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An Anti-2D Deceptive Jamming Method for
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Abstract—Aimed at the problem that range-azimuth joint jam-
ming can effectively generate high fidelity false targets in syn-
thetic aperture radar (SAR) images, an anti-2D deceptive jamming
method for multibaseline interferometric SAR is proposed in this
article. The method consists of three steps: identification; classifica-
tion; and suppression. First, the target is detected in the sea clutter
background using constant false alarm rate algorithm, and then,
the false target is identified base on the difference of the spatial
position of the target in different SAR images. Second, through
the analysis of the generating principle of deceptive jamming,
the false target is classified by multibaseline interferometric SAR
according to partial prior knowledge, which is designed based on
the differences between the interferometric phase of the true and
false target. Finally, the position of the active jammer is co-located
underlying the phase equalization characteristics between multiple
baselines and the geometric configuration of the SAR, and the
adaptive beamforming method is supplied to suppress the jamming
signal. The proposed method has a significantly improved ability
to suppress jamming relative to interferometric phase cancellation.
The effectiveness of the proposed method is verified by simulation.

Index Terms—Anti-2D deceptive jamming, beamforming,
jammer positioning, interferometric phase, synthetic aperture
radar (SAR).

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) is an active microwave
remote sensing system, which can achieve all-day and

all-weather high-resolution imaging, and plays a key role in
terrain detection, military reconnaissance and other fields [1],
[2]. However, SAR system often suffers from complex electro-
magnetic interference in practical radar imaging. For the purpose
of protecting the target from reconnaissance, many jamming
methods are designed for SAR system, such as barrage jamming
and deceptive jamming [3]. Currently, the antibarrage
jamming technology is relatively mature [4]–[6], but deceptive
jamming is difficult to identify and suppress since its high
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fidelity and strong concealment characteristics. Taking effective
measures against deceptive jamming is a significant challenge
for SAR imaging system.

In general, one-dimensional (1-D) deceptive jamming sup-
pression technology for SAR is divided into two types: single-
channel and multichannel SAR suppression technology [7].
About the former, the radar system transmits agile chrip signal
to resist deceptive jamming with phase coding modulation,
random initial phase or orthogonal frequency division multi-
plexing [8]–[10]. Nevertheless, due to the different modulation
of the transmitting waveform, the difficulty of transmitting and
receiving is greatly increased, and the imaging quality of the real
target is decreased. In order to solve these problems, Zhao et al.
[11] suggested that statistical information was used to enhance
the difference between real echo and deceptive jamming, and
dynamic synthetic aperture and super-resolution schemes were
used to realize separation and reconstruction of the real and
false targets. About the latter, for example, Li and Zhu [12]
and Feng et al. [13] detected false targets by obtaining the
phase difference of two SAR images with two antennas. But
their methods only detect the false target and do not propose
method how to suppress it. The multichannel system utilizes
the degree of freedom of the space between channels, so that
the real signal and the false target have different wave ranges
in different channels, and the jamming signal is suppressed
by the method of spatial cancellation [14]. However, the real
targets in the same direction as jammer are also suppressed in
the cancellation process. In [15] and [16], the author recognized
the deceptive jamming based on the geometric characteristics
of the multistatic SAR and located the position of the jammer
through the position relationship between the radar and the false
target, so as to realize the antirange deceptive jamming. In brief,
1-D deceptive jamming of a single style can be easily identified
and eliminated. With the continuous emergence of the new SAR
system, the information processing capability of the SAR system
is becoming stronger and stronger, and the 2-D deceptive jam-
ming optimized and combined with the basic interference pattern
has gradually become a hot topic [17]–[21]. Therefore, it is
necessary and urgent to demonstrate how to effectively resist 2-D
deceptive jamming without affecting the real target. At present,
the multiple-input and multiple-output synthetic aperture radar
(MIMO-SAR) system in [22] used phase compensation to make
the real target meet the coherent accumulation, and achieved the
suppression of 2-D false targets, but this method requires precise
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control of the phase, and the imaging of real target might be
affected by a slight deviation.

From the above research, it can be found that there are few
researches on the anti-2D deceptive jamming of SAR systems.
Although 2-D deceptive jamming is difficult to identify with high
fidelity characteristics, the degree of freedom of a multichannel
SAR system gradually increases with the number of antennas,
which also provides more possibilities for us to design antijam-
ming methods. For purpose of extending the degrees of freedom
of multichannel SAR, we have introduced the idea of multiview
observation on the concept of multibaseline to enhance the abil-
ity of multichannel SAR system to identify jamming. Aiming
at the problem of how to effectively suppress 2-D deceptive
jamming without affecting the imaging of real targets, this article
proposes a multibaseline interferometric SAR anti-2D deception
jamming method based on co-location and spatial suppression.
The method is first to use the constant false alarm rate (CFAR)
algorithm to detect the target in the background of sea clutter, and
then identifies and classifies the deceptive jamming in the target
by estimating the baseline based on partial prior knowledge.
Next, a multibaseline interferometric SAR co-location method is
designed, which uses the phase equalization characteristics and
geometric configuration of the intersection-orbit and along-orbit
interferometric SAR to locate the position of the active jammer.
Finally, we use the adaptive beamforming method to suppress
the incoming signal emitted by the jammer, which enables the
suppression of 2-D deceptive jamming.

The rest of this article is organized as follows. In Section II,
the deceptive jamming model of multibaseline interferometric
SAR is established, and the deceptive jamming of range and
azimuth dimension is detected and recognized. Section III clas-
sifies deceptive jamming in the azimuth and range dimensions.
Section IV presents the method of anti-deceptive jamming,
including the location of jammer and the suppression of jamming
signal. Section V describes the details of the simulation results
and analysis. In Section VI, we briefly summarize this article.

