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KEYWORDS Abstract Spaceborne Synthetic Aperture Radar (SAR) is a well-established and powerful imaging
High-Resolution Wide- technology that can provide high-resolution images of the Earth’s surface on a global scale. For
Swath (HRWS); future SAR systems, one of the key capabilities is to acquire images with both high-resolution
Imaging method; and wide-swath. In parallel to the evolution of SAR sensors, more precise range models, and effec-
Second-Order Equivalent tive imaging algorithms are required. Due to the significant azimuth-variance of the echo signal in
Squint Range Model High-Resolution Wide-Swath (HRWS) SAR, two challenges have been faced in conventional imag-
(SOESRM); ing algorithms. The first challenge is constructing a precise range model of the whole scene and the

Signal processing;
Synthetic Aperture Radar
(SAR)

second one is to develop an effective imaging algorithm since existing ones fail to process high-
resolution and wide azimuth swath SAR data effectively. In this paper, an Advanced High-order
Nonlinear Chirp Scaling (A-HNLCS) algorithm for HRWS SAR is proposed. First, a novel
Second-Order Equivalent Squint Range Model (SOESRM) is developed to describe the range his-
tory of the whole scene, by introducing a quadratic curve to fit the deviation of the azimuth FM
rate. Second, a corresponding algorithm is derived, where the azimuth-variance of the echo signal
is solved by azimuth equalizing processing and accurate focusing is achieved through a high-order
nonlinear chirp scaling algorithm. As a result, the whole scene can be accurately focused through
one single imaging processing. Simulations are provided to validate the proposed range model
and imaging algorithm.
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1. Introduction

Spaceborne Synthetic Aperture Radar (SAR) is a well-
established remote sensing technology, capable of acquiring
i images of Earth’s surface independent of weather conditions
ELSEVIER Production and hosting by Elsevier and sunlight illumination. With beam steering techniques,
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the sliding spotlight mode has been employed to support high-
resolution applications. Since the first spaceborne SAR, Seasat
was launched in 1978," significant progress has been made in
this area. With the launch of the SAR satellites Radarsat-2,
TerraSAR-X, TanDEM-X, COSMO SkyMed, ALOS-2 and
COSMO SkyMed Second Generation (CSG), the resolution
of spaceborne SAR has been upgraded from tens of meters
to the sub-meter level, and the ratio of imaging area to resolu-
tion element has been increased from 50 million to 252 mil-
lion.” ? Benefiting from an advanced SAR sensor technology,
the TerraSAR-X Next Generation (TSX-NG) will allow a high
spatial resolution down to 0.25m and a 5 km swath in both
azimuth and range directions.'*!"" For TSX-NG, the ratio of
imaging area to resolution element will increase to 400 million.
In the future, spaceborne SAR systems are expected to acquire
much wider areas with high-resolution for numerous applica-
tions. Suppose the swath of High-Resolution Wide-Swath
(HRWS) SAR can be enlarged to 20 km (Azimuth) x 20 km
(Range) with the same resolution of TSX-NG, the ratio of
image area to resolution element would reach 6.4 billion, much
higher than the magnitude of current SAR systems. Studies
have demonstrated that through a longer integration time, a
larger squint angle and adopting the Continuously Varying
Pulse Repetition Frequency (CVPRF) strategy, the echo signal
can be effectively acquired.'> However, the much longer inte-
gration time and larger squint angle in azimuth would pose
many challenges for spaceborne SAR signal processing, partic-
ularly the imaging part.

Among them is how to construct a precise range model to
describe the range history more accurately in the HRWS case.
Many studies have been performed in this area, with various
accurate range models put forward. The most well-known
range model in spaceborne SAR is the Hyperbolic Range
Equation Model (HREM) or the Equivalent Squint Range
Model (ESRM),'*'* which is derived from the straight track
and is adapted to the curved orbit of spaceborne SAR by
equivalent velocity and squint angle. Based on either HREM
or ESRM, several variations have been proposed and applied
in the classic imaging algorithms. A Fourth-order Doppler
Range Model (DRM4) was proposed for high-resolution
spaceborne SAR, where the range model perfectly compen-
sates the actual range history up to the quartic term.'> An
Advanced Hyperbolic Range Equation (AHRE) was intro-
duced for Medium Earth Orbit (MEO) SAR, where an addi-
tional linear term is introduced into the conventional HREM
to handle the focusing issue of an azimuth resolution around
3 m with altitude ranging from 1000 to 10000 km.'® A Modi-
fied Equivalent Squint Range Model (MESRM) was devel-
oped for high-resolution spaceborne SAR, where an
additional cubic component and quartic component are intro-
duced into the conventional ESRM, and a better imaging
result can be obtained.!” Recently, range model for curvilinear
trajectory airborne SAR, which involves three-dimensional
velocity and acceleration is proposed. Based on Chebyshev
approximation, the range model in the form of equivalent
hyperbolic equation is obtained and shows high precise for a
target point within its synthetic aperture time.'®

However, all these studies are focused on the range model
of a single point target, without considering the influence of
azimuth-variance on the whole scene. As a result, the ground
scenes in their simulations were both chosen as 4 km in azi-

muth by Luo'® and Wang'” et al, when the resolution is set
between 0.25-0.30 m. Once the azimuth swath is enlarged to
20 km, the targets at the azimuth edge will suffer from severe
degradation due to the mismatch between the range model
and the Doppler parameter, which varies significantly along
with different targets in the azimuth direction. To describe
the azimuth-variance of the Doppler parameter, a Second-
Order ESRM (SOESRM) is proposed in this paper, where a
quadratic curve is introduced to fit the deviation of azimuth
FM rate, so that a more accurate description of range history
can be obtained.

