f a 

t y p i c a l S c a n S A R i m a g i n g p a t t e r n , p lease refer to F i g u r e 1.2. 

A l t h o u g h F i g u r e 1.2 shows n o o v e r l a p b e t w e e n dif ferent r a n g e s t r i p s , i n r e a l i t y t h e r e c a n 

be s ign i f i cant o v e r l a p ( i n b o t h r a n g e a n d a z i m u t h ) f r o m a few h u n d r e d o f cel ls t o a few 
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Azimuth 

Figure 1.2: Typical ScanSAR pattern consisting of four beams. Each beam is illuminated in blocks known 
as bursts. Each burst for a specific beam has the same bandwidth. 

t h o u s a n d . L u s c o m b e [8] suggests the use of the r a n g e o v e r l a p areas t o i m p r o v e t h e o v e r a l l 

R D G C c o r r e c t i o n s . S i n c e targe t s n e a r t h e s w a t h b o u n d a r i e s are i m a g e d b y two d i f ferent 

r a n g e b e a m s at the s a m e i n c i d e n c e angles , di f ferences b e t w e e n t h e r e c e i v e d s i g n a l e n e r g y for 

the s a m e t a r g e t c a n t h e n b e a t t r i b u t e d t o g a i n di f ferences i n t h e S A R s y s t e m (i.e. a n t e n n a 

p a t t e r n s ) . T h i s a s s u m e s t h a t a l l o t h e r f a c t o r s h a v e b e e n a c c o u n t e d for , s u c h as di f ferences 

i n P R F s , t r a n s m i t energy , a n d so o n . T h e k n o w l e d g e g a i n e d f r o m a n a l y z i n g t h e r e s u l t i n g 

g a i n d i f ferences c a n t h e n b e d i r e c t l y a p p l i e d t o i m p r o v i n g the o v e r a l l s w a t h c a l i b r a t i o n . 

1.3.1 S c a n S A R C a l i b r a t i o n E r r o r s 

T h e r e are t w o m a i n errors t h a t resu l t f r o m u n c e r t a i n t y i n sate l l i te o r i e n t a t i o n : a z i m u t h g a i n 

e r r o r s a n d r a n g e g a i n errors . A l t h o u g h b o t h o c c u r d u e t o i m p r o p e r a p p l i c a t i o n o f b e a m 

c o r r e c t i o n p a t t e r n s , the resu l t o f e i ther e r r o r is s i g n i f i c a n t l y di f ferent . 
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A z i m u t h C a l i b r a t i o n E r r o r s 

In the a z i m u t h d i r e c t i o n , the r a n g e to target o r s lant r a n g e , R, c h a n g e s as the sate l l i te 

m o v e s . T h e r a n g e to t a r g e t is de f ined b y E q u a t i o n (1.9) for a flat e a r t h , w h e r e r0 is t h e 

r a n g e a t c losest a p p r o a c h , v is sa te l l i te ve loc i ty , a n d n is a z i m u t h t i m e f r o m the t i m e of 

c losest a p p r o a c h , n0. A s s u m e the e a r t h is s t a t i o n a r y a n d the sate l l i te is m o v i n g i n a s t r a i g h t 

l ine , o t h e r w i s e v r epresent s the r e l a t i v e sa te l l i t e - targe t ve loc i ty . 

2 4 

R(n) = Vr2

0 + v2(v-rj0)2 ~ r0 + ^-(r, - r ? 0 ) 2 - ^ ( r ? - V o ) 4 + . . . (1.9) 

T h e r a n g e r a t e o f c h a n g e is the d e r i v a t i v e of (1.9) a n d is g i v e n as R. F r o m th i s , the D o p p l e r 

f r e q u e n c y c a n be c a l c u l a t e d as fol lows: 

f * = ™ (1-10) 

T a r g e t a l t i t u d e , t a r g e t r a n g e , s a t e l l i t e / e a r t h g e o m e t r y , sa te l l i t e o r i e n t a t i o n , a n t e n n a b e a m 

p a t t e r n , a n d e a r t h r o t a t i o n a l l affect the targe t g e o m e t r y for a s ingle t a r g e t o n o n e r a n g e - l i n e 

i n R A D A R S A T - 1 . I n t e r m s o f a z i m u t h p a t t e r n c a l i b r a t i o n , t h i s w o u l d n o t b e as s i gn i f i cant a 

p r o b l e m as i f the en t i re scene was a z i m u t h c o m p r e s s e d i n o n e s tage , t h a t is n o m u l t i - l o o k i n g . 

H o w e v e r , a z i m u t h c o m p r e s s i o n is a l m o s t a l w a y s a c h i e v e d i n a m u l t i - l o o k i n g o p e r a t i o n across 

t h e scene. H e n c e , the effects o f D o p p l e r errors c a n be s ign i f i cant for b o t h a z i m u t h c o m p r e s 

s i o n a n d a z i m u t h b e a m - p a t t e r n c a l i b r a t i o n . 

T h e a z i m u t h b e a m p a t t e r n var ies w i t h a z i m u t h frequency . M o r e spec i f i ca l ly , the a z i m u t h 

b e a m p a t t e r n m o v e s over targe t s f r o m a m i n i m u m g a i n to a m a x i m u m g a i n a n d b a c k to 

a m i n i m u m g a i n w i t h r a n g e a n d f r e q u e n c y r e l a t e d b y (1.9) a n d (1.10). In R A D A R S A T - 1 

S c a n S A R , however , the t o t a l a z i m u t h b a n d w i d t h BWa m u s t be d i v i d e d b e t w e e n e a c h b e a m 

so t h a t t h e b a n d w i d t h p e r b e a m is n o w BWt = w h e r e i r epresent s the i t h b e a m a n d 

N0 is the n u m b e r o f b e a m s . S i n c e the a z i m u t h b e a m p a t t e r n is b a s e d o n a z i m u t h f requency , 

t h e r e a r e g a p s i n e a c h S c a n S A R target ' s D o p p l e r h i s tory , w h e r e a s s ing l e b e a m m o d e has a 

m o r e c o m p l e t e D o p p l e r h i s tory . T h e s e g a p s are reg ions i n the a z i m u t h b e a m p a t t e r n t h r o u g h 

w h i c h a t a r g e t is n o t i m a g e d for a p a r t i c u l a r b e a m . See F i g u r e 1.3 for a c o m p a r i s o n o f s ingle 

b e a m a n d S c a n S A R a z i m u t h D o p p l e r h is tor ies . 
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Each T a r g e t has a d i f f e r e n t Bandwidth and Cent e r Azimuth 
Frequency based on Azimuth P o s i t i o n Beam-Pattern 

Figure 1.3: Target azimuth bandwidth resulting from burst operations and its applicable azimuth beam-
pattern gain. A single ScanSAR target will NOT have a complete azimuth spectral history as compared 
to a single beam target. Each ScanSAR target has a different centre frequency from its closest neighbours. 
Improper azimuth pattern correction increases the gain of some azimuth frequencies and lowers others. This 
produces a scalloping effect. 

When applying the correct azimuth beam-pattern correction, it is critical to know the 

Doppler centre frequency (Doppler centroid), as this corresponds to the centre of the az

imuth beam pattern [9]. Beam-pattern correction is required so that each azimuth frequency 

receives the correct uniform weighting in the final image. Targets separated in azimuth are 

imaged through different portions of the beam pattern; thus, the beam-pattern corrections 

for each are based on their respective frequencies. If the Doppler centroid is not known to 
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suff ic ient a c c u r a c y , t h e n targe t s w i l l rece ive t h e w r o n g c o r r e c t i o n s . H e n c e , for e a c h a z i m u t h 

l o o k , t arge t s t h a t o t h e r w i s e h a v e a u n i f o r m R C S a p p e a r to h a v e i n t e n s i t y v a r i a t i o n s b a s e d 

o n f requency . N o t e t h a t targe t s increase i n f r e q u e n c y t o w a r d s t h e t o p o f F i g u r e 1.3 a n d 

vice versa. A s t i m e progresses , the target ' s D o p p l e r f r e q u e n c y decreases . If the a z i m u t h 

a m b i g u i t y n u m b e r is z ero , t h e n a p o s i t i v e f r e q u e n c y refers to a t a r g e t t h a t h a s n o t p a s s e d 

t h e r a n g e o f c losest a p p r o a c h , rat a n d t h e o p p o s i t e is t r u e for a n e g a t i v e f requency . 

In the final S c a n S A R i m a g e , these v a r i a t i o n s r e m a i n after t r a n s f o r m i n g t h e d a t a b a c k 

f r o m a z i m u t h f r e q u e n c y t o a z i m u t h t i m e b e c a u s e e a c h t a r g e t has a di f ferent a n d i n c o m p l e t e 

D o p p l e r h i s tory . T h i s does n o t h o l d t r u e for s ingle b e a m S A R . F i g u r e 1.4 i l l u s t r a t e s the 

d i f ferent D o p p l e r f requenc ie s for e a c h targe t a l o n g w i t h the c o r r e c t a n d i n c o r r e c t a z i m u t h 

b e a m - p a t t e r n c o r r e c t i o n s . I n the b o t t o m p o r t i o n , t h e a z i m u t h p o s i t i o n a x i s is i n t o t h e p a g e 

as t arge t s 1-4 differ i n a z i m u t h p o s i t i o n as we l l as f requency . 

T h e r e s u l t i n g p e r i o d i c or c y c l i c a l a r t i f a c t , i n th i s case a n i n t e n s i t y r a m p , is k n o w n as 

s c a l l o p i n g . T h e r a m p w i d t h is b a s e d o n the a z i m u t h w i d t h o f d a t a u s e d i n e a c h a z i m u t h 

look . If the en t i re scene is a z i m u t h c o m p r e s s e d i n o n e s tage , t h e n t h e g a i n v a r i a t i o n f r o m 

r a n g e l ine to r a n g e l ine is less n o t i c e a b l e , s ince t h e s a m e g a i n d i f ference s p r e a d s across 

t h o u s a n d s o f r a n g e l ines i n s t e a d o f j u s t a few h u n d r e d . I n o t h e r w o r d s , t h e r e is o n l y o n e 

r a m p i n the scene r a t h e r t h a n severa l . F i g u r e 1.5 [10] i l lu s t ra te s a s c a l l o p i n g e x a m p l e c l e a r l y 

s h o w i n g its p e r i o d i c n a t u r e ; however , i n th i s case t h e r e is n o a z i m u t h p a t t e r n c o m p e n s a t i o n 

at a l l . H e n c e , t h e u s u a l r a m p has b e e n r e p l a c e d b y a n a b s o l u t e v a l u e d s ine - l ike f u n c t i o n , 

d u e t o the m a i n - l o b e o f the a z i m u t h b e a m p a t t e r n . 
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-Azimuth Frequency-

Azimuth Gain 

Targets that d i f f e r i n frequency now have a varying i n t e n s i t y across t h i s 
azimuth look 

Figure 1.4: Gain differences from an incorrect azimuth pattern correction due to Doppler centroid estimation 
error. Target 1 and target 4 should have the same amplitude; however, the wrong pattern correction was 
used and now target 1 is lower than target 4. 
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Range • 

Figure 1.5: Example of azimuth scalloping. This is an image of Venus and no azimuth pattern correction is 
used [10]. Each azimuth look has a noticeable sine pattern in the amplitude data. 

Range C a l i b r a t i o n E r r o r s 

A p p l i c a t i o n o f t h e w r o n g R D G C is t y p i c a l l y c a u s e d b y e i t h e r a n u n k n o w n r o l l a n g l e o r 

v a r i a t i o n s i n t h e r a n g e b e a m p a t t e r n . A n y e r r o r i n t h e g a i n c o r r e c t i o n s c a u s e a t a r g e t ( in 

the p r o c e s s e d i m a g e r y ) , i n d e p e n d e n t l y i m a g e d b y two b e a m p a t t e r n s , t o h a v e a di f ferent 

a m p l i t u d e . In s ing le b e a m S A R th i s is n o t u s u a l l y a s ign i f i cant p r o b l e m s ince a n y g a i n 

e r r o r s w i l l v a r y s l o w l y w i t h r a n g e . H o w e v e r , i n S c a n S A R t h e final scene is c r e a t e d b y 

s t i t c h i n g t o g e t h e r t w o o r m o r e b e a m r a n g e swaths . T h u s , a n y g a i n d i f ferences b e t w e e n t h e 

s a m e t a r g e t f r o m o n e s w a t h to t h e next is q u i t e n o t i c e a b l e a n d a p p e a r as d i s c o n t i n u i t i e s , 

p a r a l l e l to t h e a z i m u t h ax is , i n t h e final scene. 
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R A D A R S A T - 1 has several different beams for varying purposes. Its standard beams 

are all approximately 100 km wide and are labelled S i through S7. The beams increase 

in elevation angle (or slant range) starting with S i and ending with S7. There are also 

three beams, approximately 150 km wide, labelled W l through W3. These wide beams also 

increase in elevation angle (or slant range), starting with W l and ending with W3. 

R A D A R S A T - 1 has a unique ScanSAR mode which uses a combination of its standard and 

wide beams. R A D A R S A T - 1 has four ScanSAR beam modes, each of which utilizes different 

beam patterns and different combinations of beam patterns. These four ScanSAR beam 

modes are illustrated in Figure 1.6 based on their elevation angle and gain [7]. 

The Four RADARSAT ScanSAR Combinations 
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Figure 1.6: ScanSAR beam configurations from payload file 25 [7] 

The patterns show the dB gain variations from payload file 25 (effective starting time = 

2000/109/23:00:17.000). The payload file [11] data is initially provided in one-way dB gain 

versus elevation angle; however, in Figure 1.6 the patterns are converted to the two-way 

gains. From Figure 1.6, it can be seen that the overlap area differs significantly from beam 
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t o b e a m . T h e W 1 - W 2 o v e r l a p is t h e smal l e s t , a p p r o x i m a t e l y 2 ° , w h i l e the W 2 - S 5 o v e r l a p is 

t h e larges t , a p p r o x i m a t e l y 6 ° . 

I n R A D A R S A T - 1 , t h e r e are f o u r di f ferent S c a n S A R c o m b i n a t i o n s t h a t use a t o t a l of 

s ix d i f ferent b e a m s , w h i c h resu l t s i n a t o t a l o f five dif ferent b e a m interfaces . A n in ter face 

is d e f i n e d as t h e t r a n s i t i o n p o i n t f r o m one b e a m to a n o t h e r . T h e d e s i r e d l o c a t i o n o f t h e 

in ter face m a y b e b a s e d o n the e l e v a t i o n ang le at w h i c h b o t h b e a m p a t t e r n s h a v e b e e n 

c a l i b r a t e d t o h a v e e q u a l ga ins . R e f e r to F i g u r e s 1.7, 1.8, a n d 1.9 for a n i l l u s t r a t e d e x a m p l e 

o f t h e b e a m inter faces . H o w e v e r , o t h e r fac tors m a y b e u s e d to choose the in ter face , s u c h as 

a N a d i r a m b i g u i t y . 

D u r i n g scene p r o c e s s i n g , t h e in ter face is t h e p o i n t at w h i c h d a t a f r o m t h e n e a r b e a m is 

r e p l a c e d b y d a t a f r o m the far b e a m to c o m p l e t e t h e r a n g e l ine . In s i m p l e b e a m s t i t c h i n g 

a l g o r i t h m s , n o d a t a is a v e r a g e d i n the f ina l scene, even t h o u g h e a c h b e a m m a y i m a g e the 

s a m e a r e a . S i n c e the in ter face p o i n t is b a s e d o n e l e v a t i o n ang le a n d b e a m - p a t t e r n ga ins , a n y 

c h a n g e i n e i ther o f these fac tors d u r i n g the a c t u a l i m a g e a c q u i s i t i o n w i l l c a u s e a n a b r u p t 

g a i n d i f ference i n t h e scene. T h i s g a i n d i f ference a p p e a r s a t t h e s a m e e l e v a t i o n a n g l e for 

s e v e r a l h u n d r e d r a n g e l ines d u r i n g the scene a n d is eas i ly n o t i c e d . 

M i t t e r m a y e r [12] has sugges ted , i n s i m u l a t i o n , t h a t errors i n t h e e s t i m a t e d r o l l ang l e of 

0.02 degrees c a n cause a n o t i c e a b l e d i s c o n t i n u i t y . M a r t i n et a l . [13] r e p o r t t h a t 0.1 degree 

e r r o r is t h e r e q u i r e d l i m i t for 1 d B c a l i b r a t i o n across t h e scene. L a t e r , i n C h a p t e r 3, t h i s issue 

is e x p l o r e d i n a n a t t e m p t to h e l p def ine w h a t t h e a c t u a l a c c u r a c y r e q u i r e m e n t is a n d h o w it 

affects R A D A R S A T - 1 S c a n S A R . F i g u r e 1.10 is a n e x a m p l e o f t h e r a n g e b e a m p a t t e r n s a n d 

t h e r e s u l t i n g e r r o r i n a t y p i c a l final S c a n S A R scene. 

ScanSAR Beam Abbr. Beam 1 Beam 2 Beam 3 Beam 4 Swath 
(km) 

Inc Angles 
(min-max Degs) 

ScanSAR Wide A SCWA W l W2 W3 • S7 500 20-51 
ScanSAR Wide B SCWA W l W2 S5 S6 450 20-49 
ScanSAR Narrow A SCNA W l W2 300 20-39 
ScanSAR Narrow B SCNB W2 S5 S6 300 31-49 

Table 1.2: RADARSAT-1's ScanSAR combinations 
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Figure 1.7: Range pattern gain overlap transition point 

In Figure 1.7, beams 1 and 2 represent the signal strength for each beam. Both beams are 

created using a roll angle of 1° above the nominal one. The R D G C s used for their correction, 

however, assume that the roll angle is nominal (i.e no roll angle estimation error). The top 

portion shows the entire beam pattern while the bottom portion focuses on the beam patterns 

used to create the final scene. If these R D G C s are applied to the data, beam 1 gets over-

corrected while beam 2 gets under-corrected. The resulting discontinuity is indicated by an 

arrow and is the sum of gain errors for each beam at the interface. 

In Figures 1.8 and 1.9, a —0.2° roll error is assigned to two different interfaces, the W2S5 

and W1W2 interface respectively. The top portion of each figure is the incorrect R D G C 

application (—0.2°), while the bottom represents the correct R D G C application. 
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Proper and Improper RDGC A p p l i c a t i o n to W2S5 Inter f a c e 
40 i 1 1 1 1 1— i 1 1 1 -

CQ 
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a 
-H 
O 

27 28 29 30 31 32 33 34 35 

E l e v a t i o n Angle (Degs) 

Figure 1.8: Range pattern gain correction with and without roll error for W2-S5 interface 

Figure 1.8 illustrates both the right and wrong R D G C application to the un-corrected 

signal data. The un-corrected data is the data line in the middle. The top portion represents 

the improperly corrected signal data. There are gain variations throughout this line and a 

discontinuity (approximately 1 dB) is present at the interface point. The bottom portion 

clearly shows the right corrected uniform range line with no variations or discontinuities 

present. The wrong and right corrections are shown with a +20 dB and -20 dB offset, 

respectively, for display purposes only. 
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Proper and Improper RDGC Ap p l i c a t i o n to W1W2 Interface 

Elevation Angle (Degs) 

Figure 1.9: Range pattern gain correction with and without roll error for W1-W2 interface 

Again, Figure 1.9 shows a uniform result for the correct R D G C , in the bottom portion, 

and an incorrect R D G C application in the top portion produces a discontinuity. The size and 

shape of the discontinuity present (approximately 1.5 dB) in the W1W2 overlap is different 

from the W2S5 overlap. Note also that the gain variations throughout the range line are 

smaller. The differences between the W2S5 and W1W2 interfaces are due to the varying 

slopes present in the R D G C s for each particular beam combination. Hence, every beam 

combination will produce different errors, even though they may all be subject to the same 

roll estimation error. 
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T h e s e figures h e l p i l l u s t r a t e two p o i n t s : 

• N o t o n l y d o d i s c o n t i n u i t i e s resu l t f r o m a n i n c o r r e c t R D G C , b u t t h e r e are c l e a r l y g a i n 

v a r i a t i o n s across the ent i re s w a t h w i t h e x t r e m e dif ferences f o u n d at e i ther e n d . 

• E a c h in ter face w i l l h a v e a dif ferent re sponse to the s a m e r o l l e r r o r . 

A h u m a n o b s e r v e r l o o k i n g a t F i g u r e 1.10 m a y find t h i s d i s c o n t i n u i t y a n d the o t h e r g a i n 

v a r i a t i o n s a d i s t r a c t i o n a n d a nu i sance ; however , a n y a u t o m a t e d targe t r e c o g n i t i o n or c las

s i f i ca t ion a l g o r i t h m w i l l f i n d t h e m d o w n r i g h t c o n f u s i n g . A l s o , i n o r d e r to a p p l y f u r t h e r 

p r o c e s s i n g to a S c a n S A R scene, s u c h as c la s s i f i ca t ion , th is c a l i b r a t i o n issue m u s t first be 

s o l v e d . 

1.3.2 Factors H i n d e r i n g C a l i b r a t i o n 

P r o p e r R D G C a p p l i c a t i o n , as d e p i c t e d at the t o p of F i g u r e s 1.8 a n d 1.9, s h o u l d r e d u c e a n y 

v a r i a t i o n s i n the f ina l i m a g e so t h a t a u n i f o r m t a r g e t a r e a a p p e a r s a t a c o n s t a n t i n t e n s i t y 

i n t h e f ina l scene. H o w e v e r , there are o t h e r fac tors bes ides r o l l ang l e e r r o r s w h i c h affect 

c a l i b r a t i o n . L u s c o m b e [8] h i g h l i g h t s s o m e o f these as the fo l l owing : 

• E r r o r s i n t h e s h a p e o f t h e R D G C , 

• E r r o r s i n t h e o v e r a l l g a i n o f the R D G C (for e a c h r e s p e c t i v e b e a m ) . 

F o r a p p l i c a t i o n s b a s e d o n the C a n a d i a n S p a c e A g e n c y ' s R A D A R S A T - 1 sate l l i te i m a g e r y , 

these b e a m p a t t e r n s h a v e b e e n a s s u m e d to be c a l i b r a t e d a n d u p d a t e d , v i a p a y l o a d files. 

P a y l o a d files are u p d a t e d e v e r y 6-9 m o n t h s a n d c o n t a i n the la tes t sa te l l i t e p a r a m e t e r s , s u c h 

as a n t e n n a e l e v a t i o n a n d a z i m u t h b e a m p a t t e r n s . R e c e n t o b s e r v a t i o n has s h o w n t h a t the 

p a y l o a d c a l i b r a t i o n files m a y n o t be suf f ic ient ly a c c u r a t e ; thus , these a d d i t i o n a l e r r o r s s h o u l d 

be a c c o u n t e d for i n a n y c a l i b r a t i o n a l g o r i t h m . 

L e s s s i gn i f i cant sources o f e r r o r a l so exis t , as h i g h l i g h t e d b y L a n c a s h i r e [14], s u c h as t h e 

fo l l ow in g : 

• A D C s a t u r a t i o n , 

• E r r o r s b a s e d o n a m b i g u i t i e s , 
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• E r r o r s b a s e d o n d i f f er ing S N R levels b e t w e e n b e a m s , 

• E r r o r s b a s e d o n surface h e i g h t a n d c o n t o u r effects, a s ign i f i cant p o r t i o n o f w h i c h resu l t s 

f r o m u n k n o w n i n c i d e n c e ang le b a s e d v a r i a t i o n s i n s c a t t e r e d s i g n a l s t r e n g t h . 

O f these , a n a l o g to d i g i t a l c o n v e r s i o n ( A D C ) s a t u r a t i o n is the m o s t c o m m o n a n d s igni f i 

c a n t s y s t e m error . T y p i c a l l y , the a u t o m a t i c g a i n c o r r e c t i o n ( A G C ) a t t e m p t s to m a i n t a i n a 

c o n s t a n t r e c e i v e d s i g n a l s t r e n g t h for the A D C w i t h i n a n o m i n a l r a n g e o f va lues (4 b i t s for 

R A D A R S A T - 1 [15]). It does th i s b y s a m p l i n g the average e n e r g y p e r r a n g e l ine , f r o m the 

first q u a r t e r o f the s w a t h , for e ight r a n g e l ines at a t i m e . T h e A G C s y s t e m a d j u s t s the A G C 

g a i n f a c t o r for t h e n e x t e ight r a n g e l ines a c c o r d i n g l y . A few c o m m o n r e a s o n s for A G C e r r o r s 

are t h e fo l l o wi ng : 

1. U n d e s i r e d s i g n a l s t r e n g t h d u e to n a d i r r e t u r n s . N a d i r r e t u r n s are s igna l s w h i c h are 

re f lec ted f r o m the e a r t h ' s sur face d i r e c t l y b e l o w the sate l l i te . T h e zero ang le o f i n c i d e n c e 

a l lows for h i g h l y ref lect ive s c a t t e r i n g f r o m the surface; h o w e v e r , a p p r o p r i a t e t i m i n g 

s e l e c t i o n c a n u s u a l l y p l a c e th i s r a d a r r e t u r n o u t s i d e the rece ive w i n d o w . 

2. I n S c a n S A R spec i f i ca l ly , as the a n t e n n a swi tches b e t w e e n b e a m p a t t e r n s , there are 

s e v e r a l b l a n k r a n g e l ines t h a t resu l t f r o m the t i m e r e q u i r e d for a p u l s e t o t r a v e l to the 

s u r f a c e a n d r e t u r n . S i n c e t h e A G C is o n d u r i n g t h i s p e r i o d , i t a s s u m e s t h a t the s i g n a l 

s t r e n g t h is s i m p l y lower t h a n n o r m a l a n d a t t e m p t s to c o r r e c t it b y i n c r e a s i n g the g a i n . 

U n f o r t u n a t e l y , a l m o s t as s o o n as th i s false c o r r e c t i o n is m a d e , the ref lected pulses b e g i n 

r e t u r n i n g a n d are s a m p l e d w i t h t o o h i g h a ga in ; after suff ic ient s a m p l i n g o f r e g u l a r 

pul ses the A G C s e t t i n g is t h e n c o r r e c t . T h e e n d effect is t h a t for e a c h set o f pu l ses 

c o r r e s p o n d i n g to a s ingle s w a t h , the first 8-10 are i n v a l i d , t h e n e x t 8-10 h a v e t o o h i g h 

a g a i n , a n d the r e m a i n d e r are c o r r e c t l y s a m p l e d . 

3. T h e g a i n e s t i m a t e s a r e d e r i v e d f r o m t h e e n e r g y i n t h e first q u a r t e r o f t h e s w a t h ; hence , 

t h e r e c a n also b e errors i f th i s q u a r t e r s i g n i f i c a n t l y d e v i a t e s f r o m t h e r e m a i n d e r o f the 

s w a t h . 

U n l i k e r o l l a n g l e errors , A G C e r r o r s effect t h e ent i re s w a t h i n t h e s a m e m a n n e r . T h e y c a n 

b e c o r r e c t e d b y a c o n s t a n t g a i n c h a n g e to the ent i re l ine w i t h o u t s ign i f i cant e r r o r a d d i t i o n , 
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unless d a t a has b e e n lost t h r o u g h s a t u r a t i o n at e i ther e n d o f t h e 4 b i t r a n g e . If severe 

s a t u r a t i o n has o c c u r r e d t h e n there is n o m e t h o d to recover t h e d a t a a n d t h e l ine m a y b e 

c o n s i d e r e d lost , d e p e n d i n g o n t h e severity . A G C errors m a y differ f r o m o n e b e a m to t h e 

n e x t , a n d as s u c h , a n y A G C e r r o r m a y c o n t r i b u t e t o c r e a t i n g g a i n e r r o r s i n c o r r e c t e d d a t a . 

D i f f erences i n A G C se t t ings s h o u l d b e i n c l u d e d i n t o the R D G C a p p l i c a t i o n t o h e l p r e d u c e 

these effects. 

T h e o t h e r e r r o r s n o t e d b y L a n c a s h i r e , a m b i g u i t y , S N R a n d sur face h e i g h t effects, are 

t y p i c a l l y n o t as s ign i f i cant or c o m m o n for m o s t scenes. M o s t a m b i g u i t i e s are l i m i t e d i n s ize 

a n d s t r e n g t h ; however , a m b i g u i t i e s c a u s e d b y n a d i r r e t u r n s m a y s i g n i f i c a n t l y affect o v e r a l l 

s i g n a l s t r e n g t h e v e n if t h e y d o n o t cause p r o b l e m s w i t h A G C se t t ings . S o l u t i o n s for n a d i r 

r e t u r n s are d i f f i cu l t a n d the p r o b l e m is bes t r e s o l v e d b y a g a i n p r o p e r l y s e l e c t i n g b e a m t iming-

p a r a m e t e r s so t h a t n a d i r r e t u r n s o c c u r o u t s i d e the rece ive w i n d o w . 

T h e final c a l i b r a t i o n errors , n o t e d b y G o u l d i n g [16], are t h e fo l l owing: 

• T h e e l e v a t i o n b e a m centre ang le for e a c h r a n g e b e a m p a t t e r n c a n n o t be a s s u m e d to 

r e m a i n c o n s t a n t re la t ive to e a c h o t h e r . T h e r e are two m a i n reasons for th is : 

— A s t i m e passes , v a r i a t i o n s i n the b e a m p a t t e r n s m a y c a u s e t h e e l e v a t i o n b e a m 

centers t o shift i n d e p e n d e n t l y . T h i s s h i f t i n g p r o b a b l y o c c u r s over l o n g p e r i o d s of 

t i m e ( m o n t h s ) a n d c a n b e a s s u m e d to be f ixed for a s ingle scene b u t n o t for scenes 

t a k e n a few m o n t h s a p a r t . 

