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Focusing Multistatic GEO SAR With Two Stationary
Receivers Based on Spectrum Gap
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Abstract—Multistatic synthetic aperture radar (SAR) composed
of a geosynchronous SAR illuminator and two stationary receivers
has the ability to continuously monitor areas of interest. The spa-
tially variant azimuth wavenumber spectrum gap caused by the
limited synthetic aperture time may result in a high sidelobe level,
which leads to artifacts in the image. This article exploits the spatial
invariance of the gap length and proposes a new imaging method
to fill the spectrum gap via gap alignment and data recovery. The
spectrum gaps of all the targets are aligned based on spectrum
shifting, and the full spectrum is recovered using spectrum esti-
mation. Simulation results of point targets and extended targets
verify the superiority of the proposed method compared to existing
algorithms.

Index Terms—Geosynchronous synthetic aperture radar (GEO
SAR), multistatic SAR, SAR imaging.

I. INTRODUCTION

G EOSYNCHRONOUS synthetic aperture radar (GEO
SAR) is a spaceborne imaging radar that operates at a

height of approximately 36 000 km [1], [2], [3], [4], [5], [6], [7],
[8], [9], [10], [11], [12], [13], [14]. By receiving the backscatter
signal of the GEO SAR illuminator, a multistatic configuration
can be formed with two stationary receivers, located on high
towers in mountain areas or the seashore [15], [16], [17], [18],
observing the same area. This multistatic system not only has
the daily revisit feature of GEO SAR but also benefits from the
flexibility of the receiver positions which enables multiangle
information obtaining and resolution enhancement, which can
be applied to regional disaster monitoring. While synchroniza-
tion is an important part of implementing the multistatic system,
it is assumed in this article that the synchronization issue has
been resolved, and this article mainly deals with the imaging
algorithm.

This article considers a multistatic GEO SAR system with two
stationary receivers distributed along the azimuth direction. To
achieve short-time imaging, the data acquisition time is reduced,
which results in data gaps in the targets’ spectrum support region,
resulting in a high azimuth sidelobe level, which may lead to

Manuscript received 13 September 2023; revised 6 November 2023; accepted
8 December 2023. Date of publication 13 December 2023; date of current version
28 December 2023. (Corresponding author: Ze Yu.)

The authors are with the School of Electronics and Information Engineering,
Beihang University, Beijing 100191, China (e-mail: venik123@buaa.edu.cn;
yz613@buaa.edu.cn; lijingwen@buaa.edu.cn; 00178@buaa.edu.cn).

Digital Object Identifier 10.1109/JSTARS.2023.3342486

artifacts in imaging results. An imaging method proposed by
Nithirochananont et al. [21] coherently combines the images
of the bistatic pairs in the multistatic system, whereas the high
sidelobe level caused by limited aperture time is not considered.
Larsson et al. [22] introduced data gap filling into SAR imaging
to acquire fine images. The method uses adaptive filters to
estimate the missing data in the phase history, which works well
when the spectrum data and spectrum gaps are aligned. Since the
support region of the wavenumber spectrum in multistatic GEO
SAR varies with target positions, the gap location is also spatially
variant, which indicates that the spectrum gap-filling method
cannot be implemented directly. Guo et al. [16] unified the
spectrum support region of each receiver using spectrum shifting
and range-Doppler mapping and extrapolated the spectrum using
an autoregressive model. Although the method can lower the
azimuth sidelobe level, the effect is not satisfactory in noisy
conditions.

This article proposes a new imaging method for multistatic
GEO SAR with two stationary receivers. The key of the method
is to align the spectrum gaps in the wavenumber domain for all
the targets using a phase function. After spectrum alignment,
the gap positions as well as the spectrum support regions of
all the targets in each range are identical, and the data in the
spectrum gap can then be estimated and recovered to obtain the
full spectrum, leading to better imaging quality.

The rest of this article is structured as follows. Section II
introduces the geometry of multistatic GEO SAR with two
stationary receivers and analyzes the spectrum model. Section III
describes the method for spectrum gap alignment. In Section IV,
a new imaging algorithm for multistatic GEO SAR with two
stationary receivers is proposed. Simulation results are presented
in Section V, and the computational load and the influence
of target elevation are discussed in Section VI. Section VII
concludes this article.

