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Abstract—In this article, an effective clutter suppression
and moving target imaging approach is proposed for the
geosynchronous-low earth orbit (GEO-LEO) bistatic multichannel
synthetic aperture radar (SAR) system, which is robust for the fast
moving target with Doppler centroid ambiguity. For the GEO-LEO
bistatic multichannel SAR system, the characteristic of baseline
with azimuth invariant in Doppler Fourier transform domain is
not tenable. It is difficult to implement clutter suppression by
the unified baseline compensation in azimuth Doppler Fourier
transform domain. Fortunately, we discover that the baseline can
be approximately regarded as a constant in chirp Fourier trans-
form domain for the GEO-LEO bistatic multichannel SAR system.
Hence, the corresponding baseline compensation can be achieved
in the azimuth chirp Fourier transform domain for the clutter. With
an orthogonality vector of clutter, the clutter can be well suppressed
and the moving target is extracted. After that, the moving target
imaging approach is developed with the baseband Doppler centroid
estimation and Doppler ambiguity number estimation. Finally, the
theoretical investigations and the proposed approach in this article
are validated by some experiments, where the experiments for
clutter suppression and experiments for fast moving targets are
included. Especially, an experiment with real SAR scattering scene
is involved. In addition, some discussions for blind velocity targets
are presented.

Index Terms—Bistatic multichannel synthetic aperture radar
(SAR), blind velocity, chirp Fourier transform, clutter suppression,
Doppler centroid ambiguity, Doppler centroid estimation,
geosynchronous-low earth orbit (GEO-LEO).
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I. INTRODUCTION

S INCE the bistatic synthetic aperture radar (SAR) has the
capability of acquiring more scenario information than

monostatic radar, great interests have grown considerably in the
last decades [1], [2]. In particular, the peculiarities of a bistatic
configuration for the multichannel ground moving target indi-
cation (GMTI) have drawn the attention of radar system design
and signal processing researchers. Considering that the geosyn-
chronous earth orbit SAR (GEO-SAR) is capable of imaging a
continuous planetary area wide ground swath, the bistatic SAR
consisting of a GEO transmitter and a low-earth-orbit (LEO)
multichannel receiver is proposed to obtain the high-resolution
and wide-swath earth observation image [3]–[5]. With the GMTI
technique [1], [2], [6],[7] and the advantages of GEO-LEO radar
system, the GEO-LEO bistatic multichannel SAR-GMTI system
will be presented in this article. Then, the corresponding key
techniques will be discussed, including the clutter suppression
and moving target imaging processing, etc.

Some available clutter suppression approaches have been
proposed for the SAR-GMTI system. One of the most effective
clutter suppression methods is the space-time adaptive process-
ing (STAP), where a 2-D adaptive filter is constructed in both the
temporal and spatial domain to suppress ground clutter [8]–[14].
However, for a nonhomogeneous environment, the covariance
matrix cannot be effectively estimated and the performance of
the corresponding STAP processor is degraded. At the same
time, the great computation burden is brought by the STAP
processing and more than two channel freedom is required.
For the clutter suppression of two-channel radar systems, the
displaced-phase-center antenna (DPCA) [15] and along-track
interferometry (ATI) [16] were designed. When the two antennas
move in the azimuth direction, the signal of two different anten-
nas has an operation of subtracting for the DPCA approach and
the phase difference information of the two antennas is employed
to detect targets for ATI algorithm [17], [18]. In addition, a linear
phase compensation in the azimuth Fourier transform domain is
required for the single-static radar system, when the interval
between the two antennas (is called as baseline length) is not
equal to the platform movement distance during integral times
of pulse time. Since the baseline length varies with the scene for
the bistatic SAR system, the existing DPCA approach cannot be
directly employed for the bistatic multichannel SAR system.
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In this article, based on the orthogonality vector technique,
an effective clutter suppression is developed for the GEO-
LEO bistatic multichannel SAR-GMTI (GEO-LEO MC-SAR-
GMTI) system, where the chirp Fourier transform is involved.
For the conventional single-static multichannel SAR system, the
distance between the transmitted antenna and received antenna
is short enough to employ the equivalent phase center (EPC)
approach. After the EPC processing, the signal can be regarded
as being transmitted and received at the middle position be-
tween the transmitted antenna and received antenna. Then, the
along track baseline has a characteristic of azimuth invariant
in azimuth Doppler Fourier transform domain and the base-
line compensation is effectually implemented. However, for the
GEO-LEO MC-SAR-GMTI system, the baseline between the
transmitted antenna and received is very long. When the EPC
technique is adopted, an error is induced and varies with clutter
scene, which is difficult to compensate. If the error is not well
calibrated, the clutter cannot be well suppressed. Fortunately,
when the quadratic phase of azimuth slow time is dispelled
for the GEO-LEO bi-static SAR-GMTI echo, the linear and
constant phase will remain. Note that there is approximately an
equivalent time delay brought by the baseline length, where the
time delay can be regarded as a constant. According to the signal
processing theory, a constant time delay can be compensated
in Fourier domain with a linear phase. The quadratic phase
compensation with azimuth Fourier transform is called as the
azimuth chirp Fourier transform. Based on the discussion above,
the clutter suppression processing is implemented in azimuth
chirp Fourier transform for the GEO-LEO bistatic SAR-GMTI
system. First, a quadratic phase compensation is implemented,
where the time delay brought by the baseline length for the
slant-range of LEO-SAR is involved. Then, an equivalent linear
phase compensation is implemented after azimuth Fourier trans-
form. After the phase compensation, the vector corresponding to
clutter is available. The orthogonality vector can be constructed
by the clutter vector. With the orthogonality vector of clutter, the
clutter can be well suppressed and the moving target echo can
be extracted. The azimuth Fourier transform and the suppressing
clutter with orthogonality vector are both the crucial steps for
the proposed clutter suppression approach.

Combining the clutter suppression approach, the correspond-
ing moving target imaging approach is presented in this article,
where the Doppler centroid correction, azimuth inverse-chirp
Fourier transform and keystone transform are involved. After the
clutter suppression, the extracted moving target echo presents
high signal-to-noise ratio (SNR), linear range cell migration
(LRCM), and quadratic range cell migration (QRCM). During
moving target imaging processing, the LRCM and QRCM must
be corrected. Since the geometry of GEO-LEO MC-SAR-GMTI
system is complex and the moving target is noncooperative, the
imaging approach based on parameters estimation is proposed.
First, the Doppler centroid is estimated and employed to im-
plement the LRCM correction. After that, the minimum entropy
approach is adopted to estimate the Doppler chirp rate. Then, the
QRCM can be well corrected in the azimuth slow time, where the
quadratic phase is eliminated. When the moving target does not
locate on the center in the scene, an equivalent LRCM is brought.
Hence, the keystone is adopted to correct the induced LRCM.

