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Abstract: In electromagnetic countermeasures circumstances,
synthetic aperture radar (SAR) imagery usually suffers from
severe quality degradation from modulated interrupt sampling
repeater jamming (MISRJ), which usually owes considerable
coherence with the SAR transmission waveform together with
periodical modulation patterns. This paper develops an MISRJ
suppression algorithm for SAR imagery with online dictionary
learning. In the algorithm, the jamming modulation temporal
properties are exploited with extracting and sorting MISRJ slices
using fast-time autocorrelation. Online dictionary learning is fol-
lowed to separate real signals from jamming slices. Under the
learned representation, time-varying MISRJs are suppressed
effectively. Both simulated and real-measured SAR data are also
used to confirm advantages in suppressing time-varying MISRJs
over traditional methods.
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1. Introduction

Synthetic aperture radar (SAR) is capable of remote map-
ping, battlefield reconnaissance under the conditions of
all-weather and all-time, which has been widely used in
military and civil areas [1-5]. However, SAR imagery is
usually fragile in the complex electromagnetic counter-
measures to endure intense jamming. Modulated inter-
rupt sampling repeater jamming (MISRJ) is efficient and
flexible for SAR interference [6—8], which is usually
intentionally modulated to keep considerable coherence
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with the SAR waveform to obtain considerable coherent
processing gain on SAR processing. In MISRJ, the trans-
mitter and the receiver usually share a single antenna, and
thus the jammer can be reduced. MISRJ jammer segmen-
tally samples the SAR transmitted signal and modulates a
slice of a signal segment to transmit with amplified
power [9,10] repeatedly. In the additionally modulated
repeater jamming, a balance should be made to achieve
sufficient process gain from SAR processing, while
enough modulation complexity should be induced to
prevent SAR processors from recognizing and suppress-
ing the jamming slice efficiently. In conclusion, MISRJ
with complex modulation and periodical transmission is
usually difficult to suppress in practical SAR applica-
tions.

In order to suppress MISRJ in SAR imaging, a number
of anti-jamming algorithms have been developed
recently. They can be roughly classed into five cate-
gories: parameterized signal decomposition, time-fre-
quency domain suppression, adaptive filtering, blind
source separation, and sparse recovery algorithm. For the
parameterized signal decomposition algorithms [11-14],
MISRIJ slices are usually modeled as polynomial phase
signal components, and the polynomial parameters are
estimated using high order ambiguity function (HAF).
After reconstruction of the reference signal with the esti-
mated polynomial parameters, jamming slices are directly
subtracted from the received SAR signal. These algo-
rithms perform well when MISRJ matches the polyno-
mial phase signal model, while they would fail in dealing
with complex modulated MISRJs. In the time-frequency
domain suppression methods [15—19], the raw signal is
usually firstly transformed into the time-frequency
domain using transforms, such as short-time Fourier
transform (STFT), fractional Fourier transform (FrFT)
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and empirical mode decomposition (EMD). Jamming
slices are expected to detect in the time-frequency space
and suppressed with time-frequency trap filters. It is not
difficult to understand that, in trap filtering, SAR signal
with identical time-frequency distribution is also filtered
out. In the adaptive filtering algorithms [20,21], notch fil-
tering is performed in the time-domain using the esti-
mated MISRJ frequency, which usually leads to severe
signal loss. For the blind source separation algorithms
[22,23], the multiple snapshots of jamming segments are
used as multiple measurements, and the blind separation
methods like joint approximate diagonalization of eigen
matrixes (JADE) and independent component analysis
(ICA) are used to separate SAR signal from the jamming.
Because multiple stable measurements are needed, blind
jamming separation requires the invariance of jamming
within an extended period. This requirement is not easy
to be satisfied in real SAR jamming circumstances. The
last sort is the sparse recovery algorithm [24—27] where a
parameterized dictionary corresponding with jamming
time-frequency [28—31] properties is trained by exploit-
ing the coherence of MISRJ slices to represent jamming
slices in an optimally sparse manner. With the dictionary,
MISRIJ slices can be extracted and subtracted from the
signal. In the training stage, the time invariance property
of jamming and the ground truth of the jamming signal
are required to ensure the convergence of reconstruction
optimization, which is usually difficult to be satisfied in
practical SAR applications.

