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Abstract—The three-dimensional (3-D) acceleration, azimuth
dependence, and real-time processing are the main issues to be
solved in highly squinted frequency-modulation continuous-wave
(FMCW) synthetic aperture radar (SAR) with a curved trajec-
tory. To overcome these issues, a modified wavenumber-domain
algorithm is developed in this article. The proposed modified
wavenumber-domain algorithm mainly includes the following six
aspects. First, a modified range model considering 3-D acceler-
ation for a curved trajectory is established. Then, the spectrum
compression and rotation operations are performed to guarantee
further processing. Afterward, residual phase terms introduced
by acceleration are bulk compensated for. Moreover, the azimuth
dependence is eliminated by the azimuth resampling to achieve
uniform focusing. Subsequently, the range–azimuth coupling is
removed by the modified Stolt interpolation. Finally, to avoid image
aliasing, the azimuth wavenumber domain is selected to focus
the final image. The experimental results of both numerical and
raw-measured FMCW-SAR data demonstrate the superiority of
the proposed method.

Index Terms—Curved trajectory, frequency-modulation
continuous-wave (FMCW), wavenumber domain.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) plays an increasingly
significant role in civil topographic mapping due to its

all-weather and all-time capabilities [1], [2]. With the rapid
development of SAR technology, the SAR system has been
widely applied to high-speed maneuvering platforms, such as
airplanes, missiles, and unmanned aerial vehicles [3], [4], [5],
[6], [7], [8], [9], [10], [11], [12], [13], for airplane navigation,
terminal guidance, and autonomous landing of interesting ar-
eas. However, with the increasing demand for civil surveying

Manuscript received 16 February 2023; revised 20 March 2023; accepted
6 April 2023. Date of publication 13 April 2023; date of current version 28
December 2023. This work was supported in part by the National Key R&D
Program of China under Grant 2018YFB2202500 and Grant 2018YFB2202505;
in part by the Science Foundation for Distinguished Young Scholars of Shaanxi
Province under Grant 2020JC-25; and in part by the National Key R&D Program
of Shaanxi Province under Grant 2017ZDXM-SF-094. (Corresponding author:
Yachao Li.)

Tinghao Zhang, Yachao Li, Mingze Yuan, Liang Guo, Hao Lin, and Mengdao
Xing are with the National Laboratory of Radar Signal Processing, Xidian
University, Xi’an 710071, China, and also with the Collaborative Innovation
Center of Information Sensing and Understanding, Xidian University, Xi’an
710071, China (e-mail: tinghaozth@163.com; ycli@mail.xidian.edu.cn;
mingzeyuan@stu.xidian.edu.cn; lguo@mail.xidian.edu.cn; 1594565140@
qq.com; xmd@xidian.edu.cn).

Jiao Guo is with the College of Mechanical and Electronic Engineering,
Northwest A&F University, Yangling 712100, China (e-mail: jiao.g@163.com).

Digital Object Identifier 10.1109/JSTARS.2023.3266886

and mapping fields, the SAR system requires compact size,
lightweight, and low cost [14], which is suitable for frequency-
modulation continuous-wave (FMCW) SAR.

Different from the conventional pulsed SAR, the start–stop
approximation will not be held in FMCW-SAR because there
exists the variation of the range history caused by the continuous
motion during the pulse time, which means that the leading edge
and the trailing edge of any transmitted pulse will experience
different delay times. Consequently, the conventional pulsed
SAR algorithms cannot immediately be applied to FMCW SAR
due to the additional range walk and range-coupling terms. In
addition, the cases of high-squint angle, azimuth dependence of
Doppler parameters, real-time processing, and curved trajectory
must also be considered.

