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A Joint Azimuth Multichannel Cancellation (JAMC)
Antibarrage Jamming Scheme for Spaceborne SAR
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Abstract—The azimuth multichannel synthetic aperture radar
(SAR) increases the swath width by reducing the pulse repetition
frequency (PRF), thus providing an effective scheme for realizing
high-resolution and wide-swath (HRWS) imaging simultaneously.
However, the quality of multichannel SAR images will suffer from
electromagnetic jamming in the electronic antagonism environ-
ment. The existing channel cancellation methods not only require
high positioning accuracy of the jammer and high PRF of the
SAR system, but also remain periodic dark stripes, which reduce
the readability of the SAR images. To solve these problems, this
article proposes a scheme for multichannel SAR to locate the bar-
rage jammer and suppress jamming signals. First, by establishing
the least L1-norm optimization model on the echoes after channel
cancellation, the location of the jammer in both azimuth and range
directions can be accurately estimated. Then, based on the esti-
mated jammer position, a joint cancellation filter is constructed to
remove the jamming signal from the contaminated multichannel
SAR data. And the reconstruction filter is designed according to
the characteristics of the remaining signal, so that the SAR system
reduces the requirement for high PRF. Finally, for the case of
dark strips, this article calculates the image amplitude equalization
coefficient by deducing the azimuth modulation function, and a
uniform HRWS SAR image without jamming is acquired. Results
of simulated and measured data validate that the proposed method
can effectively remove jamming signals and obtain the HRWS SAR
images.

Index Terms—Azimuth compensation, jammer localization,
jamming signal suppression, least L1-norm, multichannel
synthetic aperture radar (SAR).
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I. INTRODUCTION

A S ITS all-day and all-weather capabilities to conduct re-
mote sensing/surveillance, synthetic aperture radar (SAR)

plays an increasingly important role both in civil exploration
and military application [1], [2], [3], [4], [5], [6]. In order to
meet the requirements of frequent observation in large-scale
areas, an azimuth multichannel SAR system is developed to
provide the high-resolution and wide-swath (HRWS) image
simultaneously [7], [8], [9]. The system alleviates the inherent
contradiction between the high pulse repetition frequency (PRF)
and swath width, and has been widely used in ground moving
target indication, sea clutter suppression, etc. [10], [11], [12].
However, with the rapid development of microwave technology
and the proliferation of radio frequency equipment, SAR is
highly likely to be interfered by various active electronic devices
in a complex electromagnetic environment [13]. Therefore, it is
crucial to develop effective jamming suppression methods to
recover the contaminated azimuth multichannel SAR data.

Generally, SAR jamming can be divided into two types:
deception jamming and barrage jamming, and this article mainly
focuses on barrage jamming. For deception jamming, the jam-
mer usually modulates and transmits the intercepted SAR signal,
which eventually forms false targets in the focused image to con-
fuse opponents. Unlike deception jamming, the barrage jammer
usually emits noise-like and high-power jamming to cover the
desired signal, so that the required information of the imaging
area is submerged in the jamming signal [14], [15], [16], [17].
Compared with deception jamming, the principle of barrage
jamming is simple and easy to be implemented. The jammer
only needs to acquire the frequency range of the SAR signal, and
the high-power jamming signal emitted can effectively cover the
SAR echo [14].

In the field of jamming suppression technology research, the
corresponding antijamming algorithms of multichannel SAR,
including the jammer localization methods and the jamming
suppression methods, have also received certain attention in the
recent years. For the localization of the jammer, Yu et al. [18]
proposed a single RFI localization algorithm based on the con-
jugate cross-correlation of dual-channel SAR signals, which
strictly requires that the energy of the interference signal is
much stronger than real target signal. Moreover, the sensitivity
of iterative initial value also seriously affects the localization
accuracy. Lin et al. [19] used the direction of arrival (DOA)
method to obtain the angles between the SAR and the jammer
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at different azimuth times, and then, the azimuth coordinate
of the jammer in the scene could be acquired. However, the
DOA method is mainly designed for array antennas, and the
distance between adjacent array elements is required to be no
greater than half of the wavelength. Obviously, the channel phase
center distance cannot meet this condition in any multichannel
SAR system. When applying the DOA method, a series of fuzzy
angles are generated, which are difficult to be distinguished from
the real estimated angle.

For the jamming suppression algorithm of multichannel SAR,
the space time adaptive processing jamming suppression tech-
nology in the slow time domain and the fast time domain has
been proposed in [20] and [21], which takes the spatial sam-
pling information provided by multichannel and the correlation
pulse sequence obtained in synthetic aperture time to design
space-time adaptation filter, so as to suppress the active jamming.
Inspired by the displaced phase center antenna clutter suppres-
sion technology [22], a dual-channel cancellation method is
presented in [19] and [23] to suppress the jamming signal. The
dual-channel cancellation method utilizes the phase relationship
between the echo signals received by different channels to
eliminate the signal from the fixed-point jammer. This method is
easy to be implemented and has low computational complexity.
But periodic dark stripes will be formed in the imaging result,
which weaken the readability of the image. In order to alleviate
this issue, Ma et al. [24] proposed a three-channel cancellation
method with unequal channel spacing, which effectively extends
the period of dark strips and improves the imaging quality.
However, the above jamming suppression methods all require
that the signals have unambiguous spectrum to ensure the echo
of a single channel can be imaged, resulting in the loss of the
HRWS capability of multichannel SAR directly.

