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ABSTRACT Many jamming methods have been proposed against displaced phase center antenna (DPCA)
process, which is a type of three-channel synthetic aperture radar (SAR) ground moving target indication.
However, two important problems faced by the jammer are why the jamming based on a single jammer
is suppressed and how to generate noise in the whole DPCA image while keeping its easy realization.
By analyzing a jamming geometric model based on a single jammer, the reason is that the phase of the
jamming image in different antennas is only relative to the jamming geometric model, which contains the
azimuth position of the jammer and jamming in the SAR image. Then, the jamming area is classified as
an enhanced area and a weakened area after DPCA processing. Moreover, the jamming in the weakened
area will be suppressed. To overcome this disadvantage, a barrage noise jamming method based on double
jammers is proposed. By controlling the azimuth distance between the jammers, the noise can cover the
whole DPCA image. Compared with the deception jamming method based on multiple coherent jammers,
the phase and amplitude of the jamming signal do not need to be accurately controlled. Finally, the validity
of the proposed method is verified by simulation experiments.

INDEX TERMS Synthetic aperture radar (SAR), ground moving target indication (GMTI), displaced phase
center antenna (DPCA), barraged jamming, double jammers.

I. INTRODUCTION
Due to capabilities of all-time and high resolution imag-
ing under complex weather condition, synthetic aperture
radar (SAR) has beenwidely applied in both civil andmilitary
field to acquire information of the sensitive area [1], [2].
Ground moving target indication (GMTI) has played a vital
role in detection, location and imaging ofmoving targets. Due
to easy realization, displaced phase center antenna (DPCA),
one type of three channel SAR GMTI and it is derived
from SAR, has been widely utilized ranging from traffic
monitoring systems and airport surface surveillance [3]–[5].
In order to prevent SARwithDPCA technique from acquiring
accurate moving target information, the study on jamming
method against SAR GMTI system becomes one of the most
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important topics in the field of electromagnetic countermea-
sure. Furthermore, study on jamming method can help iden-
tify the weakness of SAR GMTI system and improve it in the
future.

In general, jamming methods can be classified as multiple-
path and direct-path jamming method based on the differ-
ent jamming path. Scattered wave jamming, also known as
rebound jamming, is one type of multiple-path jamming and
can generate a deception scene or large-scale noise [6]–[8].
However, jamming will be suppressed by DPCA processing
concerned with distance between jamming and jammer in
azimuth. Huang performed noise in the whole DPCA image
by retransmitting the intercepted SAR signal with random
time-delay [9]. If radar cross section (RCS) of scattered points
of ground is low, a very high jamming power is required in
this method [10]. Moreover, the direct-path jamming method
also can be classified as deception jamming method and
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barrage noise jamming method, and they are always based
on a single jammer or antenna. For deception jamming,
to obtain the jamming signal of false moving targets by utiliz-
ing the intercepted SAR signal, the Doppler shift-frequency
modulation, time-delay modulation and segment modulation
are performed [11]–[15]. However, in order to generate false
targets or false scenes which contents a lot of arrayed and
false scatterers, high accuracy of SAR GMTI parameters
are required and the high computational burden is faced
by jammer [16]–[19]. For barrage noise jamming method,
jamming signal can generate noise in the whole SAR image
and destroy the acquisition information of moving targets
while keeping its easy realization. However, the jamming
near the jammer in SAR image will be suppressed by DPCA
processing. So, an important problem faced by the jammer
is why the jamming based on a single jammer is suppressed.
By analyzing jamming geometric model based on a single
jammer, the reason is that the phase of jamming image in
different antenna is only relative to the jamming geometric
model which contains the azimuth position of the jammer
and jamming in SAR image. Then, azimuth jamming filter
is generated by DPCA processing and its center on a single
stationary jammer. The jamming image is classified as an
enhanced area and a weakened area. So both barrage noise
jamming and deception jamming based on a single jammer
are suppressed by DPCA processing. The other important
problem faced by the SAR GMTI jammer is how to generate
jamming in the whole DPCA image. The phase of jamming
signal in antennas are controlled to destroy the suppression
of SAR GMTI and interferometry synthetic aperture radar
(InSAR) by utilizing the multiple coherent stationary jam-
mers [19], [20]. However, because the high accuracy jam-
ming geometric model is hardly acquired, coherent jamming
signal is difficult to generate based on multiple jammers. 3-D
deceptive interferingmethodwith double jammers is an effec-
tive deception jamming method to generate the false scene
and confuse InSAR [21]. However, to generated false scene,
the high computational burden of the jammer is still required.
So, in this paper, we intended to propose a jamming method
which can generate jamming to cover the whole DPCA image
while keeping its easy realization.

