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Abstract—Echo cancellation is used for eliminating echo signals
by signal modulation in the frequency domain and time domain.
However, it depends on the high accuracy of parameter estimation.
In addition, it introduces an incompatible black mark in the syn-
thetic aperture radar (SAR) image, which will be easily detected
and inevitably degrades the deception performance. To address this
problem, this article proposed a compound interference method
that combines echo cancellation and deception jamming. In order
to fuse the deception scene with the surrounding scene, the optimal
deception template is generated by using the scene around the tar-
get of interest (TOI), and the deception template is used to modulate
the coefficient of the original signal to generate the deception signal.
Then, the deception signal is sent to the SAR platform together
with the cancellation signal, which is generated by an active source.
After the SAR process, the incompatible black mark in the image
is replaced by a template with high similarity of surrounding
scene, which effectively improves the deception performance. The
proposed method can be used to cover the higher scattering char-
acteristic of the TOI with the lower scattering characteristic of the
deception template. Simulation results are provided and analyzed
to validate the universality and the performance superiority of the
proposed method.

Index Terms—Coefficient modulation, deception template, echo
cancellation, synthetic aperture radar (SAR).

1. INTRODUCTION

YNTHETIC aperture radar (SAR) is widely used in mili-
S tary and civil fields because of its high-resolution imaging
capability in all day-and-night and all weather [1]-[6]. With
the development of SAR technology, new requirements and
challenges have been put forward to SAR jamming deception
to protect the target of interest (TOI) [7] being detected by
the SAR platform. In the past few decades, a large number of
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new interferences have been developed [8]-[10], which greatly
enriches the method of the SAR jamming theory and improves
the jamming performance.

Most SAR jamming is to suppress the TOI by sending noise
pollution signal [11], or sending multiple false target signal
that is highly similar to TOI echo signal [12]. These jamming
methods can protect TOI from being easily recognized by SAR.
But there is a common problem: TOI still exists in the SAR
image, which has the danger to expose the TOI location.

In order to eliminate the TOI from SAR image, echo can-
cellation is proposed in recent years [13]-[16]. The principle
of echo cancellation is that the echo signal is received by the
canceller, and then, the cancellation signal with equal amplitude
and opposite phase is generated [17]. By using the method
proposed in [18], the problem of time-domain synchronization
with real signals caused by the delay is addressed. On this basis,
interrupted-sampling repeater jamming (ISRJ) is proposed [19],
[20], which provides a new coherent interference mode for com-
bating bandwidth radar. ISRJ allows a single antenna jammer to
periodically sample and repeat a portion of the intercepted sig-
nal, which can be processed to form multiple false targets [21].
However, the multiple false targets are still in the SAR image
and they are easily detected.

To improve the deception performance, the modified SAR
echo cancellation is proposed in [22], which can cancel the target
echo by the jamming strip. But there will be a similar interference
area covered by strong noise on the SAR image. Although
the amplitude mismatch can be reduced to some extent, but
this interference region is still easily detected because of its
incompatible scattering characteristics.

How to protect TOI from being detected and recognized by
the SAR sensor is still a challenge. This article proposed a com-
pound jamming strategy based on scene fusion and active can-
cellation. In the active cancellation, the target echo is modulated
by time delay and frequency shift to generate a signal with the
same amplitude and opposite phase of the target echo so that the
TOI can be eliminated in the image after SAR processing. Then,
in the jamming process, we sample the scattering coefficient of
the scene around the TOI and generate the deception template
to cover the cancellation region. In order to make the template
have high deception performance, the new method of calculating
the optimal value is proposed. The optimal value is calculated
by minimizing the difference of scene scattering characteristics
after the fusion process so that the deception template has high
compatibility performance.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Geometry of SAR, interference system, and target.