II. IMAGING GEOMETRY AND SIGNAL MODEL

The imaging geometry of multistatic GEO SAR with two
stationary receivers is shown in Fig. 1. The scene center is set
to be the origin of the Cartesian coordinates OXYZ, where the
direction of the y-axis is the GEO SAR velocity vector projection
onto the ground plane at the aperture center time. The z-axis
is parallel to the normal vector of the ground plane, and the
x-axis completes the right-handed coordinate system. The two
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Fig. 1. Imaging geometry of multistatic GEO SAR with two stationary re-
ceivers.

stationary receivers are placed along the y-axis and their antenna
beams cover the same area. Point A(x0, y0, 0) is an arbitrary point
in the ground plane and B is a point in the vicinity of A. Denote the
coordinates of the GEO SAR transmitter and the two receivers
as (xtr, ytr, ztr), (xre,1, yre,1, zre,1), and (xre,2, yre,2, zre,2).

To analyze the influence of synthetic aperture time on imag-
ing, the ambiguity function model of the multistatic system is
introduced first.

A. Ambiguity Function Model

Assuming that the range signal spectrum and the antenna pat-
tern are modeled by rectangular shape functions, the ambiguity
function of the bistatic configuration consisting of GEO SAR
and the kth receiver can be derived as [23]

χk (rA, rB) = exp

{
j
2πδR

λ

}
sinc

(
BrδR
c

)
sinc (Tsδf )

k = 1, 2 (1)

where rA and rB are the position vector of A and B, respectively,
δR and δf are the bistatic range difference and the Doppler
frequency difference between B and A, respectively, λ is the
wavelength of GEO SAR, Br is the bandwidth of the range
signal, c is the speed of light, and Ts is the synthetic aperture
time.

When point B is in the ground range plane, δR and δf can be
expressed as

δR ≈ uT
g,k (rB − rA) (2)

δf ≈ ΓT
g (rB − rA) (3)

whereug,k (k= 1,2) is the ground projection of the bistatic range
gradient vector, (·)T denotes the transpose operator, and Γg is
the ground projection of the Doppler centroid gradient vector.

Considering (1)–(3), the ground plane ambiguity function of
the bistatic configuration consisting of GEO SAR and the kth
receiver is modeled as

χk (rA, rB)

= exp

{
j
2π

λ
uT
g,k (rB − rA)

}
sinc

[
Br

c
uT
g,k (rB − rA)

]

× sinc
[
TsΓ

T
g (rB − rA)

]
, k = 1, 2. (4)

Based on (4), the ambiguity function of multistatic GEO SAR
with two stationary receivers can be expressed as

χ (rA, rB)

=
1

2

2∑
k=1

χk (rA, rB)

=
1

2
sinc

[
TsΓ

T
g (rB − rA)

]

×
2∑

k=1

exp

{
j
2π

λ
uT
g,k (rB−rA)

}
sinc

[
Br

c
uT
g,k (rB−rA)

]
.

(5)

It is indicated in (5) that the antenna patterns of the two
receivers are rectangular with the same amplitude. Although
the antenna patterns of the receivers may not be uniform, they
can be estimated from the echo of each receiver separately and
the antenna weighting can be removed. Thus the model in (5) is
still applicable. Suppose an equivalent bistatic system contains
the GEO SAR transmitter and a virtual receiver placed at the
midpoint of the line between the two receivers, which is denoted
as point M. The tangential direction of the iso-bistatic-range
curve of the equivalent bistatic system in the ground plane can
be defined as the azimuth direction of the multistatic system.

The azimuth ambiguity function can be expressed as

χ (rB − rA)

= exp

{
j
2π

λ
uT
g,M (rB − rA)

}
sinc

[
TsΓ

T
g (rB − rA)

]

× cos

[
π

λRre,M
dT (rB − rA)

]
(6)

where ug,M is the ground projection of the bistatic range gra-
dient vector of the equivalent system, Rre,M is the receiving
range from the target to M, and d is the vector pointing from
one receiver to the other.