To ensure the azimuth multichannel SAR can work normally
in the low PRF mode while suppressing the jamming, we propose
a joint azimuth multichannel cancellation (JAMC) antibarrage
jamming scheme, including the jammer localization and joint
channel cancellation technology. First, the multichannel SAR
echo signal model in a single-jammer environment is con-
structed. Second, the least L1-norm optimization model of echo
signal is established by using the principle of dual-channel
cancellation method, and the position of jammer in the scene
is obtained with high accuracy. Then, the multichannel signals
are jointly canceled and reconstructed according to the estimated
position of the jammer. At the cost of only losing one channel
degree of freedom, the jamming suppression is successfully
achieved and the HRWS capability of multichannel SAR sys-
tems is retained simultaneously. Finally, the azimuth modulation
of the SAR image brought by the joint cancellation is deduced
and compensated, and the uniform HRWS SAR image after
jamming suppression is obtained.

The contribution of this article can be summarized as follows.
1) Establish a least L1-norm optimization model of the

echoes after channel cancellation, and the location of
the jammer in both azimuth and range directions can be
accurately estimated by an iterative method. According to
the estimated coordinate of the jammer, a joint-channel-
cancellation filter is constructed to remove the jamming
signals at the same time.

Fig. 1. Imaging geometric configuration of the multichannel SAR.

2) According to the signal characteristics after channel can-
cellation, the reconstruction filter is designed to complete
the signal reconstruction, so as to achieve unambiguous
imaging in the low PRF mode. For the case of dark strips,
this article calculates the azimuth modulation brought by
the cancellation process to the real signal, and the image
amplitude equalization coefficient is obtained. Based on
this, the image is weighted and the HRWS SAR image is
obtained.

The rest of this article is organized as follows. In Section II,
the multichannel echo model in the environment with a single
jammer is given, and the principle of channel cancellation is
briefly introduced. In Section III, the JAMC barrage jamming
suppression scheme is presented in detail. In Section IV, simu-
lations and real data experiments are presented to demonstrate
the effectiveness of the proposed method. Finally, Section V
concludes this article.

II. SIGNAL MODEL AND CANCELLATION PRINCIPLE

A. Signal Model

For an azimuth multichannel SAR system, the signal is trans-
mitted by a single channel and received by all the subapertures.
Fig. 1 shows the geometric configuration of the multichannel
SAR in a single-jammer environment. A Cartesian coordinate
system is established with the subsatellite point when the az-
imuth time η = 0 as the origin. The x-axis points to the normal
direction of the multichannel antenna, y-axis and z-axis repre-
sent the moving direction of the radar platform and the direction
away from the center of the earth, respectively. Taking the middle
channel of the antenna as the transmitting channel, RT (η) and
RRi(η), which represent the distance from the transmitting
channel to the target and the distance from the target to the ith
receiving channel, respectively, can be expressed as

RT (η) =

√
R2

0 + (Vrη)
2 (1)

RRi (η) =

√
R2

0 + (Vrη −Δxi)
2 (2)
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where i = 1, 2, . . . , I . I is the number of channels. Vr is the
platform velocity, and R0 signifies the nearest slant range from
the transmitting channel to the ground targets.Δxi = (iref − i)d
denotes the distance between the iref th channel and the ith chan-
nel. iref signifies the reference channel. d denotes the channel
spacing. The echo signal is transmitted by the reference channel
iref and received by the channel i, so the instantaneous slant
range of the signal received by the ith channel can be obtained
as

Ri(η) =
RT (η) +RRi (η)

2
. (3)

Suppose the coordinate of the jammer is (xJ , yJ , 0). The
jamming signal continuously generated and transmitted by the
jammer is directly received by the channels through one-way
propagation. Therefore, the distance from the jammer to the ith
receiver channel can be expressed as

RJi (η) =

√
R2

J + (Vrη − yJ −Δxi)
2 (4)

where RJ =
√

x2
J +H2 signifies the nearest slant range be-

tween jammer and the transmitting channel. H is the height of
the platform.

According to (3) and (4), the target signal and the jamming
signal received by the ith channel can be, respectively, formu-
lated as

sTi(τ, η) = ωr

{
τ − 2Ri(η)

c

}
ωa {η − ηc}

× exp

{
−j4πf0

Ri(η)

c

}

× exp

{
jπKr

(
τ − 2Ri(η)

c

)2
}

(5)

sJi(τ, η) = ωJ

(
τ − RJi(η)

c

)
exp

{
j2πf0

(
τ − RJi(η)

c

)}
(6)

where τ signifies the range fast time, ηc signifies the azimuth
center time, c signifies the speed of light, f0 is the carrier
frequency,Kr is the chirp rate,ωr andωa are the range envelope
and the azimuth envelope, respectively, ωJ represents the signal
form of barrage jamming, such as the radio frequency noise
interference, the narrowband interference, and the wideband in-
terference [25]. Here, we adopt a general model for the jamming
signal, which is expressed as

wJ

(
τ − RJi(η)

c

)
= Un

(
τ − RJi(η)

c

)

× exp

{
jπkr

(
τ − RJi(η)

c

)2

+ jϕ1

}

(7)

where Un(τ) is the Gaussian noise, kr denotes the chirp rate of
the jamming signal, and ϕ1 is the phase of the jamming signal,
and obeys a uniform distribution of [0, 2π].

Thus, the signal received by the ith channel can be described
as

si (τ, η) = sTi(τ, η) + sJi(τ, η) + ni(τ, η) (8)

where ni denotes the receiver noise. The SAR echo signal
sTi(τ, η) undergoes two-way slant range attenuation, while the
jamming signal sJi(τ, η) transmitted by the jammer to the SAR
only experiences one-way attenuation, which means that the
jamming signal sJi(τ, η) has an absolute advantage in power
compared with the SAR echo signal sTi(τ, η) [26].