— R a n g e b e a m c a l i b r a t i o n is b a s e d o n a s ingle b e a m c a l i b r a t i o n process . T h i s m e a n s 

t h a t w h i l e e a c h r a n g e b e a m p a t t e r n m a y b e c a l i b r a t e d w i t h r e s p e c t t o i t se l f a n d 

i t s n o m i n a l c e n t r e e l e v a t i o n ang le , t h e r e is n o g u a r a n t e e t h a t e a c h b e a m ' s c e n t r e 

e l e v a t i o n a n g l e has b e e n p r o p e r l y m e a s u r e d w i t h re spec t to the o t h e r b e a m s . 

• T h e b e a m p a t t e r n s t h e m s e l v e s are n o t w e l l - k n o w n i n t h e i r r e s p e c t i v e l o w g a i n areas 

n e a r t h e b e a m edges. T h i s is p o t e n t i a l l y a s ign i f i cant s o u r c e o f e r r o r i n e s t i m a t i n g the 

r o l l ang l e a n d is f u r t h e r e x p l o r e d i n th i s thesis . It is h e n c e f o r t h r e f e r r e d to as " b e a m 

g a i n u n c e r t a i n t y " . 

T h e r e f o r e , a n y c a l i b r a t i o n s t r a t e g y s h o u l d take i n t o a c c o u n t these p o s s i b l y s h i f t i n g b e a m 

centers a n d u n c e r t a i n l o w g a i n areas . 
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1.4 Related Compensation Strategies 

R A D A R S A T - 1 h a r d w a r e d e s i g n is f ixed , a n d as s u c h , r o l l ang l e e s t i m a t e s m u s t b e b a s e d 

o n r e c e i v e d s i g n a l r a d i o m e t r i c s t r e n g t h . G i v e n t h e r e q u i r e m e n t for prec i se sa te l l i t e a t t i t u d e 

i n f o r m a t i o n , o t h e r t e c h n i q u e s c a n b e i n c o r p o r a t e d i n t o f u t u r e des igns s u c h as a c c u r a t e d i r e c t 

r o l l m e a s u r e m e n t s f r o m o n - b o a r d sensors or m o r e s u i t a b l e (f latter) r a n g e b e a m p a t t e r n s . T h i s 

thes i s focuses o n the p r o b l e m of r o l l ang le e s t i m a t i o n f r o m the s i g n a l d a t a itself, w i t h o u t 

u s i n g n e w h a r d w a r e or s y s t e m des igns . T h i s k n o w l e d g e c a n t h e n b e u s e d o n o t h e r s y s t e m s 

w i t h m i n i m a l h a r d w a r e or sof tware d e s i g n changes . 

1.5 Summary 

S c a n S A R is a n effective t o o l for m o n i t o r i n g large areas u s i n g m i c r o w a v e r e m o t e sens ing . 

O n e of the m a i n p u r p o s e s o f S A R is to d e t e r m i n e a re la t ive , or a b s o l u t e , r a d a r b r i g h t n e s s 

for e a c h p i x e l i n the f ina l scene. Y e t , the v e r y m a n n e r i n w h i c h d a t a is g a t h e r e d creates a 

d i f f i cu l t c h a l l e n g e for th i s r a d i o m e t r i c c a l i b r a t i o n . T h i s c h a p t e r has h i g h l i g h t e d S A R bas ics , 

a n d spec i f i ca l ly , h o w S c a n S A R o p e r a t e s i n c l u d i n g its m o s t c o m m o n r a d i o m e t r i c c a l i b r a t i o n 

e r r o r s . 

E r r o r s i n t h e e s t i m a t i o n o f t h e sate l l i te r o l l ang le are p a r t i c u l a r l y t r o u b l i n g for S c a n S A R 

scenes as t h e y m a n i f e s t as o b v i o u s a n d a n n o y i n g d i s c o n t i n u i t i e s i n t h e final scene. T h e 

usefulness o f S c a n S A R i m a g i n g is d e g r a d e d if the scene c a n n o t be c o n s i d e r e d at least r e l a 

t i v e l y c a l i b r a t e d . C u r r e n t l y , t h e m a i n m e t h o d for c o r r e c t i n g r o l l ang l e e s t i m a t i o n errors is 

a m a n u a l , p o s t - p r o c e s s i n g a p p r o a c h . O n e s u c h a p p r o a c h is t o b l e n d b e a m s t o g e t h e r u s i n g 

a l i n e a r m e r g e t e c h n i q u e . T h i s a p p r o a c h does p r o d u c e scenes w h i c h h a v e r e d u c e d g a i n d i s 

c o n t i n u i t i e s ; h o w e v e r , s cene c a l i b r a t i o n m a y b e c o n s i d e r e d t o b e e v e n less a c c u r a t e after t h i s 

proces s . T h e a b i l i t y to a c c u r a t e l y d e t e r m i n e the sate l l i te r o l l ang l e d u r i n g scene p r o c e s s i n g 

w i l l h e l p e n s u r e the c a l i b r a t i o n a c c u r a c y , w h i l e at the s a m e t i m e r e d u c e a n y v i s i b l e errors . 

T h e a i m of th is thes is is t o c o r r e c t the r o o t c a l i b r a t i o n p r o b l e m w i t h a n a c c u r a t e i n i t i a l r o l l 

ang le d e t e r m i n a t i o n . 

I n c h a p t e r two , focus is p l a c e d o n c u r r e n t r o l l ang l e e s t i m a t i o n t e c h n i q u e s . T h e m a n n e r 

is w h i c h t h e y o p e r a t e is e x p l o r e d , as we l l as the p r o s a n d c o n s o f e a c h a p p r o a c h . T h e r e a r e 
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three m a i n a l g o r i t h m s d i s cus sed . 

I n c h a p t e r three , a n a n a l y s i s o f R A D A R S A T - l ' s S c a n S A R b e a m inter faces is g i v e n . T h i s 

a n a l y s i s p r o v i d e s i n s i g h t in to t h e r e q u i r e d r o l l ang l e a c c u r a c y for r e l a t i v e scene c a l i b r a t i o n . 

A s i m p l e g e o m e t r i c a l m o d e l is u s e d , b u t the resul t s c a n b e c o n s i d e r e d a c c u r a t e e n o u g h for 

r e a l R A D A R S A T - 1 in terfaces . 

In c h a p t e r four , two a l g o r i t h m s ( H y b r i d P e a k D e t e c t i o n a n d T h r e e B e a m ) are p r o p o s e d 

t h a t a t t e m p t to i m p r o v e c u r r e n t a l g o r i t h m s b y o v e r c o m i n g s o m e o f t h e i r weakness . T h i s 

is d o n e b y e m p l o y i n g a n e w s i g n a l a c q u i s i t i o n t e c h n i q u e . O p e r a t i o n o f t h e a l g o r i t h m s are 

d e f i n e d as we l l as the p h y s i c a l p a r a m e t e r s r e q u i r e d for its i n t r o d u c t i o n t o R A D A R S A T - 1 o r 

2. 

C h a p t e r five exp lores the m a n n e r i n w h i c h d a t a are s i m u l a t e d for t h e p r o p o s e d a l g o r i t h m . 

T h e m o d e l s for d a t a s i m u l a t i o n are e x p l a i n e d a n d r e l a t i o n s h i p s to r e a l S A R d a t a are g i v e n . 

C h a p t e r s ix i l l u s t r a t e s the resu l t s of the p r o p o s e d a l g o r i t h m s a n d c o m p a r e s t h e m to a 

c u r r e n t a l g o r i t h m . A d i s c u s s i o n of t h e resul t s is i n c l u d e d , a n d t h e f ina l c o n c l u s i o n s are g i v e n 

i n c h a p t e r seven . 
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RADARSAT ScanSAR Wide B 
Beams Wl W2 S5 S6 

Scene Location 52 41'00.22" -103 33'48.39" 
Ascending Pass 

Date Acquired = APRIL 15 1996 
Eastern Saskatchewan and Western Manitoba 

Image Provided by RSI 

Figure 1.10: Discontinuities in the scene due to improper R D G C application © C S A 
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Chapter 2 

Current Ro l l Angle Estimation 
Algorithms 

2.1 Introduction 

T h e r e h a v e b e e n severa l di f ferent a l g o r i t h m s p r o p o s e d to a c c u r a t e l y e s t i m a t e the sate l l i te 

r o l l ang l e for S c a n S A R scenes. A s m e n t i o n e d i n C h a p t e r 1, a r t i f a c t s i n a S c a n S A R scene 

c a u s e d b y a n e r r o r i n sate l l i te r o l l ang l e e s t i m a t i o n are d u e to i n a c c u r a t e energy , or p o w e r , 

c a l i b r a t i o n . T h e r e is l i t t l e , i f any, r e l a t i o n b e t w e e n these e r r o r s a n d s i g n a l p h a s e or s i g n a l 

p o l a r i z a t i o n . T h e r e f o r e , a n y a l g o r i t h m s s h o u l d be , a n d i n d e e d are , b a s e d o n a n a t t e m p t to 

re la te the b e a m p a t t e r n s to t h e o b s e r v e d energy , or p o w e r , v a r i a t i o n s i n the scene. 

L u s c o m b e [8] was t h e first to e l u c i d a t e the i n t e r b e a m s e a m p r o b l e m a n d p o i n t o u t s o m e 

c h a r a c t e r i s t i c s w h i c h m i g h t be a p p l i e d to a m e l i o r a t e the p r o b l e m s . T h e i d e a o f u s i n g the 

o v e r l a p reg ions t o d e t e r m i n e t h e r o l l e r r o r was e x p a n d e d u p o n b y B a m l e r [17], b u t n e i t h e r 

t r i e d a c t u a l i m p l e m e n t a t i o n of t h e i r ideas . G o u l d i n g [16] i m p l e m e n t e d severa l v a r i a n t s of 

t h e ideas p u t f o r w a r d b y L u s c o m b e a n d B a m l e r a n d s e t t l e d o n o n e p a r t i c u l a r a p p r o a c h t h a t 

u s e d a d i r e c t c o m p a r i s o n o f s i g n a l energy i n the o v e r l a p a r e a . J i n [9] a lso u s e d a s i m i l a r 

a p p r o a c h , b u t c o m p u t e d a c o r r e l a t i o n b e t w e e n the l o g r a t i o o f the r a n g e d a t a a n d a k e r n e l 

d e r i v e d f r o m the k n o w n a n t e n n a p a t t e r n s , w h e r e a s B a m l e r s u g g e s t e d a n e s t i m a t e b a s e d o n 

a l i n e a r fit o f t h e l o g r a t i o . M i t t e r m a y e r [12] was ab le t o s h o w t h a t a l i n e a r fit was m o r e 

effect ive t h a n J i n ' s c o r r e l a t i o n . D r a g o s e v i c [18] p r e s e n t e d a n a l g o r i t h m t h a t s i m u l t a n e o u s l y 

solves t h e r o l l e s t i m a t e for a l l the r a n g e b e a m s u s i n g a n L M S s o l u t i o n to a n o v e r - d e t e r m i n e d 

s y s t e m of e q u a t i o n s . T h i s c h a p t e r w i l l e x p l o r e G o u l d i n g ' s , J i n ' s , a n d D r a g o s e v i c ' s a l g o r i t h m s , 
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h i g h l i g h t i n g t h e p r o s a n d cons of each . 

2.2 Goulding's Algorithm 

In u s i n g t h e o v e r l a p area , G o u l d i n g [16] i n v e s t i g a t e d severa l a p p r o a c h e s for s u i t a b l e i m p l e 

m e n t a t i o n . A m o n g these were B a m l e r ' s l inear fit o f the r e l a t i v e r a t i o f u n c t i o n for e a c h r a n g e 

l ine . T h e r e l a t i v e r a t i o f u n c t i o n is s i m p l y a l o g a r i t h m i c r a n g e l ine r a t i o , p o i n t b y p o i n t , f r o m 

e a c h b e a m i n t h e o v e r l a p a r e a . T h i s a p p r o a c h is g i v e n as (note t h a t the s y m b o l 9 r epresent s 

the t e r m "such t h a t " ) i n o r d e r to f i n d the best e s t i m a t e 6e: 

9e = ek? M6k = m i n ( | ( l - M6i)\) (2.1) 

w h e r e Me{ is: 

Me. = ± y ^ l (2.2) 

Cn

9ij = W ^ - R D G C ^ . (2.3) 

C L = W I -HDG(i (2-4) 
w h e r e j is the r a n g e ce l l n u m b e r i n the o v e r l a p a r e a for e a c h c o r r e c t i o n o f l e n g t h N.h x is 

the t o t a l n u m b e r of r o l l angles o f w h i c h t h e s e a r c h space is c o m p r i s e d . T h e near , R D G C ™ , 

a n d far , R D G C ' , R D G C s are u s e d to c o r r e c t the n e a r b e a m , Wn, a n d far b e a m , Wf. C™ 

a n d a r e t h e c o r r e c t e d d a t a for t h e n e a r a n d far b e a m s , re spec t ive ly . 

G o u l d i n g ' s a l g o r i t h m is a n i t e r a t i v e a p p r o a c h as fol lows: 

1. C a l c u l a t e t h e x c o r r e s p o n d i n g R D G C f u n c t i o n s , b a s e d o n v a r y i n g r o l l ang les , for t h e 

b e a m s i n v o l v e d so t h a t t h e r e are m a n y s a m p l e s w h i c h c a n b e s h i f t e d over t h e r a n g e 

d a t a . T h e a p p r o p r i a t e b e a m p a t t e r n s are a v a i l a b l e f r o m t h e p r o p e r p a y l o a d file. T h e 

R D G C is c a l c u l a t e d b y c o n v e r t i n g the b e a m p a t t e r n e l e v a t i o n angles to a s lant r a n g e , 

as t h e c o l l e c t e d d a t a is b a s e d o n s lant range , n o t angles . K n o w l e d g e o f t h e c o r r e c t 

s a t e l l i t e / e a r t h g e o m e t r y is essent ia l , w i t h the u n k n o w n v a r i a b l e b e i n g the r o l l ang le . 

2. A f ixed n u m b e r of r a n g e cells are r a n g e c o m p r e s s e d a n d a v e r a g e d i n a z i m u t h , s u c h 

t h a t a n a c c u r a t e r e p r e s e n t a t i o n of the b e a m p a t t e r n , n o t i n d i v i d u a l t a r g e t energy , is 

a v a i l a b l e . 
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3. T h e r e s p e c t i v e R D G C s are t h e n a p p l i e d to the a v e r a g e d d a t a a n d the p o i n t b y p o i n t 

l o g r a t i o s o f t h e b e a m s are c a l c u l a t e d . 

4. T h e m e a n o f t h i s r a t i o is f o u n d , a n d b a s e d o n i ts v a l u e , s t e p 3) is r e p e a t e d w i t h a 

d i f ferent r o l l offset i n t h e R D G C a p p l i c a t i o n . A m e a n o f less t h a n o n e resu l t s i n a 

n e g a t i v e offset; a m e a n o f g r e a t e r t h a n o n e resu l t s i n a p o s i t i v e offset. Ideal ly , p r o p e r 

a p p l i c a t i o n o c c u r s w h e n the m e a n equa l s one. 

5. T h i s is f irst p e r f o r m e d for the i n n e r (closest to sensor) b e a m p a t t e r n a n d t h e n the 

o u t e r b e a m p a t t e r n . If m o r e t h a n three b e a m s are i n v o l v e d , t h e n t h e w h o l e a l g o r i t h m 

p r o c e e d s f r o m the i n n e r b e a m s to the o u t e r b e a m s . 

A l t h o u g h e a c h b e a m p a t t e r n is a l l owed its o w n r o l l e s t i m a t e , t h e r e is a c t u a l l y o n l y one 

p a r a m e t e r r e q u i r e d to d e t e r m i n e the sate l l i te r o l l angle . T h e r e are two reasons for the 

i n d e p e n d e n t e s t imates : 

• T h e cen tre of e a c h b e a m p a t t e r n m a y v a r y s l o w l y w i t h re spec t to e a c h o t h e r , as the 

p a t t e r n s t h e m s e l v e s m a y s l o w l y c h a n g e over t i m e . 

• U n c e r t a i n t y i n one b e a m p a t t e r n does n o t neces sar i l y t r a n s l a t e t o a n o t h e r . 

A s G o u l d i n g m e n t i o n e d , g i v e n e n o u g h d a t a these r e l a t i v e centers c a n b e c a l c u l a t e d a n d 

b e t t e r e s t i m a t e s of t h e b e a m p a t t e r n edges c a n b e m a d e . E a c h i n d e p e n d e n t m e a s u r e m e n t 

c a n t h e n b e u s e d t o f u r t h e r ref ine t h e r o l l e r r o r . 

G o u l d i n g p e r f o r m e d t h e a l g o r i t h m o n four test i m a g e s a n d the resu l t s were d e e m e d 

m a r g i n a l . D u r i n g t h i s p r o c e d u r e , s o m e i m p l e m e n t a t i o n issues arose , s u c h as h o w o f t e n 

the R D G C s were u p d a t e d , a n d w h i c h p r o c e s s o r is c a p a b l e o f i m p l e m e n t i n g t h i s a l g o r i t h m . 

F i g u r e s 2.1, 2.2 a n d 2.3 p r o v i d e a n e x a m p l e o f G o u l d i n g ' s r a t i o a l g o r i t h m . T h i s e x a m p l e 

was a s i m u l a t i o n w i t h a — 0 . 0 3 ° r o l l e r r o r a n d t h e c o r r e c t R D G C , o n the S C N B a n d S C W B 

( W 2 - S 5 ) S c a n S A R b e a m . F i g u r e 2.1 is t h e o v e r a l l s w a t h w i t h t h e r e s u l t a n t d a t a a n d c o r r e c t 

R D G C s . A l t h o u g h it shows t h e t r a n s i t i o n p o i n t i n the f igure , it is n o t u s e d d u r i n g G o u l d i n g ' s 

a l g o r i t h m . F i g u r e 2.2 focuses o n t h e o v e r l a p r e g i o n o n l y ; however , i t s t i l l d i s p l a y s t h e b e a m 

d a t a as we l l as t h e c o r r e c t R D G C s i n the t o p p o r t i o n , w h i l e d i s p l a y i n g the c o r r e c t e d b e a m s 

i n t h e b o t t o m p o r t i o n . N o t e , t h e r e is a 10 d B offset b e t w e e n b e a m s for d i s p l a y p u r p o s e s 

on ly . 
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Goulding's algorithm operates by taking the mean of the log ratio calculated in step 4) 

and attempts to find the estimated roll angle, via its R D G C , which produces a mean nearest 

to 1. Figure 2.3 shows the log ratio mean for R D G C s with roll errors ranging from —0.2° 

to +0.2°. Figures 2.1 and 2.2 both show the correct R D G C for this simulation. However, 

Goulding's algorithm found that the R D G C for —0.055° produces a mean log ratio closest 

to one. However, the data set is created with a —0.03° roll, so this represents an algorithm 

estimation error of 0.025°. 

Figure 2.1: The range swath consisting of beams W2 and S5 with corresponding RDGCs. Steep slopes in 

the beam patterns increase the sensitivity to roll errors. In this case, the far beam pattern is more sensitive 

to roll errors (notably from 30° to 31.5°) than the near beam pattern (from 34° to 35.5°) in the overlap area. 
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Goulding Algorithm Implementation 

i - H 

(8 a 7 0 

40 I 1 1 1 1 ' < -

30 31 32 33 34 35 
E l e v a t i o n Angle (Degrees) 

Figure 2.2: Overlap area beam data with respective RDGCs and the corrected beams. Even without the 10 

dB separation (included here to show separate corrected range lines), visual determination of a fraction of a 

dB gain error for a single range line in this format is difficult. 
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Figure 2.3: The mean of the log ratio for several different roll angle estimates 

Overall, Goulding's algorithm suffered from the following: 

• Uncertainties in the actual beam patterns (beam gain uncertainty), 

• Uncertainties in the relative beam centre angles, 

• Although the ratio operation should remove scene content from the equation, the algo

rithm showed variations in accuracy based on the type of area that was imaged. This 

suggests there may still be indirect dependence on scene content, perhaps as a function 

of the noise level to scene content. 

The first obstacle listed above, beam gain uncertainty, is perhaps the most significant. During 

his investigation, Goulding noticed that the patterns exhibited significant deviations from 

the averaged range lines, even in fairly uniform scenes such as an Amazon data set, normally 

considered to be a very uniform scene. 
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2.3 Jin 's Algorithm 

T h i s a l g o r i t h m is b a s e d o n a c o r r e l a t i o n w i t h a k e r n e l d e r i v e d f r o m the k n o w n a n t e n n a 

p a t t e r n s . T h e r a n g e - D o p p l e r i n t e n s i t y i m a g e is f irst e x p r e s s e d thus : 

Is(x, y) = W(x - x0, y - y0) a(x, y) 7(2:, y) (2.5) 

w h e r e W(x — xQ, y — yQ) is t h e a n t e n n a p a t t e r n , o~{x, y) is the b a c k s c a t t e r , a n d ^(x, y) is 

speck le no i se w i t h a n e x p o n e n t i a l d i s t r i b u t i o n . J i n t h e n takes the l o g a r i t h m i c r a t i o o f th is 

i n t e n s i t y for two scenes i n o r d e r t o c a n c e l t h e b a c k s c a t t e r t e r m a n d c h a n g e t h e speck le noise 

f r o m m u l t i p l i c a t i v e to a d d i t i v e . T h i s p r o d u c e s the fo l l owing: 

R(x) = 
W i ( s - s i ) 

[W2(x-x2) + 7i 0»0 
.72 0*0 

(2.6) 

A(x - xc) + B(x) (2.7) 

w h e r e B(x) is a we l l b e h a v e d r a n d o m proces s w i t h m e a n zero a n d v a r i a n c e o f 3.29. In g e n e r a l , 

t h e a l g o r i t h m o p e r a t e s o n two m a i n s teps for e i ther the a z i m u t h or r a n g e c e n t r o i d : 

1. F i n d t h e 1st o r d e r d e r i v a t i v e of A(x — xc) A(x — xc), f r o m t h e p a y l o a d file, a n d 

c o n v o l v e i t w i t h R(x). 

2. D e t e c t the z e r o - c r o s s i n g p o i n t i n the i n t e r v a l (x2 — y , x i — y ) w h e r e X is the i m a g e 

size. 

In o r d e r to d o th i s , J i n a s s u m e s t h a t t h e r a n g e p a t t e r n s are we l l k n o w n , w h i c h i m p l i e s 

t h a t t h e i r di f ferences , W\(x — x\) a n d W2(x — x2), are a lso we l l k n o w n . F u r t h e r m o r e , th i s 

i m p l i e s t h a t A(x — x\) is c o n s t a n t . A s m e n t i o n e d i n S e c t i o n 1.3.2, a l t h o u g h t h i s a s s u m p t i o n 

was p r e v i o u s l y a s s u m e d t r u e , recent o b s e r v a t i o n has s h o w n t h a t t h i s c a n n o t b e c o n s i d e r e d 

a c c u r a t e i n the b e a m edge a r e a . H o w e v e r , m a i n t a i n i n g th i s a s s u m p t i o n a l lows the v a r i a n c e 

o f J i n ' s s o l u t i o n t o b e c a l c u l a t e d : 

f v r 1 ^ 6 1 . 6 4 ( A g i + Ag2)25x2ns 

var[Xc\ > (2.8) 

Mi 

w h e r e Agi is t h e a b s o l u t e g a i n di f ference for e a c h e n d o f the o v e r l a p , Af/ is the n u m b e r 

o f r a n g e l ines i n v o l v e d i n the e s t i m a t e . T h e t e r m ns represents t h e r e l a t i o n s h i p ns = ^j-

b e t w e e n t h e i n t e r v a l r e p r e s e n t i n g t h e o v e r l a p r e g i o n Af a n d the s a m p l e s p a c i n g 8f. 
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J i n f o u n d th i s a l g o r i t h m p r o d u c e s a n e l e v a t i o n e s t i m a t e w i t h a s t a n d a r d d e v i a t i o n o f 0.003 

degrees . H o w e v e r , as s t a t e d b y M i t t e r m a y e r a n d G o u l d i n g , i ts use i n a c t u a l a p p l i c a t i o n s 

p r o d u c e s less d e s i r a b l e re su l t s t h a n a d i r e c t l i n e a r fit o r r a t i o f u n c t i o n . E s s e n t i a l l y , h i s 

a l g o r i t h m suffers f r o m the s a m e fac tors as G o u l d i n g ' s . H o w e v e r , b o t h G o u l d i n g ' s r a t i o a n d 

B a m l e r ' s l i n e a r fit m e t h o d are less s u s c e p t i b l e to u n k n o w n b e a m - p a t t e r n g a i n s i n the l o w 

g a i n reg ions . T h e l i n e a r fit w o r k s o n the r a t i o o f the two b e a m p a t t e r n s , o n e o f w h i c h 

c a n b e c o n s i d e r e d a c c u r a t e a n d the o t h e r m a y n o t be . J i n ' s m e t h o d is c o n v o l u t i o n w i t h 

A(x — xc), the d e r i v a t i v e o f t h e two b e a m - p a t t e r n ra t io s , w h i c h is m o r e sens i t ive t o u n k n o w n 

b e a m - p a t t e r n errors . In a l l cases, i m p r o v e d k n o w l e d g e o f the b e a m p a t t e r n s c a n b e u s e d t o 

a p p l y we ight s to t h e r o l l e s t i m a t e s i n o r d e r to m i n i m i z e inf luences f r o m less re l i ab l e b e a m 

c o m b i n a t i o n s . 

2.4 Dragosevic's Algorithm 

D r a g o s e v i c p r o p o s e d a s i m i l a r a l g o r i t h m [18] to J i n ' s . H o w e v e r , i t differs i n t h a t it achieves 

a s i m u l t a n e o u s s o l u t i o n for a l l the b e a m p a t t e r n s at once , r a t h e r t h a n w o r k i n g f r o m i n s i d e 

to o u t s i d e . T h e e s t i m a t e s for th i s a l g o r i t h m are a n L M S s o l u t i o n t o a n o v e r - d e t e r m i n e d 

s y s t e m s o f e q u a t i o n s . It is i t e r a t i v e b u t does t a k e i n t o a c c o u n t a l l the r a n g e s w a t h s at once . 

T h i s a l g o r i t h m m o d e l a c c o u n t s for a n t e n n a ga ins , t a r g e t b a c k - s c a t t e r i n g a n d speck le noise . 

A s w i t h t h e o t h e r two a l g o r i t h m s , th i s a l g o r i t h m w o r k s d i r e c t l y o n the d a t a va lues a n d 

uses a c o n s t a n t g a i n offset i n o r d e r to c o m p e n s a t e for di f ferent r e p l i c a e n e r g y levels b e t w e e n 

s w a t h s a n d A D C s a t u r a t i o n , i f e i ther o c c u r . A c c o r d i n g l y , t h i s a l g o r i t h m is m o r e sens i t ive 

t h a n G o u l d i n g ' s to errors i n the R D G C , d u e t o e i ther s q u i n t ang le a n d / o r a z i m u t h e l e v a t i o n 

ang le changes . H e n c e , the presence of s c a l l o p i n g errors i m p l i e s errors i n the r a n g e c a l i b r a t i o n . 

S t r o n g n a d i r r e t u r n s c a n a l so affect the c o n s t a n t g a i n offset. D r a g o s e v i c s u g g e s t e d the use 

o f p r e - f i l t e r i n g , s u c h as a m e d i a n filter, to r e m o v e a n y n a d i r error . T h e a p p r o a c h u s e d is 

m a t r i x b a s e d a n d the t e r m s i n v o l v e d are m o r e eas i ly e x p l a i n e d w i t h the a i d o f F i g u r e 2.4. 

T h e s i g n a l i n t e n s i t y is d e f i n e d as Is = Gi(r) + cr — i r + ji w h e r e Gi(r) is t h e sensor g a i n , a 

is t h e t a r g e t b a c k - s c a t t e r a n d 7$ is a speck le no i se t e r m . T h e a n t e n n a p a t t e r n s are d e n o t e d 

b y Wf(<f>) + W?(<p) for the far a n d n e a r fields, re spec t ive ly . A l s o s h o w n are t h e b e a m g a i n 
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Figure 2.4: Matrix notation for Dragosevic algorithm 

offsets, Hi. 

U s i n g th i s n o t a t i o n , D r a g o s e v i c defines Di(<p) as the fo l l owing: 

m) = ^wi{(t>)-^-wr+M) (2.9) 

w h i c h is e s sent ia l ly the d i f ference o f the b e a m p a t t e r n v a r i a t i o n s . C o n t i n u i n g f u r t h e r i n t o 

h e r a l g o r i t h m , she der ives a s y s t e m of e q u a t i o n s b a s e d o n the fo l l owing : 

5 = W(4>) + MH + 7 (2.10) 

w h e r e M is a m a t r i x o f zeros a n d ones. S h e l inear izes th i s i n the r e g i o n of in teres t to t h e 

f o l l owing : 

s - w{4>{k)) = \D{^\ M 
H 

( 2 . H ) 

w h i c h p r o d u c e s two a l g o r i t h m s d e p e n d i n g o n w h e t h e r j u s t the r o l l ang l e r e q u i r e s e s t i m a t i o n 

o r w h e t h e r b o t h i t a n d offsets r e q u i r e e s t i m a t i o n . If j u s t r o l l ang l e e s t i m a t i o n is r e q u i r e d , 

her s o l u t i o n is E q u a t i o n (2.12), a n d w h e n b o t h are r e q u i r e d the s o l u t i o n is E q u a t i o n (2.13). 