A barrage noise jammingmethod based on double jammers
against three channel SAR GMTI is proposed by changing
the jamming geometric model. By controlling the azimuth
distance between the double jammers, the jamming can cover
the whole SAR and DPCA images and prevent SAR GMTI
from acquiring the information of moving targets. Compared
with the deception jamming method based on multiple coher-
ent jammers, the phase and amplitude of jamming signal
do not need to be accurately controlled. This makes the
proposed jamming much easier to be realized. The rest of
this paper is organized as follows. The reason why jam-
ming will be suppressed after DPCA processing is detailed
analyzed in Section II. The barrage noise jamming method
based on multiple jammers are proposed in Section III to
overcome disadvantage of jamming method based on a single

FIGURE 1. Geometric model of jamming based on a single jammer.

jammer while keeping its easy realization. In Section IV,
simulation results are provide to validate the effective-
ness of the proposed method. Section V concludes this
paper.

II. ANALYSIS OF JAMMING EFFECT BASED ON A SINGLE
STATIONARY JAMMER
In this section, jamming effect based on a signal jammer is
briefly presented. In addition, the important problem faced by
the jammer about why the jamming based on a single jammer
is suppressed is analyzed.

As shown in Fig. 1, SAR GMTI is assumed work at board-
side mode. The X-axis is the azimuth direction aligned with
the SAR GMTI velocity vector, the Y-axis is the ground
range direction, and the Z-axis is perpendicular to the ground
and represent Height. The platform of SAR GMTI moves
at a constant velocity v along the azimuth direction, X-axis,
at altitude h.

The SAR GMTI contains three antennas, and these anten-
nas are denoted by the points A1, A2, and A3, respectively.
The signal is transmitted from antenna A2 and is received
by antennas A1 and A3. Their coordinates are (vtaD, 0, h),
(vta, 0, h) and (vta + D, 0, h) varying with ta, where ta is
the slow time and D is the distance among the antennas.
D satisfies the DPCA condition that D = N•v/PRF where
N is a positive integer, and PRF is the pulse repetition
frequency [10].

A single stationary jammer is denoted by the point J1, and
its coordinate is (x1, y1, 0).The jamming signal is transmitted
by the jammer to SAR GMTI. Although the jamming signal
are different based on different method, geometric jamming
model is the same. So the following analysis of jamming
effect is suitable for the jamming method based on a single
jammer, including the barrage noise jamming method and
the deception jamming method. Without loss of generality,
the deception jammer, which it retransmits the intercepted
SAR signal to form the false target, is used in this section,
and the process of DPCA is shown in Fig. 2 [3].

The linear frequency modulation (LFM) signal that is
transmitted by SAR GMTI system can be described as fol-
lows.

S0(tr , ta) = ar (tr )exp{j2π [f0(tr + ta)+ 0.5γ t2r ]} (1)
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FIGURE 2. The process of DPCA.

where tr is the fast time, f0 is the radar center frequency, γ

is the chirp rate, and ar (tr ) =
{
1|tr | ≤ Tr/2
0|tr | > Tr/2

presents pulse

envelope of the signal where Tr is the pulse duration.
The distance between the antenna A2 and the stationary

jammer J1 varying ta is described as follows.

RA2J1 (ta) =
√
(vta − x1)2 + y21 + h

2

≈ R1 −
vx1
R1

ta +
v2t2a
2R1

(2)

where R1 =
√
x21 + y

2
1 + h

2.
Similarly, the distance between the jammer J1 and the

antenna A1 and that between the jammer J1 and the antenna
A3 varying ta, respectively, are described as follows.