Regarding the focusing algorithm for spaceborne SAR, the
Chirp Scaling Algorithm (CSA) is commonly employed due to
its good phase preservation and high-efficiency properties.'”
To improve the performance, some modified CSAs have been
proposed, such as the Advanced Non-Linear Chirp Scaling (A-
NLCS) algorithm,'® the Higher-order Hybrid Correlation
Algorithm (HHCA)'” and the High-order NonLinear Chirp
Scaling (HNLCS) algorithm.”® However, all these algorithms
are focused on compensating for the spatial variant cross-
coupling phase between range and azimuth, without consider-
ing the azimuth-variance of the Doppler parameters. As a
result, they cannot be applied to HRWS spaceborne SAR
directly.

In this work, an Advanced High-order Nonlinear Chirp
Scaling (A-HNLCS) algorithm is proposed, where the
azimuth-variance of the Doppler parameters is removed by
equalization filtering, and accurate focusing is realized through
the higher-order nonlinear chirp scaling algorithm. The resid-
ual azimuth-variance, image aliasing, and geometric distortion
are removed by a modified resampling process. Simulations are
performed to show significantly improved imaging results.

It is necessary to point out that researchers of the German
Aerospace Center (DLR) have also proposed a concept of
HRWS mode which aims to achieve a high resolution (meter
level) in azimuth direction and a wide swath (hundreds of kilo-
meters) in range direction.”’>> However, there are mainly two
differences between the HRWS mode of DLR and the concept
discussed in this paper. Firstly, DLR aims to operate in a 2 m
azimuth resolution with a 400 km range swath using both Dig-
ital Beam-Forming (DBF) and multi-channel techniques to
extend the capability of SAR systems,”' but in this paper, we
emphasize a much higher azimuth resolution (0.25 m) with
20 km swath in azimuth by increasing the squint angle of
SAR. Secondly, challenges faced in signal processing for the
two concepts are different. For the HRWS mode of DLR,
the main challenge is the processing of the loss of pulses caused
by blockage over a large range swath.””> Meanwhile, due to the
2m azimuth resolution, the ERSM and CSA are precise
enough for signal processing. In this paper, azimuth variance
becomes the main challenge for 0.25 m azimuth resolution
and 20 km swath in both azimuth and range directions, hence,
a more precise range model and a more effective imaging algo-
rithm are required. Generally, the concept of DLR emphasizes
the coverage to observe large-scope areas, but the concept in
this paper focuses on the observation of high-value targets
with a very high resolution and wide swath.

This paper is organized as follows: Based on azimuth-
variance analysis of the range history, a second-order ERSM
is proposed in Section 2. The corresponding advanced imaging
algorithm for HRWS spaceborne SAR is developed in Sec-
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tion 3. Simulation results are provided in Section 4, and con- Lt 70, %0) =  2v3(t — t9) — 2rovocospg + 3Aas (¢ — 10)" + 4Aay(t — 1) @)
a\l o, Xo) = P -
clusions are drawn in Section 5. AR(1, 19, x0)
. 202 +6Aa3 (1—19)+12Aaq (1—19)?
2. Modified range model Si(t,ro,x0) = == })R(fro X0) —
5
[2‘ (1—10)— 7)0\0cosw0+3Aaz(I 10) +4Aas(i-10)'] ®)
An accurate range model is the basis of SAR signal processing, 2iR(tr0,%0)

which describes not only the range history of point targets but
also the variation of Doppler parameters. The spaceborne
SAR geometry in Earth-centered rotating coordinates is illus-
trated in Fig. 1, where the actual path is represented by the
black solid line, and the paths based on HREM and MESRM
are denoted by the blue dotted line and red dashed line, respec-
tively. 77 and T3 represent the edge points of the scene in the
azimuth direction, and T, presents the center point. S; and E;,
where i = {1, 2, 3}, are the start and end positions of the illu-
mination for the corresponding target 7;. It can be seen that
MESRM can match the range history of 7,, but not precise
enough for the points which are far away from the azimuth
center, i.e., 77 and T3. Ry is the slant range at Doppler center
time of T5.

By introducing an additional cubic component and quartic
component into the conventional ESRM, MESRM is given

2
as“’

R(t,r9) = \/rg + V32 = 2rgvgtcosgy + Aay P + Aasty (1)

Arofy
2

(4 -

— Ha
(¢ = arccos
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N 3ein2
Adx = —Arofyz VoS @9COSPy
3 6 o
Aazvycospy
ro

Aas = "“/'4 + USm (1 — 5cos’ @) —

where ¢ is the azimuth time, r, is the slant range at Doppler
center time, v, is the equivalent radar velocity between the scat-
ter and the SAR, ¢, is the equivalent squint angle, Aa; and Aa,
represent cubic and quartic coefficients, / is the signal wave-
length, and f}, f,, f,; and f,, denote the Doppler centroid fre-
quency, the azimuth Frequency Modulation (FM) rate, the
rate of the azimuth FM rate and the second-order derivative
of the azimuth FM rate, respectively.

Differentiating Eq. (1) with respect to ¢ for the point with a
distance of x, from the scene center, we have

BR([7 ro,X()) _ _ ):fd([7 I’va()) _ ;fl‘(t7 l’(),X())
ot 2 2

(t=to)+--- (3)

Path of HREM
Actual paW

1
Path of MESRM

Fig. 1 Geometry of sliding spotlight mode for spaceborne SAR.

where £, is the azimuth time when the target at x, is illumi-
nated by the center of the radar beam.