II. DETECTION AND DISTINGUISH OF TARGETS

A. Geometric Model

The system structure of airborne multibaseline interferomet-
ric SAR is shown in Fig. 1. SAR platform moves along the
x−axis with velocity va. Antenna A1 and A2 represent along-
orbit interferometric SAR, while antennas A1 and A3 represent
intersection-orbit interferometric SAR. The baseline length is
denoted by D and S, respectively. Master antenna A1 and slave
antenna Aq (q = 2, 3, 4) are the common antennas for transmit-
ting and receiving, where the beam squint angle of antenna A4

is θr,c, and the other antennas transmit signals by side-looking
mode. When antenna A1 azimuth slow time ta= 0, the projection
point of antenna A1 on the ground is the coordinate origin. The
center of scene is located at O(0, Y0), point J(xj, yj) represents the
location of the jammer, and point P′ is a false target generated by
the jammer modulation. The real target is represented by point
P, and the point Q represents the reference points of the real
target in the imaging scene.

It is well known that SAR transmits linear frequency modu-
lation signal, and the echo of the target signal received by the

Fig. 1. Deceptive jamming model of multibaseline interferometric SAR.

jammer in the nth channel is expressed as follows [1]:

sn (tr, ta) = A0wr

(
tr − 2Rjn (ta)

c

)
wa (ta − tc)

× exp

{
−j2πf0

2Rjn (ta)

c

}

× exp

{
jπKr

(
tr − 2Rjn (ta)

c

)2
}

(1)

where tr and ta denote fast time and slow time, respectively.
wr(�) is range envelop function, wa(�) is azimuth envelop func-
tion, tc signifies the azimuth center time, Kr represents the
frequency modulation, Rj(ta) denotes the instantaneous slant
distance from radar to jammer, and A0 represents the scattering
intensity of the false target.

B. Identification of Real and False Targets

At present, 2-D deceptive jamming of SAR is mainly gener-
ated by azimuth Doppler frequency and range delay modulation
[24], [25]. The azimuth Doppler modulation can generate false
targets in azimuth dimension, the range delay jamming can gen-
erate false targets in range dimension, and the combination of the
two can produce 2-D false targets. Therefore, the 2-D deceptive
jamming signal intercepted by the jammer is expressed as

sna (tr, ta) = sn (tr, ta) ∗ δ (tr − τ)× exp

{
j2πKa

Δxj

va
ta

}
(2)

where Δxj denotes the azimuth distance from the jammer to the
false target; Ka is the azimuth Doppler modulation frequency;
τ is the fixed delay. δ(�) is the Dirac impulse function, and the
symbol “∗” represents convolution.

The 2-D deceptive jamming described above can be decom-
posed into azimuth-dimension jamming and range-dimension
jamming. The generation of SAR azimuth deception jamming
is divided into two steps. First, based on the azimuth delay and
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Doppler coupling characteristics of the chirp signal, the Doppler
modulation of the SAR slow time domain signal is performed.
Then, azimuth dimension matching filter is used to generate
specific deception jamming in azimuth direction [17]. After
omitting the constant term, the antenna A1 receives the azimuth
Doppler modulation jamming signal after focusing, and its the
time-domain expression is obtained as

s1a (tr, ta) = A0 sin c

[
πBr

(
tr − 2rj

c

)]

× sin c

[
πBa

(
ta − xj

va
+

Δxj

va

)]
(3)

where rj represents the shortest slant distance from radar to

jammer, and rj =
√
(Y0 + yj)

2 + h2. Br and Ba mean range
and azimuth Doppler bandwidth, respectively.

In the SAR imaging scene, range delay jamming commonly
used to generate false targets in range dimension [16]. De-
pending to the expected false target intensity and position in-
formation, the jammer performs range delay and amplitude
modulation on the intercepted SAR signal. The time domain
signal is obtained by focusing the range-delayed jamming echo
received by the antenna A1, and the expression is

s1r (tr, ta) = A0 sin c

[
πBr

(
tr − 2rj

c
− τ

)]

× sin c [πBa (ta − tc)] . (4)

Obviously, the change of τ and Δxj can affect the position
of the false target. In order to identify false targets in the scene,
the radar is allowed to observe the targets from side-looking
and squint views respectively. The top view of the multibaseline
interferometric SAR is shown in Fig. 2. It is supposed that the
point F1 is the range delay jamming, the point F2 is the azimuth
Doppler modulation jamming, the point F3 is the 2-D deceptive
jamming, and the subscripts r, c indicates squint SAR. Since
the range delay jamming is generated by fast time forwarding,
it is shifted along the range of the jammer and the direction
of the radar beam. Therefore, in side-looking and squint SAR,
the position of range delay jamming is represented as F1(xj,
rj + cτ / 2) and F1r,c(xj + cτsinθr,c / 2, rj + cτcosθr,c /
2), respectively. Azimuth dimensional jamming is generated by
the jammer through azimuth modulation, which offsets in the
azimuthal direction of the jammer and in the vertical direction
of the radar beam. Therefore, the false target positions generated
by azimuth Doppler jamming are denoted as F2(xj + Δxj, rj)
and F2r,c(xj +Δxjcosθr,c, rj – Δxjsinθr,c) in the side-looking
and squint SAR, respectively. Based on the above analysis, The
position of the 2-D false target F3 in different SAR views can
be expressed as⎧⎪⎪⎨

⎪⎪⎩
x3 = xj +Δxj

r3 = rj +
cτ
2

x3r,c = xj +Δxj cos θr,c +
cτ
2 sin θr,c

r3r,c = rj −Δxj sin θr,c +
cτ
2 cos θr,c

(5)

where x3 and r3 mean the azimuth coordinates and shortest slant
range history of 2-D false target, respectively. xj and rj represent

Fig. 2. Top view of side-looking and squint SAR. (a) 2-D geometric model of
side-looking SAR. (b) 2-D geometric model of squint SAR.

the azimuth coordinates of the jammer and the shortest slant
distance from radar to jammer, respectively. According to (5),
when the observation angle changes, the coordinates of the false
target change accordingly, but the coordinates of the real target
remain unchanged.