A<f>k+1 = 
Et iA(^ ) T A#*>) 

*+i = EtiAA^ ( f c )) r(A/ s-A^(0W)) 
AA(^) r AA(^ f c0 

(2-12) 

(2-13) 
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w h e r e for s o m e p a r a m e t e r X , AXi(<p) = X^cj)) — Xi{4>). T h e m e a n s are s u b t r a c t e d f r o m the 

v e c t o r s by : 

AD0V = D0V)-D0k)) (2.14) 

AW0k) = W0k)) - W0k)) (2.15) 

A I S { ^ = Is(4>{k)) - SSik)) (2-16) 

A s D r a g o s e v i c p o i n t s o u t , i f t h e b e a m p a t t e r n dif ferences are a l i n e a r f u n c t i o n o f r o l l a n g l e 

t h e n D(<p) = D(<j>) =>• AD^ifi) = 0 a n d t h e s o l u t i o n is u n d e t e r m i n e d , as seems to b e the case 

for R A D A R S A T - 1 m o d e S C W A a n d S C N A . 

O v e r a l l , t h i s a p p r o a c h p r o d u c e s a d e q u a t e resu l t s o n t h e t h r e e test scenes, b u t is d e p e n d e n t 

o n the p a r t i c u l a r S c a n S A R b e a m u s e d for the scene. It is a l so s e n s i t i v e to o t h e r e r r o r s , 

i n c l u d i n g t h e s a m e b e a m - p a t t e r n v a r i a t i o n s , a n d u n c e r t a i n b e a m c e n t r e angles , t h a t affect 

G o u l d i n g ' s m e t h o d . 

2.5 Current Algorithm Summary 

T h e s e a l g o r i t h m s are a l l sens i t ive t o a few s ign i f i cant fac tors . F i r s t , a l l t h r e e m e t h o d s o p e r a t e 

i n t h e o v e r l a p reg ions . T h e s e reg ions a r e a t t h e edge o f t h e r a n g e s w a t h a n d h a v e l o w a n t e n n a 

g a i n , w h i c h lowers S N R . H e n c e , noise m a y b e s ign i f i cant o n s o m e scenes. S e c o n d , b e a m g a i n 

u n c e r t a i n t y i m p l i e s t h a t t h e r e are u n c e r t a i n t i e s i n the b e a m - p a t t e r n ga ins n e a r t h e b e a m 

edges. T h e R D G C s are t a k e n d i r e c t l y f r o m t h e b e a m p a t t e r n s a n d a p p l i e d to the d a t a . 

U n k n o w n v a r i a t i o n s b e t w e e n t h e R D G C a n d a c t u a l p a t t e r n g a i n s w i l l affect t h e resul t s . 

T h i r d , a n y u n c e r t a i n t i e s i n the re la t ive b e a m centers w i l l affect resul t s . H o w e v e r , t h i s is n o t 

as s i gn i f i cant as t h e p r e v i o u s two factors . A n y success fu l a l g o r i t h m s h o u l d , t o s o m e ex tent , 

lessen the effect o f s o m e or a l l o f these fac tors i n o r d e r to i m p r o v e p e r f o r m a n c e . 

T h e n e x t c h a p t e r l a y s t h e g r o u n d w o r k for a l g o r i t h m d e v e l o p m e n t b y d i s c u s s i n g t h e re

q u i r e d r o l l ang l e e s t i m a t i o n a c c u r a c y . T h i s a c c u r a c y is r e l a t e d t o a l l the R A D A R S A T - 1 

S c a n S A R b e a m s a n d e x p l a i n s the s e n s i t i v i t y o f these b e a m s to r o l l e rrors . 
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Chapter 3 

Required R o l l Angle Accuracy 

3.1 Introduction 

R A D A R S A T - l ' s r o l l ang le is m a i n t a i n e d u s i n g o n - b o a r d i n s t r u m e n t s a n d t h e a t t i t u d e c o n t r o l 

s y s t e m . It is t y p i c a l l y a c c u r a t e to ± 0 . 3 ° of i ts p r o g r a m m e d p a r a m e t e r s . H o w e v e r , t h e 

a c c u r a c y o f t h e a t t i t u d e e r r o r d a t a is l i t t l e b e t t e r t h a n the a c c u r a c y o f the a c t u a l a t t i t u d e [19]. 

T h e a p p e a r a n c e o f s t r i p e s i n the r e s u l t i n g i m a g e d a t a , w h i c h c a n b e a t t r i b u t e d to r o l l e r r o r s , 

i m p l i e s t h a t t h e r e is a s t r o n g r e q u i r e m e n t for e s t i m a t i n g t h e r o l l a n g l e f r o m t h e d a t a itself. 

3.2 Required Roll Angle Accuracy 

D e f i n i n g a r e q u i r e d a c c u r a c y for the sate l l i te r o l l ang l e is n o t a t r i v i a l r e q u i r e m e n t . T h e 

s i m p l e d e f i n i t i o n o f t h e p r o b l e m g i v e n i n S e c t i o n 1.3.1 n o l o n g e r suffices w h e n d e a l i n g w i t h 

a l l the v a r i a b l e s i n h e r e n t i n R A D A R S A T - 1 . 

T h e b e a m - p a t t e r n dif ferences v a r y s i g n i f i c a n t l y f r o m one o v e r l a p r e g i o n to a n o t h e r . S i n c e 

t h e m a i n defects c a u s e d b y r o l l ang l e e s t i m a t i o n errors i n S c a n S A R i m a g e r y are g a i n v a r i a 

t i ons , i t is use fu l to l o o k at the v a r y i n g p a t t e r n s h a p e s a n d a n a l y z e h o w those v a r i a t i o n s are 

c r e a t e d . 

3.2.1 D e t e r m i n i n g the R o l l A n g l e E r r o r L i m i t 

T h e r e are s e v e r a l m e t h o d s for s t i t c h i n g toge ther S c a n S A R d a t a . C h a p t e r o n e i l l u s t r a t e s the 

s i m p l e , a b r u p t t r a n s i t i o n f r o m B e a m 1 to B e a m 2; however , a l i n e a r m e r g e r o f the d a t a is 

a lso a v a l i d m e t h o d . B o t h m e t h o d s are e x a m i n e d n e x t a l o n g w i t h t h e i r r e s p e c t i v e resul t s . 
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O t h e r m e t h o d s d o exist a n d i n c o r p o r a t e o t h e r v a r i a b l e s i n t o t h e s t i t c h i n g process ; h o w e v e r , 

the a b r u p t t r a n s i t i o n m e t h o d r e q u i r e s the greates t r o l l a c c u r a c y w h i l e t h e l i n e a r m e r g e is n o t 

as d e m a n d i n g . It is a s s u m e d t h a t t h e r e q u i r e d a c c u r a c y for o t h e r s t i t c h i n g m e t h o d s w o u l d 

lie s o m e w h e r e i n b e t w e e n . 

A b r u p t T rans i t i on 

T h e five S c a n S A R b e a m interfaces were s i m u l a t e d a n d i n e a c h case, a 0.2 d B d i s c o n t i n u i t y 

at the in t er face p o i n t was set as t h e r o l l ang l e l i m i t . T h e i n i t i a l r o l l e r r o r b e g a n a t — 0 . 2 0 ° 

a n d i n c r e a s e d i n 0 . 0 0 5 ° i n c r e m e n t s u n t i l + 0 . 2 0 ° was r e a c h e d . T h e size o f t h e d i s c o n t i n u i t y , 

w h i c h r e s u l t e d f r o m the r o l l e r r o r , was s t o r e d i n a v e c t o r . T h e s m a l l e s t p o s i t i v e / n e g a t i v e r o l l 

ang l e f r o m th i s v e c t o r , w h i c h p r o d u c e d t h e 0.2 d B d i s c o n t i n u i t y , was c h o s e n as the m a x i m u m 

t o l e r a b l e r o l l ang le . T h e in ter face i t se l f is the r a n g e ce l l , at w h i c h p o i n t d a t a is s w i t c h e d 

f r o m B e a m 1 to B e a m 2. 

T h e resu l t s were d e t e r m i n e d i n a s i m i l a r m a n n e r to the d i s c o n t i n u i t i e s s h o w n i n F i g u r e s 1.9 

a n d 1.8, e x c e p t t h a t o n l y t h e a c t u a l b e a m ga ins were used; n o noise , s p e c k l e or r a d a r 

b a c k s c a t t e r w a s s i m u l a t e d . In e a c h case, the R D G C was c a l c u l a t e d a s s u m i n g t h e r e was 0 ° 

r o l l e r r o r a n d t h e n a p p l i e d t o t h e b e a m p a t t e r n s r o l l e d b y t h e p r e v i o u s i n c r e m e n t s . F i g u r e 3.1 

i l l u s t r a t e s t h e c r e a t i o n o f a s ing le d i s c o n t i n u i t y o n t h e W 1 W 2 i n t e r f a c e w i t h a — 0 . 2 0 ° r o l l 

e r r o r . 

F i g u r e 3.2 f u r t h e r i l l u s t r a t e s the d i s c o n t i n u i t i e s t h a t re su l t i f r o l l e r r o r s f r o m — 0 . 2 0 ° to 

+ 0 . 2 0 ° , i n i n c r e m e n t s of 0 . 0 5 ° , o c c u r a n d are n o t c o r r e c t e d . T h i s figure is a n e x t e n s i o n of 

F i g u r e 3.1 b u t w i t h e ight di f ferent r o l l errors . A l s o , the R D G C s are n o t s h o w n , n o r is t h e 

c o m p l e t e s w a t h f r o m e a c h b e a m ; a l l t h a t is presen t is t h e c o r r e c t e d b e a m d a t a t h a t c o m p l e t e s 

t h e o v e r l a p p o r t i o n o f the r a n g e l ine ( large t h a n s h o w n i n F i g u r e 3.1) . N o t i c e t h a t at t h e 

t r a n s i t i o n p o i n t , the v a l u e o f the g a i n e r r o r is grea ter for o n e b e a m t h a n the o t h e r . T h i s 

is b e c a u s e e a c h b e a m p a t t e r n has its o w n s lope i n the o v e r l a p r e g i o n . T y p i c a l l y , one b e a m 

a p p r o a c h e s its s teep d r o p - o f f r e g i o n w h i l e the o t h e r is a p p r o a c h i n g i ts flatter m a i n r e g i o n , 

d e p e n d i n g o n w h e t h e r t h e r o l l e r r o r is p o s i t i v e o r n e g a t i v e . 

A s p r e v i o u s l y m e n t i o n e d , a 0.2 d B l i m i t was set as the r e q u i r e d c a l i b r a t i o n g o a l . F i g u r e 3.3 

i l l u s t r a t e s t h a t e a c h in ter face has a di f ferent r o l l e r r o r t o l e r a n c e i n r e a c h i n g th i s 0.2 d B l i m i t . 
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R e s u l t a n t D i s c o n t i n u i t y from R o l l E s t i m a t i o n E r r o r o f -0.2 
Degrees 

1 i — i 1 1 1 — 1 r 

E l e v a t i o n A n g l e (degs) 

Figure 3.1: W1-W2 interface discontinuity for a —0.20° roll error 

This figure simply measures the discontinuity present at the transition point for each interface 

over the range of roll errors from —0.2° to 0.2° in 0.005° increments, which is smaller than 

the 0.05° increments in Figures 3.2. These slopes can be considered the sensitivity slope for 

each interface line in Figure 3.3, and can be considered linear in the region of interest from 

±0.2 dB. 

More specifically, the sensitivity slopes in Figure 3.3 are related to the beam-pattern 

slopes at the interface. Interfaces which have a low beam-pattern slope from both patterns 

can tolerate more error and vice versa. Adding to the complexity is the fact that the beam-

pattern slopes may change with roll error so that interfaces with an initially high error 

tolerance may become sensitive to roll angle errors of greater magnitude. However, this does 

not appear to be the case for R A D A R S A T - 1 , at least in the region of interest. 

The beam patterns themselves can be modelled as a 4th or 5th order polynomial with 

sufficient accuracy. This implies that their difference can be modelled thusly: 

Beami(x) — 75eam2(a;) = ai + a2x + a3x2 + a^x3 + a5x4... (3-1) 
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Resultant D i s c o n t i n u i t i e s from R o l l E r r o r s Ranging 
from +0.20 to - 0 . 2 0 Degrees 

1 1 1 1 1 1 
+ 0 . 2 0 R o l l E r r o r 

I i i I i i I 1 
24 25 26 27 28 29 30 31 

E l e v a t i o n A n g l e (degs) 

Figure 3.2: W1-W2 interface with —0.2° to +0.2° roll error. Gain variations outside the overlap region 

can also be severe and cause radiometric problems in the overall range swath. These errors can be used to 

provide roll estimates for single beam operation on uniform scenes. 

w h e r e x r epresen t s the r a n g e ce l l at the in ter face a n d a is t h e coeff ic ient v e c t o r o f l e n g t h 

lower t h a n 5 o r 6. F i g u r e 3.3 c a n b e u s e d t o s h o w t h a t i f the r o l l e r r o r is m a i n t a i n e d w i t h i n 

a s m a l l r e g i o n o f in teres t , a p p r o x i m a t e l y 0 ° ± 0 . 0 5 ° , t h e n a l l t h e h i g h e r o r d e r t e r m s are 

i n s i g n i f i c a n t as the f u n c t i o n is n e a r l y l inear . T h e di f ference o f t h e b e a m - p a t t e r n d e r i v a t i v e s 

is as fol lows: 

d(B a ) d(B2) 

-dW-^w = s l o m -slope2 (3-2) 

a n d c a n t h e n b e c o n s i d e r e d a c o n s t a n t . T h i s c o n s t a n t is d e p e n d e n t o n the a c t u a l b e a m i n t e r 

face u s e d . T h i s i n f o r m a t i o n is use fu l b e c a u s e e a c h in ter face m a y h a v e a u n i q u e d i s c o n t i n u i t y 

w h i c h is r e l a t e d t o o t h e r s b y the f u n c t i o n c h a r t e d i n F i g u r e 3.3. It s h o u l d a lso b e p o i n t e d 

o u t t h a t a l t h o u g h t h e d i s c o n t i n u i t i e s m a y be the m o s t v i s u a l l y o b v i o u s , t h e y m a y n o t be t h e 

larges t g a i n e r r o r s i n t h e scene. F i g u r e 3.2 shows t h a t there are g a i n v a r i a t i o n s bes ides t h e 
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discontinuity, and depending on the roll error, these gain differences may be larger than the 

discontinuity. 

The slopes for each beam combination illustrate a very important point: the sensitivity of 

each beam pattern. The beam pattern slopes indicate the shape of gain errors that result from 

improper R D G C application. The shape of these sensitivity slopes remain fairly constant as 

the roll error changes; however, their mean error increases with roll error as given by Eqn. 3.2. 

This allows both a calculation of the required accuracy, as is done next, and a calculation of 

a potential accuracy weighting for each beam combination. Combinations likely to produce 

more accurate estimates can be weighted heavier than those likely to produce poor estimates. 
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Figure 3.3: Sensitivity to roll errors for each ScanSAR interface 

43 



L i n e a r M e r g i n g 

The overlap regions of some interfaces are quite large, up to 40% of the standard beam 

width. Whereas the abrupt transition method essentially disregards half of the overlap SAR 

data, the linear merging method is designed to use more of the overlap data by averaging 

data based on a linear weighting. Based on slant range, data that are closer to the centre 

of their respective beam, are given a higher weighting than the corresponding data from the 

other beam. The weighting is complementary; therefore, there is no increase in the signal 

gain. A more accurate linear merge could be achieved by accounting for beam sensitivity 

and uncertainty in the weighting. 

Figure 3.4: Linear merging method for beam stitching 

Figure 3.4 illustrates this method. The figure also shows that the percentage, and starting 

point, of the merge area with respect to the overall overlap area are major considerations. 

The interaction between beam patterns and weighting factors produces different results for 

every beam combination. For this reason, the accuracy results in this simulation simply 

utilized the 50% of the overlap area nearest the centre of the overlap. This was constant for 

all overlaps; hence, some combinations averaged much fewer range cells than others as not 

all overlap areas are of the same size. 

Utilizing this method, discontinuities are not be sudden gain jumps, rather, large vari

ations in the overall signal strength may be present. These occur as dips and peaks in 

the radiometric strength. Depending on their relative strength these effects may be signifi-
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cant. Typ ica l ly , any gain variations that result from a ro l l angle error are smooth and have 

a relatively constant slope that changes only over several hundred range lines. Us ing the 

merger technique, i t is possible for these intensity variations to have large peak to peak gain 

changes. Figures 3.5 and 3.6 shows this effect for a single ro l l error of 0.2° and several ro l l 

errors ranging from 0.2° to —0.2°, respectively. 

Figure 3.5: Linear merging method with roll error of —0.1° 

Since the differences in beam pattern gain have linear gain variations (3.2), and the 

weighting factors are linear, the effects of ro l l errors on any relative gain variations are also 

linear. T h e bo t tom por t ion of Figure 3.3 illustrates this fact. In this figure, the peak to peak 

gain var ia t ion per rol l angle error is given for each beam combinat ion. A g a i n , these beams 

are fixed at ha l f of the available overlap length. Use of a different size overlap region affects 

the required accuracies. 
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D i s c o n t i n u i t i e s Produced Using L i n e a r 
Merqe with Various r o l l E r r o r s 

1 - ! — i ! 1 r 1 r 

-1 I i i i i 1- 1 1 1 
24 25 26 27 28 29 30 31 

E l e v a t i o n Angle (degs) 

Figure 3.6: Linear merging method with roll errors of —0.2° to 0.2° 

It should be noted that Figure 3.5 shows the creation of two new discontinuities at the 

seam edge. These discontinuities are abrupt changes in slope and not gain jumps. It was 

determined that the resulting peak to peak variation from the linear merge was more notice

able, and hence restrictive, than these two discontinuities. Therefore, they were not used in 

determining accuracy requirements. It should also be noted that seaming may change the 

radiometric resolution, which could be critical for some applications. 

3.2.2 Accuracy Results 

A l l the previous figures were created with the following assumptions: 

• The beam patterns are as specified in payload file 25. 
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• The beam pattern centers remain at the same position relative to one another, and their 

swath widths are constant. 

• The outer beam edges (Wl near and W2 far) are ignored due the extremely large 

variations that can occur in areas that already have low signal gain. 

• Either there is no averaging in the overlap area (abrupt transition method), and the 

interface is the point where one corrected beam stops and the next begins, or 

• There is linear data averaging in a designated portion of the overlap region (linear merge 

method), however there is no increase in gain due to merging. 

• There is an range factor, R~3, partially designed into the beam patterns. This range 

factor was removed for the simulation. 

• The roll limits were set at 0.2 dB for the abrupt transition method and 0.4 dB for the 

linear merge method. 

The determination of the discontinuity size that created the roll limits is based on a 

subjective approach. As mentioned in Chapter 1, there are several ideas as to what the 

required radiometric calibration can be so that the human eye does not notice artifacts. 

This section clarifies what errors the eye can notice and how they are incorporated into the 

given beam patterns. 

The abrupt transition method is based on the jump size in the grayscale background of 8-

look gaussian noise that can be noticed by a human observer. Figure 3.7 a) illustrates changes 

in the background from 0.1 to 1.0 dB in 0.1 dB increments. The gain jumps are applied 

to a noiseless background and then 8-look Gaussian noise for comparison. Observations 

on computer screens indicate that humans can notice a discontinuity of 0.2 dB or greater. 

Hence, 0.2 dB is used as the abrupt transition limit. 

The linear merge method, however, is not based on a gain jump but rather peak to peak 

gain variations. Figure 3.7 b) illustrates the effects of these gain variations. The initial peak 

to peak gain change is 0.2 dB and each consecutive peak to peak gain is increased by 0.2 dB 

up to 2.0 dB. The resultant gain variations are displayed on a noiseless grayscale background 

and also applied to 8-look gaussian noise. The limit was determined to be the peak to peak 

gain which caused a vertical line to be discerned. Any slope would eventually cause a 

perceptible grayscale change given enough pixels. The aim of this figure is to determine 
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which peak to peak gain causes the eye to notice the vertical line where the gain variation 

occurs in a typical amount of image space assigned to the overlap region. It was determined 

that 0.4 dB was a suitable limit. 

Figure 3.8 a) illustrates the effects of discontinuities generated using the abrupt transition 

method on the W1W2 interface (Figure 3.2) when applied to simulated 8-look data, with a 

typical Gaussian distribution. In the figure, the discontinuity sizes are considered to linearly 

increase from top to bottom. The left hand side is the roll angle scale which reflects the 

roll error applied to the beam patterns, from 0.10° to —0.10°. On a good computer screen 

the discontinuities can be discerned as low as 0.2 dB, approximately —0.034°. The overall 

maximum discontinuity in this figure is approximately 0.7 dB and occurs at —0.10°. The 

gain variations and discontinuities generated from the gains shown in Figure 1.6 are given 

without (a) and with (b) simulated data. The 0.2 dB limit is shown on each portion as a 

white arrow. There is both a positive and negative roll error, each of which has its own 0.2 

dB limit; however, the first 0.2 dB limit is the only one displayed and in this case occurs 

with approximately —0.034° roll error. 

In the Figure 3.8 b), the effects of changes in the corrected actual beam-pattern slopes 

for the W1W2 interface (see Figure 3.6) are shown for the linear merge method. These gain 

variations vary in strength with roll error; however, positive and negative roll errors do not 

produce the same dB gains. The limit was set based on the absolute value of the roll angle 

error that first reached the 0.4 dB limit. Again, the effects are given both without (c) and 

with (d) simulated data being applied to the patterns. The same range of roll errors from 

0.10° to —0.10° was applied to the beam patterns. The gain variations range across the 

image vertically but do not exceed the 0.4 dB limit inside of the ±0.073° range given from 

Figure 3.3. Hence, there are no noticeable gain variations in the middle of the image, while 

there is a noticeable gain change near the top and bottom. 
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Determination of Discernible Change in Grayscale Images 

N o i s e l e s s 
G r a y s c a l e 

dB Change i n G r a y s c a l e V a l u e 

8-Look 
G a u s s i a n 

N o i s e 

dB Change i n G r a y s c a l e V a l u e 

b) 

N o i s e l e s s 
G r a y s c a l e 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Peak t o Peak dB Change i n G r a y s c a l e V a l u e 

8-Look 
G a u s s i a n 
N o i s e 

Peak t o Peak dB Change i n G r a y s c a l e V a l u e 

Figure 3.7: Visual determination of noticeable changes in grayscale background 
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Figure 3.8: W1-W2 interface applied to 8 look Gaussian noise 

5 0 



Based on this simulation, and the analysis of the sensitivity of each interface from Fig

ure 3.3, it was determined that the following Table 3.2.2 would be used as the algorithm 

accuracy requirements. 

W1W2 W2W3 W2S5 W3S7 S5S6 

Discontinuity Limit 0.034° 0.041° 0.035° 0.043° 0.028° 

Absolute Gain Variation 0.073° 0.077° 0.10° 0.135° 0.045° 

Table 3.1: Roll estimation accuracy requirements based on beam pattern and stitching method 

These values come directly from the nearest 0.2 dB crossing to 0° for each interface and 

the 0.4 dB limit crossings. A l l the crossings are indicated in Figure 3.3 as vertical dotted 

lines. The S5S6 combination requires the highest accuracy for either case. 

It is necessary to clarify that whatever technique is used to merge ScanSAR data together, 

only the roll accuracy requirement is affected. ScanSAR roll angle determination is a separate 

problem from determining the best beam-stitching technique. This means that if the linear 

merging technique is used, then the roll accuracy requirement is always less demanding than 

that for the abrupt transition method. If another beam-stitching method is developed and 

used, then its accuracy requirements will vary from either of the methods used in this thesis. 

It should also be noted that these roll requirements are based on noticeable artifacts that 

appear as banding in the overlap area. Gain variations also appear elsewhere in the scene 

and may be more noticeable in ScanSAR mode as compared to single beam mode. 

3.3 Required Accuracy Summary 

In this chapter, the mechanisms whereby roll errors create radiometric errors are discussed. 

The relationship between any roll angle errors and the resulting discontinuities are presented 

for RADARSAT-1 ScanSAR. These are used to determine, via simulation, the required roll 

accuracy for each interface. Calibration errors of varying strength are shown as well as 

the sensitivities of each interface. This information is used in later chapters to discuss the 

usefulness of the proposed algorithms. 
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Chapter 4 

Proposed Algorithms for R o l l Angle 
Estimation 

4.1 Conception of Algorithm Idea 

I n i t i a l i n v e s t i g a t i o n o f the S c a n S A R b e a m edge d e t e c t i o n p r o b l e m n e c e s s i t a t e d the a c q u i 

s i t i o n o f r e a l R A D A R S A T - 1 S c a n S A R R A W , or l eve l 0, d a t a . L e v e l 0 d a t a is u n p r o c e s s e d 

d a t a w h i c h is s a m p l e d d i r e c t l y f r o m the sate l l i te a n t e n n a r e c e i v e d s i g n a l . O n e of t h e scenes 

a c q u i r e d is a R A D A R S A T - 1 i m a g e o f P r i n c e A l b e r t , S a s k a t c h e w a n . It is a three s w a t h 

S C N B scene , c o m p r i s e d o f b e a m s W 2 , S 5 , a n d S6 . T h e s e b e a m s are i l l u s t r a t e d i n F i g u r e 1.6 

a l o n g w i t h t h e r e m a i n i n g R A D A R S A T - 1 S c a n S A R m o d e s . M A T L A B ™ is u s e d for r e a d i n g 

the d a t a f o r m a t a n d b e g i n n i n g the i n i t i a l p r o c e s s i n g o f the d a t a , u p t o t h e s tage a t w h i c h 

r a n g e c a l i b r a t i o n is r e q u i r e d . D u r i n g th i s i n i t i a l p h a s e , a s i gn i f i cant a m o u n t o f t i m e was 

s p e n t a d j u s t i n g the r e a d a l g o r i t h m so t h a t the neces sary h e a d e r i n f o r m a t i o n [19] is s t r i p p e d 

f r o m t h e d a t a itself. T h i s h e a d e r i n f o r m a t i o n is r e q u i r e d to e n s u r e a c c u r a c y i n f o r m a t t i n g 

the S A R r a w d a t a . U p o n success fu l c o m p l e t i o n of th i s t a sk , t h e r a w d a t a is t h e n r a n g e 

c o m p r e s s e d u s i n g t h e c h i r p pu l se s u p p l i e d i n the l eve l 0 d a t a , o r r a w d a t a . Sa te l l i t e p a r a m 

eters , a p p e n d e d to t h e d a t a i n a speci f ic f o r m a t [2] for d o w n - l i n k p u r p o s e s , are s u b s e q u e n t l y 

r e m o v e d . 

T h e i m a g i n g p a r a m e t e r s for th i s scene d i c t a t e t h a t e a c h b u r s t b e c o m p r i s e d o f 95 pu l ses , 

85 o f w h i c h are c o n s i d e r e d v a l i d pulses . B a s e d o n p r e v i o u s k n o w l e d g e o f the i m a g i n g proces s , 

it was e x p e c t e d t h a t a l l the i n v a l i d pu l ses w o u l d a p p e a r at t h e s tar t o f t h e b u r s t ; h o w e v e r , 

t h i s is n o t t h e case a n d t h e r e are i n v a l i d pulses at the s t a r t a n d e n d of e a c h pu l se . 
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Range Compressed Data Format for One Swath Burst 

1000 2000 3000 4000 5000 6000 7000 8000 5 5.5 

Range Line Cell d B x 1 C 

Figure 4 .1: Data format for one range sub-swath burst 

F i g u r e 4.1 shows t h e r e s u l t a n t d a t a f r o m the scene. I n a t t e m p t i n g t o d i s cover w h a t the 

cause o f t h i s i n v a l i d d a t a a c t u a l l y is, a n d if there is a n y useful s i g n a l present there , it was 

q u i c k l y r e a l i z e d t h a t if the sate l l i te a l w a y s t r a n s m i t s pulses , e v e n as t h e a n t e n n a p a t t e r n s 

c h a n g e , t h e n there m a y b e useful s i g n a l present . T h i s s i g n a l d a t a is t r a n s m i t t e d t h r o u g h 

o n e b e a m p a t t e r n a n d r e c e i v e d b y a n o t h e r . O b v i o u s l y , t h e e n t i r e b e a m - p a t t e r n p u l s e is 

n o t i n - d i s t i n g u i s h a b l e f r o m noise , b u t there are s o m e use fu l d a t a . T h i s is the bas i s for the 

p r o p o s e d a l g o r i t h m s . 
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4.2 Algorithm Mechanisms 

Figure 4.2 illustrates how a pulse can be transmitted and received by two different beam 

patterns. The example used is the W1-W2 beam interface, which is used in three of the four 

R A D A R S A T - 1 ScanSAR modes. There is an overlap between these beams of approximately 

2°. Allowing the pulse to be transmitted in W l and received in W2 creates a signal return, 

from a uniform scene, that has the resultant new pattern called W1W2. The signal data 

obtained through this new pattern is termed "hybrid data", while signal data transmitted 

and received by one beam pattern is called normal data. The shape of the W1W2 beam, or 

any hybrid combination, is dependent on the shape of both the near and far beams in the 

overlap area. Thus, errors from roll angle uncertainty or beam gain uncertainty affect the 

hybrid pattern based on the mean of their effect on each individual beam. 