It is shown in (6) that the azimuth ambiguity function contains
three parts. The first term is a constant phase. The second term is
the azimuth ambiguity function of the equivalent bistatic system,
and the last term is the receiving array factor. It is indicated in
(6) that once the distribution of the receivers is fixed, the array
factor and the equivalent bistatic system are determined, and the
sidelobe level is related to the synthetic aperture time. Fig. 2
illustrates the azimuth profiles with different synthetic aperture
times. The system parameters are listed in Table I. When the syn-
thetic aperture time is 1057 s, the multistatic ambiguity function
can be considered as a bistatic ambiguity function weighted by
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Fig. 2. Azimuth profiles with different synthetic aperture time. (a) Ts = 1057 s. (b) Ts = 881 s. (c) Ts = 352 s.

TABLE I
SYSTEM PARAMETERS

the array factor, resulting in a low sidelobe level. When the zero
points of the array factor coincide with the peaks of the bistatic
sidelobe, the highest sidelobe level of the multistatic ambiguity
function is around−13 dB. As the synthetic aperture time further
decreases, the sidelobe of the multistatic ambiguity function can
be seen as the array function weighted by the mainlobe of the
bistatic ambiguity function, and the level is higher than −13 dB,
resulting in artifacts in imaging results.

B. Wavenumber Spectrum Analysis

This section analyzes the relationship between the sidelobe
level and the wavenumber spectrum.

The wavenumber spectrum of point A can be modeled as [24]

S (Kx,Ky) = exp (−jKxx0 − jKyy0) (7)

where Kx and Ky are the wavenumber of X and Y directions,
respectively.

The wavenumber spectrum of the multistatic GEO SAR sys-
tem is the sum of the spectrum of the two bistatic pairs. The
spectrum support region of each bistatic pair is restricted by
[16] ⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Kx = 2π(fc+fr)
c

[
x0−xtr(t)

Rtr(t;x0,y0)
+

x0−xre,k

Rre,k(x0,y0)

]
Ky = 2π(fc+fr)

c

[
y0−ytr(t)

Rtr(t;x0,y0)
+

y0−yre,k

Rre,k(x0,y0)

]
−Br/2 ≤ fr ≤ Br/2
−Ts/2 ≤ t ≤ Ts/2

(8)

where fc = c/λ is the carrier frequency, fr is the range fre-
quency, and Rtr(t;x0, y0) is the transmitting range history of A

given by

Rtr (t;x0, y0) =

√
[x0 − xtr (t)]

2 + [y0 − ytr (t)]
2 + z2tr (t)

(9)
and Rre,k(x0, y0) is the range between A and the kth receiver
given as

Rre,k (x0, y0) =
√

(x0 − xre,k)
2 + (y0 − yre,k)

2 + z2re,k.

(10)
The spectrum gap length can be defined as

Lgap =

√
(Kxc,1 −Kxc,2)

2 + (Kyc,1 −Kyc,2)
2 − B1 +B2

2
(11)

where Kxc,k and Kyc,k are the wavenumber spectrum center⎧⎨
⎩
Kxc,k = 2π

λ

[
x0−xtr(0)

Rtr(0;x0,y0)
+

x0−xre,k

Rre,k(x0,y0)

]
Kyc,k = 2π

λ

[
y0−ytr(0)

Rtr(0;x0,y0)
+

y0−yre,k

Rre,k(x0,y0)

] . (12)

B1 and B2 are the azimuth wavenumber bandwidth of the two
bistatic pairs. The negative gap length represents the overlapping
length of the spectrum.

Fig. 3 illustrates the spectrum support region with different
synthetic aperture times. It is shown that the ratio of azimuth
spectrum gap length to bandwidth increases as the aperture time
decreases. Thus it can be inferred from Figs. 2 and 3 that the
sidelobe level lowers as the spectrum gap length decreases.
Ignoring the antenna weighting, the sidelobe level is higher than
−13 dB when the spectrum gap exists (see Appendix for details).
To suppress artifacts caused by the high sidelobe, spectrum
gap filling can be implemented [22]. However, it is indicated
in (8) that the spectrum support region is related to the target
coordinate, which means the gap is spatially variant [16], causing
difficulty in filling the spectrum gap of all the targets at the same
time.

