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Abstract

The scan mode synthetic aperture radar (ScanSAR)  image impulse
response is derived in the time-domain and particular attention is given
to the analysis of the phase, which is important for several applications,

and especially in interfcrornctric ScanSAR systems. The signal spectral
characteristics are also discussed.

A new phase-preserving Scan SAR processing algori thm that
extends the SPECAN procedure is presented; the proposed algorithm
avoids the interpolation step needed to achieve a constant azimuth pixel
spacing by replacing the standard Fourier transform used in the SPECAN
procedure with an appropriate chirp z-transform.

The relationship between the modified SPECAN algorithm anti the
standard range-Doppler approach is  also discussed.  Experinlents on
simu]ated  data are carried out to validate the theory.
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Synthetic aperture radar (S AR) is a coherent imaging sensor that
allows  the generation of high resolution microwave images. SAR systems

cur ren t ly  opera te  on bo th  a i rborne  and  spaceborne  p la t forms  and
synthcsip,c a long antenna,  in the platform fl ight  direction (often

referred to as along track or azimuth direction), by transmitting pulsed
signals and coherently aciciing the backscattcrcci  echoes [1 ]. The antenna

synthesis operation is generally carricci out ciigitally and high azimuth

resolutions (of the order of meters/tens of meters) arc achieved. In the
across track (range) d i rec t ion  h igh  reso lu t ions  a rc  ob ta ined  by

transmitting either very short pulses or properly coded signals; in the

lat ter  case a processing operation,  generally referred to as r a n g e

compression, is required based on the convolution of the received echo

with the conjugate, time-i  nvcrteci, replica of the transmitted signal.
The most common operating mode for a SAR sensor is the strip

mode, where the radar antenna pointing direction is fixed with respect

to the platform fright track and the illumination footprint covers a strip
on the ground as the platform moves. The finest azimuth resolution is

independent of the sensor-target range and is equal to half of the
physical antenna length in the azimuth ciirection [2].

In principle, for the strip mode SAR configuration, the extent of

the mapping swath in the along track direction is arbitrarily long whi Ie
the range swath is fundamentally constrained by the length of time
between  success ive  pLIlscs [1-2], called the pulse repeti t ion interval
(PR1). If images with large range swaths arc required it is possible to

overcome the strip mode limitation by using the scan SAR (ScanSAR)
mode [3-4]. In this case the sensor antenna beam is periodically stepped
i n range to  ncighbouring s w a t h s  r e f e r r e d  t o  a s  s u b - s w a t h s .  AS

CO II SCq LICtl CC the overall range swath (iimcnsion  is increased however,

for each target, only portions of the full synthetic antenna length arc
collected. In the Scan SAR case the range swath width increases at the
expense of the azimuth  resolution since full antenna synthesis is no
longer possible.

In this work wc investigate the ScanSAR  image impulse response
characteristics. Particular attention is ~ivc[l to the a n a l y s i s  of the p h a s e
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which  i s  itnporlant lor several applications, including, intcrt’cromctry,
polarimctry, etc.. An immediate application of ScanSAR  intert’cromctry
is the Shuttle Radar Topography Mission (S RTM), schcdulcd  to fly in
1999. In this case, in order  to Jnap the entire landmass between t60° of
latitude within a ten days mission, it is ncccssary  to operate the shuttle

radar in a ScanSAR mode [5].
We also present a new phase-preserving algorithm for Scan SAR

clata processing that extends the SPECAN procedure [6] and represents a
candidate for SRTM. The proposed approach avoids the range ciependent
scaling of the azimuth pixel dimension of the ScanSAR images obtained
when applying the basic SPECAN procedure. This result, achieved in the
SPECAN  approach via a post-processing interpolation step, is obtained in
our case by simply replacing the standard Fourier transform (FT) used
in the SPECAN algorithm with one whose kernel includes a range-

depcndent correction factor. This transform is implemented via a chirp

z-transform [7] that can be efficiently carried out via fast Fourier
transform (FFT) codes. ScanSAR  images generated using the modified

SPECAN algorithm have a constant  azimuth pixel  spacing whose

dimension can be selected according to the application requirements.
The paper is organized as follows: section 11 is dedicated to the

time-domain ScanSAR image generation analysis that will be used as a
reference in the succeeding sections. The frequency domain analysis is
presented in section 111 to clarify the spectral properties of the signal.
Section IV is  dedicated to the chirp z-transform based processing
approach. Experimental results validate the overall analysis.

