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Abstract—In recent years, the research of multistatic synthetic
aperture radar (SAR) has become a hot spot because of its great
potentials in military and civil applications. However, it is inevitably
disturbed by electronic countermeasures. In the multistatic SAR
image, the false target caused by transmitting deceptive jamming
leads to misjudgment of the image information. In this article, a
new antideceptive jamming method for multistatic SAR is pro-
posed. This method can locate the deceptive jammer and effectively
suppress it. First of all, the echo model of multistatic SAR in the
jamming environment is set up. Based on this model, the relation-
ship expression for the location of jammer is derived. Then, we use
the maximally stable extremal region method and the Euclidean-
distance-based method to detect and identify false target in the
multistatic SAR image. By using the location information of false
target, receivers, and transmitters, the expression of the jammer
localization is solved to locate the jammer. Finally, the minimum
variance distortionless response beamforming method and image
mosaic method are used to effectively suppress the jamming. The
simulation results show that the method is effective.

Index Terms—Antideceptive jamming, image mosaic method,
jammer localization, multistatic, synthetic aperture radar (SAR),
target detection.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR), due to its all-day and
all-weather highresolution imaging, has attracted consid-

erable attentions [1]. It can reliably, continuously, and globally
observe the dynamic changes of the earth’s surface. With the
development of application requirements, SAR has gradually
developed from traditional SAR configuration to bistatic config-
uration [2]–[11] or even multistatic configuration. Among them,
multistatic SAR has the advantages of flexible configuration and
information acquisition from multiview, which is beneficial to
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target detection, target recognition, electronic countermeasures,
etc.

Compared with bistatic SAR, the research of multistatic SAR
is just beginning. In multistatic SAR, different receivers image
from different angles, which can provide observation infor-
mation from various angles in the imaging area, and achieve
application by analyzing the information. In terms of imaging,
some scholars have studied the imaging scene of multistatic
SAR [12], and some scholars have proposed an imaging algo-
rithm based on fast Fourier transform for multistatic SAR [13]. In
the aspect of configuration design, scholars have studied how to
use the transformation of geometric configuration to realize
image reconstruction [14] and topology design of spaceborne-
airborne multistatic SAR [15]. More papers have done research
on the application scenarios and experiments of multistatic SAR.
The swarm UAV is a typical multistatic application scenario. In
a variety of application scenarios, multistatic SAR can realize
three-dimensional reconstruction of SAR image [16], detec-
tion, and location of mines [17], and so on by its own system
advantages.

Because of its great potentials in military and civil applica-
tions, it will inevitably be subject to electronic jamming in the
future battlefield. Although multistatic SAR has the advantages
of flexible configuration and multidimensional information, it is
still possible to be jammed. The jamming approaches to SAR
are mainly divided into two categories: barrage jamming and
deceptive jamming. Barrage jamming makes the real signal
submerged in the jamming signal by producing similar noise
jamming signal. Since jamming signal needs to achieve a certain
transmission power to obtain effective jamming, it will have
obvious imaging characteristics in the image, which makes
it difficult to hide. Some new barrage jamming methods and
correlation functions for SAR have been proposed [18], [19].
In [18], the author proposes a method of barrage noise jamming
based on dual jammer, which, by changing the geometric model
of jammer, can conduct jamming to moving target detection of
three channel SAR. This method will cause the whole SAR im-
age to be covered by jamming signal, so it cannot use displaced
phase center antenna to detect the moving target effectively. The
jamming signal ratio (J/S) function is proposed in [19], which
simplifies the formula of irradiation area by using the principle of
barrage jamming, and renders the realization of jamming easier.
In the case of multistatic SAR, it is not feasible of hardware
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power to realize jamming in multiple receivers at the same
time through barrage jamming. So, in the current electronic
countermeasures, the research of deceptive jamming is more
extensive for multistatic SAR.