After the azimuth Doppler Fourier transform, the focused mov-
ing target image can be obtained. Since the Doppler centroid
ambiguity number can be estimated during imaging processing,
the presented moving target imaging approach is robust for the
fast moving target.

The remainder of this article is organized as follows. In
Section II, the signal model of a GEO-LEO bistatic multichannel
SAR system is presented, where the signal of clutter and moving
target are both discussed. Then, the clutter suppression approach
is shown in detail in Section III. In addition, the imaging pro-
cessing for moving target is given in Section IV. In Section V,
the effectiveness of the proposed clutter suppression and moving
target imaging approach is demonstrated via simulated data. In
addition, the discussion for blind velocity is also shown. Finally,
the conclusion is drawn in Section VI.

II. SIGNAL MODEL

In this section, the GEO-LEO bi-static SAR-GMTI system
will be presented, and some advantages will be introduced. Then,
the signal model of a GEO-LEO MC-SAR-GMTI system will be
discussed for the clutter and the moving targets, where the multi-
channel GEO-LEO geometry and slant-range approximate are
included.

A. GEO-LEO MC-SAR-GMTI System

For the GEO-LEO MC-SAR-GMTI system, the capability of
wide-area continuous illumination is offered by the GEO-SAR
system and the LEO multichannel receivers is employed to
provide the performance for the clutter suppression and moving
target detection. In addition, compared with the GEO monostatic
SAR system, the LEO can obtain the higher SNR and finer
spatial resolution with less power consumption and lower system
complexity. At the same time, some advantages, such as good
flexibility, antiattack, and well concealment etc., are provided
by the GEO-LEO MC-SAR-GMTI system. In summary, the
main contributions of the GEO-LEO MC-SAR-GMTI system
are fourfold.

1) The system has the capability of suppressing clutter, de-
tecting moving target and implementing indication for
ground moving target.

2) The system shows a good flexibility and obtains the obser-
vation of moving targets with different angles. For some
moving targets, the system can obtain a higher radar cross
section (RCS) than a monostatic radar system. At the
same time, it has the capability of anti-attack and good
concealment.

3) The system strikes a balance between SNR and wide
swath. For the GEO-SAR, it has the capability of wide
swath observation. The LEO-SAR system can obtain the
high SNR image with less power consumption. Hence, the
GEO-LEO bistatic multichannel SAR system can obtain a
middle SNR image with middle power consumption when
the requirement of wide swath is satisfied.

4) For the multichannel in azimuth SAR-GMTI system, the
system platform has a higher corresponding blind velocity
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and a minimum detection velocity. The velocity of GEO-
SAR platform is low, while the velocity of LEO-SAR plat-
form is high. Hence, the GEO-LEO bistatic multichannel
SAR system can obtain a middle blind velocity and middle
minimum detection velocity.

B. Signal Model for Clutter

Similar to the GEO-LEO bistatic multichannel HRWS SAR
system [3], [19], an accurate geometry of a GEO-LEO bistatic
multichannel SAR system is presented in Fig. 9. Then, the details
are discussed in Appendix A, where the approximate geometry
of GEO-SAR or LEO-SAR is given. After that, the approximate
geometry of a GEO-LEO bistatic multichannel SAR system is
presented in Fig. 1, where the GEO platform is employed to
transmit the chirp signal with a velocity of VT , squint angle
θT , the beam center slant-range RT for the point target P in
the imaging scene center, and the LEO platform is employed to
receive the echo with a velocity of Vr, squint angle θr, the beam
center slant-range Rr for the corresponding point target P .

Let tm be the azimuth slow time, the slant-range between
the transmitted antenna of the GEO platform with a position of
(X0 + atm, Y0 + btm, Z0 + etm) and the clutter target with a
position of (xi, yi, 0) can be expressed as

RT (tm)

=

√
R2

T − 2RTVT

(
tm − xi

VT

)
sin θT + V 2

T

(
tm − xi

VT

)2

(1)

where (X0 + atm, Y0 + btm, Z0 + etm) denotes the position
vector for tm=0, (a, b, e)is the velocity vector for the GEO
platform. For the low squint mode, (1) can be re-expressed as

RT (tm) ≈ RT − VT sin θT

(
tm − xi

VT

)
+ kT

(
tm − xi

VT

)2

(2)
where kT =

V 2
T cos2θT
2RT

. When the hypothesis of “go and stop”
does not hold, the slant-range between the nth received antenna
of the LEO platform with a position of (V tm + dn, 0, H) and
the target in the imaging scene is described as

Rr,n (tm) =

{
R2

r − 2RrVr

(
tm+ΔT − xi

Vr
− dn

Vr

)
sin θT

+V 2
r

(
tm+ΔT − xi

Vr
− dn

Vr

)2
} 1

2

(3)

where

ΔT=
RT (tm) +Rr (tm)

c
≈ RT +Rr

c
. (4)

A discussion about the approximation in (4) is presented in
Appendix B. c is the velocity of electromagnetic propagation.
With the Taylor approximation, Rr,n(tm) is expanded as

Rr,n (tm) ≈ Rr − Vr sin θT

(
tm − xi

Vr
− dn

Vr

)

+ kr

(
tm − xi

Vr
− dn

Vr

)2

− ϕr

(
tm − xi

Vr
− dn

Vr

)
+ΔRr

(5)

where

ΔRr = Vr · (Rr +RT )

c
· sin θT + kr ·

(
(Rr +RT )

c

)2

(6.a)

ϕr =
V 2
r cos

2θT
Rr

· (Rr +RT )

c
(6.b)

kr =
V 2
r cos

2θT
2Rr

. (6.b)

Let t̂ denote the range fast time, γ be the chirp signal rate
of transmitted signal, fc be carrier frequency, and λ denote the
wavelength. After the range Fourier transform, the nth channel
echo of clutter is expressed as

SSc
n (fr, tm) = Wr (fr)wa (tm) exp

(
−jπ

f2
r

γ

)

· exp
[
−j2π

(fc + fr) · (RT (tm) +Rr,n (tm))

c

]
(7)

whereWr(fr) is the respective range pulse envelope in the range
frequency domain and wa(tm) is the antenna beam modulation
in azimuth slow time domain.