After the deception template is obtained, the original signal
is modulated and transmitted back to the SAR along with the
cancellation signal. In the end, there is only one deception
scene in the TOI of the SAR image that is highly similar to the
surrounding scene, which makes the TOI “disappear” from the
SAR image. So, the jamming method has a high performance.
Because the deception scenario is covered in the region after
cancellation, it has a high tolerance of error with high robustness.
In most interference methods, the scattering characteristic of
the deception template is required to be higher than that of
the covered scene. However, the proposed method can be used
to cover the higher scattering characteristic of the TOI with
the lower scattering characteristic of the deception template,
which shows that the proposed method has universality and
practicability.

The rest of this article is organized as follows. The second sec-
tion introduces the signal model and the cancellation principle.
The third section introduces the principle of jamming and the
improved method. Section IV proves the effectiveness of this
method by simulation and measured data. Finally, Section V
concludes this article.

II. SIGNAL MODEL AND CANCELLATION PRINCIPLE

Fig. 1 shows the geometric model of the SAR interference
system, which protects the TOI from airborne SAR recognition.
Antenna TX points to the SAR, while antenna RX points to the
target. TX is for receiving origin signal and sending echo signal,
and RX is for receiving echo signal. The aircraft flies along the
dotted line in the direction of the arrow, and the interference
system is located in the line of sight of the SAR sensor. SAR
sensor, target, and interference system are set to be on the same
line.

The interference signal generation steps are shown in Fig. 2.
The original signal is transmitted from SAR sensor to Tx, and
the jammer receives the original signal from Tx, then modulates
its coefficient, and generates the jamming signal. At the same
time, RX receives the echo signal, and the cancellation signal
is generated by the canceller, which is transmitted back to the
SAR sensor together with the jamming signal.

S(t) denotes the transmit signal of the SAR sensor, and the
center frequency of the signal is fi. The chirp rate is k. S(t) can
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Fig. 2. Process of the interference.

be expressed as

S(t) = rect(%) exp <j27rf0t +j7rkt2> @))

where ¢ is the fast time variable, and 7" is the pulsewidth. After
demodulation, the baseband echo can be written as

2R(ty,)
Se (tr, tm) = rect T ¢ exp [j27rf0(7)}
2R(t,) 12
X exp {jﬂ'k {t,ﬂ — R(Ct )} } 2)

where t,- denotes the fast time, and ¢,,, denotes the slow time.
R(t,) is the distance between the target and radar and c is the
speed of light. After a series of procedures, the final image can
be obtained, given as

2R mi
I (ty, ty) = sinc [(tr — mm> BT} sinc [ (tm — tmin> Ba]
c

. 2I%min
X eXP(—JQFfoT> (3)

where Ry, denotes the minimum distance between radar and
target, tmin 1s the slow time when SAR is closest to the target,
and B, is signal bandwidth. B,, is azimuth bandwidth, sinc(z) =
sin(ma) /7.

In order to eliminate the real signal echo of interest, the
cancellation signal should be satisfied

Sr(trytm) = 7Sc(tr7tm)- (4)

However, (4) is just the ideal situation. Actually, the can-
cellation processing signal will inevitably introduce delay. The
cancellation signal is

STd(tT’tm) = _Sc(tr - tdvtm)- 5)

This causes the cancellation signal lag behind the real signal
in time domain. By using the coupling property of the linear
frequency modulation signal in the time domain and frequency
domain, the frequency shift of f; is added to the cancellation
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signal. The cancellation signal can be given as

2R (L)

Si(ty, tm) = rect [Tcd

o et

T
2
X exp {jwk [tT — 2R{tm) — td} }
c

2 m
X exp(—j2r fota) exp {jm [tr— e )—td”.
®)

After imaging processing, the final result can be given as

2Rmin
Il(t’r‘7tm) = sinc[(tr — T _ td + j;)BT:|

X sinc [ (tm — tmin> Ba] exp < — j2nfo 2Rmin)
c
exp |—jm . + 2 fotq

_ fa (13
—Ic tr_td+?vtm exXp | —=J7T ?—’_Qfotd (7)
When f; and ¢4 in (7) satisfy

_ I

tqg = f
where ¢ is an integer. According to (8), the cancellation signal
has the opposite phase to the real echo signal. In order to equalize
the amplitude of the cancellation signal and the real echo signal,
the transmitting power of the canceller must be satisfied [18]

