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Abstract: Retransmission deception jamming seriously degrades the Synthetic Aperture Radar (SAR)
detection efficiency and can mislead SAR image interpretation by forming false targets. In order
to suppress retransmission deception jamming, this paper proposes a novel multiple input and
multiple output (MIMO) SAR structure range direction MIMO SAR, whose multiple channel antennas
are vertical to the azimuth. First, based on the multiple channels of range direction MIMO SAR,
the orthogonal frequency division multiplexing (OFDM) linear frequency modulation (LFM) signal
was adopted as the transmission signal of each channel, which is defined as a sub-band signal.
This sub-band signal corresponds to the transmission channel. Then, all of the sub-band signals
are modulated with random initial phases and concurrently transmitted. The signal form is more
complex and difficult to intercept. Next, the echoes of the sub-band signal are utilized to synthesize
a wide band signal after preprocessing. The proposed method will increase the signal to interference
ratio and peak amplitude ratio of the signal to resist retransmission deception jamming. Finally,
well-focused SAR imagery is obtained using a conventional imaging method where the retransmission
deception jamming strength is degraded and defocused. Simulations demonstrated the effectiveness
of the proposed method.
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1. Introduction

Synthetic aperture radar (SAR) has been widely used in civil exploration and military surveillance
due to its all-weather, long-time and large-range detection capabilities [1]. However, rapidly developed
electronic countermeasures (ECMs) can degrade the SAR imaging quality and system efficiency
significantly [2–4]. The ECMs for SAR can be classified into barrage jamming and deception jamming,
according to the signal characteristics and purpose of the ECM. Barrage jamming uses radio frequency
noise with enough power to cover and corrupt the target signal. Deception jamming modulates fake
target information on an intercepted signal retransmitted to the SAR via the direct-path or multipath
routes [5]. Due to the high power consumption and easy identification and suppression, barrage
jamming is less utilized compared to deception jamming. The false target formation by deception
jamming will mislead the SAR image interpretation, which is difficult to recognize and mitigate,
making deception jamming more flexible and efficient than barrage jamming.
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As a result, anti-jamming and jamming suppression methods have become an appealing research
topic in recent years [6–8]. Until now, most of the research and literature has been focused on the
problem of narrow band interference (NBI) suppression, which is a classical unintentional interference
caused by communication sources and broadcast and TV signals [9–13]. The relevant research on
deception jamming suppression, wide band interference, is insufficient and not comprehensive.
Miller proposed a parametric method based on building a mathematical model of the interference.
Nevertheless, the effectiveness of jamming suppression is determined by the model’s degree of
matching with the jamming. In [14], an adaptive two-dimensional filter, relying on estimating
the statistical characteristics of the SAR image, was designed to suppress the NBI. Meanwhile,
as for a classical non-parametric method, it is arduous to design an appropriate filter for the
echo signal, which is not only blurred by NBI but also interfered with by wide band jamming.
Methods such as Independent Component Analysis (ICA) and Independent Subspace Analysis
(ISA) [12,13], were adopted for NBI suppression. These can extract the statistically independent
jamming signal relying on the significant variance between jamming and target echoes in the data
domain. ISA improves signal projection from the one-dimensional time domain to the two-dimensional
time-frequency domain and reduces the constraints of ICA. However, when the jamming signal is not
independent of the target echoes, the jamming suppression effect will be degraded. The aforementioned
NBI suppression methods are not suitable for wideband interference, such as deception jamming.
Tao et al. utilized the short-time Fourier transform (STFT) to convert the wideband interference (WBI)
into a series of instantaneous NBI spectrum mitigation problems [15]. The premise of Tao’s method is
that WBI has distinct energy variations in the time-localized spectra that can be captured by the STFT.
However, deception jamming can intercept the SAR signal and retransmit it to the SAR without energy
variations in localized time.

In essence, the main approach to deception jamming suppression is to use a complex signal during
transmission and increase the signal to interference ratio (SIR) at the receiving terminal. The MIMO
SAR [16,17] realizes this idea based on its multiple channel receiving and transmitting ability. In [18],
Gebert proposed the structure of an azimuth MIMO SAR in order to improve the resolution. In [17],
the OFDM signal, a typical independent waveform for MIMO radar, is used in MIMO SAR to reduce
the range ambiguity. MIMO SAR can not only achieve high-resolution and wide-swath imaging but
also has great potential in anti-jamming and jamming suppression. In [19], Rosenberg made use of the
multiple channel signal receiving ability, a vital advantage of MIMO SAR, to cancel hot-clutter jamming,
one type of multipath jamming. However, direct-path wide band jamming, such as retransmission
deception jamming, was not mentioned.

To overcome the limitations of the aforementioned methods, we propose herein a novel
MIMO structure, called range direction MIMO SAR, to suppress retransmission deception jamming.
The multi-channel antenna of the MIMO SAR is arranged along the range direction. First, at the
transmitting terminal, the orthogonal frequency division multiplexing (OFDM) LFM signal is adopted
as the sub-band signal [20], which has a one-to-one correspondence with the transmitting channel
of the antenna array. Then, random phases were modulated in each sub-band signal. After that,
the modulated sub-band signal will be concurrently transmitted by the corresponding antenna.
The concurrently transmitted sub-band signals will arrive at the jammer at the same time, which makes
them hard to intercept and be recognized by the jammer. The jammer can only retransmit the signals
with frequencies located in the jammer’s working frequency band. Hence, the jammer’s retransmission
time delay will increase more than a Pulse Repetition Time (PRT), which means the phase of the
retransmitted deceptive jamming signal will not match the target echo in the azimuth. Second, at the
receiving terminal, the sub-band signals will be pre-processed, including the phase compensation, time
shift and frequency shift. Then, the sub-band signals can be utilized to synthesize a wide band signal
in the range direction. Meanwhile, part of the frequency band of the synthesized wide band signal
will be blurred by the retransmission deceiving jamming. Finally, the traditional methods could be
applied to get the SAR image of the synthesized wide band signal. After using the proposed methods,
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the jammer signal could not get the signal processing gain and will defocus in the SAR image because
of the mismatch with the target echo. Meanwhile, the sub-band signal synthesis will increase the target
signal processing gain and the signal to interference ratio will increase.

