W3Bectus By30B Poccun. Pagnodnektponnka. 2021. T. 24, Ne 2. C. 27-37
Journal of the Russian Universities. Radioelectronics. 2021, vol. 24, no. 2, pp. 27-37

Radar and Navigation

UDC 621.396.96 Original article
https://doi.org/10.32603/1993-8985-2021-24-2-27-37

A Simple Algorithm for Compensation for Range Cell Migration in a Stripmap SAR

Andrey A. Monakov

Saint Petersburg State University of Aerospace Instrumentation (SUAI),
St Petersburg, Russia

& a_monakov@mail.ru

Abstract

Introduction. Range Cell Migration (RCM) is a source of image blurring in synthetic aperture radars (SAR). There
are two groups of signal processing algorithms used to compensate for migration effects. The first group includes
algorithms that recalculate the SAR signal from the "along-track range - slant range" coordinate system into the
"along-track range - cross-track range" coordinates using the method of interpolation. The disadvantage of these
algorithms is their considerable computational cost. Algorithms of the second group do not rely on interpolation
thus being more attractive in terms of practical application.

Aim. To synthesize a simple algorithm for compensating for RCM without using interpolation.

Materials and methods. The synthesis was performed using a simplified version of the Chirp Scaling algorithm.
Results. A simple algorithm, which presents a modification of the Keystone Transform algorithm, was synthe-
sized. The synthesized algorithm based on Fast Fourier Transforms and the Hadamard matrix products does not
require interpolation.

Conclusion. A verification of the algorithm quality via mathematical simulation confirmed its high efficiency. Im-
plementation of the algorithm permits the number of computational operations to be reduced. The final radar
image produced using the proposed algorithm is built in the true Cartesian coordinates. The algorithm can be
applied for SAR imaging of moving targets. The conducted analysis showed that the algorithm yields the image
of a moving target provided that the coherent processing interval is sufficiently large. The image lies along a line,
which angle of inclination is proportional to the projection of the target relative velocity on the line-of-sight. Esti-
mation of the image parameters permits the target movement parameters to be determined.
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Pagnonokauus 1 pagnoHasuraums

OpurrHanbHasa cTaTba

MpocToil anropUTM KOMMEeHcaUmMmn MUrpaLmii CBETALLMXCA TOYeK Mo Aa/IbHOCTU
Ansa pexuma 6okosoro o63opa PCA

A. A. MoHakoB™

CaHkT-lMeTepbyprcknii rocyaapCTBEHHbIN YHUBEPCUTET
aspokocmumyeckoro npmubopoctpoeHus (MYAM), CankT-MeTepbypr, Poccuns