B. Channel Cancellation Principle

The channel cancellation method mainly utilizes the phase
differences of the jamming signals received by different channels
to suppress the jamming signal. The signal needs to be multiplied
by a phase compensation factor, so that the phase of the jamming
signals in different receiving channels to be canceled is the same.

Assuming that the ith channel signal is canceled with the jth
one, the phase compensation factor for the ith channel signal is

gij (η)= exp

{
−j2π

RJj (η)−RJi (η)

λ

}
(9)

where λ is the wavelength. Then, the cancellation result is
expressed as

sij (τ, η) = gij(η)si (τ, η)− sj (τ, η)

= sTij (τ, η) + sJij (τ, η) + nij (τ, η) . (10)

The first term sTij(τ, η) of (10) denotes the cancellation result
of useful echo, which can be expressed as

sTij (τ, η) = gijsTi(τ, η)− sTj(τ, η). (11)

The second term sJij(τ, η) is the jamming signal cancellation
result and can be expressed as

sJij (τ, η) = gij (η) sJi (τ, η)− sJj (τ, η)

=

[
ωJ

(
τ − RJi(η)

c

)
− ωJ

(
τ − RJj(η)

c

)]

× exp

{
j2πf0

(
τ − RJj(η)

c

)}
. (12)

It is worth noting that the difference between RJi(η) and
RJj(η) is in centimeters, and (RJi(η)−RJj(η))/c is in the
order of e−10, which is much smaller than 1/Fr (a range gate
time). Therefore, it can be considered that the jamming signal
envelopes of different channels are located in the same distance
unit, and we can get

sJij (τ, η) ≈ 0. (13)

Then, (10) can be rewritten as

sij (τ, η) ≈ sTij (τ, η) + nij (τ, η) . (14)

It can be seen that the jamming signal in sij(τ, η) is eliminated
after the above cancellation processing, and only the target signal
sTij(τ, η) and noise nij(τ, η) are reserved. Then, well-focused
SAR imaging result can be obtained by the conventional imaging
algorithms.
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Fig. 2. Flowchart of the proposed scheme. (* Our novelty).

III. JAMC SCHEME

In this section, the proposed multichannel SAR barrage jam-
ming suppression scheme is introduced in detail. The framework
of the proposed scheme is shown in Fig. 2. The main steps
include the localization of jammer, joint cancellation of mul-
tichannel signals, signal reconstruction after jamming removal,
and azimuth compensation in the focused image domain. After
this, a uniform HRWS image can be obtained.

A. Localization of the Jammer

It is not difficult to find that the phase compensation factor
in (9) is a function of the location of the jammer (xJ , yJ , 0),
which can be re-expressed as gij(η, xJ , yJ ). In other words, the
premise of realizing channel cancellation is that the location of
the jammer (xJ , yJ , 0) is known, so that the phase compensation
factor can be constructed according to the instantaneous slant
range. Therefore, the location of the jammer plays a crucial role
in this jamming suppression method, and the accuracy of the
jammer location directly affects the performance of the jamming
suppression.

For the multichannel SAR in a single-jammer environment,
the instantaneous jamming signal will be received by the SAR
receiver, which greatly raise the amplitude of the whole received
signal. According to (9), when the location of the jammer is
known, the phase compensation factor gij(η, xJ , yJ ) is also
determined. The jamming signal will be removed after the
channel cancellation process, which means that the amplitude
of the signal sij(τ, η) will reach the minimum value. Therefore,
the localization of the jammer can be transformed into finding a
coordinate (x̂J , ŷJ ), and constructing the phase compensation
factor gij(η, x̂J , ŷJ ) to minimize the L1-norm of the signal
after cancellation, then the coordinate can be considered as the
jammer’s location. Thus, the least L1-norm optimization model
to locate the jammer is established as

(x̂J , ŷJ) = argmin
x̂J ,ŷJ

{‖gij (η, x̂J , ŷJ ) si (τ, η)− sj (τ, η)‖1
}

s.t. |x̂J | ≤ xmax, |ŷJ | ≤ ymax (15)

where ‖ · ‖1 represents the L1-norm of the matrix, that is, the
sum of the absolute values of the elements of the matrix. xmax

and ymax, respectively, represent the upper limit of the range
location and azimuth location of the jammer in the scene. There
is no analytical solution for the minimum L1-norm model, so
the iterative method is used to acquire the numerical solution.
Even so, the optimization problem is not a difficult numerical
optimization problem. There are many mature algorithms, such
as interior point method [27], [28] and sequential quadratic
programming [29], that can be used to solve the problem in
(15), and have good performance both in speed and accuracy.

The distance term RJi(η) and RJj(η) in (9) can be expanded
by Taylor series and retained to the quadratic term, which can
be expressed as

gij (η, xJ , yJ ) ≈

exp

{
−j2π

[
Vrη − yJ −Δxj − 1

2 (j − i) d
]
(j − i) d

λ
√

x2
J +H2

}
.

(16)

According to the periodicity of the trigonometric function,
gij(η, xJ , yJ ) is the periodic function of yJ , which means that
the actual jammer location may be

yJ = ŷJ + k · λ
√
x2
J +H2

(j − i) d
(17)

where k = 0,±1,±2, . . ., represents the kth ambiguity location
of the jammer, so the azimuth position of the jammer has a

series of ambiguous solutions with
λ
√

x2
J+H2

(j−i)d as the period.
Usually, the signals of two adjacent channels are selected to
establish the optimization model, that is, j − i = 1. In this case,
the ambiguity period is at the maximum value, and the obtained
ambiguity number of the jammer azimuth locations in the scene
is the least. Moreover, the ambiguity of azimuth location has
no effect on channel cancellation processing. No matter which
possible azimuth location of the jammer is obtained, the phase
compensation factor gij(η, xJ , yJ) is the same, and the jamming
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signal can still be accurately removed during channel cancella-
tion processing.