This paper is organized as follows: Section 2 presents the principle of range direction MIMO SAR.
Section 3 proposes the pre-processing method of the concurrently transmitted sub-band signals of
range direction MIMO SAR. Section 4 analyzes the efficiency of the proposed retransmission deception
jamming suppression. Section 5 shows the results of our simulations. Section 6 concludes the paper.

2. Principle of Range Multiple Channel MIMO SAR

2.1. Geometry Model

The antenna is staggered in a direction that is vertical with the azimuth direction, which is called
the range direction. There are M transmitting and receiving sub antennas comprising the whole linear
MIMO antenna array. The OFDM-LFM [18,20] is used in the Range MIMO SAR, and each sub-band
has a one-to-one correspondence with the sub-antenna element, which means that the number of
OFDM sub-band signals is determined by the sub-antenna element count.

The geometry model is illustrated in Figure 1. We suppose that there are M sub-antenna elements,
that the distance between them is equal, and that each antenna element can receive the transmitted
signals from the others. As shown in Figure 1, we assume that the MIMO antenna linear array is
along the y-axis. Its length is L, and the interval between each element is d. The MIMO SAR travels
along with the x-axis with a speed of v. The height of the MIMO SAR is H. The projection of the SAR
platform in the xoy plane is the coordinate origin. The range direction is along the y-axis. The middle
point of the antenna Emid is located at (0, ym, 0) when the azimuth time is zero. Likewise, when the
azimuth time is ta, the k-th antenna’s coordinate Ek can be indicated as (vta, yk, H). Hence, an arbitrary
element Ek’s y-axis coordinate is as follows:

yk = ym + (k− 1
2 −

M
2 )d k = 1 . . . M (1)
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Figure 1. The Range MIMO SAR geometry model.

There is a scatter target and a jammer in the observation scene. Meanwhile, if the point scatter
target P is located at (x0, y0, z0) and the jammer is located at (xJ, yJ, zJ), the double trip instantaneous
slant range of target Rkl, which presents the slant range from the k-th transmitting antenna element to
the l-th receiving antenna element, can be indicated as:
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Rkl(ta) = RkP(ta) + RPl(ta)

=
√
(vta − x0)

2 + (yk − y0)
2 + (H − z0)

2

+
√
(vta − x0)

2 + (yl − y0)
2 + (H − z0)

2

(2)

where, ta is the azimuth time, and RkP represents the single trip slant range from the k-th transmitting
antenna to the target P. Similarly, RPl is the single trip slant range from target P to the l-th receiving
antenna. Likewise, the double trip instantaneous slant range of the jammer is:

RJ
kl(ta) = RkJ(ta) + RJl(ta)

=
√
(vta − xJ)

2 + (yk − yJ)
2 + (H − zJ)

2

+
√
(vta − xJ)

2 + (yl − yJ)
2 + (H − zJ)

2

(3)

2.2. Signal Model

Usually, the sub-band signal can be formed by dividing the wide band signal in the frequency
domain. This is illustrated in Figure 2. The bandwidth of the original wide band signal is Bw, and it is
divided by the bandwidth B. After a time shift, the sub-band signal will be concurrently transmitted in
the corresponding transmission channel.
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Supposed that the pulse width is Tw, the bandwidth is Bw, the center frequency is fc, and the
center time Tc is 0. Therefore, the modulated frequency ratio Kr is equal to Bw/Tw. At is the signal
amplitude. Then, the wideband signal can be indicated as:

Sw(t) = Atrect(
t

Tw
) exp

(
j(2π fct + πKrt2)

)
(4)

If the wideband signal Sw is divided into M sub-bands, the bandwidth of the sub-band signal B is
Bw/M and the pulse width of the sub-band signal T is Tw/M. Therefore, the center frequency of the
k-th sub-band signal is as follows:

fk = fc + (k− 1
2 −

N
2 )B k = 1 . . . M (5)

Then, the center time of the k-th sub-band signal is indicated as follows:

Tk = Tc + (k− 1
2 −

N
2 )T k = 1 . . . M (6)

So that the k-th sub-band transmitting signal with random phase modulation can be indicated as:

Sk(t) = Atrect(
t
T
) exp

(
j(2π fkt + πKrt2 + ϕk)

)
(7)

Without consideration of the time delay, the concurrent transmission of all sub-band signals is
as follows:
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SCT(t) = At

M

∑
k=1

rect(
t
T
) exp

(
j(2π fkt + πKrt2 + ϕk)

)
(8)

We suppose that there are nc targets in the scene. Then, the target echoes, which are transmitted
by the k-th antenna and received by the l-th antenna, can be indicated as:

Skl(tr, ta) = ∑
nc

Ar(δ
nc
kl , Rnc

kl )rect( tr−
Rnc

kl (ta)
c

T )rect( ta
Ta
) exp

(
j(2π fk(tr −

Rnc
kl (ta)

c ) + πKr(tr −
Rnc

kl (ta)
c )

