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Interrupted-sampling repeater jamming (ISRJ) is a new kind of coherent jamming to the large time-bandwidth linear frequency
modulation (LFM) signal. Many jammingmodes, such as lifelike multiple false targets and dense false targets, can bemade through
setting up different parameters. According to the “storage-repeater-storage-repeater” characteristics of the ISRJ and the differences
in the time-frequency-energy domain between the ISRJ signal and the target echo signal, one new method based on the energy
function detection and band-pass filtering is proposed to suppress the ISRJ. The methods mainly consist of two parts: extracting
the signal segments without ISRJ and constructing band-pass filtering function with low sidelobe.The simulation results show that
the method is effective in the ISRJ with different parameters.

1. Introduction

Interrupted-sampling repeater jamming (ISRJ) [1] based on
the digital radio frequency memory (DRFM) technology is
a new kind of smart jamming, which aims especially at the
linear frequency modulation (LFM) signals with large time-
bandwidth product.The prominent characteristics of ISRJ are
embodied in its antenna system and its manner of sampling
and storing signals. ISRJ can be used in receive-transmit
time-sharing antenna system as well as antenna system with
two receive-transmit antennas which work asynchronously.
Besides, sampling and storing the whole radar signal without
distortion are not necessary.Therefore, the problems of high-
speed sampling and receive-transmit antenna isolation are
settled satisfactorily, which means great value of practical
application on the occasions of small jammer-platform like
missile-borne jammer.

Compared with ISRJ, the Chopping and Interleaving
(C&I) proposed in [2] by Sparrow and Cakilo can only
be accomplished in the next or after several radar pulse
repetition periods and the signal is continuous, while the ISRJ
signal can be generated in the current radar pulse repetition
period and the signal is intermittent, which leads themethods
such as phase perturbation [3], adjusting the chirp rate [4],

and pulse diversity [5–8] to failure. The fundamental ISRJ,
whose repeat sampling interval is constant and the duty ratio
is 50%, has many deficiencies. For example, the amplitudes
of the subfalse targets decay rapidly and the main false target
is always behind the true target on the self-defense occasion.
For solving these problems, some further studies have been
presented like interrupted-sampling and periodic repeater
jamming [9], irregularly interrupted-sampling and repeater
jamming [10], interrupted-sampling and nonuniform peri-
odic repeater jamming [11], and interrupted-sampling and
successive repeater jamming [12]. For sharing the common
operating mode “storage-repeater-storage-repeater,” they are
collectively called ISRJ in this paper. Compared with the ISRJ
with fixed repeat sampling interval, interrupted-sampling
and periodic repeater jamming and interrupted-sampling
and successive repeater jamming can form a mass of lifelike
false targets and have obvious advantages in fidelity and
amount of false targets, flexibility of system, computation
burden, and requirement of hardware environment [13].
The ISRJ with irregular sampling periods and interrupted-
sampling and nonuniform periodic repeater jamming can
achieve the desired jamming effect through setting up
different parameters like sampling pulse width, delay time
of repeater, pulse width of repeater, and repeat sampling
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interval. Moreover, the false targets with different amplitudes
can be generated without changing the instantaneous trans-
mit power which reduce the complexity of hardware system
and the energy loss caused by the power switching frequently.
Besides the studies on jamming methods, Feng made some
researches on the performance of ISRJ on monopulse radar
[14], dechirping radar [15], and the impact of ISJR on radar
constant false alarm rate (CFAR) detection [16]. There are
alsomany researches on 2-dimension (2D) ISRJmethods and
their application on synthetic aperture radar (SAR) or inverse
synthetic aperture radar (ISAR) [17–19].

Due to the sensitivity of the military, there is only
limited public research literature on electronic counter-
countermeasure (ECCM) schemes with respect to the exten-
sive researches on ISRJ. As a coherent repeater jamming
method, ISRJ has both deception and blanket jamming
effects under certain parameters and cannot be suppressed
by traditional radar antijamming methods such as matched
filter and coherent integration. Furthermore, ISRJ is mostly
used as self-defense jamming, so the traditional sidelobe
cancellation and sidelobe blanking are also useless. Aiming at
the recognition of ISRJ, Jiang et al. [20] have put forward some
recognition methods by using the differences on frequency
spectrum of the jamming signal and the target signal, which
is really important for further research on ECCM methods
against ISRJ. According to the discontinuity in time domain
of the ISRJ signal, Gong et al. [21] have proposed an
effective ECCM scheme for eliminating the ISRJ-based false
targets from the pulse compression result based on the time-
frequency analysis method. The segments not disturbed by
ISRJ are detected by finding the modulus minimum of the
short-time Fourier transform (STFT) result, and the band-
pass filter is constructed to filter out the ISRJ signal. However,
Gong does not give a method to determine the length of the
time unit in which only the target echo signal exists.