RJ1A1 (ta) =
√
(vta − D− x1)2 + y21 + h

2

≈ RA2J1 (ta)−
vD
R1
ta +

x1D
R1
+

D2

2R1
(3)

RJ1A3 (ta) =
√
(vta + D− x1)2 + y21 + h

2

≈ RA2J1 (ta)+
vD
R1
ta −

x1D
R1
+

D2

2R1
(4)

The range history of the jammer J1 for antennas A1 and A3,
respectively, are summarized as follows:

RA1 (ta) = RA2J1 (ta)+ RJ1A1 (ta) (5)

RA3 (ta) = RA2J1 (ta)+ RJ1A3 (ta) (6)

The baseband echo of jamming signal S1 and S3 received
by antennas A1 and A3 can be described as follows.

S1(tr , ta)

= σJar

(
tr −

RA1 (ta)
c

)
aaz

(
ta −

x1
v

)
×exp

[
jπγ

(
tr −

RA1 (ta)
c

)2
]
exp

[
−j

2πRA1 (ta)
λ

]
(7)

S3(tr , ta)

= σJar

(
tr −

RA3 (ta)
c

)
aaz

(
ta −

x1
v

)
×exp

[
jπγ

(
tr −

RA3 (ta)
c

)2
]
exp

[
−j

2πRA3 (ta)
λ

]
(8)

where λ is the wavelength, σJ is the gain factor of the jammer,

aaz(ta) =
{
1|ta| ≤ Ta/2
0|ta| > Ta/2

is the azimuth envelope where Ta is

the jammer exposure time. In order to generate the false target
J, which its coordinate is (xJ , yJ , 0), the phase modulation
and the time delay modulation are performed by utilizing the
intercepted SAR signal. Then the baseband echo of jamming
signal is received by antennas A1 and A3 can be described as
follows [14].

S ′1(tr , ta) = S1(tr , ta) · exp
{
−
4π [RA2J(ta)− RA2J1 (ta)]

λ

}
∗ δ

{
tr −

2[RA2J(ta)− RA2J1 (ta)]
c

}
(9)

S ′3(tr , ta) = S3(tr , ta) · exp
{
−
4π [RA2J(ta)− RA2J1 (ta)]

λ

}
∗ δ

{
tr −

2[RA2J(ta)− RA2J1 (ta)]
c

}
(10)

where δ {·} is the Dirac delta function. RA2J(ta) is the distance
between the antenna A2 and the stationary jammer J varying
ta as follows.

RA2J(ta) =
√
(vta − xJ )2 + y2J + h

2

≈ RJ −
vx1
RJ

ta +
v2t2a
2RJ

(11)

where RJ =
√
x2J + y

2
J + h

2. Because both the jammer and
the false target are usually located in the imaging area, the
following approximation holds: R1 ≈ RJ .

After SAR processing [17], ignoring the same phase
between the jamming images I1 and I3, the SAR image of
false target J can be described as follows.

I1(xJ , yJ ) = IJ (xJ , yJ ) · exp
[
−j

2πD
λ

(
x1
R1
−
2xJ
R1

)]
(12)

I3(xJ , yJ ) = IJ (xJ , yJ ) · exp
[
−j

2πD
λ

(
−
x1
R1

)]
(13)

IJ (xJ , yJ ) = σJ

(
1−
|ta − xJ/v|

Ta

)(
1−
|tr − tJ |
Tr

)
×sinc

[
πBr (tr − tJ )

(
1−
|tr − tJ |
Tr

)]
×sinc

[
πBa

(
ta −

xJ
v

)(
1−
|ta − xJ/v|

Ta

)]
(14)

where tJ = 2R1/c. Then, according to (12) and (13), the
different phase of jamming image in different antenna is only
relative to the jamming geometric model which contains the
image position of jamming and the jammer in azimuth. The
jamming image can be described after DPCA processing as
follows.

IDPCA(xJ , yJ ) = |I3(xJ , yJ )− I1(xJ , yJ )|

= |IJ (xJ , yJ )| · 2

∣∣∣∣sin [2πD(xJ − x1)λR1

]∣∣∣∣ (15)
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FIGURE 3. The azimuth jamming filter of DPCA image.