In order to realize the antideceptive jamming of multibaseline
interferometric SAR, it is first necessary to detect the target to
be observed in the SAR image. CFAR algorithm is an effective
target detection algorithm under the background of sea clutter
[23], which can obtain the geometric centers of all the targets
of interest in SAR images. Then, based on the same false
target has different position offset in SAR images from different
perspectives, the false target is identified. we select two images
Ai and Bj from SAR images of different viewing angles, where
the target geometric center in the Ai image is A(i) = {ai 1, ai 2,
…, ai m, …, ai M}, the target geometric center in the Bi image
is B(j) = {bj 1, bj 2, …, bj n, …, bj N}, i, j = 1, 2, 3. Next,
the Euclidean Distance between the mth target in Ai and all N
targets in Bj in turn, which can be expressed as d(i,j) m = {d(i,
j) m,1, d(i, j) m,2, …, d(i, j) m,n, …, d(i, j) m,N}, where d(i, j)
m,n is calculated as follows:

d(i,j)m,n =

√(
aim − bjn

)2

, i �= j. (6)

Finally, we select an appropriate threshold β. When all
elements in d(i,j) m are greater than β, it means that the mth
target in Ai image is a false target, otherwise it is a real target.
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The same operation is repeated on all SAR images from different
perspectives to obtain the location distribution of all false targets.
According to the corresponding relationship between the delay
modulation of the jammer and each false target, the location
of the jammer and the suppression of the jamming signal can
be realized. The specific implementation details are detailed in
Section Ⅳ.

III. CLASSIFICATION OF DECEPTIVE JAMMING

According to the description in Section Ⅱ, false targets in
SAR images can be identified through SAR from different per-
spectives, but the type of deceptive jamming cannot be judged.
Generally, 1-D and 2-D deceptive jamming can be generated by
jammer modulation. Through the accurate identification of the
false target, the jammer can be located more accurately. In order
to further identify false targets, it is also necessary to classify
deceptive jamming.

A. Azimuth Deception Jamming Identification

For the azimuth-dimensional deception jamming, the identi-
fication principle based on the along-orbit SAR is as follows. As
shown in Fig. 1, the instantaneous coordinates of master antenna
A1 and slave antenna A2 are (vata, 0, h) and (vata + D, 0, h)
respectively, and the shortest slant distance from radar to scene
center O is R0. We choose a point Q(x0, Y0 + y0) arbitrarily in the
scene, assuming that this point is the real target, y0 represents
the range distance from scene center O to point Q, and point
P(P′)(xp, yp) is the unknown target. In order to compare the
interferometric phase difference between the point Q and P(P′),
the instantaneous slant distance from the antenna A1 to point Q
is obtained by Fresnel approximation:

R1
Q (ta) =

√
(y0 + Y0)

2 + (vata − x0)
2 + h2

≈ R0 +
y20 + 2y0Y0 + (vata − x0)

2

2R0
. (7)

The instantaneous slant distance from antenna A2 to point Q
is

R2
Q (ta) =

√
(y0 + Y0)

2 + (vata +D − x0)
2 + h2

≈ R0 +
y20 + 2y0Y0 + (vata +D − x0)

2

2R0
. (8)

Thus, the theoretical value of the along-orbit interferometric
phase of point Q is as follows:

ϕ1a = − 4π

λ

(
R1

Q (ta)−R2
Q (ta)

) |ta=0

=
4π

λ

D2 + 2vataD − 2Dx0

2R0
=

4π

λ

D2 − 2Dx0

2R0
. (9)

In the actual operation of radar, the attitude error of aircraft is
easy to exist, so that the master antenna and the slave antenna are
not completely parallel. If along-orbit SAR baseline is too long,
the interferometric phase of the real target generates additional
phase redundancy, which can be identified as false targets.
Before identifying the target, we should first pre-estimate the
baseline length of along-orbit interferometric SAR. Assuming
that the position of slave antenna A2 changes linearly with the
azimuth at any time, the actual coordinate of antenna A2 is
obtained as (vata + (1 + l)D, mD, h + nD), where l, m, and
n are the rate of change of the deviation in the azimuth, range,
and height directions respectively, andl � 1 ,m � 1, n � 1.
Therefore, the true along-orbit interferometric phase at point Q
as (10) shown at the bottom of this page, where a = m2 + l2 +
2l + n2 and b = 2nh + 2mY0 + 2my0 – 2lx0.

Thus, the interferometric phase error caused by the nonparal-
lel radar line-of-sight can be written as

ξa = ϕ1a − φ1a =
4π

λ

aD2 + bD

2R0
. (11)

Let |ξa| < ηa, where ηa represents the identifiable phase of
azimuth direction. Thus, the along-orbit baseline range D can
be calculated as

[(−b−
√

b2 + 4aηaλR0/2π)/2a,

(− b+
√
b2 + 4aηaλR0/2π)/2a)].