In this paper, a new method against the ISRJ is proposed
based on the “storage-repeater-storage-repeater” character-
istics of the ISRJ and the differences in the time-frequency-
energy domain between the ISRJ signal and the target signal.
The new method does not need to make the time-frequency
analysis such as short-time Fourier transform and only needs
to compute the simple energy function of the radar signal.
Then the signal segments not disturbed by the ISRJ are
obtained by comparing the energy function with a threshold
value. The rest of the paper is organized as follows. Section 2
first reviews the signal models of the target echo signal and
the ISRJ signal before and after the dechirping processing,
respectively, and then analyzes their time-frequency-energy
domain characteristics. Section 3 puts forward the antijam-
ming method based on the energy function detection and
band-pass filtering. The methods of extracting the signal
segments without ISRJ, determining the threshold value, and
building the band-pass filtering function with low sidelobes
are presented. Section 4 carries out some simulations to
demonstrate that the proposed ECCMmethod is effective in
ISRJ with different parameters resulting in different jamming
results including the multiple lifelike false targets and the
intensively distributed false targets.

2. Signal Model and Properties on
Time-Frequency-Energy Domain

2.1. Signal Model. Dechirping processing is one of the com-
mon methods of wideband LFM signal, which can convert
the time delay of the target echo signal into frequency;
that is, the target echo signal after dechirping is a single-
frequency signal whose frequency is proportional to the
target distance. Then, the pulse compression result can be
obtained by doing the Fourier transform to the radar echo
signal after dechirping processing. This method can not only
keep the high range-resolution but also reduce the radar’s
intermediate frequency (IF) bandwidth. ISRJ can also form
effective multiple false targets to the dechirping wideband
LFM pulse compression radar [16]. Furthermore, the prime
component of the jamming signal’s pulse compression output
can be ahead of the target by controlling the time delay of
repeater, which means that the spatial distributions of the
false targets are more flexible.

Assume that the normalized LFM signal emitted by the
radar is

𝑠 (𝑡) = rect(𝑡 − 𝑇/2𝑇 ) exp [𝑗2𝜋 (𝑓𝑐𝑡 + 12𝑘𝑡2)] , (1)

where

rect( 𝑡𝑇) =
{{{
1, −𝑇2 ≤ 𝑡 ≤ 𝑇2 ,0, else

(2)

represents a rectangular pulse with pulse width 𝑇 and center
location 0, 𝑓𝑐 is the radar carrier frequency, 𝑘 = 𝐵/𝑇
represents the chirp rate, and𝐵 is the bandwidth of the signal.
For the convenience of researching, assume that the true
target used in this paper just has one scatter point and the
distance between them is 𝑅𝑡. Then, the target echo signal can
be denoted as

𝑠𝑡 (𝑡) = 𝐴𝑟 rect(𝑡 − 𝑇/2 − 𝜏𝑡𝑇 )
× exp {𝑗2𝜋 [𝑓𝑐 (𝑡 − 𝜏𝑡) + 12𝑘 (𝑡 − 𝜏𝑡)2]} ,

(3)

where 𝜏𝑡 = 2𝑅𝑡/𝑐 is the time delay of the target echo signal,
𝑐 is the velocity of light, and 𝐴𝑟 = √2𝑃𝑡𝐺2𝜆2𝜎/(4𝜋)3𝑅4𝑡 is
the amplitude of the target echo signal.𝑃𝑡, 𝐺, 𝜆, 𝜎 are the peak
power of the radar signal, antenna gain, wavelength, and the
target radar cross section (RCS), respectively.

The reference signal of dechirping radar can be expressed
by

𝑠ref (𝑡) = rect(𝑡 − 𝑇ref/2 − 𝜏ref𝑇ref )
× exp {𝑗2𝜋 [𝑓𝑐 (𝑡 − 𝜏ref) + 12𝑘 (𝑡 − 𝜏ref)2]} ,

(4)

where 𝜏ref = 2𝑅ref/𝑐, 𝑅ref is the reference range, 𝑇ref is the
receiving window, and generally 𝑇ref > 𝑇.



