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ABSTRACT Airborne circular stripmap synthetic aperture radar (CSSAR)-ground moving target indication (GMTI) systems are attractive tools for air-to-ground surveillance and monitoring, because of their
advantages of short revisit time and large coverage. This paper proposes an accurate imaging and Doppler
chirp rate estimation algorithm for the airborne CSSAR-GMTI system with high range resolution. A key
step of this algorithm is to utilize an alternation strategy to implement the correction of the target’s range
cell migration and the estimation of the range equation’s quadratic coefficient alternatively. This step enables
the proposed algorithm to achieve an accurate imaging and Doppler chirp rate estimation of a ground moving
target. In addition, this paper presents an investigation on the accuracy of the quadratic-approximated range
equation for ground moving target imaging. Numerical experiments are conducted to validate the proposed
algorithm.
INDEX TERMS Synthetic aperture radar, ground moving target indication, ground moving target imaging,
Doppler chirp rate estimation.
I. INTRODUCTION

Synthetic aperture radar (SAR)-ground moving target indication (GMTI) systems are of great value in ground surveillance
and reconnaissance, because they can implement the tasks of
imaging and GMTI simultaneously. In the past twenty years,
SAR-GMTI techniques have been widely investigated and
have been proven to be useful in many fields, such as traffic
monitoring and military surveillance [1]–[5]. However, most
of these investigations are based on the SAR-GMTI systems
that travel alone a straight line.
Circular stripmap SAR (CSSAR) is a type of SAR that
travels along a circular path, and its antenna points outward
the circular path with a pointing angle orthogonal to the velocity vector of the radar [6]–[9], as shown in Fig. 1. CSSAR can
The associate editor coordinating the review of this manuscript and
approving it for publication was Chengpeng Hao
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FIGURE 1. Acquisition geometry of a CSSAR-GMTI system.

be mounted on unmanned/manned aircrafts and other platforms that can travel along a circular path. Due to the circular
path, CSSAR is able to periodically illuminate the same area
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with a short revisit time. Moreover, since the antenna points
outward from the circular path, the coverage of CSSAR can
be very large. These advantages make CSSAR very attractive
to GMTI applications, e.g., the guard of important areas such
as stations, wharves, and barracks.
Ground moving target imaging is a main task of
SAR-GMTI systems. The accurate imaging can enhance a
target’s signal-to-clutter-noise ratio (SCNR), and thus will
make contribution to the improvement of performance for
the detection, parameter estimation, and identification of a
ground moving target [10], [11]. In addition, the accurate
imaging of a target usually results in an accurate estimation
of its Doppler parameters or motion parameters. These factors
make SAR ground moving target imaging become a hot topic
in recent years [12]–[17].
Higher spatial resolution is an important trend of SAR. For
SAR-GMTI, high-resolution will benefit the improvement
of the signal-to-clutter ratio (SCR) for the targets of small
sizes. In addition, high resolution is important for obtaining
the detailed characteristic of a target, which will benefit the
classification and identification. Therefore, this paper studies
the issue of high-resolution CSSAR-GMTI with the focus
on ground moving target imaging. It should be noted that,
from the aspect of GMTI, excessively high resolution would
also lead to a few problems, e.g., the decrease of the signalto- noise ratio (SNR) and the increase of the SCNR loss
due to the defocusing of the moving target. Therefore, the
resolution of SAR-GMTI systems may not be the higher the
better.
For the high-resolution straight-path SAR, several
ground moving target imaging methods have been proposed [18]–[20]. Since the motion of the target is unknown
in practice, an accurate estimation or search of the target’s
motion parameters and/or Doppler parameters are required in
these methods. For CSSAR, the study on ground moving target imaging is scarce. In [6], a ground moving target imaging
algorithm is proposed for the airborne CSSAR-GMTI system
with medium-to-low resolution. The main advantage of this
algorithm is that it can implement the range cell migration
correction (RCMC) efficiently. However, for the system
with high range resolution, this algorithm is inaccurate.
In addition, in the field of SAR-GMTI, a second-order Taylor
approximation is usually applied to the target’s range equation in order to benefit the design of GMTI methods. However, the study on the accuracy of this quadratic-approximated
range equation for CSSAR-GMTI systems is rare.
In this paper, an algorithm of accurate ground moving
target imaging and Doppler chirp rate estimation is proposed
for airborne CSSAR-GMTI systems. The proposed algorithm
utilizes an iteration-based approach to achieve an accurate
correction of the range cell migration (RCM) and an accurate
estimation of the quadratic coefficient of the target’s range
equation. In addition, the accuracy of the second-order Taylor
approximated range equation is investigated via theoretical
and numerical analyses. Finally, numerical simulations are
conducted to validate the proposed algorithm.
170078