(47 R,.)?
)L2Gta:G7‘x

where P, (t,,) represents the magnitude of the echo from the
target received by Rx, and A is the signal wavelength. G, is the
gain of the transmitting antenna of the canceller, while G, is
the gain of the receiving antenna. R, is the distance from the
target to the canceller. Then, a cancellation signal is obtained
with equal in amplitude and opposite in phase to the target echo
so that the sum of I;(¢,,t,,) and I.(t,,t,,) becomes zero and
TOI will disappear from the SAR image.

In this section, we described the process of canceling the
signal generation. In the following section, we will discuss how
to generate the jamming signal.

III. THEORY OF JAMMING

In the second section, the generation of the cancelling signal
is described. In this section, we will discuss how to generate
the jamming signal. First, the generation of the jamming signal
is to extract the scattering characteristics around the protected
target, then save it to the database. Second, after Tx receives the
original signal, the signal coefficientis modulated by the jammer.
Then, the jamming signal with the scattering characteristic of the
surrounding scene is generated, and transmitted back to the SAR
sensor with the cancellation signal. Finally, in the final imaging
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Fig. 3. Distribution of scattering coefficients of targets and surrounding

scenes.

results, only the deception scene integrates with the surrounding
scene appears at the TOL. In order to make the jamming scene
more compatible with the surrounding scene, a new strategy is
proposed and discussed in the following.

First, the scattering coefficient around TOl is extracted. Fig. 3
shows the distribution of scattering coefficients of the target and
the surrounding scenes. To facilitate the analysis, the shape of the
protection target is set to be a rectangle. Areas I and I1I represent
the surrounding scene, and area Il represents the protected target.
A is the coefficient matrix of the target to be protected, B and
C are the coefficient matrices of the surrounding scene stored in
the database. A, B, and C can be written as

ail ... @1.2n

A={ (10)
Gn,1 - Qp 2n
bl,l o b1,2n

B = an
b1 ... bpon

and

C1,1 --- C12n

C = (12)
Cn,1 -+ Cn2n

In general, there are differences in scattering coefficients un-
der different scenes. For a more intuitive analysis, the difference
can be denoted by D(i, j) and given as

Dy(i,3) = /X1 (ag = by, 1)?
D.(i,j) = \/ZZ:I(G“Li —¢q4)?

13)

where 7 and j represent the columns in matrices A and B or
C, respectively. Let a4 ; the ith column element in A, be the
mean value of each row. Then, Dy (3, j) is the variance of the jth
column element in the matrix B, and D..(i, j) is the variance of
the jth column element in the matrix C'. As shown in Fig. 4, if
area III is used as the deception scenario, it has

bion ... b1
A= : (14)

bnon - bn
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Then, Dy(1,1) and D.(2n,1) are given by

1 1 \/Z CI,q7 q7 \/Z q,2n 71)2
(15)

and
(2n,1) \/Z ) (ag,2n—Cq.1) \/Z 71—Cq1)>
(16)

In the scene with more uniform scattering characteristics,
Dy(1,1) and D.(2n,1) are relatively small, this indicates that
the deception scene blends well with the surrounding scene.
However, the scene is not evenly distributed in practical appli-
cation, and the values of Dy (1, 1) and D.(2n, 1) vary greatly. It
makes the deception scenario even more incompatible with the
surrounding scene, and makes the TOI easy to be detected and
recognized by the SAR sensor.