C. Signal Model for Moving Target

Assume that the moving target has an along GEO platform
trajectory velocity of vT,a and an along transmitted beam center
line direction velocity of vT,r. The slant-range between the
transmitted antenna of the GEO platform and the moving target
in the imaging scene is

With Taylor series expanded, (8) shown at the bottom of this
page can be rewritten as

RT (tm) ≈ RT + vT,r

(
tm − xi

VT

)

− (VT + vT,a)

(
tm − xi

VT

)
sin θT + kT _mov ·

(
tm − xi

VT

)2

(9)

RT (tm) =

{(
RT + vT,r

(
tm − xi

VT

))2

+ (VT + vT,a)
2

(
tm − xi

VT

)2

−2

(
RT + vT,r

(
tm − xi

VT

))
(VT + vT,a)

(
tm − xi

VT

)
sin θT

} 1
2

. (8)
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Fig. 1. Approximate geometry for the GEO-LEO MC-SAR-GMTI system.

where kT _mov=
(VT+vT,a)

2

2RT
cos2θT . The slant-range between the

nth received antenna of the LEO platform and the moving target
in the imaging scene can be expressed aswhere vr,r denotes the
moving target with an along received beam center line direction
velocity, va,r is the moving target with an along LEO platform
trajectory velocity. Then, (10) shown at the bottom of this page
can be re-expressed as where (11).

ΔRmov
r = − (RT +Rr)

c
(vr,r − (Vr + va,r) · sin θT )

+
(Vr + va,r)

2

2Rr

(
(RT +Rr)

c

)2

(12.a)

ϕmov
r =

(Vr + va,r)
2

Rr

(Rr +RT )

c
(12.b)

kr_mov =
(Vr + va,r)

2

2Rr
cos2θr (12.c)

Hence, the nth channel echo for the moving target can be
described as where

Ma (fr) = exp

[
−j2π

(fc + fr) · (RT +Rr+ΔRT )

c

]
.

(14)

III. CLUTTER SUPPRESSION

In this section, we will focus on discussing the clutter sup-
pression approach. First, the chirp Fourier transform technique
is employed to obtain the coarse-focused SAR image for the
clutter. Then, the clutter suppression approach is presented.
Finally, the signal model of the moving target will be discussed
after the clutter suppression.

A. Chirp Fourier Transform for Clutter Echo and Clutter
Suppression

From (13) as shown at the bottom of the next page, RCMC
and range compression function of the nth channel in the range
frequency and azimuth time domain can be expressed as

Hn,1 (fr, tm) = exp

(
jπ

f2
r

γ

)

· exp
[
j2π

(fc + fr)

c
·
(
(−ϕc − Vr sin θr)

(
tm − dn

Vr

)
−VT sin θT tm

)]
.

(15)

After the RCMC and range compression with (15), the nth
channel echo of clutter can be described as (16).

Rr,n (tm) =

{(
Rr + vr,r

(
tm −ΔT − xi

Vr

))2

+ (Vr + va,r)
2

(
tm −ΔT − xi

Vr
− dn

Vr

)2

−2

(
Rr + vr,r

(
tm −ΔT − xi

Vr

))
(Vr + va,r)

(
tm −ΔT − xi

Vr
− dn

Vr

)
sin θr

} 1
2

(10)

Rr,n (tm) = Rr + vr,r

(
tm − xi

Vr

)
− (Vr + va,r)

(
tm − xi

Vr
− dn

Vr

)
sin θr

+ kr_mov ·
(
tm − xi

Vr
− dn

Vr

)2

− ϕmov
r

(
tm − xi

Vr
− dn

Vr

)
+ΔRmov

r (11)
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From (16) as shown at the bottom of this page,
kr(tm − dn

Vr
− xi

Vr
)2contains the baseline. kT (tm − xi

VT
)2 is in-

dependent of the baseline. It is difficult to obtain a uniform time
delay brought by baseline for (16). In other words, the baseline in
clutter echo varies with scene. In order to eliminate the variance
of baseline, the quadratic phase is removed. A kernel function
for removing quadratic phase in (16) is constructed as

Hn,2 (fr, tm)

= exp

[
j2π

(fc + fr)

c
·
(
kT t

2
m + kr

(
tm − dn

Vr

)2
)]

.

(17)

The kernel function shown in (17) is multiplied to the clutter
echo. After the azimuth Fourier transform, the nth channel
clutter echo is rewritten (18) as shown at the bottom of the

this page, where ηc =
Vrcos2θr

Rr

(
VT cos2θT

RT
+Vrcos2θr

Rr
)

,Wa(fa) denotes the

window function in azimuth Doppler domain, corresponding to
the envelope of the Fourier transform for wa(tm). The operation
above is called as the azimuth chirp Fourier transform. Note that
the equivalent baseline of ηc · dn is a constant. The correspond-
ing time delay is ηc · (dn

Vr
). Hence, the equivalent time delay can

be well compensated. In the range frequency and azimuth chirp
Fourier transform domain, a phase compensation function for
the nth channel can be constructed as

Hn,3 (fr, fa) = exp

(
j2πfaηc ·

(
dn
Vr

))
. (19)

After the phase compensation, the nth channel echo can be
expressed as

SSc,p
n (fr, fa) = Wr (fr)Ma (fr)wa (tm)

exp

[
−j2π

(fc + fr)

c
·
((

− sin θT − sin θr − ϕc

Vc

)
xi

)]

exp

(
−j2π

(fc + fr)

c

(
kT

(
xi

VT

)2

+ kr

(
xi

Vr

)2
))

sin c

(
fa +

2 (fc + fr)

c

(
kT
VT

+
kr
Vr

)
xi

)
. (20)

From (20), note that all channel echo is independent of chan-
nel baseline after the phase compensation with (19). Then, the
vector corresponding to clutter is discussed in Appendix C. An
orthogonality vector for the clutter vector is constructed, which is
also discussed in Appendix C. With the orthogonality vector, the
clutter suppression is implemented. Hence, the residual channel
echo after clutter suppression can be expressed as

Sc,p
residual (fr, fa)