This paper is organized as follows. In Section II, the data
acquisition geometry of airborne CSSAR and the study on
the accuracy of the quadratic-approximated range equation
are presented, and then the target’s signal model is derived.
In Section III, the proposed imaging and Doppler chirp rate
algorithm is presented. In Section IV, numerical results are
presented to validate the proposed algorithm. Finally, conclusions are made in Section V.
II. SIGNAL MODELING

In this section, first, the data acquisition geometry of an
airborne CSSAR-GMTI system is briefly reviewed. Then,
the accuracy of the quadratic-approximated range equation of
the target is investigated. The quadratic-approximated range
equation is a range equation model that is very popular in
SAR-GMTI and is also used in this paper, due to its benefit
in the design of GMTI methods. Finally, the target’s signal
model based on the quadratic-approximated range equation
is derived.
A. GEOMETRY OF AIRBORNE CSSAR-GMTI

The geometry of an airborne CSSAR with a ground moving
target is shown in Fig. 1. The aircraft flies along a circular
path of radius ra with a constant angular velocity ω. The radar
at a fixed altitude h is looking outward with a pointing angle
orthogonal to the flight velocity vector. The target is assumed
to move with constant velocities vx and vy along the x- and
y- axes, respectively. At ta = 0, where ta is the slow time,
the target and the radar are assumed to be located at position
(r0 cos θ0 , r0 sin θ0 , 0) and (ra , 0, h), respectively, where r0 is
the original distance from the target to the coordinate origin,
and θ0 is the target’s original azimuth angle.
According to Fig. 1, the range equation of the target, i.e.,
the instantaneous range between the target and the radar, can
be expressed in (1), as shown at the bottom of the next page.
For airborne CSSAR, due to the circular path and the
outward pointing antenna (see Fig. 1), the motion of its beam
footprint along the ground is faster than that of straight-path
SAR. This allows for a more efficient earth observation and a
shorter synthetic aperture time. However, on the other hand,
the circular path of airborne CSSAR significantly complicates the relative motion between the target and the radar.
As seen from (1), the expression of the range equation is
complicated because there are trigonometric functions in the
square root computation. This will make the design of GMTI
methods challenging.
B. ACCURACY ANALYSIS OF THE
QUADRATIC-APPROXIMATED RANGE EQUATION

The range equation of the target is one of the most important
parameters for SAR signal processing [21]. It determines
the target’s RCM, azimuth phase characteristic and signal
model. Moreover, the target’s steering vector and along-track
interferometric phase, which are very important parameters
for SAR-GMTI, are also depended on the range equation.
Nevertheless, as can be seen from (1), the original expression
VOLUME 7, 2019

Y. Li et al.: Accurate Imaging and Doppler Chirp Rate Estimation Algorithm for Airborne CSSAR-GMTI Systems

of the range equation is complicated, which will complicate
the design of GMTI methods. In this paper, to benefit the
design of imaging methods as well as other GMTI methods, a
quadratic Taylor approximation is made to the target’s range
equation. This approximation, however, will bring a phase
error that may cause an azimuth defocusing when it is larger
than π/4 [22]. In this subsection, an investigation on the
accuracy of the quadratic-approximated range equation is
presented, with the aim to reveal the dependence of the phase
error on the parameters of the CSSAR-GMTI system and the
target.
The quadratic-approximated range equation is obtained
by applying the second-order Taylor series expansion to (1)
around the beam center crossing time, and it can be expressed
as follows
R2 (ta ) = Rc + l1 (ta − tac ) + l2 (ta − tac )2

(2)

with
q

(rc − ra )2 + h2

l1 = vtc (rc − ra ) Rc

Rc =

(3a)
(3b)

v2 − 2ra ω · vta + ra rc ω2
h2 v2tc
l2 = ta
+
2Rc
2R3c
vta = vy cos(θc ) − vx sin(θc )