~1. Time-domain anal -vsis

Consiclcring  the cylindrical coordinate system geometry (Jr, r, N)

shown in fig. 1. The x axis is coincident with the platform flight path
previously defined to as azimuth direction; r and 19 are usually referred

to as the closest approach distance and look angle,  respectively.  We
a s s u m e  t h e  p l a t f o r m  t r a j e c t o r y  to be a straight line (see fig. 1),
appropriate for airborne but not for spaceborne sensors. However it can
bc shown that spaceborne data can be processed in the same manner as



airborne data if’ the closest approach distance :Ind the azimuth  velocity
arc properly considered [8].

Assume that the sensor platform m o v e s  at a constant  velocity
y = vi and the radar transmits pulsed signals; although the radar is

continuously pulsing, the antenna beam is periodically stepped in the
range direction to il luminate ncighbouring sub-swaths (see fig. 2 for a
two sub-swaths  example) .  The  in te rva l  when  the  an tenna  beam

illuminates a particular sub-swath  i s  re fe r red  to  as  blfrsf and i ts
duration is denoted as Ttl; the interval separating the start of successive
bursts illuminating the same sub-swath is the burst period, T p. N o t e

that in order to guarantee continuous coverage along the flight direction
the burst period needs to be smaller than the synthetic aperture time
extent T~ = X~ / v where X~ is the synthetic aperture length, assumed

equal to the (azimuth) 3-dB antenna footprint. The ratio:

(1)

is usually referred to as the number of looks and represents the number

of bursts to which the backscattered  signal of a single target contributes.
Assume that the radar transmits chirped pulses of duration t, at

times t,l – z/2, given by:

(2)

where in  w is the angular carrier frequency and a is the chirp rate
satisfying the equation ~ z=2z Af wherein Af is the chirp bandwidth.

Selection of the chirp waveform is not fundamental for the following

analysis but it has been done since it is used by almost all operating
SAR sensors.
I f  we  cons ider  the  e lementary  sca t te re r S - (x, r, 0) the received

backscattered signal  (excluding an incssential  amplitude factor) is:
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./’(1 – t,, ,x’ ( ‘:),,),[:$],:mr..t[~$;~]–X, r,x)=.fl  t– f,,

[  (  +++]=exp jco t–t

1- -1

where.

R={x’–x)2+r2 (x’ – X)2

=r+
2r ‘

[

x-’ – IXl,
rect ——-x~

(3)

(4)

is the target-platform distance,

X’=vt,,  , XB = VTB, XL> = VTP , (5)

c is the speed of light, VV[”] represents the antenna pattern and is

squared because the same antenna is used both for transmitting and
receiving; the term rect[x’ – lXP / XB] in the summation operator of eq.

(3) accounts for the burst windowing. Note that since the burst is

generally very short the Taylor expansion in eq. (4) is valid; moreover
we simplify the analysis by assuming no sqllint  (or equivalently no
Earth rotation induced effects) however the extension of eq. (3) to a
squinted geometry only requires introciucing  the new antenna pattern
expression w2[(x’–x+r  tan@o)/  x~] w h e r e  @o i s  the  squin t  angle(l).

Note also that the relationship among XI{, X[l and Xs is shown in fig. ~.

Due to the burs?  nature of the ScanSAR  signal the data processing
is generally carried out by separately focusing the single bLlrsts and
then incoherently combining them(z); this is the case if intensity images

assumed in this  C:ISC a flat  Elartb prof i le .

alternative solution proposed in [9] :Ind based on tbe strip mode processing
b u r s t  t r a i n s  w i t h  mroes  inserted  bctwcxn  b u r s t s  i s  n o t  consiclcrui  here.
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are desired and explains why the factor NI in cq. ( I ) is rcfcrrcd  to as

the number of looks. On the other hand, in the intcrfcromctric  Scan SAR
case, the processing proccdurc is generally pcri”ortncd burst by burst

but it must be carried out up (o the intcrfcrogram genera t ion ;  at this

stage t h e  intcrfcrograms of t h e  d i f f e r e n t  looks can bc c o m b i n e d