= SSc,p
1 (fr, fa)− SSc,p

2 (fr, fa)

= SSc
1 (fr, fa) ·H1,3 (fr, fa)− SSc

2 (fr, fa) ·H2,3 (fr, fa) .
(21)

From (20) and (21), the residual signal of channel echo is only
noise after clutter suppression. So far, the clutter suppression
based on orthogonality vector has been presented. With the

SSmov
n (fr, tm) = Wr (fr)Ma (fr)wa (tm) exp

(
−jπ

f2
r

γ

)

exp

[
−j2π

(fc + fr)

c
·
(
vr,r

(
tm − xi

Vr

)
+vT,r

(
tm − xi

VT

))]

exp

⎡
⎣−j2π

(fc + fr)

c
·
⎛
⎝− (ϕmov

r + (Vr + va,r) sin θr)
(
tm − dn

Vr
− xi

Vr

)
− (VT + vT,a) sin θT

(
tm − xi

Vr

)
⎞
⎠
⎤
⎦

exp

[
−j2π

(fc + fr)

c
·
(
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(
tm − xi
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)2

+ kr_mov

(
tm − dn

Vr
− xi

Vr

)2
)]

(13)

SSc
n (fr, tm) = Wr (fr)Ma (fr)wa (tm) exp

[
−j2π

(fc + fr)

c
·
((

− sin θT − sin θr − ϕc

Vc

)
xi

)]

exp

[
−j2π

(fc + fr)

c
·
(
kT

(
tm − xi

VT

)2

+ kr

(
tm − dn

Vr
− xi

Vr

)2
)]

. (16)

SSc
n (fr, fa) = Wr (fr)Ma (fr)Wa (fa) exp

[
−j2π

(fc + fr)

c
·
((

− sin θT − sin θr − ϕc

Vc

)
xi

)]

exp

(
−j2π

(fc + fr)

c

(
kT

(
xi

VT

)2

+ kr

(
xi

Vr

)2
))

sin c

(
fa +

2 (fc + fr)

c

(
kT
VT

+
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Vr

)
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)
· exp

(
−j2πfaηc ·

(
dn
Vr

))
(18)
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proposed clutter suppression approach, the limit of the proposed
GEO-LEO bistatic SAR-GMTI system is discussed in Appendix
D.

B. Signal Model of the Moving Target After Clutter
Suppression

After the RCMC and range compression with (15), the signal
of the moving target can be described as (22) as shown at the
bottom of this page. where θmov = (ϕmov

r + (Vr + va,r) sin θr)
( xi

Vr
)+(VT + vT,a) sin θT (

xi

VT
). With the chirp Fourier trans-

form function shown in (17), the signal of moving target after
chirp Fourier transform (23) at the bottom, where φmov =
ϕmov
r − ϕc + va,r sin θr+vT,a sin θT . During the clutter sup-

pression, the residual signal of the moving target can can be

expressed as (24),where SS0(fr, fa) can be expressed as (25)
at the bottom.

An approximate expression is adopted, which is shown in

exp

[
j2π

(fc + fr)

c
·
(
dn
Vr

)
(ηc · φmov

− (ϕmov
r − ϕc + va,r sin θr))

]
≈ 1. (26)

For (26), the low squint mode is considered.

IV. IMAGING PROCESSING FOR THE MOVING TARGET

After the clutter suppression, the constant false alarm (CFAR)
technique is utilized to detect the moving target and extract

SSmov
n (fr, tm) = Wr (fr)Ma (fr)wa (tm)

exp

[
−j2π

(fc + fr)

c
·
(
θmov+vr,r

(
tm − xi

Vr

)
+vT,r

(
tm − xi

VT

))]

exp

[
j2π

(fc + fr)

c
·
(
(ϕmov

r − ϕc + va,r sin θr)

·
(
tm − dn

Vr

)
+vT,a sin θT · tm

)]

exp

[
−j2π

(fc + fr)

c
·
(
kT _mov

(
tm − xi

VT

)2

+ kr_mov

(
tm − dn

Vr
− xi

Vr

)2
)]

(22)

SSmov
n (fr, fa) = Wr (fr)Ma (fr)Wa (fa)

· exp
(
−j2πfaηc ·

(
dn
Vr

))
exp

[
−j2π

(fc + fr) · (vr,r+vT,r)

c
· ηc ·

(
dn
Vr

)]

exp

(
−j2π

(fc + fr)

c

(
θmov+kT

(
xi

VT

)2

+ kr

(
xi

Vr

)2

− vr,r
xi

Vr
− vT,r
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VT

))

exp

[
j2π

(fc + fr)

c
·
(
dn
Vr

)
(ηcφmov − (ϕmov

r − ϕc + va,r sin θr))

]

sin c

(
fa +

(fc + fr)

c
(ηcxi + φmov − (vr,r+vT,r))

)
(23)

Smov
residual (fr, fa) = SSmov

1 (fr, fa) ·H1,3 (fr, fa)− SSmov
2 (fr, fa) ·H2,3 (fr, fa)

≈
{
1− exp

[
−j2π

(fc + fr) · (vr,r+vT,r)

c
· ηc ·

(
dn
Vr

)]}
· SS0 (fr, fa) (24)

SS0 (fr, fa) = Wr (fr)Wa (fa)Ma (fr)

exp

[
j2π

(fc + fr)

c
·
(
vr,r

xi

Vr
+vT,r

xi

VT

)]
· exp

(
−j2πfa ·

(
dn
Vr

))

exp

(
−j2π

(fc + fr)

c

(
θmov + kT

(
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VT

)2

+ kr

(
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Vr

)2
))

sin c

(
fa +

(fc + fr)

c
(ηcxi + φmov − (vr,r+vT,r))

)
. (25)
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the corresponding signal. Then, with the azimuth inverse chirp
Fourier transform and inverse RCMC operation, the obtained
echo of moving target (27) at the bottom of this page.