The deceptive jamming of SAR is realized through obtaining
the transmitting signal of the transmitter, analyzing the relevant
parameters of the transmitting signal, and finally through pa-
rameter modulation, retransmitting the jamming signal to get
false target appear in the SAR image, which is difficult to be
eliminated by existing antijamming methods. At present, many
scholars have begun to study deceptive jamming methods of
multistatic SAR. In [20], different from the way of traditional
jamming signal, which is directly transmitted to the receiver,
the false target generated by the jamming signal covers the
target area that needs to be protected to prevent being imaged
by radar. In [21], a deceptive jamming method is proposed by
processing the parameters of enemy SAR based on multiple
receivers. In [22], the author improves the performance of the
cooperative deceptive jamming system by designing the optimal
configuration of the receiver. Compared with barrage jamming,
deceptive jamming consumes less power, and the jammer is more
hidden [23]–[25].

Deceptive jamming mainly includes generative deceptive
jamming and transmitting deceptive jamming. To generate de-
ceptive jamming, we need to master almost all the signal param-
eters of the enemy radar system, and then generate jamming sig-
nals according to these signal parameters. This jamming mode
requires too much investigation, and thus is not widely used at
present. The transmitting deceptive jamming first receives the
transmitting signal from the transmitter, and then retransmits it
after some processing. Therefore, for the research of multistatic
SAR jamming methods, the current scholars have more research
on transmitting deceptive jamming.

With the development of transmitting deceptive jamming
technology, the research of antitransmitting deceptive jamming
has attracted more and more attention. At present, there are
researches on related technologies under a variety of SAR.
For example, in single channel SAR, antijamming technology
is realized by analyzing the difference between real echo and
false echo [26]. In multichannel SAR, a method of antitrans-
mitting deceptive jamming is proposed to improve the image
quality [27]. In [28], the author analyzes the antijamming meth-
ods for multichannel SAR and multiple-input multiple-output
SAR. And some antideceptive jamming methods based on SAR
interferometric phase have been proposed and performed very
well [29]–[31]. For other SAR systems, in [32] and [33], the
antideceptive jamming is realized by phase coded signal mod-
ulates the linear format modulated (LFM-PC) and orthogonal
frequency division multiplexing transmission. However, in the
existing research, there are few research on the antitransmitting
deceptive jamming for multistatic SAR. When multistatic SAR
is subjected to transmitting deceptive jamming, false targets
are appeared in the image, which can make interpretation of
image harder. Although there is the possibility of jamming in
the multistatic SAR, the multistatic SAR can use the advantages
of its multiple platform to achieve jamming suppression.

In this article, a new antideceptive jamming method for mul-
tistatic SAR is proposed. First of all, we establish the echo
model of multistatic SAR in jamming environment, and deduce
the relationship among jammer, receiver, and transmitter. Then,
the maximally stable extremal region (MSER) algorithm and
the distinguish method based on Euclidean distance are used to
detect and identify false targets. Next, the location information
of the false target and the configuration information of the
multistatic SAR is used to locate the jammer. Finally, we use
the minimum variance distortionless response (MVDR) beam-
forming method and image mosaic method to suppress deceptive
jamming.

The follow-up structure of this article is as follows. In
Section II, the echo model of multistatic SAR in jamming
environment is established, and the expression for echo signal
of the receiver in jamming environment is described. Section III
gives the antideceptive jamming method, which mainly includes
the detection and identification of false targets, the jammer
localization, MVDR algorithm, and image mosaic method. In
Section IV, we verify the effectiveness of the proposed method
through simulation experiments. Finally, in Section V, we briefly
summarize this article.

II. ECHO MODEL OF MULTISTATIC SAR IN

JAMMING ENVIRONMENT

In the actual multistatic SAR, it can include multiple transmit-
ters and multiple receivers. In this article, we mainly discuss the
multistatic SAR with one transmitter and four receivers. Fig. 1(a)
shows the geometric configuration of multistatic SAR in the
context of transmitting deceptive jamming, and Fig. 1(b) shows
the top view of the configuration. Their beam centers point at
the scene center O.