From Egs. (4) and (5), it can be seen that for MESRM there
is a mapping relationship between f,(¢,ro, xo) and f,(¢,ry, Xo),
as shown in Fig. 2 (red line), and the simulation parameters
are listed in Table 1. For the point with a distance of xo from
the scene center, there is a f,(¢,r,xy) and a corresponding

f:(t,r0,x0). Generally, if the Doppler parameters of all the tar-

gets match the mapping relationship of the actual situation
(the blue dashed line in Fig. 2), precise focusing of the whole
scene can be realized through one single imaging process.
However, due to the earth rotation and curved orbit, there is
an obvious deviation as targets move away from the scene cen-
ter, as shown in the red box of Fig. 2. Moreover, the Doppler
FM rate error as a function of azimuth position caused by
MESRM is given in Fig. 3, where the red dashed lines are
the safe lines corresponding to a maximal phase error of
n/4. The result indicates that the edge targets would suffer
from severe degradation and the effective imaging area is close
to 4 km in azimuth when MESRM is implemented. The imag-
ing result cannot meet the requirement of a larger scene, such
as 20 km in azimuth. Therefore, a more precise range model is
needed to solve the azimuth-variance phenomenon for HRWS
SAR.

To describe the azimuth-variance of the Doppler parame-
ters, a Second-Order ERSM (SOERSM) is proposed in this
paper by introducing a quadric curve to fit the deviation of
the azimuth FM rate. The azimuth FM rate and the rate of
the azimuth FM rate can be expressed as follows:

{f,m.l(t, ro, Xo) = (1,70, %0) + & (ro) o + 202 2

(6)
frlactual(tv To, XO) :fr3(t7 ro, xO) + fZ(I’O)tO

-5740 : .
~+— 10 km ,
57415
_ Lsrssor N\ Sceng
4 N edge
T -5800 PN
Z -5749.0) \
= -65 -64 -63
= i
5 g0
& Scene
] center
==== Actual
——MESRM
~5920 . . . . . .
-8 -4 0 4 8

Doppler frequency (10°Hz)
Note: that the distance between adjacent targets is 1 km,
hence the length of the scene is 20 km in azimuth

Fig. 2 Mapping relationship between f, and f, for 21 point
targets in azimuth.
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Table 1 List of simulation parameters.
Description Value ’;f o | fggf?.ﬁgﬁ
Height (km) 514 T
Eccentricity 0.0011 E
Inclination (°) 98 g :
Longitude of ascending node (°) 0 g
Argument of perigee (°) 90 [
Carrier frequency (GHz) 9.6 %
Bandwidth (GHz) 1.2 0Ly
Sampling frequency (GHz) 1.4 =
Look angle (°) 30
An.tenna length .(m) 4.8 ‘0'2_]0 ' _;) ' _'2 ' 2 ' 6 ' 10
Azlm'uth resolution (m) 0.25 Aiudivposition i)
Hybrid factor 0.10417
Fig.4  Error of Doppler FM rate for different azimuth positions
using SOERSM.
02 quency, etc. Also, this is a challenge for all range models and
SAR systems are equipped to offer accurate orbit measure-
@ - M‘fSRM ments. The absolute 3-D orbit accuracy of TerraSAR-X is bet-
% o1 N T Sailines ter than 10 cm,” and the 3-D orbit and velocity accuracy of
5 Gaofen-3 is better than 5cm and 0.05 mm/s,”* respectively.
f Analysis of Doppler FM rate error caused by SOESRM and
E 0 \ MESRM with velocity error fixed as 0.05 mm/s and position
= error fixed as 10 cm is given in Fig. 5. It can be seen that the
g error of the Doppler FM rate is still within the safe lines based
g 01 on current orbit and velocity accuracy, which means that well-
A . .
focused images can be achieved by the range model of
i L SOESRM.
10 -6 -2 2 6 10 To compare the difference between MESRM and the pro-

Azimuth position (km)

Fig. 3 Doppler FM rate error as a function of azimuth position
caused by MESRM.

where f, cua @0d f13 e TEPTEsent the actual value of the azi-
muth FM rate and the rate of the azimuth FM rate; &, (ro)
and ¢&,(rg) are the first and second-order fitting coefficients.

Substituting Eq. (6) into Eq. (1), the range model can be
modified as SOERSM

R(ta ro, X())
= /1% = 2rovoAtcospy + AdyAL + Ad AP + AayArt

(™)

Ady = v — ”70 (51 (ro)to + 752(;0) l‘g)

A(lg = Aa3 — —/-J.Oié(m) [()

(8)

where At =t — .

With SOERSM, the error of f,(z,ry, xy) caused by targets
moving away from the scene center, is compensated effectively.
Fig. 4 shows the Doppler FM rate error, where it can be seen
that the error of the Doppler FM rate is limited within the safe
lines and the effective imaging swath can be enlarged to 20 km
in azimuth. Hence, SOERSM is more suitable for HRWS
SAR.

Orbit error (velocity error and position error of SAR satel-
lite) would introduce error to the estimates of parameters of
range models such as Doppler frequency, Doppler FM fre-

posed SOERSM, we expand the range model of Eq. (7) based
on Taylor polynomial as Eq. (9) (see Appendix A). Also, Che-
byshev orthogonal decomposition is another strategy for the
expansion of the range model.'®

R(l, o, Xo) ~ R, ([, o, X()) + Rz(l‘7 o, X()) + R3([, o, X()) (9)

where

Ry (1,79, %0) = \/r;’) — 2ryvoAtcospy + VAL + (A(h + —”"’T"‘”)Aﬂ + (Aa4 o Hsznel ’) A
Ry (t,r0,X0) = — 72‘:'1(2"“) [ 7/534;"“) I

R3(t,10,%0) = (/‘LA&

o
()

% sl
At ==+ =g

(10)

According to Egs. (7) and (10), a few remarks would facil-
itate a better understanding of the characteristics of SOERSM.