III. SPECTRUM GAP ALIGNMENT

To solve the problem mentioned earlier, this article introduces
an imaging method that aligns and fills the spectrum gap of all
the targets in the scene.
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Fig. 3. Illustration of spectrum support region with different synthetic aperture time. (a) Ts = 1057 s. (b) Ts = 881 s. (c) Ts = 352 s.

Fig. 4. Spectrum gap length.

The spectrum gap length in (11) can be approximately ex-
pressed as

Lgap ≈ 2π

λ
(b0 + b1,xx)− B1 +B2

2
(13)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

b0 =

√
x2

re,1+y2
re,1

R2
10

+
x2

re,2+y2
re,2

R2
20

− 2(xre,1xre,2+yre,1yre,2)
R10R20

b1,x = 1
b0

[
xre,1+xre,2

R10R20
− (xre,1xre,2+yre,1yre,2)

R10R20

(
xre,1

R2
10

+
xre,2

R2
20

)
−xre,1z

2
re,1

R4
10

− xre,2z
2
re,2

R4
20

]
R10=

√
x2

re,1 + y2re,1 + z2re,1

R20=
√

x2
re,2 + y2re,2 + z2re,2

B1 = 0.886 2π
ρ1,a

B2 = 0.886 2π
ρ2,a

(14)
where ρ1,a and ρ2,a are the azimuth resolutions of the bistatic
pairs. Since the azimuth resolutions are almost the same in the
scene [25], the bandwidth B1 and B2 are considered as constants.
Fig. 4 illustrates the azimuth wavenumber spectrum gap length
in an area of 1 km × 1 km. Therefore, it is indicated that gap

length only relates to the range coordinate, which means that the
spectrum gaps of the same range coordinate can be filled after
shifting the spectrum center to the same position.

Define the wavenumber spectrum center (Kxc,Kyc) of the
multistatic system as{

Kxc =
1
2 (Kxc,1 +Kxc,2)

Kyc =
1
2 (Kyc,1 +Kyc,2)

. (15)

Denote the ground plane imaging results as I(x, y). To align
the spectrum gap of all targets, a phase function in the spatial
domain

g (x, y) = exp {jφ (x, y)} (16)

is designed as follows. The spectrum shifting is implemented by
multiplying the phase function g(x, y) with the imaging result
I(x, y), namely

Ishift (x, y) = I (x, y) g (x, y) . (17)

Assuming that the wavenumber spectrum center is shifted
to the origin of the wavenumber domain, the phase expression
should satisfy {

∂φ(x,y)
∂x = −Kxc

∂φ(x,y)
∂y = −Kyc

. (18)

Combining (15) and (18), the phase function φ(x, y) can be
derived as

φ (x, y)=− 2π

λ
[Rtr (0;x, y) +Rre,e (x, y)] (19)

where Rre,e(x, y) is the equivalent receiving range

Rre,e (x, y) =
1

2
[Rre,1 (x, y) +Rre,2 (x, y)] (20)

and the constant phase is ignored. The process of spectrum
gap alignment is illustrated in Fig. 5. Imaging can then be
implemented by filling the spectrum gap in each range bin.

IV. IMAGING METHOD FOR MULTISTATIC GEO SAR WITH

TWO STATIONARY RECEIVERS

The proposed imaging algorithm for multistatic GEO SAR
with two stationary receivers is introduced in this section.
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Fig. 5. Illustration of multistatic SAR wavenumber spectrum support of two
point targets A and A’ (a) before and (b) after spectrum gap alignment. The
spectra of different targets are distinguished by color, whereas the different
patterns correspond to signals received by different receivers.

Fig. 6. Flowchart of the proposed imaging method for multistatic GEO SAR
with two stationary receivers.

The algorithm contains three steps, namely coarse imaging,
wavenumber spectrum gap alignment, and data recovery, as
shown in Fig. 6.

