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Abstract—For multichannel synthetic aperture radar (SAR)
ground moving target indication (GMTI) systems, the clutter
suppression method based on post-Doppler space time adaptive
processing technology is popular due to its excellent performance.
However, to coherently integrate a target’s energy of each channel,
this kind of method requires a search of target’s velocity, which
would introduce a large computation load when the search step size
is too small. While the existing studies mainly focus on improving
its performance in the cases of complex scenes and geometries, the
studies on optimizing the search step size are rare. To address this
issue, this article proposes a method for calculating the optimal
velocity search step size of adaptive clutter suppression for the
commonly used airborne three-channel SAR-GMTI systems. First,
the signal models in the range Doppler domain are developed.
Then, considering that both the signal-to-clutter-noise ratio loss
of clutter suppression and the coherent integration gain loss are
introduced by the mismatch of target’s steer vector, the relationship
between the coherent accumulation gain loss and the velocity search
error is utilized to develop the analytical expression for the optimal
velocity search step size. Experimental results validate the proposed
method.

Index Terms—Clutter suppression, ground moving target
indication (GMTI), synthetic aperture radar (SAR).
YNTHETIC aperture radar (SAR) is a microwave imaging
radar that is known for its high resolution, all-weather,
and all-day capabilities. It has found widespread applications

in fields, such as agriculture monitoring, ocean observation,
and military reconnaissance [1], [2], [3]. Ground moving target
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indication (GMTI) is an important operational mode of SAR.
SAR-GMTI systems are capable of indicating moving targets
within the illustrated scene while simultaneously providing
high-resolution image of the stationary scene. They have played
a significant role in military reconnaissance, traffic monitoring,
etc. [4], [5], [6], [7].

Clutter suppression is a crucial way to improve the per-
formance of multichannel SAR-GMTI systems. It effectively
enhances the signal-to-clutter-noise ratio (SCNR), and thus can
facilitate the increase of target detection probability and parame-
ter estimation accuracy. In the field of multichannel SAR-GMTI,
clutter suppression methods could be generally divided into
two main categories: methods based on displaced phase center
antenna technology and methods based on space-time adap-
tive processing (STAP) technology [8]. The latter have gained
significant attentions in recent years due to its stronger clutter
suppression capability and the ability to coherently accumulate
target signals across multiple channels.

Due to the long coherent integration time of SAR, the clutter
data of various Doppler cells are statistically independent [9].
Therefore, the post-Doppler STAP technique can be utilized to
suppress the clutter adaptively for multichannel SAR. Many
relevant studies have been presented in recent years [9], [10],
[11], [12], [13]. For instance, Cerutti-Maori et al. [9] presented a
detailed analysis of the signal characteristics of target and clut-
ter in the range-Doppler domain, and combined post-Doppler
STAP with SAR imaging to propose the imaging STAP (ISTAP)
method. Silva et al. [10] investigated the use of prior road in-
formation to enhance the clutter suppression performance under
heterogeneous scenes. In addition, Chang et al. [11] extended
the ISTAP method to geosynchronous-orbit SAR.

In order to accumulate the energy of target signals from
various channels coherently, adaptive clutter suppression based
on post-Doppler STAP requires the construction of accurate
steering vector using target’s motion parameters. However, in
practice, moving targets are noncooperative, and their motion
parameters are unknown. Therefore, the adaptive clutter sup-
pression requires a search of target’s motion parameters, and a
small search step size may result in a heavy computational bur-
den, while a large search step size may lead to a significant loss of
SCNR. Nevertheless, existing researches are mainly focused on
improving the performance of the adaptive clutter suppression in
cases of heterogeneous scenes, complex observation geometries,
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Fig. 1. Geometry of an airborne three-channel SAR-GMTI system.
and so on [10], [11], [12], [13]. The studies on optimizing the
search step size are rare.

To achieve a good balance between the computational effi-
ciency and clutter suppression performance, this article studies
the determination of the optimal velocity search step size for
adaptive clutter suppression with the allowable SCNR loss being
3 dB. In this article, the signal models in the range-Doppler
domain for the commonly used airborne three-channel SAR-
GMTI system are established. Moreover, considering that both
the output SCNR loss of clutter suppression and the coherent
accumulation gain loss of target are caused by the mismatch of
steering vector, the relationship between the coherent accumula-
tion gain loss and the velocity search error is utilized to develop
the analytical expression for calculating the optimal velocity
search step size.