In order to reduce the value of D(i, j), we can use the reverse
sort to eliminate the difference at the scene boundary. Reverse
sort is to replace the first n column elements of the matrix A by
the first n column elements of the matrix B, and to replace
the last n column elements of the matrix A by the first n
column elements of the matrix C'. As shown in Fig. 5, matrix A
becomes

bl,l e blynclyn .o C11
A= : A7)
bn,l e bn,ncn,n - Cpii
And it has
Db(la 1) = \/zq_l(aq,l - \/zq_l(b%l - bq,l)2
=0 (18)
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and

D2 1) =[S (tnan=cun = 1 (caacqn)?

19)

=0.

Equations (18) and (19) show that the deception scene is
well integrated with the surrounding scene on the boundary,
and there is no prominent part so that the deception perfor-
mance is improved. Then, we get the corresponding value of

De¢(n,n) = \/ZZ:1(bq,n — Cqn)?s
this deception template.

However, as the scattering characteristics of the area III is
quite different from area I, the value of D..(n, n) becomes larger.
This leads to more incompatibility in the center of the scene. To
address this problem, an improved method is proposed. Based
on the reverse sampling, the scene boundary is fused without
difference. The optimal value is calculated to minimize the value
of D(i, 7).

Let Py be the differences between the elements in the columns
of the coefficient matrices B and C, given as

Py(i) = |big — k=1,2,....2n

where Py (7) is the difference between the coefficient matrices
of A and B in each column of the ith row. After sampling the
scattering coefficients of area III and area I, we can obtain the
coefficient matrices of B and C'. Without the loss of generality,
it is assumed that B and C are different from each other. The
larger the value of Py(4) is, the greater the difference between
the elements in a column of B and C' becomes. Conversely, the
smaller the Py (i) value is, the smaller the difference becomes.
Calculating the optimal value is to find the value of & that
minimizes the value of Py (). By Arranging the values of Py (i)
to calculate the minimum value, we can use m to represent k
values that minimize Pj(7) values. It satisfies

which is in the middle of

Ci2n—k ‘ (20)

mk=1,2,...,2n 1)

where P, (4) is the optimal value calculated in each row. m can
be regarded as a position where the difference between the m
column of B and the 2n — m column of C' is minimal in each
row. Then, P, is given by

P, = {Pm(]-)vpm(2)a .- aPm(n)}

It means that in each row, the first m columns in the matrix B
and the first 2n — m columns in the matrix C' form the matrix
A. We can get the coefficient matrix of A, given as

b171

(22)

b1,mC1 2n—m e 1,1

A= . (23)

bn,l “ee ce bn7mcn,2nfm -.. Cpji

Atthe left and right solid boundaries of the deception scenario,
Dy(1,1) and D.(2n,1) are equal to 0. At the junction of each
row, P, is the optimal value. The whole deception scene can
be well compatible with the surrounding scene, and it has high
deception performance. Then, the signal collected by Tx is mod-
ulated by the deception template to generate the jamming signal.
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Fig. 6. Origin image.

If the pulse compressed signal does not carry the scattering
information of the object, the baseband echo signal is according
to (2). After coefficient modulation, the result becomes

n 2n ¢ _M
Sultrrtm) = 33 ageyrect (T>

rz=1y=1
2R(tm
X exp {j27rf0()}
&
2 tnL 2
X exp | jrk {tr - R()} (24)
c
The final compound interference signal is
Sp(tr tm) = Saltr, tm) + Si(tr, tm). (25)

So far, the interference signal is obtained. The deception
template will replace the TOI in the SAR image with a high
deception performance.

IV. SIMULATION AND ANALYSIS

In this section, a SAR image from the US Sandia National
Laboratories is used for simulation, which is obtained from the
SAR platform working in Ku band [23]. The SAR operates
at 12 GHz, and the chirp rate is 1.5 x 10'* Hz/s. By echo
simulation, the imaging experiment is carried out by using the
range Doppler algorithm. The SAR platform flies at 50 m/s, with
arange resolution of 0.25 m and an azimuth resolution of 0.59 m.