(3d)

vtc = vx cos(θc ) + vy sin(θc )

(3e)

(3c)

where tac is the beam center crossing time, Rc and rc are
the distances from the target to the radar and the coordinate
origin at ta = tac , respectively, θc is the target’s azimuth
angle at ta = tac , vtc is the projection of the target velocity
onto the vertical direction of the radar platform velocity (i.e.,
the cross-track velocity) at ta = tac , and vta is the projection
of the target velocity onto the direction of the radar platform
velocity (i.e., the along-track velocity) at ta = tac .
This approximation of the range equation will lead to a
phase error which can be expressed as


=
max
4π |R(ta ) − R2 (ta )| λ
(4)
ta ∈[−Ta /2,Ta /2]
where Ta is the target illumination time and λ is the wavelength. The target illumination time Ta is actually the period
of time that the target stays within the 3 dB beamwidth of the
radar and thus can be expressed as [21]
θbw Rc
Ta ≈
vg
λRc
≈ 0.886 ·
(5)
2va ρa
where θbw
 is the 3 dB beamwidth of the radar, ρa ≈
0.886λvg (2θbw va ) is the azimuth resolution, vg = ω · rc
is the velocity of the beam footprint along the ground, and
va = ω · ra is the velocity of the radar platform.
q
R(ta ) =
VOLUME 7, 2019

This phase error is mainly determined by the cubic and
quartic terms of the range equation’s Taylor expansion, and
it can be approximately expressed as


4π
3
4
· l3 ta + l4 ta
≈
max
λ
ta ∈[−Ta /2,Ta /2]



4π
vta ra ω2 vta (rc −ra )rc ra ω2 3
≈
max
ta
·
−
λ
2Rc
2R3c
ta ∈[−Ta /2,Ta /2]

 
ra rc ω4
r 2 r 2 ω4
−
(6)
ta4
+ a c3
24Rc
8Rc
with
vta ra ω2
vta (rc − ra )(v2tc − 2vtc ra ω + v2ta + ra rc ω2 )
−
2Rc
2R3c
v3 (rc − ra )3
+ ta
2R5c
vta ra ω2
vta (rc − ra )(rc ra ω2 − 2vtc ra ω)
(7a)
≈
−
2Rc
2R3c
4vtc ra ω3 − rc ra ω4
l4 =
24Rc
2
(v − 2vtr ra ω + v2ta + ra rc ω2 )2 − 4v2ta (rc − ra )ra ω2
− tc
8R3c
3v2 (rc − ra )2 (v2tc − 2vtc ra ω + v2ta + ra rc ω2 )
+ ta
4R5c
4
4
5v (rc − ra )
− ta
8R7c
ra rc ω4
r 2 r 2 ω4
≈−
(7b)
− a c3
24Rc
8Rc
l3 =

r 2 r 2 ω4

a rc ω
Substituting (5) into (6) and noting that r24R
+ a8Rc 3 > 0,
c
c
the analytical expression of simple form for the phase error is
obtained below

vta ra ω2
4π
vta (rc − ra )(rc ra ω2 − 2vtc ra ω)
≈
·
−
λ
2Rc
2R3c
  4 #
 3 
2
2
4
4
ra rc ω
Ta
Ta
ra rc ω
×
+
+
3
2
24Rc
2
8Rc
4

≈ 0.0217π · ωR2c − (rc − ra )(vg − 2vtc ) ·
 r R λ3

c c
+ 0.0004π · R2c + 3ra2 rc · 4 3
ρa ra

|vta | λ2
v2a ρa3
(8)

The dependence of the phase error on the parameters of
the CSSAR-GMTI system and the target is revealed in (8).
It is seen that the phase error is very sensitive to the wavelength and the azimuth resolution. It can also be seen that
the phase error is proportional to the wavelength and is
inversely proportional to the azimuth resolution. In addition,

2
(r0 cos θ0 + vx ta − ra cos(ωta ))2 + r0 sin θ0 + vy ta − ra sin(ωta ) + h2

(1)
170079
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TABLE 1. Airborne CSSAR system parameters for simulation.

FIGURE 2. Dependence of the phase error on vta and vtc . The color
indicates the phase error that is normalized to π/4.