¥ a_monakov@mail.ru
AHHOTauusA
BeegeHvie. Myrpaumm CBeTALLMXCA ToUek MO AaNbHOCTY ABSHOTCA UCTOYHUKOM PacdOKyC1POBKM PaAMONOKaLIMIOH-
HbIX M306paXxeHW B paanonokaTopax ¢ CMHTe3poBaHHOM anepTypoli (PCA). CyLecTsyeT ABe rpynmbl aaroputMos
06paboTKM CUTHANOB ANA KOMMeHcaumm Murpami. NMepeas rpynna BKIOYaeT anropuTMbl, B KOTOPbIX Ha OCHOBaHUN
MeToZ0B GYHKLMOHANBHOV MHTEPMONSLMN OCYLLEECTBAAETCA NepecyeT NPUHATBIX CUTHAN0B N3 CUCTEMbI KOOPAMHAT
"NpogonbHasa AanbHOCTb - HAKIOHHAsA AaNbHOCTL" B cMCTeMy "NPoAonbHas AanbHOCTb - NornepeyHas AanbHoCcTb".
Hef0CTaTKOM anropyTMOB AaHHOW Fpynbl SBASAETCA VX BbICOKas BbIYNCIUTENBHASA CI0XHOCTb. AITOPUTMbI BTOPOIA
rPynMbl He NCMOMb3YHT MHTEPMONALMOHHBLIE METOAbI 1 ABASIOTCA MO3TOMY 60/1ee npuBnekaTensHbIMU ANS NPaKTy-
YeCcKoro 1Crno/b30BaHKs.
Lenkb. CHTe3vpoBaTh MPOCTON anropmuTM KOMMeHcaLmm MUrpaLmnin 6e3 nprumeHeHs GYHKLIMOHAIbHOW MHTEPROASLMN.
Matepuanel 1 MeToabl. CHTE3 anropuTMa OCyLLLeCTBAEH Ha OCHOBaHMW YNpPOLLIEHHOW Bepcun anropmutMa J1HM-
dunbTpaymm (Chirp Scaling Algorithm).
Pe3ynbTatbl. CHTE3MPOBaH NPOCTOM anropuTM, ABAAIOLLNIACS MOoANdMKaLmMeld anroputMa "3aMKoBOro kamHsa".
ANITOPUTM OCHOBaH Ha NCMOb30BaHWM BbICTPbIX NpeobpasoBaHni Dypbe 1 Mo31eMeHTHbBIX MaTPUYHBIX YMHO-
XeHWUN. B anroputme He MPUMEHSIOTCA MeTOAbl MHTEPNONALMN.
3akto4veHue. MNpoBepka KavecTBa aropyMTMa Ha OCHOBe MaTeMaTU4eckoro MOAeNNPOBaHNA MOATBEPAWIA ero BbICo-
Kyro 3GPeKTMBHOCTb. Icnonb3oBaHVe anroputMa no3sonseT yMeHbLUNTbL KOMMYECTBO BblYACIUTENBHBIX OrnepaLyi.
®rHaNbLHOe PaaMoNoKaLMOHHOE N306paxKeHKe, MoMyHaeMoe C MOMOLLIbIO anropuUTMa, CTPOUTCS B UCTUIHHOW AekapTo-
BOW CCTEME KOOPAMHAT. AMTOPUTM MOXET ObITb MpUMeHeH A1 nocTpoeHnst PCA n306paxeHNin ABVXKYLLMXCS Lenel.
JaHHbIV B CTaTbe aHanM3 nokasas, YTo anropuTM No3BosseT MOCTPOUTL XOPOLLIO CHOKYCMPOBaHHOE N306paXxeHe ABW-
XKYLLIECS Lenu, Koraa MHTepBan CUHTE3MPOBaHNSA JOCTAaTOUHO BeVK. I306paxeHne ABMKyLLIENCS Lienn BbICTPanBa-
€TCA BAO/b OTpe3Ka NPSIMONA, Yro/l Hak/IoHa KOTOPO NPOMOopLIMOHaNeH NpoekLmn OTHOCUTENBHOM CKOPOCTU Lienn Ha
JIMHWIIO BU3MPOBaHUA. OLeHKa NapaMeTpoB N306paKeHNs MO3BOASET OrnpeenNTb MapameTpbl JBVXKEHWS LieN.

KntoueBble cnoBa: pajap ¢ cMHTe3npoBaHHOM anepTypoli (PCA), MUrpaummn CBeTALLUMXCA TOYeK Mo AaNbHOCTH,
npeobpasoBaHue "3amkoBoro kamHs", TYM-dunbTpayns

Ans untmpoBaHus: MoHakoB A. A. TpocToin anropnTM KOMMeHCaLumMm MUrpaLmii CBETALLMXCA TOHEK Mo AaNbHOCTA
Ana pexrmMa bokoBoro o63opa PCA// MN3B. By3oB Poccuun. PagnoanektpoHuka. 2021. T. 24, Ne 2. C. 27-37. doi:
10.32603/1993-8985-2021-24-2-27-37
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Introduction. The Range Cell Migration (RMC)
takes place in synthetic aperture radar (SAR) of high
range resolution due to the range walk of the com-
pressed signal through range resolution cells. The
RCM causes significant image blurring [1, 2]. Now-
adays there are a number of signal processing algo-
rithms to compensate for its negative influence on
the SAR image quality. These algorithms can be

subdi-vided into two groups. Algorithms of the first
group use the function interpolation. The SAR 2D
signal matrix undergoes the transformation from the
"along-track range — slant range" coordinate system
to the "along-track range — cross-track range" sys-
tem. The Range — Doppler Algorithm [3-6], the
Wave Number Algorithm [7-10] and the Keystone
Transform (KT) [11, 12] belong to this group. When
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the received signal matrix is large, the nonlinear
transformation from the first coordinate system to
the second one is a burdensome computational prob-
lem that requires significant computing power. Be-
sides, the interpolation can cause the appearance of
spurious targets in SAR images. Algorithms of the
second group do not implement the interpolation
and, in this sense, they are more attractive for imple-
mentation. The Chirp Scaling Algorithm [13—17], the
Extended Chirp Scaling Algorithm [18] and the Fre-
quency Scaling Algorithm [19, 20] are in this group.
Quality of algorithms of the second group is not
worse, but they are faster due to the Fast Fourier
Transforms (FFT) used for their realization.