(1) The first part Ry (¢, ro, Xo) is similar to MESRM, which is
azimuth-invariant and can be compensated using the tradi-
tional high-resolution imaging algorithm.

(2) The second part R,(, ro, xo) consists of a cubic term and
a quartic term, which is the same for all targets and can be
compensated before focusing.

(3) The last part R;(, ro, Xo) is made up of a linear term and
a constant term, which is azimuth-variant. The constant term
causes a range shift Ar,(ro, xo) and also brings in a phase error
A, (ro, xp), while the linear term leads to a Doppler centroid
error, which not only introduces a phase error Ag,(ry,X),
but also causes a range shift Ar,(ry,xo) and an azimuth shift
Ax>(ro,xp). Considering the azimuth-variant property, these
terms should be compensated after focusing. The items of
the errors above are given in Egs. (11) and (12).
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S
=
(5]
2
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=
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5
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a
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(a) Velocity error fixed as 0.05 mm/s

5
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Fig. 5 Doppler FM rate error caused by SOESRM and MESRM with velocity error fixed as 0.05 mm/s or position error fixed as 10 cm

of satellite.

Ay (ro, x0) = ==k — 5001 .
AP (ro,x0) ( )

fr(ro.xo)

A@,(ro,x9) = —1

Ari(ro, x0) = 500 15 + 5 1f

alro x)Mylrosxe) 27 (ro.x0)
Ary(ro, x) = —* ’(’Eﬁ.?f»o,x’o(? ol 4_/;.(301-5 (12)
A )
Axa(ro, x0) = K ve
where Af,(ry,xo) = —%r“)tg—%zg and v, is the ground
velocity.

In general, the premise of the expansion in Eq. (9) is to
guarantee the phase error is within /4. Hence, it is necessary
to analyse the feasibility of the expansion. To show the accu-
racy of the expansion of SOERSM, the phase error as a func-
tion of illumination time is given in Fig. 6, using the orbit and
radar parameters listed in Table 1. Lines with different colours
represent the phase error of different targets in azimuth. There
are 21 targets and the distance between adjacent points is
1 km. It can be seen that the maximum value of phase error
is still within /4, which means that the expansion is effective
and would not cause severe degradation to signal processing.

000107 . . .
0.00057 | . ]

5 Wi/

£ VA

5] AA /

3 ol L i ]

- T
-0.00051 | g’ ; \. '\1 ]

[ | \

~0.0010%

=20 -10 0 10 20
[llumination time (s)

Fig. 6 Phase error as a function of illumination time caused by
approximation of SOESRM.

3. Proposed imaging algorithm

Based on the aforementioned discussion, an advanced nonlin-
ear chirp scaling algorithm is proposed here. The block dia-
gram of the proposed algorithm is shown in Fig. 7. There
are three parts: the first part is azimuth preprocessing, which
is used to avoid azimuth aliasing and remove the azimuth-
variance caused by Ry(7,ry,Xo); the second part is high-
precision focusing within the full swath; the last part is residual
phase compensation, which is used to remove image aliasing,
residual azimuth-variance and realize geometric correction
caused by R;(,r9,x0). In the following, details of the basic
operations are provided according to the signal flow in the
diagram.

3.1. Azimuth preprocessing

To remove the azimuth-variance of the Doppler parameter
and azimuth aliasing of the Doppler spectrum, an improved
azimuth sub-aperture processing is performed firstly. Com-
pared with the traditional one,'” an equalizing filter is intro-
duced to remove the azimuth-variance, and the equalizing
filter function H,(f,, ) is given by

H\(f.,1) = exp(ﬂM(lk N L= Y P t)“)

where the first exponential term is used to remove the azimuth-
variance of the echo signal, and the second one is used to
reduce the effect of the transmitted bandwidth; rs denotes
the reference slant range; f,,; represents the Pulse Repetition
Frequency (PRF); f, represents the carrier frequency; Ny, is
the azimuth sample number of the sub-aperture; Ty, is the size
of the sub-aperture; f;, is the Doppler centroid frequency of
the kth sub-aperture; ¢, is the center time of the kth sub-
aperture, and || is the rounding operation.

After azimuth equalizing filter processing, sub-aperture azi-
muth FFT, delay phase compensation and sub-aperture
recombination are performed for azimuth sub-aperture pro-
cessing, and the 2-D signal spectrum data are obtained in a dis-
crete form without aliasing in the azimuth direction. The delay
phase function H,(f,, k) can be expressed as follows:

(13)
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Fig. 7

Hy(f. k) = exp<fj27{(l +%)fd,kTsubJ %tk)

Based on the proposed range model, after demodulation to
baseband, the received signal for the point target at x, can be
described as

2R( j4nR(1
S(Ta t7 r07X()) = 0y <1_- — M) exp(_w)

(14)

A

oty (¢ 2KE220)')
(15)

where g, represents the scattering coefficient, ¢, is the Doppler
center time, t represents the fast time, c is the speed of light, K
is the range chirp rate, w,(-) and w,(-) denote antenna pattern
functions in the range and azimuth directions, respectively. xg
is the azimuth position of the target.

Block diagram of proposed advanced high-order nonlinear chirp scaling algorithm.