The rest of this article is organized as follows. In Section II,
the signal models in the range Doppler domain are established.
Section III briefly introduces the principle of adaptive clutter
suppression based on post-Doppler STAP technology. In Sec-
tion I'V, the proposed method for determining the optimal search
step size of target’s velocity is introduced. Section V presents
experimental results to validate the effectiveness of the proposed
method. Finally, Section VI concludes this article.

II. SIGNAL MODELING

The geometry of an airborne three-channel SAR is shown in
Fig. 1. The height and velocity of the radar platform are 7 and
v, respectively. The distance between adjacent effective phase
centers of the radar is d. At the azimuth slow time ¢, = 0, the
effective phase center of the channel 1 is located in (0,0,/), and
that of nth (n = 2,3) channel is located in (—(n-1)d,0,h). Assume
that there exists a moving target on the ground at (0,y,0), whose
velocities along the x- and y-axes are v, and v, respectively.

According to Fig. 1, the instantaneous slant range between the
moving target and the effective phase center of nth (n = 1,2,3)
channel can be expressed as

R (ta) = \/ [0ata—vata-+ (n—1) dI*+ (go+vyta)>+h% (1)

5713

Applying a second-order Taylor expansion to the above equa-
tion around ¢, = 0, one can obtain

(y —vg) (n—1)d
Ry

(Ve — va)? + v, (1— sin2¢>)t 5
2R, ¢

where Ry = /h? + y3 represents the distance from the target
to the radar at 7, = 0, and ¢ denotes the radar’s look-down angle.

After carrier frequency demodulation and range compression,
the received echo signal in the raw data domain for nth channel
can be represented as

R, (ta> ~ Ry +

+vysing| t,

+ 2

Wa,n (ta)

2R, (t
Sn (tra ta) = Pr (t,. — L(a))

c
R, (t,
exp{j47r ( )} 3)
A

where p,. (-) is the range-compressed pulse response, w ,, (-) is
the azimuth envelope, c is the speed of light, A is the wavelength,
and ¢, is range fast time.

After channel calibration and coregistration [14] with channel
1 as the reference channel, the signal for nth channel can be

represented as [4]

2Rn,reg (ta)
C

Sn,reg (t7-, ta) = Pr (t'r - ) Wa,1 (ta)

exp {j47r L”e; (ta) } @)
with
Rn,reg (ta) =R, (ta + (n;l)d)
~ Ry (ta) + oysing"— U s)

a

where R, ¢ (t,) represents the target range equation for channel
n after coregistration. The detailed derivation for (5) is provided
in Appendix A.

Applying an azimuthal Fourier transform to (4) and using the
principle of stationary phase, the signal in the range-Doppler
domain can be expressed as

Sn,reg (tra fa)

24502
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where f, represents the azimuth frequency, and W, (-) is the
azimuth frequency envelope.

According to the equation above, the target steering vector in
the range-Doppler domain can be expressed as

. . T
Amuy sin g . Amvy sing
sp = {1, eI T e*J(Nfl)lyf'%}
, T
_ N-1
= [17 el el )w] (7)
Aoy si .

where ¢ = —w - L Ascanbe seen from (7), the steering

vector is depended on v,,.

By setting the velocities in (6) and (7) to be zeros, i.e., v, =

0, v, = 0, we can obtain the clutter signal C,, ,¢g (£, f,) and its
steering vector § . as follows:

2 A3 Ro? f2

Cvn,reg (tm fa) ~ Dr |:tr - E (RO - W Wa (fa)

A TAR
X exp {—]ARo} exp {J 7 20 fa2} (3)

se=[1,1,...,1]" )
III. ADAPTIVE CLUTTER SUPPRESSION BASED ON
PoST-DOPPLER STAP

The optimal weight vector based on post-Doppler STAP can
be represented as [9]

R_lst
StHRilst

where R represents the covariance matrix of clutter and noise,
which can be expressed as

R=F[Z.Z."]
=R.+ R,

Wopl = (10)

an

where Z ., represents the clutter and noise signal, R . is the clutter
covariance matrix, and R,, is the noise covariance matrix.
The output signal of adaptive clutter suppression is

T=Wy"2Z (12)

where Z represents the echo signal in the range-Doppler domain
received by the radar.