2
+ ϕk(ta))

)
(9)

where tr and ta are the time of range direction and azimuth, respectively. T is the range direction time
width of the sub-band signal. Ta is the azimuth synthesis time. fk is the k-th working center frequency
of the k th transmitting antenna. δnc

kl is the nc-th target radar cross-section (RCS). Ar is the receiving
signal amplitude which is attenuated by the radar equation. Theoretically, the antenna elements
corresponding with the sub-band will receive other antenna-transmitted sub-band signals because the
frequency band of the antenna elements is equal to the wide band signal that is synthesized by the
sub-band signal. Hence, the whole echoes of target signal are as follows:

S(tr, ta) = ∑
l

Sl(tr, ta) = ∑
l

∑
k

Skl(tr, ta) (10)

Usually, we assume that the jammer can only intercept the signal located in its working
frequency channel and accurately estimate all the parameters. According to the theoretical model of
retransmission deception jamming [3,5], the major procedures are time delay and false information
modulation. If the jammer intercepts the I-th sub-band signal, the deception jamming signal model is
as follows:

J(tr, ta) = ∑
l

∑
n

AJ [δn(tr − (
2∆RJPn(ta)

c
− τs

′)− τs)× SIl(tr, ta)]× exp(−j4π
∆RJPn(ta)

c
) (11)

where the ∆RJPn(ta) is the instantaneous single-trip slant range from point J to the n-th false target P,
and τs is the system inherent time delay of the jammer. AJ is the jamming amplitude. The operator
* represents the convolution, which means the time delay of the intercepted signal. The false
information is included in the additional phase modulation. Generally, the system time delay is
beyond the PRT. Therefore, τs

′ is utilized to modify the system time delay as follows:

τs
′ = mod(τs)PRT τs > PRT (12)

so that the echoes, which include the target signal and the retransmitted deception jamming signal,
can be represented as:

SA(tr,ta) = S(tr, ta) + J(tr, ta)

= ∑
l

∑
k

Skl(tr, ta) + ∑
l

∑
n

AJ [δn(tr − (
2∆RJPn (ta)

c − τs
′)− τs)× SIl(tr, ta)]× exp(−j4π

∆RJPn (ta)
c ) (13)

3. Range MIMO Signal Processing

Due to the one-to-one correspondence between the sub-band signal and the antenna element, the
range MIMO SAR antenna with M channels is equivalent to having the capability of using M sub-band
signals [20]. Moreover, the geometry model of the range MIMO SAR antenna will determine the
position of the equivalent phase center [21], which is established to solve the MIMO signal processing.

The M antenna elements ranging along the y-axis will produce M × M equivalent phase
centers, where (2 × M − 1)’s positions are different from each other. Hence, as Figure 3 shows,
the 3-channel MIMO SAR has nine phase centers in total, and only five positions are independent.
The equivalent phase center of the k-th transmitting antenna and l-th receiving antenna is located at
ykl, and indicated by:
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ykl = (yk + yl)/2 (14)
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From the equation, the location of ykl is the same with ylk. As the figure shows, the equivalent
phase center position of three transmitting elements is overlapped and situated in the 2nd antenna
element position. In the overlapped phase center, the wide band signal will be synthesized without
any additional conditions because the OFDM signal is utilized as the sub-band signal.

The bandwidth of the synthesized signal in the 2nd antenna elements is triple that of the sub-band
signal when the bandwidth of the sub-band signal is equal. The adjacent phase center will synthesize
twice the original band width of the sub-band signal. Simultaneously, the range direction resolution
of each phase center is diverse, which is positively related to the bandwidth of the synthesized wide
band signal.

Meanwhile, for the range direction MIMO SAR with M transmitting and receiving antenna
channels, the bandwidth range of the synthesized signal is from 1 to M times the sub-band signal.
To get the highest resolution and largest bandwidth, the middle equivalent phase center is utilized as
an effective jamming suppression terminal. Range direction MIMO SAR has advantages compared
to azimuth MIMO [20,22]. The merit of range MIMO is that the azimuth processing is equivalent to
a traditional single channel SAR without consideration of non-uniform sampling and any Doppler
ambiguity in azimuth direction [23,24].

The movement of every equivalent phase center is translational after an azimuth interval. Hence,
the azimuth sample will not be staggered. According to the operation principle of equivalent phase
center, the sum of the single-trip slant range RkP and RPl, which is the actual range Rkl, is approximate
to the double-trip slant range Rkl from the equivalent phase center Ekl with coordinate (vta, ykl, H) to
the target P:

Rkl(ta) = 2
√
(vta − x0)

2 + (ykl − y0)
2 + (H − z0)

2 (15)

The slant range Rkl from the k-th transmitting antenna element Ek to the l-th receiving antenna
element El is approximately equal to the double-trip slant range Rkl from the equivalent phase center
Ekl to the target P. For any antenna elements E with coordinate (x, y, H), the Taylor series expansion of
the single trip slant range R(ta, y) around arbitrary point yT is:

R(y) =
√
(x− x0)

2 + (y− y0)
2 + (H − z0)

2

≈ R(yT) +
(yT−y0)

R(yT)
(y− yT) +

1
2

R2(yT)−(yT−y0)
2

R3(yT)
(y− yT)

2

≈ R(yT) + A(y− yT) + B(y− yT)
2

(16)

Usually, the slant range R is expanded around Emid, i.e., the center point of the linear antenna
array. Hence, Equation (2) can be written as follows:
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Rkl(yk, yl) ≈ 2R(ym) + A((yk − ym) + (yl − ym)) + B
(
(yk − ym)