International Journal of Antennas and Propagation 3

The dechirping processing consists of mixing radar sig-
nals and reference signal and low-pass filtering. Using the
analytic signal, the target echo signal after dechirping can be
denoted as

𝑠𝑡_de = 𝑠𝑡 (𝑡) ⋅ 𝑠∗ref (𝑡) = 𝐴𝑟 rect(𝑡 − 𝑇/2 − 𝜏𝑡𝑇 )
× exp [𝑗2𝜋 (−𝑘 (𝜏𝑡 − 𝜏ref) 𝑡 − 𝑓𝑐 (𝜏𝑡 − 𝜏ref)
+ 12𝑘 (𝜏2𝑡 − 𝜏2ref))] .

(5)

The basic idea of ISRJ is “storage-repeater-storage-
repeater,” which means that the jammer firstly samples and
stores parts of the radar signal and then transmits it once
or more than once, uniformly or nonuniformly to the radar.
Repeat like this until the end of the radar signal. Without
loss of generality, we analyze the interrupted-sampling and
periodic repeater jamming. Figure 1 shows the jamming
principle. 𝑇𝑠 is the repeat sampling interval. 𝜏 is the sampling
pulse width. 𝑇𝑠 is 𝑀 + 1 times of 𝜏. Then the interrupted-
sampling and periodic repeater jamming can be described
by

𝑠𝑗 (𝑡) = 𝐴𝑗 𝑀∑
𝑚=1

(𝑁−1∑
𝑛=0

rect(𝑡 − 𝜏/2 − 𝜏𝑡 − 𝜏𝑑 − 𝑚𝜏 − 𝑛𝑇𝑠𝜏 ) × exp [𝑗2𝜋 (𝑓𝑐 (𝑡 − 𝑚𝜏 − 𝜏𝑡 − 𝜏𝑑) + 12𝑘 (𝑡 − 𝑚𝜏 − 𝜏𝑡 − 𝜏𝑑)2)]) , (6)

where 𝜏𝑑 denotes the delay of the jammer and 𝐴𝑗 =
√2𝑃𝑗𝐺𝜆2/(4𝜋𝑅𝑡)2 denotes the amplitude of the jamming

signal. 𝑃𝑗 is the transmit power of the jammer. Then the jam-
ming signal after dechirping can be expressed by

𝑠𝑗_de = 𝑠𝑗 (𝑡) ⋅ 𝑠∗ref (𝑡) = 𝐴𝑗 𝑀∑
𝑚=1

(𝑁−1∑
𝑛=0

rect(𝑡 − 𝜏/2 − 𝜏𝑡 − 𝜏𝑑 − 𝑚𝜏 − 𝑛𝑇𝑠𝜏 )

⋅ exp {𝑗2𝜋 [−𝑘 (𝑚𝜏 + 𝜏𝑡 + 𝜏𝑑 − 𝜏ref) 𝑡 − 𝑓𝑐 (𝑚𝜏 + 𝜏𝑡 + 𝜏𝑑 − 𝜏ref) + 12𝑘 (𝑚𝜏 + 𝜏𝑡 + 𝜏𝑑)2 − 12𝑘𝜏2ref]}) .
(7)

2.2. Properties on Time-Frequency-Energy Domain. The in-
stantaneous frequency of a signal is defined by [22] as the
derivative of phase with respect to time.

𝑓 = 12𝜋 𝑑𝜑 (𝑡)𝑑𝑡 . (8)

Then according to (3), (5), (6), and (7), the instantaneous
frequency of the target echo signal and the jamming signal
before and after dechirping processing can be obtained as
follows:

𝑓𝑡 = 12𝜋 rect(𝑡 − 𝑇/2 − 𝜏𝑡𝑇 ) ⋅ 𝑑𝑑𝑡 [𝑓𝑐 (𝑡 − 𝜏𝑡) + 12𝑘 (𝑡 − 𝜏𝑡)2] = rect(𝑡 − 𝑇/2 − 𝜏𝑡𝑇 ) [𝑓𝑐 + 𝑘 (𝑡 − 𝜏𝑡)] ,
𝑓𝑡_de = 12𝜋 rect(𝑡 − 𝑇/2 − 𝜏𝑡𝑇 ) ⋅ 𝑑𝑑𝑡 {2𝜋 [−𝑘 (𝜏𝑡 − 𝜏ref) 𝑡 − 𝑓𝑐 (𝜏𝑡 − 𝜏ref) + 12𝑘 (𝜏2𝑡 − 𝜏2ref)]} = rect(𝑡 − 𝑇/2 − 𝜏𝑡𝑇 )