New Beam-Pattern Created From W1-W2 Overlap 

Elevation Angle 
(Degrees) 

Figure 4.2: Creation of W1W2 beam from W l and W2 patterns. Receiving hybrid data in this manner 

should not pose any hardware problems [20] 
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Beam PRF Rgd Wt 

W2 1331.56 Hz 60.34 us. 659.1 fis 

S5 1291.65 Hz 166.63 ps 576.1 us 

S6 1333.20 Hz 67.76 lis 548.9 /is 

Table 4.1: ScanSAR timing parameters for SCNB from the Prince Albert scene 

T i m i n g is a c r i t i c a l f ac tor i n d e t e r m i n i n g w h e t h e r o r n o t th i s h y b r i d d a t a w i l l a c t u a l l y b e 

r e c o r d e d . T h e r e are t h r e e m a i n t i m i n g p a r a m e t e r s : t h e r a n g e gate de lay , t h e r a n g e w i n d o w 

rece ive t i m e (Wt), a n d the p u l s e r e p e t i t i o n f requency . Rgci is the t i m e d e l a y after the pu l se is 

t r i g g e r e d u n t i l t h e rece ive w i n d o w o p e n s . T h e rece ive w i n d o w is s i m p l y t h a t t i m e p e r i o d i n 

w h i c h the sate l l i te r e c o r d s the s i g n a l d a t a f r o m the r e c e i v i n g a n t e n n a . T h e P R F is the r a t e 

at w h i c h t h e sate l l i te t r a n s m i t s e a c h i n d i v i d u a l c h i r p pu l se . F i g u r e 4 .3 i l l u s t r a t e s t h e t i m i n g 

for t h e S5 B e a m f r o m T a b l e 4.2. T h e P R F is s i m p l y Rgd + Wt + Dt 
w h e r e Dt is the d e l a y t i m e 

for t h e e n d o f the r e c e p t i o n w i n d o w u n t i l the n e x t p u l s e t r igger . 

Timing Diagram for Single S5 Pulse 
40 

30 

20 

10 

0 

1 1 

, Pulse 
1 1 1 — i 1— 

Next 
' Trigger at Pulse 

t=o / / 
- / 

Echo Data 
-

-

i r i i i i I 11 

0 
1= 

Transmit Pulse 
42 us 

"H X 10"4 

Seconds 

RGD = 166.6 us 
Rx Window = 
576.16 us 

Figure 4.3: Timing for one range data line 
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C u r r e n t 2-Beam R e c e p t i o n T i m i n g w i t h a PRF I n c r e a s e 

L a s t N e a r Beam 
S t a n d a r d P u l s e 

F i r s t F a r , 
Beam Range 

L i n e 

S 5 Beam 

\* R G D 1 • " ' 

F a r Beam 
T r a n s m i t 
P u l s e s 

(Red Box) 

F i r s t F a r Beam 
S t a n d a r d P u l s e -

R e c e i v e d 

C o n s e c u t i v e T i m i n g 
-Waiks—due—to—PRF~ 

d i f f e r e n c e s 

S 6 Beam 

• S t a r t o f O v e r l a p 
R e g i o n 

| l / P R F l 

2-Beam 
D a t a 

1 / P R F 2 

R G D 2 

A = S t a r t Time o f 2-beam d a t a i n r e f e r e n c e t o Beam 1 Rx window 
B = S t a r t Time o f 2-beam d a t a i n r e f e r e n c e t o Beam 2 Rx window 
C = D i f f e r e n c e o f A and B due t o d i f f e r e n c e i n R G D 1 and R G D 2 

Same As Above b u t w i t h P u l s e s a r r a n g e d S i d e by S i d e 

F a r Beam 
T r a n s m i t 

P u l s e 

T 

2-Beam D a t a 

L a s t S t a n d a r d N e a r 
Beam P u l s e 

F a r Beam Rx 
Window 

F i r s t S t a n d a r d F a r 
Beam P u l s e 

Figure 4.4: Possible hybrid data reception if transmit pulses are always ON for the S5-S6 overlap area and 

the P R F increases from the near to far beam 
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T i m i n g p a r a m e t e r s d e t e r m i n e w h e r e a n y use fu l h y b r i d d a t a w i l l b e r e c o r d e d i n t h e r a n g e 

l ine . C o n s i d e r F i g u r e 4.4 a) w h i c h has h y b r i d d a t a r e s u l t i n g f r o m t h e S 5 - S 6 o v e r l a p i f the 

sa te l l i t e c o n t i n u o u s l y t r a n s m i t s pulses . T h i s f igure is b a s e d o n a c t u a l t i m i n g p a r a m e t e r s 

f r o m a r e a l S A R scene (see T a b l e 4.2). T h e first o f the e l even r a n g e l ines is the last p u l s e of 

t h e S5 b u r s t . T h e n e x t 9 r a n g e l ines are a v a i l a b l e for h y b r i d d a t a r e c e p t i o n as the n u m b e r 

o f pu l ses i n t h e a ir has i n c r e a s e d f r o m 8 to 9. T h e f ina l r a n g e l ine is t h e first n o r m a l d a t a 

for t h e S6 b u r s t . 

T h e h y b r i d d a t a i n i t i a l l y shifts r i g h t as t h e S 5 Rgd is g r e a t e r t h a n t h e S 6 RgC[. T h e h y b r i d 

d a t a t h e n c o n s e c u t i v e l y shifts f u r t h e r r i g h t as the p u l s e p e r i o d for S 5 is a lso grea ter t h a n 

S6 . F o r t h i s p a r t i c u l a r c o m b i n a t i o n o f b e a m s a n d t i m i n g p a r a m e t e r s , the h y b r i d d a t a is 

i n i t i a l l y r e c e i v e d o u t s i d e the n o r m a l rece ive w i n d o w a n d q u i c k l y shi f ts so far to the r i g h t 

t h a t it w r a p s a r o u n d a n d a p p e a r s at the b e g i n n i n g of the n e x t r a n g e l ine . F i g u r e 4.4 b) 

f u r t h e r i l l u s t r a t e s t h i s effect b y p l a c i n g t h e s a m e pu l se s s ides b y s ide . T h e m o v e m e n t o f t h e 

h y b r i d d a t a is b a s e d o n the di f ferences i n P R F s a n d Rgd a n d is c l e a r l y e v i d e n t . 

F i g u r e 4.5 a) a n d b) i l lu s t ra te s the e x a c t s a m e b e a m p a t t e r n s a n d t i m i n g p a r a m e t e r s 

e x c e p t t h a t the P R F decreases , r a t h e r t h a n increases , f r o m the n e a r to far b e a m . T h e 

h y b r i d d a t a w a l k s left, i n s t e a d o f r i g h t , for e a c h c o n s e c u t i v e r a n g e l ine , s ince t h e p u l s e 

p e r i o d for t h e far b e a m is n o w grea ter . 

In b o t h F i g u r e s 4.4 a n d 4.5, the h y b r i d d a t a is n o t we l l s u i t e d for r e c e p t i o n as it e i ther 

conf l i c t s w i t h the t r a n s m i t pu l se or is r e c e i v e d o u t s i d e the a v a i l a b l e rece ive w i n d o w . 

F o r a l l b e a m c o m b i n a t i o n s , a n increase i n the P R F , f r o m n e a r t o far b e a m , a l w a y s resu l t s 

i n a w a l k t o the r i g h t , w h i l e a P R F decrease a l w a y s resu l t s i n a left w a l k . S i n c e the P R F is 

a f u n c t i o n o f t h e r e q u i r e d a z i m u t h s a m p l i n g ra te , the o n l y s i t u a t i o n t h a t causes a n i n c r e a s e 

i n t h e P R F f r o m n e a r to far b e a m is w h e n t h e r e q u i r e d n u m b e r o f pu l ses i n the a i r m u s t 

increase to m a i n t a i n p r o p e r a z i m u t h s a m p l i n g . 
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a) 

L a s t Near Beam 
S t a n d a r d Pulse" 

F i r s t F a r , 
Beam Range 

Current 2-Beam Reception Timing w i t h a PRF Decrease 
S t a r t o f O v e r l a p 

S5 Beam ^ Region^ 

1/PRF1 

• ecmsectrti-ve Timing-;;;; 
Walks due t o PRF 

d i f f s r m m s 

F i r s t F a r Beam 
S t a n d a r d P u l s e 

R e c e i v e d 

2-Beam 
D a t a 

1/PRF2 

S6 Beam 

RGD2 
A = S t a r t Time o f 2-beam d a t a i n r e f e r e n c e t o Beam 
B = S t a r t Time o f 2-beam d a t a i n r e f e r e n c e t o Beam 

1 Rx window 
2 Rx window 

C = D i f f e r e n c e o f A and B due t o d i f f e r e n c e i n RGD1 and RGD2 

Same As Above but w i t h P u l s e s a r r a n g e d S i d e by S i d e 

b) 

L a s t S t a n d a r d Near 
Beam P u l s e 

F a r Beam Rx 
Window 

F i r s t S t a n d a r d F a r 
Beam P u l s e 

Figure 4.5: Possible hybrid data reception if transmit pulses are always ON for the S5-S6 overlap area and 

the PRF decreases from the near to far beam 
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S i n c e the t i m i n g p a r a m e t e r s for R A D A R S A T - 1 are v e r y a c c u r a t e l y k n o w n for a p a r t i c u l a r 

scene, t h e h y b r i d d a t a c a n b e e x t r a c t e d f r o m the r e m a i n i n g noise . T h i s is d o n e b y s i m p l y 

d e t e r m i n i n g the shif t t h a t o c c u r s u s i n g the fo l l owing: 

Tshlft = ARgd + (m- l)(l/PRFi - \/PRF2) (4.1) 

w h e r e m = t h e n u m b e r of pulses r e c e i v e d after the b e a m p a t t e r n s c h a n g e , t y p i c a l l y m = 

1,2. . .8 . T h i s t i m e shi f t , TShi/t, is c o n v e r t e d to r a n g e cel ls b a s e d o n k n o w l e d g e o f the n e w 

s a m p l i n g i n t e r v a l (Si ) . B a r r i n g a n y l i m i t i n g p a r a m e t e r s , s u c h as n a d i r r e t u r n , the h y b r i d 

s i g n a l d a t a f r o m W 1 W 2 s h o u l d a d e q u a t e l y represent a c o m b i n a t i o n o f t h e a c t u a l b e a m 

p a t t e r n s , W l a n d W 2 . U t i l i z i n g t h i s t i m i n g m e t h o d , a n y use fu l h y b r i d d a t a e v e n t u a l l y 

shifts o u t o f the rece ive w i n d o w for the u p c o m i n g b e a m a n d is lost . F i g u r e 4.4 i l l u s t r a t e s 

t h e m o v e m e n t o f the h y b r i d d a t a i n the rece ive w i n d o w . S i n c e the P R F is a f u n c t i o n of 

sate l l i te p a r a m e t e r s , it c a n n o t b e a d j u s t e d to e n a b l e a d e q u a t e r e c e p t i o n o f t h e h y b r i d d a t a . 

H o w e v e r , it is p o s s i b l e to a d j u s t e i ther t h e Rgd for the u p c o m i n g b u r s t (for m pu l ses ) , or t h e 

t i m e p e r i o d b e t w e e n b u r s t sw i t ch -overs i n o r d e r t o a c c o u n t for t h e T^ft f r o m o n e p u l s e to 

t h e nex t . T h i s resu l t s i n a m a x i m u m a m o u n t of use fu l h y b r i d d a t a b e i n g r e c e i v e d . O v e r l a p 

areas m a y n o t a l w a y s h a v e s i m i l a r t i m i n g p a r a m e t e r s a n d m o s t of the d a t a m a y be lost , as 

i n F i g u r e 4.4. E i t h e r o f these m e t h o d s h e l p e n s u r e m a x i m u m d a t a r e c e p t i o n . 
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4.2.1 P u l s e Tr igger De l ay 

T h e s i m p l e s t o f the two a d j u s t m e n t s is t o suf f i c i ent ly d e l a y the first p u l s e t r i g g e r for t h e 

u p c o m i n g b u r s t so t h a t the rece ive w i n d o w o p e n s e i ther at t h e s t a r t of the h y b r i d p u l s e 

r e t u r n o r closes at i ts e n d , d e p e n d i n g o n w h i c h d i r e c t i o n the h y b r i d d a t a m o v e s i n m e m o r y . 

F i g u r e 4.6 i l l u s t r a t e s th i s m e t h o d for the s a m e o v e r l a p as F i g u r e 4.4. S i n c e t h e P R F 

c h a n g e is p o s i t i v e f r o m t h e n e a r to the far b e a m , the w a l k is t o t h e r i g h t . H e n c e , t h e first 

p u l s e o f the far b e a m is d e l a y e d , so t h a t the first h y b r i d p u l s e is r e c e i v e d j u s t as the rece ive 

w i n d o w o p e n s . T h e r e m a i n i n g r a n g e l ines are n o t d e l a y e d . T h e h y b r i d d a t a s t i l l w a l k s to the 

r ight ; however , there is n o w sufficient r o o m i n t h e rece ive w i n d o w to rece ive a l l the pulses . 

F i g u r e 4.6 a) d i s p l a y s the resu l t s f r o m th i s d e l a y i n t e r m s o f t h e p l a c e m e n t o f h y b r i d d a t a 

i n m e m o r y . T h e t i m e d e l a y is n o t s h o w n i n a) s ince it o n l y affects w h e n t h e r a n g e l ines a r e 

r e c o r d e d a n d has n o v i s i b l e effect o n the n o r m a l d a t a . 

F i g u r e 4.6 b ) d i s p l a y s the pulses s ide b y s ide. T h i s a r r a n g e m e n t c l e a r l y shows the t i m e 

d e l a y j u s t p r i o r t o t h e first far b e a m pu l se tr igger . R e c e p t i o n o f n o r m a l d a t a is n o t af fected 

b u t the h y b r i d d a t a is n o w p l a c e d e n t i r e l y w i t h i n the a v a i l a b l e rece ive w i n d o w . 

T h e a i m of d e l a y i n g the first p u l s e is to shift r e c e p t i o n o f t h e d a t a to fit the a v a i l a b l e 

rece ive w i n d o w . If th i s fails t o a d e q u a t e l y rece ive a l l t h e a v a i l a b l e h y b r i d d a t a , t h e n the 

rece ive w i n d o w c a n also be sh i f t ed to best fit the h y b r i d d a t a . T h i s m e t h o d is d i s c u s s e d 

n e x t . 
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2-Beam Data Reception with Delay on 1st Far Beam Pulse Trigger 
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Figure 4.6: Hybrid data reception with delay of first pulse in upcoming burst 

61 



4.2.2 Range G a t e De lay Ad jus tmen t 

A d j u s t m e n t of R g d is m o r e c o m p l e x t h a n a s i m p l e t i m e delay , as e a c h r a n g e l ine m i n th i s 

a r e a m a y r e q u i r e a d i f ferent Rgd- Rgd a d j u s t m e n t is b a s e d o n a m o d i f i c a t i o n o f (4.1) as t h e 

f o l l owing : 

R™d = RgdB + Tshift (4.2) 

a n d m u s t o b e y th is : 

rP < R™d < - W2beam (4.3) 

w h e r e rv is the c h i r p p u l s e l e n g t h a n d W2beam is t h e r e c e p t i o n w i n d o w of the h y b r i d d a t a . 

T h e s u p e r s c r i p t C B i m p l i e s the c u r r e n t b e a m . A t m o s t , th i s w i n d o w is a b o u t 10% — 40% of 

n o r m a l rece ive w i n d o w l e n g t h . T h e m a i n o b j e c t i v e o f (4.3) is t o a d j u s t the rece ive w i n d o w 

for the r e t u r n t i m e of the h y b r i d d a t a . If (4.3) is n o t m e t , s o m e or a l l the h y b r i d d a t a for 

t h i s p u l s e is lost . T y p i c a l l y , the p u l s e d e l a y m e t h o d a l lows t h i s l i m i t to b e m e t as t h e rece ive 

w i n d o w is m u c h larger t h a n the dif ferences i n P R F s f r o m m o s t n e a r to far b e a m swi t ch -overs . 

H o w e v e r , t h e r e m a y b e s o m e cases w h e r e the P R F di f ference is l arge e n o u g h t h a t e v e n w i t h 

a p r o p e r p u l s e d e l a y t h e r a n g e w a l k m a y s t i l l m o v e h y b r i d d a t a o u t o f the rece ive w i n d o w . 

In th i s case, it m a y b e use fu l to a d j u s t the rece ive w i n d o w t o a t t e m p t m a x i m u m h y b r i d 

r e c e p t i o n . 

F i g u r e 4.7 i l l u s t r a t e s t h i s r e q u i r e m e n t for the s a m e b e a m p a t t e r n s as F i g u r e 4.4, b u t w i t h 

t h e P R F d e c r e a s e d / i n c r e a s e d for the n e a r / f a r b e a m b y 40 H z each . F i g u r e 4.7 a) i l l u s t r a t e s 

Rgd a d j u s t m e n t as the b l a c k rece ive w i n d o w , w h i l e t h e n o r m a l rece ive w i n d o w is r e d . T h e 

a d j u s t m e n t of R g d s h o w n here was u s e d i n c o n j u n c t i o n w i t h t h e p u l s e d e l a y m e t h o d . 

T h e h y b r i d d a t a w a l k is n o t af fected b y s h i f t i n g the rece ive w i n d o w ; h o w e v e r , i t is e v i d e n t 

t h a t a l l the h y b r i d d a t a falls w i t h i n the sh i f t ed rece ive w i n d o w (b lack) w h i l e the n o r m a l 

rece ive w i n d o w (red) c a n n o t rece ive the last pu l se . 

It is i m p o r t a n t to n o t e t h a t a n y Rgd a d j u s t m e n t m u s t b e r e t u r n e d to t h e s t a n d a r d s e t t i n g 

i n o r d e r to rece ive n o r m a l d a t a . T h i s is b e c a u s e the sate l l i te s t i l l t r a n s m i t s pu l se s a t a r e g u l a r 

rate . A f t e r r e c e p t i o n o f the last h y b r i d pulse , the n o r m a l pulses b e g i n a r r i v i n g a n d t h e y are 

o p e r a t i n g w i t h t h e i r s t a n d a r d t i m i n g p a r a m e t e r s . If R g d is n o t reset t h e n the r e c e p t i o n of 

n o r m a l d a t a is severe ly i m p a i r e d . 
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E i t h e r t i m i n g a d j u s t m e n t shows h o w s i g n a l d a t a , t h a t is o t h e r w i s e lost , c a n b e r e c o v e r e d . 

T h i s is p a r t i c u l a r l y use fu l for the p r o p o s e d a l g o r i t h m as h y b r i d d a t a is p r o d u c e d at a r a t e 

o f a b o u t 1 r a n g e l ine for e v e r y 10 or 12 n o r m a l r a n g e l ines . T h e a b i l i t y t o m a x i m i z e use of 

t h e s i g n a l is a c l ear a d v a n t a g e over n o t m a k i n g a n y t i m i n g a d j u s t m e n t s . C u r r e n t l y , as the 

sa te l l i t e swi tches f r o m b u r s t to b u r s t , a l l t h e t i m i n g p a r a m e t e r s s w i t c h at t h e b e g i n n i n g of 

t h e n e w b u r s t [20]. T h e r e f o r e , i f R A D A R S A T - 1 does t r a n s m i t c o n t i n u o u s l y , a l l the h y b r i d 

s i g n a l d a t a is a l l o c a t e d to the d a t a b u r s t of t h e u p c o m i n g b e a m , n o t the p r e v i o u s b e a m . 
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2-Beam Data Reception with Delay on 1st Far Beam Pulse Trigger 
a) 

L a s t Near Beam 
S t a n d a r d P u l s e 

F i r s t F a r , 
Beam Range 

L i n e 

F i r s t RGD 
A d j u s t m e n t = 

PRF 
D i f f e r e n c e s r 

R e m a i n i n g RGD 
A d j u s t m e n t = 

a v a i l a b l e t i m e 
a f t e r Rx 
Window 

and RGD Adjustment 

S5 Beam 

\* RGD1 

< • 
2-Beam 
D a t a 

C o n s e c u t i v e T i m i n g 
..,>-""--Walks c u e - t o PRF1 

r 
d i f f e r e n c e s 

• S t a r t o f O v e r l a p 
R e g i o n 

1/PRF1 

1/PRF2 

F i r s t F a r Beam 
S t a n d a r d P u l s e 

R e c e i v e d 

RGD 2 

S6 Beam 

Red = s t a n d a r d Rx window 
B l a c k = RGD a d j u s t e d Rx window 

Same As Above b u t w i t h P u l s e s a r r a n g e d S i d e by S i d e A d j u s t e d F a r 

b) 

L a s t S t a n d a r d Near F i r s t S t a n d a r d F a r 
Beam P u l s e Beam P u l s e 

Figure 4.7: Hybrid data reception with delay of first pulse in upcoming burst and Rgd adjustment 
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Figure 4.8: Current vs. proposed data acquisition for burst switching 
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A l t h o u g h the r e q u i r e d h y b r i d d a t a is n o t c u r r e n t l y a c q u i r e d b y R A D A R S A T - 1 , t h e r e m a y 

be n o s ign i f i cant h a r d w a r e s y s t e m c h a n g e s r e q u i r e d i n o r d e r to d o so. A l l t h a t is r e q u i r e d are 

sof tware c h a n g e s t o the b e a m s w i t c h i n g proces s so t h a t t h e t r a n s m i t t e r a l w a y s t r a n s m i t s , 

r a t h e r t h a n s h u t t i n g off at the e n d o f e a c h b u r s t . F i g u r e 4.8 c o m p a r e s the c u r r e n t t i m i n g 

s y s t e m i n p l a c e o n R A D A R S A T - 1 to the p r o p o s e d a c q u i s i t i o n m e t h o d , w h i c h rece ives h y b r i d 

d a t a . 

In t h i s f igure , t h e c u r r e n t s y s t e m does n o t rece ive a n y s i g n a l d a t a for t h e first 8-10 l ines 

as it takes t h a t l o n g for the s i g n a l to t r a v e l to a n d f r o m the targe t . S i n c e t h e r a d a r o n l y 

s t a r t s t r a n s m i t t i n g a t i ts r e s p e c t i v e s tar t t i m e , th i s g a p i n s i g n a l d a t a is a l w a y s presen t a n d 

t h i s a r e a is c o n s i d e r e d i n v a l i d d a t a . 

T h e p r o p o s e d s y s t e m ut i l i zes th i s i n v a l i d d a t a a r e a b y m a i n t a i n i n g t r a n s m i s s i o n of the 

b e a m 1 pu l se , t h r o u g h t h e b e a m 1 - p a t t e r n , r i g h t u p u n t i l t h e p o i n t o f b u r s t s w i t c h - o v e r . 

T h e sa te l l i t e t h e n b e g i n s t r a n s m i t t i n g the b e a m 2 pu l se t h r o u g h the b e a m 2 - p a t t e r n . T h i s 

re su l t s i n the n e x t 8 or so pu l ses b e i n g t r a n s m i t t e d t h r o u g h b e a m 1 a n d r e c e i v e d i n b e a m 2. 

T h e n u m b e r of pu l ses i n the a ir , m, is a f u n c t i o n of the P R F a n d s l a n t r a n g e . E q u a t i o n 4.4 

c a l c u l a t e s m as t h e fo l l owing: 

c 

T h e g o a l o f c h o o s i n g p r o p e r t i m i n g p a r a m e t e r s is to ensure a d e q u a t e r a n g e coverage w h i l e 

s t i l l m a i n t a i n i n g p r o p e r a z i m u t h s a m p l i n g . T h u s , i n o r d e r t o r e f r a i n f r o m l o w e r i n g t h e P R F 

as s l a n t r a n g e increases , the n u m b e r of pulses i n the a i r m u s t increase . S l a n t r a n g e c h a n g e s 

of a p p r o x i m a t e l y 

w i l l g e n e r a l l y necess i ta te the n e e d for a c h a n g e i n m. 

A s a n e x a m p l e , the t i m i n g d a t a f r o m t h e p r e v i o u s l y m e n t i o n e d P r i n c e A l b e r t scene is 

g i v e n i n T a b l e 4.2.2. T h e P R F is m a i n t a i n e d at a r o u n d 1300 H z as the s lant r a n g e increases 

s t a r t i n g w i t h the W 2 b e a m , t h e n S5 a n d e n d i n g w i t h S6 . B e a m s W 2 a n d S5 e a c h h a v e 8 

pu l ses i n t h e a i r w i t h t h e i r m e a n s lant r a n g e d i f f er ing b y 37 k m ( 9 1 Q + 1 0 0 9 _ 9 5 4 + 1 0 4 0 = 37) . 

T h e m e a n s lant r a n g e for b e a m S 6 is 1063.5 k m , a d i f ference o f 103.5 k m f r o m t h e m e a n s lant 

r a n g e o f b e a m W 2 . H e n c e , i n o r d e r to m a i n t a i n a p p r o x i m a t e l y 1300 H z P R F , the n u m b e r 

of pu l se s i n the a ir m u s t increase to 9. 
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Beam W2 S5 S6 Units 

PRF 1331.56 1291.65 1333.2 Hz 

Rgd 60.3395 166.63 67.766 [IS 

Rx Wt " 659.093 576.165 548.93 lis 

Pulse Period 751 774.2 750.08 [IS 

Pulses in Air 8 8 9 n/a 

Min Payload 9 25.63° 29.46° 34.59° 

Max Payload 9 35.97° 38.67° 41.82° 

Min Actual 9 26.95° 31.07° 36.08° 

Max Actual 9 35.19° 37.17° 40.62° 

Min Slant Range 910 954 1022 km 

Max Slant Range 1009 1040 1105 km 

Table 4.2: Actual RADARSAT-1 ScanSAR timing parameters from Prince Albert scene 

N o t e t h a t t h e r e are s o m e s ign i f i cant c h a n g e s b e t w e e n the i n d i v i d u a l b e a m ' s Rgd a n d 

rece ive w i n d o w . T h e a c t u a l r a n g e w i d t h u s e d for e a c h b e a m is a l so s i g n i f i c a n t l y less t h a n 

w h a t is p o s s i b l e u s i n g the m i n i m u m a n d m a x i m u m s w a t h angles f r o m the p a y l o a d file. F o r 

th i s p a r t i c u l a r scene, the r a n g e coverage of e a c h b e a m is i n t e n t i o n a l l y r e d u c e d . T h i s is m o s t 

l i k e l y d u e t o the large o v e r l a p b e t w e e n b e a m s , the des ire to m a i n t a i n a d e q u a t e d a t a rates i n 

t e r m s of d a t a s a m p l i n g a n d flow rates , a n d the fact t h a t t h e angles u s e d m o r e c lose ly m a t c h 

t h e k n o w n -3 d B w i d t h s (see T a b l e 4.3). 

A l t h o u g h a c h a n g e i n t h e n u m b e r o f pulses i n the a ir represent s a s i gn i f i cant t i m i n g c h a n g e 

for t h e s y s t e m , the effects o n t i m i n g for h y b r i d d a t a r e c e p t i o n are n o t c r i t i c a l . T o b e g i n w i t h , 

t h e n u m b e r of pu l ses o n l y increases as r a n g e increases; c loser b e a m s d o n o t r e q u i r e m o r e 

pul ses i n t h e a i r t h a n f a r t h e r b e a m s . T h i s i m p l i e s t h a t h y b r i d d a t a , w h i c h is a l w a y s a l l o c a t e d 

t o the b e g i n n i n g o n t h e u p c o m i n g b u r s t , has suff icient r a n g e l ines a v a i l a b l e for r e c e p t i o n . 

T h e o n l y e x c e p t i o n is the S C N A b e a m as t h e W 2 (far) b e a m swi tches to the W l (near ) , a n d 

th i s is o n l y t r u e i f the n u m b e r of pulses is different b e t w e e n t h e b e a m s . If the p u l s e n u m b e r s 

are d i f ferent , t h e n the last l ine o f h y b r i d d a t a is lost . 

A s g i v e n i n T a b i e 4.2.2, a n y c h a n g e i n p u l s e r e p e t i t i o n p e r i o d , rece ive w i n d o w , o r Rgti is 

m u c h s h o r t e r t h a n the p u l s e r e p e t i t i o n p e r i o d itself. T h e r e f o r e , at least o n e o f t h e p r e v i o u s l y 
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mentioned timing adjustment methods should be able to cope with any timing difference. 

This is true whether the time change is caused by a increase in the number of pulses or any 

other system parameter. 

4.3 A l g o r i t h m I m p l e m e n t a t i o n 

The use of hybrid data presents two different methods of implementation. Each method is 

utilized and all their results are compared side-by-side in Chapter 6. In order of complexity, 

here are these algorithms: 

1. Hybrid Peak Detection, 

2. Three Beam Overlap Ratio. 

Implementation of these algorithms have a varying number of steps, all of which occur 

after range compression (range compression is not required for all roll estimation algorithms). 