The above adaptive clutter suppression can obtain a significant
SCNR improvement, because, on the one hand, it can suppress
clutter well, on the other hand, it can coherently accumulate the
target signals of each channel. However, it can be seen from (10)
that the target’s velocity is needed when constructing the optimal
weight. This will result in a search of target’s velocity during the
clutter suppression, because the motion parameters of the target
are usually unknown in practice. Obviously, using a smaller
search step size will result in a better SCNR improvement, but a
larger computational burden. Therefore, it is necessary to study
the method for determining the optimal search step size, so as
to achieve a good balance between the computational efficiency
and clutter suppression performance.
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IV. METHOD FOR DETERMINING THE OPTIMAL SEARCH STEP
SIZE

This section will develop a method for determining the opti-
mal search step size of target’s velocity with the allowable SCNR
loss being 3 dB.

Assuming that the target’s velocity along the y-axis used for
a certain search is v,+Av, then the steering vector used for
constructing the weight vector can be represented as follows:

q:

dm(vy+Avy)sing g4 dr(vy+Avy)sing 4 11
T e — % 7a

I(N-1) &

e(N_l)‘PA} T

— [17 ejSOA7

13)

where oA = ——4”(”#?”9)51“‘5 .4

When the above steering vector is not mismatched, i.e.,
q =s;, the constructed weight vector is the optimal weight
vector shown in (10). In this case, the optimal output SCNR

can be expressed as follows:

2\ Hg |?
Os ! opt St’
wW. HRW

opt R opt

= 0'52 . StHR_lst

SCNR g =

(14)

where 0,2 represents the signal power. The detailed derivation
for (14) is presented in Appendix B.

When the steering vector is mismatched, i.e., q # sy, the
constructed weight vector is

Rfl
Wiy = (15)
q"R 'q
In this case, the output SCNR can be expressed as
Ug’WmisH : 3t|2
SCNRyyis = — (16)

WmisHRWmis .
After several common mathematical operations, (16) can be
rewritten as
_ 2
4" R "] ,
(s:"R7's;) (¢" R q)
The detailed derivations for (16) and (17) are provided in
Appendix B.

From (17), it can be seen that the SCNR loss due to the
mismatch of the steering vector can be expressed as

SCNR pis= SCNRp - (17)

L |qHR718t|2
senr T (stHRilst) (qHRilq)

(18)

The above SCNR loss is related to the velocity error Av,,.
However, (18) is quite complex, and it is very difficult to derive
an analytical expression for the relationship between the SCNR
loss and Av,,. Since the SCNR loss is mainly caused by the
accumulation loss of target energy across multiple channels, the
following coherent accumulation gain loss is utilized instead:

la"”

StH © S¢

.St’

Lcag = (1 9)
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TABLE I
SYSTEM PARAMETERS OF REAL DATA

Parameter Value
Platform velocity 106.7 m/s
Carrier frequency 9.6 GHz
Effective phase center separation ~ 0.172 m
PRF 833.3 Hz
Slant range of scene center 32.68 km
Synthetic aperture time 2.46s
CNR 44.18 dB
25 T T T T T T T
2L i
151 X 4.76 i
2 Y 1.67
g
4
Al _
0.5 q
o ‘ ‘ ‘ . ‘ ‘
-40 30 20 10 0 10 20 30 40
vv(m/s)
Fig. 2. Velocity search errors for a SCNR loss of 3 dB under different v,,.

Substituting (7) and (13) into (19), and simplifying via the
sine double-angle formula, we can obtain

_ 1sin(3-(p—a))

T Bsin (3 (- va))

4,1
=1-gsin [5'(<P—80A)]

:1_§<1—COS(¢—¢A))

3 2

12
3 T3 cos(p—wpa)

3 3
B 2 drAvysing d
=3 + 3 cos (—)\ Z) . (20)

With (20), the analytical expression for L, in terms of veloc-
ity error is obtained. Since Lgcy, and L, are both determined
by the difference between  and @, there is a one-to-one corre-
spondence between them. In the following, numerical analysis
is adopted to obtain the relationship between Lgcy,, and L, and
then the analytic expression for calculating the optimal velocity
search step size will be obtained.