⋅ (−𝑘Δ𝜏𝑡) , Δ𝜏𝑡 = 𝜏𝑡 − 𝜏ref ,
𝑓𝑗 = 12𝜋

𝑀∑
𝑚=1

𝑁−1∑
𝑛=0

rect(𝑡 − 𝜏/2 − 𝜏𝑡 − 𝜏𝑑 − 𝑚𝜏 − 𝑛𝑇𝑠𝜏 ) ⋅ 𝑑𝑑𝑡 [2𝜋 [𝑓𝑐 (𝑡 − 𝑚𝜏 − 𝜏𝑡 − 𝜏𝑑) + 12𝑘 (𝑡 − 𝑚𝜏 − 𝜏𝑡 − 𝜏𝑑)2]]

= 𝑀∑
𝑚=1

𝑁−1∑
𝑛=0

rect(𝑡 − 𝜏/2 − 𝜏𝑡 − 𝜏𝑑 − 𝑚𝜏 − 𝑛𝑇𝑠𝜏 ) ⋅ [𝑓𝑐 + 𝑘 (𝑡 − 𝑚𝜏 − 𝜏𝑡 − 𝜏𝑑)] ,
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𝑓𝑗_de = 12𝜋
𝑀∑
𝑚=1

𝑁−1∑
𝑛=0

rect(𝑡 − 𝜏/2 − 𝜏𝑡 − 𝜏𝑑 − 𝑚𝜏 − 𝑛𝑇𝑠𝜏 )
⋅ 𝑑𝑑𝑡 {2𝜋 [−𝑘 (𝑚𝜏 + 𝜏𝑡 + 𝜏𝑑 − 𝜏ref) 𝑡 − 𝑓𝑐 (𝑚𝜏 + 𝜏𝑡 + 𝜏𝑑 − 𝜏ref) + 12𝑘 (𝑚𝜏 + 𝜏𝑡 + 𝜏𝑑)2 − 12𝑘𝜏2ref]}
= 𝑀∑
𝑚=1

𝑁−1∑
𝑛=0

rect(𝑡 − 𝜏/2 − 𝜏𝑡 − 𝜏𝑑 − 𝑚𝜏 − 𝑛𝑇𝑠𝜏 ) (−𝑘Δ𝜏𝑗) , Δ𝜏𝑗 = 𝑚𝜏 + 𝜏𝑡 + 𝜏𝑑 − 𝜏ref .
(9)

According to (9), we can realize the TF distribution of
the target signal and the jamming signal before and after
dechirping by Figure 2. It can be seen from Figure 2 that the
TF distribution of the jamming signal is discontinuous no
matter before or after dechirping because the ISRJ jammer
does not transmit the jamming signal when it is receiving
the radar signal, which is also the main advantage of ISRJ.
However, in pulse duration, the target echo signal before
and after dechirping is continuously changing with time.
Especially after dechirping, the frequency of the target echo
signal is invariable. Based on the great difference between
the TF characteristics of the ISRJ signal and the target echo
signal, we can build a band-pass filter using the target echo
signal segments which are not disturbed by the ISRJ signal to
eliminate most of the false targets.

Using the energy function defined as the square of the
signal’s modulus, we analyze the distribution characteristics
of the radar signal in the time-energy domain under the
jamming condition. The energy functions of the target echo
signal 𝑠𝑡_de(𝑡), the ISRJ signal 𝑠𝑗_de(𝑡), and the radar received
signals 𝑥(𝑡) = 𝑠𝑡_de(𝑡) + 𝑠𝑗_de(𝑡) under the jamming condition
after dechirping are

𝐸𝑡 (𝑡) = 𝑠𝑡_de (𝑡)2 = 𝐴2𝑟 rect(𝑡 − 𝑇/2 − 𝜏𝑡𝑇 ) , (10)

𝐸𝑗 (𝑡) = 𝑠𝑗_strech (𝑡)2

= 𝐴2𝑗
𝑁−1∑
𝑛=0

rect(𝑡 − 𝜏𝑡 − 𝜏𝑑 − (1 +𝑀/2) 𝜏 − 𝑛𝑇𝑠𝑀𝜏 ) , (11)