A. Coarse Imaging

The ground plane imaging coordinate is the same as that in
Section II.

Ground plane backprojection imaging [26] is first performed
using the echo data of the two receivers, which can be modeled
as

Ik (x, y) =

∫
Ts

src

(
Rbi,k (t;x, y)

c
, t

)

exp

{
j
2πRbi,k (t;x, y)

λ

}
dt (21)

where Ik(x, y) represents the value of the imaging results at
(x, y), src(τ, t) is the range compressed data at fast time τ
and slow time t, and Rbi,k(t;x, y) is the bistatic range of the
coordinate (x, y), which is calculated by

Rbi,k (t;x, y)=Rtr (t;x, y) +Rre,k (x, y) . (22)

Gridding is implemented along the X and Y directions, and
the same imaging grids are used for both receivers.

Then, the coarse imaging results I1(x, y) and I2(x, y) are
coherently combined

I (x, y) = I1 (x, y) + I2 (x, y) (23)

and wavenumber spectrum gap is aligned using the method
described in Section III.

B. Data Recovery

After the spectrum gap alignment is completed, the im-
age is transformed into an azimuth wavenumber domain via
fast Fourier transform (FFT) along the azimuth direction. The
wavenumber domain signal in each range bin is modeled as

Sa (Ky) = Wa (Ky) exp (−jKyy0) (24)

where Wa(Ky) is the envelope and can be represented by

Wa (Ky) =

⎧⎪⎪⎨
⎪⎪⎩
1

∣∣∣Ky − Kyc,1−Kyc,2

2

∣∣∣ ≤ B1

2∣∣∣Ky − Kyc,2−Kyc,1

2

∣∣∣ ≤ B2

2

0 else

. (25)

The spectrum with a gap in the middle can be considered as a
uniformly sampled signal with missing data. To recover the full
spectrum, the missing-data iterative adaptive approach (MIAA)
[27], [28], [29] is applied here. The spectrum signal is truncated
such that the wavenumber below

Klower =
Kyc,2 −Kyc,1

2
− B2

2
(26)

and beyond

Kupper =
Kyc,1 −Kyc,2

2
+

B1

2
(27)

are discarded.
Let

s
Δ
=
[
s (0) s (1) · · · s (N − 1)

]T
Δ
=
[
sT1 sT2 sT3

]T
(28)

be the truncated wavenumber domain signal in an arbitrary range
gate, where N is the vector length, s1 and s3 are the signal in
the support region of Wa(Ky) whose length are N1 and N3,
respectively, and s2 is the data gap whose length is N2=N −
N1 −N3. The data vector s can be modeled as

s = Aα (29)
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where A=[a(ω0),a(ω1), . . . ,a(ωQ−1)] is the inverse Fourier
transform matrix,

a(ωq) = [1, exp (jωq) , exp (j2ωq) , . . . , exp (j (N − 1)ωq)]
T

q = 0, 1, . . . , Q− 1 (30)

is the column vector of A, ωq = 2πq/N is the frequency
point, and Q is the number of frequency grid points.
α=[α0, α1, . . . , αQ−1]

T is the complex spectral amplitude vec-
tor.

MIAA estimates the complex spectral amplitude of each
frequency grid point by minimizing the interference of the rest of
the frequency grids. The elements of α can be iteratively solved
using

αq =
aHg (ωq)R

−1
g sg

aHg (ωq)R−1
g ag (ωq)

(31)

where

ag (ωq) =
[
aT1 (ωq) ,a

T
3 (ωq)

]T
(32)

a1 (ωq) =

⎡
⎢⎢⎢⎢⎣

1
exp (jωq)
exp (j2ωq)

· · ·
exp (j(N1 − 1)ωq)

⎤
⎥⎥⎥⎥⎦ (33)

a3 (ωq) =

⎡
⎢⎢⎣

exp (j(N1 +N2)ωq)
exp (j(N1 +N2 + 1)ωq)

· · ·
exp (j(N − 1)ωq)

⎤
⎥⎥⎦ (34)