Similarly, the theoretical interferometric phase value of point
P, whose azimuth distance from point Q is d under the along-
orbit interferometric SAR, is calculated as

ϕ2a = − 4π

λ

(
R1

Q (ta)−R2
Q (ta)

)
= − 4π

λ

(√
(yp + Y0)

2 + (vat′a − xp)
2 + h2

−
√
(yp + Y0)

2 + (vat′a +D − xp)
2 + h2

)

=
4π

λ

D2 + 2vat
′
aD − 2Dxp

2R0

∣∣
xp=x0+d,t′a=d/va

φ1a = −4π

λ

(√
(Y0 + y0)

2 + (vata − x0)
2 + h2

−
√
(Y0 +mD + y0)

2 + (vata +D (1 + l)− x0)
2 + (h+ nD)2

)
|ta=0

= −4π

λ

((
R1

Q (ta)−R2
Q (ta)

) |ta=0 − aD2 + bD

2R0

)
(10)
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=
4π

λ

D2 − 2Dx0

2R0
. (12)

The true or false of the target can be judged by whether the
along-orbit interferometric phase is consistent. For the identifi-
cation of real targets, it can be obvious known that the azimuth
position of point Q is different from point P according to the
vector properties of (9) and (12), so the arrival time of the
carrier’s Doppler center at two points is different. Assuming
that radar reaches point Q at Doppler central time ta = 0, the
moment at point P is ta′ = d / va, and substituting it into (12),
it can be concluded that (9) is equal to (12), so the along-orbit
interferometric phase of real targets is independent of the range
direction position of the target. For the identification of false
targets in azimuth dimension, point P′ is generated by the
jammer through azimuth Doppler modulation, and the arrival
time of the Doppler center is determined by the position of the
jammer. In this case, the azimuth coordinate of point P′ is xp= x0
+ d and the distance between jammer and false target isΔxj � 0,
so ta′ � d / va, namely (9) and (12) are no longer equal. In brief,
under along-orbit interferometric SAR, if the interferometric
phases of the two targets are the same, then both targets are
not affected by the azimuth dimension jamming; otherwise, at
least one of the two targets is affected by the azimuth dimension
jamming.

B. Range Deception Jamming Identification

In order to identify the range deceptive jamming described
above, it is necessary to compare the difference of intersection-
orbit interferometric phase between the point Q and P(P′). First,
the interferometric phase at point Q can be calculated with the
instantaneous slant distance of antennas A1 and A3 to point Q.
As shown in Fig. 1, the instantaneous coordinates of master
antenna A1 and slave antenna A3 are (vata, 0, h) and (vata, S, h),
respectively. Assuming that point P(P′) is an unknown target,
and the range distance between the point Q and the target P(P′)
is d. The instantaneous slant distance from antenna A1 to point
Q is

R1
Q (ta) =

√
(y0+Y0)

2 + (vata − x0)
2 + h2

≈ R0 +
y20 + 2y0Y0 + (vata − x0)

2

2R0
. (13)

The instantaneous slant distance from antenna A3 to point Q
is

R3
Q (ta) =

√
(y0 + Y0 − S)2 + (vata − x0)

2 + h2

≈ R0 +
y20 + 2y0Y0 + S2 − 2y0S − 2Y0S + (vata − x0)

2

2R0
.

(14)

Thus, the theoretical value of the intersection-orbit interfero-
metric phase of point Q is

ϕ1r = − 4π

λ

(
R1

Q (ta)−R3
Q (ta)

)

= − 4π

λ

(√
(y0+Y0)

2 + (vata − x0)
2 + h2

−
√

(y0 + Y0 − S)2 + (vata − x0)
2 + h2

)

=
4π

λ

(
S2 − 2y0S − 2Y0S

2R0

)
. (15)

Then, the theoretical interferometric phase value of point P,
whose range distance from the point Q is d under intersection-
orbit interferometric SAR, is calculated as

ϕ2r = − 4π

λ

(
R1

Q (ta)−R3
Q (ta)

)
= − 4π

λ

(√
(yp+Y0)

2 + (vata − xp)
2 + h2

−
√

(yp + Y0 − S)2 + (vata − xp)
2 + h2

)

=
4π

λ

(
S2 − 2ypS − 2Y0S

2R0

) ∣∣
yp=y0+d

=
4π

λ

(
S2 − 2dS − 2Y0S − 2y0S

2R0

)
. (16)

If the point Q(xp + d, yp) is located at the azimuth interval
d from the unknown target P(P′), the theoretical value of the
intersection-orbit interferometric phase at point Q is

ϕ2a = − 4π

λ

(
R1

Q (ta)−R3
Q (ta)

)
= − 4π

λ

(√
(yp + Y0)

2 + (vata − xp − d)2 + h2

−
√
(y0 + Y0 − S)2 + (vata − xp − d)2 + h2

)

=
4π

λ

(
S2 − 2ypS − 2Y0S

2R0

)
. (17)

Obviously, under intersection-orbit interferometric SAR, it
can be seen thatϕ1r �ϕ2r from (15) and (16), which shows that
interferometric phase of the true target along the range direction
is not equal. Base on (16) and (17), it can be seen that the inter-
ferometric phase of the true target along the azimuth direction
is equal. Therefore, the true or false of the targets can be judged
according to whether the intersection-orbit interferometric phase
are consistent.