However, the first two steps are intended to compensate for any Rgd variations and are 

common to all: 

1. Extract all relevant signal data from the W1W2 hybrid pattern. 

2. Average hybrid data to form one range line. 

4.3.1 Data Extraction 

Each range line that has a possibility of W1W2 signal data being present should be considered 

for use in the algorithms. The useful hybrid data should only be as wide as the overlap region, 

and correspond to the known overlap elevation angles of the beam patterns. It is possible for 

signal data to be received in areas outside the overlap region since these areas are still within 

one of the beam's known gain regions. The S N R of this data can be quite low, but bright 

targets may appear. Data from regions outside the known beam patterns should not be used, 

since the pattern in this region has to be extrapolated. This process is not recommended 

as it recovers little useful information while introducing the possibility of significant error. 

Using a timing delay between bursts allows hybrid data to then be extracted according to 

this: 

Tahift = ARgd + (m - l)A(l/PRF) + Delay (4.6) 
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4.3.2 D a t a A v e r a g i n g 

A f t e r d e t e r m i n i n g w h i c h d a t a w i l l be used i n the a v e r a g i n g process , the m e a n o f the i n t e n s i t y 

d a t a is f o u n d . P r o p e r a l i g n m e n t of the d a t a b a s e d o n s lant r a n g e t i m i n g is c r i t i c a l . E a c h 

m e a n r a n g e ce l l is a s s i g n e d a speci f ic r a n g e t i m e slot ( s i m i l a r t o a n o r m a l r a n g e l ine ) . 

If c u r r e n t R A D A R S A T - 1 t i m i n g is m a i n t a i n e d {Rgd a n d t i m e d e l a y are n o t a d j u s t e d ) 

t h e n , as seen i n F i g u r e 4.9, e a c h r a n g e l ine has a di f ferent a m o u n t o f u s e a b l e d a t a . T h i s 

f igure is s i m u l a t e d d a t a f r o m the o n l y two b e a m R A D A R S A T - 1 S c a n S A R , w h i c h is the W l -

W 2 ( S C N A ) b e a m . T h e d a t a is d i s p l a y e d as ( L o g - I n t e n s i t y ) 2 d a t a for b e t t e r c o n t r a s t . T h e 

d a t a is s i m u l a t e d w i t h o n l y 7 l ines o f v a l i d d a t a for e v e r y 8 l ines o f i n v a l i d d a t a , for d i s p l a y 

p u r p o s e s on ly . T h e i n v a l i d d a t a a r e a for e a c h b e a m a p p e a r s p r i o r to the v a l i d d a t a i n t e r m s 

of a z i m u t h l ine n u m b e r . 

F i g u r e 4.9 p r o v i d e s a n e x a m p l e o f the h y b r i d d a t a w a l k t h a t o c c u r s as c o n t r o l l e d b y t h e 

v a r i a b l e TShift as de f ined b y (4.1). T h e 1st, 2 n d , 3 r d , a n d 4 t h l ines t h a t o c c u r after s w i t c h i n g 

t o b e a m 2 are i n d i c a t e d . T h e s e l ines o c c u p y the i n v a l i d a r e a a n d fo l low t h a t v a l i d a r e a for 

b e a m 1. E a c h l ine has sh i f t ed f r o m the p r e v i o u s b y a f ixed a m o u n t . In fact , t h e r e are s t i l l 

f our m o r e r e m a i n i n g i n v a l i d l ines b u t the Tsh%ft has m o v e d t h e useab le s i g n a l r e t u r n o u t s i d e 

o f t h e b e a m rece ive w i n d o w . T h i s p r o c e d u r e is r e p e a t e d for d a t a i m m e d i a t e l y presen t after 

s w i t c h i n g to B e a m 1. H o w e v e r , t h e Tst\ift ac t s i n t h e o p p o s i t e d i r e c t i o n . I n o r d e r to use 

h y b r i d d a t a s t o r e d i n the n o r m a l l y i n v a l i d d a t a a r e a , the e x a c t T ^ j f t m u s t b e c a l c u l a t e d a n d 

the u s e a b l e h y b r i d d a t a m u s t be r e - a l i g n e d a c c o r d i n g t o r a n g e . 
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S i m u l a t e d 2 - B e a m S c a n S A R A c q u i s i t i o n 

Memory Range Cell Number 

Figure 4.9: Hybrid data acquired from current RADARSAT-1 timing. Hybrid data is now received between 

normal data reception in the previously invalid data area. The hybrid data moves in memory according to 

changes in the timing parameters. 
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RADARSAT 1 ScanSAR Combinations with New Hybrid Patterns 
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Figure 4.10: All beam interfaces and their resultant new beam patterns for RADARSAT-1 
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4.4 The Proposed Algorithms 

4.4.1 H y b r i d Peak De tec t ion 

T h e s h a p e o f the g a i n p e a k s i n the a v e r a g e d h y b r i d d a t a is m u c h n a r r o w e r t h a n t h a t o f t h e 

n o r m a l b e a m p a t t e r n s ( w i t h the e x c e p t i o n o f t h e W 2 - S 5 b e a m ) . F i g u r e 4.10 i l l u s t r a t e s th i s 

fac t q u i t e c l e a r l y for a l l the b e a m s , except for W 2 S 5 . B a s e d o n th i s , a h y b r i d p e a k d e t e c t i o n 

a l g o r i t h m is g e n e r a l l y a c c u r a t e a n d q u i t e s i m p l e . It is b a s e d so le ly o n p e a k m a t c h i n g b e t w e e n 

a s e c o n d , t h i r d , a n d f o u r t h o r d e r p o l y n o m i a l fit o n the a c q u i r e d h y b r i d s i g n a l d a t a a n d the 

k n o w n h y b r i d g a i n p a t t e r n s . 

A l t h o u g h the h y b r i d p a t t e r n s are f a i r l y s y m m e t r i c , scene r a d i o m e t r y m a y v a r y s igni f i 

c a n t l y a n d shif t the lower o r d e r p e a k s to e i ther edge. T h i s p r o d u c e s p o o r e s t i m a t e s f r o m the 

lower o r d e r p e a k s o n s o m e scenes. C o n v e r s e l y , t h e h i g h e r o r d e r fits a r e m o r e l i k e l y t o p r o d u c e 

p o o r e s t i m a t e s w h e n the r e c e i v e d d a t a is f a i r l y s y m m e t r i c a l b u t s t i l l has s o m e r a d i o m e t r i c 

v a r i a t i o n s n e a r the p e a k . F o r th i s r e a s o n , a w e i g h t i n g is u s e d to d e t e r m i n e w h i c h e s t i m a t e s 

a r e m o r e l i k e l y t o b e c o r r e c t . T h e c o m b i n a t i o n o f a 2 n d , 3 r d a n d 4 t h o r d e r fit w o r k s t h e 

bes t for th i s m e t h o d . 

T h e p e a k l o c a t i o n does n o t neces sar i l y m a t c h the in ter face p o i n t , r a t h e r it is c o m p a r e d 

t o t h e k n o w n p e a k l o c a t i o n s c a l c u l a t e d f r o m t h e p a y l o a d files. T h i s a l g o r i t h m c a n b e u s e d 

as a p r i m a r y e s t i m a t e , w i t h m a r g i n a l t o m o d e r a t e success , o r to g r e a t l y r e d u c e t h e s e a r c h 

space a n d p r o v i d e a s e c o n d a r y e s t i m a t e to o t h e r a l g o r i t h m s . It has t h r e e steps: 

1. F i t a s e c o n d , t h i r d a n d f o u r t h o r d e r p o l y n o m i a l to the d a t a . 

2. D e t e r m i n e a w e i g h t e d average p e a k for a l l t h r e e fits. 

3. C o m p a r e t h i s p e a k to the k n o w n h y b r i d R D G C p e a k s . T h e s e p e a k s c a n b e c a l c u l a t e d 

o n c e for e v e r y u p d a t e d p a y l o a d file a n d t h e n s i m p l y u s e d as a l o o k - u p t a b l e . 

T h e a l g o r i t h m o p e r a t e s b a s e d o n the fo l l o w ing : 

#e = QRDGC, 3 ORDGC, = min (\9RDGCi - dpeak\) (4.7) 

w h e r e QRDGC, is t h e p e a k o f the R D G C for k n o w n r o l l a n g l e i a n d 9peak is t h e w e i g h t e d 

average p e a k of t h e p o l y n o m i a l fit t o the d a t a . T h r e e di f ferent p o l y n o m i a l fits are u s e d 

t o e s t i m a t e the d a t a p e a k s ince s o m e scenes c a n h a v e a d r a m a t i c a l l y v a r y i n g R C S , w h i c h 
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m a y shif t t h e p e a k m o r e s i g n i f i c a n t l y for a s e c o n d o r d e r fit t h a n a t h i r d , a n d so o n . B y 

u s i n g a w e i g h t e d average of t h e three fits, the effects o f scene c o n t e n t are r e d u c e d , a l t h o u g h 

n o t r e m o v e d . D u e t o the scene c o n t e n t d e p e n d e n c e of th i s m e t h o d , it is n o t a c c u r a t e o n 

d iverse scenes b u t s t i l l p r o v i d e s a n a d e q u a t e b o u n d a r y w i t h i n w h i c h the o t h e r a l g o r i t h m s c a n 

o p e r a t e . A l s o , t h e W 2 S 5 o v e r l a p r e g i o n does n o t p r o v i d e a we l l -de f ined p e a k a n d th i s m e t h o d 

is n o t use fu l w i t h th i s o v e r l a p . T h e w e i g h t i n g is d e t e r m i n e d b y c o r r e c t i n g the h y b r i d d a t a 

w i t h e a c h p o l y n o m i a l a n d t h e n c a l c u l a t i n g the- f latness of e a c h c o r r e c t i o n . T h e p o l y n o m i a l 

w h i c h creates the o v e r a l l f lattest d a t a is g i v e n the h ighes t w e i g h t i n g , a n d so f o r t h . 

F i g u r e 4.11 shows t h e p o l y n o m i a l fit to the d a t a for the M e l f o r t scene w i t h the W 1 W 2 

o v e r l a p r e g i o n . T h e a c t u a l h y b r i d p a t t e r n u s e d is a lso s h o w n as the g r e e n l ine . A l t h o u g h 

scene c o n t e n t is c l e a r l y v i s i b l e i n the s i g n a l s t r e n g t h , t h e a l g o r i t h m p r o d u c e s m a r g i n a l resu l t s 

of ± 0 . 0 7 ° t h a t resu l t s i n a p p r o x i m a t e l y 0.45 d B c a l i b r a t i o n across the s w a t h . 
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Peak Detection on W1-W2 Overlap on Melfor t Scene 
1 1 1 1 1 1 

Actual Hybrid Pattern 

26 26.5 27 27.5 28 28.5 
E l e v a t i o n Angle (Degrees) 

Figure 4.11: Polynomial fit to hybrid data for hybrid peak detection on Melfort scene. The actual hybrid 

pattern is given at the top of the data while the 2nd, 3rd, and 4th order polynomials are embedded in the 

data. 
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4.4.2 Three B e a m Over lap R a t i o 

F r o m C h a p t e r 2, r e c a l l t h a t G o u l d i n g ' s a l g o r i t h m uses the r a t i o of the n e a r a n d far b e a m -

p a t t e r n o v e r l a p a r e a t o d e r i v e a n e s t i m a t e . T h i s p r o p o s e d m e t h o d is a n e x t e n s i o n of t h a t 

i d e a t o i n c o r p o r a t e h y b r i d d a t a , w h i c h covers the e x a c t s a m e rece ive w i n d o w . T h i s n o w 

p r o v i d e s a t h i r d r a n g e l ine , w i t h w h i c h a r a t i o c a n b e m a d e . T h e r e are five s teps t o t h i s 

m e t h o d : 

1. C o m p u t e the l o g r a t i o o f t h e c o r r e c t e d h y b r i d d a t a w i t h t h e c o r r e c t e d far b e a m edge. 

2. C o m p u t e t h e l o g r a t i o o f the c o r r e c t e d h y b r i d d a t a w i t h the c o r r e c t e d n e a r b e a m edge. 

3. C o m p u t e t h e l o g r a t i o o f the c o r r e c t e d far b e a m edge w i t h t h e c o r r e c t e d n e a r b e a m 

edge ( G o u l d i n g ' s M e t h o d ) . 

4. C a l c u l a t e a 4 t h o r d e r p o l y n o m i a l for e a c h o f t h e r a t i o s . 

5. D r i v e t h e a b s o l u t e s u m of the di f ferences o f the t h r e e p o l y n o m i a l s as c lose to zero as 

p o s s i b l e b y v a r y i n g t h e r o l l a n g l e o f t h e R D G C s . 

G o u l d i n g ' s a l g o r i t h m uses (2.1) a n d (2.4) to d e t e r m i n e t h e e s t i m a t e . I n c o r p o r a t i o n o f the 

h y b r i d d a t a resu l t s i n three l o g rat ios , i n s t e a d of one . T h e e s t i m a t e is n o w the f o l l o w i n g : 

9e = Ok* (4.8) 

| A L r i 2 e J + | A L r 2 3 e J + | A L r 3 i e J = min( | A L r 1 2 e J + | A L r 2 3 0 x | + | A L r 3 W J ) (4.9) 

w h e r e A L r ^ x = L r i d i - L r ^ x (4-10) 

w h e r e L r ; a n d L r , - represent the l og r a t i o of the b e a m s a c t u a l l y u s e d (1 = h y b r i d / f a r d a t a , 

2 = h y b r i d / n e a r d a t a , a n d 3 = f a r / n e a r d a t a r e s p e c t i v e l y ) , x = e a c h r e s p e c t i v e r o l l ang le , 

a n d i ^ j. T h e l o g r a t i o s are c a l c u l a t e d as p e r G o u l d i n g ' s m e t h o d . T h e a l g o r i t h m is b r o k e n 

d o w n m o r e s u c c i n c t l y i n the n e x t few pages . 
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D e t a i l e d O p e r a t i o n 

F i g u r e 4.12 a) shows t h e n o r m a l d a t a a n d the h y b r i d d a t a s i m u l a t e d for the W 1 - W 2 in ter face . 

T h e d a t a w a s g e n e r a t e d w i t h a r o l l of + 0 . 1 0 ° . T h i s f igure shows the W l d a t a as b l u e , t h e W 2 

d a t a as r e d , a n d the h y b r i d W 1 W 2 d a t a as green . S c e n e c o n t e n t is v i s i b l e i n t h e r a d i o m e t r i c 

s t r e n g t h as d i p s a n d p e a k s . 

F i g u r e 4.12 b) i l lu s t ra te s the R D G C s g e n e r a t e d f r o m t h e p a y l o a d file a n d s t o r e d i n a 

l o o k - u p t a b l e for a r o l l e s t i m a t e of - 0 . 0 6 ° . A g a i n , the W l R D G C is b l u e , the W 2 R D G C is 

r e d a n d the W 1 W 2 R D G C is g r e e n . 

F i g u r e 4.12 c) is t h e re su l t of a p p l y i n g t h e R D G C s i n b) to the d a t a i n a) . S c e n e c o n t e n t 

is s t i l l v i s i b l e a n d the b e a m s d i s p l a y a v a r y i n g g a i n across t h e s w a t h . F i g u r e 4.12 d) en larges 

the o v e r l a p r e g i o n for f iner d e t a i l . T h e c o r r e c t e d d a t a for t h e W l a n d W 2 b e a m s are offset 

b y -10 a n d + 1 0 d B for d i s p l a y p u r p o s e s . 
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Implementation of Proposed 3-Beam A l g o r i t h m 
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Figure 4.12: Implementation of proposed algorithm Part 1 
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F i g u r e 4.13 e) is a n exac t c o p y of d) a n d is s h o w n a g a i n for c lar i ty . I n p a r t f ) , the l o g 

r a t i o s h a v e b e e n t a k e n for the a l l the b e a m s a n d are as fol lows: 

W1W2 • J. 
• w o is m a g e n t a , W2 

W1W2 

wi 
is ye l low, 

• l^2- is b l a c k . 

N o t e t h a t u s i n g the G o u l d i n g m e t h o d , o n l y t h e b l a c k l o g r a t i o ( W 2 / W 1 ) is a v a i l a b l e for 

a n e s t i m a t e . S c e n e c o n t e n t is n o l o n g e r v i s i b l e as t h e r a t i o o p e r a t i o n r e m o v e s t h e d i p s a n d 

p e a k s f r o m the r a n g e l ine . T h e l o g r a t i o s tep i tse l f is b a s e d o n the fo l l owing : 

Lr, = ]2j2l (4.11) 

w h e r e x^ a n d are the s lant r a n g e cel ls w h i c h cover the o v e r l a p a r e a f r o m ce l l 1 to i. 

G o u l d i n g ' s m e t h o d t o o k the m e a n o f the l o g r a t i o , M , as \ Yl L r » . S i n c e t h e r e are n o w t h r e e 

d i f ferent l o g r a t io s , a di f ferent a p p r o a c h c a n b e u s e d . 

F i g u r e 4.13 g) is a 4 t h o r d e r p o l y n o m i a l fit to the l og r a t i o s i n f ) . A p o l y n o m i a l fit is 

p e r f o r m e d so t h a t s l i ght v a r i a t i o n s i n t h e l og r a t i o s t r e n g t h are n o t c a n c e l l e d o u t b y r a n d o m 

noise t e r m s . T h e a b s o l u t e s u m of the d i f ference b e t w e e n the t h r e e p o l y n o m i a l s is t h e n 

c a l c u l a t e d . F o r t h i s p a r t i c u l a r case, t h e — 0 . 0 6 ° R D G C s p r o d u c e a s u m of a p p r o x i m a t e l y 

140. 

F i g u r e 4.13 h) is the s u m for a l l t h e R D G C s f r o m - 0 . 2 0 ° t o + 0 . 2 0 ° i n 0 . 0 0 5 ° i n c r e m e n t s . 

T h e lowest s u m is the bes t fit a n d o c c u r s at + 0 . 0 9 ° . A s m e n t i o n e d , the d a t a is g e n e r a t e d 

w i t h a + 0 . 1 0 ° r o l l , so t h i s m e a n s the a l g o r i t h m has a n e r r o r o f 0 . 0 1 ° , w h i c h is a c c e p t a b l e . 

D u r i n g a c t u a l i m p l e m e n t a t i o n it is n o t neces sary to c a l c u l a t e the s u m for e v e r y R D G C . 

F i g u r e 4.13 h) shows t h a t the s u m s are q u i t e l inear , a n d hence , d e p e n d i n g o n w h e t h e r the 

s u m increases or decreases , a n i t e r a t i v e a p p r o a c h w i t h v a r y i n g s teps w o r k s q u i t e we l l . T h e 

l i n e a r i t y o f t h e s u m s for a l l the R D G C s a lso i m p l i e s t h a t the e s t i m a t e is f a i r l y r o b u s t . In 

fact , t h e w i d t h o f a n y c u r v e t h a t m a y a p p e a r a t t h e lower e n d is a g o o d e s t i m a t e o f t h e 

s u i t a b i l i t y of t h i s a l g o r i t h m to a p a r t i c u l a r scene. 

T h i s e s t i m a t e c a n be i m p r o v e d t h r o u g h the s a m e i t e r a t i v e a p p r o a c h as t a k e n i n G o u l d i n g ' s 

m e t h o d , s t a r t i n g w i t h the i n n e r b e a m a n d w o r k i n g out . 
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I m p l e m e n t a t i o n o f P r o p o s e d 3-Beam A l g o r i t h m C o n t ' d 
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Figure 4.13: Implementation of proposed algorithm Part 2 
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T h e m a i n i m p r o v e m e n t i n t h e t h r e e b e a m m e t h o d over G o u l d i n g ' s m e t h o d c o m e s f r o m 

c o m p a r i n g t h e s teep s lopes f r o m e i ther o f t h e n o r m a l p a t t e r n s to t h e s lopes i n the h y b r i d 

p a t t e r n s . U s i n g G o u l d i n g ' s a l g o r i t h m , o n l y o n e of the b e a m p a t t e r n s has s ign i f i cant s lope , 

for e i ther s ide o f t h e o v e r l a p area , t h a t is af fected b y a r o l l ang le . W i t h t h e i n c l u s i o n of 

h y b r i d d a t a , two o f the three l o g ra t io s u s e d i n t h e three b e a m m e t h o d is a l w a y s b a s e d o n 

d a t a c o r r e c t e d b y R D G C s w i t h s teep s lopes . H e n c e , a n y e r r o r s c a n b e m o r e eas i ly n o t i c e d . 

F i g u r e 4.14 i l l u s t r a t e s the s lopes o f a l l s ix n o r m a l b e a m p a t t e r n s a n d t h e five h y b r i d p a t t e r n s 

u s e d i n R A D A R S A T - 1 S c a n S A R m o d e . N o t e t h a t the s lopes o f the h y b r i d p a t t e r n s are t h e 

m e a n o f t h e n o r m a l p a t t e r n s i n t h e o v e r l a p reg ions . 

Slopes of a l l Six Standard and Five Hybrid ScanSAR Beams 
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Figure 4.14: All ScanSAR normal pattern slopes and hybrid slopes. These slopes indicate the sensitivity of 

each beam to roll errors. The hybrid slopes are an average of their respective two normal beams. In this 

figure, the actual normal beam derivatives are shown while a quadratic representation of the hybrid beam is 

given in order to highlight differences between hybrid beams. 

U s i n g the h y b r i d p a t t e r n s a l lows a f u r t h e r c o m p a r i s o n to a n o t h e r b e a m p a t t e r n w h i c h 

a lso h a s s ign i f i cant s lope . U p o n a p p l i c a t i o n o f t h e R D G C s , a n y di f ference b e t w e e n the s l o p e 
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present i n t h e d a t a a n d t h e R D G C s lope causes a l arger s u m i n the final c a l c u l a t i o n . H e n c e , 

large s lopes i n the R D G C are b e n e f i c i a l to t h e a l g o r i t h m . F i g u r e 4.15 i l l u s t r a t e s the s lopes 

o f e a c h o f t h e n e w h y b r i d p a t t e r n s w i t h o u t the p r e s e n c e o f t h e n o r m a l p a t t e r n s . F r o m t h i s 

figure, t h e W 1 W 2 is seen to h a v e the largest s lope a n d t h e W 2 S 5 has t h e lowest . It is 

e x p e c t e d t h a t the bes t s lope c o m b i n a t i o n w i l l h a v e a large average s l ope c o m b i n e d w i t h 

suff ic ient b e a m - w i d t h to a l low for m o r e s a m p l e s to b e s u m m e d . 

T h e t o t a l a v a i l a b l e h y b r i d p a t t e r n w i d t h is b a s e d o n the k n o w n b e a m p a t t e r n s f r o m the 

p a y l o a d file a n d does n o t c h a n g e . H o w e v e r , the a c t u a l b e a m - w i d t h for e a c h h y b r i d p a t t e r n is 

b a s e d o n the t i m i n g p a r a m e t e r s se lec ted for e a c h i n d i v i d u a l scene. A s s u m i n g the p e r c e n t a g e 

o f a c t u a l versus a v a i l a b l e b e a m - w i d t h is c o n s t a n t for a l l b e a m s , t h e W 2 S 5 p a t t e r n s h o u l d 

p r o d u c e t h e p o o r e s t e s t i m a t e , as a l t h o u g h it is q u i t e w i d e ( a p p r o x i m a t e l y 4 . 2 5 ° ) , i t has the 

lowest s lope . T h e W 1 W 2 p a t t e r n has the largest s lope b u t a lso has the n a r r o w e s t p a t t e r n . 

T h e W 2 W 3 p a t t e r n is the s e c o n d w i d e s t b u t a l so does n o t h a v e s i g n i f i c a n t s lope . T h e S 5 S 6 

a n d W 3 S 7 p a t t e r n s are b o t h over 2 ° w i d e a n d h a v e larger s lopes . T h e r e f o r e , t h e S 5 S 6 , 

W 1 W 2 , a n d W 3 S 7 s h o u l d p r o d u c e the best e s t imates . 
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A v e r a g e S l o p e C o m p a r i s o n s o f H y b r i d P a t t e r n s 
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Figure 4.15: Average Slopes of the hybrid patterns shown in Figure 4.14. Hybrid beams with steeper slopi 

and sufficient width are expected to provide the best results. 
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4.5 Algorithm Pros and Cons 

4.5.1 P r o s 

F r o m F i g u r e 4.2, i t c a n b e seen t h a t t h e n e w h y b r i d p a t t e r n , W 1 W 2 , h a s a u n i q u e s h a p e . In 

fact , c o m p a r i n g a l l the b e a m inter faces present i n R A D A R S A T - 1 i n F i g u r e 4.10, i l l u s t r a t e s 

t h a t e a c h n e w h y b r i d p a t t e r n has t h e fo l lowing: 

• A n e w b e a m p a t t e r n t h a t has a h i g h e r g a i n t h a n the low g a i n edges of the n o r m a l 

b e a m s , w h i c h e n h a n c e s e s t i m a t i o n o n lower a° scenes, 

• A n o v e r a l l r a n g e d e p e n d e n t g a i n t h a t is the average o f t h e two b e a m s , w h i c h reduces 

t h e effects o f b e a m g a i n u n c e r t a i n t y , 

• A n e w b e a m p a t t e r n t h a t has a we l l -de f ined p e a k (except for W 2 S 5 ) , w h i c h is easier to 

l o c a t e t h a n t h e edge o f a s ingle b e a m , 

• T h e l o g r a t i o o f d a t a a c q u i r e d t h r o u g h the n e a r , far, a n d h y b r i d p a t t e r n s r e s p o n d s 

d i f f erent ly to r o l l errors . T h e a b i l i t y to m a t c h these l o g r a t i o s a n d m i n i m i z e t h e i r 

di f ferences p r o d u c e s a f ina l s cene t h a t h a s m i n i m a l g a i n v a r i a t i o n s , e v e n i f t h e r o l l 

e s t i m a t e does n o t n o r m a l l y m e e t the a c c u r a c y r e q u i r e m e n t . 

A l s o s h o w n i n F i g u r e 4.10 are t h e -3 d B b e a m - w i d t h s for the n e w h y b r i d p a t t e r n s . A l l 

t h e n e w h y b r i d p a t t e r n s are s i g n i f i c a n t l y s m a l l e r i n r a n g e t h a n the -3 d B b e a m - w i d t h s (see 

T a b l e 4.3) for t h e w i d e b e a m p a t t e r n s ( W 1 , W 2 , a n d W 3 ) , a n d a b o u t h a l f t h e w i d t h o f the 

s t a n d a r d b e a m p a t t e r n s (S5, S6 , a n d S7) . 

Beam S5 S6 S7 W l W2 W3 

-3 dB Width 4.83° 3.82° 3.72° 10.39° 7.57° 5.65° 

Table 4.3: RADARSAT-1 -3 dB beam-widths for standard and wide beams used in ScanSAR mode 
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O v e r a l l G a i n 

In G o u l d i n g ' s a l g o r i t h m , t h e g a i n e s t i m a t e s are a l w a y s m a d e f r o m the a v e r a g i n g o f s i g n a l 

d a t a . S i g n a l d a t a is a c q u i r e d w i t h a l o w s i g n a l g a i n for one b e a m a n d w i t h a h i g h s i g n a l g a i n 

for the o t h e r b e a m , u n t i l the b e a m s cross over a n d t h i s is t h e n reversed . T h e e s t i m a t e e r r o r s 

are t h e n b a s e d o n the a d d i t i o n o f the s i g n a l errors present , these e r r o r s c a n b e s ign i f i cant i n 

the l o w g a i n reg ions . 

S i n c e the o v e r l a p r e g i o n is t y p i c a l l y a l o w S N R r e g i o n to b e g i n w i t h , t h e r e is a n a d v a n t a g e 

to w o r k i n g w i t h d a t a t h a t is, o n average , a few d B a b o v e t h e lowest g a i n o f t h e t w o o r i g i n a l 

b e a m p a t t e r n s . S i n c e t h e noise e q u i v a l e n t o~° is f a i r l y c o n s t a n t , th i s h i g h e r g a i n t h e n i m p l i e s 

i m p r o v e d p e r f o r m a n c e o n scenes t h a t m a y h a v e a n o v e r a l l lower a°. 

B e a m G a i n U n c e r t a i n t y i n L o w G a i n Regions 

T h e l o w - g a i n reg ions o f e a c h b e a m are n o t as we l l k n o w n as the m a i n , h i g h e r g a i n reg ions 

a n d c o u l d suffer f r o m m o r e g a i n u n c e r t a i n t y . T h e h y b r i d p a t t e r n s a r e a c o m b i n a t i o n o f t w o 

n o r m a l b e a m s . S i n c e the n o r m a l b e a m s o v e r l a p , one we l l k n o w n p a t t e r n c o m p l e m e n t s a 

lesser k n o w n p a t t e r n . U t i l i z i n g h y b r i d d a t a , a n y g a i n u n c e r t a i n t y is there fore r e d u c e d b y 

c o m b i n i n g a we l l k n o w n p a t t e r n w i t h a lesser k n o w n p a t t e r n , r a t h e r t h a n so le ly u t i l i z i n g 

t h e lesser k n o w n p a t t e r n s . T h i s is p o t e n t i a l l y m o r e b e n e f i c i a l t h a n t h e S N R issue m e n t i o n e d 

a b o v e , a n d is t a k e n a d v a n t a g e o f t h r o u g h use o f the p r o p o s e d a l g o r i t h m s . 