For instance, when FMCW-SAR works at high-squint mode,
the range–azimuth coupling of the echo signal is generally severe
[15], which leads to the difficulty of SAR focusing. To solve this
problem, the modified range-Doppler algorithm (RDA) [16] uses
the modified range migration correction method to compensate
for the continuous motion within the sweep and utilizes im-
proved secondary range compression to mitigate range coupling.
However, RDA cannot remove the high-order coupling phase
terms, which will degrade the final imaging quality. Therefore,
several chirp scaling algorithms [17] are proposed and success-
fully improve the high-squint SAR imaging performance. Espe-
cially, Meta et al. [18] proposed a modified frequency-domain
method to correct the Doppler shift in the FMCW-SAR. In
addition, to solve the issue of the azimuth dependence, some
nonlinear chirp scaling (NCSs) [19], [20], [21], [22], [23] are
developed and effectively eliminated the azimuth dependence of
the Doppler parameters. Unfortunately, these methods are only
suitable for full-aperture data processing. In order to meet the
requirement of real-time processing, the subaperture data pro-
cessing approach is more attractive. Therefore, Liang et al. [24]
proposed an extended NCS approach combined with spectrum
analysis to achieve small-aperture data processing. However, the
spatial-variation (SV) range cell migration (RCM) is ignored in
this work. Consequently, the final image-focused performance
needs to be further improved.

On the other hand, the Stolt interpolation [25], [26], [27],
[28], [29] is an excellent choice to correct the SV RCM without
approximation. However, in the high-squint FMCW-SAR mode,
an extra range–azimuth coupling phase term exists due to the
continuous motion. Therefore, Wang et al. [30] proposed the
wavenumber-domain method to focus high-squint FMCW-SAR
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Fig. 1. Geometry of highly squinted FMCW-SAR with a curved trajectory.

data. But its range model is established on a straight trajec-
tory with a constant velocity, which means it will be invalid
when the SAR platform moves along with a curved trajectory.
Consequently, the variation of velocity should be considered
in the range model. Although some previous range models,
such as the hyperbolic range equation, equivalent squint range
model, and their extensions [31], [32], [33], [34], considered the
variation of velocity, these models exist residual phase error that
cannot be ignored in the case of highly squinted FMCW-SAR
with a curved trajectory. Therefore, some time-domain imaging
algorithms [35], [36], [37], [38], [39] are proposed to realize
well focusing based on the accurate coherent integral, which
is theoretically applicable to arbitrary trajectory. However, the
vast computation burden limits the practical application of these
time-domain algorithms.

Motivated by the discussion above, this article develops a
modified wavenumber-domain algorithm for highly squinted
FMCW-SAR with a curved trajectory. First, a modified range
model considering three-dimensional (3-D) acceleration is es-
tablished and analyzed in detail. Then, spectrum compression
(SC) and rotation processing are performed to mitigate accel-
eration impacts and realize the maximum 2-D WS utilization.
Afterward, the residual phase terms introduced by the 3-D
acceleration are bulk compensated for. After that, the azimuth
dependence is eliminated by the azimuth resampling to achieve
uniform focusing. Subsequently, the modified Stolt interpolation
removes the range–azimuth coupling phase terms. Finally, the
final image is focused on the azimuth wavenumber domain
through the data aligning processing, which can avoid numerous
zero-padding operations.

The rest of this article is organized as follows. In Section II,
we deeply describe the echo signal model with 3-D acceleration.
Section III introduces the proposed method. Section IV presents
the computational load of the proposed method. The results of
numerical simulation and raw-measured SAR data processing
are shown in Section V. Finally, Section VI concludes this
article.

II. ECHO SIGNAL MODEL

Fig. 1 shows the highly squinted imaging configuration of
FMCW-SAR with a curved trajectory. The SAR platform moves

along the curvilinear descending ̂ABD during the synthetic
aperture time ta with the velocity vector −→v = (vx, 0, vz) and
the acceleration vector −→a = (ax, ay, az) in the coordinates
O −XY Z, respectively. At this time, B(0, 0, h) is the position
corresponding to the azimuth time ta = 0, and point C is the
arbitrary position within the ̂ABD.