𝐸𝑥 (𝑡) = 𝑠𝑟_strech (𝑡) + 𝑠𝑗_strech (𝑡)2

= 𝐴2𝑟 rect(𝑡 − 𝑇/2 − 𝜏𝑡𝑇 )

+ 𝐴2𝑗
𝑁−1∑
𝑛=0

rect(𝑡 − 𝜏𝑡 − 𝜏𝑑 − (1 +𝑀/2) 𝜏 − 𝑛𝑇𝑠𝑀𝜏 )

+ 2𝐴𝑟𝐴𝑗 𝑀∑
𝑚=1

𝑁−1∑
𝑛=0

rect(𝑡 − 𝜏𝑡 − 𝜏𝑑 − 𝜏/2 − 𝑚𝜏 − 𝑛𝑇𝑠𝜏 )
× cos [2𝜋𝑘 (𝑚𝜏 + 𝜏𝑑) 𝑡 + 𝜑] ,

(12)

respectively, where 𝜑 = 2𝜋[𝑓𝑐(𝑚𝜏 + 𝜏𝑑) + (1/2)𝑘𝜏2𝑡 −(1/2)𝑘(𝑚𝜏 + 𝜏𝑡 + 𝜏𝑑)2].

For |cos[2𝜋𝑘(𝑚𝜏 + 𝜏𝑑)𝑡 + 𝜑]| ≤ 1, 𝐸𝑥(𝑡) satisfies (𝐴𝑗 −𝐴𝑟)2 ≤ 𝐸𝑥(𝑡) ≤ (𝐴𝑗 + 𝐴𝑟)2 during transmitting the jamming
signals. Figure 3 shows the curves of the energy functions of
the target echo signal, the ISRJ signal, and the radar received
signals under the jamming condition after dechirping.

It can be seen from Figure 3 that, during the sampling
duration, the energy is stable and small because the jammer
does not transmit the jamming signal and only the target echo
signal is received, while the energy is fluctuant quickly and
strong during the time of transmitting the jamming signal.

3. ECCM Scheme against ISRJ

3.1. Executing Steps of ECCMScheme. According to the above
analysis, an ECCM scheme against the ISRJ can be summa-
rized by the following steps.

Step 1. Calculate energy function of 𝑥(𝑡) (see (12)).
Step 2. Determine a threshold value 𝛾.
Step 3. Extract the signal segments not disturbed by the ISRJ
signal.

For any time 𝑡0 during the radar received signals, when𝐸𝑥(𝑡0) < 𝛾, 𝑝(𝑡0) = 1; otherwise, 𝑝(𝑡0) = 0. Then the signal
segments not disturbed by ISRJ signal can be expressed as

ℎ (𝑡) = 𝑥 (𝑡) ⋅ 𝑝 (𝑡) . (13)

Step 4. Get the band-pass filtering function 𝐻(𝑓) by doing
the Fourier transform on ℎ(𝑡) and then carry out the normal-
ization process.

𝐻(𝑓) = ∫
𝑡
ℎ (𝑡) ⋅ 𝑒−𝑗2𝜋𝑓𝑡𝑑𝑡

max (∫𝑡 ℎ (𝑡) ⋅ 𝑒−𝑗2𝜋𝑓𝑡𝑑𝑡) . (14)

Doing the Fourier transform on 𝑥(𝑡), we can get the pulse
compression result with ISRJ signal𝑋(𝑓).

𝑋(𝑓) = ∫
𝑡
𝑥 (𝑡) ⋅ 𝑒−𝑗2𝜋𝑓𝑡𝑑𝑡. (15)

Step 5 (filtering). Multiplying𝑋(𝑓)with the band-pass filter-
ing function 𝐻(𝑓), the ISRJ can be suppressed and then the
final pulse compression result can be obtained as

𝑌 (𝑓) = 𝐻 (𝑓) ⋅ 𝑋 (𝑓) . (16)
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Figure 1: The principle of the interrupted-sampling and periodic repeater jamming.
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3.2. How to Determine the Threshold Value. Not considering
the noise or when the noise is small enough and can be
negligible, we can get that (𝐴𝑗 − 𝐴𝑟)2 ≤ 𝐸𝑥(𝑡) ≤ (𝐴𝑗 + 𝐴𝑟)2
according to (12). Then, when (𝐴𝑗 − 𝐴𝑟)2 > 𝐴2𝑟, that is,𝐴𝑗 > 2𝐴𝑟 (this is a necessary condition to form an effective
jamming), we always can find a threshold value 𝛾, satisfying𝐴2𝑟 < 𝛾 < (𝐴𝑗 − 𝐴𝑟)2. Then the target echo signal segments

not disturbed by the ISRJ signal can be found by comparing𝐸𝑥(𝑡) with 𝛾 which can be set as
𝛾 = mean (envminp (𝐸𝑥 (𝑡))) , (17)

where envminp(𝐸𝑥(𝑡)) represents the minimum envelope of
the energy function and mean(⋅) denotes the expectation
operation.