Fig. 6 is the original image, the white arrow is added by the
author, and the arrow indicates the target to be protected. By
using the method mentioned in [18] to actively cancel the echo
of target, the results are shown in Fig. 7. It can be seen from Fig. 7
that the target indicated by the white arrow has been replaced
by a black mark. It can be easily detected by the SAR sensor.

To improve deception performance, the method proposed in
Fig. 4 is implemented. The region on the right side of the target
is used for the deception scenario. Under the combined action
of the jamming signal and the cancellation signal, the black
mark in Fig. 7 will be covered by the right deception scene,
and the result is shown in Fig. 8. In Fig. 8, significant gaps
can be seen at the boundary of the covered area, as shown by
the white arrows. The left arrow represents Dy (1,1), and the

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Range /m

25 30 35 40 45 50 55 60 65 70
Azimuth /m

Cancellation result.

Range /m

25 30 35 40 45 50 55 60 65 70
Azimuth /m

Results of the first deception scheme.

Range /m

25 30 35 40 45 50 55 60 65 70
Azimuth /m

Results of improved methods.

25 30 35 40

45 50 55 60 65 70
Azimuth / m

Imaging results of the final proposed method.
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right arrow represents D.(2n, 1). It can be seen from Fig. 8 that
the deception performance is degraded seriously because of the
large values of Dy (1, 1) and D.(2n, 1). Then, we implement the
other method proposed in Fig. 5, and the results are shown in
Fig. 9. Itcan be seen that the two gaps in Fig. 8 have disappeared,
and the boundary is better compatible with the surrounding envi-
ronment, and the deception performance is improved. However,
the significant gap is still in the middle of the deception scene
in the image, which is consistent with the larger value of the
D.(n,n) aforementioned. When the scattering coefficients of
the scene around the TOI are evenly distributed, the methods
described in Figs. 4 and 5 can be applied in practice. But most
of the time, they are quite different, and the incompatibility will
also introduce the danger of SAR detection.

Then, we utilize the method described in Fig. 5 by minimizing
the value of P. The simulation results are shown in Fig. 10.
Comparing with Fig. 9, the gap in the middle of the image has
disappeared. In Fig. 10, the deception scene is well compatible
with the surrounding scene. Fig. 11 evaluates the interference
performance by observing the amplitude of the scene. In Figs. 11
and 12, we make the quantitative evaluation of the deception
scene. The amplitude of the TOI is significantly higher than that
of the surrounding scene, and after the interference, the target

has been replaced by the deception scene. The effectiveness
and superiority of the proposed method are verified. It is also
important to note that when the scattering characteristic of the
TOI is quite different from the surrounding scene, a deception
result with high performance can still be obtained. It indicates
the universality of the proposed method.

Now, we discuss the robustness of the proposed method. The
performance of the proposed method is highly dependent on
parameters. When the power of the canceller is lower than the
standard value, the residual of the cancellation signal is still in
the image. The deception performance will be degraded when
the power of the jammer is low. By using the error to represent
the amplitude mismatch, e; indicates the cancellation error, and
ey indicates the deception error. The errors are given by

- |Xjreal_Y|
! Y
Xoeal = Y
oy = Ko =V =5 | (26)

where X, denotes the amplitude of the signal sent by the
jammer and X ., denotes the amplitude of the signal sent by
the canceller, and Y denotes the amplitude of the target.