Using the principle of stationary phase and Fourier trans-
formation, the 2-D Point Target Spectrum (PTS) of Eq. (15)
can be obtained as (see Appendix B)

S(far s 10, X0) = oo Wi (£ ) Wa (£, )exp(Puzi (£, Fo, Xo) )exp(Priop (fy,.f+: 70, Xo))
'CXP(G)RCM(/;.:/;,"07Xu))exp(d)rgz(/;;/h"o:xu))

o4 )+ )1 ARSI
'CXP(*]TC Gilr [)1014;(2(' mn)CXp(JTE (1 /d)f;l 1('(1)/0)

(16)

where

0o ) = 28 { B R et R Pt W} an
Oremt(fosfos o 0) = =i [4}/0 N i.z(fi*/i) a(ro) — ;}(z/ﬁ/’dg(/r/h) ﬁ(ro)]ﬂ

it (34 (A) .
_JWV("U)L

(18)

naut (2020), https://doi.org/10.1016/j.cja.2020.08.035

Please cite this article in press as: MEN Z et al. Advanced high-order nonlinear chirp scaling algorithm for high-resolution wide-swath spaceborne SAR, Chin J Aero-




Advanced high-order nonlinear chirp scaling algorithm

7

Dy (f1fo 705 X0) = *JLJFJ 2/{ a(ro) — A(fy = f3) B(ro) +

W) |fe (19)

Duiop(fo2fus 70, X0) = =27 uta (7, fo 7o, X0) — jan (3 + %)R([a(fm.fin"oﬁxu))

—@ui(fo, 70, X0) — Prem (oo fz: 705 X0) = Pra (£5f2: 705 X0)
(20)
where 7,(+) is the stationary point, ) = ro + %té + %t“
f:,("mxo) = fu(ro,0) + Af;;(lo,xo) A&, ( ) = fl(ro) —& (”re/‘)~

fdvfdvfnf3 andf, represent fi r07x0)wfd(r07 ):fr(rOvO)J;-3(r07O)

and f,4(ro,0), respectively. o8 and y are the Doppler parame-

ters of the echo signal and can be calculated as a = /ﬂfﬂ),

=2/3(r0) y = 4 ('o)/m(’o) 12/3(r0).
b= Fpe and 32 )
Considering the range-dependence of the Doppler parame-
ters, a linear hypothesis is used to deduce the following imag-

ing algorithm, as follows

o =0y + ar(rg — Frer)
B =By + Baro — rrer) (21)
7 =71+ 72(r0 = Trer)

where r.r is the reference slant range. The corresponding
parameters are Ver, Qper, Adsrer and Ady rer.

Substituting Eq. (21) into Eq. (16), the 2-D signal spectrum
can be obtained, and the corresponding imaging algorithm is
provided in the following section.

3.2. Focusing processing

Since the aliasing effect in the azimuth frequency domain is
removed after the improved azimuth sub-aperture processing,
the improved higher-order nonlinear chirp scaling algorithm
can be employed to implement Range Cell Migration Correc-
tion (RCMC), range compression, Second Range Compres-
sion (SRC), as well as azimuth compression.

The algorithm starts with higher-order phase compensation
and cubic phase filtering in the 2-D frequency domain, as
follows

Ho(fnf,) = exp(—®rion (s for ) - exp( Y(ﬁ)ﬁ) (22)

where the first exponential term is used to remove the higher-
order cross-coupling, and the second exponential term is intro-
duced to provide an accurate accommodation of range depen-
dence of SRC. Y(f,) is the azimuth-frequency varying cubic
phase filter coefficient, given by

2[00 = 42F, — s + 32— 1))

== 23
(fd) szK (fn ref LTz( )+2f2(f)) ( )
where
Rl = _%—§ [“1 —AMfa = 1B +32(f, —f;l)zyl]
- % [az = Mfa =SB+ 372 —fd)z”m] (Fo = Frer)
(24)
23 . . _ P
oty = ZEA) PO
PG 1)
32¢ 2 (25)

After higher-order phase compensation and cubic phase fil-
tering, the signal is transformed to the range-Doppler domain
by range Inverse FFT (IFFT). Nonlinear chirp scaling process-
ing is performed to remove the range dependence of SRC and
RCM, where the nonlinear chirp scaling function Hy(z,f,),
centered at the reference range 74(f,, Ier), 18 given by

(e = exp (< T )5~ alfor) )
-exp (> (1) ( = walfus o)) (26)

where ¢,(f,) and ¢;(f,) denote the quadratic and cubic
coefficients

{(IZ(f) = *"Km(f\ Frer) T2 () (27)
a(f) =5 YK, (furred) B (1)
2}'0
Ta(fa, o) = 7+Tl(fa) + 11 (f)(ro = Trer) (28)
iy = PGS PO,
Va o N 12¢ !
POL+SI 1)

32¢

After nonlinear chirp scaling processing, the signal can be
expressed as

S(t,fr 70, X0) = dowe(t) Wa(fy)
-exp<—j2—n Y(f)K (o rrer) (1 = T%(fi.))Af‘>
- exp(Po(fy ro, Xo) Jexp(® m(fd 10, %0))
'eXP(JﬂKm(f Trer (1 +3ul )) )

»exp( Jn441 Tref t0+c7(r|eﬁ)[0>
»exp(Jﬂ(f‘ =) AC (ro) 0) (30)
where
N 2 -4 N2
(DO(fm’Ow\O) - (.]T[Km(f;nro)rz(fa) —]471—> (}’0 - }ref)

- (I R )~ ) 0~
(1)

2r,

Arzrforl(f) (32)

From Eq. (30), it can be seen that the RCMC and SRC are
independent of range ry, and the bulk RCMC and SRC can be
performed accurately and effectively across the range swath.
Accordingly, the range processing filter Hs(f.,f,) is given by

Hs(f..f,) = exp(i2nf.ti(f;))

fi
Km(f‘n Fref < 2 ;d >
2v(7) (1 - 255) 7

. 3
3 <l + fz(?)“‘)

-exp| jm
(33)

-exp | —jm
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With range IFFT, the data is transformed back to the
range-Doppler domain, and then range-dependent azimuth-
matched filtering and residual phase compensation can be per-
formed by the azimuth processing filter Hs(f,, o)

Hi(fy, 10) = exp(—®@usi(fy, 10) Jexp(—Do (£, 70)) (34)
3.3. Residual phase compensation

Since the target is focused by the higher-order nonlinear chirp
scaling algorithm, image aliasing, residual azimuth-variance
and realize geometric correction still exist. An azimuth resam-
pling operation is applied to remove the existing residual
phase.