The transmitting signal of transmitter is linear frequency
modulated (LFM). The point target echo received by the ith
receiver is as follows:

s (τ, η; i) = A0wr

(
τ − R (η; i)

c

)
wa (η − ηc)

× exp

{−j2πf0R (η; i)

c

}

× exp

{
jπKr

(
τ − R (η; i)

c

)2
}

(1)

where τ represents the range time, η is the azimuth time, wr and
wa denote the range envelope function and azimuth envelope
function, respectively. ηc is the beam center crossing time, Kr

represents the FM rate, c is the speed of light, and f0 means
carrier frequency. A0 denotes the radar cross section.

The range history is the sum of the range from the transmitter
to the target and the range from ith receiver to the target at the
η time. R(η; i) is the range history sum from the target to ith
receiver and transmitter, whose expression is shown as follows:

R (η; i) = RR (η; i)+RT (η) (2)
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Fig. 1. Geometric configuration of multistatic SAR. (a) 3-D configuration
graph. (b) Top view of geometry.

where RR(η; i) and the RT (η) mean the range from the target
(xp, yp, zp) to the ith receiver and the transmitter, respectively.
And they are given as follows:

RR (η; i)

=

√
[xi (η)− xp]

2 + [yi (η)− yp]
2 + [zi (η)− zp]

2 (3)

RT (η)

=

√
[xT (η)− xp]

2 + [yT (η)− yp]
2 + [zT (η)− zp]

2 (4)

where (xi, yi, zi), i = 1, 2, 3, 4 represent the location of the ith
receiver. (xT , yT , zT ) mean the location of the transmitter.

Through parameter modulation, the transmitting deceptive
jammer transmits the jamming signal after a fixed time delay.
Because the jammer transmits the jamming signal, the echo

arriving at the ith receiver is shown as follows:

sJ (τ, η; i) = A0wr

(
τ − RJ (η; i)

c
−τ0
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(5)

where τ0 is the fixed delay, and RJ(η; i) is the range history
sum from jammer to the ith receiver and transmitter, it can be
represented as follows:

RJ (η; i) = RJ_R (η; i)+RJ_T (η) . (6)

The range history of the transmitter and the ith receiver to the
jammer can be represented as follows:

RJ_R (η; i)

=
√
[xi (η)− xJ ]

2 + [yi (η)− yJ ]
2 + [zi (η)− zJ ]

2 (7)

RJ_T (η)

=
√

[xT (η)− xJ ]
2 + [yT (η)− yJ ]

2 + [zT (η)− zJ ]
2 (8)

where (xJ , yJ , zJ ) are the location of the jammer.
When the receiver receives the jamming signal from the

jammer, there will be false targets in the image, which will
seriously affect the imaging performance of the multistatic SAR.

III. ANTIDECEPTIVE JAMMING METHOD

For the four receivers, the delay time of the jamming signal
transmitted by the jammer is the same, so the displacement of
the false target in the slant plane of the four receivers is the
same. However, in the multistatic SAR, the relative positions
between the four receivers and the transmitter are different, so
the corresponding group-range plane is different. Therefore, the
positions of false targets in four SAR images are different. If
the location of the false target can be detected in these SAR
images, the jammer can be located by combining the configura-
tion information of the multistatic SAR. Finally, the deceptive
jamming suppression is realized by using MVDR beamforming
method and image mosaic method. The flowchart of the method
proposed in this article is shown in Fig. 2.

A. Detection and Distinguish of False Targets

The high-value targets in the multistatic SAR image are often
man-made targets, which are easy to produce strong scattering
and show a stable scattering area in SAR image. At the same
time, the jamming technology in recent years makes the similar-
ity between false targets and real targets very high. Therefore,
false targets and real targets both have the stable area in the
image, thus MSER method is used to quickly detection the target.

In order to realize antideceptive jamming of multistatic SAR,
it is necessary to detect false targets in multistatic SAR images.
The MSER algorithm is an effective target detection algorithm,
which has been widely used in SAR images and optical images.
Compared with other detection algorithms, the MSER algorithm



2760 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

Fig. 2. Flowchart of the proposed method in this article.

Fig. 3. Diagram of the MSER algorithm.

can quickly and accurately detect targets from the complex
environment [34], [35]. In each image, the MSER algorithm is
used to detect targets, then Euclidean distance between targets
in different SAR images is calculated, and false targets in each
SAR image are identified by setting a threshold.