(complex rnultilook).
Therefore wc focus our attention on a single burst. In order to

simplify the notation wc select the burst obtained by assuming 1 = O in
the  summat ion  opera t ion  in  eq .  (3 ) .  IIefining in eq. (3) the rclnge
variable r’ = (f – t,l )C / 2, after range compression wc have:

( ‘~r)exp[-j2n(x’~~)2  ]).2[~~] .h(r’–r,x’– x,r,x)=exp  –j

‘r.ct[j~]  sinc[~(r-r-(x’~~)’)]

‘exp(-’%)ex’[-’’x(-x’]w’[%j[%j  “

(6)

where Ar = c/ 2Af is the range resolution. The fast varying factor

exp[j w(t – /,1)] does not appear in eq. (6) because it is removed via a

heterodyne operation in the receiver. Moreover, we neglect the effect of

the range migration term (x’– X) 2 / h, in the argument of the sine(”)

function in eq. (6), since, as already stated, the burst length is generally

very short and this term is a small fraction of the range resolution cell.

Note that if the range migration is not negligible, the following analysis

maintains its validity but the data processing procedure requires an
additional step whose characterist ics depend on the chosen range
migration compensation approach. It can be based on a ch i rp  sca l ing

[10], a standard 2D-frequency [1 1-12] or a range-Doppler algorithm

[13].
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If WC asSUIllC, :1S 11 S11:11, a high range compression gain, cq. (6)
bccomcs:

/?(r’–r,x’ –x,/-, x)= .xp[_j;r).xp[_j2n(.;;)2],v2[+;] ~

.I-eCt[~] sinc[~(r-r)~

—.
( %)sir’c[:(’’-rl

a(x’ – X,r’, x) exp –j

(7)

where in

[ ‘xJ~)2~.2[x~~x~re.t[~~.a(x’ – x,r’, x) =exp –j27c

The  presence o f  t h e  b u r s t  f a c t o r rect [x’/ X~]

backscattered signal  to be azi~llllt}lally ~lej~e?l~le~lt, t h r o u g h

(8)

causes the

the explicit
x-dependence of  the  s igna ls ho a n d a(.) in eqs. (7) a n d  ( 8 ) ,

respectively. In other words the backscattered signal characteristics do
not depend only on where the target is located in range, as in the case of
strip mode [10-1 3], but also on its azimuth location.

We now focus on ScanSAR image generation. According to eq. (7) it
is possible to consider the following focusing strategy: we convolve, in
the azimuth
filter of the

direction, the range
azimuth component of

[)!2
,g(x’, r’) =exp j2zL

Ar’

which is independent

[:

x’
r e c t  —Xs

of azimu

compressed signal with the matched
the strip mode reference function:

(9)

since its extent is represented by the
Xs . The convolution is effectivelyoverall  synthetic antenna length

carried out with the function a(”) in cq. (7), therefore we neglect in the

following the range component of eq. (7).
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Note tha[ (1IC proposed analysis
Scan SAR image impulse response
computational processing, efficiency

i s  a i m e d  at [hc cvaluat
characteristics, s o at
i s  n o t  considcrc(i.  A  s

cfficicnt solution for phase-preserving Scan SAR data processing is

presented in section IV.
M a t h e m a t i c a l l y ,  the az imuth

cxprcssecl as follows:

ti(x’ – X,r’, x) = 6’(X’ – X,r’, x)q g(x’

convolution operation C:ltl be

~’)

( l o )

wherein symbol @Xt represents the azimuth convolution operation and

Wc consider as valid output samples those wi th in  the  in te rva l

(XB - X~)/2<X’<(-X~ +X~)/2. The limits in the convolution integral

arc chosen such that if .x =: X’ then signal contributions arc obtained for

the entire burst cluration (see fig. 3). These limits will be assumed
throughout unless otherwise specified.  Therefore,  since  the s~lpport of
the signal is contained within rect [x’ / X~], we may rewrite eq. (10) as:

(11)

Using the fact that the burst length is short with respect to the antenna
footprint wc may approximate cq. ( I 1 ) as:
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{

~-]r..t ~~]}@T{cxp(j2n+~)}}
(x’- x)2

cxr –j2n ---Z(X’ – )X,r’, x =

II2 ~’“ w  —
X,y -

r

(12)