The operation begins with de-rotation processing, and the
de-rotation phase function H;(f,,r,) is given by

3
P A S

where A& (ro) = & (ro0) — &i(rret)s frp =Srxo/Hr, Hp denotes
the hybrid factor, and £, ,,, is the slope of the varying Doppler
centroid introduced by beam steering, £, denotes f,(ro,0).

After the azimuth IFFT, residual phase multiplication is
performed to compensate the residual quadric and cubic
phase. The residual phase function is given by
Al I3) (36)
of;

Then, the focused image can be obtained by azimuth FFT,
which can be expressed in the following

o JAR
(e, tr0,30) = Ay (v~ 2 () — %485 - 251
My A&)f A
e

oxp(—j 5 — I — I - )

H(t,19) = exp(—jnf,pt’Jexp <jﬂ

S~—

(37)

From Eq. (37), we can see that there is geometric distortion
and phase error in the focused image, and residual phase com-
pensation and geometry correction are needed to obtain the
accurately focused image. Here, we use Lagrange interpolation
to realize geometry correction, and the mapping relationship is
described in Eq. (38). The phase error is compensated by mul-
tiplying Hy(xo,ro) with each pixel in the focused image.

S AR
Malfy g

Frg =y — TR 7 (38)
. My ALA
Xro = Xo +Tvg— 3 Vg
. A . . " . A" "
Hy(xo,r9) = exp (Jn ffg +n 521(;")% +Jn£l(3’0)té+m gé}””ﬁ)

(39)

4. Simulations and analysis

To demonstrate the performance of the proposed imaging
algorithm, raw data is first generated for point targets using
the parameters given in Table 1 and the scene shown in

Fig. 8. The distances of different targets along the range and
azimuth directions are 10.0 km and 1.0 km, respectively. Rect-
angular weighting is used for both azimuth and range process-
ing. For SAR signal processing, range model is the foundation
of an imaging algorithm. In Ref. *°, the accuracy of ESRM,
DRM4, and MESRM has been compared (see Figs. 4 and 5
in Ref. ?°), and also focused results using NCS, wkA and
HHCA indicate that HHCA can achieve the best imaging
quality when processing SAR data with a high resolution of
0.25m (see Figs. 13 to 15 in Ref. *°). Hence, HHCA is
employed for the comparison with the proposed A-HNLCS
algorithm.

Fig. 9 shows the Impulse Response Width (IRW) (normal-
ized to the theoretical) curve to azimuth displacement, and
Fig. 10 shows the Peak Sidelobe Ratio (PSLR) results to azi-
muth displacement. In the HHCA, the imaging performance
degrades with azimuth displacement. Only targets near the
scene center can be focused accurately, and the targets at the
azimuth edge suffer from severe degradation. In the proposed
A-HNLCS algorithm, all targets of the whole scene can be
focused well. The deterioration of the IRW and PSLR is less
than 0.5% and 3 %, respectively.

To quantify the focusing performance, the point target
analysis results are listed in Table 2, where the ideal PSLR is
—13.26 dB, using the rectangular window. The theoretical res-
olution is calculated according to the following equation:

oo = Ap Hiro + rep — 1o
o= = 0T D
2 T'ref

Fig. 11 shows the azimuth profile of PT1 and PT63, where
the red dashed line represents the focused results by HHCA,
and the blue solid line represents the focused results by the
proposed A-HNLCS algorithm. It can be seen that the edge
targets based on HHCA suffer from severe degradation, and
significant azimuth main lobe broadening and sidelobe arising
can be observed. Compared to the HHCA results, the focusing
performance of the proposed algorithm has been improved sig-
nificantly, and all of the targets are well focused by the pro-
posed method. All these indicate that our proposed focusing
algorithm can meet the imaging requirement of high-
resolution wide-swath spaceborne SAR effectively.

Computational complexity of AHRE, A-NLCS, HHCA,
and A-HNLCS is compared in Table 3. Times of both range

(40)

10 km
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Fig. 8 Ground scene layout in our simulation.
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Fig. 9 IRW of the focused result.
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Fig. 10 PSLR of the focused result.
Table 2 Performance analysis of point targets.
Point target HHCA A-HNLCS algorithm
Pam (M) Pac (m) PSLR (dB) Pam (M) Pa (m) PSLR (dB)
1 0.285 0.269 -9.17 0.270 0.269 —13.07
11 0.269 0.269 —13.22 0.269 0.269 —13.24
21 0.294 0.269 —7.88 0.270 0.269 —13.21
22 0.268 0.250 —8.63 0.251 0.250 —13.02
32 0.250 0.250 —13.21 0.250 0.250 —13.22
42 0.274 0.250 —7.74 0.251 0.250 —13.19
43 0.249 0.230 —8.22 0.231 0.230 —12.98
53 0.230 0.230 —13.21 0.230 0.230 —13.18
63 0.255 0.230 —7.31 0.231 0.230 —13.15

Fourier Transform (FT) and azimuth FT for the above algo-

rithms are the same because they all based on CSA. The pro-

posed A-HNLCS requires the most complex multiplication.
The computation can be described as™:

gNaerogz(Na) + g NoNlog,(N;) + mN, N, (41)

where p and ¢ are the times of azimuth FT and range FT,
respectively. m is the times of complex multiplication; N,

and N, are the number of samples in azimuth and range
directions.