2 + (yl − ym)
2
)

(17)

The position of the equivalent phase center is the center between the transmitting and receiving
antenna elements. The Taylor series expansion of the equivalent phase center can be indicated
as follows:

Rkl(ykl) ≈ 2R(ym) + 2A(ykl − ym) + 2B(ykl − ym)
2 (18)

Meanwhile, the slant range difference is as follows:

∆R = Rkl − Rkl ≈ B
(yk − yl)

2

2
(19)

3.1. Phase Error Correction

The phase difference, which is caused by the range difference and has some negative effects on
the SAR imaging, needs to be corrected in any imaging process. As Equation (16) shows, B can be
indicated as:

B =
1
2

R2
c⊥(ym)

R3
c (ym)

(20)

where Rc(ym) presents the instantaneous slant range between the center point of the antenna array and
the target point. Rc⊥(ym) is the projection of Rc(ym) in the xoz plane. Hence, the phase difference is as
follows:

∆ϕ = −
πd2

kl
2λ

R2
c⊥(ym)

R3
c (ym)

(21)

where dkl = yk − yl. It presents the absolute interval between element Ek and element El.
On the one hand, the phase error is related to the synthesis aperture time for the same target.

When the azimuth changed, the phase error for the same target P with coordinate (x0, y0, z0) can be
indicated as:

Eϕt = −
πdkl

2

2λ
(

R2
c⊥(ta1)

R3
c (ta1)

−
R2

c⊥(ta2)

R3
c (ta2)

) (22)

We suppose that the velocity of the SAR platform is 300 m/s, dij is 5 m, λ is 0.056 m, and the
center point P is located at (0, 16010, 0). When ta1 is zero and ta2 is from −2.5/s to 2.5/s, the phase
error change is as shown in Figure 4.
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the SAR imaging, needs to be corrected in any imaging process. As Equation (16) shows, B can be 
indicated as: 

2

3

( )1
2 ( )

c m

c m

R y
B

R y


 
(20)

where Rc(ym) presents the instantaneous slant range between the center point of the antenna array 
and the target point. ( )c mR y

 is the projection of Rc(ym) in the xoz plane. Hence, the phase difference 
is as follows: 

2 2

3

( )=
2 ( )

  kl c m

c m

d R y

R y





 (21)

where dkl = yk − yl. It presents the absolute interval between element Ek and element El. 
On the one hand, the phase error is related to the synthesis aperture time for the same target. 

When the azimuth changed, the phase error for the same target P with coordinate (x0, y0, z0) can be 
indicated as: 

2 2 2
1 2

3 3
1 2

( ) ( )( )
2 ( ) ( )

   kl c a c a
t

c a c a

d R t R t
E

R t R t




 (22)

We suppose that the velocity of the SAR platform is 300 m/s, dij is 5 m,   is 0.056 m, and the 
center point P is located at (0, 16010, 0). When ta1 is zero and ta2 is from −2.5/s to 2.5/s, the phase error 
change is as shown in Figure 4. 

 
Figure 4. Phase error in different azimuth time. Figure 4. Phase error in different azimuth time.

The phase error will increase when ta2 is far from ta1. Thus, the phase error needs to be corrected
in each azimuth sampling time.
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On the other hand, the phase error is related to the positions of the different targets in the
main-lobe beam coverage. Usually, we use the slant range of the center point in the beam coverage to
replace the slant ranges of the other targets in the scene. Meanwhile, the phase error will be imported.
If there are two targets P1 and P2 with coordinates (x1, y1, z1) and (x2, y2, z2), the phase error between
P1 and P2 is:

EϕP = −πdkl
2

2λ ( (x−x1)
2+(z−z1)

2

((x−x1)
2+(y−y1)

2+(z−z1)
2)

3/2 −
(x−x2)

2+(z−z2)
2

((x−x2)
2+(y−y2)

2+(z−z2)
2)

3/2 ) (23)

When the wave length and antenna interval are fixed, the phase error is only affected by the target
position. We suppose that the position of target P2 is moving along the x-axis and y-axis. Then, P1 is
located at (0, 0). Accordingly, for different intervals of the antenna channel d, the phase error is as
shown by Figure 5.
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If target P2 is at any point in the scene and d is 1.5 m, the phase error of the beam coverage will be
obtained as in Figure 6.
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To obtain a high resolution image, the phase difference needs to be modified by using the center
point of the beam coverage. The simulation proved that when the antenna interval d is smaller,
the phase error is acceptable for image processing.

3.2. Signal Processing Flowchart

The signal processing includes two primary parts: preprocessing and imaging processing.
After preprocessing, the traditional imaging algorithm can be utilized. The procedure of preprocessing
is as follows: the first step in multiple sub-band signal processing is using the corresponding center
frequency to demodulate the sub-band signals. Then, the sub-band signals are filtered to reduce the
out-band noise and wide band jamming. The second step of the filtered sub-band signal is modifying
the random phase of the sub-band signal. After this step, the target signal will be accurately matched.
However, the system time delay of the deception jamming permits the jamming signal mismatch.
The third step of the echo is the phase difference compensation for the multiple band signals. The fourth
step of the compensated signal is the synthesis of the wide band signal using the sub-band signals.
We supposed that there are M receiving and transmitting channels in the range MIMO SAR. Hence,
the receiving signal can be indicated as:

Sr =


S11 S12 · · · S1M

S21 S22 · · · S2M
. . . . . . · · · . . .

