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1 . INTRODUCTION. When d i s c u s s i n g  t h e  Doppler v e l o c i t y  estimators 

it is of s i g n i f i c a n t  i n t e r e s t  t o  ana lyze  t h e i r  behavior a t  l o w  

number of Doppler p e r i o d s  nD=2V t /A s 1 w i t h i n  t h e  r e s o l u t i o n  r s 
cell ts C Vr is t h e  r a d i a l  v e l o c i t y ,  A-the wavelength>. Obviously, 

a t  n  <1 t h e  v e l o c i t y  error is e s s e n t i a l l y  i nc reased -The  problem IFI 
of l o w  nD arises i n  PBL, where higher  r e s o l u t i o n s  are u s u a l l y  

r e q u i r e d  bu t  t h e  s igna l - to -no i se  r a t i o  CSNR2 is r e l a t i v e l y  high.  

I n  t h i s  w o r k  a n a l y t i c a l  exp res s ion  f o r  t h e  r e l a t i v e  RMS error 

of t h e  PP Doppler estimator a t  1 o w  number of p e r i o d s  f o r  a nar - 
rowband Doppl er s i g n a l  and a r b i t r a r y  model of  t h e  n o i s e  c o r r e -  

l a t i o n  f u n c t i o n  is obta ined .  The r e s u l t s  are c o r r e c t  a t  re la t i -  

ve l  y  h igh  SNR.  The ana l  y s i  s is suppor ted  by computer si mu1 a t i  ons  

a t  va r ious  S N R ' s .  

2. ANALYTICAL EXPRESSION FOR THE RELATIVE RMS ERROR. The sampl ed 

i nphase and q u a d r a t u r e  s i g n a l s  may be p re sen ted  by C 1 I 

l C i A t 3 = A j c o s e  + bi , Q C i A t 3 =  A sinei + b;; i = l , n  i i 
c 1 >  

where A t = t  /n, Ai and e i = o . i A t + p  are t h e  ampl i tude  and t h e  
S i 

phase of t h e  s i g n a l ,  which is a s t a t i o n a r y  narrowband Gaussian 
2 proces s  wi th  v a r i a n c e  u , s p e c t r a l  width us and mean Doppler 

f requency  o . t h e  independent  n o i s e  components bi and b; have 
0' 2 d i s t r i b u t i o n  NCO,ub 3 .  I f  t h e  c o n d i t i o n  u s << o o is f u l f i l l e d .  

w e  may assume t h a t  t h e  ampl i tude  and t h e  phase  of t h e  s i g n a l  

a r e  c o n s t a n t  w i t h i n  t h e  r e s o l u t i o n  c e l l  and f l u c t u a t e  from s h o t  
2 t o  s h o t .  W e  also i n t r o d u c e  Gaussian d i s t r i b u t i o n  NC%,ua> f o r  

t h e  averaged over t h e  range  g a t e  f requency  o with ow<< w From 
0 ' 

n (1 it f o l l o w s  wAt<Q.Then t h e  r e l a t i v e  estimate of  t h e  Doppler D- 
f requency  f l u c t u a t i o n s  can be  w r i t t e n  i n  t h e  form Cll :  

2 where h I A a  +pi  - a A t <  Ayi + b i 3  l 0 o A t C  n - 1 3  A , 9=f c Ayi + b i 3  /C n - 1 3  A 2 F i 
ai =b; +l COSB + b  sinei -bi sinei -b' cost3 i i i i +1 ; pi abi b; +1 -bi +l b; 



Yi 'bi +I ca se  +b cosei +l +b; + p n 8  +b' s ingi  +l , 
i P i i =hi bi +l 'b; b; +% . 

1ne term 9 i n  C23 can be neglec ted  if SNR 2 5dB. To f i n d  t h e  

a t i  ve R E  e r r  or i n  C 23 , w e  aver age t h e  noi se, frequency and 

all:; $1 i tude  f 1 u c t u a t i  ons , accept ing  t h e  f 011 owing approxi mati ons: 

r. :;.> +&a 
0 o 3- % f%Cl-6-3 

cusc :-.{.oAt3 % cosC sC23 - s. A t .  6ts. s i n <  sW 

F i n a l l y ,  t h e  general  expression f o r  t h e  r e l a t i v e  RMS e r r o r  p 

becomes : 

w h e r e  PC s> =2bHC s3  +ki UC s3 +k VC s3 s, QC s3  =UH< s> +kgUC s3s+k4VC s3, 
2 2 

Rc..-:,=aFCs:,+n 'GCs>. UCs>=Cn-2-s3. [pCs+l>+pCs-131, 

HCc3=Cn-2-~3.pCs:,, VCs3=Cn-2-s>. C p C s + l > - 6 s - 1 > 1 ,  
2 2 2 2 F€s>=Cn-2-s3.Cp Cs3-pCs+l3.pCs-131, a=l+v , b=l+v +R , 
2 2 Ws~=Cn-2-r3.[p Cs3+pCs+13.pCs-131, d=v !3, ~=!3~-1,  

2 M~Cn-23.<a+b-pCi>.cosn+pC13.C2~ +13.Cc.cosR-2~2.sin~X+ 
2 2 2 +2.084c. lb.Cl-p C133+2R p C19.Cn-$313, 

5 &a. C bcosR-Zs?sir-dD +dR. cosa, k2=d. t bC RcosR-2sinCD -M a+ i  3. corn1 . 
k3=d. bC2cosn+IZsinR) -RC a+1>. sinR1, k4=a. C 2RcosQ+bsinCX *do. sim, 