In order to derive the relationship between the SCNR loss
and velocity error, the value of L.,, when Ly, = —3 dB is
investigated via numerical simulations. The parameters used in
the simulation are given in Table I. First, through ergodic search,
the velocity search error Av, that makes Ls.,, be —3 dB for
different v, is found out, as shown in Fig. 2.
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Fig. 4. Values of Lcag(Avy min) for different pairs of A and d with v, =
120 m (the color represents the value and the unit is in dB).

As can be seen from Fig. 2, Av, varies periodical with v,,
and there are seven blind speeds in the interval [—40 m/s,
40 m/s]. Without considering the blind speeds and their adjacent
velocities, from Fig. 2 it can be find out that the minimum value
of Av, is 1.67 m/s. Therefore, as long as the velocity search
error is less than 1.67 m/s, the SCNR loss will be less than 3 dB.
In other words, for this system, when the allowable SCNR loss
is 3 dB, the optimal (minimum) velocity search error Avy i,
is 1.67 m/s.

By substituting the above optimal value of the velocity error
into (20), it can be figured out that Leag(Avy min) is —1.38 dB.
Moreover, through numerical simulation, the following interest-
ing phenomenon is found out: even if the radar system parame-
ters are changed (including the wavelength, baseline length, and
radar velocity), Leag(Avy min) is approximated to be —1.38 dB,
where Avy iy is the minimum velocity search error for an
allowable SCNR loss of 3 dB. The values of Lcag(Avy min) for
different system parameters are shown in Figs. 3— 5. Note that
the value of Av, iy varies with the system parameters.

Therefore, based on (20), by letting Lcag(Avy min) be
—1.38 dB, the analytic expression for Av, .,in can be figured
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TABLE Il
TARGET MOTION PARAMETERS

Target Vx Vy
T1 10.23 m/s —18.29 m/s
T2 —5.14 m/s —14.93 m/s
T3 5.14 m/s -4.93 m/s
T4 6.37 m/s 28.47 m/s
T5 —10.47 m/s 38.49 m/s
out
Mkv
A y,min — 7.(1 21
Yy, 4mdsin ¢ @b

with k = arccos(2 x 1070138 — 1),

Since the velocity search error does not exceed half of the
velocity search step size, the optimal velocity search step size
Avy opt 1S twice the optimal search error. Thus, the analytic
expression for the optimal velocity search step size is as follows:

Lkvg
27d sin ¢

Therefore, when the system parameters of the radar are
known, the optimal search step size can be figured out via (22).

Avy opt = (22)

V. EXPERIMENTAL RESULTS

In this section, experiments are carried out to verify the ef-
fectiveness of the proposed method for determining the optimal
search step size. For the experiments, the background clutter
is real data of an X-band three-channel airborne SAR-GMTI
system, whose system parameters are given in Table I. Fig. 6
shows the real clutter data in the range Doppler domain after
range compression.

A. Results of Simulated Targets

Five moving targets are simulated. Their velocity parameters
are given in Table II, and they are assumed to be located in the
center of the scene. The signal-to-clutter ratio is set to —10 dB.
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Fig. 6. Clutter data in the range Doppler domain.

Note that the motion parameters of the five targets are carefully
set so that the search error is close to half of the search step size.
In addition, the optimal search step size calculated according to
(22) is 3.34 m/s. The covariance matrix for clutter suppression
is estimated from the real data, and the coherence between the
calibrated data of different channels is 0.98.

Taking target T2 as an example, the data before clutter sup-
pression in the range Doppler domain is shown in Fig. 7(a). It
can be seen that the target is overwhelmed by clutter. Fig. 7(b)
shows the result of adaptive clutter suppression using the target’s
real velocity, and the measured SCNR in this case is 16.19 dB.
Fig. 7(c) shows the results of adaptive clutter suppression based
on the optimal search step size, and the measured SCNR in
this case is 13.64 dB. As can be seen from Fig. 7, after clutter
suppression, the clutter energy is significantly suppressed, and
the target can be clearly distinguished. In addition, it can be seen
that the energy of the target signal in Fig. 7(c) is less than that
of the target in Fig. 7(b) because of the velocity search error.