Wel l -Def ined Peak 

W i t h t h e e x c e p t i o n o f t h e W 2 - S 5 o v e r l a p , the n e w b e a m p a t t e r n p e a k s are w e l l d e f i n e d 

a n d c a n b e l o c a t e d w i t h m o d e r a t e success o n scenes t h a t h a v e a t least a m e d i u m degree of 

u n i f o r m i t y . T h i s proces s p r o v i d e s a g o o d s e c o n d a r y e s t i m a t e , o r a t least , a b o u n d a r y for 

the s e a r c h space for o t h e r m e t h o d s . T h e s e p e a k l o c a t i o n s d e p e n d o n scene p a r a m e t e r s a n d 

p a y l o a d files. H o w e v e r , s ince the n o r m a l b e a m s g e n e r a l l y ac t i n a n o p p o s i t e m a n n e r i n t h e 

o v e r l a p a r e a , d e f i n i n g a p r o m i n e n t p e a k is n o t u s u a l l y a p r o b l e m . 
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L o g R a t i o Differences 

W i t h G o u l d i n g ' s m e t h o d , t h e r e is o n l y o n e l o g r a t i o a v a i l a b l e for use i n the a l g o r i t h m . E v e n 

t h o u g h its m e a n m a y a p p r o a c h one, the r e s u l t a n t e s t i m a t i o n e r r o r c a n s t i l l be large . U s i n g 

h y b r i d d a t a a d d s a n o t h e r d i m e n s i o n t o the l o g r a t i o e s t i m a t e s b y a l l o w i n g t h e d i f ferences o f 

t h r e e l o g r a t i o s to b e c a l c u l a t e d . 

4.5.2 C o n s 

It m u s t be r e m e m b e r e d t h a t t h e h y b r i d d a t a r e q u i r e d for these a l g o r i t h m s is n o t c u r r e n t l y 

a c q u i r e d w i t h a n y sa te l l i t e s y s t e m . T h e h y b r i d d a t a m u s t b e s i m u l a t e d , w h i c h m a y i n t r o d u c e 

e r r o r s i n t o the e v a l u a t i o n of these a l g o r i t h m s . A l s o , it is use fu l to rea l i ze the fo l l owing : 

• D u e to the m a n n e r i n w h i c h the use fu l h y b r i d s i g n a l d a t a is a c q u i r e d , t h e r e is a p p r o x i 

m a t e l y 10 t o 12 t i m e s less d a t a a v a i l a b l e for the e s t i m a t e s as c o m p a r e d to n o r m a l d a t a . 

I n the s i m u l a t i o n s t h a t fo l low, a p p r o x i m a t e l y s ix n o r m a l l ines are p r o d u c e d for e v e r y 

h y b r i d l ine t o ease p r o c e s s i n g t i m e s . 

• S i n c e t h e h y b r i d d a t a is p r o d u c e d a t a s lower r a t e t h a n t h e n o r m a l d a t a , i t m a y b e 

n e c e s s a r y to a c q u i r e s evera l b u r s t s o f d a t a i n o r d e r to p r o d u c e suff ic ient a m o u n t s of 

u s e a b l e h y b r i d d a t a . T h e v i e w i n g angles i n v o l v e d m a y t h e n e n c o m p a s s the en t i re az 

i m u t h b e a m p a t t e r n . S p e c k l e m a y b e c o m e a f a c t o r for these a l g o r i t h m s ; h o w e v e r , the 

i n c o h e r e n t a d d i t i o n o f s e v e r a l r a n g e l ines r e d u c e s t h i s affect. T h i s is p a r t i a l l y offset b y 

t h e fact t h a t t h e h y b r i d d a t a is a c q u i r e d at n e a r l y the s a m e v i e w i n g ang le as n o r m a l 

d a t a . S p e c k l e s ta t i s t i c s s h o u l d , therefore , be q u i t e s i m i l a r b e t w e e n n o r m a l a n d h y b r i d 

d a t a . D e p e n d i n g o n the final a m o u n t of h y b r i d d a t a r e q u i r e d for a c c u r a t e e s t i m a t e s , 

t h e effects o f speck le m a y b e r e d u c e d . 

• T h e h y b r i d p e a k d e t e c t i o n m e t h o d m a y be s i g n i f i c a n t l y af fected b y scene c o n t e n t . T h i s 

is b e c a u s e t h e h y b r i d d a t a has o n l y o n e b e a m - p a t t e r n s h a p e . In t h i s m e t h o d , t h e r e is n o 

c o m p a r i s o n ( log ra t io ) to o t h e r d a t a a n d hence scene c o n t e n t is n o t r e m o v e d . H o w e v e r , 

t h e i n c o h e r e n t a d d i t i o n o f r a n g e l ines m a y a g a i n r e d u c e t h i s effect as we l l . 
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4.6 Conclusion 

T h e c o n c e p t i o n a n d i m p l e m e n t a t i o n o f the p r o p o s e d a l g o r i t h m s are o u t l i n e d i n th i s c h a p t e r . 

T h e m a i n benef i t s o f these a l g o r i t h m s are l i s t ed a n d a d d r e s s the c o n c e r n s m e n t i o n e d at 

t h e e n d o f C h a p t e r 2. T h e p r o s a n d c o n s o f these a l g o r i t h m s are a lso g i v e n . T h e n e x t 

c h a p t e r e x p l a i n s t h e rea l i s t i c d a t a s i m u l a t i o n r e q u i r e d for t e s t i n g the p r o p o s e d a l g o r i t h m s 

i n a m a n n e r w h i c h reflects r e a l S c a n S A R d a t a . 
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Chapter 5 

Data Simulation 

5.1 Introduction 

C u r r e n t l y , n o S A R s y s t e m a c q u i r e s h y b r i d d a t a as d e s c r i b e d i n C h a p t e r 4. T h e r e f o r e , it is 

n e c e s s a r y to s i m u l a t e h y b r i d d a t a i n o r d e r to p r o v e the v a l i d i t y of t h e p r o p o s e d a l g o r i t h m . 

T h i s c h a p t e r defines the s i m u l a t i o n p a r a m e t e r s a n d sof tware m e c h a n i s m s u s e d to crea te a 

rea l i s t i c d a t a s i m u l a t i o n . 

5.2 Data Simulation 

A s p r e v i o u s l y m e n t i o n e d , a l l t h e c u r r e n t r o l l ang le d e t e c t i o n a l g o r i t h m s , as we l l as t h e 

p r o p o s e d a l g o r i t h m s , o p e r a t e o n the e n e r g y present i n the r a d a r d a t a . P h a s e i n f o r m a t i o n 

is n o t i m p o r t a n t t o these a l g o r i t h m s ; t h u s , p h a s e i n f o r m a t i o n is n o t s i m u l a t e d e x c e p t for 

r a d i o m e t r i c r a n d o m n e s s d u e to speck le ( w h i c h is a p h a s e p h e n o m e n o n ) . 

5.2.1 D a t a Requi rements 

C o m p a r i s o n to R e a l D a t a 

T h e d a t a s i m u l a t i o n is b a s e d o n a n a d e q u a t e r e p r e s e n t a t i o n of r e a l R A D A R S A T - 1 S c a n S A R 

d a t a i n t e r m s o f t h e fo l l owing: 

• V a r i a n c e i n l o g i n t e n s i t y d a t a ; 

• S y s t e m noise , 

• B e a m - p a t t e r n energy , 
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• S u b - s w a t h p a r a m e t e r s s u c h as w i d t h , s a m p l i n g i n t e r v a l , a n d so f o r t h , 

• S y s t e m s p a r a m e t e r s s u c h as s w a t h o v e r l a p a n d t i m i n g dif ferences . 

Factors used to S imula te Rea l i s t i c D a t a 

T h e en t i re s i m u l a t i o n is b a s e d o n the c o h e r e n t s u m of r e t u r n s f r o m i n d i v i d u a l p o i n t t arge t s 

p l a c e d so t h a t e a c h p o i n t targe t represents one g r o u n d r e s o l u t i o n ce l l . E v e r y t a r g e t i n the 

s i m u l a t i o n has t h e fo l l owing: 

• A D o p p l e r h i s t o r y , 

• A spec i f ic g a i n , b a s e d u p o n r a n g e a n d e l e v a t i o n angle , 

• A speci f ic , a z i m u t h f r e q u e n c y b a s e d , a z i m u t h b e a m - p a t t e r n g a i n , 

• A u n i q u e r a n g e to targe t , 

• A speck le t e r m , 

• A u n i q u e r a d a r b r i g h t n e s s t e r m . 

5.3 Variance 

A rea l i s t i c v a r i a n c e was c r e a t e d a n d c o m p a r e d t o a r e a l S c a n S A R scene for s t a t i s t i c a l refer

ence. T h e v a r i a n c e present i n a s ingle r e a l r a n g e - l i n e r a n g e d f r o m 31-35 d B . T h e scene u s e d 

w a s a P r i n c e A l b e r t s cene a n d is f r o m a m o d e r a t e l y d i v e r s e b a c k g r o u n d : s o m e fields, trees, 

a n d so f o r t h . It was n o t p o s s i b l e to use the P r i n c e A l b e r t scene for the R C S b a c k g r o u n d of 

the s i m u l a t e d d a t a as o n l y the r a w d a t a was a v a i l a b l e a n d n o t t h e f u l l y p r o c e s s e d scene. 

A s i m i l a r v a r i a n c e was c r e a t e d i n the s i m u l a t e d d a t a b a s e d o n the a p p l i c a t i o n o f speck le t o 

the scene. O l i v e r a n d Q u e g a n [21] d e s c r i b e a s i m p l e speck le m o d e l i n t e r m s of d i s t r i b u t i o n s , 

p h y s i c a l m e c h a n i s m s c a u s i n g s c a t t e r i n g , a n d the a c t u a l o c c u r r e n c e s of speck le i n r e a l d a t a . 

F o r the i n - p h a s e (I) a n d q u a d r a t u r e ( Q ) c o m p o n e n t s of r a w s i g n a l d a t a , t h e y are g i v e n as 

i n d e p e n d e n t , i d e n t i c a l l y d i s t r i b u t e d G a u s s i a n r a n d o m v a r i a b l e s w i t h a p r o b a b i l i t y d e n s i t y 

f u n c t i o n ( P D F ) : 

(5.1) 

Zi = Acos(0) -> I (5.2) 

Z2 =• Asm((j)) -* Q (5.3) 
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w h e r e a°2/2 is t h e v a r i a n c e , c r ° 2 represents the average i n t e n s i t y o f a r e s o l u t i o n ce l l o n the 

g r o u n d . 

T h e a l g o r i t h m o p e r a t e s o n the intens i ty , It = I2 + Q2, or l o g in tens i ty , D = m ( / 2 + Q2), 

d a t a , a n d t h e i r d i s t r i b u t i o n s are d e s c r i b e d nex t . 

T h e i n t e n s i t y d a t a is a n e g a t i v e e x p o n e n t i a l d i s t r i b u t i o n g i v e n thus: 

It > 0 (5.5) 

w h e r e the m e a n a n d s t a n d a r d d e v i a t i o n are b o t h a°2. T h e l o g i n t e n s i t y d a t a h a s a F i s c h e r -

T i p p e t t [22] d i s t r i b u t i o n g i v e n thus: 

eD ( eD \ 
PD(D) = —2eW[-—2) (5.6) 

w h e r e t h e m e a n is l n < x ° 2 — 7^ (7^ RS 0.57722 is E u l e r ' s c o n s t a n t ) a n d the v a r i a n c e is 7r 2 /6 . 

N o t i c e t h a t t h e v a r i a n c e is i n d e p e n d e n t of the m e a n . C o n v e r t i n g to a d B scale g ives this: 

D n = 10 l o g 1 0 / t = (10 l o g i 0 e ) D (5.7) 

PDN = ^PD(DJK) (5.8) 

w h e r e K = 10 l o g 1 0 e (5.9) 

T h e s e t h r e e d i s t r i b u t i o n s are i l l u s t r a t e d i n F i g u r e 5.1, for t h e G a u s s i a n , n e g a t i v e e x p o n e n t i a l , 

a n d F i s c h e r - T i p p e t d i s t r i b u t i o n s . 

T h e t h e o r e t i c a l d i s t r i b u t i o n s agree c lose ly w i t h o b s e r v e d r e a l d a t a f r o m t h e P r i n c e A l b e r t 

scene, i n t h e t o p o f F i g u r e 5.2, a n d s i m u l a t e d d a t a i n the b o t t o m of F i g u r e 5.2. T h e r e is 

a c o n s t a n t g a i n offset b e t w e e n t h e o r e t i c a l , a c t u a l , a n d s i m u l a t e d d a t a . T h i s is d u e to the 

fact t h a t the a u s e d i n the t h e o r e t i c a l is for a s ingle targe t , w h i l e i n t h e r e a l a n d s i m u l a t e d 

t h e r e were t h o u s a n d s o f targe t s , c o h e r e n t l y s u m m e d i n a z i m u t h , r a n g e c o m p r e s s e d , a n d e a c h 

t a r g e t h a d a di f ferent a n d u n k n o w n i n i t i a l a. T h i s does n o t affect the s i m u l a t i o n d a t a , as 

the v a r i a n c e is i n d e p e n d e n t of the m e a n , w h i c h m e a n s the l o g - i n t e n s i t y b e a m - p a t t e r n s h a p e s 

t h e m s e l v e s are n o t af fected. 
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Distribution for Gaussian, Negative Exponential and Fischer-Tippett 
x 1 0 ' 4 

2 i 1 1 1 1 1 1 - i 1 1 

Gaussian Distribution 
for either I or Q 

-500 . 4 4 0 0 -300 -200 -100 0 100 200 300 400 500 
x 10 

Negative Exponential 
For Intensity Data 

0 0 .5 
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0.2 

1 1.5 

Fischer-Tippet For 
Log Intensity-

Figure 5.1: Theoretical distributions of SAR. data as given by Quegan [21] 
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Data Distribution for Real SAR 
Data 

Figure 5.2: Actual and simulated distributions of SAR data 
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Real Range Compressed Data from Prince 
Albert Scene 

8 0 

TO 

Variance i n Uniform area = 1.1 dB 
af t e r RDGC a p p l i c a t i o n (Not Shown Here) 

0 . 9 4 0.96 0.98 1 Slant Range (m) 1.02 1 . 0 4 1.06 

Simulated Range Compressed Data from 
TopView Scene 
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Figure 5.3: Actual data for Prince Albert scene and simulated data for Melfort scene each with range cross 

section of 108 averaged lines. Dashed RDGC shown real data is a manual fit and does not take incidence 

angle or other effects into account, it is included to illustrate difficulty in matching the correct RDGC to 

data. 
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A l t h o u g h Q u e g a n [21] d e s c r i b e s dif ferent speckle m o d e l s for d i f ferent t e r r a i n t y p e s , the 

r e q u i r e m e n t for a speck le m o d e l i n s i m u l a t e d d a t a is n o t so c o m p l e x . A f t e r d i s c u s s i o n w i t h 

R o n C a v e s ( S A R eng ineer at M D A ) , i t was d e t e r m i n e d t h a t a s i m p l e G a u s s i a n m o d e l for 

speck le d i s t r i b u t i o n is a d e q u a t e . T h i s c o n c l u s i o n was r e a c h e d b e c a u s e t h e d a t a is n o t p r o 

cessed b e y o n d the r a n g e c o m p r e s s i o n stage, a n d is o n l y v i e w e d i n t e r m s o f average energy . 

T h e r e is n o a n a l y s i s o f t h e s t a t i s t i c a l d i s t r i b u t i o n s t h e m s e l v e s d u r i n g a n y r o l l - a n g l e e s t i m a 

t i o n a l g o r i t h m . F i g u r e 5.3 shows a p o r t i o n of the P r i n c e A l b e r t scene i n a r a n g e - c o m p r e s s e d 

f o r m a t a l o n g w i t h a n average o f 108 r a n g e l ines . F i g u r e 5.3 a lso has a s i m u l a t e d i m a g e , i n 

the b o t t o m p o r t i o n , w h i c h shows a n average of 108 r a n g e l ines . N o t i c e t h a t t h e v a r i a n c e for 

e a c h o f t h e a v e r a g e d r a n g e l ines are r e a s o n a b l y c lose (1 d B versus 1.1 d B ) . 

A l s o s h o w n i n t h e P r i n c e A l b e r t a scene d a t a ( T o p o f F i g u r e 5.3), are the e x p e c t e d ( so l id 

l ine) a n d t h e best f i t t i n g ( d a s h e d l ine) R D G C . In th i s case the d a s h e d R D G C m a y p r o v i d e 

the bes t fit b u t does n o t a c c o u n t for i n c i d e n c e ang le or p o s s i b l e d e p e n d e n c e o n a. S i n c e the 

d a t a is a c t u a l S A R d a t a , the e x a c t r o l l ang le is n o t k n o w n ( the m a i n p o i n t o f t h i s thes is ) . 

T h i s fact c o m b i n e d w i t h severa l a s s u m p t i o n s r e g a r d i n g the e a r t h m o d e l a n d sate l l i te h e i g h t 

p r o b a b l y a c c o u n t for the di f ference b e t w e e n the p a y l o a d file e x p e c t e d R D G C a n d the bes t 

f i t t i n g R D G C . T h e fit is d o n e m a n u a l l y for d i s p l a y on ly . T h e r o l l ang l e for the s i m u l a t e d 

d a t a ( b o t t o m of F i g u r e 5.3) is k n o w n e x a c t l y a n d its c o r r e c t R D G C is also g i v e n as a s o l i d 

l ine . 

93 



5.4 Speckle 

S p e c k l e is a p p l i e d to the d a t a o n e p o i n t at a t i m e u s i n g M A T L A B ' s b u i l t i n G a u s s i a n r a n d o m 

n u m b e r g e n e r a t o r . E a c h I a n d Q c o m p o n e n t was a s s igned its o w n s p e c k l e t e r m a n d s u m m e d 

a c c o r d i n g t o the fo l l owing: 

R a n g e C e l l ( 0 , (j)) = a(0, <£ )G(0 , 4>) x (l0 x r a n d n + Qe x r a n d n ) (5.10) 

w h e r e r a n d n is t h e c o d e d e x p r e s s i o n for the G a u s s i a n r a n d o m n u m b e r g e n e r a t o r ( m e a n a n d 

v a r i a n c e are e q u a l to one) . G is t h e a n t e n n a p a t t e r n s , a is t h e average t a r g e t R C S , 9 a n d 

(f> are t h e e l e v a t i o n a n d a z i m u t h angles respec t ive ly , a n d I a n d Q are the i n - p h a s e a n d 

q u a d r a t u r e c o m p o n e n t s of a s i m u l a t e d r a n g e c o m p r e s s e d c h i r p . E a c h t a r g e t is a s s i g n e d a a 

t e r m b a s e d o n a b a c k g r o u n d scene. T h a t is, e a c h p ixe l ' s g r a y - s c a l e v a l u e (0-255) is u s e d as 

t h e a for a s ing le r e s o l u t i o n cel l . T h e i n t e n t i o n is t o use v a r i o u s t y p e s o f scenes to s i m u l a t e 

v a r y i n g levels of a for e v e r y r e s o l u t i o n ce l l i n the s i m u l a t e d d a t a . 

S i x d i f ferent b a c k g r o u n d scenes are u s e d , s o m e were a g r i c u l t u r a l w i t h a n d w i t h o u t speck le 

a l r e a d y present . A n o t h e r is a fore s t ry scene, a n d there is a lso a n e n t i r e l y u r b a n scene. F o u r 

o f the s ix scenes are S A R scenes. O n e n o n - S A R scene is a n i n t e g r a t e d o p t i c a l / t h e m a t i c 

i m a g e a n d has l arge v a r i a t i o n s i n the s i m u l a t e d a as t h e r e are t r a n s i t i o n s f r o m o c e a n to c i t y 

l a n d . T h i s o p t i c a l scene is spec i f i ca l ly u s e d i n o r d e r to genera te d a t a t h a t is r e g a r d e d as 

d i f f i cu l t b y the a l g o r i t h m . T h e last scene is f r o m a n u n k n o w n sensor t y p e t h a t i m a g e s a n 

a g r i c u l t u r a l scene. It is u s e d d u e to the s t r a i g h t v e r t i c a l a n d h o r i z o n t a l l ines i n the s i m u l a t e d 

a va lues t h a t m a y present a c h a l l e n g e to t h e a l g o r i t h m s . E a c h o f t h e scenes s h o w n n e x t as 

F i g u r e s 5.4 to 5.9 is u s e d at least once o n e a c h inter face . 
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Melfort, Saskatchewan 
Heavily Speckled 
Mean dB = -2.5 dB 

Standard Deviation = 2.3 dB 
CV 580 Airborne SAR C-W 

J u l y 1983 

Figure 5.4: Melfort Scene © C C R S / C C T 1983 
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Vancouver, BC 
No Speckle (optical) 
Mean dB = -5 dB 

Standard Deviation = 5 dB 
Integrated Spot (PLA) and LandSat (TM) 

July 1992 

Figure 5.5: Vancouver Scene (Optical Scene) © C C R S / C C T 1993 
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Unknown Loc a t i o n - named Topview 
Low Speckle ? 
Mean dB = -3 dB 

Standard D e v i a t i o n = 2.3 dB 
Unknown CNES Sensor 

Unknown Data 

Figure 5.6: Topview Scene ©unknown 
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Labrador (Coast), Canada 
Indeterminate Speckle 
Mean dB = -3.5 dB 

Standard Deviation = 1.4 dB 
RADARSAT SCW 

March 1997 

Figure 5.7: Labrador Scene © C S A 1997 
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Toronto, Ontario 
Low Speckle 

Mean dB = -4 dB 
Standard D e v i a t i o n = 2.7 dB 

RADARSAT F4 Beam 
May 1996 

Figure 5.8: Toronto Scene © C S A 1996 
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Virden, Manitoba 
Low Speckle 

Mean dB = -3.6 dB 
Standard D e v i a t i o n = 3.3 dB 
CRS Airborne SAR C-HH 

A p r i l 1995 

Figure 5.9: Virden Scene © C C R S / C C T 1995 
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5.5 Beam-Pattern Energy 

A s p r e v i o u s l y m e n t i o n e d , R A D A R S A T - 1 p a y l o a d file 25 is u s e d to genera te the b e a m p a t 

t e r n s i n t h e s i m u l a t i o n . T h e g a i n a n d r e s p e c t i v e e l e v a t i o n angles are k e p t as c lose as p o s s i b l e 

to the r e a l p a r a m e t e r s . E a c h b e a m p a t t e r n is c o r r e c t e d for r a n g e a n d c o n v e r t e d t o s lant r a n g e 

for a p p l i c a t i o n to the d a t a , w h i c h at th is p o i n t is s t i l l i n a s lant r a n g e f o r m a t . 

5.5.1 Range G a i n R e m o v a l 

O f a l l t h e f a c t o r s m e n t i o n e d i n S e c t i o n 3.2.2, t h e r e m o v a l o r c o r r e c t i o n of t h e r a n g e f a c t o r , 

R ~ 3 , m o s t needs f u r t h e r c l a r i f i c a t i o n . T h e o r i g i n a l d e s i g n o f R A D A R S A T - 1 1 i n c o r p o r a t e s 

p a r t i a l g a i n c o m p e n s a t i o n for the e x p e c t e d r a n g e fa l l off. T h i s r a n g e f a c t o r is r e m o v e d i n 

F i g u r e 1.6 b u t it is i n c l u d e d i n F i g u r e 5.11 w h e r e the o r i g i n a l t w o - w a y p a t t e r n s are s h o w n 

w i t h the r a n g e g a i n . 

T h e s i m u l a t i o n does n o t i n c o r p o r a t e a r a n g e p o w e r loss fac tor i n t o t h e s i g n a l s t r e n g t h , 

as t h e r a n g e is e x a c t l y k n o w n , a n d hence , e x a c t l y r e m o v e d . T h e b e a m p a t t e r n s h a v e t o be 

m o d i f i e d so t h a t the r e s u l t i n g i m a g e d a t a bes t represents t h e s i g n a l d a t a t h a t is present . 

T h i s is d o n e for ease o f s i m u l a t i o n o n l y so t h a t resu l t s c a n be c o m p a r e d to a flat l ine , i n s t e a d 

of t h e R~3 p o w e r loss l ine . T h i s r e m o v a l is i n c l u d e d here so t h a t r e a d e r s f a m i l i a r w i t h t h e 

t y p i c a l b e a m p a t t e r n s r e c o g n i z e t h a t the p a t t e r n s are m o d i f i e d for a spec i f ic r e a s o n . 

F i g u r e 5.12 is a n i l l u s t r a t i o n of the d e p e n d e n c e of e l e v a t i o n ang le o n g r o u n d coverage . 

T h i s re su l t s i n the n e e d t o c o n v e r t the p a y l o a d file d a t a f r o m e l e v a t i o n ang le to s lant r a n g e . 

S i n c e t h i s is a s i m u l a t i o n , a n d m a i n t a i n i n g a p r o p e r e n e r g y b a l a n c e is c r i t i c a l , there fore 

the f o l l o w i n g c o n s t r a i n t s are a p p l i e d : 

• E a c h s l a n t r a n g e ce l l is a s s i g n e d a u n i q u e b e a m g a i n b a s e d o n s lant r a n g e . 

• E a c h s l a n t r a n g e ce l l is a s s i g n e d a u n i q u e , i n c i d e n c e a n g l e i n d e p e n d e n t , t arge t . T a r g e t 

s p a c i n g i n r a n g e var ies as t h e i n c i d e n c e ang le varies . T h e R C S is i n d e p e n d e n t o f i n c i 

d e n t ang le , s ince a n y c o r r e c t i o n for i n c i d e n c e ang le v a r i a t i o n s are e x a c t , d u e t o e x a c t 

k n o w l e d g e o f the e a r t h m o d e l , a n d there fore c o m p u t a t i o n a l l y r e d u n d a n t i n t h e s a m e 

m a n n e r as t h e r a n g e g a i n r e m o v a l . If h e i g h t v a r i a t i o n s (s lopes , h i l l s , m o u n t a i n , etc) are 
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t o b e u s e d i n t h e s i m u l a t i o n , t h e n d e p e n d e n c e o n the i n c i d e n c e ang le s h o u l d a l so b e 

i n c l u d e d . 

Comparison of S7 Beam with/without Range Correction 
10 r 1 1 1 1 < ~ 1 1 

Slant Range in Meters x 1 0 6 

Figure 5.10: Example of elevation angle to slant range conversion for the S7 beam 

R e f e r to F i g u r e 5.10 t o see the e l e v a t i o n ang le t o s lant r a n g e c o n v e r s i o n effect for o n e 

b e a m . T h e S 7 b e a m has a n average s lant r a n g e m u c h greater t h a n the n o m i n a l s lant r a n g e 

of R 0 = 951 k m u s e d for t h e t y p i c a l ) - 3 r a n g e fac tor g a i n c o n v e r s i o n [11]. T h e r e f o r e , t h e 

en t i re S 7 b e a m h a s a c o r r e c t e d g a i n t h a t is lower t h a n the p a y l o a d file g a i n . 

A l s o presen t i n the b o t t o m h a l f o f F i g u r e 5.10 is the r a n g e c o r r e c t e d b e a m p a t t e r n , b u t 

d i s p l a y e d r e l a t i v e t o s l a n t r a n g e . T h i s p a t t e r n i l l u s t r a t e s t h a t the n e a r e l e v a t i o n ang le d a t a 

a p p e a r s "compressed" as the p i x e l s p a c i n g is l arger t h a n the far e l e v a t i o n d a t a . T h e s a m e 

effect is seen i n the b o t t o m p o r t i o n for a l l the b e a m p a t t e r n s i n F i g u r e 5.11 a n d is d u e 

t o a decrease i n g r o u n d r a n g e p e r r e s o l u t i o n r a n g e ce l l as the e l e v a t i o n ang le increases . 

F i g u r e s 5.12 a n d 5.13 i l l u s t r a t e the g e o m e t r y t h a t causes t h i s effect. 
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Beam-Pattern Comparison with/without Range Loss Term 

(0 o — m 
nJ — 

3 
i 

C N 

0 

•10 

•20 

25 3 0 3 5 
E l e v a t i o n Angle (Degrees) 

I 

Wl 

1 

7 
1 

W2 

&? ^ ^ ^ ^ 

i i 

S7 

0 . 8 5 0 .9 0 . 9 5 1 1 .05 1.1 1 .15 

Slant Range (m) 
x 1 0 6 

Figure 5.11: Comparison of payload file a) original 2-Way gains, b) as in (a) but with R 3 gain correction, 

and c) same as (b) but converted to slant range 

In t h e f ina l scene, it is d e s i r e d t h a t e a c h p i x e l r epresent t h e s a m e a m o u n t o f g r o u n d 

coverage . B o t h p i x e l a n d g r o u n d ce l l coverage v a r y w i t h i n c i d e n c e ang le . It is there fore 

n e c e s s a r y to r e - s a m p l e t h e d a t a w h e n p r o c e s s i n g the f ina l scene, o t h e r w i s e t h e " c o m p r e s s i o n " 

seen i n 5.10 w i l l be v i s i b l e . I n t h i s thes is , the d a t a is not r e - s a m p l e d as t h e a l g o r i t h m s o p e r a t e 

o n d a t a j u s t after t h e r a n g e c o m p r e s s i o n a n d r a n g e ce l l m i g r a t i o n c o r r e c t i o n stages. 