For

envminp (𝐸𝑥 (𝑡)) = 𝑁−1∑
𝑛=0

(𝐴2𝑟 rect(𝑡 − 𝜏/2 − 𝑛𝑇𝑠𝜏 )
+ (𝐴𝑗 − 𝐴𝑟)2 rect(𝑡 − (1 +𝑀/2) 𝜏 − 𝑛𝑇𝑠𝑀𝜏 ))

(18)

we have
𝛾 = mean (envminp (𝐸𝑥 (𝑡)))
= 𝐴2𝑟 ⋅ 𝜏 + (𝐴𝑗 − 𝐴𝑟)2 ⋅ (𝑇𝑠 − 𝜏)𝑇𝑠
= (𝐴𝑗 − 𝐴𝑟)2 − 𝜏𝑇𝑠𝐴𝑗 (𝐴𝑗 − 2𝐴𝑟)
= 𝐴2𝑟 + (1 − 𝜏𝑇𝑠) (𝐴

2
𝑗 − 2𝐴𝑗𝐴𝑟)

(19)
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and generally 0 < 𝜏/𝑇𝑠 ≤ 1/2 < 1, so 𝛾 =
mean(envminp(𝑝𝑥(𝑡))) satisfies 𝐴2𝑟 < 𝛾 < (𝐴𝑗 − 𝐴𝑟)2.

When the noise is not small enough and cannot be
negligible, the envelope of the energy function is not constant
any more. There will be large error using the above methods
of determining the threshold value and extracting the signal
segments not disturbed by the ISRJ signal.Then an improved
method is proposed as follows:

(1) Calculating the maximum and the minimum envel-
opes of the energy function, envmaxp(𝐸𝑥(𝑡)) and
envminp(𝐸𝑥(𝑡)), respectively

(2) Calculating the mean envelope of the maximum and
the minimum envelopes:

envmoyp (𝐸𝑥 (𝑡))
= (envmaxp (𝐸𝑥 (𝑡)) + envminp (𝐸𝑥 (𝑡)))2

(20)

(3) Comparing envmoyp(𝐸𝑥(𝑡)) with 𝛾: when
envmoyp(𝐸𝑥(𝑡0)) < 𝛾, 𝑝(𝑡0) = 1; otherwise, 𝑝(𝑡0) =0. According to (13), we can get the signal segments
not disturbed by the ISRJ signal

This method can maximally avoid the influence of noise
on extracting the signal segments not disturbed by the ISRJ
signal.

3.3.The ImprovedMethod of Designing the Band-Pass Filtering
Function 𝐻(𝑓). Theoretically, 𝑝(𝑡) should be a rectangular
envelope pulse train with pulse duration 𝜏 and pulse repeat
sampling interval 𝑇𝑠, which can be defined by

ℎ (𝑡) = 𝑥 (𝑡) ⋅ 𝑝 (𝑡) = 𝑠𝑡_de (𝑡) ⋅ 𝑝 (𝑡) , (21)

where 𝑝(𝑡) = rect((𝑡 − 𝜏/2)/𝜏) ∗ ∑𝑁−1𝑛=0 𝛿(𝑡 − 𝑛𝑇𝑠), ∗ denotes
convolution operator.