As shown in Fig. 13, when e is assumed to be 0.2, the outline
of the target can be seen, but it is not clear. When e increases to
0.4, it can be clearly seen that the target still exists in the SAR
image. The cancellation performance degrades seriously. When
the deception scene is added, the result is shown in Fig. 14.
By comparing Fig. 14(a) with Fig. 13(a), there is no outline
of the TOI in Fig. 14(a). The deception scene is compatible
with the surrounding scene, and the TOI is well hidden. When
e1 increases to 0.4, the TOI is still difficult to be detected by
the SAR sensor as shown in Fig. 14(b). When e; increases
to 0.6, the performance of the proposed method is degraded
obviously since the TOI has a strong scattering characteristic
and the deception scene has a weak scattering characteristic.
However, the deception performance in Fig. 14(c) is still higher
than in Fig. 13(b). It indicates that the proposed method has
higher robustness. When e is not equal to 0, the interference
result is shown in Fig. 15. By comparing Fig. 15 with Fig. 14(a),
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Fig. 15.  Simulation results for e;=0.2 and e =0.4.

they both achieve high performance. This indicates that the
interference performance is insensitive to the jammer error when
the scattering characteristic of the target is significantly higher
than the deception scene.

So far, the effectiveness and high performance of the proposed
method are verified in Fig. 10, and the deception scene is well
compatible with the surrounding scene. It can also be found
that the final deception performance is related to the deception
scene, and the scattering characteristics of the real scene as well
as the errors of the canceller and jammer. When the scattering
coefficient of the real scene is much higher than that of the de-
ception scene, the interference performance will highly depend
on the error of the canceller. When the scattering coefficient of

Azimuth /m
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(b) ()

Simulation results after cancellation. (a) Cancellation result for e; = 0.2. (b) Cancellation result for e; = 0.4. (c¢) Cancellation result for e; = 0.6.
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Simulation results after interference. (a) Interference result for e; = 0.2 and e = 0. (b) Interference result for e; = 0.4 and es = 0. (¢) Interference

the deception scene is higher, the interference performance will
highly depend on the error of the jammer.

V. CONCLUSION

This article proposed a compound interference method that
combines echo cancellation and deception jamming. After elim-
inating the real target in the SAR image, the interference sys-
tem produces deception scene that fuses with the surrounding
scene, and it is not easy to be detected by the SAR sensor. By
comparing with the original method, the proposed method has
higher robustness and interference performance. In practice, the
proposed method can protect some important military targets
from the SAR detection. Finally, we analyze the factors that
affect the interference effect, which will facilitate the design of
the actual interference system. When the scattering coefficient
of the protected target is higher than the surrounding scene, the
error of the canceller should be reduced as much as possible,
which can improve the interference performance.

REFERENCES

[1] M. Zink et al., “Tandem-x: 10 years of formation flying bistatic SAR
interferometry,” IEEE J. Sel. Topics Appl. Earth Observ. Remote Sens.,
vol. 14, pp. 3546-3565, 2021.

A. Moreira, P. Prats-Iraola, M. Younis, G. Krieger, I. Hajnsek, and K. P.
Papathanassiou, “A tutorial on synthetic aperture radar,” IEEE Geosci.
Remote Sens. Mag., vol. 1, no. 1, pp. 643, Mar. 2013.

W. Pu, “Shuffle GAN with autoencoder: A deep learning approach to sep-
arate moving and stationary targets in SAR imagery,” IEEE Trans. Neural
Netw. Learn. Syst., to be published, doi: 10.1109/TNNLS.2021.3060747.


https://dx.doi.org/10.1109/TNNLS.2021.3060747

10382

[4]
(5]

(6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

R.S. Harness and M. C. Budge, “A study on SAR noise jamming and false
target insertion,” in Proc. IEEE SoutheastCon, 2014, pp. 1-8.

S.Zhou, L. Yang, L. Zhao, and G. Bi, “Quasi-polar-based FFBP algorithm
for miniature UAV SAR imaging without navigational data,” IEEE Trans.
Geosci. Remote Sens., vol. 55, no. 12, pp. 7053-7065, Dec. 2017.

L. Yang, P. Li, S. Zhang, L. Zhao, S. Zhou, and M. Xing, “Cooperative
multitask learning for sparsity-driven SAR imagery and nonsystematic
error autocalibration,” IEEE Trans. Geosci. Remote Sens., vol. 58, no. 7,
pp- 5132-5147, Jul. 2020.