The SCNR loss of each target by clutter suppression using the
optimal search step size is measured and presented in Table III.
It can be seen that the SCNR losses are all within 3 dB.

B. Results of Comparative Experiments With Different
Velocity Search Step Sizes

In order to illustrate the superiority of the proposed method in
balancing the computational efficiency and clutter suppression
performance, comparative experiments using two different ve-
locity search step sizes are carried out with the targets simulated
in Section V-A.

The two search steps used are 0.6 times the optimal step size
and 1.5 times the optimal step size. The measured SCNR losses
are presented in Tables IV and V, respectively. The measured
runtimes of these three search step sizes are given in Table VI.

From Tables III-VI it can be seen that, overall, the smallest
search step size has the best clutter suppression performance,
but it also has the longest runtime. In addition, as can be seen
from Table V, for the 1.5 times the optimal step size, the SCNR
losses of T4 and T5 are larger than 3 dB. The very small loss of
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Experimental results of target T2. (a) Range Doppler domain data before clutter suppression. (b) Clutter suppression results using the real velocity. (c)

TABLE IIT
SCNR LOSSES USING THE OPTIMAL SEARCH STEP SIZE

Output SCNR for clutter Output SCNR for clutter
Target suppression with target’s real  suppression using the optimal SCNR loss
velocity search step size
T1 16.98 dB 15.10 dB 1.88 dB
T2 16.19 dB 13.64 dB 2.55dB
T3 16.42 dB 13.82dB 2.60 dB
T4 16.44 dB 13.72dB 2.72 dB
T5 16.86 dB 14.49 dB 2.37 dB
TABLE IV TABLE VII

SCNR LOSSES USING 0.6 TIMES THE OPTIMAL SEARCH STEP SIZE

MOTION PARAMETERS OF THE MULTIPLE TARGETS

Output SCNR for clutter
Target suppression using 0.6 times SCNR loss
the optimal search step size
T1 15.85 dB 1.13dB
T2 15.79 dB 0.40 dB
T3 15.94 dB 0.48 dB
T4 16.39 dB 0.05 dB
T5 16.05 dB 0.81 dB
TABLE V

SCNR LOSSES USING 1.5 TIMES THE OPTIMAL SEARCH STEP SIZE

Output SCNR for clutter
Target suppression using 1.5 times SCNR loss
the optimal search step size
T1 15.27 dB 1.71 dB
T2 16.16 dB 0.03 dB
T3 16.42 dB 0.00 dB
T4 13.23 dB 3.21dB
T5 9.27 dB 7.59 dB
TABLE VI

RUNTIMES OF THE USED SEARCH STEPS

Search step Runtime

0.6 times the optimal search step size 46.54 s
The optimal search step size 27.57 s

1.5 times the optimal search step size 18.77 s

SCNR for T2 and T3 is due to the fact that the searched velocities
happen to be very close to their true velocities. Moreover, from
Tables IIT and VI one can see that the optimal step size can

Target Vx Vy
T6 —15.78 m/s —16.29 m/s
T7 23.57 m/s —15.45 m/s
T8 7.94 m/s —14.91 m/s

achieve a moderate runtime while ensuring the SCNR losses
being within 3 dB.

C. Results of Real Target

There are real moving targets in the background clutter data.
However, they are noncooperative targets, and their motion pa-
rameters are unknown. To further validate the proposed method,
a real moving target is found out. We first roughly estimate its
radial velocity, and the result is 11.2 m/s. Then, via a refined
search around the estimated value, we obtain a more accurate
estimation of the velocity, and the result is 11.36 m/s.

The clutter suppression results are given in Fig. 8, and the
measured output SCNR for clutter suppression using the accu-
rately estimated velocity and the optimal search step size are
30.90 and 30.04 dB, respectively. From Fig. 8(b) and (c), one
can see that the clutter is effectively suppressed and the target
can be clearly distinguished. Moreover, it can be figured out
that the SCNR loss relative to the accurately estimated velocity
is 0.86 dB, which is within 3 dB.