The KT, which was firstly introduced in [11], oc-
cupies a special position among algorithms of the first
group because it can be adopted for SAR imaging of
moving targets [12]. Extension of the KT for the mov-
ing target imaging is based on the assumption that the
range curvature is not large during the coherent pro-
cessing interval and the range walk can be considered
only velocity-based (linear). The success of the algo-
rithm gave rise to additional search of efficient signal
processing algorithms to compensate for the RMC. In
[21] the second order KT algorithm was suggested es-
pecially for the moving target imaging. This algorithm
permits to compensate the range walk in case of large
range curvature. In [22] the second order double-Key-
stone Transform is presented. This algorithm can cor-
rect for both velocity-based and acceleration-based
(quadrature) range walk.

Later the KT without interpolation, which is
named the ZLZ-algorithm in the paper using the first
letters of the authors’ names, was proposed in [23].
The Chirp Scaling (CS) developed in [24] is used in
this algorithm to avoid the interpolation. The algo-
rithm combines the KT simplicity with a high effi-
ciency of the CS. Although this algorithm was synthe-
sized to compensate for the linear component of the
range walk for the moving target, it can be used for
SAR imaging of stationary targets too.

In this paper the synthesis and the analysis of a
new algorithm to compensate for the RCM in a strip-
map SAR are presented. The algorithm is based on a
reduced version of the CS to get rid of the interpola-
tion. The algorithm is computationally simpler than
the ZLZ-algorithm and has the same image quality.

In case of stationary target imaging the final radar im-
age is built in the "along-track range — cross-track
range" coordinate system, thus avoiding geometrical
distortions that appear in the image constructed in the
"along-track range — slant range" coordinates by the
Z1.Z-algorithm. Analysis of moving target imaging of
the algorithms is performed in the paper using the ap-
proach firstly implemented in [25] and based on the
theory of distributions (generalized functions). It is
proved that the proposed algorithm and the ZLZ-algo-
rithm yield different radar images of a moving target.
Particularly the image produced by the proposed algo-
rithm has a noticeable inclination in the "along-track
range — cross-range range" coordinate plane and the
inclination angle depends to the projection of the target
relative velocity on the target line-of-sight.
Development of the algorithm. Let us suppose
the transmitted signal is a wideband pulse with the
spectrum S(w) uniform in the frequency band

[-nAF,mAF]. Neglecting a time delay in the

matched filter, the output signal spectrum is

A(o)= |S (m)|2 . All calculation in the paper are per-

formed in a 2D Cartesian coordinate system XOY,
which is stationary relating the SAR vehicle. The X

axis is directed along the vehicle velocity V, and the
Y axis looks along the antenna beam. Then the signal

received from a surface point (XO’ yo) is

2R(t) .
- jexp[—lkoR(t)],

where a(t) = (2n)_lj A(co)eimdo) is a complex en-

ss(t,r):a(r—

velop of the pulse at the output of the matched filter;
1€[0,T,] is the "fast" time; te [O,Ta] is the "slow"
time; T, is a pulse repetition interval; T, is a coher-

ent processing interval (CPI);

2
R(D =, (x) —vt)" +¥§
is the slant range of the point; v= |V/| is the vehicle

20
speed; C is the speed of light; kj =—0_ i—n is the
C
0

wave number (mo and 7“0 are the carrier frequency
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and the wavelength correspondingly). For further cal-
culations it is more convenient to represent the 2D sig-
nal ss(t,t) in coordinates "along-track range — cross-

track range":
ss(x,y) =a[y—R(x)exp| -ik,R(x)], (1)
where X=vt e[O,VTa] is the along-track range;

y=cte[0,cT,] is the cross-track

R(x):.[(xo—x)2+yg.

The direct Fourier transform of signal (1) over y is

range;

sS (x,k)=[ss(x, y)e Wy =
= A(k)exp[ (kg +k)R(X)], )

20 .
where k =— is the range wavenumber correspond-
c

ing to the spectral frequency ; A(k) = A(®)p=ck/2

is the spectrum of the signal complex envelop a(t)
written as a function of £.