The MSER algorithm can be divided into four steps, and the
schematic diagram of MSER algorithm is shown in Fig. 3 as
follows:

1) Using thresholds from 0 to 255 to binarize the im-
age. Set the equal-interval thresholds as {Ti|Ti+1 = Ti +
Δ, Ti ∈ [0, I], i = 1, 2, . . ., N}, where I ∈ [0, 255], Δ is
the threshold interval and Ti represents the ith threshold.
The gray level below the threshold is set to 0 and the gray
level above the threshold is set to 1. Thus,N binary images
can be obtained.

2) Utilize Ti to generate a series of mutually extreme re-
gions, which are represented as QT1

⊃ QT2
⊃ QT3

⊃
. . . ⊃ QTN−1

⊃ QTN
.

3) Set a equation as

qTi =
|S(QTi+1

)−S(QTi
)|

S(QTi
)

(9)

where S(·) means the area of the region, qTi
represents

the rate of change of area of QT1
when threshold is Ti,

and ε means the upper limit of the rate of change of area.
4) Let qTi which satisfies qTi < ε to form a set as H .

QMSER = argminQTi
H . The MSER algorithm is se-

lected with a stability region, and the targets in SAR
images are accurately detected.

After the above steps, we use the Euclidean distance to iden-
tify false targets in multiple SAR images, and obtain location
information of false targets.

First, we select two images from multiple SAR images. Let
the two images be Ui and Uj , i �= j, i, j = 1, 2, 3, 4. The false

targets in the two SAR images are expressed as {A(m)
j (x, y)|j =

1, 2, . . ., L;m = 1, 2}, where A(m)
j (x, y) means the jth target in

the mth SAR image and L is the number of jammers.
Then set β as the threshold of the Euclidean distance. And set

R
(n,m)
i,j = |A(n)

i (x, y)−A
(m)
j (x, y)|, where R

(n,m)
i,j (x, y) rep-

resents the Euclidean distance from the ith target in the nth SAR
image to the jth target in the mth SAR image. For two SAR
images, the matrix B is composed by the Euclidean distance
between targets, where bij = R

(1,2)
i,j means the Euclidean dis-

tances from the ith target in the first SAR image to the jth target
in the second SAR image. The matrix B is as follows:⎡

⎢⎢⎢⎢⎣

R
(1,2)
1,1 R

(1,2)
1,2 · · · R(1,2)

1,L

R
(1,2)
2,1 R

(1,2)
2,2 · · · R(1,2)

2,L

· · · · · · · · · · · ·
R

(1,2)
L,1 R

(1,2)
L,2 · · · R(1,2)

L,L

⎤
⎥⎥⎥⎥⎦ (10)

Last, we compare bij with threshold β, when bij > β, let
bij = 1; otherwise, bij = 0. If the value of ith row all are 1, it
means the ith target in the first SAR image is a false target. If the
values of jth column all are 1, it represents that the jth target in
the second SAR image is a false target. And so on, false targets
in each image can be detected and identified through the above
steps.

B. Jammer Localization

Through the above steps, accurate location information of
false targets in multiple SAR images are obtained. In the mul-
tistatic SAR, the position of each receiver is different. We use
the relationship among false target, receiver, and transmitter to
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locate the jammer. In this section, the position of the jammer
can be obtained by solving its relationship with geometry con-
figuration and false target.

In the four SAR images from different receivers, range history
sum of the false target of the ith receiver is expressed as follows:

RF (η; i) = RF _T (η; i) +RF _R (η; i) (11)

where the RF _T (η; i) means the range from the transmitter to
the false target of the ith image, andRF _R(η; i)means the range
from the ith receiver to the false target as follows:

RF _T (η; i)

=

√
[xT (η)− xF,i]

2 + [yT (η)− yF,i]
2 + [zT (η)− zF,i]

2

(12)

RF _R (η; i)

=

√
[xi (η)− xF,i]

2 + [yi (η)− yF,i]
2 + [zi (η)− zF,i]

2

(13)

where (xF,i, yF,i, zF,i), i = 1, 2, 3, 4 represents the location of
false target in the ith image from receivers.

