
282 Y. GUO, D. ZHOU, Y. DING, INTERRUPTED SAMPLING REPEATER JAMMING SUPPRESSION WITH PULSE DOPPLER … 

DOI: 10.13164/re.2024.0282 

Interrupted Sampling Repeater Jamming Suppression 
with Pulse Doppler Radar  

Using Linear Interpulse Frequency Coding 

Yueyu GUO 1, Di ZHOU 1,*, Yong DING 2 

1 Zhejiang Uniview Technologies Co., Ltd, No.369, Xietong Road, Binjiang District, Hangzhou, China 
2 School of Micro-Nano Electronics, Zhejiang University, No.2118, Pinglan Road, Xiaoshan District, Hangzhou, China 

guoyueyu202105@126.com,  zhoudi@uniview.com*, dingyong09@zju.edu.cn  

Submitted December 10, 2023 / Accepted March 25, 2024 / Online first April 30, 2024 

 
Abstract. Interrupted sampling repeater jamming (ISRJ) is 
an advanced form of coherent jamming, and the suppression 
of this jamming has become a critical problem for modern 
radar electronic countermeasures. In this paper, we propose 
a countermeasure based on the linear interpulse frequency-
coding linear frequency modulation (LIFC-LFM) signal. 
The LIFC refers to the linear encoding of the frequency of 
each pulse transmitted by the radar system, which can 
change the distribution of the false targets formed by ISRJ 
in the range-Doppler (RD) spectrum. In this context, we de-
sign the frequency coding value to effectively separate the 
true and false targets in the RD spectrum. Furthermore, we 
propose a fast-time phase compensation method to separate 
the true and false targets in the Doppler dimension to facil-
itate false target suppression. Finally, ISRJ can be sup-
pressed by oblique projection processing. Simulation exam-
ples demonstrate that the proposed method has an excellent 
and robust ISRJ suppression effect for direct forwarding 
ISRJ, repeated forwarding ISRJ, and frequency shifting 
ISRJ. Meanwhile, the signal-to-noise ratio loss caused by 
the jamming suppression is small. 

Keywords 
Pulse-Doppler radar, deception jamming suppression, 
interrupted sampling repeater jamming, interpulse fre-
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ity function 

1. Introduction 
Modern complex battlefield electromagnetic environ-

ments require radar systems with reliable jamming counter-
measures. With the development of digital radiofrequency 
memory (DRFM) technology [1], [2], deception jamming 
has been widely used in electronic warfare to deceive radar 
systems. Among the various deception jamming methods, 
interrupted sampling repeater jamming (ISRJ) [3], [4] is one 
of the most difficult to counter. Jamming is generated by 
a jammer using DRFM technology to rapidly sample and 

forward radar signals. It has the following advantages: 
(i) ISRJ is a type of intra-pulse jamming and has a fast re-
sponse speed [5]; (ii) ISRJ can form multiple false targets 
after pulse compression, which has both suppression and de-
ception effects [3]; and (iii) the jamming modulation mode 
is flexible, and the jammer can generate different types of 
ISRJ with different effects based on different forwarding and 
modulation methods, such as direct forwarding ISRJ, re-
peated forwarding ISRJ, and frequency shifting ISRJ [5].  

Compared to repeater jamming delayed by more than 
one pulse repetition interval [6–14], research on the ECCM 
methods of the ISRJ is relatively scarce. In open literature 
studies, ISRJ countermeasures can be divided into two main 
types: ISRJ suppression methods based on signal processing 
[15–19] and ISRJ suppression methods based on waveform 
design [20–24]. 

In terms of signal processing, filtering and cancellation 
methods for ISRJ suppression have been proposed [15–19]. 
In [15], a band-pass filter was designed to filter out the ISRJ 
using the discontinuity characteristics of the ISRJ in the 
time-frequency domain. The jamming parameters used for 
the bandpass filter design were estimated using time-fre-
quency (TF) analysis. Since the method proposed in [15] 
only considers point targets, an efficient filtering method for 
wideband radars has been proposed [16]. Moreover, a filter-
ing method based on energy function detection was pro-
posed in [17], which is not necessary for performing com-
plicated time-frequency analyses. Considering that [17] has 
poor extraction of jamming-free signal segments under the 
condition of low signal to interference plus noise power ratio 
(SINR), a modified method based on max-TF function de-
tection was proposed in [18]. In addition to filtering meth-
ods, a reconstruction and cancellation method for ISRJ sup-
pression has been proposed in [19]. The parameters used for 
jamming reconstruction were estimated using TF analysis 
and deconvolution processing. 