In practice, there are inevitable channel errors such as ampli-
tude error and phase error between channels, which will affect
the accuracy of the proposed localization method. In general,
for multichannel SAR systems, the amplitude error is small and
easy to correct, so the effect on the proposed method can be
ignored. Therefore, we only need to account for the phase error.

According to (10), for adjacent channels with channel phase
error, there are

si.i+1(τ, η) = si(τ, η)gi,i+1(η) exp(jΔϕ)− si+1(τ, η)

= se(τ, η) exp

{
j
2πd

λRJ
· (yJ+Δy)

}
−si+1(τ, η)

(18)

with

se(τ, η) = si(τ, η)

× exp

{
−j

2π

λ
· (Vrη − (2iref − 2i+ 1)d) · d

RJ

}
(19)

Δy =
λRJ

2πd
·Δϕ. (20)

From (18), we can find that the phase error will only affect
the estimation of the azimuth coordinates and has little effect on
the range coordinates. When the channel phase error is Δϕ, the
azimuth estimated coordinate value of the jammer is deviated
by Δy.

After the channel error calibration [30], [31], [32], the value
of the residual phase error between the channels is already very
small. For multichannel SAR systems, since the localization
processing can be completed by only two channels, we can use
different adjacent channels to estimate the location for multiple
times and obtain the mean value, so as to improve the localization
accuracy and reduce the influence of channel errors.

B. Multichannel Joint Cancellation Processing

The traditional channel cancellation method theoretically
only needs two channel signals, and the PRF needs to satisfy
the Nyquist sampling law so that the signal after channel can-
cellation can be imaged without azimuth ambiguity. However,
for a multichannel SAR system with more than two channels,
channel redundancy will be caused. To make matters worse, an
excessively high PRF would both burden the system and make
wide-swath imaging impossible. This is obviously contrary to
the original intention of HRWS imaging of multichannel SAR
systems.

To make full use of multichannel signals, a multichannel
joint cancellation method is proposed to achieve HRWS imaging
while suppressing jamming signals. Considering the signals of
all channels, (8) is reformulated by a joint signal matrix as

s = [s1 (τ, η) , . . . , si (τ, η) , . . . , sI (τ, η)]
T (21)

where the superscript {·}T signifies the transpose operation. Ac-
cording to the estimated jammer location, the joint cancellation
filter is constructed as

G (η) =

⎡
⎢⎢⎢⎢⎣
g12 (η) −1 0 · · · 0

0 g23 (η) −1
. . .

...
...

. . .
. . .

. . . 0
0 · · · 0 g(I−1)I (η) −1

⎤
⎥⎥⎥⎥⎦ (22)

where g(i−1)i(η)is the phase compensation factor in (9). The
remaining signal filtered by (22) is jamming free, which can be
expressed as

s1 (τ, η) = G (η) s (τ, η)

=
[
s12 (τ, η) , . . . , s(i−1)i (τ, η) , . . . s(I−1)I (τ, η)

]T
(23)

where

s(i−1)i (τ, η) = g(i−1)i (η) si−1 (τ, η)− si (τ, η)

≈ g(i−1)i (η)ui−1 (τ, η) exp

{
−j4π

Ri−1(η)

λ

}

− ui (τ, η) exp

{
−j4π

Ri(η)

λ

}
+ n(i−1)i

(24)

ui (τ, η) = ωr

{
τ − 2Ri(η)

c

}
ωa {η − ηc}

× exp

{
jπKr

(
τ − 2Ri(η)

c

)2
}
. (25)

Since 2Ri−1(η)/c ≈ 2Ri(η)/c, we can get the approxima-
tion: ui−1(τ, η) ≈ ui(τ, η), and then, s(i−1)i(τ, η) can be refor-
mulated as

s(i−1)i (τ, η) = g(i−1)i (η)ui (τ, η) exp

{
−j4π

Ri−1(η)

λ

}

− ui (τ, η) exp

{
−j4π

Ri(η)

λ

}
+ n(i−1)i

= vi (η)ui (τ, η) exp

{
−j4π

Ri(η)

λ

}
+ n(i−1)i

= vi (η) sTi (τ, η) + n(i−1)i (26)

where vi(η) represents the azimuth modulation caused by the
cancellation process, which is expressed as

vi (η) = g(i−1)i (η) exp

{
−j4π

Ri−1(η)−Ri(η)

λ

}
− 1.

(27)

Through the joint cancellation filter G(η), the two adjacent
channels are canceled separately to eliminate the jamming signal
and retain the useful target echo.
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C. Signal Reconstruction

For the multichannel signals after the joint cancellation
processing, their sampling frequency clearly cannot reach the
Nyquist sampling frequency, which will result in azimuth ambi-
guity. To achieve unambiguous imaging, signal reconstruction
needs to be conducted. It is worth noting that only the data of
I − 1 channels remained after channel cancellation processing,
which means the equivalent PRF after signal reconstruction
need to satisfy (I − 1)PRF ≥ Ba, where Ba is the Doppler
bandwidth of the system. The reconstruction algorithm [33]
comprises the following three steps.