Let us suppose that the cross-track range of the
point is much larger than the length of the CPL, i. e.
Yo > VTa. Then the following equation is true for the

slant range:
’ 1 4 2
R(X):R0+RO+§ROX y

where Ry = R(0), R = R'(0), R = R"(0) are the

values of R(X) and its first two derivatives in the
point X =0. Equation (2) can be rewritten as,

sS(x,k)= A(k)e_i(k"Jrk)RO x
xexp{—i(ko+k)(R6x+%R6x2H. (3)

Presence of & in the argument of the second expo-
nent in (3) is a result of the RCM. Transition to a new
along-track range

X =0 X, )]

permits to factorize phasors of sS(X,k) depending on

the range wavenumber & and the along-track range x.
In the KT-algorithm transition (4) is performed via the
function interpolation, and in this way the RCM com-
pensation is realized.

Translation (4) is a scale transform. To perform it
without interpolation let us use the following identity:

exp[—i ocsz ® exp[—i [3X2:| =

=Cexp{—ia—ﬁx2},
o+p

where o and J are arbitrary scalars, ® is the convo-

lution operator. The constant C =C(,B) depends on
o and B, but does not depend on the variable x.
1 " _ (X‘B _ 1 "
Let (x=§(ko +k)R0 and y_oc_JrB_EkO 5
then

poor _Fo(1 1 -
a-y 2|ky kytk

Thus, the convolution of sS(X,k) with the function

| PO L1
m(x’k)_ex{_ 2 (E_k(ﬁk] }

yields the desired scale transform. This convolution can
be done in the azimuth wavenumber domain, if one takes
into account that the direct Fourier transforms of

sS(x,k) and hy (x,k) over the along-track range x are:

SS (K, k) =[S (x k)e " *ax =

, 12
_ ClA(k)e—i(k0+k)R0e_iKXO exp [K + (ko + k) RO]

2(ko+k)R6 ’
Hy (K. k)= [hy (x,k)e F¥dx =
K2(1 1
‘Czexp{ZRs[E‘kwkﬂ’ ©

where C; and C, are constants independent on the

range and azimuth wavenumbers & and K.
It is easy to prove that the product

SSl(K,k)=SS(K,k)H1(K,k):
Ry?
=CA(k)exp| —i(k, +k)| Ry ———
( ) p (O+ ) 0 2R6 X
R/ 2
xexp{iK e}exp{iK—”},
Rg 2k0R0

where C is a slowly varying function of K and £, has
necessary form, since the inverse Fourier transform
over the azimuth wavenumber K amounts to
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S, (x.k) = (2m) ™ [s5; (K k)elk*dK =

R'Z
= CA(k)exp{—i(k0 + k)(R _Wﬂx

2
k R R’
0’0 0
ex —I— X+ — .
" { 2 [ROJ] ©

Introduction of C, which is considered constant in
further calculation, is very important because it "con-
sumes" all other constants and slowly varying terms
that will appear.

The last phasor in equation (6) corresponds to the
square phase error, which can be compensated easily

by the multiplication of sS; (x,k) to the complex con-

jugate phasor

H, (x)= exp{ kOZRO 2} (7

12
RLJ]
2R

Finally, it is necessary to calculate the Fourier

After this multiplication

$S, (x,k) =sS; (x,k)H, (x) =

= CA(k)exp[—ikORéx]exp{—i (ko + k){R0 -
transforms over x and k that yield

Réz
SSZ(K,y)=C6{K+kOR6, y—[ 0 J} ®)

2R}

where 8{-,-} is the 2D delta-function.
For a stripmap SAR

X
0= ©)

Substitution of (9) into (8) yields

SSZ(K,y)=C8{K ko 0,y yo}

A flowchart of the synthesized algorithm is shown
in Fig. 1, b a flowchart of the
Z1.Z-algorithm is depicted and its notation is adapted

1, a. In Fig.

to the present article. Comparing the algorithms, it is
easy to realize that they are almost similar. The differ-
ence is the additional multiplications of the 2D spectra

sS(x,k) and SS, (K,k) with the complex functions

Hy (x.k) = exp{ i(kg +k)R62X2},
H3(K,k):exp{—i kK2 ]

2 L4
2k2RY

in the ZLZ-algorithm. It is possible to show that these
multiplications change the final 2D signal matrix to