The frequency spectrums of 𝑝(𝑡) and 𝑠𝑡_de(𝑡), respectively,
are

𝑃 (𝑓) = 𝑁−1∑
𝑛=0

𝜏𝑓𝑠 sin 𝑐 (𝑛𝑓𝑠𝜏) 𝑒−𝑗𝜋𝑛𝑓𝑠𝜏𝛿 (𝑓 − 𝑛𝑓𝑠)

= 𝑁−1∑
𝑛=0

𝑎𝑛𝛿 (𝑓 − 𝑛𝑓𝑠) ,
𝑆𝑡_de (𝑓) = 𝐴𝑟𝑇 sin 𝑐 [(𝑓 − 𝑓𝑡_de) 𝑇] 𝑒𝑗[𝜑0−𝜋(𝑓−𝑓𝑡_de)𝑇],

(22)

where 𝜑0 = −2𝜋𝑓𝑐(𝜏𝑡−𝜏ref )+𝜋𝑘(𝜏2𝑡 −𝜏2ref ).Then the frequency
spectrum of ℎ(𝑡) is

𝐻(𝑓) = 𝑁−1∑
𝑛=0

𝑎𝑛𝑆𝑡_de (𝑓 − 𝑛𝑓𝑠) , (23)

where 𝑓𝑠 = 1/𝑇𝑠.
From 𝐻(𝑓), we can clearly see that the frequency 𝑓max

corresponding to the maximum value of |𝐻(𝑓)| is just 𝑓𝑡_de.
But there exist high sidelobes beside themainlobe whichmay

Table 1: Simulation parameters.

Parameter Value
Peak power of radar 𝑃𝑡/MW 1.5
Radar antenna gain 𝐺/dB 45
Wavelength 𝜆/cm 5
Noise temperature 𝑇𝑒/K 290
Noise figure 𝐹/dB 3
Radar loss 𝐿/dB 6
Bandwidth of radar LFM signal 𝐵/MHz 10
Radar pulse width 𝑇/𝜇s 128
Radar IF sampling frequency 𝑓𝑠/MHz 5
Target RCS 𝜎/m2 1
Distance between target (jammer) and
radar 𝑅𝑡/km
(self-defense jamming)

100

Transmit power of jammer 𝑃𝑗/W 70
Jammer sampling pulse width 𝜏/𝜇s 1
Jammer repeat sampling interval 𝑇𝑠/𝜇s 2 and 10

cause the result that there are still some strong false targets
after filtering and the radar system still cannot detect the true
target correctly.

In this paper, the method of windowing in the frequency
domain is designed as follows to suppress the sidelobes of𝐻(𝑓).
Step 1. Choose a window function 𝑤(𝑡), such as hamming
window. By doing Fourier transform on 𝑤(𝑡), we get its
frequency spectrum𝑊(𝑓) whose center frequency is located
in zero.

Step 2. Constructing a one-dimensional optimization func-
tion,

𝑔 (𝑓0) = ∑
𝑓

𝑊 (𝑓 − 𝑓0) ⋅ 𝐻 (𝑓) . (24)

And find 𝑓0max that makes 𝑔(𝑓0) get the maximum value.

𝑓0max = max
𝑓0

𝑔 (𝑓0) . (25)

Then, the window function in frequency domain can be
obtained as

𝑊𝑎 (𝑓) = 𝑊(𝑓 − 𝑓0max) . (26)

Step 3. Multiplying 𝑊𝑎(𝑓) and 𝐻(𝑓) to get the filtering
function with low sidelobes𝐻𝑎(𝑓),

𝐻𝑎 (𝑓) = 𝑊𝑎 (𝑓) ⋅ 𝐻 (𝑓) . (27)

4. Simulations

In this section, we analyze the performance of the proposed
ECCM scheme to the ISRJ through some simulations. The
simulation parameters employed are illustrated in Table 1.
Here, the system delay of the jammer is too small to consider.
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Figure 4: The compression result before ECCM (𝑇𝑠 = 2 𝜇s).
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Figure 5: The band-pass filtering function (𝑇𝑠 = 2 𝜇s).

The influences of the jamming repeat sampling interval𝑇𝑠 and the duty ratio 𝜏/𝑇𝑠 on the jamming performance of
ISRJ have been studied in [22].The distance between the false
targets and the amplitudes of the false targets are determined
by the jamming repeat sampling interval𝑇𝑠 and the duty ratio𝜏/𝑇𝑠, respectively. Higher𝑇𝑠 produces false targets intensively
distributed, and smaller 𝑇𝑠 generates false targets sparsely
distributed. There are only three to five strong false targets
while the amplitudes of the high-order false targets attenuate
rapidly under the high duty ratio conditions. A large number
of false targets with slowly attenuated amplitudes and more
serious power loss are generated under the small duty ratio
conditions. Assume that the jamming sampling duration 𝜏 =1 𝜇s is invariable in the following simulations.