The proportion of computation and total computational
operations of four different algorithms are shown in Fig. 12
for a range of N, and N,. It indicates that FT always takes
more than 80% of the computation for these four imaging
algorithms, and the increasing complex multiplication of the
proposed A-HNLCS would not cause much computation, as
it is mainly dominated by FT. Furthermore, A-HNLCS can
achieve the image of the whole scene instead of dividing the
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Fig. 11
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Azimuth profiles of point 1 and point 63 for HHCA and A-HNLCS algorithm.

Table 3 Analysis of computational complexity for different algorithms.

Algorithm AHRE A-NLCS HHCA A-HNLCS
Times of range FT 4 4 4 4
Times of azimuth FT 3 3 3 3
Times of complex multiplications S 4 8 9
1.0 3.0

g 08— g 25 —— AHRE

g ——Fourier transform Z , ol 7QI_INCPACS

& - - -.Complex multiplication £~

g 06 ple: p £ A-HNLCS

38 —— AHRE . |

S ——A-NLCS =

g 04 —HHCA 5

£ A-HNLCS 2 10}

2 =

2 02 &

B S[TTREEEEsmEza e T £ 05

--ZZ:::::::::::::::::::::::::::::: ©
0 - : - 0 * - —— - *
2[1) 2II 2[2 2[.‘ 2|4 2|5 2[!1 2]0 2\1 2[2 2|3 214 2|5 2"!
Number of N, with N=N_ Number of N, with N=N,
(a) Proportion of computation (b)Total computational operations
Fig. 12 Proportion of computation and total computational operations of four different algorithms for a range of N, and N..

echo into several parts and stitching sub-images after process-

ing.

Hence, the increasing computational complexity of A-

HNLCS is acceptable to some extent.

5. Conclusions

As

a trend for future remote sensing technology, high-

resolution wide-swath spaceborne SAR requires more precise
range models and more effective imaging algorithms.

(1) Based on the analysis of azimuth-variance error in the

range model, a second-order equivalent squint range
model was developed to describe the range history for
a larger azimuth swath.

(2) An advanced high-order nonlinear chirp scaling algo-

rithm for HRWS spaceborne SAR was proposed,
where sub-aperture processing was used to remove

the azimuth variance and azimuth aliasing, the
higher-order nonlinear chirp scaling algorithm was
derived for accurate focusing, and the residual azi-
muth variance, imaging aliasing and geometric distor-
tion were removed by a modified re-sampling
operation.

(3) Simulation results have been provided to demonstrate

the effectiveness of the proposed imaging algorithm.
The proposed SOESRM and A-HNLCS algorithm can
also be applied to other SAR systems where a larger azi-
muth swath is required.
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Appendix A. Approximate expression of SOERSM

Approximate expression Eq. (9) of SOERSM Egq. (7) is derived
as following. The high order range model can be written as
R(t7 To, Xo)
= /1% = 2rgvoAtcosp, + A AL + Aas AP + AasAr
(A1)

where At =t — t,.
Based on the Taylor polynomial, Eq. (A1) can be expanded
as

OR(1) 1 IR(t
R(Z,}’(),X()):}’()+ ()[+7' ()tz
ot 2 o (A2)
L] aﬂrz(z)l3 1 'R OR(1) 4 N
6 or 24 ot
with
ag—f’) = — VyCO8Q,
i)zR(t) o Aag—vgcoszwo
o ro
0;1:}@) _ 3%,3 + 3Aa2v0cnsrpfz—3v3cos3q)a

0
IR _ 12Aay + 12Aazvgcosy

54 — ")
ot ro s

3Aa§—l8Auz v(z)cos2 ¢U+15v8cos4wo
3
0

-

Then, Eq. (7) can be rewritten as

Ady—v2cos? g, 3Ad, 3Ad, vgcos 313cos’ g
R(t,19,X0) & ro — vocospyAt +1 *“Ar2 +1i(=2 25 P _ 7“’ AP
- 0 V)

o rn [

124 12Ad, vocospy  3(Ady)” I8A41’2|'3c05'1m,<15\' cos oy
+24 (_“{+ 3 (A ( A) 0 0 A
0

(A3)
Substituting Eq. (8) to Eq. (A3), we have

1 v2 — vicos?
R(t,19,Xx0) = 1y — vocOSPuAL + 3 %%At2
0
08 (ry)) 31*0005(;70
ro 2 I

1 [12(Aa4 +56(m) | 12(Aa; + 208, (1)) vocos g,

3 (Aa3 A[3

1 3vicos g,
6 2

Art

T 24 ro "

3vg — lgvgcoszqoo + 15v3cos4q)0}

A
**MAZ - [ (&1(ro) + & '”o)fo)JrrMVoCOSQDo}A

[ (7o) + T3 16050060 () + (1))

, A} 34v3cos?p,
321‘0 8r? 8r2

M] A (A4

=z

1
M = & (ro)to +§52("0)f§

Since r( is much larger than other terms, Eq. (A4) can then
be written as

SMAP —£5(&(r0) + &(ro)10) AP — F & (ro) A

R(t,ro,x0) = Ry (1,70, X0) —

:Rl(l‘,l‘o,xo)*iM(f*fn) — 5 (& (r )+52(7‘0)t0)(f*f0) *Rgz(io)(tffay

(A3)

By expanding Eq. (A5) and omitting the high order terms
of £, where p > 0 and ¢ > 1, we have

R(t,r9,x0) ~

Ry (4, 70, x0) — /:c;,lg-(,)l; _ ;a(gm) e (m(m)q, 42 Vu)/G)A[+ & 'n 21 (o)t + (Hl)/
= Ri(t,r0,%0) + Ra(t, 70, X0) + Rs(t, 10, X0)
(A6)

where

Ry (t,r0,x0) = \/rg — 2rgvoAtcosp, + VAL + (Aa o e ‘ (ro )At3 (Aa + 4 '“ )At“
RZ([’ Fo, XO) iill(zl‘u) - /.5~(mJ #