In conclusion, traditional jamming suppression meth-
ods generally assume the time-invariant property of inter-
ference. Inevitable severe signal loss is usually intro-
duced in jamming suppression of time-varying MISRIJs.
Considering the MISRJ property of time-varying com-
plex modulation with high interference to signal ratio
(ISR), the online dictionary learning (ODL) MISRIJ sup-
pression is proposed. Inspired by the SAR jamming sup-
pression methods [32—35], this algorithm exploits the
temporal and periodic MISRJ modulation via ODL. The
autocorrelation function of jamming slices is explored to
extract temporal parameters to sort jamming slices from
SAR pulses. ODL is ready to separate pure jamming
slices with periodical modulation to generate multiple
jamming basis models. Finally, jamming components can
be canceled using CLEAN integrated with match filter-
ing (MF-CLEAN) under the jamming models. The main
contributions of this work are summarized as follows.

(i) The proposed algorithm can tackle time-varying
complex modulated jamming with online dictionary
learning. The algorithm learns the complex MISRJ mo-
dels from received pulses that yield flexible and adaptive
jamming suppression, unlike fixed parametrical methods.

(i) The proposed algorithm achieves optimal signal
fidelity in jamming suppression. The online learned-
MISRIJ models can precisely represent time-varying jam-
ming slices, improving interference canceling and signal
preservation.

This paper is organized as follows: the MISRJ signal
model is constructed and the properties of MISRJ are
analyzed in Section 2. The MISRJ suppression using
ODL is described in Section 3. The simulated and real-
measured experiments are performed in Section 4.
Finally, the main conclusion is discussed in Section 5.

2. Signal model of MISRJ

SAR transmits the wideband signal to obtain high range
resolution, and the linear frequency modulation (LFM)
signal is commonly used due to its sizeable time-band-
width product. It has the formation as

S@®= rect(TL) -exp [j2n (fct+ %,utz)] (1)
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where T, is the pulse width, f. is the carrier frequency, u
is the chirp rate, and rect(¢/T,) is the rectangular win-
dow function represented as
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In order to counter the normal imaging function of
SAR in radar electronic counter-measures, intentional
interference is an effective for niche-targeting jam of
radar’s probing. Because traditional interrupt sampling
repeater jamming (ISRJ) has a fixed time-frequency
response corresponding with transmitting signal, it is
easily analyzed and suppressed using time-frequency
analysis, parameter estimation, and adaptive filtering
methods. In this way, MISRIJ is recently proposed to pro-
duce wideband jamming to affect the SAR imaging and
recognition process. Frequently, the generation process of
MISRJ is shown in Fig. 1, and the generation process can
be roughly summarized as three steps. Firstly, the receiv-
ing antenna is turned to receive the transmitting signal of
SAR, and the digital signal can be obtained by band-pass
filtering, down-converting and analog to digital (A/D)
converting. Then, the sampling segment of the transmit-
ting signal is modulated by a preset filter to obtain the
modulated interference signal. Finally, this signal is trans-
mitted by digital to analog (D/A) converting, up convert-
ing, and frequency shifter. Based on the generation of
MISRYJ, the signal slice after A/D converting can be rep-
resented as

SO=p®)*S@® (3)
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where * is the Cartesian product, and p(¢) is the inter-
rupted sampling function represented as

p(t) = rect ( ! _TT" ) 4

c

where T. is the slice width, and 7. is the time delay of
slice signal. Assume that the modulation filter in fre-
quency domain can be represented as H(f), so the
MISRIJ in time domain can be represented as

S () =TFT{H (f)*S ()} &)
where S, (f) is the Fourier transform of signal slice S, (¢)
and IFT{-} is the inverse Fourier transform. Generally,
the purpose of MISRIJ is to produce multiple false targets
in SAR image, so the time delay operation of modulated
interference is always made to obtain several interfer-
ence segments. In this way, assume that K segments are
transmitted in one pulse, and the transmitted MISRJ of

jammer can be represented as
K-1
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Fig. 1 Generation of MISRJ

Therefore, the SAR echo involved by MISRJ can be
represented as

S, (1) =S80 +Smsrs () +1(2) 7
where S (?) is the real SAR echo and n(¢) is white Gaus-
sian noise. Analyzing the jamming manner of MISRJ of
previous works, the properties of MISRJ can be con-
cluded as three aspects.