From Fig. 1, the instantaneous range of point Q can be
expressed as follows:

R (tr, ta, R0) =√√√√√√√√√√

(
vx (ta + tr)+

1
2ax(ta+tr)

2 − vxtn− 1
2axt

2
n−R0 sin θs

)2
+
(
vz (ta + tr) +

1
2az(ta + tr)

2 − vztn − 1
2azt

2
n + h

)2
+

(
1
2ay(ta + tr)

2 − 1
2ayt

2
n −

√
(R0 cos θs)

2 − h2
)2

(1)

where ta denotes the azimuth slow time and tr represents the
range fast time. θs denotes the squint angle. R0 is the slant
range from position B to target P . tn denotes the zero-Doppler
time.

Due to the complicated expression of (1), the 2-D WS is
hard to obtain. Therefore, according to the Taylor series ex-
pansion, the instantaneous slant range can be expressed as
follows:

R (tr, ta, R0) ≈ R0 +

4∑
i=1

ki (R0, tn) (ta + tr − tn)
i (2)

where ki(R0) = (1/i!)(diR(tr, ta, R0)/dt
i
a|ta=tn−tr ) repre-

sents the coefficient of the Taylor series.
However, the Taylor coefficients ki cannot directly display

the impacts of 3-D acceleration. Consequently, according to the
ideal of motion compensation, (2) can be divided into accelera-
tion term and nonacceleration term, which yields

R (tr, ta, R0)

=

√
(R0 sin θe − (v (ta + tr)− vtn))

2 + (R0 cos θe)
2

+

4∑
i=2

Aai (R0)(ta − tn)
i +ΔR (tr,�a) (3)

where v = (v2x + v2z)
1/2 and v sin θe = vx sin θs + vz cosϕ.

ϕ is the angle between the height and slant range. θe denotes
the equivalent squint angle. Aai are the high-order coefficients
related to the 3-D acceleration.

From (3), the first component represents the traditional hyper-
bolic range model; the other parts denote the residual compo-
nents caused by acceleration. To further analyze the characteri-
zation of the range model, based on the parameters in Table I, the
numerical experimental simulation of the third part is performed,
and the results are shown in Fig. 2. From Fig. 2, it is obvious
that the envelope error is far less than a quarter of range unit and
the phase error is less than its critical value π/4. It means that
the third part in (3) can be neglected. Consequently, the range
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TABLE I
SYSTEM PARAMETERS

Fig. 2. Result of envelope and phase error. (a) Envelope error. (b) Phase error.

model (3) can be rewritten as

R (tr, ta, R0)

=

√
(R0 sin θe − (v (ta + tr)− vtn))

2 + (R0 cos θe)
2

+

4∑
i=2

Aai (R0)(ta − tn)
i. (4)

Suppose the received signal is given by

ss (tr, ta) = w (tr) · w (ta)

· exp
⎛
⎝−j 4π

λ
(R (tr, ta, R0)−Rref)

− j 4πc γ (R (tr, ta, R0)−Rref)Δtr
+ j 4πc2 γ(R (tr, ta, R0)−Rref)

2

⎞
⎠
(5)

where wr(tr) and wa(ta) denote the range envelope and the
azimuth envelope, respectively; they will be omitted in the fol-
lowing derivation:Δt

r
= tr − 2Rref/c, fc represents the carrier

frequency, c denotes the speed of light, γ is the range chirp rate,
and Rref is the reference slant range.

After RVP correcting [31], the echo signal becomes

Ss (kr, Xa) = exp (−jkr (R (Xr, Xa, R0)−Rref)) (6)

with

R (Xr, Xa, R0) =

√
R2

0 + (Xr +Xa −Xn)
2

−2R0 sin θe (Xr +Xa−Xn)

+

4∑
i=2

A∗
ai (R0) (Xa−Xn)

i (7)

where kr = 4π(fc + fr)/c and A∗
ai = Aai/v.

III. MODIFIED WAVENUMBER-DOMAIN ALGORITHM

There are three main aspects that should be considered before
using the wavenumber-domain algorithm. The first is elim-
inating acceleration effects and maintaining higher 2-D WS
utilization. The second is the spectrum rotation that will cause
the azimuth dependence problem. The last is the small-aperture
processing without padding zeros. After that, the wavenumber-
domain algorithm can be solved to the highly squinted FMCW-
SAR with curved trajectory imaging problems. Now, the so-
lutions to these aspects will be further discussed in detail as
follows.