SM1 SM2 SMM

 (24)

According to the position of the signal equivalent phase center, the sub-band signal is settled
in the matrix. Every column presents a phase center. Meanwhile, the Q-th equivalent phase center
signal is:

SE
Q =

Q
∑

k=1
Sk(Q+1−k)(tr, ta) Q ∈ [1, 2M− 1] (25)

The band width is determined by the position of the equivalent phase center. BQ, the band width
of SE

Q, is as follows:

BQ =

{
QB Q ≤ M
(2M−Q)B Q > M

(26)

Thus, the widest band width BW = MB. The number and bandwidth of the sub-band signal are
two decisive components of BW. To analyze the preprocessing easily, we ignore the influence of the
target number and RCS. Let τa = Rnc

ij (ta)/c, the equation can be indicated as:

SE
Q(tr, ta) =

Q
∑

k=1
Sk(Q+1−k)(tr, ta)

=
Q
∑

k=1
rect( tr−τa

T )rect( ta
Ta
) exp

(
j(2π fk(tr − τa) + πKr(tr − τa)

2)
) (27)

The SOB, echo of the transmitted wide band signal Sw, is as follows:

SOB(tr, ta) = rect(
tr − τa

MT
)rect(

ta

Ta
) exp

(
j(2π fc(tr − τa) + πKr(tr − τa)

2)
)

(28)

Simultaneously, it can be represented by the sub-band signal SE
Q.

SOB = SE
Q

∣∣∣
Q=M

(tr − (Tk − Tc)) =
M

∑
k=1

Sk(M+1−k)(tr − ∆Tk, ta) (29)
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where ∆Tk is equal to Tk − Tc. The sub-band signal will be separated according to different carrying
frequencies. Therefore, the sub-band signal is demodulated by the center frequency and compensated
random phase:

SE
Q

∣∣∣
Q=M

=
M
∑

k=1
Sk(M+1−k)(tr, ta) exp(−j2π fktr)exp(−jϕk(ta))

=
M
∑

k=1
rect( tr−τa

T )rect( ta
Ta
) exp

(
j(−2π fkτa + πKr(tr − τa)

2)
) (30)

Then, every sub-band signal in the same equivalent phase center is time shifted. Let tr = tr − ∆Tk,
so the process is as follows:

SE
Q

∣∣∣
Q=M

(tr − ∆Tk) =
M
∑

k=1
rect( tr−∆Tk−τa

T )rect( ta
Ta
) exp

(
j(−2π fkτa + πKr(tr − ∆Tk − τa)

2)
)

=
M
∑

k=1
rect( tr−τa

MT )rect( ta
Ta
) exp

(
j(−2π fcτa + πKr(tr − τa)

2)
)

exp(−j2π∆ fktr) exp(jπKr∆Tk
2)

(31)

Comparing this equation with Equation (30), the time shifted sub-band signal lacks a linear phase
and a constant phase. The frequency shift and phase compensation will recover the wide band by
using the time-shifting sub-band signals. In conclusion, the signal preprocessing flow chart of range
MIMO SAR which adopts the OFDM signal as the sub-band signal and random phase modulation,
is as seen in Figure 7.
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Figure 7. Range MIMO SAR signal preprocessing flowchart.

After preprocessing, the sub-band signals have to be synthesized into a wide band signal that can
be utilized to obtain SAR images by a traditional imaging algorithm. Moreover, the preprocessing will
suppress the jamming signals.

4. Range Direction MIMO SAR Anti-Deception Jamming Efficiency Analysis

Considering the retransmision deception jamming in the echoes as Figure 8, the anti-jamming
efficiency of the range MIMO SAR is analyzed after signal pre-processing and imaging.
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Because the range direction MIMO SAR using the concurrently transmitted sub-band signal is
modulated by a random phase, the jammer processing time will increase and even cannot intercept
and recognize concurrently transmitted signals. The inherent system time delay τs can be indicated
as follows:
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τs = bτs/PRTcPRT + mod(τs)PRT = nPRT + τs
′ (32)

where b c represents selecting the lesser round number, and mod means selecting the remainder.
The integer n indicates that the jamming signal will fall behind n PRTs in the SAR receiving terminal.
As in Equation (11), we suppose that the jammer intercepts the I-th sub-band signal:

J(tr, ta) = AJS
J
Il(tr −

2∆RJP(ta)

c
, ta − nPRT) (33)

After carrying out frequency demodulation and random phase demodulation, the deception
jammer signal is as follows:

J(tr, ta) = AJrect( tr−τ′
T )rect( ta

Ta
) exp

(
jπKr(tr − τ′)2

)
· exp(−j2π fkτ′) exp(j(ϕI(ta)− ϕI(ta − nPRT)))

(34)

where Am means the jammer signal gain [4,25]. τ′ is the time delay and is given as follows:

τ′ =
RJ

Il(ta) + 2∆RJP(ta)

c
(35)

After range compression, the jammer signal is as follows:

J(tr, ta) = AJ T sin c(Br(tr − τ′))rect( ta
Ta
) exp(−j2π fkτ′)

· exp(j∆ϕ(ta))
(36)

where ∆ϕ(ta) means the phase difference caused by the jammer system time delay and is equal to the
minus phase:

∆ϕ(ta) = ϕI(ta)− ϕI(ta − nPRT) (37)

Next, we suppose that the slant range of the deception target generated by the retransmit jamming
is approximate with the real target:

RP
Il(ta) ≈ RJ

Il(ta) + 2∆RJP(ta) (38)

Hence, after the Range Cell Migration Correction, the false target P will be corrected into the
shortest slant range RP

Il . The jamming signal is as follows:

J(tr, ta) = AJ T sin c(Br(tr −
RP

Il
c ))rect( ta

Ta
) exp(−j2π fkτ′)

· exp(j∆ϕ(ta))
(39)

If the azimuth compression response function is ha(ta), the azimuth compression process is
as follows:

J(tr, ta) =
∫
Ta

rect( τ
Ta
) exp(−j2π fk(ατ + βτ2)) exp(j∆ϕ(τ))ha(τ − ta)dτ

·AJ T sin c(Br(tr −
RP

Ij
c ))

(40)

Based on the integral mean value theorem, the azimuth gain of the jamming signal is in the range
given by the expression:

Ta min(Ja(τ)ha(τ − ta)) ≤
w

Ta

Ja(τ)ha(τ − ta)dτ < Ta max(Ja(τ)ha(τ − ta)) (41)

where Ja is the azimuth signal of the entire jamming signal J. Equation (41) shows that the jamming
signal defocuses in the azimuth direction due to the random phase mismatch. The greater the phase
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difference randomness, the lower the jamming signal pulse compression processing gain. The shorter
the integrating range, the lower the jamming signal compression processing gain. We suppose that the
jamming signal azimuth processing gain is K (Ta), which is less than the real target azimuth processing
gain Ta. As Equation (40) shows, the jamming signal will achieve sub-band range compression
gain. Hence, according to whole signal processing flowchart, the total gain of the jamming signal is
proportional to the following equation:

GJP ∝ AJ TK(Ta) (42)

As for the single sub-band target signal, after the range and azimuth compression processing, the
total gain is as follows:

GPsig ∝ TTa (43)

Then, the sub-band signal will be synthesized to a wide band signal, which will increase the range
processing gain. The total gain will be as follows:

GPall ∝ MTTa (44)

Hence, the peak aptitude ratio of the target to jamming without sub-band synthesizing is
indicated as:

rA1 =
GPsig

GJP
=

Ta

AJK(Ta)
(45)

The peak aptitude ratio of target to jamming after sub-band synthesizing is indicated as:

rA2 =
GPall
GJP

=
MTa

AJK(Ta)
= MrA1 (46)

5. Simulation

Retransmission deception jamming is simulated in this part. We supposed that the range direction
MIMO SAR has 5-channel antenna elements. The geometry model is as shown in Figure 1. The target
is located in a 3 × 3 matrix that has a middle point P in the center of the scene with coordinates
(0, 16010, 0). Then, the interval in the range direction of the point matrix is 10 m, and the interval in
the azimuth is 30 m. The jammer J is located in the adjacent point in the same row with coordinates
(0, 16000, 0) in the point matrix. The other simulation conditions are given the Table 1.

Table 1. Simulation conditions.

Parameter Value

Carry Frequency 5.3 GHz
Sub-band Number 5
Channel interval d 1.5 m

SAR speed v 300 m/s
SAR height H 8000 m

Pulse width of sub band signal T 5 µs
Chirp rate in range direction 20 × 1012 Hz/s

Over sampling rate 1.2
Band width in azimuth 80 Hz

Pulse Repetition Frequency 100 Hz

First, the random phase modulation is simulated. We suppose that the modulation random phase
obeys Gaussian noise N(0, 2π) and that the jammer system time delay is 2 PRTs. When the azimuth
synthesis time and frequency modulation rate are fixed such that the azimuth time is 1 s and the chirp
rate in the azimuth direction is 500 Hz, the result of the jammer signal and target signal azimuth
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compression processing is as follows: Figure 9 shows that the deception jamming signal will defocus
after the azimuth compression because of the phase residue in random phase compensation. The phase
residue is associated with the time delay of retransmitting jamming signal. Next, we analyze the
effect of the azimuth time to the peak amplitude ratio (PAR) of the target signal to the jamming signal
without sub-band synthesis. The Monte-Carlo experiment is simulated when the azimuth chirp rate is
50 kHz/s and the sampling rate is 60 kHz/s. The azimuth time is from 0.01 s to 1 s, and the random
phase still obeys N(0, 2π). The peak amplitude ratio simulation is as seen in Figure 10.
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It is noticeable that the PAR will increase when the azimuth time is increasing, which is consistent
with the theoretical analysis that rA1 is proportional to the azimuth time. The effect of the random
phase modulation relies on the azimuth time. The longer the azimuth time, the better the jamming
suppression result. Second, we suppose that the inherent jammer delay time is 2 PRT and that the
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jammer intercepts the third band signal and forms the retransmitted jamming signal. When the jammer
J forms two false point targets PF1 and PF2 located at (15, 16010, 0) and (−15, 16010, 0), respectively,
the imaging result is as seen in Figure 11.Sensors 2017, 17, 123 14 of 17 
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When the interference to signal ratio is from 0 dB to 40 dB and the step is 20 dB, which means
that the interference power is increasing, the sub-band synthesis processing of range MIMO SAR and
single band processing are simulated, respectively.

As Figures 12–14 show, the deception jamming signal is obviously defocusing in the azimuth in
both sub-band synthesis and single band processing so that there is a jamming stripe forming along
the azimuth. Owing to the random phase modulation, the deception jamming only gets the range
direction compression gain. Meanwhile, the jamming signal is located in the right range bin with the
range coordinate 16010.
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Figure 14. ISR 40 dB sub-band synthesis and single sub-band imaging result: (a) Sub-band synthesis of
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As the jamming power increases from 0 dB to 40 dB, the amplitude of the jamming stripe also
increases. With the same jamming power, the jamming suppression effect of sub-band synthesis
processing is better than that of the single sub-band processing. As Figure 14b shows, the amplitude
of jamming is greater than that of the real target in single sub-band processing, which has negative
effects on the image interpretation. Nevertheless, as Figure 14a shows, the amplitude of the jamming
signal is still less than that of the real target in sub-band synthesis processing, which almost has no
negative effects on the image interpretation. The quantitative results for the SIR and PAR of the signal
to interference is indicated in Table 2.