1) An azimuth Fourier transform is performed to convert the
signals in (23) to the range-Doppler domain as

S1 (τ, fη) =

∫
s1 (τ, η) exp{−j2πfηη}dη (28)

where fη ∈ [−PRF/2,PRF/2] signifies the Doppler fre-
quency.

2) Let N = I − 1, and the prefilter matrix is established as

H (fη)

=

⎡
⎢⎢⎢⎢⎣

h12 (fη,1) h12 (fη,2) · · · h12 (fη,N )
h23 (fη,1) h23 (fη,2) · · · h23 (fη,N )

...
...

. . .
...

h(I−1)I (fη,1) h(I−1)I (fη,2)
... h(I−1)I (fη,N )

⎤
⎥⎥⎥⎥⎦

(29)

with

h(i−1)i (fη,n) = exp

{
−jπfη,n

Δxi

Vr

}
exp

{
−jπ

Δx2
i

2λR0

}
(30)

where fη,n = fη + (n− N+1
2 )PRF,n = 1, 2, . . . , N , be-

longs to nth spectrum component.
Then, the reconstruction filter matrix P(fη) is derived
from an inversion of the matrix H(fη) as

P (fη) = H−1 (fη) . (31)

3) Reconstruct S1(τ, fη) using the matrix P(fη) as

S2 (τ, fη) = P (fη)S1 (τ, fη) . (32)

After rearranging the spectrum of the reconstructed signal
S2(τ, fη), an equivalent single channel signal with sampling
rate of (I − 1) · PRF is obtained. And an HRWS image without
jamming can be acquired by the imaging algorithm such as chirp-
scaling algorithm (CSA).

D. Azimuth Compensation

According to (27), we can know that the azimuth modulation
function generated by the joint cancellation processing is related
to the location of the target and the jammer in the imaging area,
so it can be rewritten as

vi (η) = exp

{
−j

2π

λ
Δϕ

}
− 1 (33)

with

Δϕ = RJi (η)−RJ(i−1) (η) +RR(i−1) (η)−RRi (η) .
(34)

The Taylor series expansion, which is retained to the quadratic
term, is performed to the distance term in (34), and after simpli-
fication, vi(η) can be rewritten as

vi (η) = exp

{
−j

2π

λ
Δϕ1 + j

2π

λ
Δϕ2

}
− 1 (35)

with

Δϕ1 =
[2Vrη − 2yJ − (2 · iref − 2i+ 1) d] d

2RJ
(36)

Δϕ2 =
[2Vrη − (2 · iref − 2i+ 1) d] d

2R0
. (37)

Since the jammer is usually located in the imaging area, the
following approximation holds [34]: RJ ≈ R0, so there are

vi (η) ≈ exp

{
j
2π

λ

d · yJ
R0

}
− 1. (38)

According to (38), we can find that the azimuth modulation
function at the target is only related to the azimuth position yJ of
the jammer. For the whole imaging area, the azimuth modulation
function can be expressed as

h(y) = exp

{
j
2π

λ

d · (y − yJ)

R0

}
− 1 (39)

where y is the azimuth position of the target in the imaging area.
It can be seen that the modulation function h(y) is periodic
along the azimuth direction with an amplitude variation range
of [−2,0] and a period of λR0

d , which result in the periodic
dark stripes in the focused image along the azimuth direc-
tion. At yJ0 = k · λR0

d + yJ , k = 0,±1,±2, . . ., which means
h(y) = 0, the target echo is completely eliminated, and near
yJ0, the amplitude of the target signal is severely weakened, so
the image compensation is necessary. Since h(y) is for the set
of target points whose position is (:, y, 0) along the azimuth,
the image compensation is carried out point by point along
the azimuth. In the echo domain, the echoes of target points
located in a synthetic aperture time will be affected by each
other, which cannot be distinguished. Therefore, the azimuth
modulation caused by joint cancellation is compensated in the
focused image domain.

The azimuth weighted compensation vector is constructed as

w(y) =

{
h(y)−1 , h(y) ≥ β
β−1 , h(y) < β

(40)

where β is the threshold set according to the characteristics of
the image, so as to avoid the situation that the denominator is
close to 0 and affect the compensation effect.

Then, an HRWS SAR image after jamming suppression can
be obtained by substituting (40) into the amplitude of the focused
SAR image as

I = diag {w} Ie (41)

where Ie is the imaging result of S2(τ, fη).
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TABLE I
SIMULATION SYSTEM PARAMETERS

Hence, all of the processing steps have been completed and
can be summarized as follows.

Step 1: Establish the least L1-norm optimization model by
(15) to locate the jammer.

Step 2: Suppress the jamming signal on the received contami-
nated multichannel signals using the joint cancellation filter (22),
and the remaining echoes of I − 1 channels without jamming
are obtained.

Step 3: Reconstruct the jamming suppressed signals into a
signal with a sampling rate of (I − 1) · PRF by (32) and focus
it by CSA.

Step 4: Compensate the amplitude of the focused image along
the azimuth direction by (41), and the uniform HRWS SAR
image is obtained.

IV. SIMULATED AND REAL DATA PROCESSING RESULTS

In this section, some simulations and measured data ex-
periment are carried out to evaluate the performance of the
proposed JAMC scheme. The point target simulation is given in
Section IV-A. Then, the scene simulation and the performance
analysis are presented in Sections IV-B and IV-C, respectively.
Finally, the measured airborne SAR data experiment is displayed
in Section IV-D to verify the effectiveness of the proposed
method.