Rg =

Q−1∑
q=0

|αq|2ag (ωq)a
H
g (ωq) (35)

sg =
[
sT1 sT3

]T
(36)

and (·)H represents the conjugate transpose operator.
Then, the data gap can be estimated by

s2 =

Q−1∑
q=0

|αq|2a2 (ωq)a
H
g (ωq)R

−1
g sg (37)

where

a2 (ωq) =

⎡
⎢⎢⎣

exp (jN1ωq)
exp (j(N1 + 1)ωq)

· · ·
exp (j(N1 +N2 − 1)ωq)

⎤
⎥⎥⎦ . (38)

After implementing MIAA in each range bin, the spectrum
gap in the azimuth wavenumber domain is filled, and the final
imaging result can be obtained via inverse fast Fourier transform
along the azimuth direction.

V. SIMULATION AND RESULTS

The proposed method is validated in this section through
simulation. A simulation scene that covers 1 km × 1 km and
consists of eight point targets with identical radar cross section
is illustrated in Fig. 7. Three point pairs with azimuth space of

Fig. 7. Simulation scene covering an area of 1 km × 1 km.

TABLE II
EVALUATION OF POINT TARGET IMAGING RESULTS

10 m are located at the lower left corner, the scene center, and
the upper right corner, respectively. Two points are distributed
at the upper left corner and lower right corner, respectively. The
system parameters are listed in Table I and the synthetic aperture
time is 352 s.

The 2-D wavenumber domain before spectrum gap alignment
is illustrated in Fig. 8(a). The spectrum gaps of different targets
cannot be recognized since the spectrum support region cov-
ers the whole azimuth bandwidth. The result of spectrum gap
alignment is shown in Fig. 8(b). As can be seen, the spectra
of different receivers are separated, and the spectrum gaps are
centered at the origin of the wavenumber domain, which verifies
the effectiveness of the proposed gap alignment method. The
spectrum result of the final image is shown in Fig. 8(c) where
the area between the support regions in Fig. 8(b) is filled with
data, which indicates that the data are recovered, achieving full
spectrums.

The range and azimuth profiles of the imaging results of point
target T3 and T6 are shown in Fig. 9. The imaging quality
is evaluated by resolution, peak sidelobe ratio (PSLR), and
integrated sidelobe ratio (ISLR), and the results are listed in
Table II. The azimuth profiles are close to sinc functions and
the peak sidelobe levels are around −12 dB, which indicates
that the azimuth spectrum shape after data recovery is close to
a rectangle.

To verify the performance of the proposed imaging method
against noise, another simulation is implemented where the
signal-to-noise ratio (SNR) of the echo in the 2-D time domain is
set as−30 dB, which corresponds to SNR of 9 dB in the azimuth
wavenumber domain. Three imaging methods, namely coherent
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Fig. 8. Illustration of 2-D wavenumber domain (a) before spectrum gap alignment, (b) after spectrum alignment, and (c) after data recovery.

Fig. 9. Imaging results of the proposed method. (a) and (c) Range profiles of T3 and T6. (b) and (d) Azimuth profiles of T3 and T6.

TABLE III
SIDELOBE LEVEL OF ADJACENT POINT TARGETS

combination [18], spectrum alignment and extrapolation (SAE)
[16], and the proposed method are used.

The azimuth profiles of the point pairs are shown in Fig. 10,
where the arrows in the figures point to the main lobes of the
point targets. Define local PSLR as the larger PSLR of the two
adjacent points. As shown in Table III, the sidelobe levels are
close to those of the main lobes when implementing the coherent
combination method, which means the artifacts caused by the
sidelobes may be observed in the imaging results.

Compared to SAE, the proposed method can achieve lower
local PSLR, leading to better imaging performance considering
the azimuth sidelobe level. The resolutions of adjacent point
targets are evaluated and listed in Table IV. The proposed
method basically preserves the range resolution compared to the
coherent combination method, whereas the azimuth resolution
is approximately 3 m, which is consistent with the theoretical

TABLE IV
RESOLUTION OF ADJACENT POINT TARGETS

value. Considering both resolution and sidelobe level compre-
hensively, the proposed method has better imaging performance.