As Table 2 shows, after image processing, the SIR and PAR, including the sub-band synthesis
process and the single sub-band process, will decrease when the ISR in the echoes is increasing.
However, the SIR and PAR of the sub-band synthesis process are higher than those of the single band
process, which has also been illustrated in Figures 12–14. Even when the deception jamming signal
power is 40 dB, the PAR of the sub-band signal synthesis is 2.9. Nevertheless, the PAR of the single
sub-band process is 0.59, which means the amplitude of the jamming signal is larger than what the
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target shows in Figure 14b. After sub-band synthesis is used, the SIR and PAR will have increases in
the sub-band number of times in the theoretical analysis. The simulation result is as follows:

Table 2. The quantitative results for retransmitting deception jamming suppression.

ISR (dB) SIR2
1 SIR1

2 rA2
3 rA1

4

0 5.7447 1.1337 43.5424 8.7777
10 1.8101 0.3576 16.4348 3.3168
20 0.5729 0.1133 11.8402 2.3888
30 0.1818 0.0360 7.7389 1.5587
40 0.0575 0.0115 2.9233 0.5903

1 SIR2: signal to interference ratio; 2 SIR2: single sub-band signal to interference ratio; 3 rA2: the peak aptitude
ratio of sub-band synthesizing signal to interference; 4 rA1: the peak aptitude ratio of single sub-band signal
to interference.

As Figure 15 shows, the PAR promotion rA2/rA1 and SIR promotion are both approximately 5,
which is the sub-band number in the simulation. Hence, by comparing the results of sub-band synthesis
processing and single sub-band processing, one obvious feature is that the range direction MIMO SAR
can effectively suppress deception jamming.
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6. Conclusions

In this paper, a range direction MIMO SAR system is proposed as a novel retransmission deception
jamming suppression SAR. Based on concurrent transmission of sub-band signals with random
initial phase modulation and sub-band synthesis in the equivalent phase center of the MIMO SAR,
the jamming suppression capability for retransmission deception jamming is enhanced.

First, the sub-band signal synthesis processing model is built. Then, the efficiency of deception
jamming suppression is analyzed. Because of the combination of the sub-band synthesis and random
phase modulation, the retransmission deception jamming will defocus in the azimuth, and the
interference to signal ratio will decrease. Finally, the simulation of deception jamming proves the
validity of the jamming suppression method. Hence, the MIMO SAR will not only improve the spatial
resolution and wider swath coverage, but will also enhance the jamming suppression capability. In the
future, we will investigate non-coherent integration of different equivalent phase centers in the image
domain to further improve the anti-jamming capability of the proposed method.



Sensors 2017, 17, 123 17 of 18

Acknowledgments: The research is supported in part by the National Natural Science Foundation of China
(No. 61132006, 61301187 and 61371133).

Author Contributions: Ruijia Wang designed the method and performed the experiment and simulation and
wrote the manuscript; Jie Chen supervised the study and modified the manuscript; Xing Wang and Bing Sun
supervised the study and wrote part of the manuscript.

Conflicts of Interest: The authors have no conflicts of interest to declare.

References

1. Breit, H.; Fritz, T.; Balss, U.; Lachaise, M.; Niedermeier, A.; Vonavka, M. TerraSAR-X SAR processing and
products. IEEE Trans. Geosci. Remote Sens. 2010, 48, 727–740. [CrossRef]

2. Zhao, B.; Zhou, F.; Bao, Z. Deception jamming for squint SAR based on multiple receivers. IEEE J. Sel. Top.
Appl. Earth Obs. Remote Sens. 2015, 8, 3988–3998. [CrossRef]

3. Zhao, B.; Zhou, F.; Tao, M.; Zhang, Z.; Bao, Z. Improved method for synthetic aperture radar scattered wave
deception jamming. IET Radar Sonar Navig. 2014, 8, 971–976. [CrossRef]

4. Huang, L.; Dong, C.; Shen, Z.; Zhao, G. The influence of rebound jamming on SAR GMTI. IEEE Trans. Geosci.
Remote Sens. 2015, 12, 399–403. [CrossRef]

5. Xu, H.; Wu, Z.; Liu, W.; Li, J.; Feng, Q. Analysis of the effect of interference on InSAR. IEEE Sens. J. 2015, 15,
5659–5668. [CrossRef]

6. Zhou, F.; Xing, M.; Bai, X.; Sun, G.; Bao, Z. Narrow-band interference suppression for SAR based on complex
empirical mode decomposition. IEEE Trans. Geosci. Remote Sens. 2009, 6, 423–427. [CrossRef]

7. Vu, V.T.; Sjogren, T.K.; Pettersson, M.I.; Hakansson, L.; Gustavsson, A.; Ulander, L.M.H. RFI suppression
in ultrawideband SAR using an adaptive line enhancer. IEEE Trans. Geosci. Remote Sens. 2010, 7, 694–698.
[CrossRef]

8. Wang, X.-Y.; Yu, W.-D.; Qi, X.-Y.; Liu, Y. RFI suppression in SAR based on approximated spectral
decomposition algorithm. Electron. Lett. 2012, 48, 594–596. [CrossRef]

9. Miller, T.; Potter, L.; McCorkle, J. RFI suppression for ultra wideband radar. IEEE Trans. Aerosp. Electron. Syst.
1997, 33, 1142–1156. [CrossRef]

10. Ulug, B. An Algorithm for Sinusoidal Interference Reduction Using Iterative Maximum Likelihood
Estimation Techniques. Master’s Thesis, School Earth Sciences, The Ohio State University, Columbus,
OH, USA, 1992.