A. SC and Rotation

In the highly squinted FMCW-SAR with a curved trajectory,
3-D acceleration will result in azimuth bandwidth exceeding
its azimuth support domain, as shown in Fig. 3(a), which is
unsuitable for further 2-D WS processing. Therefore, the SC
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Fig. 3. Two-dimensional wavenumber spectrum. (a) Before compression. (b) After compression.

Fig. 4. Result of SC and rotation.

operation is adopted to eliminate the impact of acceleration,
which yields

Hsc (kr, Xa) = exp
(
jkr ·A∗

a2 (Rref)X
2
a

)
. (8)

Fig. 3(b) shows the result of SC. However, the skew wavenum-
ber spectrum (SWS) characteristic remains. In order to achieve
Stolt interpolation, a rectangular region needs to be selected in
the WS. One way to obtain a rectangular WS is to select an
inscribed rectangle region in SDSR. Another way is to choose
a circumscribed rectangle region out of the SWS. But both two
ways will degrade the final image-focusing performance

One way to deal with this issue is to correct the SWS into a
rectangle WS, which is equivalent to rotating the SWS. The max-
imum WS utilization rate is realized. However, it will introduce
interpolation errors. Fortunately, the linear range walk correction
can achieve the same effect. Consequently, the wavenumber
spectrum rotation (WSR) factor is

Hwsr (kr, Xa) = exp [−jkr (Xr +Xa) sin θe] . (9)

The result of WSR is given in Fig. 4, and the signal is renovated
as

Ss (kr, Xa) = exp

(
−jkr

√
R2

0 + (Xa +Xr − xn)
2

− 2R0 sin θe (Xa +Xr − xn)

)

· exp (−jkr (Xa +Xr) sin θe)

· exp
(
−jkr (A∗

a2 (R0)−A∗
a2 (Rref)) (Xa−xn)2

)

· exp
(
−jkr ·

4∑
i=3

A∗
ai (R0)(Xa − xn)

i

)

· exp (−jkr ·A∗
a2 (Rref )x

2
n

)
· exp (j2kr ·A∗

a2 (Rref)Xa · xn)
· exp (jkrRref) . (10)

Observing the phase terms of (10), the first part denotes the
traditional phase term without acceleration. Spectrum rotation
processing introduces the second part. The third part represents
the residual phase components introduced by SC. The fourth
part denotes the residual high-order phase term, and the other
components will be eliminated in the further processing.

B. Residual Phase Components Compensation

After applying azimuth fast Fourier transform (FFT), the
signal (10) is renovated as follows:

SS (kr, kx)

= exp

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

−jR0

√
k2r − (kx + kr sin θe − kn)

2 cos θe
−j (R0 sin θe −Xr + xn) (kx + kr sin θe)

−jkr (A∗
a2 (R0)−A∗

a2 (Rref))X
′2

−jkr ·
∑4

i=3A
∗
ai (R0)X

′i − jkr ·A∗
a2 (Rref)x

2
n

+jknR0 sin θe + jknxn + j kn

2 X
′ + jkrRref

−jkrXr sin θe

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

(11)

with

X ′ = R0 sin θe

− R0 cos θe√
k2r − (kx − kn + kr sin θe)

2
(kx − kn + kr sin θe)

(12)



ZHANG et al.: FOCUSING HIGHLY SQUINTED FMCW-SAR DATA USING THE MODIFIED WAVENUMBER-DOMAIN ALGORITHM 2003

where kx = 2πfa/v and kn = 2kr ·A∗
a2(Rref)xn. Applying

Taylor expansion of kn = 0, (12) becomes

SS (kr, kx)

= exp

(
−jR0

√
k2r − (kx + kr sin θe)

2 cos θe

)

· exp (−j (kx + kr sin θe) (R0 sin θe + xn))

· exp (jkxXr + jkrRref)

· exp
(−jkr (A∗

a2 (R0)−A∗
a2 (Rref))X

∗2

−jkr ·
∑4

i=3A
∗
ai (R0)X

∗i

)

· exp
(
j2R0 sin θe · kn + j

3kn
2
xn

)
(13)

with

X∗ = R0 sin θe − R0 cos θe√
k2r − (kx + kr sin θe)

2
(kx + kr sin θe)

(14)

From (13), the first phase term denotes an analytical WS; the
second phase term is introduced by the spectrum rotation op-
eration; the third exponential term can be directly compensated
for in the next derivation; the fourth phase term denotes the
high-order residual term; and the fifth phase term is the residual
term of distortion.