(i) Short-time invariance with periodical transmitting
mode. MISRJ usually uses single time-sharing transmit-
receive antenna, which means that the MISRJ cannot be
transmitted when the antenna receives a pulse. Therefore,
to increase jamming efficiency and jamming time, the
same MISRJ will be periodically transmitted several
times once the transmitting signal of SAR is intercepted.
In this case, the received jamming of SAR has the pro-
perty of short-time invariance in several continuous pulses.

(i) Large power. In order to make an apparent influ-
ence on SAR image, the transmitting power is usually

considerable. In addition, it is a single trip between jam-
mer and SAR, so the echo power of MISRJ is much
larger than the real scene echo power based on the radar
power equation.

(iii) Complex modulation manner. Because the modu-
lation process is involved in MISRJ, the jamming is not
the strict LFM signal segments and some jamming sup-
pression methods based on ISRJ lose their efficiency. In
other words, MISRJ brings about the vast difficulty for
SAR anti-jamming. Motivated by these three properties
of MISRJ, a kind of interference suppression for SAR
imaging based on dictionary learning is proposed and
described in the following sections.

3. MISRJ suppression using ODL

Based on the properties of MISRJ, the proposed MISRJ
suppression method using ODL for SAR imaging is
described in Fig. 2. From Fig. 2, it can be seen that the
proposed methods can be divided into three steps: MISRJ
segments extraction, ODL for cancellation model genera-
tion, and MISRJ suppression.

Range

Auto-correlation
function

Jamming length
Determination

MF-CLEAN

'annY oY o

MISRJ segment ]
extraction

Fig. 2 Flowchart of the proposed method

In this framework, independent MISRJ segments can
be extracted using the correlation function. Then, the invari-
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ance of MISRJ among different pulses in a short time is
utilized, and these similar MISRJ segments can be regar-
ded as generated from one same dictionary and the spar-
sity can be explored. Because the modulation form and
slice position are unknown, dictionary learning can be app-
lied to generate interference models adaptively. Finally,
the MISRJ cancellation can be carried out using these
models. These three steps are detailed described in the
following sections.

3.1 MISRJ segments extraction

First, determine the length of MISRJ. From (7), the auto-
correlation function can be calculated as

R(@)="8,(D*8,U-7). (8)
=1

Because the power of MISRJ is much more higher than
the power of the target signal and the jamming to signal
ratio (JSR) is usually more than 20 dB, the auto-correla-
tion function mainly reflects the correlation property of
MISRJ. In addition, MISRJ segments are the same in one
pulse, and there are several peaks in the auto-correlation
function. The real-measured SAR echo with MISRJ is
shown in Fig. 3. The properties of considerable power
and complex modulation can be seen from Fig. 3(a) and
Fig. 3(b). Because one SAR pulse includes several serial
numbers of MISRJ segments, the length of MISRJ can be
calculated from the minimum distance of peak value in
the auto-correlation function, as shown in Fig. 3(c).
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Fig.3 Real-measured SAR echo with MISRJ

Assume that the position of peak value in the auto-cor-
relation function is P = [py,p2,--+,pn], and the length of
MISRIJ can be determined by

1 .
Lygsry = {ﬁ meﬂpn - P|} )
n=1

where [-] is the operation of round up to an integer. Once
the length of MISRJ is determined, the segments of
MISRIJ can be extracted by MF-CLEAN. First, we adopt
the sliding window to choose an alternative MISRJ seg-
ment searching. Assume that the alternate MISRJ seg-
ment in the current sliding window k can be recorded as
Sk (1), which is used as the reference signal for matched
filtering. The output of matched filter can be represented as