The SAR image is modulated by the amplitude coefficient
related to the azimuth position of the jammer and the false tar-
get, and the maximum of the amplitude coefficient is 2. This
process is likely that the SAR image is filtered by azimuth
jamming filter as shown in the Fig.3. The jammer is at the
order, and the jamming is suppressed by azimuth jamming
filter related to the azimuth position of the jammer and the
false target. Then, the jamming image has be classified as
an enhanced area and a weakened area. In the weakened
area, the jamming is suppressed by the azimuth jamming
filter and IDPCA(xJ , yJ ) < |IJ (xJ , yJ )|. In the enhanced area,
the jamming is enhanced by the azimuth jamming filter and
IDPCA(xJ , yJ ) ≥ |IJ (xJ , yJ )|.

In the enhanced area, the azimuth distance between the
jammer and the jamming can be described as follows.

λR1(6k + 1)
12D

≤ xJ − x1 ≤
λR1(6k + 5)

12D
(16)

where k is an integer. Correspondingly, in the weakened area,
the distance between the jammer and the jamming can be
described as follows.

λR1(6k − 1)
12D

< xJ − x1 <
λR1(6k + 1)

12D
(17)

Although the jamming images are different, including
barraged jamming method and deception jamming method,
the jamming effect is relative to the azimuth position of the
jammer and the jamming imaged in the SAR image. Jamming
image will be suppressed or eliminated in the weakened area,
and the information of the moving targets can be acquired
by DPCA processing. So jamming method based on a single
jammer cannot provide the effective protection in the whole
imaging area.

III. PRINCIPLE OF BARRAGE NOISE JAMMING METHOD
BASED ON DOUBLE JAMMERS
Based on the analysis of the jamming effect based on a single
jammer in Section II, a barrage noise jamming method based

FIGURE 4. Geometric model of barrage noise jamming based on double
jammers.

on double jammers is proposed by changing the jamming
geometric. By controlling the azimuth distance between the
jammers, the suppression of SAR GMTI is destroyed, and
the jamming can cover the whole DPCA image. As shown
in Fig. 4, assume that there are two barrage noise jammers,
J1 and J2, in the imaged area. Their coordinates are (x1, y1, 0)
and (x2, y2, 0), respectively. The azimuth distance between J1
and J2 is 1x. According to Section II, the jamming image in
two received antennas can be expressed, respectively, as

IA1 (xJ , yJ ) = IJ1(xJ , yJ ) · exp
[
−j

2π
λ

(
x1D
R1
−

2DxJ
R1

)]
+ IJ2(xJ , yJ ) · exp

[
−j

2π
λ

(
x2D
R2
−

2DxJ
R2

)]
(18)

IA3 (xJ , yJ ) = IJ1(xJ , yJ ) · exp
[
−j

2π
λ

(
−
x1D
R1

)]
+ IJ2(xJ , yJ ) · exp

[
−j

2π
λ

(
−
x2D
R2

)]
(19)

R2 =
√
x22 + y

2
2 + h

2 (20)

where IJ1(xJ , yJ ) and IJ2(xJ , yJ ) are barrage noise jamming
images in the SAR image [17], and they are generated by
jammers J1 and J2, respectively. The jamming image I2 can
be described by utilizing the jamming image I1 as follows.

IJ2(xJ , yJ ) = A · IJ1(xJ , yJ ) · exp (jθ) (21)

where A and θ are the amplitude and phase different between
IJ1(xJ , yJ ) and IJ2(xJ , yJ ), respectively. The barrage noise
jamming generated by two jammers are not need to coherent,
and A and θ are Gaussian random variables.

After DPCA processing, the jamming image is as fol-
lows [21].

IDPCA(xJ , yJ )

= |IA3 (xJ , yJ )− IA1 (xJ , yJ )|

= 2 ·
[
2A sin

(ϕ1
2

)
sin
(ϕ2
2

)
cos(θ )

+ sin2
(ϕ1
2

)
+ A2 sin2

(ϕ2
2

)]1/2
· |IJ1(xJ , yJ )| (22)
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where

ϕ1 = −
4πD(x1 − xJ )

λR1
(23)

ϕ2 = −
4πD(x2 − xJ )

λR2
(24)

In order to generate noise in the whole DPCA image,
ϕ2 = ϕ1 + (1 + 4k)π/2 should be obtained by controlling
the azimuth distance between the two jammers where k is an
integer, and the azimuth distance is shown as follows.

1x = |x2 − x1| =
(1+ 4k)λR1

4D
(25)

Then, (22) is simplified as follows.