In order to eliminate the impacts of residual high-order phase
terms introduced by the acceleration, a bulk compensation func-
tion is given as follows:

Hbulk (kr, X
∗) =

4∏
i=3

exp
(
j
(
A∗

ai (Rref)X
∗i) kr)

· exp (−j (kxXr + krRref)) . (15)

Through the high-order phase compensation, the signal is reno-
vated as

SS (kr, kx)

= exp

⎛
⎜⎜⎝
−jR0 cos θe

√
k2rcos

2θe − 2krkx sin θe − k2x
− j (R0 sin θe + xn) (kx + kr sin θe)

− jkr ·
∑4

i=2 (A
∗
ai (R0)−A∗

ai (Rref))X
∗i

+ j2R0 sin θe · kn + j 3kn

2 xn

⎞
⎟⎟⎠ .

(16)

For further analysis, (16) is rewritten as

SS (kr, kx)

= exp

⎛
⎝−jR0 cos θe

√
k2rcos

2θe − 2krkx sin θe − k2x
− j (R0 sin θe + xn) (kx + kr sin θe)

+ jψres (kr, kx) + jξ (kr, xn)

⎞
⎠
(17)

where

ψres (kr, kx) ≈ ψ (krc, kx) + ψ (Δkr, kx) (18)

ψres(kr, kx) denotes the disturbance component introduced by
the 2D-WS approximation, and ξ(kr, xn) denotes the image

deformation, which has no impact on the image focusing and can
be ignored in the following analysis. ϕ(Δkr, kx) represents the
residual envelope. For further analysis, the simulation is made,
as shown in Fig. 5, and the simulation parameters are shown in
Table I.

From the above simulation results, we can see that the maxi-
mum residual envelope error is far less than a quarter of the range
cell, and the maximum residual phase error exceeds π/4. There-
fore, the effect of the residual envelope error can be ignored,
while the impact of residual phase error should be considered.
Consequently, the residual phase error compensation function
can be given by

Hres (krc, kx) = exp (−j · ψres (krc, kx)) . (19)

The echo signal is renovated as

SS (kr, kx)

= exp

(−jR0 cos θe
√
k2rcos

2θe − 2krkx sin θe − k2x
−j (R0 sin θe + xn) (kx + kr sin θe)

)
.

(20)

C. Azimuth Resampling and 2-D Decoupling

After the spectrum rotation processing, the original range po-
sitionR0 will be renovated asR′

0 = R0 + xn sin θe. Therefore,
the signal is simultaneously updated to

SS (kr, kx) = exp

×

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

−j

⎛
⎜⎝

sin θe (kx + kr sin θe)

+ cos θe

√
k2rcos

2θe
−2krkx sin θe − k2x

⎞
⎟⎠R′

0

−j

⎛
⎜⎝

cos θe (kx + kr sin θe)

− sin θe

√
k2rcos

2θe
−2krkx sin θe − k2x

⎞
⎟⎠xn cos θe

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠
.

(21)

From (21), there exists the azimuth dependence in the second
exponential term due to the coupling between the quadratic
term of azimuth wavenumber and azimuth position. In order
to solve this issue, an azimuth wavenumber resampling method
is performed, which yields

k′x =

(
(kx + kr sin θe)

−√k2rcos2θe − 2krkx sin θe − k2x tan θe

)
· cos θe.

(22)

After azimuth resampling, the signal is rewritten as

SS(kr, k
′
x) = exp

(
−j
(
k′x cos θexn +

√
k2r − k′x

2 ·R′
0

))
.