FIGURE 3. Dependence of the phase error on Rc and ρa . The color
indicates the phase error that is normalized to π/4.

Fig. 3 shows the dependence of the phase error on the azimuth
resolution and the target’s distance. From Figs. 2 and 3 it can
be seen that the simulation results are in accord with the theoretical analyses above, i.e.,  is proportional to |vta |, vtc , and
Rc , and is inversely proportional to ρa . Fig. 4 further shows
the application scope of the quadratic-approximated range
equation. The curve in Fig. 4 indicates the minimum azimuth
resolution for each distance to make the phase error be less
than π/4. For example, from the datatip shown in Fig. 4 it
can be seen that when Rc is 20 km, the minimum azimuth
resolution is 1.02 m, which is a quite high azimuth resolution for SAR-GMTI. Note that, in Fig. 2, the phase error is
calculated according to (4), while the phase errors shown in
Figs. 3 and 4 are chosen to be the maximum value out of a
set of possible velocities, i.e., the phase error is calculated as
follows



|R(ta )−R2 (ta )|
=
max
max
4π ·
λ
vx ∈ [−30m/s, 30m/s] ta ∈[Ta /2,Ta /2]
vy ∈ [−30m/s, 30m/s]

(9)
C. SIGNAL MODEL

Based on the quadratic-approximated range equation, the
raw-data-domain target signal after range compression can
be expressed as [9], [21]




2R2 (ta )
R2 (ta )
s(tr , ta ) ≈ pr tr −
wa (ta −tac ) exp −j4π
c
λ
(10)
FIGURE 4. Bounds of azimuth resolutions for each distance to make the
phase error less than π/4.

it is seen from (8) that the phase error is proportional to the
target’s distance and the absolute value of the target’s alongtrack velocity, and is inversely proportional to the target’s
cross-track velocity.
In order to quantitatively investigate the accuracy of
the quadratic-approximated range equation, simulations are
conducted and the results are shown in Figs. 2-4. The
parameters of the CSSAR-GMTI system for the simulations are given in Table 1. The original azimuth angle of
the target is zero. From Fig. 2 it can be seen that, for the
possible velocities of the ground moving target, the phase
error is less than π/4, which indicates that the accuracy
of the quadratic-approximated range equation is sufficient.
170080

where tr is the fast time, pr (·) is range impulse response
function, c is the speed of light, and wa (·) is the azimuth
window function. Note that, the constant amplitude term in
the signal has been omitted for simplicity of presentation.
By using the principle of stationary phase [21], the target
signal in the 2-D frequency domain can be expressed as
S (fr , fa ) ≈ Wa (fa + M · PRF) Wr (fr )
)
(

Rc − l12 (4l2 )
× exp −j4π fr
c



l1
× exp −jπ (fa + M · PRF) tac −
2l2
(
)
2
c (fa + M · PRF)
× exp jπ
4l2 fc
(
)
c (fa + M · PRF)2
× exp jπ
(11)
4l2 (fc + fr )
VOLUME 7, 2019
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with




2(fr + fc )
fa +
Wa (fa ) = wa −
l1
4l (f + fc )
c
 2 r
Wr (fr ) = wr fr Kr
c


(12)

where fr is the range frequency, PRF is the pulse repetition frequency, PRF/2 ≤ fa ≤ PRF/2 is the baseband
azimuth frequency, M is the target’s Doppler ambiguity number, Wa (fa ) is the azimuth frequency window function, and
Wr (fr ) is the range frequency window function. Note that,
the constant terms are not shown in (11) for simplicity of
presentation.
By expanding the last exponential term of (11) in a power
series of fr and keeping terms up to the second-order,1 the
2-D frequency domain signal of the target can be simplified
as follows
S (fr , fa ) ≈ Wa (fa + M · PRF) Wr (fr )
)
(

Rc − l12 (4l2 )
× exp −j4π fr
c



l1
× exp −jπ (fa + M · PRF) tac −
2l2
(
)
2
c (fa + M · PRF)
× exp jπ
2l2 fc


c(fa + M · PRF)2
× exp −jπ fr
4l2 fc2

2
2 c(fa + M · PRF)
(13)
× exp jπfr
4l2 fc3
III. PROPOSED IMAGING AND DOPPLER CHIRP RATE
ESTIMATION ALGORITHM

In this section, the main steps of the proposed algorithm of
imaging and Doppler chirp rate estimation are presented. The
flowchart of the proposed algorithm is shown in Fig. 5.
A. SECONDARY RANGE COMPRESSION