Ss(K, y) =(2n)‘1jssz(K,k)Hg(K,k)eikak -

:CS{K k ,y R}
Ry

Hence, the SAR image is constructed by this al-
gorithm in the coordinates "along-track range — slant
range". This is the difference between the algorithms,
since the proposed one constructs the radar image in
the "along-track range — cross-track range", which is
a true Cartesian coordinate system. The synthesized
algorithm has one more advantage: it requires two
Hadamard matrix products less. If the received signal
is a N x M -matriX, where M and N are the numbers
of the range and azimuth resolution cells correspond-
ingly, implementation of the proposed algorithm al-
lows to save 2MN complex multiplications.

SAR imaging of moving targets. Let us con-
sider the case when the point is uniformly moving.
Suppose that its velocity is U=XU +§/Uy where
X and y are the unit vectors along the X and Y
axes, Uy and Uy are the velocity projections.

Then in equation (1)

R(x)= \/(Xo +UyX — x)2 +(Yo +uyx)2 ~

1

~R +R X+ = R” 2
2

where uy =Uy /v and uy =Uy /v;
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Ry = XS N yg ; Then equation (3) can be rewritten as,
—i(ko*k)Ro
, 1 sS(x,k)=A(k)e kot x
RO:R—O (uy —1)x0+uyy0]: (x.k) ,
; Y2
= (ux —1)sin@; +uy cos6, =; (10) XeXp[_'(kO”Lk)(BXJ”ﬁX H 1n
Ry = %[(ux —1)yo —UyX, JZ = Let us apply the designed algorithm starting from
Ry the step, which corresponds to the calculation of the
1 ) 2 Y2 spectrum SS (K, k). In further computations it is sup-
= [ (ux ~1)cos0, —uysinBy |" =, .
Ry R, posed that the stationary phase method (see, e. g. [26])
can be applied the perform necessary integrations.
8 is the line of sight angle of the point. In equation The Fourier transformation over the variable x in
. . 11) yield
(10) new variables 8= (uy —1)sin6; +uy cos6,, and (11) yields 2
v =(uy —1)cosB; —uy sin@ are introduced. Physi- SS(K,k)=C eXp{—i (ko +k)Ry [1— Z_ZH X
Y
cal meaning of the introduced parameters is obvious: ’
B and y are the radial and transverse normalized XEXp {i B KI;O }exp i 2K Ry .
speeds of the target relatively to the radar. Y 2y (ko + k)

SS(x, ¥) l SS(x, y) l

FFT,, FFT,
SS (x, k) J SS (x, k)
H_(x k
FFT, o (%K)
SS(K.K) l T,
"l SS (K, k)
SS; (K, k) ' H, (K k)
SS, (K, k)
IFFT 1
K
IFFT
SS; (x, k) K
"z ) ek H, ()
2
SSZ (X, k) SSZ (X, k)
FFT, FFT,
SS, (K, k) il SS, (K, k)
H. (K. k
IFFT, 3(K.K)
Ss, (K. y) l IFFT,
Ss3(K.y)
a b

Fig. 1. Flowcharts of the algorithms: a — the ZLZ-algorithm; b — the proposed algorithm
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After multiplication of SS(K,k) to H, (K,k) of

(5) the spectrum SS; (K, k) can be written as,

SSl(K,k)=Cexp{—i(k0 +k)Ry [1—ﬁﬂx

272
2 2
{BKRO} K2Ry (ko +7%)
xexXp| i——s— |exp|i—— .
Y 2y ko(k0+k)

The inverse Fourier transformation of SS; (K,k)

over the azimuth wavenumber K produces

sS (x,k) :Cexp{—i(k0 +k)Ry {1—5—2}}
Y
szo(ko + k) [x+ BRO jZ
) :

2
2Ry (ky + 72K )Ly

xexp| —i

Multiplying sS; (x,k) with H,(x) of (7) and

performing some simplifications, the following equa-
tion can be received:

$S, (x,k) :Cexp{—i(kO +k)Ry [1—ﬁﬂx

272
2 2 2
Kn (K + K R Ky X
x exp| —i ! O( 0 2) (X+B20J i .
2Ry (ko + 72K\ v 2R,
Then

K
SS, (K,k)=Cexp| —i 5

. p2 1 (K BY
xexp{—l(ko+k)R0[1—?+—2(1_y2)[T(—0+;] H

Finally, performing the inverse Fourier transfor-
mation over the range wavenumber £ we have