The range history of the false target in each SAR image can
also be expressed through the location information of the jammer
and the fixed time delay τ0. The formula is as follows:

RF (η; i) = RJ_T (η) +RJ_R (η; i) + cτ0 (14)

where the RJ_T (η) means the range from transmitter to the
jammer, and RJ_R(η; i) means the range from ith receiver to
the jammer. Specific expression can be seen in (7) and (8).

According to the (11) and (14), the relationship among the
configuration, the false target and the location of the jammer
can be expressed. The position of the jammer can be achieved
by solving (15)

RF _T (η; i) +RF _R (η; i) = RJ_T (η) +RJ_R (η; i) + cτ0
(15)

In this article, the multistatic SAR is one transmitter and four
receivers. The location information of receivers and the false
target of each image are different, hence we can obtain four
equations⎧⎪⎪⎪⎨
⎪⎪⎪⎩

RF _T (η, 1) +RF _R (η, 1) = RJ_T (η) +RJ_R (η, 1) + cτ0

RF _T (η, 2) +RF _R (η, 2) = RJ_T (η) +RJ_R (η, 2) + cτ0

RF _T (η, 3) +RF _R (η, 3) = RJ_T (η) +RJ_R (η, 3) + cτ0

RF _T (η, 4) +RF _R (η, 4) = RJ_T (η) +RJ_R (η, 4) + cτ0

.

(16)

By solving the above equations, we can get the position of the
jammer (xJ , yJ , zJ ) and the fixed time delay τ0. Then, we use
the spatial-filtering-based beam forming and the image mosaic
method to achieve the jamming suppression.

C. Jamming Signal Suppression

In order to increase flexibility of multistatic SAR, the ad-
vanced multistatic SAR is equipped with the array antennas.
The digital beam formation adjusts the weighting coefficient of

each array according to certain criteria, so as to ensure the beam
direction, so that the radar can set the zero point in the specified
direction of the antenna pattern, and suppress the jamming
signal in the process. In recent years, the researches on MVDR
algorithm has been more abundant, such as the application of
SAR [36], [37], spatial filtering [38]–[40], and estimation of
beam arrival direction [41]. The MVDR algorithm is based on
the principle of maximum output signal-to-noise ratio. In this
article, the MVDR algorithm is used to achieve jamming signal
suppression.

Suppose there are M array elements, and L incoming signals
in the space, then the received signals of the array are y(τ, η; i)

y (τ, η; i) = Ax (τ, η; i) + v (τ, η; i) (17)

where x(τ, η; i) denotes the signals from the L directions and
v(τ, η; i) denotes noise. The matrix A includes information on
the incoming signals, shown as follows:

A =
[
d (θ0) d (θ1) · · · d (θL−1)

]
(18)

d (θl) =
[
e−jφ0l e−jφ1l · · · e−jφ(M−1)l

]T
(19)

where φml represents the phase delay of the lth wave signal to
the mth array element.

The spatial filtering of array signals gives

s = ωHy (20)

where ω = [ω0 ω1 · · · ωM−1 ]
T is the weighting vector of spa-

tial filter.
The average output power P is

P = E
{
|s|2

}
= ωHRω (21)

where R is the spatially related matrix of the array input signal.
The MVDR algorithm obtains the optimal estimation by

minimizing the output signal power. The effect of suppression
or enhancement is obtained through restraining the incoming
signals in different directions

AHω = F (22)

where F = [ f0 f1 · · · fL−1 ]
T .

In order to guarantee nondistortion of the desired signal and
suppress the jamming by setting zero points, the constraints are
shown as follows:

f0 = 1, fi = 0 (23)

where i = 1, 2, 3 · · ·L−1.
Solving constrained optimization problems

min
ω

ωHRω

s.t. AHω = F . (24)

Using the Lagrangian Submethod to construct the function

H (ω) =
1

2
ωHRω+Re

{
λH

(
AHω−F

)}
. (25)

Solving the equation

ω = R−1A(AHR−1A)−1F . (26)
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Fig. 4. Sketches of effective imaging area. (a) Sketch of effective imaging area of receiver one. (b) Sketch of effective imaging area of receiver two. (c) Sketch
of effective imaging area by combining the two receivers.