Explicitly evaluating the convolution integral in eq. (12) yields

ti(x–’-x,,x)=)= {J ds rect ‘xp[-J2n(L’~~)21ex’ j2*(x’-L’)2

h’ 1s

XB

[1x’
“ W2 —

x~

s-1 [ 2( X’-X)
exp –j27c s

B al-’ 1
5 ~[J2” 1

X)2 _x 2

h’ ‘-

[al

“w 2

-.
1

x’-1 [ [(x’+x)(x’–x)- ~inc 2nx~
exp j2 z

x~ 1
yy(x’–x) ,

W _ A s
=W 2

(13)

where an unessential amplitude factor has been neglected and we
assumed, as LISLlal, Xs = ~r’/ z., where 1. i s  the  az imuth  phys ica l

a n t e n n a  d i m e n s i o n .  W e  n o t e  in eq.  (13)  the  a~inlLlth an~plitLlde
modulation effect caused by the antenna pattern te rm }v2[o] usua l ly

referred to as scalloping. Compensation of this  effect  requires the

knowledge of the antenna pointing characteristics however an azimuth
varying signal to noise ratio is introduced in the image obtained from
the burst. If wc compensate for the antenna pattern term in eq. (13)
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a n d  cons ider  the r a n g e conlponcn[ ()[’ c q . (7) W’c finally gcl (hc overa l l
ScanSAR  image impulse response:

[ (SCAN 1“-r,x’-x,r’,x)=
‘Xp(-’?r’)  ‘i’’c[:(r’-r)]

[

(x’+ x)(x’–x)H 27r X[j
exp j2?r sine 1__. (~’ – J-) .

h’ 1. Xs

(14)

Consider the corresponding image  impulse response for one sub-swath

of a strip mode sensor operating with the same system characteristics.
In this case, we get [10-13]:

(~sn/[P  r’ – r,x’– x,r’) = ‘xp(-’%?)sinc[i3r’-lsis1c[3x3xo-xo
(15)

By comparing eqs. (14) and ( 15) some observations are immediate. Let
us consider first the relationship between the 3-cIB azimuth resolutions
achieved in the two modes, say AYSCAN  and AxS7~lP:

(16)

where AxSTfilP = L /2. As expected the burst mode operation leads to an

azimuth resolution degradation; in particular it depends on the ratio
between the ideal  synthetic str ip aperture length X~ and the burst
length Xf~. S i n c e  X s  = h’/ L d e p e n d s  on r’, the finest a c h i e v a b l e

a~, imuth resolution for the scan mode increases from near to far range.
Note also that for targets that do not contribute to the backscattered
signal for the overall burst length, there is an addi t iona l  az imuth
resolution degradation. This result  is easily obtained by redefining XB

in cq. ( 1 6 )  as t h e  e f f e c t i v e  b u r s t  d u r a t i o n  w i t h i n  w h i c h  t h e
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backscattcrcd s ignal  is  rcccivcd. f:or Scan SAR data with Icss than  two
looks these points are nccdcd  tt~ e n s u r e  [hc image c o n t i n u i t y .

Wc concentrate now on the phase of ml. (14). IIy comparing it with
that of cq. ( 15) wc note the presence 01 the additional parabolic factor
2z(x’ +x)(x’- x)/ ar’, dcpcndcnt on t h e  target loca t ion  and  equal  to

~.cro in the peak of the impulse response, i.e., for x’= x. Only at this

point (aJId symmetrically for x’ = –x) the phase of eq. (14) is identical
to the strip mode value of –47c r’/ a.

In order to validate the above analysis, wc have considered a
simulation based on the systcm  parameters of the SRTM mission that

will operate with two Scan SAR sub-systems i l luminating two sub-

swaths each [5]. We considered three targets located in the farthest sub-
swath, each at the same range and displaced in the azimuth direction so

that  each contributes to the overall  burst . The resulting amplitude

azimuth cross sections with and without antenna pattern compensation,
arc shown in figs 4 and 5 rcspcctivcly.  Note that side-lobe reduction has
been achieved by multiplying, in time domain, the burst signal by a
Hanlnling-().54  weighting function [14]. Note also that for this system

geometry the range migration effect is nc,g]igiblc.
We turn our attention to the phase of the point target  impulse