Ri(t,r9,x0) = (/ &i(ro)3 g

,[,)z Rs (u»
el o | st

(A7)

Appendix B. 2-D point target spectrum

2-D point target spectrum of the received signal are derived as
following.
From Eq. (15), we have

S(farterr0:%0) = 00 W.(ﬁ)Wa(fa)exp<<ff>

/ (B1)
P 1 )
-exp <—.I'27Tfa[u(fmf” ro, Xo) — jAm (z "rf—;) R(ta(fusf2s "(hxo)))
where f, is the azimuth frequency, f, is the range frequency,
t.(fo, /oy 1o, Xo) 18 the stationary point, obtained by
solving the following equation:

1 fr aR(ta(f;a.f;arme)) -

The MESRM Egq. (7) can be expanded into its Taylor series
as

.
\ sin® vgsin® g Ad, v3cospgsin® g
£ 4 (g2 + o) p
2ry 210

Ad, Advocospy Vi sin’ gy ( 1-5cos? %)
24 3 _ 4.
+<2,0 + 25 = “

R(t,10) = 1y — votcose, +

(B3)

where Ad} = Aa; + 22 and Ad), = Aay + 222",
Neglecting the first-order item —vpztcosg, firstly, which
would be reconsidered later, the range model can be written as

R‘emp(l7 }’0) =7y + Kzlz + K3l3 + K4[4 + - (B4)

where K,, K3 and K, represent parameters of the second-order,
third-order and forth-order of ¢, respectively.

Using the series reversion®® and substituting Eq. (B4) to Eq.
(B3), the stationary point can be derived as

= a(Pf,) + B(PA)" +2(PL)’ (BS)
where
o=1/(12K;)
= —3K;/(8K3
p 23/( 2) (B6)
= (913 — 4KuKs) /(16K3)
P=—c/2(f. + 1)
The expression of the phase is
Cblcmp(ﬂn/‘;a"mxo) = 7]%
t—]n|:2ftd+4< ff) (ro + Kot + Ksf* + Kat* + )]
:—.]7;;? |:2;P];|[a—%(}‘0+K2[2+K3t3+1<4l4+"'):|
(B7)

Substituting Eq. (BS) to Eq. (B7), we have
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(Dtemp(/(;.ufw To, X()) = _j

fe
K,

. 2 2 1
—Jn(—ﬂ—l— P, +§/3P2f3a +§yP3jZ)

- (B8)

By reconsidering the first-order item, the expression of
received signal in time domain is

2Kt ~ 2fK
$(T,2,70,X0) = Stemp (1: - T], t, 1o, x(,) exp (—1271% t>

(B9)

Based on the theory of Fourier Transform, the 2-D point
target spectrum of the received signal is

S(f:ﬂfwrme) = S(-ff;. +&(f‘r +fc)7f-nr07x0)

=W (125 0 1) (B10)
exp{ O (11, + 25 410 |
Then
O(f,.f2: 70, X0) = *j%
~in( 2 o K SR - KD 4 (- K
(B11)

By substituting Eq. (B6) to Eq. (B11), we expand Eq. (B11)
and obtain the following expression of the phase in frequency
domain:

O(fy frr70,X%0) =

o _én [,0 R A AT ) y}

YA 8 24 64
202 3 Ry 4 )
LI (fi8 fﬁ)%uzfﬁfgim AL A «/}_ﬁ
My FROL) PRGN ]
+j4n nga 8 B+ 37 Ve (B12)

Based on the proposed SOESRM, the expression of the 2-D
point target spectrum of the received signal can be derived as

S(/;anrmxﬂ)

oo W (-2 o) = 47 (5 + 5 RO )
~ 0o Wi (f:) Wa (£,)exp(Qusi (£, 0, Xo) )exp(Puop (i /5 70, X0))
- exp(Prem (f;0/55 70, X0) )exp (Pega (fy /35 70, X0))

. exp{fjn 4¢, (rref)tgl‘;' éZ(rreF)to}eXp{. (

f:,) A& (ro 0}
I

(B13)

where

2,2 PRIPERAE
Dyi(fy, 10, X0) = 7].4711 [r(', A (/‘ag o) a(ro) + (fd24ﬂi) B(ro)

P-4
& V(VO)}

(B14)

O fofy 1o 0) = i [44) LEEA) oy - 2GR GA) /f(m)]ﬁ

(3f,+£j[(f, 1) ().

(B15)

iz ﬂzjg { (r0) = 2a = Ja) Bro) +

Dy (1 /a5 70, X0) = J*

3A (f f:j) b ro)}f

(B16)

DOriop (f;.for 70, X0) = —127f, a (fofirr 70, %0) — Jén (3 +

=@y (fi, 705 Xo) —

L’) ( (f,,fd,ro,Yo))
Drem (fofes 105 X0) — Prga (o125 705 Xo)
(B17)

where #,(-) is the stationary point, ) = ry + 5% ;f‘ ’0) [ +iéf‘—(8’°)t3,

Sa(ro, x0) = f3(ro,0) + Afy(ro, Xo),  A&i(ro) = 51(%) = &1 (rer)-

JasSastinSis and fy represent f;(ro, Xo) (o, 0)f,(ro, 0).f13(ro, 0)

and f,4(ro,0), respectively. o, and 7y are the Doppler parame-

ters of the echo signal. They can be calculated as o = ﬁ,
_ =2i(n) _ 4fr(ro)fr4('0) 12/i3(r0).

B= G and v = 35 0)
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