In addition to signal processing, waveform design is 
also an effective method for solving jamming problems. The 
waveform design method is more effective in anti-jamming 
than the signal-processing method. Exploiting the fact that 
the jammer can only intercept some of the radar signal frag-
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ments, an in-pulse quadrature phase-frequency encoding 
waveform is designed to mismatch the ISRJ with radar sig-
nal fragments that are not intercepted [20]. Using this ISRJ 
countermeasure mechanism, the work of adopting the im-
mune algorithm and improved genetic algorithm to design 
the quadrature-phase encoding waveform has been proposed 
successively [21], [22]. However, the antijamming perfor-
mance of the methods presented in [20–22] is related to the 
orthogonality of the designed waveforms. To further im-
prove the radar anti-jamming performance, a joint design 
method for the transmit waveform and mismatch filter was 
proposed [23–26]. Furthermore, a countermeasure based on 
the waveform agility was proposed to solve the target echo 
cancellation problem caused by the frequency-shifting ISRJ [5]. 

The above methods can effectively suppress the ISRJ 
under appropriate conditions; however, some problems re-
main. First, these methods cannot achieve effective separa-
tion of the target echo signal and ISRJ; therefore, the jam-
ming-suppression performance is limited. Second, they are 
mostly proposed for a certain type of ISRJ and cannot sup-
press multiple types of ISRJ. In this paper, we present 
a novel ISRJ countermeasure based on a linear interpulse 
frequency-coding linear frequency modulation (LIFC-LFM) 
signal. By designing the LIFC-LFM signal, the target echo 
signal and ISRJ can be effectively separated in the range-
Doppler (RD) spectrum. Furthermore, an ISRJ suppression 
method based on Doppler filtering is proposed. The contri-
butions of this study are summarized as follows: 

(1) An LIFC-LFM signal design for ISRJ separation is 
proposed. LIFC refers to the linear encoding of the fre-
quency of each pulse transmitted by a radar system. This can 
cause false targets formed by the ISRJ to be distributed 
obliquely in the RD spectrum, thus realizing separation from 
the true target. The separation performance can be controlled 
using an inter-pulse frequency coding value design. Com-
pared to existing methods, this method fully exploits the ad-
vantages of waveform design in active anti-jamming. It can 
separate true and false targets in the RD spectrum. In addi-
tion, the design of the interpulse frequency coding value 
does not require complex optimization, which fulfils the 
real-time demands of the battlefield. Additionally, this 
method works for direct forwarding ISRJ, repeated forward-
ing ISRJ, and frequency-shifting ISRJ. 

(2) An LIFC-LFM signal processing method is pro-
posed for ISRJ suppression. The false targets formed by the 
ISRJ are obliquely distributed in the RD spectrum and are 
difficult to suppress. Therefore, we propose a RD rotation 
transformation method based on fast time-phase compensa-
tion, shifting the false targets to the same Doppler frequency 
unit. Furthermore, oblique projection processing [27–29] is 
used to suppress jamming. Since the target echo signal and 
ISRJ are separated when filtering out the ISRJ, the proposed 
method can achieve an excellent ISRJ suppression effect 
with a low signal-to-noise ratio (SNR) loss. 