IDPCA(xJ , yJ ) = 2 ·
[
2A sin

(ϕ1
2

)
cos

(ϕ1
2

)
cos(θ )

+ sin2
(ϕ1
2

)
+ A2 cos2

(ϕ1
2

)]1/2
· |IJ1(xJ , yJ )| (26)

Considering the jammers are assumed have approximate
jamming power, so the mean of A is approximately equal to
0 dB. In addition, because θ is Gaussian random variables,
themean of cos(θ ) is 0. Then, themean amplitude of jamming
image after DPCA processing can be described as follow.

E[IDPCA(xJ , yJ )] = 2 · |IJ1(xJ , yJ )| (27)

So the proposed jamming method can generate the noise in
the whole DPCA image, and the weakened area of jamming is
avoided. In addition, the jamming amplitude gain is defined
as the amplitude of the jamming in DPCA image and that
generated based on the single jammer in SAR image ratio.
According to (27), the mean of jamming amplitude gain gen-
erated with the proposed jamming method is 2. Meanwhile,
according to (15), the maximum of jamming amplitude gain
generated with the barrage noise jamming method based on a
single jammer is 2. The proposed jamming method has the
higher jamming amplitude gain while the noise can cover
the whole DPCA image. So the proposed method is able to
provide the effective protection in the whole DPCA image.

IV. SIMULATION RESULTS
In this section, simulation result of barrage noise jamming
based on double jammers against SAR GMTI compared with
that of barrage noise jamming based on a single jammer.

A. SIMULATION PARAMETERS OF SAR GMTI
The azimuth and ground range length of the illumined area
are 300 m and 100 m, respectively. The primary parameters
of the SAR GMTI are listed in TABLE 1.

The area without jamming is imaged and shown in Fig. 5.
These are set for contrast and further analysis, and mov-
ing targets are imaged and pointed. The Signal Noise
Ratio (SNR) is assumed as 13.2 dB where detection probabil-
ity is 0.9 and false-alarm probability is 10−6, and the Clutter
Noise Ratio (CNR) is assumed as 20 dB [22].

TABLE 1. Simulation parameter.

FIGURE 5. SAR and DPCA images without jamming. (a) SAR image.
(b) DPCA image.

B. BARRAGE NOISE JAMMING BASED ON
A SINGLE JAMMER
The barrage noise jamming result based on a single jammer
is set for contrast analysis. The coordinate of a single jammer
is (0 m, 10000 m, 0 m). The Jamming Signal Ratio (JSR)
is 30 dB. The results of SAR and DPCA images are shown
in Fig 6. (a) and (b). In addition, azimuth sectional plots of
SAR and DPCA images are present in Fig 6. (c) and (d),
and the amplitude of jamming is normalized by using the
maximum amplitude of the jamming in the SAR image.
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FIGURE 6. SAR and DPCA images with barrage noise jamming based on a single jammer. (a) SAR image. (b) DPCA image.
(c) azimuth sectional plot of SAR image. (d) azimuth sectional plot of DPCA image.

As shown in Fig. 6. (a) and (c), the barrage noise jamming
based on the signal jammer can cover the whole imaging area,
but jamming in the DPCA image will be suppressed as shown
in Fig. 6. (b) and (d), and moving targets are imaged and
detected in DPCA image. In addition, the dashed line presents
the amplitude coefficient of the azimuth jamming filter as
shown in Fig, 6 (d), and it satisfied(15). So barrage noise
jamming method based on a single jammer cannot provide
the effective protection in the whole imaging area.

C. FALSE TARGETS DECEPTION JAMMING
False moving targets deception jamming method is an impor-
tant deception jamming method, and it is proved as the
effective jamming method against SAR GMTI [15], [16].
The intercepted radar signal is modulated by range time-
delay and phase modulation to form the echo of false
moving targets. In order to show the advantages of the
proposed method, the jamming result is set for contrast
analysis.

The coordinate of a single jammer is (0 m, 10000 m,
0 m). Four false moving target are generated in the illu-
minated area. The velocity of the false moving targets is
shown in Table 2. The JSR is 0 dB. The SAR and DPCA
results are shown in Fig 7. (a) and (b). In addition, azimuth
sectional plots of SAR and DPCA images are present in Fig
7. (c) and (d), and the amplitude of jamming is normalized
by using the maximum amplitude of the jamming in the
SAR image.