(10)

where o is the convolution operation. If this reference
signal corresponds with the MISRJ segment, the F,(r)
will have several large peak values equal to the number
of MISRJ segments. In other words, if we subtract the
reference signal in the peak value position, the rest signal’s
energy will be significantly decreased, proving that the
reference signal is the MISRJ segment. Assume that the
position of peak value is in the time of ¢,, the rest signal
after this CLEAN operation can be represented as

gk (t) = Sr (t) - eXp(JSO)S:; (t) s te [tpstp + LMISRJ : Tv]
Sk(t) = Sr (t)s te [Ostp] U [tp +LMISRJ : TssTp]

Fi () =S, (0)oSk(-1)

(11)
where T, is the sampling time, and ¢ is the difference of
initial phase estimated as
1 et S (1, +1-T)« S5, +1-T,)
S, (t,+1-T)|-|Sk(¢, +1-Ty)

o= . (12)

Lyusrs o

Due to several MISRJ segments in one pulse, the posi-
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tions of the first M peak values are chosen to repeat this
CLEAN process and the final rest signal of the & sliding
window can be represented as S, (¢), and its rest energy
can be represented as

E(k)= 8.5, (13)

t=0

In this way, the MISRJ segments can be obtained to
choose the reference signal corresponding with low rest
energy in one pulse. As metioned above, to increase jam-
ming efficiency and jamming time, the MISRJ periodi-
cally transmits the same segments, so we can obtain the
MISRJ sets extracted from different pulses, which is
denoted as Y=[S!(®,S2@®),---,S¥(@®)]. It should be
noted that the signals in this MISRJ set have the same
signal structure, and dictionary learning is used to extract
this signal structure in the following text.

3.2 ODL for cancellation model generation

In Subsection 3.1, MISRJ segments are extracted from
SAR echoes. Based on (7), Y can be denoted as

Y =[S1(0.82(), .Y 0]+
[SIIVIISRJ (t)’SI%/IISRJ ), ’SﬁISRJ (t)] +

[t @02 @), 0" )] =
SN (1) + Syiders (O + N™ (1) (14)

where S*(¢) is the target echo in the kth extracted MISRJ
segments, S y;qe, (1) 18 the kth MISRJ segment, and n* (7)
is the white Gaussian noise in the kth MISRJ segment.
Because MISRI is invariant in a short time period and the
target echo is totally different in different measurement
segments, the jamming part of [Syuers )5S puses -+
S wisrs (D] has a similar jamming signal component. Fur-
thermore, if the principal components of these MISRJ
segments can be obtained, these MISRJ segments will be
sparsely represented by the linear combination of several
independent signal components. Assume that indepen-
dent signal components can be represented as
D=[d\,d,, - ,dy], and the MISRJ segments can be
derived as

Syisrs (D =D-X (15)

where X has a dimension of M X N and sparse property.
In this way, the measurements set can be represented as

Y=D-X+S"O)+N*" ) =D-X+W,, (16)

where W, is the signal and noise subspace. Due to the
considerable power of MISRJ and sparsity of X, we can
obtain a pure jamming model using the sparse recovery

method as long as D is known. In order to obtain the
MISRJ model and separate jamming and signal simulta-
neously, the problem of generation of the jamming model
becomes a joint sparse recovery and dictionary optimal
problem. Recently, ODL [36—39] was proposed to rea-
lize sparse signal representation in an online way. The
ODL method is parameter-free, and it has high solving
efficiency and fast convergency advantages compared
with traditional dictionary methods. Particularly for large
data sizes, this method is significantly faster than other
methods and suitable for online processing. This method
transforms the problem of joint dictionary learning and
sparse recovery to the problem of alternate optimization.
In the rth iteration, first, dictionary D, ; obtained by the
last iteration is given, and the sparse solution X, can be
calculated by solving a convex optimization problem with
one norm constraint, which can be denoted as