D. Image Mosaic

Through the above analysis, we can know that the jamming
suppression effect after beamforming is different due to the
different relative positions of jammer and receivers. According
to the algorithm of part III(B), the location information of the
jammer can be calculated. When multistatic SAR suffers from
transmitting deceptive jamming, obvious false targets are formed
in SAR image. When the jammer is outside the imaging area, we
use the method in part III(C) to zero the direction of the receiver
to the jammer, so as to achieve jamming suppression. In SAR
images, the false targets are produced by jamming signal can be
effectively eliminated.

However, when the jammer is within the imaging area, if the
MVDR algorithm is directly used to process, there are some
areas that can not be imaged in the imaging area, which is called
blind area in this article. The blind area is shown in Fig. 4(a)
and (b). The blue area in the two images represents the blind
area, and the yellow area represents the imageable area. In this
section, we use the image mosaic method to reduce the blind
area.

For the bistatic SAR, there is a large area that cannot be imaged
in the SAR image, and the blind area exist around the jammer.
In this article, we use the advantages of multistatic SAR, and
use image mosaic method to reduce the blind area in the image
domain, so as to achieve the effect of imaging area expansion.
By overlapping the effective imaging area of each receiver, the
imaging area is divided into many sub blocks, as shown in
Fig. 4(c). These sub blocks in the imaging area may be imaged
by multiple receivers at the same time. In Fig. 4(c), different
colors represent different times of imaging. From the graph,
we can know that the imaging times of adjacent sub blocks are
different.

The best quality image of the sub block is selected in those
images of the same block as follows:

s(k) =
∑
i,j

Ψ(vk(i, j)) (27)

where vk(i, j), is the pixel intensity on the ith row and jth
column in the kth image, and the Ψ(x) is a convex function.
For Ψ(x), there has been many different expressions. We utilize
Ψ(x) = x2 as the criterion for image quality judgment. Image
sharpness defined by square function x2 can describe the image
focusing well when the imaging scene characteristics are un-
known. Therefore, it also measures SAR imaging results widely
as an important indicate [42]–[44]. The larger the value, the
better the SAR image can be restored. It has been proved that
the image sharpness defined byx2 can measure the image quality
effectively and reliable [45]–[47]. So, in this article, we choose
Ψ(x) = x2 as the standard for picture judgment.

For a sub block, (27) is used to calculate the value of the sub
block in each imaging image, and set it as s(1), s(2), . . . , s(n),
where the n means the number of times the sub block can be
imaged. According to s(1), s(2), . . . , s(n), we can choose one
of them as the best imaging quality sub block. Each sub block
in the image is selected according to the above criteria. Finally,
sub blocks of optimal imaging quality can be synthesized into
a SAR image, which has a larger imageable area and better
imaging quality than the bistatic SAR image.

IV. SIMULATION

In this section, we use a coast scene, including two ships and
a coast, as the simulation scene to prove the effectiveness of the
method. The simulation image is shown in Fig. 5. The center
of the simulation image is the origin of the axis, the horizontal
direction is the x-axis, and the vertical direction is the y-axis.
The x-axis of the imaging area ranges from −240 to 240 m, the
y-axis of imaging area is from −360 to 360 m. The simulation
parameters are listed in the Table I.

In this article, the multistatic SAR system consists of one
transmitter and four receivers. The back projection (BP) al-
gorithm is used to imaged for the echo from each receiver.
Then, we use the MSER algorithm to detect all targets. The
size of minimum target in all SAR images is calculated, and
half of the minimum size is selected as the threshold for the
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Fig. 5. Original simulation scene.

TABLE I
SIMULATION PARAMETERS

Euclidean distance. And the matrix B is established by the rule
in Section III(A). The values in the matrix B is observed to
determine the false target.