For the identification of real targets, it can be obvious known
that the range position of point Q is different from point P
according to the vector properties of (15) and (16), so the
instantaneous slant distances from the radar to the two points are
also different, and it can be concluded that (15) and (16) are not
equal. For the discrimination of false target produced by range
delay modulation, since the range delay jamming is generated
by the jammer through the fast time delay τ forwarding, it does
not affect the slant distance history of the false target. Therefore,
the intersection-orbit interferometric phases of the false targets
generated by the range delay are all equal, and this method is
suitable for situations where there are n false targets in the scene
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(n ≥ 2, n represents the number of false targets). In short, if
the interferometric phases of multiple targets along the range
direction are the same, it can be judged that the target is range
delay jamming; otherwise, the target is a real target.

Similarly, the attitude error also exists in the intersection-orbit
SAR, which can cause the radar’s line of sight to be nonparallel.
Taking the master A1 antenna as a reference, if the baseline
of intersection-orbit SAR is too long, the actual movement of
the slave antenna A3 deviates from the ideal trajectory, so that
the interferometric phase of the targes can be aliased. In order
to identify deceptive jamming effectively, the baseline length
should be estimated first. It is assumed that the true coordinate of
the antenna A3 is (vata+mS, (1+ l)S, h+nS) at any time, and the
true intersection-orbit interferometric phase of point Q as (18)
shown at the bottom of this page, where c = 2nh –2lY0 –2mx0 –
2ly0. Therefore, it is necessary to minimize the interferometric
phase error caused by non-parallel radar line of sight as follows:

ξr = ϕ1r − φ1r =
4π

λ

(
aS2 + cS

2R0

)
. (19)

Let |ξr| < ηr, where ηr represents the phase iden-
tifiable in the range domain, and the baseline range
S for intersection-orbit SAR can be calculated as[(−c−√
c2 + 4aηrλR0/2π)/2a, (−c+

√
c2 + 4aηrλR0/2π)/2a].

Obviously, if the baseline is too short, the interferometric
phase of true targets in different range directions are consistent,
and the range delay jamming cannot be recognized. If the
baseline is too long, the limit average number of sights in the
range of the radar observation area can be inconsistent [27].
For purpose of further optimizing the length of the baseline and
improve the detection accuracy of false target, it can be achieved
by maximizing the phase difference ϕ12r of the intersection-
orbit interferometric of the true target as shown in (20). This
formula satisfies the two constraints of and 1© and 2©, where
1© means that the limit average number of sights in the range

of antenna A3 is equal to that of antenna A1; 2© indicates that
the intersection-orbit interferometric phase difference of the true
target’s is greater than the recognizable phase⎧⎪⎨
⎪⎩

maxϕ12r = ϕ1r − ϕ2r

s.t. ©1
⌈
Xa/2+(R0−Smax)θbwPRF

va

⌉
=

⌈
Xa/2+R0θbwPRF

va

⌉
©2 ϕ12r > ηr

(20)
where Xa denotes the azimuth width of the SAR scene, PRF
stands for pulse repetition frequency, θbw is beam width, Smax

represents the maximum baseline length of intersection-orbit
SAR, and 	 
 represents rounding up.

IV. JAMMER LOCATION AND JAMMING SIGNAL SUPPRESSION

A. Azimuth Position of Jammer

In the case of along-orbit interferometric SAR, master antenna
A1 transmits signals, and slave antenna A1 and A2 receive signals.
The equivalent phase centers of different channels are different,
and the phase equalization can keep the phase consistency of true
echoes received by different channels. Through the along-orbit
interferometric cancellation, the real target and the false target
generated by range delay jamming can be eliminated in the SAR
image, while the false target generated by azimuth jamming can
be retained. The range dimension jamming takes the range delay
as an example [16]. After omitting the constant term, the antenna
A2 receives the jamming signal after focusing as follows:

s2r (tr, ta)=A0 sinc

[
πBr

(
tr− 2rj

c
−τ

)]
sinc [πBa (ta−tc)]

×exp

(
−j

2π

λ

(
2xFD +D2

rF
− Dvata

rF

))
(21)

where (xF, yF) denotes the coordinates of the false target and
rF represents the shortest slant range from the radar to the false
target.

Due to the position deviation of each receiving channel along
the track direction, before interferometric cancellation, slave an-
tenna A2 needs to compensate for the phase deviation caused by
the different channel positions and the Doppler center frequency
deviation caused by the baseline interval, so the compensated
phase ϕa can be expressed as

ϕa = exp

{
−jπ

2Dvata
λrF

}
× exp

{
j2π

D2 + 2DxF

λrF

}
.

(22)
We can identify the range jamming through the intersection-

orbit interferometric SAR described in Section Ⅲ-B, and the
false target interferometric phase generated by the delay modu-
lation along the same range direction of the jammer is consistent.
Therefore, if there are n (n ≥ 2) targets along the same distance
in the scene with the same interferometric phase, the target
can be judged as deceptive jamming. Then the compensation
phase ϕa of the signal received by antenna A2 is cancelled
with the signal received by antenna A1 in Section II, so that
the false targets in the same range dimension with the jammer
can meet the coherent accumulation, and the false targets in
the same azimuth dimension with the jammer can meet the
incoherent accumulation. In this way, the deceptive jamming
of the same range dimension as the jammer is suppressed, and

φ1r = − 4π

λ

(√
(Y0 + y0)

2 + (vata − x0)
2 + h2

−
√

(Y0 − S (1 + l) + y0)
2 + (vata +mS − x0)

2 + (h+ nS)2
)
|ta=0

= − 4π

λ

((
R1

Q (ta)−R3
Q (ta)

) |ta=0 − aS2 + cS

2R0

)
(18)
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the deceptive jamming of the same azimuth dimension as the
jammer is retained, so the azimuth coordinates of the jammer
can be obtained as xj = xF.