!
X, = argmin = |¥ = D,_, X|l; + A1 X (17)

where A is the regular factor. Because the cost function in
(17) is convex, the convex optimization methods such as
conjugate gradient, least absolute shrinkage and selection
operator (LASSO), and iterative soft threshold algorithm
(ISTA) can be used to obtain this sparse solution. Then,
based on the sparse solution X, in the rth iteration, the
dictionary D, can be updated with the optimization func-
tion as

1
D, = argmgnz||Y—DXI||§+/1||X1||1~ (18)

The method of block-coordinate descent with warm
restarts can be utilized to update the dictionary. The
detailed steps of ODL are summarized in Algorithm 1.
Once the dictionary D is obtained, every column vector
can be regarded as an MISRIJ signal model to eliminate
further jamming, described in the following subsection.

Algorithm 1 ODL method
Input: The initial solution X, dictionary D, regular
parameter A, and measurements jamming Y. The maxi-
mum iteration number N and auxiliary variables A, =0,
B=0
Loop n from 1 to N, and in the nth iteration:
Step 1 Find the sparsity solution using LASSO for (17).
Step 2 Update auxiliary variables:
A=A, + X, X

{Bn =B, + Yn-1X,P,{_| .

Step 3 Update dictionary using (19):
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u; !
A
1
dj=———u,
! max(HujHZ,I) !

where a;, b;, andd; are the jth column of A, B,
and D,_,, respectively.
QOutput: D=D,, X=X,

(bj—Day)+d,

3.3 MISRJ suppression in SAR echoes

Same as the MISRJ segments extraction in Subsection 3.1,
the MF-CLEAN method is used here to suppress jam-
ming and preserve the target signal simultaneously.
Assume that the number of M independent signal compo-
nents is denoted as D-X=[M,(1),M;(1), -, My (1)],
which can be regarded as the independent jamming
reference model. First, the matched filter operation is car-
ried out using every model to search the best-matched
results and corresponding signal model, which can be
derived as

M;, (1) = argmax {max [|S, (V@ M, (-]} (19)

where ® is the Kronecker product, and the position corre-
sponding with the maximum value is p,. Thus the
MISRJ segment in this place can be canceled using the
CLEAN method, and the signal after CLEAN can be rep-
resented as
S (t) = Sr (t) - eXP (_]Qa) Mm (_t) ) re [pm7 pm + LMISRJ N TV]
S (t) = Sr(t), te [0’ pm] U [pm +LMISRJ : Ts, Tp]

(20)
where T is the sampling time, and ¢ is the difference of
initial phase, which can be estimated as
1 et S (6, +1-T,) «Sk(t, +1-T,)
S (t,+1-T)|-|Sk(t, +1-Ty)

.Q@D

=0

MISRJ

Power/dB
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(a) Signal with MISRJ in time domain

0 1 000 4000

Normalized power/dB

Moreover, we repeat the operation of matched filtering
and CLEAN several times until the rest energy decreases.
Consequently, the signal after jamming cancellation is
obtained. After MISRJ suppression, the SAR imaging can
be implemented. The imaging algorithm is widely
researched and the imaging methods can be referenced by
[1-5].

4. Simulation and real-measured
experiments

4.1 Simulation experiment and performance
analysis

The simulated data experiments are carried out in this
subsection to verify the remarkable performance of the
proposed method. The SAR parameters shown in Table 1
simulate the target echoes. In order to simplify the analy-
sis, a point target is set in the scene, and the enemy’s jam-
mer intercepts the transmitting signal. After sampling and
modulation, the MISRJ is released and received by SAR.
For the MISRIJ, one segment has a bandwidth of 20 MHz
and every received pulse includes four continuous MISRJ
segments, and the JSR is set as 30 dB. The SAR echo, the
signal after pulse compressing, the signal without jam-
ming after pulse compressing, and the time-frequency
distribution of echo are shown in Fig. 4.