The Doppler centroid for the signal shown in (27) can be
described as

fdc =
fc · [(ϕmov

r + (Vr + va,r) sin θr) + (VT + vT,a) sin θT ]

c

− fc · (vr,r+vT,r)

c
. (28)

Inspired by the Doppler centroid estimation approach pro-
posed in [20]–[23], the moving target signal shown in (27) is
divided into two parts along the range frequency, which are
expressed as Smov(fr − Ba

4 , tm)and Smov(fr +
Ba

4 , tm). Ba

denotes the bandwidth of transmitted signal. The corresponding
baseband Doppler centroid can be estimated by

f̂dc_baseband_1

=
PRF

2π
arg

{
E

[
Smov

(
fr − Ba

4 , tm
)

·conj [Smov
(
fr − Ba

4 , tm−1

)] ]}
(29.a)

and

f̂dc_baseband_2

=
PRF

2π
arg

{
E

[
Smov

(
fr +

Ba

4 , tm
)

·conj [Smov
(
fr +

Ba

4 , tm−1

)] ]} (29.b)

where PRF denotes the pulse repletion frequency, arg[·]is the
operation for phase extraction, conj[·]is the operation for conju-
gate operation,E[·]is the expectation operation. Then, the coarse
estimation of Doppler centroid is

f̂dc_coarse =
2fc
Ba

(
f̂dc_baseband_2 − f̂dc_baseband_1

)
. (30)

The exact estimation of Doppler centroid is

f̂dc =
1

2

(
f̂dc_baseband_2 + f̂dc_baseband_1

)

+ round

(
f̂dc_coarse

PRF

)
· PRF (31)

which corresponds to carrier frequency. In (31),
round[·]denotes the integer expectation operation. Then,
the linear RCMC function can be expressed as

Hmov
1 (fr, tm) = exp

(
j2π

f̂dc
fc

· (fc+fr) tm

)
. (32)

After the linear RCMC with (32), the echo of the moving
target can (33) at the bottom of this page.

Then, the Doppler chirp rate for the moving target signal
shown in (33) can be described as

ka = −fc
c

·
(
(VT + vT,a)

2cos2θT
RT

+
(Vr + va,r)

2cos2θr
Rr

)
.

(34)
The estimated Doppler chirp rate of the moving target is k̂a

using the minimum entropy approach proposed in [24], [25].
Then, the azimuth chirp Fourier transform function can be
presented as follows:

Hmov
1 (fr, tm) = exp

(
jπ

k̂a
fc

· (fc+fr) t
2
m

)
. (35)

For the moving target, the azimuth deramp operation in range
frequency domain is implemented with (35) and the correspond-
ing signal can be expressed as

Smov (fr, tm) = Wr (fr)Ma (fr)wa (tm)

exp

[
−j2π

(fc + fr)

c
·
(
θmov − vr,r · xi

Vr
− vT,r · xi

VT

)]

Smov (fr, tm) = Wr (fr)Ma (fr)wa (tm)

exp

[
−j2π
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c
·
(
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(
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)
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c
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⎛
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(
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)
⎞
⎠
⎤
⎦
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c
·
(
kT _mov

(
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(
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)]

. (27)

Smov (fr, tm) = Wr (fr)Ma (fr)wa (tm)

exp

[
−j2π

(fc + fr)

c
·
(
(ϕmov

r + (Vr + va,r) sin θr)
xi

Vr

+(VT + vT,a) sin θT
xi

Vr
− vr,r ·xi

Vr
− vT,r ·xi

VT

)]

exp

[
−j2π
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c
·
(
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(
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(
tm − xi
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)2
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. (33)
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exp

[
−j2π

(fc + fr)

c
·
(
kT _mov

(
xi

VT

)2

+ kr_mov

(
xi

Vr

)2
)]

exp

[
j2π

(fc + fr)

c
· tmxi

(
kT _mov

VT
+
kr_mov

Vr

)]
. (36)

Note that there is LRCM brought by the azimuth position. In
order to correct the LRCM, the one-step keystone transform is
adopted, which is shown as follows [26], [27]:

fc · τm = (fc + fr) tm. (37)

After the keystone transform, the signal of moving target can
be denoted as

Smov (fr, τm) = Wr (fr)Ma (fr)wa (τm)

exp

[
−j2π

(fc + fr)

c
·
(
θmov − vr,r · xi

Vr
− vT,r · xi

VT

)]

exp

[
−j2π

(fc + fr)

c
·
(
kT _mov

(
xi

VT

)2

+ kr_mov

(
xi

Vr

)2
)]

exp

[
j2π

(fc + fr)

c
· τmxi

(
kT _mov

VT
+
kr_mov

Vr

)]
. (38)

After range inverse Fourier transform and azimuth Fourier
transform, the focused moving target image can be denoted as

where

φmov = θmov − vr,r · xi

Vr
− vT,r · xi

VT
(40)

f ′
a corresponds the Fourier frequency of τm, Ar and Aa

are the gain amplitude after range compression and azimuth
compression, respectively.

Fig. 2 presents the clutter suppression and moving target imag-
ing processing flowchart. Note that the azimuth baseline for the
GEO-LEO MC-SAR-GMTI system echo is range-variant. Then,
the range compression, LRCM correction and azimuth chirp
Fourier transform are employed to correct the range-variant
baseline. After that, azimuth phase compensation and clutter
suppression are implemented. After clutter suppression, the
moving target signal can be extracted. The LRCM is corrected
for the moving target. After the azimuth deramp operations in
range frequency domain and keystone transform, the focused
moving target image can be obtained.

V. EXPERIMENTS AND DISCUSSIONS

In this section, some simulation experiments are performed
to verify the proposed clutter suppression approaches, where

Fig. 2. Clutter suppression and moving target imaging flowchart.

those for clutter suppression and those for fast moving targets
are included. More importantly, an experiment with real SAR
scattering scene is involved. In addition, the discussions for blind
velocity targets are presented.

A. Experiments for Clutter Suppression

1) Data Description: A multipoint-target clutter simulation
is implemented and the data is collected by a GEO-LEO MC-
SAR-GMTI system, where the GEO platform radar is employed
to transmit the X-band chirp signal and the LEO platform radar
with multichannel antenna is utilized to receive the scene echo.
The main system parameters of the GEO-LEO MC-SAR-GMTI
system are tabulated in Table I, where the double antennas
are distributed along the track of the LEO platform and the
corresponding azimuth offset is 5.9 m. During the simulation,
the distributing of the clutter scene is shown in Fig. 3(a), where
nine-point-targets are involved. Assume that the track of LEO
platform and GEO platform is parallel for the data collecting.
In addition, there is a moving target with a velocity of 15m/s,
whose coordinate is (0, 0).