(23)
Observing (23), it is evident that the azimuth dependence has

been eliminated. Furthermore, only the first order of azimuth
wavenumber k′x is related to the xn.

In addition, the second exponential term contains range–
azimuth coupling, which can be well decoupled through Stolt
mapping. Hence, a reference function multiplication is intro-
duced before employing Stolt mapping to accomplish bulk
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Fig. 5. Results of residual errors. (a) Result of residual envelope error. (b) Result of residual phase error.

Fig. 6. Schematic diagram of data dealiasing operation. (a) Before dealiasing. (b) Data aligning. (c) After dealigning.

azimuth compression, which yields

Hrcmc (kr, k
′
x) = exp

(
j

√
k2r − k′x

2 ·Rs

)
(24)

where Rs is the reference range corresponding to the scene
center. Then, the signal is expressed as

SS(kr, k
′
x) = exp

(
−j
(
k′x cos θexn +

√
k2r − k′x

2 ·ΔR
))
(25)

where ΔR = R′
0 −Rs, and the modified Stolt mapping is de-

signed as

ky =

√
k2r − k′x

2 −
√
k2rc − k′x

2. (26)

After the modified Stolt interpolation, the signal is written as

SS(ky, k
′
x)=exp

⎛
⎝−j

⎡
⎣k′x cos θexn
+

(√
k2rc − k′x

2 + ky

)
·ΔR

⎤
⎦
⎞
⎠ .

(27)

Obviously, the 2-D coupling is eliminated, and only the linear
term of range wavenumber ky exists in the range phase term.

D. Data Aligning and Focusing Processing

In the condition of subaperture data processing, the interval
of azimuth distance corresponds to short in highly squinted
FMCW-SAR. Once the final image is focused on the 2-D time
domain, the targets will be located at the wrong position, which
will lead to the image aliasing. As shown in Fig. 6(a), the
horizontal dimension represents the azimuth wavenumber axis.
The vertical direction denotes the phase change rate axis corre-
sponding to the azimuth wavenumber. Assuming that there exist
three targets A, B, and C at one range unit. The time–frequency
distribution lines (TFDLs) are presented, where the dashed
TFDLs denote the real curves after aliasing, and the solid TFDLs
represent the ideal curves before aliasing.

One method to eliminate image aliasing is to pad zeros in
the azimuth time domain. However, it will extremely increase
the computational burden in the high-squint SAR mode. Con-
sequently, a more efficient method is needed. Therefore, (29) is
multiplied by a uniform data aligning function, which yields

Halign (krc, k
′
x) = exp

(
−j
√
k2rc − k′x

2 ·Rs

)
. (28)

The TFDLs are shown in Fig. 6(b). The dashed lines will be
reflected in the opposite direction. Fig. 6(c) shows the final result
of data aligning processing; it is evident that the azimuth aliasing
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has been removed, which yields

SS(ky, k
′
x) = exp (−j (k′x cos θexn + kyΔR))

· exp
(
−j
√
k2rc − k′x

2 ·R′
0

)
. (29)

At this moment, applying the range IFFT and the azimuth IFFT,
the signal is renovated as

ss(R,Xa) = Sinc (Ar (R− (R′
0 −Rref)))

· exp
(
−jγa(Xa − xn cos θe)

2
)

(30)

where Ar is a constant value. γa = 2π/(λR′
0) is the slope

rate of the azimuth phase. It should be mentioned that the
parabolic approximation principle is used in the above pro-

cessing, namely, 4π/λ(
√
R′

0
2 + (Xa − xn cos θe)

2 −R′
0) ≈

2π/λR′
0(Xa − xn cos θe)

2. In order to select the azimuth
wavenumber domain as the final focusing domain, the second-
order-deramp function is given by

Hderamp (Xa) = exp
(
jγaX

2
a

)
. (31)

After azimuth deramp processing, the signal is expressed as

ss(R,Xa) = Sinc (Ar (R− (R′
0 −Rref)))

· exp (jγaxn cos θeXa)

· exp (−jγacos2θex2n) (32)

where the first exponential is only related to the linear term
of the azimuth position, and the second exponential denotes
the geometric deformation. Then, performing azimuth FFT, the
signal becomes

sS(R, k′x) = Sinc (Ar (R− (R′
0 −Rref)))

· Sinc (Aa (k
′
x − γaxn cos θe))

· exp (−jγacos2θex2n) (33)

where Aa is a constant related to small-aperture length. Fig. 7
shows the flowchart of the proposed algorithm.