0
wsly_Rol1- B2 . L (WK By
S{y ROP 2y? +2(1—y2)[ ko +v] H

where 8{s} is the Dirac delta-function. The function

SSZ(K,y) should be considered as a distribution

2
—ikyy KR,
Ss, (K,y)=Ce 9 exp| —i
2( Y) p[ >k x

(generalized function), i. e. a linear functional over the

space D(}RZ) of infinitely differentiable complex-
valued functions with compact support [27]. Suppose

an arbitrary function ¢(K,y)e D(R?) and let us

calculate the scalar product

<SSZ,(p>= _[ Ss, (K, y)o(K,y)dK dy. (12)
RZ

To perform the calculation, it necessary to do in-
tegration in (12) sequentially over y and K variables.
Integration over Y is very easy

<SSZ,(p>:
=cjd|<<p K, Ry 1—ﬁ+;(ﬁ+ﬁf x
R 2v% 2(1-42)\ ko ¥

KR,
x exp| —i X
2k,

P e o T B C o
exp{ 'koRo{l 272+2<1—y2)[k0 +y] ]}_

p{kR{lﬁ(kﬁgj]}

The second integration over K can be done by the
stationary phase method

(552:0)=Col - R 1- 37|

Since the function @{K,y} is chosen arbitrary it

can be argued that

. ; _ﬁj}
Ss, (K., y) 8{K+kOB,y Ro(l 5 , (13)

where oc designates the equivalence. It means that
the function Ss, (K, y) belongs to the same equiva-
lence class in L, functional space that contains the Di-

rac delta-function standing in the right hand side of
(13). Hence, the image of a moving target is concen-
trated in  the point with  coordinates

[—kOB, Ro(l—O.SBZ)] For a stationary target

equation (13) coincides with equation (8). Since the
azimuth wavenumber
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where x is the cross-track range, the image position is

[)20 =—BRy, ¥ =Ry (1—0.5[32 )} Therefore, in case

of a moving target its image is shifted from the true
position. The shift depends on the relative projection
of the target velocity on the line-of-sight.

Analysis in this section shows that the proposed
algorithm produces the well-focused image of a mov-
ing target if the CPI is infinitely large. In case of a fi-
nite CPI, as it is shown in the next section, the image
looks like a crossing of two ridges. One ridge is paral-
lel to the y axis, the other one is inclined to the X
axis. The focused image lays along the second ridge.

It is possible to show that this ridge approximately lies
along the line

2 2
sz Y (X+BRO)
=R,|1-— R —_— =
2 ~ \2
) LT (X=%)
=V, +B(X—X5 )+ —=~. 14
0tB(x-%) 2R0(1—y2) (14)

The line passes the point [)?0, )70] and the tangent
of its inclination angle is tanwy =f. Therefore, esti-
mating the three parameters X, ¥, tany directly

from the image it is possible to determine the three
a priory unknown movement parameters 6, Uy, Uy

of the target.
Similar analysis can be performed for the ZLZ-
algorithm. It is possible to show that in this case

Ss3(K,y)=

2
—ce kY5 y - Ro 14—t [ Kig
2 (2 - y) ko
Treating Ss, (K, y) as a distribution it is straight-

forward to show that
Ss3 (K, y) o 8{K +Bkg,y — Ry }-

Hence, if the CPI is infinitely large the image pro-
duced by the ZLZ-algorithm is well focused too and

its position is [)20 =—BRy. Yo = Ro] When the CPl is
finite the image lays along the line

(X+BRO)2
Z(Z_Y)Ro.

This is a parabola passing through the point

y=Ry+ (15)

[)”(0 90] and the tangent of its inclination angle is

tany =0. Estimation of the moving parameters in

this case is more difficult.

Results of the computer simulation. Computer
simulation of the synthesized algorithm was executed
with the following scenario parameters:

— wavelength A = 5.6 cm;

— real antenna aperture length L = 1 m;

— pulse bandwidth AF =200 MHz;

— vehicle speed v =40 m/s;

—distance to the border

nearest image

Y =10 km;

— length of the synthesized aperture D =410 m;
— number of range resolution cells M =512;

— number of azimuth resolution cells N =4096.
The simulation results are presented in Fig. 2.
Fig. 2, a shows the image contours of a point with coor-

dinates X;=529m and y, =10086 m(R,=10100m)

obtained by the standard SAR algorithm [1], which in-
cludes sequential execution of the matched filtering of
the received signal at each repetition period, quadratic
term compensation and harmonic signal analysis using
the Fast Fourier Transform over the "slow" time ¢. From
the figure it follows that signal compression is not ef-
fective. The radar image of the source is "smeared" in
the along-track and the cross-track ranges.