11. Feng, J.; Zheng, H.; Deng, Y.; Gao, D. Application of subband spectral cancellation for SAR narrow-band
interference suppression. IEEE Trans. Geosci. Remote Sens. 2012, 9, 190–193. [CrossRef]

12. Zhou, F.; Tao, M.; Bai, X.; Liu, J. Narrow-band interference suppression for SAR based on independent
component analysis. IEEE Trans. Geosci. Remote Sens. 2013, 51, 4952–4960. [CrossRef]

13. Tao, M.; Zhou, F.; Liu, J.; Liu, Y.; Zhang, Z.; Bao, Z. Narrow-band interference mitigation for SAR using
independent subspace analysis. IEEE Trans. Geosci. Remote Sens. 2014, 52, 5289–5301.

14. Zhou, F.; Sun, G.; Bai, X.; Bao, Z. A novel method for adaptive SAR barrage jamming suppression. IEEE Trans.
Geosci. Remote Sens. 2012, 9, 292–296. [CrossRef]

15. Tao, M.; Zhou, F.; Zhang, Z. Wideband interference mitigation in high-resolution airborne synthetic aperture
radar data. IEEE Trans. Geosci. Remote Sens. 2016, 54, 74–87. [CrossRef]

16. Gebert, N.; Krieger, G.; Moreira, A. Digital beamforming on receive: Techniques and optimization strategies
for high-resolution wide-swath SAR imaging. IEEE Trans. Aerosp. Electron. Syst. 2009, 45, 564–592. [CrossRef]

17. Wang, J.; Liang, X.; Chen, L. MIMO SAR System using Digital Implemented OFDM Waveforms.
In Proceedings of the 2012 IEEE International Geoscience and Remote Sensing Symposium, Munich,
Germany, 22–27 July 2012; pp. 7428–7431.

18. Gebert, N.; Krieger, G. Azimuth phase center adaptation on transmit for high-resolution wide-swath SAR
imaging. IEEE Trans. Geosci. Remote Sens. 2009, 6, 782–786. [CrossRef]

19. Rosenberg, L.; Gray, D. Anti-jamming techniques for multichannel SAR imaging. IEE Radar Sonar Navig.
2006, 153, 782–786. [CrossRef]

20. Huang, P.-P.; Deng, Y.-K.; Xu, W.; Qi, W.-K. The research of multiple-input and multiple-output SAR based
on frequency synthetic. J. Electron. Inform. Technol. 2011, 33, 401–406. [CrossRef]

http://dx.doi.org/10.1109/TGRS.2009.2035497
http://dx.doi.org/10.1109/JSTARS.2014.2322612
http://dx.doi.org/10.1049/iet-rsn.2013.0341
http://dx.doi.org/10.1109/LGRS.2014.2345091
http://dx.doi.org/10.1109/JSEN.2015.2445931
http://dx.doi.org/10.1109/LGRS.2009.2015340
http://dx.doi.org/10.1109/LGRS.2010.2045633
http://dx.doi.org/10.1049/el.2011.3935
http://dx.doi.org/10.1109/7.625096
http://dx.doi.org/10.1109/LGRS.2011.2163150
http://dx.doi.org/10.1109/TGRS.2013.2244605
http://dx.doi.org/10.1109/LGRS.2011.2166753
http://dx.doi.org/10.1109/TGRS.2015.2450754
http://dx.doi.org/10.1109/TAES.2009.5089542
http://dx.doi.org/10.1109/LGRS.2009.2025245
http://dx.doi.org/10.1049/ip-rsn:20045090
http://dx.doi.org/10.3724/SP.J.1146.2009.01409


Sensors 2017, 17, 123 18 of 18

21. Zeng, D.; Zeng, X.; Cheng, H.; Tang, B. Automatic modulation classification of radar signals using the
Rihaczek distribution and Hough transform. IET Radar Sonar Navig. 2012, 6, 322–331. [CrossRef]

22. Goodman, N.A.; Lin, S.C.; Rajakrishna, D.; Stiles, J.M. Processing of multiple-receiver spaceborne arrays for
wide-area SAR. IEEE Trans. Geosci. Remote Sens. 2002, 40, 841–852. [CrossRef]

23. Jing, W.; Wu, Q.-S.; Xing, M.-D.; Bao, Z. Image formation of wide-swath high resolution MIMO-SAR.
J. Syst. Simul. 2008, 16, 4373–4378.

24. Carrara, W.G.; Goodman, R.S.; Majewski, R.M. Spotlight Synthetic Aperture Radar: Signal Processing Algorithms;
Artech House: Boston, MA, USA, 1995.

25. Skolnik, M. Radar Handbook, 3rd ed.; McGraw-Hill Education: New York, NY, USA, 2008.

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1049/iet-rsn.2011.0338
http://dx.doi.org/10.1109/TGRS.2002.1006362
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Principle of Range Multiple Channel MIMO SAR 
	Geometry Model 
	Signal Model 

	Range MIMO Signal Processing 
	Phase Error Correction 
	Signal Processing Flowchart 

	Range Direction MIMO SAR Anti-Deception Jamming Efficiency Analysis 
	Simulation 
	Conclusions 