To further demonstrate the superiority of the proposed
method, an extended target simulation based on a TerraSAR-X
image is implemented. The image shown in Fig. 11(a) covers an
area of 1 km × 1 km and the width between adjacent pixels in
range and azimuth direction is 3 m. The value of each pixel is
regarded as the backscattering coefficient, and the echo data can
be simulated using the parameters listed in Table I. The imaging
results using the coherent combination, SAE, and the proposed
method are shown in Fig. 11(b)–(d). It is illustrated in Fig. 11(e)
and (f) that the imaging results of the strong scattering centers
achieved by the proposed method have the lowest azimuth
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Fig. 10. Azimuth profiles of adjacent points achieved by coherent combination, SAE, and the proposed method. (a)–(c) Results achieved by coherent combination.
(d)–(f) Results achieved by SAE. (g)–(i) Results achieved by the proposed method.

sidelobes, which indicates better imaging performance over the
other two methods.

VI. DISCUSSION

A. Computational Load

As mentioned in Section IV, the proposed algorithm consists
of coarse imaging, wavenumber spectrum gap alignment, and
data recovery. Assume that the echo data size is Na and Nr in
azimuth and range direction, respectively, and the size of the
imaging area is Nr × Nr. The computational load of coarse
imaging is [16]

C1 = (10M0 + 10)NaNrlog2 (Nr)

+ [10M0log2 (M0) + 12]NaNr + 16NaN
2
r + 2N2

r

(39)

where M0 is the interpolator length. Spectrum gap alignment
requires one complex multiplication for each pixel, and the com-
putational load is C2 = 6N2

r . Suppose the spectrum gap length
is Nr/2 and the frequency grid point number is Q = 4Nr. The
computational load of data recovery is approximately 114N4

r ,

which occupies a majority of workloads since matrix inversion
and iteration are included.

In the extended target simulation, the CPU and processing
software are Intel Xeon W-10855M and MATLAB R2017a. The
computing times in the experiment are 119.2, 138.8, and 177.2 s
for coherent combination, SAE, and the proposed method, re-
spectively. The results show that the proposed method improves
the azimuth imaging performance at the cost of computation,
which is worthwhile considering suppressing the artifacts in the
final image.

B. Influence of Target Elevation

The proposed method uses the backprojection method for
coarse imaging, where the imaging plane is set as the ground
plane. When the height of a target is not zero, phase error will
occur in the imaging results [30]. To further analyze the influence
of target’s height on the imaging results, a point target, whose
X and Y coordinates are 500 and −500 m, respectively, with
different heights is simulated using the parameters in Table I.

Fig. 12(a) and (b) shows the range and azimuth profile of a
point target located at (500 m, −500 m, 500 m). It is illustrated
that the azimuth sidelobe level is higher than −13 dB. Table V
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Fig. 11. Imaging results of the extended target simulation. (a) Original TerraSAR-X image. (b)–(d) Results achieved by coherent combination, SAE, and the
proposed method, respectively. (e) and (f) Azimuth profiles of the targets in the red and yellow circles, respectively.

gives the azimuth PSLR result with different target heights. It is
indicated that the performance of spectrum gap recovery is not
satisfactory. This is probably because MIAA is more accurate in
estimating linear phases when recovering spectral gaps. When
phase error of second or higher order exists, it will introduce

error in both amplitude and phase, which causes a high sidelobe
level.

Better imaging performance may be achieved by compen-
sating for the phase error after BP imaging and after spectrum
gap recovery. The imaging result of the point target at (500 m,
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Fig. 12. Imaging performance of a point target located at (500 m, −500 m,
500 m). (a) Range profile. (b) Azimuth profile.

TABLE V
AZIMUTH PSLR WITH DIFFERENT HEIGHT

Fig. 13. Imaging performance combining the proposed method and phase
compensation. (a) Range profile. (b) Azimuth profile.

−500 m, 500 m) after compensating for the phase error using
phase gradient autofocus is shown in Fig. 13. Compared to
Fig. 12, the azimuth sidelobe is lower, which infers that the
proposed method can be used with phase compensation to focus
targets with nonzero height.