Table 1 Simulated SAR parameters

Parameter Value
f./GHz 6
B/MHz 200
Tp/us 20
Fy/MHz 200
Pulse repetition frequency/Hz 600

0
MISRJ
=20
—40 |
—60
_80 1 1 I
0 1 000 2 000 3 000 4000
Range bin

(b) Signal after pulse compressing



WETI Shaopeng et al.: Modulated-ISRJ rejection using online dictionary learning for synthetic aperture radar imagery

Real target

Normalized power/dB

0 1 000

2 000
Range bin

3000 4000

(c) Real target signal after pulse compressing
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(d) Time-frequency distribution of echo with MTSRJ

Fig. 4 Simulated SAR echo with MISRJ

From Fig. 4(a), it can be seen that the MISRJ seg-
ments have more considerable power than the real target
echo. In this case, several false targets are formed after
pulse compressing shown in Fig. 4(b), and the real target
is entirely covered by these false targets shown in
Fig. 4(b) and Fig. 4(c). In addition, it can be seen that the
MISRJ has complex modulation and its time-frequency
distribution has a noticeable difference with the LFM
segment. In this way, the MISRJ will have a significantly
lousy influence on SAR image.

In order to decrease the influence of MISRJ, we use the
proposed MISRJ cancellation with the ODL method to
suppress the MISRIJ. Firstly, the length of the MISRJ seg-
ment is determined as 400 using the correlation function
method. Then the MISRJ segments are extracted using
the MF-CLEAN method and the MISRJ models are gene-
rated using ODL. Finally, the jamming can be canceled
using the method described in Subsection 3.3. The results
after jamming cancellation are shown in Fig. 5. We can
see that the signal with matching filtering of the real tar-
get can be correctly output after jamming suppressing, as
shown in Fig. 5(a). We enlarge the result of matching fil-
tering and it can be seen that the target power loss after
jamming suppressing is low compared with the ideal out-
put of matching filtering. The power loss is 0.2059 dB in
this simulation scene, as shown in Fig. 5(a). In addition,
the time-frequency distribution results after jamming sup-
pression are also plotted in Fig. 5(b), and it can be seen
that the time-frequency distribution of target appears and
the MISRJ can be canceled with little residual jamming.
As a comparison, the anti-jamming methods of adaptive
filtering [11] and parametric method [20] are used to pro-
cess the same jamming data. The adaptive filtering and
parameterized methods are shown in Fig. 6 and Fig. 7.
We can see that the target signal also appears after anti-

jamming, but it has more power loss, about 5.196 dB and
2.3889 dB, and much more residual jamming compared
with the proposed method from Fig. 6 and Fig. 7. This
simulated experiment verifies that the proposed jam-
ming suppression method has the remarkable perfor-
mance of canceling jamming and keeping the original tar-
get signal.
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=
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—60
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—80
500 1 000 1500
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——: Signal after jamming suppression and MF;
——: Signal without jamming after MF.
(a) Matched filtering result of jamming echo
processed by the proposed method
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=
g 0.4
—
= =50
0.2
—-100
0 50 100 150 200 250 300
Time/ps

(b)Time-frequency distribution of jamming echo processed by
the proposed method

Fig. 5 Anti-jamming results using the proposed method
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(a) Matched filtering result of jamming echo
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Fig. 6 Anti-jamming results using the adaptive filtering method

In order to quantitatively analyze jamming suppres-
sion performance and real-target signal loss of the pro-
posed method, we use the indexes of residual jamming to
signal ratio (RJSR) and power loss (PL) to evaluate them,
respectively. RJISR is defined as

(S®-5.0) (8 0-5.0)
RISR = . (22)

where $ (¢) is the signal after jamming suppression and
S.() 1is the signal without jamming.
S (t)— S, (¢) represents the residual jamming signal after
jamming suppression. PL can be calculated as

real-target

_ max {IS, e s(—t)*|2}
i

where s () is the transmitting signal. max { IS, ()@ s(—1)" |2}

= " (23)
max {|S (D ®s(—1)"

represents the maximum power output of real-target sig-
nal without jamming after matching filtering, and