Here, we mainly discuss two situations. In the first situation,
the jammer is outside the imaging area. we use the beamforming
to achieve jamming suppression. In the other situation, the
jammer is within the imaging area. We use the beamforming
and image mosaic method to achieve jamming suppression.

In order to demonstrate the validity of the method proposed,
we utilize the ratio of the desired signal power to interference
power as certain metrics, it also called signal to interference ratio
(SIR) and shown as folows:

SIR = 10log10

∑
p,q |D(xp, yq)|2∑

p,q |Y (xp, yq)−D(xp, yq)|2
(28)

where D(·) denotes the scattering coefficient from image in
the presence of just the signal and Y (·) means the scattering
coefficient from image after processing.

TABLE II
QUANTITATIVE RESULTS FOR RETRANSMITTING DECEPTIVE JAMMING

SUPPRESSION FOR SIMULATION EXPERIMENT I

1 The SIR ratio before processing.
2 The SIR ratio after processing.

In both of these two situations, we use the method proposed in
this article to achieve antideceptive jamming. Simulation results
can prove the effectiveness of this method.

A. Simulation Experiment I

The location of the jammer is assumed to be (−300 m, 150 m,
50 m), the fixed time delay is 1 μs. Fig. 6(a)–(d) is the images
of four receivers in the jamming environment. From the four
images, we can see that there are three ships in each image.
Through the MSER algorithm and Euclidean-distance-based
distinguish method, and according to the relationship between
the receiver and the false target, we can identify the false target
and get the location information of the false targets in the four
images. In the image, the real target is in the red rectangle, and
the false target is in the yellow rectangle.

Then, the beamforming is carried out for each receiver.
Fig. 6(e)–(h) are the imaging results of four receivers after the
MVDR algorithm, corresponding to Fig. 6 (a)–(d), respectively.
In order to better observe the simulation results, Fig. 6(i) and
(j) is the enlarge version of Fig. 6(a) and (e), respectively. In
Fig. 6(j), the false targets in the yellow rectangle are eliminated
completely. Through the method proposed in this article, only
the real targets are left in the image, and the imaging performance
of the real targets is not affected by beamforming.

The quantitative results for retransmitting deceptive jamming
suppression for simulation experiment I are shown in Table II.
Each table contains three experiments, and the first column
represents the initial SIR, the second column means the SIR
after processing. Each row of Table II means the result of an
experiment, and the initial SIR of each experiment is different.
From Table II, we can obtain the SAR image with high SIR
when the power of jamming signal changing. It can be seen from
above that the method proposed in this article can effectively
suppress transmitting deceptive jamming, thus improving the
interpretation of the picture.

In simulation experiment I, the jammer is outside the imaging
area, and the false target can be effectively removed by the
MVDR algorithm. After the MVDR algorithm, we can get the
real SAR image without the jamming signal.

B. Simulation Experiment II

In this simulation experiment, the jammer is within the imag-
ing area. It is assumed that the location of the jammer is (−180,
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Fig. 6. Results of simulation experiment I. (a), (b), (c), and (d) are the images of receiver one, receiver two, receiver three and receiver four in the jamming
environment. (e), (f), (g), and (h) are the images of receiver one, receiver two, receiver three and receiver four after beamforming. (i) and (j) are enlarged images
of (a) and (e).

260, 20 m), and the fixed time delay is 0.7 μs. Fig. 7(a)–(d)
is the images of the receiver one to the receiver four in the
jamming environment. From the images, we can see that there is
no difference between the strength of the real target and the false
target, which will seriously affect the interpretation of the image.

If there is only one SAR image, we cannot distinguish which
target is false. However, for multistatic SAR, we can detect
and identify false targets. In four SAR images, we first analyze
the relationship between targets, then use MSER algorithm and
Euclidean-distance-based distinguish method to identify false
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Fig. 7. Results of simulation experiment II. (a)–(d) Images of receiver one, receiver two, receiver three and receiver four under jamming environment.
(e)–(h) Images of receiver one, receiver two, receiver three and receiver four after beamforming. (i)–(l) Effective imaging area of receiver one, receiver two,
receiver three and receiver four.

targets in each image and obtain their location information. In
images, the real targets are in the red rectangles, and the false
targets are in the yellow rectangles.