A. Simulation of Point Target

The point targets simulation is performed to validate the pro-
posed JAMC scheme. We simulated five point targets distributed
along the azimuth direction with a 100-m distance separating.
Table I lists the main simulation parameters of the multichannel
SAR system. The original imaging result without jamming is
shown in Fig. 3(a). For convenience, the center of the imaging
scene is taken as the reference origin and the z-axis coordinate is
omitted in the following discussion. The jammer is located in the
center of the scene (0 m, 0 m) and coincides with the center point
target p3. Suppose the jamming signal emitted by the jammer
is in the form of Gaussian noise and remains constant during
each pulse duration. The signal-to-interference ratio (SIR) is
set to −50 dB. The imaging result with jamming is shown in
Fig. 3(b). It can be seen that the point targets are completely

Fig. 3. Imaging result of the point target simulation. (a) Original im-
age. (b) Jamming-corrupted image. (c) Result of dual-channel cancellation,
PRF=5457 Hz. (d) Result of the proposed method, PRF=1819 Hz. (e) Result
of dual-channel cancellation when the jammer is outside the imaging scene,
PRF=5457 Hz. (f) Result of the proposed method when the jammer is outside
the imaging scene, PRF=1819 Hz.

submerged in the noise, and the imaging quality is seriously
affected. Firstly, according to the least L1-norm optimization
model, the location of jammer can be obtained. It is worth
noting that in order to facilitate the comparison with the real
coordinates, all azimuth positions are deblurred by selecting the
closest value to the center of the scene. So the estimated jammer
coordinate is (42.15 m, 0.00m).

The recovered images are presented in Fig. 3(c)–(f). In order to
compare and illustrate the change of the amplitude at each point,
the images are normalized by the maximum amplitude of their
original images without jamming. Fig. 3(c) shows the imaging
result after jamming suppression by dual-channel cancellation
when the system PRF is 5457 Hz. Obviously, the jamming signal
in the scene has been eliminated, but the signal amplitude has
also been seriously weakened. According to (38), the azimuth
modulation brought by the channel cancellation to the targets can
be obtained, and the weighted value along the azimuth coordi-
nate is shown in Fig. 4. The normalized amplitude values of the
point targets in Fig. 3(c) and their theoretical amplitudes shown
in Fig. 4 are listed in Table II. Clearly, the theoretical analysis
agrees well with the experimental measurements. Therefore,
the amplitude of the weakened signal can be well compensated
according to the amplitude compensation function in (40).

Fig. 3(d) shows the imaging result by the proposed method
when the PRF is 1819 Hz. It can be seen that the amplitude of
the target is well recovered, and the PRF of the system is 1/3
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Fig. 4. Azimuth weighted value of Fig. 3(c) brought by the channel cancella-
tion.

TABLE II
AMPLITUDES OF POINT TARGETS IN FIG. 3(C)

Fig. 5. IRFs in range and azimuth dimensions of p1. (a) Range and azimuth
profile of p1 in Fig. 3(b). (b) Range and azimuth profile of p1 in Fig. 3(d).

of that of the two-channel cancellation method. Fig. 5 shows
the impulse response functions (IRFs) in range and azimuth
dimensions of p1 in Fig. 3(b) and (d). We can see that the
jamming signal is completely removed and the point target is
well recovered. Table III lists the peak-to-sidelobe ratio, inte-
grated sidelobe ratio, and resolution measured in both range and
azimuth dimensions. By comparing the metrics of the two tables,
respectively, we can find that all the targets except p3 in Fig. 3(d)
can be restored to almost the same as that in Fig. 3(a). Analyzing
the reason, since p3 is in the same location as the jammer, it

Fig. 6. Zebra map of the SAR system.

can be seen from (39) that the azimuth modulation value at
this position is zero, so the signal of the target is theoretically
eliminated, resulting in that the information of p3 irrecoverable.
In fact, only the targets that share the same azimuth position
with the jammer is theoretically irrecoverable because of the
azimuth modulation, whereas other point targets can all be well
recovered. However, due to the receiver noise and the residual
azimuth ambiguity, when the signal’s amplitude is attenuated too
much and below these noises, these signals will be submerged
by the noise and cannot be restored.

When the jammer is outside the imaging scene, we set
its coordinate to (3000 m, 300.00m). The estimated position
of the jammer by the least L1-norm optimization model is
(3042.30 m, 299.99m). According to the estimated jammer po-
sition, the jamming suppression results by the two methods
are presented in Fig. 3(e) and (f). Obviously, the dual-channel
cancellation method requires a higher PRF, and the imaging
result is also affected by the cancellation modulation. In contrast,
the proposed JAMC algorithm can be used in low-PRF mode,
and the imaging result can accurately restore the real scene.
Hence, the proposed method is a great improvement over the
dual-channel cancellation method.

For the PRF of the SAR system, it can be seen that the
dual-channel cancellation method strictly requires the signals
have unambiguous spectrum, so the PRF of the system is set
to 5457 Hz, while the proposed method only needs 1819 Hz.
Fig. 6 shows the zebra map of the SAR system. Obviously, the
proposed method significantly increases the range of incident
angles of the system, which means the HRWS imaging capability
of the multichannel SAR system can be retained.

B. Simulation of Scene

In order to more intuitively show the performance of the
proposed JAMC scheme, the simulation of scene is performed.
The simulation still uses the parameters listed in Table I. Fig. 7
shows the simulation results. The original simulation image
is shown in Fig. 7(a). The jammer is placed at the center of
the scene (0 m, 0m), and the SIR is set to −20 dB. The form
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TABLE III
POINT-TARGET IMPULSE RESPONSE CHARACTERISTICS

Fig. 7. Imaging results of simulated scene data. (a) Original image. (b) Jamming-corrupted image. (c) Result of dual-channel cancellation, PRF=5457 Hz. (d)
Result of the proposed method, PRF=1819 Hz. (e) Result of dual-channel cancellation when the jammer is outside the imaging scene, PRF=5457 Hz. (f) Result
of the proposed method when the jammer is outside the imaging scene, PRF=1819 Hz.