D. Results of Multiple Moving Targets

In practice, there may be multiple moving targets. For the
cases where the radial velocities of these targets are close,
these targets can be simultaneously processed by the proposed
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TABLE VIIT
SCNR LOSSES OF MULTIPLE MOVING TARGETS

Output SCNR for clutter Output SCNR for clutter
Target suppression with target’s real ~ suppression using the optimal SCNR loss
velocity search step size
T6 13.11 dB 12.89 dB 0.22dB
T7 17.06 dB 16.06 dB 1.00 dB
T8 15.35dB 12.59 dB 2.76 dB
=f e : : :
i i/Target 50 50 50
;:;.zen ; f 0 g w© g o
g 240 - ] 30 § - 30 g 30
z j i £ g
T 220 I | 20 ‘:;) y 20 'E y 20
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(a) (b) ()

Fig. 8.

Experimental results of the real target. (a) Range Doppler domain data before clutter suppression. (b) Clutter suppression results using the accurately

estimated velocity. (c) Clutter suppression results using the optimal search step size.
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method. Note that there is no restriction on the targets’ along-
track velocities.

To validate above statement, three moving targets are sim-
ulated, and their parameters are presented in Table VII. The
experimental results are shown in Fig. 9 and Table VIII, and the
velocity used in clutter suppression is -16.62 m/s. From these
results it can be seen that the clutter is effectively suppressed
and the SCNR losses are all within 3 dB.

VI. CONCLUSION

In this article, we have proposed a method to determine the
optimal velocity search step size for airborne three-channel
SAR adaptive clutter suppression, so as to achieve a good
balance between the computational efficiency and clutter sup-
pression performance. The analytical expression for calcu-
lating the optimal step size of velocity search with an al-
lowable SCNR loss of 3 dB has been developed. Experi-
mental results have verified the effectiveness of the proposed
method.

Doppler frequency (Hz)

2 20
10
0
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Results of clutter suppression for multiple moving targets. (a) Before clutter suppression. (b) After clutter suppression.

For the cases where the allowable SCNR losses are not 3 dB,
the method presented in Section Il may also be utilized to obtain
the analytical expression for the optimal velocity search step
size. For instance, our studies show that, when the allowable
SCNR losses are 2 and 1 dB, the optimal search step size can also
be calculated by (22) with k being arccos(1.5 x 107%-091 — 0.5)
and arccos(1.5 x 1070-0045 — (0.5), respectively.

For the cases where the number of channels is larger than 3,
since the sine double-angle formula cannot be used to simplify
(20), it is very difficult to obtain a concise analytic expression
for the optimal step size like (22).

APPENDIX A

The derivation of (5) is presented in this appendix.

According to (2), Ry, (t, + (n — 1)d/v,) can be expressed as
(23) shown at the bottom of the next page.

Equation (23) can be further expressed as (24) shown at the
bottom of the next page, with (25) shown at the bottom of the
next page.
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Since the maximum value of A(z,) is significant less
than A/16, it can be neglected [15]. Thus, Ry, re(t,) can be
expressed as

(n—1)d

a

~ Ry (tg) + vysing (26)

The correctness of (26) is verified by numerical experiments
as follows. The system parameters used in the simulations are
the same as those in Table I. Fig. 10 shows the relationship
between the maximum value of the error A(z,) and target’s
motion parameters, with the color indicating the magnitude
in meters. As can be seen from Fig. 10, for all possible tar-
get motion parameters, the maximum value of A(z,) is sig-
nificant less than A/16 (1.96 x 1073 m), and thus it can be
ignored [15].

APPENDIX B

The derivations of (14), (16), and (17) are presented in this
appendix.

According to (9) and (11), R, and R,, are Hermitian matrices.
Therefore, R is a Hermitian matrix and the following equation
holds:

27)
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Fig. 10. Relationship between the maximum value of the error A(#,) and
target’s motion parameters.