IV. COMPUTATIONAL COST ANALYSIS

As mentioned above, the proposed algorithm mainly includes
four procedures.

1) SC and rotation;
2) residual phase components compensation;
3) the azimuth resampling and 2-D decoupling;
4) the data aligning and focusing processing.
Hence, in order to further analyze the computational complex-

ity of the proposed algorithm, the computation cost is discussed
here in detail.

Assuming that the processed echo data are a matrix of
Nr ×Na size, whereNr andNa denote the sample points in the
range and azimuth direction, respectively. As shown in Fig. 7, the
whole imaging algorithm includes one interpolation, seven com-
plex multiplications, and five FFTs. According to the authors
in [38] and [39], one interpolation needs 2(2Mker − 1)NrNa

operations, for each complex multiplication needs 6NrNa oper-
ations, and the floating-point process of each FFT can be derived

Fig. 7. Flowchart of the proposed algorithm.

Fig. 8. Highly squinted FMCW-SAR geometry and target distribution.

Fig. 9. Imaging results of point targets by the proposed method.

as5NrNalog2[Nr/a]. Consequently, the computation load of the
whole procedure can be calculated as

S = 42NrNa + 4 (2Mker − 1)NrNa

+ 10NrNalog2 (Nr) + 15NrNalog2 (Na) (34)
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Fig. 10. Azimuth profiles of targets T1–T3 processed by different methods. (a) Modified RD method. (b) Wavenumber-domain method. (c) Proposed method.

which is of order O(N2log2N), where N is the 1-D size of the
echo data. Mker denotes the interpolation kernel.

V. SIMULATION AND RAW DATA PROCESSING

A. Numerical Simulation

In this section, the numerical simulations are performed to
further demonstrate the effectiveness of the proposed algorithm.
The numerical simulations use a highly squinted FMCW-SAR
with a curved configuration, as shown in Fig. 8. The simulation
parameters are listed in Table I. The uniform scattering of point
targets on the ground is a 3× 3 matrix. The whole scene is
about 400 m in the range and azimuth direction. Fig. 9 shows the
numerical simulation result achieved by the proposed algorithm.
The range resolution and the azimuth resolution are both about
0.15 m.

In order to better evaluate the superiority of the proposed algo-
rithm, a comparison of the proposed algorithm with the modified
RD method [15] and the wavenumber method [27] by the numer-
ical simulation is implemented, as shown in Fig. 10. The azimuth

profiles of points T1–T3 achieved by the modified RD method
are shown in Fig. 10(a); although the continuous motion has been
removed, the high-order 2-D coupling phase terms introduced by
high-squint angle are not considered. Hence, targets T1 and T3
are seriously defocused. Fig. 10(b) displays the azimuth profiles
of targets T1–T3 achieved by the wavenumber-domain method.
The range-dependent second- and higher order range–azimuth
coupling components in the high-squint case have been well
analyzed and considered. However, the variation of velocity is
ignored in its range model. Therefore, targets T1 and T3 are
defocused. The azimuth profiles of targets T1–T3 achieved by
the proposed algorithm are given in Fig. 10(c). Because the
3-D acceleration is considered in the range model, the azimuth
dependence is removed by the azimuth resampling approach,
and the modified Stolt interpolation removes the range–azimuth
coupling term. Consequently, targets T1–T3 are well focused.

Furthermore, for further quantitative analysis, the perfor-
mance parameters of peak sidelobe ratio (PSLR) and integrated
sidelobe (ISLR) of the three methods are given in Table II.
The proposed method’s performance parameters are close to the
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TABLE II
AZIMUTH PERFORMANCE ANALYSIS OF SELECTED TARGETS

Fig. 11. Contour plots of targets T1–T3 processed by different methods. (a) Modified RD method. (b) Wavenumber-domain method. (c) Proposed method.
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TABLE III
AZIMUTH PERFORMANCE ANALYSIS OF ISOLATED TARGETS

Fig. 12. Result of raw data processed by the modified RD method.