2) Results and Experiments’ Analysis: The collected echo
by the multichannel GEO-LEO SAR system is presented in

Smov
(
t̂, f ′

a

)
=

Ar sin c

{
t̂− 1

c

[(
RT +Rr
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r

)
+ φmov

(
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(
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(
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Aa sin c

⎧⎨
⎩f ′

a −
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⎡
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)
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⎛
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(
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− 1
)
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(
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− 1
)
⎞
⎠
⎤
⎦
⎫⎬
⎭ (39)
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Fig. 3. Clutter suppression processing. (a) Distributing of the clutter scene. (b) Collected echo by the multichannel GE-LEO SAR system. (c) Collected echo
in range frequency and azimuth time domain. (d) Moving target echo after clutter suppression in range frequency and azimuth time domain. (e) Collected echo
in range frequency and azimuth chirp Fourier transform domain. (f) Moving target echo after clutter suppression in range frequency and azimuth chirp Fourier
transform. (g) Azimuth slice for (e). (h) Azimuth slice for (f).
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TABLE I
MAIN SYSTEM PARAMETERS FOR THE GEO-LEO MC-SAR-GMTI SYSTEM

Fig. 4. Moving target imaging processing. (a) Extracted moving target echo in 2-D frequency domain. (b) Moving target echo after the Doppler centroid
calibration. (c) Focused moving target image using the proposed imaging processing approach. (d) Focused moving target image after interpolating processing.

Fig. 3(b). After the range Fourier transform, the corresponding
echo is shown in Fig. 3(c). Then, the proposed clutter suppres-
sion approach is employed to implement the clutter suppression.
The extracted moving target echo is shown in Fig, 3(d). In order
to further illuminate the clutter suppression process, the col-
lected echo is transformed into the range frequency and azimuth
chirp Fourier transform domain, where the phase compensation
is implemented. Fig. 3(e) presents the collected echo in range

frequency and azimuth chirp Fourier transform domain, where
the clutter and moving target are marked. After the clutter
suppression, only the moving target is reserved. Fig. 3(g) and (h)
denotes the azimuth slice for the Fig. 3(e) and (f), respectively.
Note that the clutter can be suppressed well and the signal of
moving target is preserved.

With the extracted the moving target echo shown in Fig. 4(h),
the inverse chirp Fourier transform is implemented. The obtained
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moving target echo in 2-D frequency is shown in Fig. 4(a),
where there is an offset for Doppler spectrum. With the es-
timated Doppler centroid, the Doppler centroid compensation
is achieved and the corresponding 2-D spectrum is given in
Fig. 4(b). Then, the proposed moving target imaging algorithm
in this article is utilized to focus the moving target. The focused
moving target can be obtained and the corresponding result is ex-
hibited in Fig. 4(c). After the 16 times interpolating processing,
the focused moving target image is shown in Fig 4(d), where the
peak-to-sidelobe ratio (PSLR) in range is −13.26 dB and PSLR
in azimuth is −13.23 dB. Hence, the moving target can be well
focused.

B. Experiments for Fast Moving Targets

In order to discuss the clutter suppression and image process-
ing for the fast moving targets, another simulation experiment is
implemented. The system parameters and clutter scene shown
in Part A in this section are involved. For the fast moving
targets in the imaging scene, the Doppler centroid brought by
the slant-velocity is ambiguous. The proposed baseband Doppler
centroid estimation algorithm in [19] can be utilized to estimate
the baseband component of Doppler centroid. Then, the Doppler
centroid ambiguity number estimation approach proposed in
[20] is employed to obtain the Doppler centroid ambiguity num-
ber for the moving target. Compared to the slow moving target
with an unambiguous Doppler centroid, the Doppler centroid
ambiguity number estimation is very important. During this
experiment, the moving target with an along y-axis velocity
of 50 m/s is involved, where the Doppler centroid ambiguity
number is 1. After the clutter suppression, the extracted fast
moving target echo in range frequency and azimuth chirp Fourier
transform domain is given in Fig. 5(a). Compared to the slow
target shown in Fig. 3(f), the fast moving target has more
obvious slope. After azimuth inverse chirp Fourier transform, the
reconstructed fast moving target echo in 2-D frequency domain
is presented in Fig. 5(b). With the estimated baseband compo-
nent of Doppler centroid, the Doppler centroid compensation
is implemented and the corresponding echo in 2-D frequency
domain is shown in Fig. 5(c). Note that the 2-D frequency
spectrum of moving target has a slope. After the range cell
migration correction, the moving target in 2-D time domain
is given in Fig. 5(d). One can note that the signal of moving
target is not aligned along azimuth, which means the energy
of moving target dispersing some range bins. After the image
processing, the moving target cannot be well focused, which is
shown Fig. 5(e).

The Doppler centroid ambiguity number estimation algorithm
is employed to estimate Doppler centroid ambiguity number
and the corresponding estimation value is 1. With the estimated
accurate Doppler centroid, the moving target echo after Doppler
centroid compensation is shown in Fig. 6(a). After the range
compression, the corresponding signal is presented in Fig. 6(b).
Then, after the range cell migration correction, the moving target
signal is aligned along the azimuth. The well-focused moving
target is presented in Fig. 6(d). After the interpolating process-
ing, the corresponding moving target image is shown in Fig. 6(e).

Note that the performance of the proposed clutter suppression
and moving target imaging is well for the fast moving target.

C. Simulation Experiment With Real SAR Scene

In order to further discuss the performance of the proposed
clutter suppression approach, a simulation experiment with real
SAR scattering scene is implemented. The system parameters
are shown in Table I and the real SAR scene is shown in Fig. 7(a).
During the simulation experiment, the complex SAR image of
real scene is used as the scattering coefficient to simulate the
clutter, where a triple trunk road, some building, overpasses,
playground, etc., are involved. At the same time, a moving target
with a velocity of 37 m/s is involved, which is located on the
main road. To analyze the performance of clutter suppression,
the scattering coefficient of moving target is below the clutter.
Fig. 7(b) presents the simulated clutter and moving target in
range frequency and azimuth time domain. Note that the moving
target echo is lost in the clutter. After the azimuth chirp Fourier
transform processing, the signal of moving target and clutter are
both cumulated in azimuth. The corresponding result is shown in
Fig. 7(d). The signal of moving target is marked by red rectangle
window. It can be seen that there is some clutter with higher
amplitude than the moving target. If the constant CFAR detection
technique is utilized to detect the moving target, a very high
false alarm ratio is unavoided. An azimuth slice corresponding
to the signal marked by the white line in Fig. 7(d) is shown in
Fig. 7(f). For the signal of the azimuth slice, the moving target
is submerged by the clutter.