B. Range Position of Jammer

In the case of intersection-orbit interferometric SAR, master
antenna A1 transmits signals, slave antennas A1 and A3 receive
signals. The range location of jammer is realized by intersection-
orbit interferometric SAR, which can eliminate the false targets
generated by azimuth Doppler modulation jamming and keep the
false targets generated by range delay jamming. Here, we use
azimuth Doppler modulation as azimuth dimensional jamming
[17]. Antenna A3 receives jamming signal after focusing can be
expressed as:

s3a (tr, ta) = A0 sin c

[
πBr

(
tr − 2rj

c

)]

× sin c

[
πBa

(
ta − xj

va
+

Δxj

va

)]

× exp

(
−j

2π

λ

S2 − 2yFS − 2SY0

rF

)
. (23)

Due to the position deviation of each receiving channel across
the track direction, it is necessary to compensate the phase
before the interferometric phase cancellation. The phase of the
antenna A3 to be compensated is related to the position of the
azimuth-dimensional deceptive jamming, and the corresponding
compensation function is

ϕr = exp

{
−j2π

(
2yFS + 2SY0 − S2

λrF

)}
. (24)

We can identify azimuth Doppler modulation jamming and
real targets by using along-orbit interferometric SAR described
in SectionⅢ-A, and the false target interferometric phase gener-
ated by the azimuth Doppler modulation along the same azimuth
of the jammer is inconsistent. Therefore, if there are n (n ≥ 2)
targets along the same azimuth in the scene with inconsistent
interferometric phases, the target can be judged to be deceptive
jamming. Then the compensation phaseϕr of the signal received
by antenna A3 is cancelled with antenna A1 in Section II, so
that the jamming signal in the same azimuth dimension with
the jammer can meet the coherent accumulation, and the other
signals can meet the noncoherent accumulation. In this way, the
deceptive jamming signals in the same azimuth dimension as
jammer and the real target are suppressed, and the deceptive
jamming signals in the same range dimension as the jammer are
retained. Thus, we can get the range position of the jammer is
yj = yF.

C. Two-Dimensional Position of Jammer

If there is no 1-D deceptive jamming in the scene, the po-
sition of the jammer cannot be accurately known only by the
interferometric phase of the target and interferometric cancel-
lation. According to the analysis in Section Ⅲ, along-orbit
interferometric SAR can identify whether the false target is

interfered by azimuth-dimension modulation, and intersection-
orbit interferometric SAR can identify whether the false target
is interfered by range-dimension modulation. Therefore, we
can judge the combination type of 2-D deceptive jamming
through combination of along-orbit and intersection-orbit in-
terferometric SAR. In order to further determine the location of
the jammer, it is also necessary to have the SAR observe the
target from different viewpoints after the type of jamming of the
false target has been determined. The geometric relationship for
2-D deceptive jamming from different SAR perspectives can be
expressed as{

xi
F = xi

j +Δxj cos θq +
cτ
2 sin θq

riF = rij −Δxj sin θq +
cτ
2 cos θq

(25)

where (xi
F , r

i
F ) denote the coordinates of the false target gen-

erated by the jammer in the ith SAR image, and i = 1, 2, 3. q
represents different oblique angles of radar, and q = 0°, 10°, 22°.
By solving the above equations, the position of the jammer can
be obtained as (xj, yj).

D. Deceptive Jamming Suppression

Based on the geometric configuration of the multibaseline
interferometric SAR, we obtained the position of the jammer
and suppressed the deceptive jamming by interferometric can-
cellation. However, the false targets near the jammer have strong
scattering characteristics, and some of the drag shadows of the
jamming remain after interferometric cancellation, while the real
target signals in the same azimuth dimension as the jammer
can be suppressed. Therefore, the antijamming effect of the
interferometric cancellation method is not satisfactory. For the
purpose of increasing the flexibility of the SAR, multibaseline
interferometric SAR is equipped with array antennas. The digital
beamforming adjusts the weighting coefficient of each array
according to certain criteria to ensure the beam direction, so
that the radar can set zero trapped in the specified direction of
the antenna pattern. In this process, the jamming signal emitted
by the jammer is suppressed.

Linear constrained minimum variance criterion beamforming
[26] is selected to suppress the jamming signals in this article.
Assuming that there are K complex signals s(�) in the receiving
space, which are shot into the array at different angles and the
number of receiving antennas is N, then the array expression for
the received signal is

y (tr, ta) =

K∑
i=1

s (tr, ta, i)a (θi) + n (tr, ta, i) (26)

where a(θ) = [1, expj2πd sin θ/λ, · · · , expj2π(K−1)d sin θ/λ]
T ∈

CK×1 represents array steering vector, reflecting the phase
difference of the complex signal arriving at different antennas,
n(�) denotes signal noise.

Assuming that we are only interested in the incoming wave
sd(tr, ta) in the θd direction and wish to suppress jamming signals
in the other θj directions, then the receiving signal from radar
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array antenna can be written as

y (tr, ta) = sd (tr, ta)a (θd)

+

K−1∑
i=1

sj (tr, ta, i− 1)a (θj) + n (tr, ta, i) .