Fig. 13. Result of raw data processed by the wavenumber-domain method.

theoretical values of PSLR (−13.2 dB) and ISLR (−9.8 dB). In
addition, to fully demonstrate the performance of the proposed
method, the contour plots of targets T1–T3 achieved by three
methods are compared in Fig. 11. It can be easily found that the
results of the modified RD method [17] are worst. The targets T1
and T3 are completely defocused, as shown in Fig. 11(a). The
wavenumber-domain method [30] results are given in Fig. 11(b).
It is obvious that the main lobes and sidelobes of the targets T1
and T3 are coupled with each other. Fig. 11(c) shows the contour
plots of the proposed algorithm. The main lobe and sidelobes
of three targets, T1–T3, are well separated from each other and

Fig. 14. Results of real data processed by the proposed method.

present an ideal “cross,” which validates the excellent focusing
performance.

B. Raw Data Processing

In the following, the raw-measured data processing is im-
plemented on the highly squinted FMCW-SAR with a curved
trajectory. The FMCW-SAR system works at strip-map mode
with ka-band.

The system has a range bandwidth of 1.2 GHz. The squint
angle is about 40◦. The center slant range is about 1.6 km.
The velocity and acceleration vectors of transmitter are about
(82.26, 0.36,−4.21)m/s and (0.61, 0.23,−1.82) m/s2, respec-
tively. The image scene is about 600 m in the range direction
and 420 m in the cross-range direction. The range resolution and
cross-range resolution are both about 0.15 m. Then, a compari-
son of the modified RD method [18], the wavenumber-domain
method [32], and the proposed method is made.

The result of real data achieved by the RD method is given
in Fig. 12. Because the high-order 2-D coupling phase terms
are neglected; thus, it cannot deal with highly squinted FMCW
SAR data. Fig. 13 gives the result of real data processed by the
wavenumber-domain method. Although the high-order range–
azimuth coupling components have been removed, its range
model does not consider the velocity variation. Consequently,
some residual phase errors introduced by the acceleration exist,
which make the final image defocused, as shown in Fig. 15(b).
Fig. 14 displays the results of real data processed by the proposed
method. Because the velocity variation is considered in the range
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Fig. 15. Comparison of the selected subdomain. (a) Result processed by the modified RD method. (b) Result processed by the wavenumber-domain method.
(c) Result processed by the proposed method.

Fig. 16. Image contrast of isolated point.

model, the issue of azimuth dependence is solved by azimuth
resampling, and the modified Stolt interpolation removes the
range–azimuth coupling term. Consequently, the final image is
well focused, and the image details have been well preserved,
as shown in Fig. 15(c).

In addition, to further demonstrate the effectiveness of the
proposed method, the comparison of the selected subdomain
is shown in Fig. 15(c). The white dashed circle chooses an
isolated point, and its azimuth impulse response via the three
methods mentioned above is shown in Fig. 16. Furthermore,
the performance parameters’ of PSLR and ISLR of the three
methods are given in Table III. It is obvious that the proposed
method achieves the best image performance.

VI. CONCLUSION

This article develops a modified wavenumber-domain algo-
rithm for highly squinted FMCW-SAR with a curved trajectory.
First, the 3-D acceleration is considered in the modified range

model. Then, the SC and rotation operations are performed to
guarantee the 2-D WS. Afterward, the residual phase terms intro-
duced by acceleration are bulk compensated for. Subsequently,
the azimuth resampling and the modified Stolt interpolation
methods are adopted to eliminate the azimuth dependence and
the 2-D coupling, respectively. Moreover, to avoid padding
zeros, the azimuth wavenumber domain is selected to focus the
final image through data aligning processing. Finally, the numer-
ical simulation and raw-measured FMCW-SAR data processing
are performed to demonstrate the superiority of the proposed
algorithm.
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