VII. CONCLUSION

This article proposes an imaging method for multistatic GEO
SAR with two stationary receivers. The spectrum gaps are
aligned for all the targets in the scene, and the full spectrum
is recovered, resulting in fine azimuth imaging performance.
Results of point target and extended target simulation verify
that the proposed method can achieve lower sidelobe levels
compared to existing methods. Further studies will include the
applicability of the method when focusing multistatic SAR with
single-input–multiple-output [31] and multiple-input–multiple-
output configurations [32], [33], [34] as well as tomographic
imaging [35].

APPENDIX A

According to (5), the azimuth ambiguity function can be
expressed as

χ (rA, rB)

=
1

2
sinc

[
TsΓ

T
g (rB − rA)

]× 2∑
k=1

exp

[
j
2π

λ
uT
g,k (rB − rA)

]

= sinc
[
TsΓ

T
g (rB − rA)

]
× exp

{
j
2π

λ

(ug,1 + ug,2)
T

2
(rB − rA)

}

× cos

[
π(ug,1 − ug,2)

T

λ
(rB − rA)

]
(A1)

whereug,k is the ground projection of the bistatic range gradient
vector given by

ug,k =
(
I− uzu

T
z

)
(uTA + uRA,k) (A2)

where I is a third order unit matrix, uz = [0, 0, 1]T is the unit
vector of the z-direction, anduTA anduRA,k are the unit vectors
along the transmitting range and receiving range at the aperture
center, respectively, pointing to the target A.

When the two receiving ranges of the receivers are approxi-
mately equal, it can be derived that

ug,1 + ug,2

2
=

(
I − uzu

T
z

)(
uTA +

uRA,1 + uRA,2

2

)

≈ (
I − uzu

T
z

)(
uTA +

rre,M

Rre,M

)

= ug,M (A3)

where ug,M is the ground projection of the bistatic range gradi-
ent vector of the equivalent system. When the scene is far from
the receivers, it can be derived that

ug,1 − ug,2 =
(
I − uzu

T
z

)
(uRA,1 − uRA,2)

=
rRA,M + d

2

Rre,1
− rRA,M − d

2

Rre,2

≈ rRA,M + d
2

Rre,M
− rRA,M − d

2

Rre,M

=
d

Rre,M
(A4)

where d = rRA,1 − rRA,2 is the vector pointing from receiver
1 to receiver 2.

Applying (A1) to (A3) and (A4) yields

χ (rA, rB)

=
1

2
sinc

[
TsΓ

T
g (rB − rA)

]× 2∑
k=1

exp

[
j
2π

λ
uT
g,k (rB − rA)

]

= sinc
[
TsΓ

T
g (rB − rA)

]
exp

{
j
2π

λ
uT
g,M (rB − rA)

}

× cos

[
π

λRre,M
dT (rB − rA)

]
. (A5)
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Fig. 14. Azimuth PSLR variation with rGB.

APPENDIX B

The azimuth ambiguity function can be expressed as

χ (rB − rA) = sinc
[
TsΓ

T
g (rB − rA)

]
cos

[
π

λRre,M
dT (rB − rA)

]
. (A6)

Assume that the Doppler gradient is perpendicular to the Y
direction, and the two receivers are aligned along the Y direction.
The azimuth ambiguity function can be simplified as

χ (y) = sinc

[
ΔKy

2π

]
cos [K1y] (A7)

where {
ΔK = 2πTs ‖Γg‖
K1 =

‖d‖π
λRre,M

. (A8)

By performing FFT, (A7) is transformed to the wavenumber
domain, which yields

X (Ky) = rect

[
Ky +K1

ΔK

]
+ rect

[
Ky −K1

ΔK

]
. (A9)

The ratio between the spectrum gap and the total bandwidth
can be calculated as

rGB =
2K1 −ΔK

2K1 +ΔK
. (A10)

The PSLR corresponding to rGB is demonstrated in Fig. 14.
It can be inferred that when the spectrum gap exists, the PSLR
is higher than −13 dB.
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