Thus, (14) can be simplified as follows:

_ aﬁlwgtstf

SCNRp =
" WIRW,,

opt

= 0? . stHR_lst. (28)

[(vx —va)(n—-1)d

—vq)(n—1)d

+ vy sin gb} (ta +

+vysin¢] te + {

(vp —va) (n—1)d
Ry

(Ve — va)? +vy? (1 = sin®¢) (n —1) d,

+ 2R0 ta + Ro Va “
(Ve — va)* + v, (1 —sin?¢) (n—1)%d2
+ SR 0 . (23)
(n—1)d\ (y —vg) (n—1)d _(n=1)d (v —v,) (n—1)%d?
R, (ta + ” =Ry (tqs) + e to + vysing o + oo R
N (Ve — Va)® + v, (1 —sin®) (n—1) dt N (Ve — Va)? + v, (1 —sin®¢) (n —1)%d?
Ry Va ¢ 2R Vo
—1
— Ry (ta) + vy sin DL LA (1) (24)
(vo —va) (n—1)d, (v, —vy) (n—1)%d?
A ta = ta
( ) Ro + ’UaRo
e v 40 (12 s') (n=1)d, - (v = e)” + oy (1 sin'e) (n = 1)%d? 25)

Ro Va

2R0 ’Ua2
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Similarly, (16) and (17) can be simplified as follows:

(1]

(2]

[3]

(4]

(5]

(6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

U§|WmisH : St{Q

SCNRpis =
’ WmisHRWmis

SCNR |97 R s (29)
o opt ( HR 1q) (stHR_ls)
REFERENCES

I. G. Cumming and F. H. Wong, Digital Processing of Synthetic Aperture
Radar Data Algorithm and Implementation. Norwood, MA, USA: Artech
House, 2005.

Y. Zhang, D. Zhu, X. Mao, X. Yu, J. Zhang, and Y. Li, “Multirotors video
synthetic aperture radar: System development and signal processing,”
IEEE Aerosp. Electron. Syst. Mag., vol. 35, no. 12, pp. 32-43, Dec. 2020.
G. Xu, B. Zhang, H. Yu, J. Chen, M. Xing, and W. Hong, “Sparse synthetic
aperture radar imaging from compressed sensing and machine learning:
Theories, applications, and trends,” IEEE Geosci. Remote Sens. Mag.,
vol. 10, no. 4, pp. 32-69, Dec. 2022.

S. V. Baumgartner and G. Krieger, “Multi-channel SAR for ground mov-
ing target indication,” Academic Press Library Signal Process., vol. 2,
pp. 911-986, Feb. 2014.

X. Zhang, G. Liao, S. Zhu, C. Zeng, and Y. Shu, “Geometry-information-
aided efficient radial velocity estimation for moving target imaging and
location based on radon transform,” IEEE Trans. Geosci. Remote Sens.,
vol. 53, no. 2, pp. 1105-1117, Feb. 2015.

P. Lombardo, D. Pastina, and F. Turin, “Ground moving target detection
based on MIMO SAR systems,” IEEE J. Sel. Topics Appl. Earth Observ.
Remote Sens., vol. 8, no. 11, pp. 5081-5095, Nov. 2015.

B. Ge, D. An, L. Chen, W. Wang, D. Feng, and Z. Zhou, “Ground moving
target detection and trajectory reconstruction methods for multichannel
airborne circular SAR,” IEEE Trans. Aerosp. Electron. Syst., vol. 58, no. 4,
pp- 29002915, Aug. 2022.

J.H. G. Ender, C. H. Gierull, and D. Cerutti-Maori, “Improved space-based
moving target indication via alternate transmission and receiver switch-
ing,” IEEE Trans. Geosci. Remote Sens., vol. 46, no. 12, pp. 3960-3974,
Dec. 2008.

D. Cerutti-Maori, I. Sikaneta, and C. H. Gierull, “Optimum SAR/GMTI
processing and its application to the radar satellite RADARSAT-2 for
traffic monitoring,” IEEE Trans. Geosci. Remote Sens., vol. 50, no. 10,
pp. 3868-3881, Oct. 2012.