R e - s a m p l i n g is n e c e s s a r y for the b e a m p a t t e r n s t h e m s e l v e s , as t h e y are b a s e d o n e l e v a t i o n 

ang le , n o t s l a n t r a n g e . R e - s a m p l i n g i n the s i m u l a t o r is p e r f o r m e d n u m e r i c a l l y d u r i n g t h e 

i n i t i a l p h a s e o f t h e s i m u l a t i o n as a l l the p a r a m e t e r s are set. T h i s ensures t h a t u n i q u e 

a n d a c c u r a t e r a n g e , g a i n , a n d o t h e r i n f o r m a t i o n are a s s i g n e d for e a c h targe t . F i g u r e 5.13 

i l l u s t r a t e s the g e o m e t r i c m o d e l u s e d a n d t h e t e r m s i n v o l v e d . 
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Figure 5.12: Geometry affecting slant range 

The initial parameters were calculated knowing the earth radius, Re, satellite altitude, 

A, and the min and max elevation angles (from the payload files), 6nf,aT and 6jar, respec

tively. The range gate delay, Rgd, window receive time, Wt, sampling interval, Si, and 

pulse repetition frequency, P R F , are all taken from the header information found in the real 

R A D A R S A T - 1 ScanSAR scene of Prince Albert, Saskatchewan. These timing parameters 

are used to determine the slant range resolution in meters. The targets are then placed so 

that one target is present in the middle of each slant range cell according to [23]: 

h(i) = Re s i n a e = \/R2{i) - {A + x(i)f (5.11) 

where i represents the i th target along the range swath, ae is the angle at the earth centre 

between the target and the satellite, R is the slant range and h is the cross distance between 

the target and the satellite nadir. 
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Figure 5.13: Geometric model used in simulation 
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5.5.2 B e a m G a i n Unce r t a in ty S imu la t i on 

T h e u n c e r t a i n t y i n the lower b e a m g a i n areas , or s k i r t s , h a s n o t y e t b e e n m o d e l l e d for 

R A D A R S A T - 1 . H o w e v e r , H a w k i n s [7] has p e r f o r m e d s o m e a n a l y s i s o n t h i s p r o b l e m a n d 

d e s c r i b e s t h e 2 -way b e a m s t a b i l i t y as ± 0 . 2 d B i n the m a i n l o b e a r e a a n d ± 0 . 4 d B i n the 

i n t e r b e a m reg ions . V a r i a t i o n s i n t h e o n e - w a y p a t t e r n o f 0.8 d B are n o t u n c o m m o n . S i n c e 

t h e t i m i n g for e v e r y S c a n S A R b e a m is v a r i a b l e a n d t h e g a i n u n c e r t a i n t y does n o t h a v e a 

speci f ic m o d e l , it was d e c i d e d to s i m u l a t e th i s u n c e r t a i n t y as a l inear g a i n u n c e r t a i n t y . T h a t 

is, t h e u n c e r t a i n t y is l i m i t e d to a l inear effect o n the b e a m s h a p e s i n the o v e r l a p r e g i o n o n l y 

(s ince th i s is w h e r e the a l g o r i t h m s o p e r a t e a n y w a y s ) . E v e r y b e a m is a d j u s t e d a c c o r d i n g to 

the s a m e l inear m o d e l . F i g u r e 5.14 i l lus tra tes t h e effects for t h e S5 b e a m w i t h n o r o l l e rror . 

Results of Simulating Beam Gain Uncertainty on S5 Beam 

E l e v a t i o n Angle (Degrees) 

Figure 5.14: Beam uncertainty model used in simulation on S5 beam. Negative and positive uncertainty is 

applied to the outer edges of the payload beam pattern. 

In F i g u r e 5.14, t h e a m o u n t o f g a i n u n c e r t a i n t y var ies b y i n c o r p o r a t i n g a ± 3 0 % g a i n 

c h a n g e to the outer edge of the beam pattern. T h i s g a i n c h a n g e is l i n e a r l y r e d u c e d f r o m its 

m a x i m u m p e r c e n t a g e , at t h e o u t s i d e edge, to 0% m o v i n g i n t o w a r d s a p o i n t t h a t is 20% 

106 



of the overall beam width. This introduces an error to the algorithms by modifying the 

beam patterns with an unknown gain variation, while the algorithms attempt to produce an 

estimate using the payload file beam pattern data. 

Figure 5.15 illustrates the far half of the S5 beam with a +30, -30, and zero percent gain 

change to the outer edge. The same effects, with varying percentage levels, are applied to 

all the beams prior to R D G C correction for all algorithms used in this thesis. 

Far Side of S5 Beam Only 
0 | 1 1 1 1 1 1 1 1 r 

Elevation Angle (Degs) 

Figure 5.15: Gain uncertainty applied to S5 beam. The percentage uncertainty is greatest at the outer edge 

and linearly decreases towards the start of the overlap region. The uncertainty applied to the outer edge 

ranges from +30% to -30% in 3% increments. Thus, although 30% uncertainty quite large, it is only applied 

to the outer edge and only for one simulation. 

At the outer beam edges, a ± 3 0 % error in the beam pattern gain can be considered 

extreme, approximately 5 dB for the S5 beam. This large range is used for the purpose of 

testing the limits of the algorithms and seeing how they are affected by uncertainties, even 

large uncertainties. Introducing a linear percentage to the gain uncertainty allows for the 

simplest modelling of the error while still allowing: 

• Maintenance of an overall beam pattern shape that is reasonably close to the original, 

• Introduction of gain errors that match typical errors described by Hawkins of up to 0.8 

107 



dB in the overlap regions most likely recorded in ScanSAR mode, 

• Gain errors to effect each pattern in a similar manner, thus allowing the gain uncertainty 

of one beam to be compared to another, 

• Effective implementation in the data simulator. 

5.6 General System Parameters 

The Canadian Data Processing Facility (CDPF) bases its earth model solely on a locally 

spherical earth; however, the earth's radius is allowed to change depending on latitude. For 

computational simplicity in this thesis, a cylindrical earth model with a locally dependent 

radius is used. This model combined with a narrower azimuth beam-width and zero squint 

angle reduces the effects of range cell migration (RCM) to less than one cell at the outermost 

azimuth beam edge. The simpler geometrical calculations and absence of R C M significantly 

improve processing performance. 

Since processing time is a factor in simulating ScanSAR scenes, the individual scenes 

are limited to 250 range lines using the cylindrical model. Initially, the time required to 

create a single range line was approximately one minute; however, further improvements 

reduced this time to around 8-10 seconds. Over the course of this research, several hundred 

different simulations were performed and analyzed for accuracy. The final results are based 

on approximately 120 of the latest and most accurate simulations. 

Based on the differences between the cylindrical and spherical earth model, the timing 

parameters are quite close to RADARSAT-1 parameters, but not exact. This does not 

affect the accuracy of the simulation though, as it is the beam-pattern energy, or shape and 

elevation angle that are of interest. Small variations between simulated and real data, such 

as differences in the number of range cells per line, or constant and known timing differences 

do not significantly affect the outcome of this simulation. 
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5.7 Conclusion 

This chapter explored the issue of data simulation. The parameters used to generate realistic 

data were explained. Scene statistics for real, theoretical, and simulated data were compared 

and found to have similar probability density functions. A constant gain offset between 

statistical models is acceptable as this does not affect the mean or variance of the data, nor 

does it impair the estimation algorithms. Comparison of real and simulated data indicates 

that the simulated data should adequately represent real ScanSAR data from a radiometric 

point of view. 
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Chapter 6 

Results from Proposed Algorithms 
and Goulding Algori thm 

6.1 Introduction 

T h e two proposed algorithms are compared to the exist ing G o u l d i n g a lgor i thm. Since the 

final form of the three beam algor i thm is so close to Gould ing ' s a lgor i thm, we use Gould ing ' s 

as a comparison. T h i s also allows for lower processing requirements, a significant factor i n 

this research, since the normal data lines do not need to change forms between algorithms. 

A brief summary of each a lgor i thm follows. 

6.1.1 G o u l d i n g S u m m a r y 

Goulding ' s a lgor i thm is three basic steps: 

1. A p p l y R D G C to range compressed data. 

2. Calcula te log ratio of data i n overlap region. 

3. Dr ive mean of log ratio to a value of one using various R D G C s . 

6.1.2 H y b r i d Peak De tec t i on S u m m a r y 

T h e peak detection a lgor i thm operates using these steps: 

1. Create a look up table of various peak locat ion from payload files. 

2. F i t a 2nd, 3rd, and 4th order po lynomia l to hybr id data and weight their peak estimates 

according to the m i n i m u m derivative of each. 
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3. Compare estimated and known peak locations to produce estimate. 

6.1.3 Three B e a m S u m m a r y 

The three beam method is similar to Goulding's detection: 

1. Apply RDGC to range compressed data, including hybrid data. 

2. Calculate log ratio of data in overlap region for each possible combination of the three 

available data lines. 

3. Fit a polynomial to each log ratio. 

4. Drive differences between polynomials to zero using various RDGCs. 

6.2 Illustration and Explanation of Results 

Six different scenes are used to simulate the RCS content of the simulated data. Each scene 

is used to simulate 250 range lines of data for each interface. The algorithms are then tested 

on each of these simulated scenes in an effort to determine accuracy based on the following: 

1. Beam gain uncertainty, 

2. Noise, 

3. Beam combination, 

4. Scene content. 

Refer to Figure 4.10 for an illustration of all possible beam combinations. Each scene was 

simulated for each combination at least once. The scenes were all previously presented as 

Figures 5.4 to 5.9. 

6.2.1 Resu l t Subsets 

The first set of results shown are those from beam gain uncertainty; the second set has 

varying cr° levels. Each set has three subsets: 

• Overall results from the average of all beam combinations and scene content for each 

algorithm, 
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• Results based on beam combination, 

• Results based on scene content. 

The roll error presented in this chapter is in terms of the absolute roll error. Both 

negative and positive roll error estimates were produced. Also, speckle and noise were always 

present in the data and added to the uncertainty that all the algorithms faced. Hence, none 

of the algorithms minimize the roll estimate to zero error consistently for any simulation 

combination; however, some particular combinations did produce an exact estimate. 

The roll requirement table is brought forward from Chapter 3 and presented here as 

Table 6.1 for easier comparison with the results. Although each combination varies in its 

required roll accuracy, assuming a general roll error of 0.05° can provide an quick overview 

of a particular algorithms results. 

W1W2 W2W3 W2S5 W3S7 S5S6 

Discontinuity Limit (1) 0.034° 0.041° 0.035° 0.043° 0.028° 

Slope Change Limit (2) 0.081° 0.067° 0.099° 0.081° 0.033° 

Table 6.1: Beam accuracy requirements 
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6.3 B e a m G a i n U n c e r t a i n t y R e s u l t s 

Beam gain uncertainty is described in Chapter 5 as the application of a gain uncertainty to 

the outer beam edges that has the effect of broadening/narrowing the beam pattern in range; 

that is, the swath coverage increased or decreased. The variable used to accomplish this is 

a linear percentage that ranges from + 3 0 % to —30%. Al l the gain uncertainty results are 

in terms of this gain change percentage. The results from this section are presented as two 

dimensional graphs with the roll error (in degrees) on the vertical axis and the percentage 

gain uncertainty (in percent) on the horizontal axis. 

Figure 6.1 a) illustrates the overall results from beam gain uncertainty on all three al

gorithms. The hybrid peak detection method shows slight dependence on gain uncertainty. 

A + 3 0 % change produces an average accuracy of 0 . 1 2 5 ° that linearly increases to 0 . 1 7 ° at 

— 3 0 % gain change. It will be shown further on that most of this dependence is due to one 

particular beam combination. The average hybrid accuracy is approximately 0 . 1 4 7 ° . As 

previously mentioned, and will be seen throughout all the results, this method on its own 

is a good general indicator, but typically does not produce sufficiently accurate results. In 

general, the polynomial fits used to estimate peak are not significantly affected by beam 

uncertainty. 

Both Goulding and the three beam method have a well defined dependence on gain 

uncertainty as seen by the "V" pattern that each algorithm exhibits. This dependence is 

expected as both algorithms incorporate the entire overlap region into the estimate. A gain 

change to the edge of the beam pattern misleads both algorithms when the log ratio step is 

applied. For Goulding's method, the log ratio approaches a value of one further from the 

actual roll angle. The three beam method produces a higher minimum sum of differences, 

as compared to no gain changes, and this sum is again be located further from the actual 

roll angle. 
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A l l Beams, A l l Methods O v e r a l l R e s u l t s 

a) 
0.3, 

0.25 

Goulding 
Three Beam 

- — Peak Detection 

On a l l f i g u r e s , 'x' r e p r e s e n t s 
t h e s t a n d a r d d e v i a t i o n f o r 

t h a t c o l o r 

-30 -20 -10 0 10 
P e r c e n t a g e U n c e r t a i n t y 

20 30 

I n d i v i d u a l Beam R e s u l t s F o r Three Beam R a t i o 
0.3 

W1W2 
W3S7 
W2W3 
W2S5 
S5S6 

-30 -20 -10 0 10 

P e r c e n t a g e U n c e r t a i n t y 

Figure 6.1: Overall results from beam gain uncertainty and individual beam combinations with three beam 

method 
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A s e x p e c t e d , t h e bes t a c c u r a c y is p r o d u c e d for zero u n c e r t a i n t y w i t h a 0 . 0 3 ° a n d 0 . 0 3 8 ° 

a v e r a g e e r r o r for t h e three b e a m a n d G o u l d i n g m e t h o d , re spec t ive ly . A s t h e b e a m ga ins 

b e c o m e u n c e r t a i n , t h e t h r e e b e a m m e t h o d ' s a c c u r a c y d e t e r i o r a t e s m o r e s l o w l y t h a n G o u l d 

ing's a n d p r o d u c e s a n average a c c u r a c y t h a t is a b o u t 0 . 0 3 ° b e t t e r w i t h the m a x i m u m g a i n 

c h a n g e . T h e average s t a n d a r d d e v i a t i o n for the three b e a m m e t h o d is a b o u t 0 . 0 1 ° g r e a t e r 

t h a n t h e G o u l d i n g m e t h o d . A s w i l l be d i s c u s s e d n e x t , the h i g h e r s t a n d a r d d e v i a t i o n for the 

t h r e e b e a m m e t h o d is d u e m a i n l y to p o o r resu l t s f r o m t h e W 2 S 5 b e a m c o m b i n a t i o n . 

F i g u r e 6.1 b) s h o w s t h e re su l t s b r o k e n d o w n b y b e a m c o m b i n a t i o n for t h e t h r e e b e a m 

m e t h o d . T h e i n c r e a s e d s t a n d a r d d e v i a t i o n for the t h r e e b e a m m e t h o d is a re su l t o f t h e 

W 2 S 5 b e a m c o m b i n a t i o n . T h e W 2 S 5 c o m b i n a t i o n p r o d u c e s the p o o r e s t e s t i m a t e s a n d h a s a 

s t a n d a r d d e v i a t i o n s i g n i f i c a n t l y h i g h e r t h a n a l l o t h e r b e a m c o m b i n a t i o n s . T h i s h o l d s t r u e for 

G o u l d i n g ' s m e t h o d ( F i g u r e 6.2 a)) b u t affects it less. T h e r e a s o n for t h e W 2 S 5 u n c e r t a i n t y 

c a n b e seen f r o m t h e o v e r l a p r e g i o n i t se l f (see F i g u r e s 4.15 a n d 4.10) . T h e W 2 S 5 o v e r l a p 

is q u i t e b r o a d ; n e i t h e r b e a m d r o p s off s i g n i f i c a n t l y a n d t h e r e is a l arge p o r t i o n w h e r e the 

n o r m a l b e a m s are f a i r l y c lose i n s t r e n g t h . S i n c e the three b e a m m e t h o d rel ies s i g n i f i c a n t l y o n 

a s teep s lope i n the b e a m p a t t e r n s to p r o d u c e a c c u r a t e e s t i m a t e s , the f latness i n the W 2 S 5 

p a t t e r n acts to r e d u c e t h e t h r e e b e a m m e t h o d a c c u r a c y . G o u l d i n g ' s m e t h o d is af fected less 

b y t h e f latness f r o m t h e far edge o f the W 2 b e a m . 

C o m p a r i n g F i g u r e s 6.1 b) a n d 6.2 a) i l lus tra te s a s ign i f i cant i m p r o v e m e n t i n the t o l e r a n c e 

of a l l b e a m s , e x c e p t W 1 W 2 , u s i n g t h e three b e a m m e t h o d over G o u l d i n g ' s m e t h o d . D u e to 

t h e W 1 W 2 p a t t e r n b e i n g the n a r r o w e s t , g a i n u n c e r t a i n t i e s i n t h e edges s i g n i f i c a n t l y in f luence 

the a l g o r i t h m . Interes t ing ly , a p o s i t i v e g a i n c h a n g e i n the t h r e e b e a m m e t h o d does n o t exer t 

m u c h effect o n t h e s a m e f o u r b e a m s t h a t s h o w e d i m p r o v e m e n t over G o u l d i n g ' s m e t h o d . 

T h e h y b r i d p e a k d e t e c t i o n m e t h o d p e r f o r m s b e t t e r o n the W 3 S 7 c o m b i n a t i o n versus t h e 

o t h e r four . A g a i n , F i g u r e s 4.15 a n d 4.10 i l l u s t r a t e the d i f f e r i n g s lopes a n d b e a m - w i d t h s of 

t h e h y b r i d p a t t e r n s . T h e W 3 S 7 b e a m ' s s lope is a p p r o x i m a t e l y h a l f t h a t of W 1 W 2 b u t i t 

has a w i d e r r a n g e . T h e S 5 S 6 b e a m is s i m i l a r to W 3 S 7 b u t s l i g h t l y s teeper a n d n a r r o w e r . 

T h e fact t h a t t h e W 3 S 7 b e a m p e r f o r m s b e t t e r t h a n e i t h e r the W l W 2 o r S 5 S 6 b e a m s c a n b e 

p a r t l y e x p l a i n e d b y scene d e p e n d e n c e ; the R C S c o n t e n t m a y h a v e f a v o u r e d W 3 S 7 . It m a y 

a lso b e d u e to the w i d e r r a n g e a n d i n c r e a s e d e l e v a t i o n angle , b o t h o f w h i c h c o n t r i b u t e to 
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p r o d u c i n g m o r e r a n g e cel ls for W 3 S 7 t h a n e i ther W 1 W 2 or S 5 S 6 , w h i l e s t i l l m a i n t a i n i n g a 

l arge a v e r a g e g a i n s lope . 

D u e t o t h e large b e a m w i d t h a n d s h a l l o w s lope , the W 2 S 5 c o m b i n a t i o n f r e q u e n t l y p r o 

d u c e s v e r y p o o r resu l t s , a n d w h e n e x t r e m e errors are o b s e r v e d , t h i s c o m b i n a t i o n is d i s re 

g a r d e d for h y b r i d p e a k d e t e c t i o n . O n a l l t h e resu l t s s h o w n , t h e s t a n d a r d d e v i a t i o n is d r a w n 

d i r e c t l y f r o m t h e resul t s . If the e s t i m a t i o n e r r o r reaches the s i m u l a t i o n m a x i m u m it is c a p p e d 

a t t h a t m a x i m u m a n d hence , t h e s t a n d a r d d e v i a t i o n d r o p s s ign i f i cant ly . T h i s c a n b e seen i n 

F i g u r e 6.1 b) for the three b e a m W 2 S 5 s t a n d a r d d e v i a t i o n f r o m a b o u t -10 to -30 p e r c e n t . 

If t h i s effect is s i gn i f i cant a n d t h e s t a n d a r d d e v i a t i o n is l o w e r e d b y t h e s i m u l a t i o n c a p t h e n 

t h e s t a n d a r d d e v i a t i o n is o m i t t e d a n d o n l y d a t a w h i c h is n o t c a p p e d is g i v e n i n t h e figures. 

T h i s o n l y o c c u r r e d for the W 2 S 5 b e a m . T h e c a p s are set a t ± 0 . 2 0 ° for b o t h G o u l d i n g ' s a n d 

t h e t h r e e b e a m m e t h o d a n d ± 0 . 5 0 ° for h y b r i d p e a k d e t e c t i o n . S i n c e t h e m a x i m u m r o l l e r r o r 

i n t r o d u c e d t o the d a t a is ± 0 . 1 0 ° , G o u l d i n g a n d the three b e a m m e t h o d p r o d u c e a m a x i m u m 

e r r o r o f 0 . 3 0 ° a n d h y b r i d p e a k d e t e c t i o n p r o d u c e s a 0 . 6 0 ° e r r o r . A l l t h e g r a p h s are l i m i t e d 

to 0 . 3 0 ° , w i t h t h e e x c e p t i o n o f the two g r a p h s d e p i c t i n g t h e h y b r i d p e a k d e t e c t i o n m e t h o d 

o n l y ; t h u s , s o m e large e s t i m a t e s f r o m the W 2 S 5 p a t t e r n u s i n g h y b r i d p e a k d e t e c t i o n are n o t 

c a p p e d b u t d o n o t a p p e a r o n the g r a p h s . 
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I n d i v i d u a l Beam Results For Goulding 
0.3 

W1W2 
W3S7 
W2W3 
W2S5 
S5S6 

-30 -20 -10 0 10 
Percentage Uncertainty-

I n d i v i d u a l Beam Results For Peak Detection 

b) 

u 
o 
u 
w 

Pi 

Ul 

0.5 

0.45 

0.4 

0.35 

W1W2 
W3S7 
W2W3 
W2S5 
S5S6 

<u 
u 
01 
(U 
Q 

-30 -20 -10 0 10 
Percentage Uncertainty 

Figure 6.2: Individual beam combinations with Goulding and hybrid peak detection methods 
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In Figure 6.2 a), the best estimates for the S5S6, W3S7, and W2W3 beams occur at 

— 10%, —6%, and +10%, respectively. The W1W2 beam is centered on zero while the W2S5 

shows less dependence on gain uncertainty. This is most likely due to the large errors the 

W2S5 beam incurs from having such a flat, wide interface. These results are due to the 

position of the beam interface point in terms of the overall overlap region. 

As previously described for the abrupt transition method, the beam interface is the point 

where the far beam and near beam have equal gain. Here it is represented as a percentage 

of the overall length of the overlap region. Hence, those beams where the interface occurred 

prior to half of the overlap length show an increase in accuracy as the gain is lowered, up 

to a limit. Beams with an interface after half of the overlap length increase in accuracy 

as the beam gain increases, up to a limit. The W1W2 beam interface is slightly over half 

the overlap length and is centered on zero gain uncertainty. Figure 4.10 is again useful in 

showing that the beam interface for each combination occurs at 38%, 52%, 72%, and 34% 

of the overlap region length for the S5S6, W1W2, W2W3, and W3S7 beams, respectively. 

The same effects can be seen in the three beam method (Figure 6.1 b)) but not to the same 

extent. 

This positioning of the best accuracy results per beam is due to the log ratio operation 

on the corrected data. The goal of Goulding's algorithm is to drive the mean of the log 

ratio as close as possible to one. A n error which significantly affects the rate at which the 

ratio approaches one, due to changes in an already steep slope, may improve the estimate 

due to the application of a large gain uncertainty to a steep slope. It is only the steeper 

slopes which display this effect. If the roll angle increment between R D G C s is small, the 

R D G C s do not significantly change from one roll angle to the next. Thus, with small or 

no gain uncertainty, the mean ratio from the correct estimate and the mean ratio from the 

nearest incorrect estimate are quite close, and this results in a less accurate estimate. A gain 

uncertainty in one beam, if that beam dominates the overlap, changes the slope of the data 

and produce larger differences in the mean ratio. This leads to a better estimate provided 

that the gain uncertainty itself does not dominate the overlap region. This analysis seems 

to explain these results; however, due to the simplicity of the gain uncertainty model this 

effect was not further researched. 
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The previously mentioned slight dependence of the hybrid peak detection method on 

beam gain uncertainty can be more clearly seen in Figure 6.2 b). The W2W3 beam is clearly 

dependent on the gain change, as it linearly decreases from approximately 0.025° to 0.01°, 

left to right. This is due to the W2W3 beam having a small range of slopes (see Figure 4.15) 

as well as having its interface situated well to the far side of the overlap region. Hence, any 

gain uncertainty effects are more easily noticed with this particular beam. 
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Figure 6.3: Results from Vancouver and Labrador scenes with all three methods 
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Figure 6.4: Results from Melfort and Topview scenes with all three methods 
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Figure 6.5: Results from Virden and Toronto scenes with all three methods 
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For results based on scene content, five of the six scenes produce fairly similar results 

for Goulding's and the three beam method. The three beam method typically produces 

better results and could tolerate more gain uncertainty than Goulding's method. Hybrid 

peak detection shows strong dependence on scene content. The Virden scene produces the 

best hybrid peak detection estimates with an average error of 0.06°, while the Vancouver 

scene produces the worst with an average error of 0.25°. 

A l l algorithms suffer reduced performance on the Vancouver scene due to its sharp ocean 

to land transitions and overall lower mean o~°. This problem is worsened by inclusion of the 

results from W2S5 combination. This combination continuously produces poor results and 

Figure 6.6 a) shows the results when it is not included on the Vancouver scene. A l l algorithms 

are significantly improved, with Goulding's improving by 0.0175°, the three beam by 0.025°, 

and.hybrid peak detection by 0.02°, all at zero gain uncertainty. The shapes of the result 

patterns are not significantly changed. 

The removal of the W2S5 combination for all scenes and beam combinations is shown 

in Figure 6.6 b). Again, the overall accuracy for each method improves, especially near 

zero uncertainty for the three beam and Goulding method. Considering that the W2S5 

combination does not form a ScanSAR beam on its own, and considering the detrimental 

effect it has on roll angle estimate accuracy, it is therefore suggested that the W2S5 beam 

combination not be involved in the estimation process. 
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Figure 6.6: Gain uncertainty results with and without W2S5 combination for Vancouver scene and overall 

results 
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6.4 Noise Results 

V a r y i n g levels o f no i se are u s e d to s i m u l a t e t e r r a i n a° levels f r o m -20 to 0 d B . T h e s e levels are 

a l l d i r e c t l y t r a n s l a t e d to a n average scene a° a n d are i n d i c a t e d o n t h e b o t t o m of e a c h g r a p h . 

N o i s e c a n b e a t t r i b u t e d to m a n y sources , s u c h as i n t e r n a l rece iver noise , no i se r e c e i v e d b y 

t h e a n t e n n a , a n d so o n . R a t h e r t h a n iso late e a c h s o u r c e a n d a t t e m p t t o s i m u l a t e its effects, 

a l l no i se is s i m p l y a s s u m e d to be u n i f o r m i n d i s t r i b u t i o n a n d v a r y i n g i n in tens i ty . T h e r e f o r e , 

e a c h scene is p r o c e s s e d w i t h a v a r y i n g no i se e q u i v a l e n t s i g m a n o u g h t , a°(neq), t h a t s i m u l a t e s 

a v a r i a t i o n o f t h e m e a n scene s i g m a n o u g h t , a°, f r o m -20 to 0 d B . 

T h i s l eve l is b a s e d o n a r a t i o w i t h the m a x i m u m p o s s i b l e s i m u l a t e d s i g n a l s t r e n g t h . S i n c e 

the scenes are i n c o r p o r a t e d i n t o the s i m u l a t i o n as 8 b i t g r a y - s c a l e i m a g e s r a n g i n g f r o m 0 

t o 255, a v a l u e o f 255 represent s a r e s o l u t i o n ce l l (or targe t ) t h a t reflects a l l t h e s i g n a l 

s t r e n g t h t h a t it receives , o r a0 = 0 d B . A targe t w i t h a g r a y - s c a l e v a l u e o f 0 reflects n o 

t a r g e t energy , w h i c h gives t h e s i m u l a t i o n a d y n a m i c r a n g e o f a p p r o x i m a t e l y 25 d B for t a r g e t 

s t r e n g t h . R A D A R S A T - 1 has a t y p i c a l noise e q u i v a l e n t a° o f -23 d B , w h i c h is c a l c u l a t e d 

u s i n g E q n . 1.1 a n d c o n f i r m e d i n [2]. A t y p i c a l A m a z o n scene m a y h a v e a n average a0 o f -6 

o r -7 d B . 

F r o m F i g u r e 6.7 a ) , t h e h y b r i d p e a k d e t e c t i o n m e t h o d is seen to be i n d e p e n d e n t o f noise 

a n d has a n average e r r o r o f a r o u n d 0 . 1 9 ° . H y b r i d p e a k d e t e c t i o n is f o u n d to b e i n d e p e n d e n t 

of noise d u e to t h e p o l y n o m i a l fitting u s e d o n the h y b r i d d a t a . N o i s e affects d a t a a t the 

p e a k , o r h i g h e s t g a i n level , i n t h e s a m e m a n n e r as the lower g a i n levels . H o w e v e r , the no i se 

a p p l i c a t i o n is u n i f o r m l y d i s t r i b u t e d a n d does n o t s i g n i f i c a n t l y affect t h e p e a k l o c a t i o n , e v e n 

t h o u g h t h e o v e r a l l s i g n a l s t r e n g t h i n the lower levels m a y b e affected. In fact , un less t h e 

s i g n a l s t r e n g t h is so l o w t h a t the p e a k is b u r i e d i n noise , the h y b r i d p e a k d e t e c t i o n p e r f o r m s 

s i m i l a r l y to the resu l t s g i v e n here . 