(27)

The existing adaptive weight w ∈ CN×1 acts on radar array
signal, and after adaptive filtering, the average power of output
signal is

P = E
(∣∣wHy

∣∣2) = wHRw (28)

where R ∈ CN×N represents the spatial correlation matrix of
the input signal of the radar array, H denotes the conjugate trans-
position, and the optimal estimation is obtained by minimizing
the output signal power as follows:{

minwHRw
s.t. AH (θ)w = f

(29)

where A(θ) = [a(θd),a(θj), · · · ,a(θN−1)] ∈ CK×N . To en-
sure that the desired signal is not distorted, jamming signal
is suppressed by setting zero point. Letf = [1, 0, · · · , 0]T ∈
RK×1, the optimal weight wopt ∈ CN×1of (29) is solved by
Lagrange’s equation as follows:

wopt = R−1A (θ)
(
AH (θ)R−1A (θ)

)−1
fH . (30)

After the above steps, the position of the jammer can be
located according to the relationship between the jammer, the
jamming characteristics of the false target and the different radar
viewing angles, and the jamming signal can be suppressed at the
same time. The specific flow chart of the proposed method is
shown in Fig. 3.

V. SIMULATION AND ANALYSIS

In the simulation experiment, the multibaseline interferomet-
ric SAR system observes the target from different perspectives,
and identifies the deceptive jamming types by using the inter-
ferometric phase characteristics of along-orbit and intersection-
orbit SAR. In this article, ten ships near the coastline were
selected as the simulation scene to prove the effectiveness of
the proposed method. The original scene is shown in Fig. 4(a),
x-axis represents azimuth direction and y-axis represents range
direction. The simulation parameters are given in Table I.

The jammer puts the template of the ship into the digital radio
frequency memory (DRFM) memory in advance, and generates
false targets through azimuth-range joint modulation as shown
in Fig. 4(b). The false targets in the scene include 1-D and 2-D
deceptive jamming. The simulation experiment mainly consists
of two parts. One is the identification and suppression of decep-
tive jamming. First, the SAR is allowed to observe the target
from three different perspectives. Second, the type of deceptive
jamming in the scene is identified by multibaseline interferomet-
ric SAR, then the location of the jammer is located according
to the location of the false target in different SAR images,
and suppress the jamming by using interferometric cancellation

Fig. 3. Flowchart of the proposed method.

TABLE I
SAR PARAMETER SETTINGS

and adaptive beamforming methods. Finally, the SAR image
without jamming is obtained. The other is quantitative analysis.
This article chooses the signal-to-interference ratio to measure
the jamming suppression effect, and signal-to-interference ratio
of interferometric cancellation and adaptive beamforming is
listed. Ultimately, the antijamming performance of the proposed
method is analyzed.

A. Identification and Classification of Deceptive Jamming

In the environment of sea clutter, OR-CFAR algorithm is
selected to detect targets in SAR images and obtain the geometric
center of the target of interest. In this simulation, ships were
considered objects of interest. First of all, it is clear from the
geometrical characteristics of the side-looking and squint SAR
that when the observation angle changes, the position of the
false target changes, but the coordinates of the real target remain
unchanged. Therefore, we let SAR observe the target from
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Fig. 4. Original scene and false targets. (a) Original scene. (b) False targets.

three different angles: 0°; 10°; and 22°, and the experimental
simulation are shown in Fig. 5(a)–(c). The true target is marked
with a green box, and the false target is marked with a red box.

According to the red box mark in Fig. 5, it shows that there
are seven false targets in the SAR image, but the type of de-
ceptive jamming cannot be distinguished. To further identify
false targets, we use a priori knowledge to select the baseline
lengths of S = 14 m and D = 4 m for intersecting-orbit and
along-orbit SAR respectively, and then judge the deceptive
jamming type base on the interferometric phase of the target.
In general, deceptive jamming is divided into two categories.
One is 1-D deceptive jamming, which mainly includes range
delay and azimuth Doppler modulation jamming. The other
is 2-D deceptive jamming, which is mainly a combination of
1-D jamming. In real scene imaging, 1-D deceptive jamming is
generally along the same azimuth or range from the jammer, or
along the direction of the radar beam and the vertical direction of
the beam. and the 2-D deceptive jamming is scattered around the
jammer. From the along-orbit interferometric SAR in Fig. 6(a),
the interferometric phase of real targets 1, 2, and 3 is consistent
with the interferometric phase of false targets 4 and 5 generated
by the range delay jamming, and they are all displayed in light
green. In the intersection-orbit interferometric SAR of Fig. 6(b),
it can be seen that interferometric phase 4, 5, 8, 9, and 10 with
range delay are consistent with the 1-D azimuth jamming 6, 7,
so they show the same color. The interferometric phases of the
real targets 1, 2, and 3 are not consistent, so the colors are not
consistent. Therefore, we can identify the deceptive jamming
types of false targets based on along-orbit and intersection-orbit
SAR, and the target recognition result is shown in Fig. 6(c).
1-D deceptive jamming is marked with a yellow box, and 2-D

deceptive jamming is marked with a red box. The classification
results of the targets are given in Tables II and III. It can be seen
from the table that a single intersection-orbit SAR or along-orbit
SAR cannot identify all types of deceptive jamming, and the
black “�” indicates a possible misjudgment result. Therefore, it
is necessary to combine the two interferometric SAR methods,
and the intersection of the obtained results is the correct identi-
fication result, as shown by the red “�” in Tables II and III.