After the clutter suppression with the proposed clutter sup-
pression approach in this article, the corresponding result is
presented in Fig. 7(c). Compared to Fig. 7(b), the clutter is well
suppressed. Fig. 7(e) displays the signal of moving target after
the azimuth chirp Fourier transform, which is corresponding to
the echo shown in Fig. 7(d) after clutter suppression. Note that
the signal of moving target is prominent, and the background is
very faint. After the clutter suppression processing, the signal
shown in Fig. 7(f) is displayed in Fig. 7(g). The signal of moving
target is accentuated from the noise. Compared to Fig. 7(f),
it illuminates the well performance of the proposed clutter
suppression approach.

D. Discussions for Blind Velocity

From (24), when the moving target has some given slant-
velocities, i.e., (38) is established, the moving target echo is
completely suppressed during the clutter suppression. These
given slant-velocities are called blind velocity⎧⎨
⎩1− exp

⎡
⎣ −j2π

(fc+fr)·(vr,r+vT,r)
c

·
Vrcos2θr

Rr(
VT cos2θT

RT
+Vrcos2θr

Rr

) ·
(

dn

Vr

)⎤⎦
⎫⎬
⎭ ≈ 0. (38)

From (38), one can have

vr,r+vT,r=i ·
(

VT cos2θT
RT

+Vrcos2θr
Rr

)

Vrcos2θr
Rr

·
(

Vr

dn

)
· c
(fc+fr)

i = · · · − 2,−1, 0, 1, 2 · · ·
(39)
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Fig. 5. Fast moving target imaging processing with mismatch Doppler centroid. (a) Extracted moving target echo in range frequency and azimuth chirp Fourier
transform domain. (b) Reconstructed moving target echo in 2-D frequency domain. (c) Moving target echo in 2-D frequency domain after mismatch Doppler
centroid compensation. (d) Moving target signal in 2-D time domain after range compression and range cell migration correction. (e) Image result for the moving
target.
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Fig. 6. Fast moving target imaging processing with accurate Doppler centroid. (a) Reconstructed moving target echo in 2-D frequency domain after the accurate
Doppler centroid compensation. (b) Moving target echo after range compensation. (c) Moving target echo after range cell migration correction. (d) Focused moving
target image. (e) Focused moving target image after interpolating processing.
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Fig. 7. Simulation experiment with real SAR scene. (a) Complex SAR image of real scene. (b) Simulated GEO-LEO bistatic SAR-GMTI echo. (c) Echo after
clutter suppression. (d) Simulated GEO-LEO bistatic SAR-GMTI echo in range frequency and azimuth CFT domain. (e) Simulated GEO-LEO bistatic SAR-GMTI
echo after clutter suppression in range frequency and azimuth CFT domain. (f) Signal corresponding to the signal marked by the white line in Fig. 6(d). (g) Signal
corresponding to the signal marked by the white line in Fig. 6(e).
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Fig. 8. Discussion for the blind velocity. (a) Moving target echo with a velocity of 40.18 m/s and 0 dB noise after clutter suppression. (b) Moving target echo
with a velocity of 40.18 m/s and 40 dB noise after clutter suppression. (c) Moving target echo with a velocity of 20 m/s and 0 dB noise after clutter suppression.
(d) Image result for the moving target echo with a velocity of 20 m/s and 0 dB noise. (e) Image result for the moving target echo with a velocity of 40.18 m/s and
40 dB noise. (f) Image result corresponding to (e) after interpolating processing.
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where c denotes integer. The corresponding velocity value for
vr,r+vT,r is blind velocity. In order to further discuss the blind
velocity for the moving target, some experiments are imple-
mented, where the system parameters are as same as Section
V-A. When the moving target has a velocity along y-axis of
40.18 m/s, the corresponding slant-velocity of vr,r+vT,r is in
the region of blind velocity. When the noise of the clutter and
moving target echo is 0 dB, the moving target signal after
clutter suppression is shown in Fig. 8(a). Note that moving target
echo is covered with noise. When the noise of the clutter and
moving target echo is 40 dB, the moving target signal after
clutter suppression is presented in Fig. 8(b). Note that some
frequency spectrum signal is completely suppressed while the
other has obviously energy loss. When the moving target has a
velocity along y-axis of 20 m/s, the corresponding slant-velocity
of vr,r+vT,r is not in the region of blind velocity. The extracted
moving target echo is shown in Fig. 8(c) with a trivial energy loss.
After the image processing, the corresponding image result is
shown Fig. 8(d), where the interpolating processing is involved.
We note that the moving target with a velocity along y-axis of
20 m/s can be well focused. When the target moves at a velocity
along y-axis of 40.18 m/s, the image result is presented in
Fig. 8(e). After the interpolating processing, the corresponding
result is shown in Fig. 8(f). Note that the moving target in blind
velocity region cannot be focused, i.e., the moving target is split
into multipoint target.

VI. CONCLUSION

This article explores the SAR-GMTI capabilities of the GEO-
LEO bistatic multichannel SAR system. Considering that the
baseline varies with clutter scene in azimuth Doppler Fourier
transform domain, the chirp Fourier transform is introduced and
the echo in azimuth chirp Fourier transform domain is analyzed.
With the approximation processing, the baseline is invariant with
clutter scene, where a linear phase is displayed for different
channel echo. Then, the baseline compensation is implemented
for the clutter in the observation scene. Comparing the clutter
signal and moving target signal, the clutter is suppressed in
range frequency and azimuth chirp Fourier transform domain
and the moving target echo is extracted. For the moving target
imaging processing, three-step operation is involved, i.e., the
Doppler centroid correction, azimuth chirp Fourier transform,
and one-step keystone. During the Doppler centroid correction,
the Doppler centroid estimation is critical. For the slow moving
target, the baseband Doppler centroid estimation is adequate
for imaging processing. For fast moving target, the process of
Doppler ambiguity number estimation must be included. Finally,
some simulation experiments of the GEO-LEO MC-SAR-GMTI
data are employed to verify the accuracy and efficiency of
our proposed algorithms. At the same time, some details for
blind velocity targets are discussed with simulation experiment
results.