G o u l d i n g ' s a n d the three b e a m m e t h o d h a v e resu l t s w h i c h are s i m i l a r t o e a c h o t h e r u n t i l 

cr° = —6 d B at w h i c h p o i n t the t h r e e b e a m m e t h o d has a 3 to 4 d B a d v a n t a g e over G o u l d i n g ' s 

a l g o r i t h m a l l t h e w a y to a0 = — 20 d B . B o t h the three b e a m a n d t h e G o u l d i n g m e t h o d s h o w 

c lear d e p e n d e n c e o n the m e a n v a l u e of a0. 

F i g u r e 6.7 b) p r o v i d e s the resu l t s f r o m the three b e a m m e t h o d b a s e d o n i n d i v i d u a l b e a m s . 
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It shows t h a t t h e W 2 S 5 c o m b i n a t i o n p r o d u c e s p o o r resu l t s , f o l l owed c lo se ly b y t h e W 2 W 3 

c o m b i n a t i o n . T h e W 3 S 7 a n d W 1 W 2 c o m b i n a t i o n s p r o d u c e g o o d resu l t s a n d the S 5 S 6 p r o 

d u c e s a d e q u a t e resu l t s u n t i l - 1 2 d B is r e a c h e d . A s m e n t i o n e d i n t h e g a i n u n c e r t a i n t y resu l t s , 

t h e W 2 S 5 a n d W 2 W 3 p a t t e r n s are the f lattest a n d h a v e the least r a n g e i n s l ope v a r i a t i o n s of 

a l l the h y b r i d c o m b i n a t i o n s . T h e W 3 S 7 , W 1 W 2 a n d S 5 S 6 a l l p r o d u c e g o o d e s t i m a t e s u n t i l 

a° reaches a p p r o x i m a t e l y —12 d B . W 3 S 7 shows a decrease after th i s p o i n t w h i c h is p r o b a b l y 

d u e to scene c o n t e n t effects. M o r e s i m u l a t i o n w o u l d p r o b a b l y s h o w t h e W 3 S 7 p a t t e r n i n 

creases i n e r r o r a l o n g w i t h t h e o t h e r p a t t e r n s . T h e s t a n d a r d d e v i a t i o n for t h e W 2 S 5 p a t t e r n 

s h o u l d n o t be c o n s i d e r e d v a l i d b e y o n d —10 d B as th is b e a m was a p p r o a c h i n g s i m u l a t i o n 

m a x i m u m s . T h e s a m e effect is seen for W 2 S 5 i n F i g u r e 6.8 a ) . 
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Figure 6.7: Overall results from noise and individual beam combinations with three beam method 
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I n d i v i d u a l Beam R e s u l t s F o r G o u l d i n g 
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Figure 6.8: Individual beam combinations with Goulding and hybrid peak detection methods 
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Figure 6.8 a) illustrates beam combination results for Goulding's method. Again, the 

W2S5 combination produces the worst results, followed by W2W3. The remaining combi

nations produce better results but are inferior to those from the three beam method as the 

dependence on noise is stronger for the noise levels indicated. 

Figure 6.8 b) gives the results from the hybrid peak detection method. The W3S7 and 

W1W2 combinations give the best results with an average error of 0.09° and 0.14°, re

spectively. The varying results based on beam combinations indicate that the algorithm is 

dependent on beam combination. 
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A l l Methods O v e r a l l R e s u l t s F o r I n d i v i d u a l Scenes 
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Figure 6.9: Results from Vancouver and Labrador scenes with all three methods 
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A l l Methods O v e r a l l R e s u l t s F o r I n d i v i d u a l Scenes 
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Figure 6.10: Results from Melfort and Topview scenes with all three methods 
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Figure 6.11: Results from Virden and Toronto scenes with all three methods 
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Results From Vancouver with/without W2S5 Combination 

a) 

u o 
u 
u w 

o 
Pi 
to 

< 

0.3 

0.25 

0.2 

w 

a) 0.15 
u 

P 

0.1 

0.05 

G with W2S5 
G without W2S5 
3-beam with W2S5 
3-beam without W2S5 
Peak with W2S5 
Peak without W2S5 

Vancouver Scene 

-20 -18 -16 -14 -12 -10 -8 

Sigma Nought 

b) 0.3 

0.25 

Overall Results with/without W2S5 Combination 
G with W2S5 
G without W2S5 
3-beam with W2S5 
3-beam without W2S5 
Peak with W2S5 
Peak without W2S5 

-20 -18 -16 -14 -12 -10 -8 -6 -4 

Sigma Nought 

Figure 6.12: Noise results with/without W2S5 combination for Vancouver scene and overall results 
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F i g u r e s 6.9, 6.10, 6.11 i l l u s t r a t e t h e resu l t s f r o m the s ix di f ferent scenes. A l l the resu l t s 

suggest t h a t h y b r i d p e a k d e t e c t i o n has l i t t l e d e p e n d e n c e o n no i se b u t s t r o n g d e p e n d e n c e 

o n scene c o n t e n t . T h e G o u l d i n g a n d t h r e e b e a m m e t h o d s b o t h s h o w s l ight d e p e n d e n c e o n 

scene c o n t e n t , e x c e p t for the V a n c o u v e r scene. T h e V a n c o u v e r scene a g a i n p r o d u c e s t h e 

w o r s t resu l t s for b o t h these a l g o r i t h m s . S i n c e o v e r a l l noise resu l t s are s i g n i f i c a n t l y af fected 

b y t h e W 2 S 5 c o m b i n a t i o n , i t was r e m o v e d f r o m the V a n c o u v e r scene a n d t h e n e w resu l t s are 

i l l u s t r a t e d i n F i g u r e 6.12 a) . R e m o v a l of the W 2 S 5 b e a m f r o m a l l the no i se d a t a is s h o w n i n 

F i g u r e 6.12 b ) . F o r b o t h figures, t h e resu l t s for e a c h o f the three m e t h o d s are s i g n i f i c a n t l y 

i m p r o v e d . 
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6.5 Tabular Results 

The requirement table from Chapter 3 is again presented for comparison to the overall results. 

W1W2 W2W3 W2S5 W3S7 S5S6 

Discontinuity Limit (1) 0.034° 0.041° 0.035° 0.043° 0.028° 

Slope Change Limit (2) 0.081° 0.067° 0.099° 0.081° 0.033° 

Table 6.2: Beam accuracy requirements 

Based on these requirements, the overall results were calculated for noise tolerance (in 

terms of lowest possible a°) and tolerance to gain uncertainty, and presented as Table 6.3. 

Tolerance to uncertainty is given in terms of the percent gain uncertainty used to change the 

beam gain as in the previous figures. The maximum gain uncertainty used in the simulation 

was 60% from —30% to +30%; therefore the maximum tolerance is limited to 60%. Also, 

the two limits from the above table are called limit 1 and 2 for the discontinuity and slope 

change limit, respectively. 

The numbers on the left represent the minimum o~° required to meet the requirements 

in Table 6.2. The right side is the maximum, absolute-valued, beam uncertainty which still 

allows Table 6.2 requirements to be achieved. 
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(7° (dB) Goulding Peak 3-Beam Gain uncertainty (%) Goulding Peak 3-Beam 

S5S6 (1) -5 0 -7 S5S6 (1) 8 0 16 

S5S6 (2) -6 0 -10 S5S6 (2) 11 0 21 

W1W2 (1) -8 0 -15 W1W2 (1) 12 0 12 

W1W2 (2) -16 0 -20 W1W2 (2) 31 0 30 

W2W3 (1) -7 0 -7 W2W3 (1) 20 0 27 

W2W3 (2) -9 0 -9 W2W3 (2) 27 0 37 

W3S7 (1) -12 0 -20 W3S7 (1) 21 0 45 

W3S7 (2) -15 0 -20 W3S7 (2) 44 0 57 

W2S5 (1) 0 0 0 W2S5 (1) 0 0 0 

W2S5 (2) -6 0 -6 W2S5 (2) 0 0 0 

Overall (1) -6 0 -10 W2S5 (1) 16 0 20 

Overall (2) -10 0 -13 W2S5 (2) 23 0 29 

Table 6.3: Tabular results for all beams (including W2S5), all methods. Results are presented in terms of 

noise, gain uncertainty, beam combination and estimation algorithm used. The noise results represent the 

lowest a° for which that beam combination and algorithm still met the requirements in Table 6.2. The gain 

uncertainty results represent the maximum amount of gain uncertainty for which that beam combination 

and algorithm still met the same requirements. See Figure 6.13 for a conversion to dB uncertainty. 

R e s u l t s f r o m t h e W 2 S 5 b e a m m e e t t h e r e q u i r e d l i m i t for g a i n u n c e r t a i n t y ; however , s ince 

t h e y are o n l y m e t at t h e e x t r e m e edges a n d n o t n e a r zero p e r c e n t t h e y are n o t c o n s i d e r e d 

v a l i d . A l s o , t h e h y b r i d p e a k d e t e c t i o n m e t h o d does n o t fa l l w i t h i n r e q u i r e m e n t s a l t h o u g h it 

c l e a r l y d i s p l a y s s ign i f i cant i n d e p e n d e n c e of noise a n d g a i n u n c e r t a i n t y . 

T h e o v e r a l l resu l t s c o n f i r m t h a t the three b e a m m e t h o d to lera tes 3 t o 4 d B m o r e no i se 

a n d 4 to 7 p e r c e n t (0.2 to 0.4 d B ) m o r e g a i n u n c e r t a i n t y . S i n c e t h e h y b r i d d a t a is a p r o d u c t 

o f the h y b r i d p a t t e r n s , w h i c h have g a i n levels t h a t are 3 t o 4 d B h i g h e r t h a n t h e l o w g a i n 

areas o f the n o r m a l b e a m , the resu l t is e x p e c t e d . A l s o , the s a m e h y b r i d p a t t e r n s are a n 

a v e r a g e o f t h e two n o r m a l p a t t e r n s f o r m i n g t h e interface; h e n c e , t h e y are m o r e s t a b l e w h e n 

u n c e r t a i n t y is presen t i n o n e o f the n o r m a l p a t t e r n s . 
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G a i n U n c e r t a i n t y C o n v e r s i o n from P e r c e n t a g e t o dB 
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Beam Ga i n U n c e r t a i n t y as P e r c e n t a g e 

Figure 6.13: Conversion of gain uncertainty from a percentage to dB 

As for the simulation itself, each scene is simulated with 250 range lines. This resulted in 

Goulding's algorithm operating on an average of approximately 72 range lines for each of the 

near and far beams. The three beam and hybrid peak detection methods have approximately 

96 range lines of hybrid data. However, this hybrid data is simulated as if R A D A R S A T - 1 

simply did not turn off the transmitter; the timing parameters are not adjusted to receive 

maximum signal returns. This reduces the number of valid hybrid range lines to approx

imately 30. Incorporation of either timing adjustment method given in Chapter 4 would 

double this number. 

Further exploration of the number of data lines used versus roll accuracy is performed 

using the W3S7 beam. Approximately 5000 ranges lines were simulated. There are 95 ranges 

lines per burst with 8 of these lines being hybrid data. This produces a standard ratio of 

11:1 normal to hybrid line production. The algorithms process the data in various sized 

data chunks. The results are illustrated in Figure 6.14. This figure indicates that Goulding's 

method is more accurate until about 90 hybrid lines are used with about 1000 normal lines 

in the three beam method. This figure also indicates that Goulding's algorithm does not 

improve significantly with an increase in data averaging. However, this number was only 

researched on one beam combination and one scene. Processing requirements limited this 
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investigation and further research is required. The results from the other simulations suggest 

that a ratio of about 30 hybrid with 72 normal lines produces better results with the three 

beam algorithm. 

The variance of the averaged hybrid data was higher than the normal data. Although an 

actual system produces a 10:1 rate of normal versus hybrid data, the differences in variances 

are eventually reduced below any noticeable dB errors by averaging thousands of range lines. 

Figure 6.14 suggests further improvement in algorithm accuracy using more hybrid data. 

Estimation Algorithm Accuracy Vs # of Data Lines Used 
i 

— Goulding 
Peak Detection 

— Three Beam 

J i i i i 

1 1.5 2 2.5 3 

LoglO Number of Averaged Normal Data 
Lines 

Figure 6.14: Roll accuracy vs number of average range lines. In this simulation there were 11 normal data 

lines produced for every hybrid line. Since the three beam algorithm depends heavily on hybrid data, it does 

not equal Goulding's accuracy until about 1000 normal data lines are used. This means about 90 hybrid 

data lines were available for the three beam method. As the number of hybrid lines used increases past 90 

the three beam method provides better results than Goulding. 

6.6 Results Summary 

This chapter presented the results for the three algorithms that were tested using simulated 

data. A current algorithm (Goulding) is tested alongside two proposed algorithms (Hybrid 

Peak Detection and Three Beam Ratio). 

The hybrid peak detection method displays little dependence on noise, some dependence 

on gain uncertainty (from the W2W3 beam), and significant dependence on scene and beam 
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c o m b i n a t i o n . It is e x p e c t e d t h a t t h i s m e t h o d c o u l d be af fected b y s o m e scene t y p e s as 

s ign i f i cant R C S c h a n g e s c a n affect t h e p o l y n o m i a l fit u s e d t o e s t i m a t e t h e p e a k o f t h e d a t a . 

T h e s lopes a n d w i d t h o f the h y b r i d p a t t e r n s p r o v e to s i g n i f i c a n t l y affect resu l t s . 

B o t h G o u l d i n g ' s a n d the t h r e e b e a m m e t h o d are d e p e n d e n t o n no i se a n d g a i n u n c e r t a i n t y . 

S c e n e c o n t e n t is o n l y s ign i f i cant w h e n there are s t r o n g R C S v a r i a t i o n s across the scene, as 

i n t h e V a n c o u v e r scene. B e a m c o m b i n a t i o n a lso p l a y s a s ign i f i cant ro le w i t h t h e W 2 S 5 

c o m b i n a t i o n p r o d u c i n g v e r y p o o r resul t s . O v e r a l l , t h e t h r e e b e a m m e t h o d p r o d u c e s t h e 

bes t resu l t s for a l l c o m b i n a t i o n s p r o d u c e d i n the s i m u l a t i o n . 
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Chapter 7 

Conclusions 

7.1 Review 

F o r R A D A R S A T - 1 , the s h a p e s a n d sens i t iv i t i e s o f r a n g e b e a m p a t t e r n s i n t h e o v e r l a p areas 

c o m b i n e d w i t h u n k n o w n r o l l errors o f u p t o 0 . 3 ° necess i ta te t o l e r a n c e s o n r o l l e s t i m a t i o n 

a l g o r i t h m s o n t h e o r d e r o f 0 . 0 3 ° . L a r g e r e s t i m a t e errors m a y l e a d t o a r t i f a c t s i n the f ina l 

scene. T h e s e a r t i f a c t s c a n o c c u r a t the s t i t c h i n g p o i n t b e t w e e n a n t e n n a b e a m s , o r t h r o u g h o u t 

t h e r a n g e s w a t h , a n d c a n severe ly d e g r a d e the o v e r a l l scene r a d i o m e t r i c a c c u r a c y . 

T h i s thes is has p r e s e n t e d the t h e o r e t i c a l b a c k g r o u n d as we l l as b o t h c u r r e n t a n d p r o p o s e d 

a l g o r i t h m s for S c a n S A R r a n g e c a l i b r a t i o n . T h e o b j e c t i v e s o f the p r o p o s e d a l g o r i t h m s are 

t o ach ieve a r e q u i r e d r o l l ang l e a c c u r a c y for e a c h in ter face , s u c h t h a t a spec i f ic r a d i o m e t r i c 

c r i t e r i a is m e t . T h i s r a d i o m e t r i c c r i t e r i a is b a s e d o n severa l fac tors s u c h as t h e fo l l owing: 

• T h e b e a m s t i t c h i n g m e t h o d u s e d , 

• T h e b e a m c o m b i n a t i o n u s e d , 

• T h e spec i f ic b e a m w i d t h c h o s e n for e a c h c o m b i n a t i o n . 

C h a p t e r 3 d i s c u s s e d th i s c r i t e r i a a n d c a m e u p w i t h a u n i q u e r o l l a c c u r a c y r e q u i r e m e n t for 

e a c h b e a m c o m b i n a t i o n . T h i s r e q u i r e m e n t was u s e d to d e t e r m i n e the effectiveness o f the 

p r o p o s e d a n d c u r r e n t a l g o r i t h m s . 

T h e p r o p o s e d a l g o r i t h m s o p e r a t e o n d a t a t h a t is a c q u i r e d i n a n e w m a n n e r b y t a k i n g 

a d v a n t a g e o f p r e v i o u s l y u n u s e d d a t a space t o r e c o r d a c h i r p p u l s e t h a t is t r a n s m i t t e d a n d 

r e c e i v e d b y t w o di f ferent a n t e n n a b e a m s . T h e m e t h o d b y w h i c h t h i s n e w h y b r i d d a t a is 

a c q u i r e d , w a s d i s c u s s e d i n d e t a i l i n C h a p t e r 4. T h i s h y b r i d d a t a is r e c e i v e d i n p r e v i o u s l y 
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i n v a l i d d a t a areas i n the s i g n a l s t r e a m . T h e h y b r i d d a t a to l era tes a n o v e r a l l lower scene a° 

a n d g r e a t e r b e a m g a i n u n c e r t a i n t y . 

S i m u l a t i o n was p e r f o r m e d u s i n g r e a l R A D A R S A T - 1 p a r a m e t e r s i n o r d e r t o p r o d u c e r a d i o -

m e t r i c a l l y c o r r e c t n o r m a l as we l l as h y b r i d S c a n S A R d a t a . T h i s h y b r i d d a t a was p r o c e s s e d 

u s i n g t w o di f ferent a l g o r i t h m s , e a c h of w h i c h y i e l d e d u n i q u e resul t s . T h e s e resu l t s were c o m 

p a r e d s i d e - b y - s i d e w i t h a n e x i s t i n g a l g o r i t h m t h a t o p e r a t e s o n n o r m a l d a t a . O t h e r e x i s t i n g 

c u r r e n t a l g o r i t h m s c a n b e m o d i f i e d t o i n c o r p o r a t e h y b r i d d a t a ; h o w e v e r , s i n c e t h e p r o p o s e d 

a l g o r i t h m was q u i t e s i m i l a r t o the G o u l d i n g a l g o r i t h m , it was d e c i d e d t o use the G o u l d i n g 

a l g o r i t h m s for c o m p a r i s o n . 

E a c h o f the two p r o p o s e d a l g o r i t h m s h a d u n i q u e resul ts , p r e s e n t e d nex t . 

7.2 Hybrid Peak Detection Conclusions 

T h e h y b r i d p e a k d e t e c t i o n m e t h o d is use fu l for a course r o l l ang l e e s t i m a t i o n w h i l e r e m a i n i n g 

i n d e p e n d e n t of no i se a n d b e a m g a i n u n c e r t a i n t y . T h e o v e r a l l a c c u r a c y is a p p r o x i m a t e l y 

0 . 1 6 5 ° ; however , the h y b r i d p e a k d e t e c t i o n a l g o r i t h m shows c o n s i d e r a b l e d e p e n d e n c e o n 

scene c o n t e n t a n d b e a m c o m b i n a t i o n . T h e V a n c o u v e r scene, w i t h s t r o n g r a d i o m e t r i c scene 

c h a n g e s , p r o d u c e s a n average r o l l e s t i m a t e e r r o r o f 0 . 3 0 ° a n d t h e V i r d e n scene p r o d u c e s a n 

a v e r a g e r o l l e s t i m a t e e r r o r o f 0 . 0 9 5 ° . T h e W 2 S 5 b e a m p r o d u c e s the w o r s t resu l t s , a v e r a g i n g 

0 . 3 2 5 ° , w h i l e t h e W 3 S 7 b e a m p r o d u c e s the best , a v e r a g i n g 0 . 0 9 ° . 

W h i l e the h y b r i d p e a k d e t e c t i o n m e t h o d d i d n o t t y p i c a l l y m e e t a n y o f the a c c u r a c y 

r e q u i r e m e n t s , it is a n a d e q u a t e g e n e r a l i n d i c a t o r for three o f the five interfaces . F u r t h e r 

r e f i n e m e n t o f t h e a l g o r i t h m w i t h r e a l h y b r i d d a t a c a n p r o b a b l y i m p r o v e resul t s . 

7.3 Three Beam Ratio Conclusions 

T h e three b e a m r a t i o p r o d u c e s m o r e a c c u r a t e resul ts , b u t is m o r e s u s c e p t i b l e t o no i se a n d 

g a i n u n c e r t a i n t y effects t h a n h y b r i d p e a k d e t e c t i o n . In c o m p a r i s o n to the c u r r e n t G o u l d i n g 

a l g o r i t h m , the three b e a m m e t h o d o u t p e r f o r m s G o u l d i n g i n t e r m s o f t h e fo l l owing : 

• N o i s e , 

• B e a m g a i n u n c e r t a i n t y , 

• S c e n e c o n t e n t . 
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T h e t h r e e b e a m m e t h o d does n o t have a speci f ic average r o l l e s t i m a t e e r r o r , as it is a f fected 

s i g n i f i c a n t l y b y no i se a n d g a i n u n c e r t a i n t y . It is s h o w n , however , t h a t the t h r e e b e a m m e t h o d 

c a n t o l e r a t e a a° l eve l as l o w as —11.4 d B , o n average , as c o m p a r e d t o G o u l d i n g ' s —8.3 d B . 

T h e t h r e e b e a m m e t h o d c a n a lso to l era te 4 to 7% (0.2 to 0.4 d B ) m o r e g a i n u n c e r t a i n t y 

t h a n G o u l d i n g a l g o r i t h m s . 

7.4 Conclusion Summary 

O v e r a l l , t h e p r o p o s e d n e w d a t a a c q u i s i t i o n m e t h o d offers t h e p o s s i b i l i t y o f u t i l i z i n g p r e 

v i o u s l y i n v a l i d d a t a areas o f the d o w n l o a d for c a l i b r a t i o n p u r p o s e s . T w o a l g o r i t h m s are 

p r o p o s e d w h i c h t a k e a d v a n t a g e o f t h i s d a t a . O n e a l g o r i t h m , t h e t h r e e b e a m r a t i o a l g o r i t h m , 

p r o d u c e s s u p e r i o r resu l t s t o the c u r r e n t G o u l d i n g a l g o r i t h m . T h i s a l g o r i t h m to l era te s m o r e 

g a i n u n c e r t a i n t y a n d lower scene r a d i o m e t r i c s t r e n g t h w h i l e s t i l l m e e t i n g r o l l a c c u r a c y re

q u i r e m e n t s . T h e a c q u i s i t i o n of a c t u a l h y b r i d d a t a w o u l d offer c o n f i r m a t i o n o f i ts usefulness . 

7.5 Immediate Improvements 

B o t h p r o p o s e d a l g o r i t h m s , h y b r i d p e a k d e t e c t i o n a n d the t h r e e b e a m m e t h o d , as we l l as 

t h e c u r r e n t G o u l d i n g m e t h o d p r o d u c e d p o o r resu l t s u s i n g the W 2 S 5 c o m b i n a t i o n . T h e 

W 3 S 7 c o m b i n a t i o n was s h o w n to g e n e r a l l y p r o v i d e the m o s t a c c u r a t e resul t s . T h e v a r y i n g 

levels o f a c c u r a c y t h a t re su l t f r o m e a c h b e a m s h o u l d , therefore , b e t a k e n i n t o a c c o u n t w h e n 

d e t e r m i n i n g a n o v e r a l l r o l l e s t i m a t e for the scene. C o n s i d e r i n g t h e large e r r o r s t h a t u s u a l l y 

r e s u l t e d f r o m t h e W 2 S 5 b e a m , it is sugges ted t h a t th i s b e a m p a t t e r n n o t be i n c l u d e d i n the 

e s t i m a t e . 

It is s u g g e s t e d t h a t a w e i g h t i n g be u s e d to d e t e r m i n e a n o v e r a l l r o l l e s t i m a t e . S o m e c o m 

b i n a t i o n s s h o w e d c l ear p e r f o r m a n c e i m p r o v e m e n t s over o thers . T h e s e n s i t i v i t y a n d r e l a t i v e 

b e a m w i d t h o f e a c h p a t t e r n s h o u l d be i n c o r p o r a t e d i n t o a n y w e i g h t i n g t e c h n i q u e . 

T h e b e a m g a i n u n c e r t a i n t y u s e d a s i m p l e l inear m o d e l . A m o r e a c c u r a t e u n c e r t a i n t y 

m o d e l s h o u l d b e d e v e l o p e d i n o r d e r to b e t t e r e s t i m a t e a c t u a l u n c e r t a i n t y effects. 

C u r r e n t l y , t h e bes t r o l l e s t i m a t e for a l l a l g o r i t h m s is b a s e d o n resu l t s w h i c h a p p r o a c h a 

m i n i m u m . A b e t t e r e s t i m a t e c o u l d b e m a d e b y fitting the k n o w n g a i n e r r o r s , e x a m i n e d i n 

F i g u r e 3.3, d i r e c t l y to the d a t a p r o d u c e d b y a p p l y i n g v a r i o u s R D G C s to the s i g n a l d a t a . 
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T h i s w o u l d be s i m i l a r to a p p l y i n g a p o l y n o m i a l fit to t h e d a t a a n d e s t i m a t i n g t h e zero-

c r o s s i n g r a t h e r t h a n the l o c a l m i n i m a . H o w e v e r , i n th is case, t h e d a t a w o u l d b e f i t t ed to t h e 

resu l t s i n F i g u r e 3.3. 

7.6 Future Work 

T h e resu l t s suggest t h a t a c q u i s i t i o n o f h y b r i d d a t a is a w o r t h w h i l e e n d e a v o u r . T h i s a c q u i s i 

t i o n a l lows t h e o p e r a t i o n of a l g o r i t h m s t h a t i m p r o v e the o v e r a l l r o l l ang l e e s t i m a t i o n p r o c e s s . 

T h e i n c l u s i o n o f a t i m i n g m e c h a n i s m i n o r d e r t o m a x i m i z e s i g n a l r e c e p t i o n w i n d o w s w o u l d 

f u r t h e r i m p r o v e t h r e e b e a m a l g o r i t h m p e r f o r m a n c e . 

T h i s r e s e a r c h w a s e n t i r e l y s i m u l a t i o n b a s e d . B a r r i n g t h e a c t u a l p r o d u c t i o n o f h y b r i d 

d a t a f r o m a S A R s y s t e m , f u r t h e r w o r k p r o d u c i n g s i m u l a t i o n s t h a t m i m i c a l l the p o s s i b l e 

sources o f e r r o r i n a S A R s y s t e m are w o r t h w h i l e i n the a t t e m p t to c o n f i r m the benef i t of 

t h i s a p p r o a c h . 

A n o t h e r i m p o r t a n t issue is the c a l i b r a t i o n proces s of the p a y l o a d files t h e m s e l v e s . H a w k i n s [24] 

m e n t i o n s t h a t the issue is c o m p l e x , a n d s o m e of the fac tors t h a t m u s t b e t a k e n i n t o a c c o u n t 

a r e t h e f o l l o w i n g : a n t e n n a p a t t e r n , r e p l i c a p o w e r , a n d g a i n offset b e t w e e n b e a m s . T h e 

a c q u i s i t i o n o f h y b r i d d a t a m a y a i d i n the d e t e r m i n a t i o n o f these fac tors . 

T h e a n t e n n a p a t t e r n s are u n c e r t a i n i n the l o w g a i n a r e a b e c a u s e o f t h e l o w S N R . N e w 

h y b r i d d a t a h a s b e e n s h o w n to h a v e a 3-4 d B increase over the lower b e a m . A n y n e w e s t i m a t e 

w o u l d be m a d e w i t h a we l l k n o w n p a t t e r n a n d a less " u n c e r t a i n " p a t t e r n . 

A s for r e p l i c a p o w e r , t h e pu l se is t r a n s m i t t e d a n d r e c e i v e d b y two b e a m s , w i t h t h e a n t e n n a 

a n d sate l l i te i n d i f ferent b e a m m o d e s , a n d is b e p r o c e s s e d i n d i f ferent b u r s t s . A n a l y s i s of 

o v e r a l l s i g n a l s t r e n g t h f r o m o n e b u r s t to t h e n e x t , i n the final scene, m a y p r o v i d e i n s i g h t 

i n t o a n y r e p l i c a differences . 

F i n a l l y , a g a i n offset m a y be f o u n d u s i n g a m o d i f i e d three b e a m m e t h o d . A f t e r the best 

r o l l ang l e is f o u n d , the b e a m s are t h e n i n d i v i d u a l l y r a i s e d or l o w e r e d o n t h e i r o v e r a l l g a i n . 

T h i s w o u l d affect two o u t o f the t h r e e l og ra t io s a n d s h o u l d p r o d u c e a g a i n offset e s t i m a t e . 

O b v i o u s l y , a l l o f these issues r e q u i r e f u r t h e r re search . 
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