As shown in Fig.7. (a) and (c), the false targets are gener-
ated beside the real moving targets, and the targets have the
same amplitude. So false moving targets deception jamming
can prove the effective protection in SAR image. However,
as shown in Fig.7. (b) and (d), the false moving targets decep-
tion jamming will be suppressed by the azimuth jamming
filter. The dashed line presents the amplitude coefficient of
the azimuth jamming filter as shown in Fig, 7 (d), and it satis-
fied(15). Then, the analysis of reason why the jamming based
on a single jammer is eliminated in Section II is verified. So,
we can draw a conclusion from Section IV B. and C. : the
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FIGURE 7. SAR and DPCA images with false targets deception jamming. (a) SAR image. (b) DPCA image. (c) azimuth
sectional plot of SAR image. (d) azimuth sectional plot of DPCA image.

TABLE 2. The velocity of four false moving targets.

jamming method based on a single jammer cannot provide
the effective protection in whole imaging area.

D. BARRAGE NOISE JAMMING BASED ON DOUBLE
JAMMERS
According to (25), the coordinates of two jammers J1 and
J2 are (0 m, 10000 m, 0 m) and (28 m, 10000 m, 0 m),
respectively. JSR is 30 dB. The jamming result is imaged
as shown in Fig. 8. The SAR and DPCA results are shown
in Fig 8. (a) and (b). In addition, azimuth sectional plots of
SAR and DPCA images are present in Fig 8. (c) and (d),
and the amplitude of jamming based on double jammers is

normalized by using the maximum amplitude of the jamming
in the SAR image.

As shown in Fig 8. (a) and (c), jamming based on dou-
ble jammers can cover the whole SAR image. In addition,
the jamming based on double jammers can be generated in the
whole image area and moving targets cannot be effectively
detected form SAR image after DPCA processing as shown
in Fig 8. (b) and (d), and the mean of jamming amplitude
gain is 2.02, which jamming amplitude gain is defined as the
amplitude of the jamming in DPCA image and that generated
based on the single jammer in SAR image ratio in Section III.
In Section III, according to (27), the mean of jamming ampli-
tude gain generated with the proposed jamming method is
2 in theory. The result of theory and experience are nearly
same.

In addition, the result of jamming amplitude gain after
1000 experiments is shown as Fig. 9. The mean of the result is
2.01. The jamming amplitude gain error between simulation
and theory is 0.01, and it is too slight to notice, which verifies
the effectiveness of the proposed algorithm. So the proposed
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FIGURE 8. SAR and DPCA images with barrage noise jamming based on double jammers. (a) SAR image. (b) DPCA image.
(c) azimuth sectional plot of SAR image. (d) azimuth sectional plot of DPCA image.

FIGURE 9. Result of the gain coefficient after 1000 experiments.

method is able to prove the effective protection in the whole
DPCA image.

V. CONCLUSION
Two important problems faced by the jammer are why
the jamming based on a single jammer is suppressed or

eliminated and how to generate noise in the whole DPCA
image. By analyzing jamming geometric model based on a
single jammer, the reason is that the phase of jamming image
in different antenna is only relative to the jamming geometric
model which contains the azimuth position of the jammer and
jamming in SAR image. By analyzing the jamming effect
based on a single jammer, the azimuth jamming filter is used
to explain that jamming will be suppressed after DPCA pro-
cessing. The jamming area will be classified as an enhanced
area and a weakened area. In the weakened area, jamming
cannot cover real moving targets, so information of moving
targets are detected. To overcome this disadvantage, a barrage
noise jamming method based on double jammers is pro-
posed. By controlling the distance between double jammers,
the phase of jamming signal in the two received antennas
can be changed, and the suppression of SAR GMTI will be
destroyed. The whole SAR and GMTI images are covered
by noise, and the information of moving targets cannot be
detected by utilizing DPCA processing. Compared with the
deception jamming method based on multiple coherent jam-
mers, the phase and amplitude of jamming signal are not need
to be accurately controlled. In addition, the jamming energy

18762 VOLUME 7, 2019



X. Chang, C. Dong: Barrage Noise Jamming Method Based on Double Jammers Against Three Channel SAR GMTI

of the proposed jamming is more than that of a barrage noise
jamming based the single jammer while keeping its easy real-
ization. The validity is verified by simulation experiments.
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