2 2 Hs3-normalized no i se  c o r r e l a t i o n  func t ion ,  emu 00 . 
b 

Us1 ng t h e  above expression,  w e  can analyze t h e  behavior of t h e  

Rbj!? e r r o r  p a t  d i f f e r e n t  nD< I t 2  f o r  an a r b i t r a r y  no i se  model 

p(c3, varying t h e  SNR and t h e  number of samples n = t s / A t  wi thin 

th- i n t e r v a l  t . The graphs of pC53 a t  n=16,32 and 64 f o r  t h e  
S 

case  of white no i se  and S M R = 1 0  and 20 dB a r e  given i n  Fig. 1. As 

s c . :  .n, t h e  RMS e r r o r  decreases  a t  l o w e r  n. I t  is due t o  t h e  inc -  

r-esse of t h e  phase s t e p  Q = o t  /n of t h e  Doppler vec to r ,  while  
S 

t l l -  whi te  n o i s e  var iance  Cor SNK3 is not  a f f e c t e d  by n. There 

i s. a s t r o n g  dependence of p on SNR a t  1 o w e r  nD C Pi g. 23. A t  h i  g- 

hsot SNR a 30 dB <as i n t h e  PBL3 , t h e  r el a t i  ve error does not  ex- 

cet-.d 10% when nDW. 5 and 15% a t  nD#. 25. The graphs of p on t h e  

r d d i a l  v e l o c i t y  Vr f o r  d i f f e r e n t  r e s o l u t i o n s  AR=50, 100, 200 m 

Cn=16> c a l c u l a t e d  by t h e  above express ions  are shown i n  Fig. 3. 

Ac: seen ,  good r e s o l u t i o n s  may be achieved using PP-algorithm 



when n < 1. A t  Vp< 5 m / s ,  t h e  e r r o r s  i n  t h e  exp res s ions  C33 are EP 
e s s e n t i a l l y  i nc reased .  

3. COPiPUTER SIWUILATIOEO. A t  l o w  SNR9s and high nD t h e  n e g l e c t i o n  

of t h e  high-order t e r m s  i n  t h e  estimate decomposition would 

no t  be c o r r e c t .  I n  such cases,a computer s imu la t ion  of t h e  t i m e  

ser ies  C13 has  been performed wi th  t h e  number of p a i r s  N=2000, 

4000 and 6000 f o r  a wh i t e  n o i s e  a t  SNR 1 10, 0 and -10 dB res- 

pectively.Some of t h e  r e s u l t s  are shown i n  F igs .4 -Q. In  F i g . 4  t h e  

percen tage  of cases when PP t echn ique  l e a d s  t o  wrong v e l o c i t y  

d j r e c t i o n  is p l o t t e d  as a f u n c t i o n  of ng for n=16. As seen ,  t h e  

pr-ubabi l i  t y  of wrong v e l o c i t y  d i r e c t i o n  may b e  neg lec t ed  f o r  n ~ ,  
> 0 . 4  a t  S N R  1 10 dB. The s a m e  may be concluded for SNR % 5 dB 

a r d  n 21. I n  Fig.  S t h e  minimum v a l u e s  of nD ensu r ing  t h e  rela- D 
ti ve  RMS error of  10% C s o l  i d li nes3 and 20% C dashed li nes3 are 

p l o t t e d  as a f u n c t i o n  of S N R .  A t  10 dB, t h e  s i m u l a t i o n  g i v e s  

10%-RMS e r r o r  a t  nD= 2 f o r  n=32 and nD= 1.5 f o r  n=1@; y=20% is 

provided a t  nD=O. S + 0.7. These v a l u e s  show t h a t  S N R = 1 0  dB per - 
mj t.s an  a c c u r a t e  si ngl e-shot  v e l o c i t y  measurement f o r  2 V  t / A a .  r S 

A t  l o w e r  S N R ' s  t h e  nD> 2 is r e q u i r e d .  The f r a c t i o n  of estimates 

with  r e l a t i v e  error below 10% vs t h e  S N R  at %= 0.5, 1 and 2 is 

p resen ted  i n  Fig .@. 

The comparison between t h e  ana l  yt i  cal and computer si mu1 a t i  on 

r e s u l t s  for nDS 1 shows a good agreement a t  h igh  SNR>10+20 dB. 

I t  must b e  no ted  t h a t  t h e  u s e  of PP-algorithm a t  l o w e r  
nD 

is 

l i m i t e d  mainly by t h e  re la t ive  error i n  v e l o c i t y  magnitude b u t  

no t  by t h e  probabi 1 i t y  f o r  wrong d i r e c t i o n  de te rmina t ion .  

4. CONCLUSIONS. The r e s u l t s  of t h i s  w o r k  show t h e  r e l a t i v e l y  

good performance of t h e  PP-a1 g o r i  thm f o r  Doppl e r  f requency  

e s t i m a t i o n  a t  h igh  S N R  when b e t t e r  r e s o l u t i o n s  are requi red .  The 

a n a l y t i c a l  e x p r e s s i o n s ,  ob t a ined  h e r e  may be used with  d i f f e r e n t  

model s of addi ti v e  noi ses . The pr el i m i  n a r y  cal cu l  a t i  ons  show 

t h a t  a t  nDS1 t h e  a lgo r i t hm is s t r o n g l y  a f f e c t e d  by t h e  presence  

of c o r r e l a t e d  no i se s .  Our f u r t h e r  a n a l y s i s  of t h e  exp res s ion  C23 

w i l l  be  emphasized mainly on t h e  e f f e c t  of c o r r e l a t e d  n o i s e s ,  

t h e  p re sence  of which is s o m e t i m e s  no t  e a s y  t o  be  c o n t r o l l e d  i n  

t h e  Doppl er 1 i dar  channel  s . 
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