J. Liu, M. Xing, H. Yu, and G. Sun, “EFTL: Complex convolutional
networks with electromagnetic feature transfer learning for SAR tar-
get recognition,” IEEE Trans. Geosci. Remote Sens., to be published,
doi: 10.1109/TGRS.2021.3083261.

F. Zhou, B. Zhao, M. Tao, X. Bai, B. Chen, and G. Sun, “A large scene
deceptive jamming method for space-borne SAR,” IEEE Trans. Geosci.
Remote Sens., vol. 51, no. 8, pp. 4486-4495, Aug. 2013.

H. Hu, X. Jia, Y. Wu, and J. Wu, “Research on the theory of 2-D
interrupted sampling repeater scatter-wave jamming to SAR,” J. Acad.
Equip. Command Technol, vol. 23, pp. 94-97, 2012.

Y. Liu, T. Li, and Z. Gu, “Research on SAR active deception jamming
scenario generation technique,” in Proc. IEEE 5th Int. Conf. Instrum.
Meas., Comput., Commun. Control, 2015, pp. 152-156.

W. Ye, H. Ruan, S.-X. Zhang, and L. Yan, “Study of noise jamming based
on convolution modulation to SAR,” in Proc. IEEE Int. Conf. Comput.,
Mechatronics, Control Electron. Eng., 2010, vol. 6, pp. 169-172.

Z.Bo, F. Zhou, X. Shi, Q. Wu, and B. Zheng, “Multiple targets deception
jamming against iSAR using electromagnetic properties,” I[EEE Sensors
J., vol. 15, no. 4, pp. 2031-2038, Apr. 2015.

Y. Lu, R. Fowler, W. Tian, and L. Thompson, “Enhancing echo cancellation
via estimation of delay,” IEEE Trans. Signal Process., vol. 53, no. 11,
pp- 4159-4168, Nov. 2005.

X. Yang, W. Zhao, and L. Huang, “Calculation of RCS of targets and
statistical analysis of cancellation effect,” Chin. J. Radio Sci., vol. 17,
no. 1, pp. 88-92, 2002.

Y.-C. Xiang, C.-W. Qu, F. Su, and M.-J. Yang, “Active cancellation stealth
analysis of warship for LFM radar,” in Proc. IEEE 10th Int. Conf. Signal
Process., 2010, pp. 2109-2112.

Y. C. Xiang, C. B. QuLi, and H. Hou, “Simulation research on cancellation
stealth of warship based on its radar scattering properties,” J. Syst. Simul.,
vol. 25, no. 1, pp. 104-110, 2013.

X. Sheng and X. Yuanming, “Simulation analysis of an active cancellation
stealth system,” Optik, vol. 125, no. 18, pp. 5273-5277, 2014.

L. Xu, D. Feng, Y. Liu, X. Pan, and X. Wang, “A three-stage active
cancellation method against synthetic aperture radar,” IEEE Sensors J.,
vol. 15, no. 11, pp. 6173-6178, Nov. 2015.

X. S. Wang, J. C. Liu, W. M. Zhang, Q. X. Fu, Z. Liu, and X. X. Xie,
“Mathematic principles of interrupted-sampling repeater jamming (isrj),”
Sci. China Ser. F, Inf. Sci., vol. 50, no. 1, pp. 113-123, 2007.

D.J. Feng, H. M. Tao, Y. Yang, and Z. Liu, “Jamming de-chirping radar
using interrupted-sampling repeater,” Sci. China Inf. Sci., vol. 54, no. 10,
pp- 2138-2146, 2011.

D. Feng, L. Xu, X. Pan, and X. Wang, “Jamming wideband radar us-
ing interrupted-sampling repeater,” IEEE Trans. Aerosp. Electron. Syst.,
vol. 53, no. 3, pp. 1341-1354, Jun. 2017.