From the last exponential term of (11), it can be seen that there
is still a range frequency modulation (RFM) after the range
compression, which will cause defocusing in the range direction when the range resolution is high. In order to achieve
an accurate imaging of the target, a secondary range compression (SRC) is implemented to compensate for the RFM.
Moreover, to improve efficiency, the SRC is implemented in
the 2-D frequency domain with the following filter

2
2 c(fa + M · PRF)
(14)
Hsrc (fr , fa ) = exp −jπ fr
4l20 fc3

where l20 = ra rref ω2 (2Rref ) is the quadratic-term coefficient of the range equation of the static target located in the
scene center, rref and Rref are the distances from the scene
center to the coordinate origin and the radar, respectively.
1 In [6], a first-order power series expanding is adopted because a medium
range resolution is considered. However, when the range resolution is high,
the second-order term should be kept.
VOLUME 7, 2019

FIGURE 5. Flowchart of the proposed algorithm.

According to (13) and (14), the signal after SRC can be
expressed as
Ssrc (fr , fa ) ≈ Wa (fa + M · PRF) Wr (fr )
(
 )
R0 − l12 4l2
× exp −j4π fr
c



l1
× exp −jπ (fa + M · PRF) tac −
2l2
(
)
2
c (fa + M · PRF)
× exp jπ
2l2 fc


c(fa + M · PRF)2
× exp −jπ fr
4l2 fc2


2 1
1
2 c(fa + M · PRF)
× exp jπ fr
−
l2
l20
4l2 fc3
(15)
As seen from the last exponential term of (15), there is a
residual RFM. Fortunately, since fr is far smaller than fc ,
the quadratic phase error due to this frequency modulation is smaller than π/4. Thus, this residual RFM can be
neglected [21].
It can be seen from (14) that, for the targets with Doppler
ambiguity, the information on the Doppler ambiguity number
is needed. In this paper, the wavelength diversity algorithm
presented in [21], [23] is utilized to estimate the target’s
Doppler ambiguity number.
B. RANGE CELL MIGRATION CORRECTION

The second-to-last exponential term of (15) is due to the
RCM of the target, and thus the RCMC can be performed
by compensating for this term. Based on this finding, in [6],
the RCMC is performed via a phase multiplication in the 2-D
frequency with the following reference function
)
(
c (fa + M · PRF)2
fr
(16)
H (fr , fa ) = exp jπ
4l20 fc2
170081
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Note that, since the quadratic coefficient of the target’s range
equation (i.e., l2 ) is unknown in practice, l20 is used for
constructing the RCMC filter. This, however, will lead to a
mismatch of the RCMC filter.
Multiplying (16) with (15) and then performing inverse
Fourier transform in the range direction, one can obtain the
range-Doppler domain signal after the RCMC as follows
!
(
l12
2
Rc −
srcmc (tr , fa ) = Wa (fa )pr tr −
c
4l2


c(fa + M · PRF)2 1
1
−
−
l2
l
8f 2
 20

 c 
l1
(fa + M · PRF)
× exp −jπ tac −
2l2


c(fa + M · PRF)2
× exp jπ
(17)
4l2 fc
where tr is the fast time, and pr (·) is the range impulse
response function.
From the range envelope in (17) it can be seen that, due
to the mismatch of the RCMC filter, there is a residual RCM
whose maximum value can be expressed as
(

)
c c fa2 + 2M · PRF · fa
1
1
·
1RCM = max
−
fa
2
l2
l20
8fc2
(18)
For the systems with high range resolution, the residual RCM
cannot be ignored because 1RCM may be larger than one
half of the range resolution [21]. Fig. 6 illustrates the dependence of 1RCM on the velocities of the target. It is seen that
1RCM easily exceeds one half of the range resolution (the
range resolution is 0.886 m), which indicates that the RCMC
method proposed in [6] is inaccurate for the CSSAR-GMTI
system of high range resolution.