When𝑇𝑠 = 2 𝜇s, that is, the duty ratio is 50%, the theoreti-
cal analysis and the simulation result shown in Figure 4 reveal
that there exist three strong lifelike false targets resulting in a
confusion that the radar system cannot judgewhich one is the
true target.The 𝑥-axis in the simulation figures is represented
by the relative distance to reference point as a result of the
proportional relationship with the single-frequency target
echo signal after dechirping.

Figure 5 shows the magnitude-frequency responses of
the filters before and after windowing in frequency domain.
It can be seen from Figure 5 that the sidelobes of the

−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

N
or

m
al

iz
ed

 am
pl

itu
de

 (d
B)

30001000 5000−3000 −1000−5000

Relative range (m)

X: −112.5
Y: −3.896

X: 843.8
Y: −4.682

X: 1003
Y: 0

Figure 6: The jamming suppression result using𝐻(𝑓) (𝑇𝑠 = 2 𝜇s).
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Figure 7: The jamming suppression result using𝐻𝑎(𝑓) (𝑇𝑠 = 2 𝜇s).
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Figure 8: The compression result before ECCM (𝑇𝑠 = 10 𝜇𝑠).

filtering function are suppressed by a wide margin through
windowing in frequency domain.

The suppression result with the filter not windowed is
shown in Figure 6. It can be seen that there still exist one
strong false target for high sidelobes resulting in a confusion
to the radar system. Figure 7 shows the suppression result
with the windowed filter. From Figure 7, we can see that all
false targets are removed for the extremely low sidelobes of
the windowed filter.

When 𝑇𝑠 = 10 𝜇𝑠, that is, the duty ratio is 10%,
the theoretical analysis and the simulation result shown in
Figure 8 illustrate that the intensively distributed false targets
are generated resulting in a confusion to the radar system.
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Figure 9: The band-pass filtering function (𝑇𝑠 = 10 𝜇𝑠).
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Figure 10:The jamming suppression result using𝐻(𝑓) (𝑇𝑠 = 10 𝜇s).

Similarly, Figure 9 shows the magnitude-frequency re-
sponse of the filters before and after windowing in frequency
domain and has similar interpretation to Figure 5.

The suppression result with the filtering function not
windowed is shown in Figure 10. It can be seen that there
are still many false targets left surrounding the true target for
high sidelobes. Figure 11 shows the suppression result with the
windowed filtering function. From Figure 11, we can see that
the suppression efficiency is obviously good for the extremely
low sidelobes of the windowed filtering function.

Signal-to-noise ratio (SNR) and jamming-to-signal ratio
(JSR) will affect the validity of the proposed ECCM method.
SNR and JSR are defined as

SNR = 10 log10 (𝐴
2
𝑟𝜎2 ) ,

JSR = 10 log10(𝐴2𝑗𝐴2𝑟) ,
(28)

where 𝜎2 represents the power of noise. Then under different
JSR, assume that the peak value of the compression result after
executing the ECCM scheme proposed above is the target
and make the Monte-Carlo simulation 1000 times in every
SNR.When the noise power is increasing gradually, Figure 12
shows the detection probability of the true target.
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Figure 11: The jamming suppression result using 𝐻𝑎(𝑓) (𝑇𝑠 =10 𝜇s).
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Figure 12: Detection probability of the true target with different
SNR under different JSR.

From Figure 12, it can be seen that the larger JSR, the
larger detection probability of the true target. Under the
condition of JSR = 10 dB, JSR = 15 dB and JSR = 20 dB,
the true target can be detected with almost 100% probability
when SNR > 0 dB, SNR > −5 dB and SNR > −10 dB,
respectively. The larger JSR is beneficial to extract the signal
segments not disturbed by the ISRJ signal and construct the
band-pass filter exactly.

5. Conclusions

Based on the discontinuity characteristics of the ISRJ signal in
TF domain and the great differences in time-energy domain,
a simple and effective ECCM scheme against the ISRJ is
proposed in this paper. Firstly, a simple energy function is
defined and used to extract the target echo signal segments
without jamming. It is not necessary to perform the com-
plicated time-frequency decomposition.Then, the band-pass
filtering function with low sidelobes is obtained by doing the
Fourier transformation directly on the extracted signal and
windowing in frequency domain.The simulation results show
that the proposed method is effective not only in multiple
lifelike false targets, but also in intensively distributed false
targets generated through setting different jamming repeat
sampling intervals. Moreover, this method is effective even
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with low SNR under certain JSR, and we can acquire the
detection probability of almost 100% to the true target.
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