responses. To  s impl i fy  the  in te rpre ta t ion  of  the  resu l t s  we  have
s e p a r a t e l y  plotteci, in figs. 6a, 6b anti 6C t h e  a z i m u t h  d e p e n d e n t
component of the phase, around the peak, for the targets A, B and C,
labeled in fig. 4; the three curves are overlaid in fig. 7 to allow the
comparison. The parabolic bchaviour  of the functions expected from cq.
(14) is particularly evident in fig. 6b. Moreover all the phase functions
cross the zero around the peak of the impulse response. Note also that,
according to eq. ( 14), the parabolic phase
v a r i a b l e s  x ’ ,  r’ and  x, thcrcforc not onl}
target (as for the strip mode case) but also
impact on the phase characteristics of the
fig. 7). It is also evident from fig. 7 that
from pjxcl to pixel can bc quite large thus

term depends on the three
the range location of the

t h e  azinlLlth location  has  an
magc impulse response (see
the azimuth phase variation
interpolation operations must

be carefully carried out on the complex ScanSAR  images. Moreover, in
the interferometric case, even small misrcgistration effects between the
image pair can Icnd to large errors in the phase of the interfcro:ram.
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N()[c :I]SO [hat, fo r  the  curves of f ig . 7 ,  t h e  dilfcrcnces bctwccn t h e
(icrivcd  theory and the simulation results arc always less than 0.009
rad.

In the next section a short analysis on the spectral properties of the

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

characteristics of this signal.

LII. I~reatlencv-dorrlaitl analvsi.y

The starting point of this analysis is the evaluation of the Fourier

transform of eq. (8):

A(<, r’, x) = ~T[a(x’ - x,r’,  x)]

——
J

dx’ a(x’  - X>r’, x )  exp[-j2z g x ’ ]

=
~ [ ‘12[;1”dq exp[–j2n ~ x]exp[–j2z ~ q]exp –j2zf-; w

[1q–xc rect ——
x~

=

~ [1[”dq exp[-j2Z ~ x]exp[-j2Z Y(q)]w2 3 rect *
x~ B .

(17)

where FT[.]  represen ts the Fourier  transform operator, ~ is the

azimuth s p a t i a l  f r e q u e n c y  o f t e n  i n t e r p r e t e d  i n  t e r m s  of Doppler
frequency, q = x’ -- x, anti

V’(q) =<q+:. (18)

In order to evaluate the integral in cq. ( 17), we apply the asymptotic

expansion b a s e d  o n  t h e  s t a t i o n a r y  p h a s e  method  (SPM), w h i c h  i s
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par[icular]y appropriate for signals with !argc time-bandwidth products
[15] such :1S t h o s e from strip mocic SAR systems. SPM may not bc
part icularly appropriate for ScanSAR  systems using particularly short
bursts; however, s ince  we  a rc  on ly  intcrcstcd in the spcctrai  bchaviour

of the ScanSAR  signal, wc wili assume the vaiidity  of the SPM and direct
the  in te res ted  reacicr to [15] for an cxtcndcd analysis on the limit of
vaiidity  of the SPM expansions.

The stationary phase approximation of cq. (17) yields (as ~lsllal,
inesscntial factors arc neglcctcd):

A(~, r’, x) = exp[-j2nfx]exp[ -j2zy(q~)]~2

where the stationary phase point q~ is computed as follows:

cPIJ(q) =g+2q,_=o ~ far’
q, =––—------

dq ~, Ar’ 2
(20)

Using eq. (20) in (19) results in the following expression:

(21)

Wc note that the azimuth (spatial) spectrum is ccntcrcci  around the
frequency –2x / Ar’ and its width 2X1) / LX~ explicitly depends on the

burst duration.
The evacuation of the FT of cq. (9) via the SPM icacis to:
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(22)

By comparing the spectral widths of’ the functions in eqs. (21) and (22)

it is evident that the burst nature of the Scan SAR signal causes a
bandwidth reduction depending on the ratio X~ / Xs that is responsible

for the ScanSAR azimuth resollition  degradation already  shown in cq.
(16).
scan

rect

A(<

This

This frequency domain formulation also illustrates the effect of a

misregistration, say Ax’. In this case the burst window becomes

(x’ + Ax’) / X~] thus causing a spectral shift of the signal in eq. (21):

——

,x)=exp[j2Z(~c-(X) ~w2[-~~rect\’+~~~~”~

.

(23)

result, alreacly demonstrated in [1 6],  shows that  in order to

preserve the phase accuracy in multi-pass ScanSAR interfcrometry, we
must account for the overlapping components of the azimuth data
spectra in the presence of a scan misregistration.