Fig. 2, b shows similar contours for the synthe-
sized algorithm and Fig. 2, ¢ for the ZLZ-algorithm.
Simultaneous compression of the image along the
along-track and cross-track ranges is observed and the
quality of the radar images are similar. At the same
time the point image for the proposed algorithm has

the true Cartesian coordinates (Xo,yo). The ZLZ-

algorithm focused the image in the point (XO’ Yo ), as

it was indicated above. Thus, the simulation proves
the efficiency of the synthesized algorithm in case of
stationary targets.

In Fig. 3 there are similar radar images for a mov-

ing target with the velocity U =4.4 m/s.
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Quality of the radar image of the standard SAR al-
gorithm (Fig. 3, @) deteriorates significantly in com-
parison with the image in Fig. 2, a: it is much more
blurred and shifted from the true target position. Quali-
ties of the images of the proposed algorithm (Fig. 3, b)
and the ZLZ-algorithm (Fig. 3, ¢) are much better.
They are slightly "smeared" and shifted, as it was pre-
dicted in the previous section. It is worth to note that
the shape of the target image of the ZLZ-algorithm
lays along the dashed magenta line that corresponds to
the parabola (15) and the envelope of the image is par-
allel to the axis x. At the same time the image of the
proposed algorithm changes its shape: the ridge that
was parallel to the axis X in Fig. 2, b has changed its
inclination and lays along the dashed magenta line,
y, km

which equation is (14). This inclination can be used to
estimate the target radial speed although such estima-
tion can be realized via implementation of complicate
algorithms using the Wigner-Ville Distribution [28,
29], the Fractional Fourier Transform [30, 31] or the
Radon Transform [32, 33]. These algorithm permit to
estimate the transverse target speed, as well. Estimat-

ing of the image position [)?0, )70] and parameters f3
and vy it is possible to determine the initial coordi-
nates and the velocity of the target.

Conclusion. The range cell migrations (RCM) is
one of the main factors that deteriorates the quality of

SAR images. The article synthesizes an RCM com-
pensation algorithm without interpolation. The synthe-

10.11}1- y, km y, km
10.101~ 10.10F 10.11F
10,09~ 10.091 10.100vses0ag 20000
10.08— 10.08 10.09—
10071 10.07 L L L 10.08 L !
049 051 053 055 X km 0.49 051 053 055 x, km
10.06 | ! b ¢
0.45 0.50 0.55 X, km
a
Puc. 2. Results of the simulation: SAR images of a stationary target:
a — standard algorithm; b — synthesized algorithm; ¢ — ZLZ-algorithm
y, km
0 —10.14 v, km
) y, km '
|
\
( —10.13 i
¥ -10.10 104l
[ H L4 5
[ OV Y —10.12 e —_— J
) W NS e e eSS =10.09 : 1010
A / fh'[:y‘ 1 U
= e 10.11 4
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| I L L 1007 x km _ _ N .
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|
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Puc. 3. Results of the simulation: SAR images of a moving target:
a — standard algorithm; b — synthesized algorithm; ¢ — ZLZ-algorithm
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sized algorithm is a new variant of the Keystone Trans-
form algorithm without interpolation. The basis of the
proposed algorithm are the reduced Chirp Scaling and
the Fast Fourier Transforms. The proposed algorithm
is simpler than the Keystone Transform. It does not
need any functional interpolation and yields the radar
image in the true Cartesian "along-track range — cross-
track range" coordinates. Computer simulation proves
high efficiency of the algorithm. The proposed algo-

rithm can be used for SAR imaging of moving targets.
In this case the algorithm would produce a focused im-
age of the moving target that is shifted from the target
true position and slightly rotated. The shift and the in-
clination angle of the image depend on the projection
of the target relative velocity on the line-of-sight, 1. e.
the radial speed of the target. Estimation of the image
parameters permits to determine the target movement
parameters — its true position and velocity.
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