proposed. The proposed method utilizes an iteration strategy
to implement the RCMC and the estimation of the quadratic
coefficient alternately, which can realize an accurate correction of the RCM and an accurate estimation of the quadratic
coefficient. The flowchart of the proposed method is presented in Fig. 7 and is explained as follows.
(0)
Initialization: n = 1, l2,est = l20 .
1) Similar to the filter shown in (16), construct the RCMC
filter as follows
)
(
c (fa + M · PRF)2
(n)
fr
(19)
Hrcmc (fr , fa ) = exp jπ
(n−1)
4l2,est fc
After RCMC, the signal in the Range-Doppler domain can
thus be expressed as
(
!
l12
2
(n)
Srcmc (tr , fa ) = Wa (fa )pr tr −
Rc −
c
4l2
!)
c(fa + M · PRF)2 1
1
−
− (n−1)
8fc
l2
l
 2,est



l1
(fa +M · PRF)
× exp −jπ tac −
2l2
(
)
c (fa + M · PRF)2
× exp jπ
(20)
4l2
2) According to (20), the target can be compressed in
the azimuth by compensating the azimuth modulation
[see the last exponential term of (20)] and performing
an inverse Fourier transform. Therefore, the quadratic
coefficient can be estimated via maximization of the
image contrast as follows
(n)

l2,est = arg max {C [z(tr , ta ; lt )]}

(21)

lt

r n

2 o
E |z(tr , ta ; lt )|2 −E |z(tr , ta ; lt )|2
C [z(tr , ta ; lt )] =

E |z(tr , ta ; lt )|2
(22)
n
(n)
z (tr , ta ; lt ) = IDFTfa Srcmc (tr , fa )
h
.
io
· exp −jπc(fa +M ·PRF)2 (4lt )
(23)
with E(·) denoting the spatial average operator, C(·) denoting the image contrast, and IDFTfa (·) denoting the inverse
Fourier transform with respect to fa .
FIGURE 6. Dependence of 1RCM on the velocities of the target, where ρr
is the range resolution. The system parameters for the simulation are
given in Table 1, and the target is located at the scene center with θ0 = 0.

From (16) and (17) it can be seen that it is the usage
of a wrong quadratic coefficient of the range equation in
constructing the RCMC filter that causes the RCMC to be
inaccurate. In this subsection, an accurate RCMC method is
170082

(n)

(n−1)

3) If l2,est = l2,est , go to step 4. Otherwise, n = n+1, and
return to step 1. When the RCM is accurately corrected,
the estimation results of l2 will be constant. Therefore,
(n)
(n−1)
the iteration is ended when l2,est = l2,est .
4) Obtain the estimated quadratic coefficient: l2,est =
(n−1)
l2,est and the RCM-corrected signal: Srcmc (tr , fa ) =
(n)
Srcmc (tr , fa ).
VOLUME 7, 2019
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FIGURE 8. Real SAR image for generating the background clutter.

TABLE 2. Parameters of the targets.
FIGURE 7. Flowchart of the proposed method.

C. DOPPLER CHIRP RATE ESTIMATION AND AZIMUTH
COMPRESSION

Based on the relationship between the Doppler chirp rate and
the quadratic coefficient, the Doppler chirp rate is estimated
as
4
ka,est = l2,est
(24)
λ
According to (20) and (23), the azimuth compression is
performed as follows
n
(n)
sac (tr , ta ) = IDFTfa Srcmc
(tr , fa )
#)
"
c (fa + M · PRF)2
(25)
· exp −jπ
4l2,est

FIGURE 9. RCMC results of T1. (a) Obtained by the method of [6].
(b) Obtained by the proposed algorithm.

where sac (tr , ta ) is the target signal in the SAR image
domain.
IV. NUMERICAL RESULTS

In this section, numerical experiments are conducted to validate the proposed algorithm. Since the real data of CSSAR are
still unavailable, simulated data are used instead. The main
system parameters for the simulations are shown in Table 1.
In the simulations, the stationary background clutter was
simulated with the amplitude information obtained from
a real high-resolution SAR image (see Fig. 8). In addition, four ground moving targets, named T1, T2, T3,
and T4, were simulated, and their parameters are shown
in Table 2. The motion parameters of these targets were
artificially set to make them have different degrees of
Doppler ambiguity. The SCRs and SNRs of these targets
after range compression were all set to be 5 dB and 8 dB,
respectively.
The RCMC results obtained by the proposed algorithm
and the method presented in [6] are shown and compared in Figs. 9-12. From Figs. 9(a)-12(a) it can be seen
VOLUME 7, 2019