The effect of a squint angle can be also easily  shown. For data
squin ted  a t an angle @o the antenna pattern has the forn~

w 2

[(x’ --x+ r’ tan@ O)/  Xs] . In this case, cq. (21) becomes:

[( <zAr’
A(&, r’, x)=exp j2z — — -

4

. rect

[(W 2 -~z g - +#)o

(24)
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w h e r e  t h e  shift (JI’ the spcclral  cnvclopc, caused  by the squint angle, is
cvidcn(.

! V. C’h irp z-trans-form based process ing  app roach

I ’ r e c e s s i n g  ScanSAR  data Llsing a standard range-Doppler approach is

relatively inefficient due to the large zero paclding required for az,itnuth
compression. To understand why this is so, we observe that even though
the burst length Xl] is shorter than the synthetic antenna length X~, the

scatterers that contribute to a single burst are located in the larger
r e g i o n d e l i m i t e d ,  i n the a z i m u t h d i r e c t i o n ,  b y
--( X~+X~)/2<x<(X~+ X~)/2 (se. f i g . 3). The above observation

implies that the convolution operation in eq. ( 10), carried out on bLlrst
d a t a  o f  l e n g t h  X~ g e n e r a t e s  a n  i m a g e  w h o s e  azinlLlth e x t e n t  i s
x~+x@. Since  convol Lltions are efficiently c a r r i e d  oLlt in  the

frequency domain via FFTs, this implies that the burst data mLlst be
first zero padded up to the dimension X~ + XI).

An alternative, very efficient, methocl to process ScanSAR data is
the SPECAN  algorithm [6]. In this case the azimuth focusing is carried
out by simply applying a phase n~Llltiplication operation and a FoLlrier
transform step i n v o l v i n g  the or ig inal  bl{rst data
p a d d i n g  (or a very limited padcling to the nearest
typical d i sc re te  FT codes).  Str ict ly speaking,  no

~vitjlout fl~l)l zero

power of two for
range migration

compensation is included
previoLlsly mentioned, this
applications.

To better Llnderstand

in the basic SPECAN  approach however, as
is not a severe problem for most Scan SAR

SPECAN  ScanSAR  processing it is important

to emphasize the following: the ScanSAR  transfer fLlnction bandwidth is
2XI) / X~L,  seen in cq. (21), which is only a fraction of the strip mode

bandwidth of 2 / L, seen in cq. (22). Since the data are sampled
according to the spectral width of eq. (22), a 170uricr  (Doppler) domain

(~) l~owever  ,  :Is mentiond before, only targets loc;ited i n  the sub-i ntcrv~ll

(Xll - X~)/2 < x < (-X~l  + XL~)/2 c o n t r i b u t e  to the overall burst.
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processing approach based on cq ( 10) Icads to an ovcrsamplcd s i g n a l .

This  ovcrsampling effect is avoided by using the SPIi CAN a lgor i thm

leading to increased computational efficiency.
Specifically applying the SPECAN algorithm to the burst signal  in

cq. (8) involves the following proccciurc: wc muitiply  the burst signal

b y  t h e  f a c t o r  exp[+j2z(x’)2 / Ar’] (refcrre(i to as the deramping  s t e p )

followed by a Four ie r  t ransform,  icading to (but for an unessen t ia l

amplitude factor):

) p [ 1}

() 2

(

— ~z
a g–x, r’, x = FT a  x’--x,,x)expxp j2?r———

Ar’

‘ex,[-j2~~]~d.r..t
“exp[–.j27r<x’]

[  ~,]~dxr.ct= exp –j2z——

[

2X’X
exp +j2z —

Lr’

.xp[-j2~xf(~-$)]

(25)

(26)

Note that eq. (25) is different fronl cq. (is) iII thc term

[exp +j2z(x’)2 / Ar’1 [not present in cq. (25)] and for the variable ~

instea(i of x’ (we also ncglcctcd  the antctlna  p a t t e r n term W2 [-] whose

effect can bc compcnsatc(i  in the post-processing).
Because  SPECAN  aigorithm  is particularly relevant for its digitai

impicmcntation, wc consicicr the sampic(i version of cq. (2 S):
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2