Q. Wu, J. Liu, J. Wang, F. Zhao, and S. Xiao, “Improved active echo can-
cellation against synthetic aperture radar based on nonperiodic interrupted
sampling modulation,” IEEE Sensors J., vol. 18, no. 11, pp. 4453-4461,
Jun. 2018.

The Sandian Complex Image Data, 2006. [Online]. Available: https:
/Iwww.sandia.gov/radar/imagery/index.html

Qizhen Zhou (Graduate Student Member, IEEE) was
born in Jiangxi, Shangrao, China, in 1998. He re-
ceived the B.S. degrees in electronic information en-
gineering from Gannan Normal University, Ganzhou,
China, in 2019. He is currently working toward the
M.S. degree in electronic communication engineering
with Nanchang University, Nanchang, China.

His research interests include deception jamming
of synthetic aperture radar (SAR) and forward-
looking SAR.

Song Zhou (Member, IEEE) received the B.S. and
M. S. degrees in telecommunication engineering and
the Ph.D. degree in signal and information processing
from Xidian University, Xi’an, China, in 2006, 2009,
and 2013, respectively.

From January 2015 to February 2018, he was with
the School of Electrical and Electronic Engineering,
Nanyang Technological University, Singapore, as a
Full-Time Research Fellow. He is currently working
with the School of Information Engineering, Nan-
chang University, Nanchang, China. His research

interests include monostatic/bistatic synthetic aperture radar applications and
motion error compensation.

i

Lei Yang (Member, IEEE) was born in Tianjin,
China, in 1984. He received the B.S. degree in elec-
tronic engineering and the Ph.D. degree in signal
and information processing from Xidian University,
Xi’an, China, in 2007 and 2012, respectively.

From December 2012 to February 2017, he worked
with the School of Electrical and Electronic Engineer-
ing, Nanyang Technological University (NTU), as a
Full Time Research Fellow and Temasek Lab, NTU,
as a Research Scientist. He is currently working with
the Tianjin Key Lab for Advanced Signal Processing,

Civil Aviation University of China, as an Associate Professor. His main research
interests include high-resolution radar imaging and implementation, sparse
Bayesian learning for radar imaging, and so on.

Xiao Ning (Graduate Student Member, IEEE) was
born in Hubei, China, in 1997. He received the B.S.
degree from the Hubei University of Automotive
Technology, Shiyan, China, in 2019. He is currently
working toward the M.S. degree in electronic com-
munication engineering with Nanchang University,
Nanchang, China.

His research interests include passive synthetic
aperture radar (SAR) and forward-looking SAR.

Mengdao Xing (Fellow, IEEE) received the B.S. and
Ph.D. degrees from Xidian University, Xi’an, China,
in 1997 and 2002, respectively.

He is currently a Professor with the National Lab-
oratory of Radar Signal Processing, Xidian Univer-
sity, where he is also the Dean with the Academy
of Advanced Interdisciplinary Research Department.
His current research interests include synthetic aper-
ture radar (SAR), SAR interferometry, inversed SAR,
sparse signal processing, and microwave remote sens-
ing. He has authored and coauthored more than 200

refereed scientific journal papers and two books about SAR signal processing.
The total citation times of his research are greater than 10000 (H-index 50). He
has achieved more than 50 authorized China patents.

Dr. Xing was rated as the Most Cited Chinese Researchers by Elsevier. His
research has been supported by various funding programs, such as, National
Science Fund for Distinguished Young Scholars. He has held several Special
Issues on IEEE Geoscience and Remote Sensing Magazine and IEEE Journal
of Selected Topics in Applied Earth Observations and Remote Sensing. He is
currently an Associate Editor for radar remote sensing of the IEEE TRANSAC-
TIONS ON GEOSCIENCE AND REMOTE SENSING and the Editor-in-Chief for MDPI

Sensors.


https://dx.doi.org/10.1109/TGRS.2021.3083261
https://www.sandia.gov/radar/imagery/index.html
https://www.sandia.gov/radar/imagery/index.html


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