FIGURE 10. RCMC results of T2. (a) Obtained by the method of [6].
(b) Obtained by the proposed algorithm.

that the targets’ trajectories still migrate through multiple
range samples. This indicates that the RCMs of the targets are not accurately corrected by the RCMC method
of [6]. The RCMC results by the proposed algorithm are
shown in Figs. 9(b)-12(b). It is seen that the targets’ trajectories are straightened, which indicates that the targets’
RCMs are accurately corrected by the proposed RCMC
method.
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FIGURE 11. RCMC results of T3. (a) Obtained by the method of [6].
(b) Obtained by the proposed algorithm.

FIGURE 13. SAR images of T1. (a) Obtained by the method of [6].
(b) Obtained by the proposed algorithm.

FIGURE 12. RCMC results of T4. (a) Obtained by the method of [6].
(b) Obtained by the proposed algorithm.

FIGURE 14. SAR images of T2. (a) Obtained by the method of [6].
(b) Obtained by the proposed algorithm.

TABLE 3. Results of Doppler chirp rate estimation.

Table 3 shows the Doppler chirp rate estimation results
obtained by the proposed algorithm. To illustrate the
influence of RCMC accuracy on the estimation of Doppler
chirp rate, Table 3 also shows the estimation results based on
the signal with the RCM corrected by the method of [6]. From
Table 3, it can be seen that the targets’ Doppler chirp rates
are accurately estimated by the proposed algorithm, and the
estimation errors are less than 0.1 Hz/s. Moreover, it is seen
that the proposed algorithm can obtain a better estimation of
the Doppler chirp rate, due to the accurate correction of the
targets’ RCMs. Note that, in the estimation, the search range
of l2 is set as [3.195 m/s2 , 3.751 m/s2 ], which can cover target
with the speed ranging from −40 m/s to 40 m/s. In addition,
the search step size is set as 0.0026 m/s2 , which can make
the azimuth impulse response width (IRW) broadening within
2%2 [21].
The imaging results obtained by the proposed algorithm
and the method presented in [6] are shown in Figs. 13-16,
from which it can be seen that the SAR images obtained
by the proposed algorithm are finely focused, while those
obtained by the method of [6] suffer from significant defo2 The IRW broadening will be less than 2% when the error of k , which is
a
defined as 1ka , meets the following inequality: |1ka | ≤ 1/Ta2 [21].

170084

FIGURE 15. SAR images of T3. (a) Obtained by the method of [6].
(b) Obtained by the proposed algorithm.

FIGURE 16. SAR images of T4. (a) Obtained by the method of [6].
(b) Obtained by the proposed algorithm.

cusing. To further assess the imaging performance of the proposed algorithm, the image quality parameters [21], including
the IRW broadening, the integrated sidelobe ratio (ISLR),
the peak sidelobe ratio (PSLR), were measured and given
in Table 4. From Table 4 it can be seen that the values of
the measured image quality parameters are very close to the
theoretical ones, which indicates that the proposed algorithm
works very well. Note that, the theoretical values of the
quality parameters are calculated from the ideal sinc function.
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TABLE 4. Measured image quality parameters.

V. CONCLUSION

In this paper, an accurate imaging and Doppler chirp rate
estimation algorithm has been proposed for the airborne
CSSAR-GMTI systems with high range resolution. The key
step of the proposed algorithm is to utilize an iteration
strategy to implement the RCMC and quadratic coefficient
estimation alternatively, which enables an accurate RCMC
and Doppler chirp rate estimation. Numerical experiments
have been conducted to validated the proposed algorithm.
Note that, although the proposed algorithm is discussed in the
context of airborne CSSAR-GMTI systems, it also applies to
the SAR-GMTI systems if only a quadratic approximation
can be made to the target’s range equation.
The accuracy of the target’s quadratic-approximated range
equation has also been studied in this paper. In order to
find out the dependence of the quadratic-approximated range
equation’s accuracy on the parameters of the CSSAR-GMTI
system and the target, an approximated expression of simple
form has been derived for the phase error caused by the
quadratic approximation of the range equation. Moreover,
numerical simulations have been conducted to investigate
the application scope of the quadratic-approximated range
equation.
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