max{|$ (1) ® s(-1)°
the signal after jamming suppression and matching
filtering. In this case, Monte-Carlo experiments with 50
times are carried out to analyze the RJSR and PL in
the condition of JSR rarging from 25 dB to 60 dB. The
results are shown in Fig. 8 to Fig. 10, and we can see that
the proposed method has more petite PL and RJSR,
which reveals that the proposed method has less signal
loss and jamming residual. It should be noticed that the
RJSR decreases with the increase of input JSR because
the more extensive the input JSR, the more accurate the
jamming model can be obtained, and the better jamming
suppression performance can be obtained. On the con-
trary, because the filtering gain is fixed, the power of

residual jamming is increased with the increase of input

2 .
} represents the maximum output of

JSR. In other words, the jamming suppression perfor-
mance will be degraded in the condition of high input
JSR scene.
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Fig. 7 Anti-jamming results using the parameterized method
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Fig. 8 RJSR and PL with different input JSR using the proposed
method
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Fig. 9 RJSR and PL with different input JSR using adaptive fil-
tering

3.4

32

3.0

2.8

Signal PL/dB

2.6

2.4

22 . . .
25 30 35 40 45 50
Input JSR/dB

(a) PL with different input JSR using the parameterized method

-15

Output JSR/dB
b th
W S

|
%)
(=}
T

735 1 1 1
25 30 35 40 45 50
Input JSR/dB

(b) RISR with different input JSR using the parameterized method

Fig. 10 RJSR and PL with different input JSR using parameteri-
zed method

After jamming suppression, a simulated SAR imaging
scene is also given to test the SAR imaging performance.
The radar parameters are given in Table 1. The simulated
scene is shown in Fig. 11(a), and the imaging result with-
out MISRJ is shown in Fig. 11(b). We add MISRIJ in the
simulated echo, the input JSR is set as 30 dB, and the
simulated SAR echoes and the jamming form are shown
in Fig. 12. The proposed, adaptive filtering, and parame-
terized methods are used to suppress jamming. Then, the
SAR imaging results using these three methods are shown
in Fig. 13. We can see that the proposed method has
much less residual jamming than the other two jamming
suppression methods. The imaging result of the proposed
method is closer to the imaging result without jamming.

(a) Simulated SAR imaging scene
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Fig. 11 SAR imaging scene

1000 1500

Pulse number
(a) SAR echoes with MISRJ

500 2000 2500

100
50
0
=50
—-100
0 50 100 150 200 250 300
Time/ps

Range/m

(b) Time-frequency distribution of echo

Fig. 12 Simulated echo with MISRJ
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Fig. 13 SAR imaging results with MISRJ
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4.2 Real-measured data analysis

In order to verify the remarkable performance of the pro-
posed method, the real-measured SAR data with MISRJ
is used in this subsection. The SAR parameters are listed
in Table 2, and the echo with jamming and its time-fre-
quency distribution is shown in Fig. 14. The data is
recorded using airborne SAR with Ka waveband and
1 GHz bandwidth. The spotlight model is utilized to
observe a port. The distance between radar and scene is
about 70 km and inertial navigation system (INS) is used
to obtain the real-time position of platform. The data is
recorded by the related research institution, and the
research institution name and scene picture cannot be
provided because of secrecy. From the SAR echo, we can
see that MISRJ totally covers the real echoes of SAR, and
the power of the MISRJ is more than 20 dB compared
with real SAR echoes. The time-frequency distribution is
also given in Fig. 14(b), and we can see that the MISRJ
has complex modulation. The proposed, adaptive, and
parameterized methods are used to suppress jamming and
realize SAR imaging. The jamming suppression and SAR
imaging results are shown in Fig. 15 and Fig. 16.
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Table 2 Real-measured SAR parameters

Parameter Value
fe Ka
B/MHz 100
T,/us 10
Fs/MHz 125
Pulse repetition frequency/Hz 600
500 120
1000 100
1500 %0
=
S 2000
& 60
m% 2500
3000 40
3500 20
4000
500 1 000 1500
Pulse number
(a) SAR echo after matched filtering
x10*
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15
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2
>
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=

-50

—-100
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(b) Time-frequency distribution of SAR echo with MISRJ