B. Suppression of Deceptive Jamming

After the above analysis, if there is 1-D deceptive jamming
in the scene, the position of the jammer can be quickly located
using the interferometric phase characteristics of the false target.
By analyzing Fig. 6(a) and (b), we can know which targets
in the SAR image are 1-D deceptive jamming. Generally, the
range delay jamming and the jammer are in the same azimuth
dimension, such as the common azimuth coordinates with targets
4 and 5. The azimuth Doppler modulation jamming and the
jammer are in the same distance dimension, for example, it has
the same range coordinates with targets 6 and 7. Therefore,
by observing the interferometric phase diagram of the target,
it can be known that the position of the jammer is (19.5, −10.5)
in Fig. 6(c). If there is only 2-D deceptive jamming exists in
the scene, the position of the false target under different SAR
perspectives can be known from Fig. 5(a)–(c), and then by
solving (25), the position of the jammer can be calculated as
(19.65, −9.86).

In order to verify the jamming suppression performance of the
adaptive beamforming method for active jammer positioning,
we compared it with interferometric cancellation antijamming.
As can be seen in Fig. 7(a), the along-orbit interferometric
cancellation is able to suppress the range delay jamming 4 and
5, but the real targets 1, 2, and 3 is corrupted. In Fig. 7(b), the
intersection-orbit interferometric cancellation is able to suppress
the azimuth Doppler modulation jamming 6 and 7, but it is not
effective for other types of deceptive jamming. In Fig. 7(c),
the combined interferometric cancellation of along-orbit and
intersection-orbit SAR has a good effect on 1-D deceptive jam-
ming suppression, but the suppression effect on 2-D deceptive
jamming 8, 9, and 10 is poor. In general, interferometric can-
cellation is better at suppressing the amplitude of 1-D deceptive
jamming, but it destroys the real target and cannot well weaken
the amplitude of 2-D deceptive jamming. In this article, the
adaptive beam method of jammer positioning can effectively
suppress the jamming signal. The SAR images in Fig. 7(d) show
that the deceptive jamming is basically completely suppressed,
and the real targets 1, 2, and 3 are well preserved.

C. Antideceptive Jamming Performance Evaluation

To demonstrate the effectiveness of the proposed method, the
ratio of required signal power to interference power is used as
an indicator, which is called signal interference ratio (SIR), as
follows:

SIR = 10 log10

∑
p,q |D(xp, yq)|2∑
p,q |Y (xp, yq)|2

(31)
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Fig. 5. Different perspectives of SAR. (a) 0°. (b) 10°. (c) 22°.

Fig. 6. Classification of false targets. (a) Along-orbit interferometric phase. (b) Intersection-orbit interferometric phase. (c) Recognition result.

TABLE II
RECOGNITION RESULTS OF ALONG-ORBIT INTERFEROMETRIC SAR

TABLE III
RECOGNITION RESULTS OF INTERSECTION-ORBIT INTERFEROMETRIC SAR

where Y(�) represents the scattering coefficient of images after
processing. D(�) represents the scattering coefficient of an image
containing jamming. p and q denote the number of pixels in
the azimuth direction and the range direction, respectively. The
larger the SIR, the better the antijamming performance. The anti-
jamming performance evaluation of interferometric cancellation
and adaptive beamforming methods is given in Table IV.

It can be seen from Table IV that compared with interferomet-
ric cancellation, the adaptive beamforming method of jammer
positioning not only improves the suppression effect of 1-D
deceptive jamming, but also significantly enhances the ability
to suppress 2-D deceptive jamming.

To further judge the performance of the proposed method in
suppressing 2-D deceptive jamming, it is assumed that there
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Fig. 7. Suppression of deceptive jamming. (a) Along-orbit SAR interferometric cancellation. (b) Intersection-orbit SAR interferometric cancellation. (c) Along-
orbit and intersection-orbit SAR joint interferometric cancellation. (d) The proposed method.

TABLE IV
ANALYSIS OF ANTIDECEPTIVE JAMMING PERFORMANCE

are only two real targets in the scene, and the number of 2-D
false targets is constantly changing. Then, the antijamming SIR
values of the jammer positioning adaptive beamforming and
interferometric cancellation are evaluated respectively, and the
experimental simulation is shown in Fig. 8. After the jamming
signal suppression, the SIR value has been improved. However,
compared with interferometric cancellation, when the number
of false targets increases, the SIR value of the adaptive beam-
forming method for jammer positioning to suppress jamming
is significantly higher. According to the above analysis, the
proposed method has better anti-jamming performance, which

Fig. 8. Performance analysis of deceptive jamming suppression.

not only effectively eliminates 2-D false targets, but also does
not affect the imaging of real targets.

VI. CONCLUSION

In order to effectively suppress high-fidelity 2-D deceptive
jamming in SAR images, a multibaseline interferometric SAR
anti-2D deceptive jamming method is proposed in this article.
The method first uses CFAR algorithm to detect the position
information of the target to be observed under the background of
sea clutter, and then designs an optimal baseline interferometric
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SAR to identify 2-D deceptive jamming based on partial a
priori knowledge. Finally, the geometric characteristics of the
multibaseline interferometric SAR are used to co-locate the
position of the active jammer.

For the positioning of the jammer, we considered two jam-
ming scenarios. One is that the false target contains 1-D de-
ceptive jamming, and the range and azimuth positions of the
jammer are located separately by using the along-orbit and
intersection-orbit SAR interferometric cancellation respectively,
while still suppressing most of the interference. The other is
that there is only 2-D deceptive jamming in the scene, and the
position of the jammer is located from different perspectives
through side-looking SAR and squint SAR. After obtaining
the position information of the jammer, the SAR is equipped
with an array antenna, and then, the adaptive beamforming
method is used to suppress the jamming signal emitted by
the jammer. As the future work, we will further study the
multibaseline interferometric SAR antiscattered wave deceptive
jamming.
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