(
—

)[ 1[

27rx[j iA–_x
Z iA~ – x,r’, x = cxp –j2m3– s i n e  —-——

Ar’ 1. Xs (0]

wh~rc  i is  the integer data index, A~ is the azimuth s a m p l i n g

frequency spacing, that, by assuming a spatial sampling AT’ equal to the

Nyquist limit 1 / At’ = 2 / L [see eq. (22)], has the following expression:

(28)

h A< =(2/ L)/ (XB / Ar’) and where X1; / Ax’ is the integer number

san-rples for each burst. By finally replacing cq. (28) in (27) we obtain:

[

ii iAx’+w’7x)=exp[-’2+lsit’c[%(iAx’%x)l
(29)

which , e x c e p t for the p r e v i o u s l y m e n t i o n e d f a c t o r

[
w2[iAx’/X~]exp  +j2m(iAr’X~ /X Il)2 / ~r’],  is the sampled version of eq.

range dependent factor

(28)]. This term causes an

azimuth pixel d i m e n s i o n .
the FT operation with an

(13) without ovcrsampling.
Although particularly attractive for its computational efficiency,

because the processing involves a single FT restricted to the data length
xB ‘ i t  suf fe rs  f rom the  presence of  the

x~ = h’/ L in the expression of A? [SCC e q .

undesirable range dependent scaling of the
This effect is gencral]y  compcnsatccl following
interpolation block that  rcsamplcs  to a constant azimuth pixel spacing.

IIowcver,  this interpolation step is not a trivial operation both in terms

of computational  efficiency and accuracy. Short interpolation  kernels
can introduce interpolation artifacts in the image w h i l e  l o n g

interpolation k e r n e l s  incrcasc the computational  requirements.  The

block ciiagram for the SPECAN proccclurc is shown in fig. 8. Different

solutions that avoid this interpolation operation have been prcscntcd,
rcccntly, based on different combinations o f  a clcramp Step wi th  a
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standard strip mode SAR
accurate range cell mi.grat

We propose in the
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processing algori thm [ 14,16]; in his case an
on compensation is alsO achicvcd.

following an alternative solution based on a
the azimuthspecific modification of the SPECAN algorithm; in our case

interpolation s t e p  i s avoided  by  rep lac ing  the  s tandard  Four ie r

transform used in the SPECAN  proccclurc, with a different onc whose

kernel, exp[–j2~~K(r’) x’], includes the range dependent scaling factor:

K(r’) = $ (30)

where r~ is a fixed range that is computed from the desired azimuth

pixel spacing. In this case eq. (25) becomes:

(
— )J( [1()ii <–x,r’,.x = dx’a x’ –x, r’, x)exp j2z~ exp[–j2z~K(r’)x’]

~ ~~,]jc]-~rcct[~~l[+jzz~]= exp –j2zz-

“exp[–j27r~K(r’) x’]

(31)

w h e r e

(32)

w i t h  X  =  h~ / L. Note that in this CaSC thc sanlPling sPacing AC is range

indcpcndcnt:

x
AT= Ax’—

X[j “
(33)
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1;(]. (31) can bc cfl’icicntly  c o m p u t e d  b y  :~pplying the  chirp Y,-
transl’orm algorithm that rcduccs the integration in cq. (3 1 ) to a
convolution step. The core of the chirp z-transform algorithm is the

following identity:

exp[–j2z~K(r’)x’]  = exp[-jnK(r’)<z ] exp[–jn K(r’)x’z] .
. _m (34)

“ exp[jzK(r’)(x’ – g )2 ~ .

Making use of the above identity in eq. (31) produces:

[

~(+  ~,r,,x)exp ~2#-’)2
h-’

. exp[-jnK(r’)x’2 ]}exp[jzK(r’)(x’ - ~)’ ]

(35)

From eq. (35) the processing strategy is clear: the burst signal is

multiplied by the phase factor
‘xp[-~z@r’)-+)x’21  “vhich “ f i n ’ s

a n e w  deramp t e r m ) , the result is convolved  wi th  the  func t ion

exp[jzK(r’).x’2 ]  a n d  f i n a l l y  m u l t i p l i e d  b y  eXp[–jZK(r’)~2 ] .  The

convolution operation included in eq. (35) can be carried using FFT
codes and does not require zero padding of the burst data to the length
A’s + XII. However, a cligital linear convolLltion is efficiently carried out

using a circ Lllar convol Lltion rcq Lliring a data doLlbling [7]: this leads, in
our case, to an inpLlt data length cqLlal to 2X1). Therefore the SPECAN

with a chirp z - t r a n s f o r m  b a s e d  a l g o r i t h m  i s  con~pL1tationally
competitive with respect to the standard convolution proccclure,  carried
oLlt in the azimuth freq Llency (Doppler) domain, Llntil x~ + x~) > 2x~.