Fig. 14 Real-measured SAR echo with MISRJ

From Fig. 15(a), we can see that the real scene’s time-
frequency signals appear and the strong MISRJs are sup-
pressed using the proposed method. However, the mass
of residual jamming using the adaptive filtering method
and parameterized method is shown in Fig. 15(b) and
Fig. 15(c). Meanwhile, the scene signal has significant
loss using adaptive filtering and parameterized methods.
In addition, the SAR imaging results are also shown in
Fig. 16, and we can see that the proposed jamming sup-
pression method has the best imaging performance com-
pared with the other two methods. The parameterized
method cannot obtain SAR images because the complex
modulation jamming mismatches with the parametrized
jamming models. In this case, there is a mass of residual
jamming in echoes leading to a lousy image result. In
addition, compared with the adaptive filtering method,
the SAR image using the proposed method has higher
image SNR, better focusing performance, and clearer
scene outline.
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(a) Time-frequency distribution using the proposed method
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(c) Time-frequency distribution using parametrized method

Fig. 15 Time-frequency distribution of echo with jamming sup-
pression with different methods
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(a) SAR imaging using adaptive filtering method
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Fig. 16 SAR imaging results using different jamming suppression
methods

In order to verify that the proposed method has better
anti-jamming performance quantitatively, we also use the
image entropy, contrast and signal to jamming and noise
ratio (SJINR) to further evaluate the SAR images after anti-
jamming. First, image contrast and entropy evaluate the
image quality after anti-jamming. The definitions of
entropy £ and contrast C are

b

(25)

R D

E-= —% ZZ(I(r,d)*lg(I(’;d)

r=1 d=1

_ mean(l)
~ var()

where I(r,d) is the two-dimensional SAR image, c is a
normalized constant, mean(-) is the image mean value,
and var(-) is the variance of the image. As is known, the
larger the contrast value and the smaller the entropy
value, the higher quality of the SAR image. The image
contrast and entropy of three images shown in Fig. 17 are
listed in Table 3. We can see that the SAR image using
the proposed method has the minimum image entropy
and the maximum contrast compared with images
using the other two methods. Thus it can be revealed that
the proposed method’s jamming suppress ability is the
best.

==L Point 3
oy
500 - e Nosie and jamming
£
Eﬁ = Point 1
3 1 000
“— Point 2
1500

-100 =50 0 50 100
Doppler/Hz

Fig. 17 Chosen scattering points for SJNR evaluation

Table 3 Image entropy and contrast after anti-jamming

Method Entropy Contrast
Method 1 8.8132 2.0085
Method 2 13.3293 0.8413
Method 3 9.5901 1.6937

In Table 3, Method 1 represents the proposed method,
Method 2 represents the parameterized method, and
Method 3 represents adaptive filtering method. Second,
the SJNR of the strong scattering point in the SAR image
after anti-jamming is calculated. It should be noticed that
the higher SINR reveals the better SAR image quality
and the better anti-jamming quality. The SINR of one
scattering point in the SAR image is calculated as

SINR = IOIg( Py ) (26)
N/J

where P, is the power of scattering point and Py, is the
power of noise and rest jamming. We choose three strong
scattering points P1, P2, and P3 to calculate SINR, which
are shown in Fig. 17. The SINR of these three points are
listed in Table 4. We can see that the SAR image using
the proposed method has the highest SINR in these three
methods, which also reveals the best anti-jamming per-
formance of the proposed method.

Table 4 SJNR of SAR images after anti-jamming dB
Method P1 P2 P3
Method 1 53.0151 45.7266 39.4305
Method 2 51.5026 43.3872 37.8235
Method 3 17.8297 14.1262 19.2943

In all, the real-measured imaging results reveal that the
proposed method has better performance to suppress jam-
ming and preserve real signals compared with the other
two methods. The proposed method can be used in the
practical jamming environment.
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5. Conclusions

Combined with the MISRJ properties of large power,
periodical transmitting and complex modulation, the pro-
posed method has good performance to suppress MISRJ
and persevere real radar signal at the same time. Due to
extract jamming segments, the proposed method has high
computational complexity. In this way, the anti-jamming
method with low complexity should be further explored
in our future works.
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