A. B. C. da Silva, S. V. Baumgartner, and G. Krieger, “Training data
selection and update strategies for airborne post-Doppler STAP,” IEEE
Trans. Geosci. Remote Sens., vol. 57, no. 8, pp. 5626-5641, Aug. 2019.
C. Chang, X. Dong, Z. Chen, C. Hu, and W. Tian, “A long-time coherent
integration STAP for GEO spaceborne-airborne bistatic SAR,” Remote
Sens., vol. 14, no. 3, 2022, Art. no. 593.

X. Li, Z. Yang, S. He, P. Huang, G. Liao, and Y. Jiang, “Nonhomoge-
neous clutter suppression based on terrain elevation interferometric phase
compensation in multi-satellite formation systems,” Digit. Signal Process.,
vol. 121, Mar. 2022, Art. no. 103282.

Z.Lietal., “Bistatic SAR clutter-ridge matched STAP method for nonsta-
tionary clutter suppression,” IEEE Trans. Geosci. Remote Sens., vol. 60,
Feb. 2022, Art. no. 5216914.

J. Ender et al., “The airborne experimental multi-channel SAR-system
AER-II,” in Synthetic Aperture Radar: EUSAR’96, Berlin, Germany:
Springer-Verlag, 1996, pp. 49-52.

G. C. Walter, S. G. Ron, and M. M. Ronald, Spotlight Synthetic Aperture
Radar, Signal Processing Algorithms. Norwood, MA, USA: Artech House,
1995.

—
<W> o
5~

Yongkang Li was born in Hunan, China. He received
the B.Eng. degree in electronic information engineer-
ing and the Ph.D. degree in signal and information
processing from Xidian University, Xi’an, China, in
2011 and 2016, respectively.

From 2015 to 2016, he was a Visiting Researcher
with the School of Electrical and Electronic Engineer-
ing, Nanyang Technological University, Singapore.
Since 2022, he has been an Associate Professor with
the School of Electronics and Information, North-
western Polytechnical University, Xi’an. His research

interests include SAR-GMTI, SAR imaging, and clutter suppression.

Yingcong Wang was born in Hunan, China. He re-
ceived the B.S. degree in communications engineer-
ing in 2021 from Northwestern Polytechnical Uni-
versity, Xi’an, China, where he is currently working
toward the M.S. degree in information and commu-
nication engineering with the School of Electronic
Information.

Hisresearch interests include SAR-GMTI and clut-
ter suppression.

Yonghui Zhang was born in Henan, China. He re-
ceived the B.S. degree in electronic information en-
gineering from Hohai University, Nanjing, China,
in 2022. He is currently working toward the M.S.
degree in electronic information with the School of
Electronic Information, Northwestern Polytechnical
University, Xi’an, China.

His research interests include MEO SAR-GMTI
and curved trajectory SAR imaging.

Baochang Liu was born in Shandong, China. He re-
ceived the B.S. degree in electrical engineering from
Liaocheng University, Liaocheng, China, in 2004,
and the Ph.D. degree in signal and information pro-
cessing from the National Laboratory of Radar Signal
Processing, Xidian University, Xi’an, China, in 2010.

He is currently an Associate Professor with the
School of Marine Sciences, Nanjing University of In-
formation Science and Technology, Nanjing, China.
He has authored or coauthored more than 20 research
articles in the area of his research interests which

include multichannel/multidimensional synthetic aperture radar (SAR) system
design and signal processing, high-resolution wide-swath SAR, moving target
indication, and ocean microwave remote sensing.

"

Beijing Institute of Radio Measurement, Beijing. His research interests include
synthetic aperture radar (SAR)/inverse SAR (ISAR) imaging, forward-looking
radar imaging, ground moving target indication (GMTI), and motion parameter
estimation.

Hongmeng Chen (Senior Member, IEEE) received
the B.S. degree in communication engineering from
Nanchang University, Nanchang, China, in 2008, and
the M..S. and Ph.D. degrees in information and com-
munication engineering from the National Laboratory
of Radar Signal Processing, Xidian University, Xi’an,
China, in 2012 and 2016, respectively.

From 2016 to 2019, he was a Postdoctoral
Researcher with the Second Academy of China
Aerospace Science and Industry Corporation, Bei-
jing, China. He is currently a Senior Engineer with the




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