Fig. 8. Enlarged areas of yellow and blue rectangle in Fig. 7. (a) Factory area of yellow rectangle. (b) Overpass area of blue rectangle.
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Fig. 9. Positioning error after each iteration.

Fig. 10. Distribution of jammer.

Fig. 11. Azimuth and range RMSEs versus SIR.

of the jamming signal is the same as that in Section IV-A.
Fig. 7(b) presents the imaging results of the jamming-corrupted
signals, as can be seen, the useful information is submerged in
noise. First, the least L1-norm optimization model is used to
locate the jammer and the acquired coordinate of the jammer
is (57.79 m, 0.00m). Obviously, the localization result of the
proposed algorithm is very close to the real coordinate of the

Fig. 12. Image NRMSE versus SIR.

TABLE IV
EXPERIMENTAL RESULTS

jammer. Thus, the accuracy of the localization method is verified.
Then, according to the estimated location of the jammer, we first
use the dual-channel cancellation to suppress jamming when the
PRF of system is 5457 Hz, and the result is illustrated in Fig. 7(c).
It can be seen that the jamming signal is completely removed, but
an azimuth modulation is brought to the image. Near the jammer,
a dark strip is formed, which makes some targets unrecognizable
and affects the readability of the image to some extent. Fig. 7(d)
is the result of the joint cancellation method when the PRF of
system is 1819 Hz. Clearly, the target information is basically
restored, and the proposed method significantly reduces the high
requirement of PRF.

Fig. 7(e) and (f) shows the results by the two methods when
the jammer is outside the imaging scene. The coordinate of the
jammer is set to (5000 m,−1400m), and the estimated position
is (5062.31 m,−1399.93m). We can see that the imaging result
can be accurately restored by the proposed method, while the
result by dual-channel cancellation is seriously modulated.

In Fig. 8, we zoomed in the factory building and overpass areas
of the images in Fig. 7, marked by A and B, respectively. From
the factory building area in Fig. 8(a,4), it can be seen that several
lines of targets near the azimuth location of the jammer are not
well recovered. This is because the azimuth location of these
targets are near the jammer. According to Fig. 4, we can know
that the value of the azimuth modulation is very small, which
causes the amplitude of these targets to be reduced too much, so
that they are submerged by noises. However, at other areas that
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Fig. 13. Image recovery using the airborne SAR data. (a) Original SAR image scene. (b) Jamming-corrupted image. (c) Result of dual-channel cancellation,
PRF=1293 Hz. (d) Result of the proposed method, PRF=431 Hz. (e) Result of dual-channel cancellation when the jammer is outside the imaging scene,
PRF=1293 Hz. (f) Result of the proposed method when the jammer is outside the imaging scene, PRF=431 Hz.

not share the same azimuth coordinate with the jammer such
as the overpass area shown in Fig. 8(b,4) and (b,6), the image
processed by the proposed scheme can be recovered almost the
same as the original image.

C. Analysis of Performance

The jammer localization method adopts the numerical solu-
tion method, while the other parts of the proposed JAMC scheme
are simple matrix linear operations with low computational
complexity, so we only measure the convergence speed of the
localization method. The experiment uses the parameters in
Table I and the SIR is set to −20 dB. The initial iterative value
is (0 m, 0m) and the jammer is placed at (1000 m, 1000m).
The iteration ends when the estimated location between two
iterations is less than 10−2 m. Fig. 9 shows the positioning error
after each iteration. It can be seen that the positioning error can
almost reach the minimum after 15 iterations, as shown in Fig. 9.
Furthermore, when we just need the jammer’s azimuth location,
a satisfying result can be got after only five iterations. It shows
that the proposed jammer localization method can converge
quickly.

In order to verify the robustness of the proposed jammer
localization algorithm, localization experiments of jammers at
different positions in the scene are carried out. The five jammers
placed in sequence on the imaging scene are presented in Fig. 10.
The SIR of them is still set to −20 dB and the jamming signal
is in the form of Gaussian noise. The estimated location results
are listed in the Table IV.

Obviously, the estimated position of the jammer is almost
the same as the actual position, which means that the proposed
method can achieve high-accuracy jammer location. It is worth
noting that the proposed method is not affected by the position
of the jammer in the scene, and the location estimation accu-
racy at the above five positions is at the same level. Another
interesting phenomenon is that the azimuth position accuracy is
significantly higher than the range direction. Usually, the nearest
slant distance of spaceborne SAR is hundreds of kilometers, so

the small change of the range position xJ has little effect on
the phase compensation factor gij(η, xJ , yJ ). From (16), it is
obvious that the change of the azimuth position yJ has a much
greater influence on the result than the change of xJ , so the
estimation accuracy of azimuth position will be higher than that
of range position.

Since the proposed jammer localization method is based on
theL1-norm of the signal, the change of the SIR will also have an
impact on the estimation result. The Monte Carlo experiments
are carried out to verify the robustness of the proposed JAMC
scheme according to the simulation of scene. The SIR varies
from−30 to 10 dB with 1 dB steps. For each SIR, 50 Monte Carlo
experiments are performed. The jammer’s location is randomly
set in each experiment, which has the uniform distribution on
the interval of azimuth direction (−1000 m, 1000m) and range
direction (−10 000m, 10 000m) respectively. To evaluate the
accuracy of the proposed localization method, the root-mean-
square error (RMSE) is used with the following formulation:

RMSE =

√√√√ 1

M

M∑
m=1

(q̂m − qm)2 (42)

where M is the number of experiments, and q̂m and qm are
the estimated value and preset value in the mth experiment,
respectively.