APPENDIX A
DISCUSSIONS FOR THE GEOMETRY APPROXIMATION

Fig. 9 presents the geometry for the GEO-LEO MC-SAR-
GMTI system, where the orbit height of the GEO-SAR platform

Fig. 9. Geometry for the GEO-LEO MC-SAR-GMTI system.

Fig. 10. Approximate geometry model for the GEO platform or LEO platform
SAR system.

is 36122 km and the orbit height of the LEO-SAR platform is
510 km (taking the simulation parameter as an example). The
radius of earth is about 6371 km, i.e.,Re = 6371km. For a swath
of 100 km, i.e., L = 100km , the swath corresponding to earth
center angle is:

φangle =
L

Re
· 180

π
=

100km

6371km
· 180

π
= 0.8990. (A.1)

When the earth center angle is less than 1°, the curve of swath
is small enough to be ignored. In this article, the discussed swath
is less than 100 km and the curve of swath is neglected. When the
resolution is below 1 m, the curve of trajectory can be ignored.
For the space-borne SAR-GMTI system, the resolution is usually
below 1 m. Hence, the GEO-SAR and LEO-SAR platform can
be both approximated as shown in Fig. 10. The differences lie
in different velocity, height, squint angle, slant-range, etc. It is
worth to point out that Fig. 1 is an approximate model for Fig. 9.
The corresponding conditions are that the swath is below 100
km and the resolution is below 1m.
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Fig. 11. Approximate error for the slant-range and phase. (a) Approximate
error for the slant-range. (b) Approximate error for phase.

APPENDIX B
DISCUSSIONS FOR THE SLANT-RANGE APPROXIMATION

The slant-range of the echo can be expressed as

R (tm)=RT (tm)+RR (tm + τ) (B.1)

where RT (tm) and RR(tm + τ) are expressed by (1) and (3),
respectively. τ=−ΔT in (3). In order to derivation convenient,
ΔT ≈ (Rr+RT )

c is adopted in (5). The error brought by the
approximate processing can be described as

ΔRerror = RR

(
tm +

RT (tm) +RR (tm + τ)

c

)

−RR

(
tm +

RT +Rr

c

)
. (B.2)

Fig. 11 presents the approximate error for the slant-range and
phase, which can be expressed as

Δφ=
4π

λ
·ΔRerror (B.3)

Note the order of slant-range error is 10−4, the corresponding
phase error is below 10°. When the phase error is below 45°, the

influence for moving target imaging processing can be ignored.
Hence, the slant-range approximation in this article is feasible.

APPENDIX C
DISCUSSION FOR CLUTTER SUPPRESSION

After the phase compensation with (19), the echo vector of
clutter can be expressed as[

1
1

]
· SSc,p

n (fr, fa) . (C.1)

Then, the echo vector of moving target can be described as[
1

exp (jφmov)

]
· SS0 (fr, fa) (C.2)

where

φmov=− 2π · (fc + fr) (vr,r + vT,r)

c

·
Vrcos

2θr
Rr

VT cos2θT
RT

+ Vrcos2θr
Rr

· dn
Vr

. (C.3)

In order to suppress clutter, an orthogonality vector for [
1
1
]can

be expressed as [ 1 −1 ]. With the vector of [ 1 −1 ] for clutter
suppression, the clutter suppression can be described as

[
1 −1

] · [ 1
1

]
· SSc,p

n (fr, fa) . (C.4)

The corresponding result can be expressed as (21). After the
clutter suppression, the residual signal of moving target can be
written as [

1 −1
] · [ 1

exp (jφmov)

]
· SS0 (fr, fa) . (C.5)

The corresponding result can be expressed as (24).

APPENDIX D
DISCUSSIONS FOR THE LIMITS OF THE PROPOSED GEO-LEO

MC-SAR-GMTI SYSTEM

In this article, the orthogonality vector of clutter is employed
to suppress clutter. In theory, the clutter can be well-suppressed.
Hence, after the clutter suppression, the amplitude of clutter is 0
and the influence of clutter can be approximately ignored during
the detection of moving target. In addition, since the operation of
clutter suppression is linearity, the level of noise stays the same.
Assume that the power of noise is 1, i.e.,Pnoise = 1. From (C.2),
the vector of moving target is

1√
2
·
[

1
exp (jφmov)

]
·
√

Pa (D.1)

where φmov is shown in (C.3), and Pa denotes the power of
the moving target in the range frequency and azimuth CFT fre-
quency domain for the GEO-LEO bistatic SAR-GMTI system.
With the coefficient of 1√

2
, the power of the whole system is Pa

for the moving target.
Since the amplitude of clutter is 0, the SNR of moving target

is equal to the signal-to-clutter and noise ratio (SCNR). With
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Fig. 12. Relationship between the minimum detectable velocity and SNR.

Fig. 13. Relationship between the maximum detectable velocity and SNR.

the vector [ 1 −1 ]for clutter suppression, the signal of moving
target after clutter suppression can be expressed as

Smov =
1√
2
(1− exp (jφmov)) ·

√
Pa. (D.2)

The total power of the moving target is

Pmov = Smov · conj (Smov) = (1− cosφmov) · Pa. (D.3)

Since the power of noise is 1, the SNR of moving target is

SNRmov = 10 log

(
Pmov

Pnoise

)
= 10 log {(1− cosφmov) · Pa} .

(D.4)
Let PD be the detection probability and PFA be the false

alarm probability. Then the SNR is transformed to

SNRmov= 10 · log
(
logPFA

logPD
− 1

)
. (D.5)

With an acceptability detection probability and false alarm
probability, i.e., PD= 90% and PFA=10−6, the corresponding
SNR of moving target is 21.14 dB. With the system parameters
shown in simulation experiment, the minimum and maximum
detectable speed can be discussed. Fig. 12 presents the rela-
tionship between the minimum detectable velocity and the SNR
of moving target. Note that the minimum detectable velocity

descends with the ascending of SNR. Fig. 13 presents the rela-
tionship between the maximum detectable velocity and the SNR
of moving target. Note that the maximum detectable velocity
ascends with the increase of SNR. The maximum detectable
velocity corresponding to 50 dB is closed to the first blind
velocity, which is discussed in Section V-D.

In addition, the proposed clutter suppression approach can
work well for the parallel baseline mode, where the squints
are both low for SAR-GMTI processing. For the perpendicular
baseline mode, it is difficult to keep that the squints are both low
for GEO-SAR platform and LEO-SAR platform.
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