We additionally no(e that the chirp z-transform based approach is
fLl]ly phase-preserving bLlt less efficient than the basic SPECAN since it
requires a convolution step i n s t e a d  of a s i m p l e Fourier transform.
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Ilowcvcr, it dots I1O[ r e q u i r e any additional interpolation in order to
‘tac Iicvc a constant a~. imuth  pixel spacing and  main ta ins  the  basic

simplici ty of the SP[; CAN proccdurc. The block diagram of the chirp Z-
transf’orm based algorithm is shown in fig. 9.

In order to incrcasc  the computational cf’ficicncy of the procedure

shown in fig. 9 the FT of the term exp[jzK(r’)x’2 ] can bc asymptotically

evaluated at the expense of some accuracy. Note also that efficient FFT
codes typically operate with power of two data lengths therefore, at the
expense of some valid samples, the power of two zero padding can be
used in some cases to avoid the burst data doubling. For
sample burst (possible selection in the SRTM case) zero
128 samples does not require any additional data doubling
one valid output sarnp]c is acceptable.

Finally we show some examples obtained applying

example a 66
padded up to
if the lost of

the chirp z-
transform based procedure of fig. 9. We used again the simulated data
set generated for the experiments shown in section II. Tc) show the

capability of the proposed approach the azimuth cross sections of the
focused targets generated with different pixel spacing are compared to

the reference curves in fig. 4 (see fig. 10). Note again that these results
have been obtained without any interpolation.



The characteristics o! the impulse response of ScanSAR  images  have
been investigated and the main diffcrcnccs, with respect to the strip
mode case, have been elucidated. In particular it has been shown that in
addit ion to well-known amplitude ancl resolution effects of burst

discontinuities the phase of ScanSAR data is parabolically dependent on
the azimuth target location. Therefore, the impact on preserving the
phase  in  complex  SAR imagery ,  when  for  example  resampling or

framing interferometric or polarimctric products, is great. For example,
in the SRTM case, a misregistration  of a 1/1 6th of pixel for a target in

the center of the swath and at the edge of the image obtained from the
burst, leads to a phase error in the interferogram of more than 40°,
given a phase fidelity of only 8°; clearly this error is not acceptable.

A new phase-preserving solution for ScanSAR  data processing has
been also presented.  I t  maintains the simplici ty and most of the

efficiency of the SPECAN approach but generates images with constant
azimuth pixel spacing without any interpolation; moreover, the image
azimuth pixel dimension can be chosen to match the user requirements.

This  approach  represen ts  a  va l id  processor  candida te  for  phase-
preserving ScanSAR data processing as in the SRTM case.
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Captions of the f i g u r e s

Fig. I Reference coordinate system.
I:ig. 2 Sc.anSAR operating mo(ic for a two sub-swaths case.
Fig. 3 ScanSAR geometry in the (x, r) plane.

Fig. 4 Azimuth amplitude cross section with antenna pattern correction;

three targets are present, labeled A, B and C, respectively.

Fig. 5  Azimuth  ampl i tude  c ross  sec t ion without antenna pattern

correction.
Fig. 6a Azimuth phase cross section around the peak of target A of fig. 4.

Fig. 6b Azimuth phase cross section around the peak of target B of fig. 4.
Fig. 6C Azimuth phase cross section around the peak of target C of fig. 4;

a simple unwrapping procedure has been applied in this case.
Fig. 7 Overlaid plots of figs, 6a, 6b and 6c.

Fig. 8 SPECAN algorithm block cliagram for ScanSAR azimuth focusing.
Fig. 9 Chirp z-transform based SPECAN algorithm block diagram.
Fig. 10  Azimuth  ampl i tude  c ross  sec t ions  wi th  an tenna  p a t t e r n
correction obtained by applying the algorithm of Fig. 9. Continuous line
is coincident with the curve in fig. 4, ‘+’ and ‘*’ are obtained with a
sample spatial dimension six and nine times larger than that of fig. 4
(here referred to as Ax’), respectively.
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