Then, the MVDR algorithm nulls the direction of the receiver
to the jammer. However, when the jammer is in the imaging
area, if we directly use the MVDR algorithm to process the

jamming signal, a blank area is appeared in each SAR image. The
images after the MVDR algorithm are shown in Fig. 7(e)–(h),
corresponding to receiver one to receiver four. The blank area
in these four images is the blind area. Although false target no
longer appears in the image, the imageable area is obviously
reduced, and the information of the real target is also lost.
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Fig. 8. Results of simulation experiment II after image mosaic method. (a) Effective imaging area after combining four receivers. (b) Final imaging results.

In order to enlarge the imageable area and avoid losing the
real target information, the image mosaic method is apply to
process the SAR image with blind area. Fig. 7(i)–(l) shows the
effective imaging areas from receiver one to receiver four. In
these images, the yellow area is the imageable area, and the blue
area is the blind area. For each SAR image, we can see that the
blind area occupies about 20% of the imaging area. That means
that the image obtained by the four receivers has only 80% of the
imageable area. Losing some of the real information will easily
lead to our misjudgment of the image. For Bistatic SAR, this
problem cannot be solved. In order to enlarge the imaging area,
a new image mosaic method is proposed in this article. Fig. 8(a)
shows the effective imaging area after overlapping Fig. 7 (i)–(l).
In Fig. 8(a), in which the yellow area is the imageable area and
the blue area is the blind area. Compared with the blue region
in Fig. 7 (i)–(l), the blue region in the Fig. 8(a) is significantly
reduced. This shows that the blind area is reduced by image
mosaic method.

The yellow area is composed of multiple polygons, each
representing a sub block. The selection method of each sub
block is detailed in the above image mosaic method. Then, we
synthesize a SAR image with good imaging performance and
expandable imaging area by combining each optimal imaging
sub block. The enlarged imaging area is the yellow area in
Fig. 8(a). In this figure, we can see that there is still a small
part of blue area, indicating that there is still a part of blind area
in the image.

Fig. 8(b) shows the simulation image after eliminating the
transmitting deceptive jamming by the above method, and the
blank area is the blind area. In the image, we can see that the
false target has been completely removed, and the imageable
area has been significantly expanded.

The quantitative results for retransmitting deceptive jamming
suppression for simulation experiment II are shown in Table III.
The meaning of rows and columns are the same as Table II.

TABLE III
QUANTITATIVE RESULTS FOR RETRANSMITTING DECEPTIVE JAMMING

SUPPRESSION FOR SIMULATION EXPERIMENT II

1 The SIR ratio before processing.
2 The SIR ratio after processing.

From Table III, we can find that the suppression effect is not
influenced by the power of jamming signal.

V. CONCLUSION

In this article, we propose a new multistatic SAR antideceptive
jamming method, which can improve the effective interpretation
of the image. Based on the model, we analyze the relationship
among jammer, receiver, and transmitter, and derive the rela-
tionship between them. Next, the MSER detection algorithm is
utilized to detect every target in the image. Then, the Euclidean-
distance-based distinguish method is used to identify the false
target in each SAR image and obtain the position information
of the false target. By combining the above information, we can
calculate the specific location of the jammer.

Based on the location of jammer, we mainly discuss the
suppression effect of transmitting deceptive jamming in two
situations. When the jammer is outside the imaging area, we
can effectively remove the false target by using the MVDR
algorithm, and it is not affect the imaging performance of the
real target. For the other situation, the jammer is in the imaging
area, the beamforming cannot directly and effectively remove
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the false target without affecting the real target. When the MVDR
algorithm is applied directly, a part of blind area is appeared
in SAR image. In order to solve this problem, a new image
mosaic method is proposed in this article. Taking advantage of
the strengths of multistatic SAR system, we stitch and fuse the
imaging information of multiple receivers, so as to effectively
expand the imageable area. The simulation results have proved
the effectiveness of the proposed method.
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