Fig. 11 presents the relationship between SIR and RMSE of
the jammer’s location. Obviously, when the SIR is greater than
−5 dB, the estimation errors of the two begin to increase. This
is because the channel cancellation will cause a certain loss to
the real signal. When searching for the position of the jammer,
if the variation of the jamming signal is smaller than that of the
real signal, the positioning error will be caused, which is also
the reason why the RMSE increases when the SIR is high. It
can be seen that the proposed jammer localization method can
obtain high accuracy when the SIR is below 0 dB.

Besides, in order to judge the performance of the proposed
jamming suppression method, the normalized root-mean-square
error (NRMSE) is used to evaluate the image quantitatively [35],
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Fig. 14. Enlarged areas of yellow and blue rectangle in Fig. 13. (a) School area of yellow rectangle. (b) Farmland of blue rectangle.

i.e.,

NRMSE(I0, I) =
‖I− I0‖F
‖I0‖F

(43)

where I0 is the imaging result of original SAR echoes without
jamming, and I is the imaging result of the recovered SAR signal.
The smaller the NRMSE is, the better the performance of image
restoration will be.

Fig. 12 illustrates the NRMSE of the contaminated images
and final restored images. It can be seen that the NRMSE of the
image before jamming suppression is large and decreases with
the increase of SIR. In contrast, the NRMSE of the restored
images are overall at a low level. This is because at low SIR, the
estimated coordinate of the jammer is accurate, so the jamming
signal is removed thoroughly and the image can be well restored.
In the case of high SIR, the jamming energy itself is low and the
impact on the image is limited, so the image can still be well
recovered. Therefore, the value of NRMSE is relatively stable,
which also verify the robustness of the proposed method.

D. Experiment of Airborne SAR Data

In this experiment, we demonstrate the effectiveness of the
algorithm by analyzing the measured data. The data used were
acquired by a C-band airborne multichannel SAR on September
27, 2014, which covered Hainan, China. The system works in
the four-channel strip map mode and the main parameters are
given in Table V. Suppose the jammer is placed in the school
area of the scene and its coordinate is (0 m, − 800m). A high-
power jamming signal in the form of Gaussian noise is constantly
transmitted by the jammer and received by the four channels of
the SAR.

Fig. 13(a) shows the original imaging area without jamming.
Fig. 13(b) shows the imaging result of the contaminated echo
with SIR of −20 dB. It can be seen that the imaging scene is

TABLE V
SIMULATION SYSTEM PARAMETERS

covered by jamming and the target information is completely
lost.

According to the proposed localization algorithm, the esti-
mated location of the jammer is obtained and the coordinate is
(168.43 m,−799.30m), which is very close to the jammer’s real
location. Fig. 13(c) shows the imaging result after dual-channel
cancellation when the PRF is 1293 Hz. The jamming signal is
basically suppressed and the real targets can be displayed. How-
ever, the image amplitude fluctuates obviously along the azimuth
direction due to the channel cancellation. The area marked by
B3 is enhanced, whereas the area marked by A3 is weakened,
and there is obvious dark stripe near the jammer, which affects
the readability of the image to some extent. Fig. 13(d) shows the
imaging result by the proposed method when the PRF is 431 Hz.
It can be seen that the image is relatively uniform, and the system
PRF is reduced by three times.

When the jammer is outside the imaging scene with the
coordinate of (5000 m,−2950m), we first obtain the estimated
coordinate (5173.14 m,−2950.71m), then the results by the
above two methods are illustrated in Fig. 13(e) and (f). Clearly,
the proposed method has a better performance.
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Also, the enlarged areas marked by A and B, respectively,
in Fig. 13 are shown in Fig. 14 with more details. It can be
seen that in the school area near the jammer’s azimuth location,
the signal’s amplitude after the channel cancellation is severely
weakened, as is shown in Fig. 14(a,3). For the target with a small
backscattering coefficient, the focused signal amplitude will be
submerged by different noises. In this case, it is impossible to
perform accurate amplitude compensation on the target signal,
resulting in the loss of information for some weak targets in
this area, such as the school area in Fig. 14(a,4). However, for
the other areas which do not share the same azimuth coordinate
with the jammer like the farmland shown in Fig. 14(b,4) and
(b,6), they can all be well imaged without losing information.
Therefore, the effectiveness of the proposed scheme is verified.

V. CONCLUSION

In this article, to locate the barrage jammer and suppress the
jamming signals, a JAMC scheme is proposed for spaceborne
SAR. First, the least L1-norm optimization model of the signal
is constructed in the echo domain, and the jammer coordinate
in the scene can be estimated with high accuracy. Then, a joint
cancellation filter is designed according to the phase difference
of the jamming signal received by different channels of the SAR
to remove the jamming signal. By reconstructing the remaining
signal and the equivalent uniform sampling signal with unam-
biguous spectrum can be acquired. After imaging, the HRWS
SAR image without jamming signal is preliminarily restored.
Finally, for the periodic dark strips in the SAR image, the
azimuth modulation function brought by the joint cancellation
is deduced and compensated, and the uniform HRWS SAR
image without jamming is obtained. The effectiveness of the
proposed JAMC scheme is validated by both the simulation
and real airborne SAR data experiments. In the future work, we
will research the jamming suppression method in a multijammer
environment.
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