2. LIFC-LFM Signal Modelling and 
Analysis 

2.1 LIFC-LFM Signal 
Linear interpulse frequency coding linear frequency 

modulation (LIFC-LFM) signal refers to the linear fre-
quency modulation (LFM) pulse train signal encoded by lin-
ear frequency between pulses, which can be represented as 
follows: 

( ) ( ) ( ) ( ) ( )
1 1

r r
0 0

exp j2π exp j2π
N N

n
n n

s t u t nT f t u t nT n ft
− −

= =

= − = − ∆∑ ∑   (1) 

where N indicates the number of pulses in a coherent process 
interval (CPI). Tr indicates the pulse repetition interval 
(PRI). fn = n∆f is the frequency coding of the (n + 1)-th 
pulse, where ∆f denotes the unit frequency step. u(t) repre-
sents the complex envelope of the LFM signal with pulse 
width T, which is expressed as follows: 

 ( ) ( )2rect exp jπtu t kt
T
 =  
 

 (2) 

where k = B∕T is the frequency slope, and B denotes the 
bandwidth of u(t). Additionally, rect(t) is the rectangular 
function, 
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The frequency encoding scheme of the LIFC-LFM sig-
nal is the same as that of the stepped frequency (SF) signal 
[30], [31]; however, the purpose of frequency encoding and 
the magnitude of the frequency coding values are different. 
The unit frequency step ∆f of the SF pulse signal is generally 
set to a larger value to achieve large overall bandwidth. In 
contrast, the absolute value of ∆f in (1) is set to a small value, 
satisfying |∆f | ≪ B, which may cause the false targets 
formed by ISRJ to be obliquely distributed obliquely in the 
RD spectrum. 

2.2 Ambiguity Function Analysis 
The ambiguity function (AF) [32], [33] is one of the 

most commonly used and important signal analysis tools for 
visually demonstrating echo distribution characteristics. 
Since the LIFC-LFM signal has the same form as the SF 
pulse signal, their AF expressions are also the same. The AF 
expression of the LIFC-LFM signal is as follows: 

 ( ) ( ) ( ) ( )d d, exp j2π df s t s t f t tχ τ τ
+∞

∗

−∞

= +∫  (4) 

where τ indicates the delay in the target echo. In this study, 
we consider the center AF of the LIFC-LFM signal, that is, 
|τ| < T, |fd| < 1∕(2Tr). Therefore, we apply (1) to (4) and obtain 
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where χLFM(τ, fd) represents the AF of LFM signal u(t), 

 

( ) ( ) ( ) ( )

( ) ( )( )( )
( )( )( )
( )

LFM d d

2
d

d

d

, exp j2π d

exp jπ exp jπ

sin π
.

π

f u t u t f t t

k k f T

k f T

k f

χ τ τ

τ τ τ

τ τ

τ

+∞
∗

−∞

= + =

+ −

+ −

+

∫
 (6) 

The Doppler mainlobe width of χLFM(τ, fd) is 
approximately equal to 1/T. Since |fd|<1/(2Tr)<1/T, 
χLFM(τ, fd) ≈ χLFM(τ, 0). Therefore, equation (5) can be 
rewritten as 
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According to (7), the peak position of the ambiguity 
function satisfies fdTr + ∆fτ = 0 and τ = 0, which means the 
mainlobe of the ambiguity function is located at the origin. 
Additionally, the AF of the LIFC-LFM signal was obliquely 
distributed by the slope kΔf: 

 d

r
f

f fk
Tτ∆

∆
= = − . (8) 

It shows that the AF of the LIFC-LFM signal has a RD 
coupling effect, which leads to the broadening of its Doppler 
mainlobe. The delay mainlobe width of the LFM pulse train 
signal is approximately 1/B, and its Doppler mainlobe width 
is approximately 1/NTr. Under the same parameters, the de-
lay mainlobe width of the LIFC-LFM signal is approxi-
mately 1/B, but its Doppler mainlobe width is different from 
that of the LFM pulse train signal. The Doppler mainlobe 
width is approximately equal to that of the |kΔf |/B + 1/(NTr). 
For ease of understanding, Figure 1 presents a comparison 
of the AF mainlobe of the LFM pulse train signal and LIFC-
LFM signal. 

To alleviate the Doppler resolution degradation caused 
by Doppler broadening, we can design the unit frequency step 

 
Fig. 1.  Schematic of the AF mainlobe. 

 
Fig. 2.  Ambiguity function of the LIFC-LFM signal. 

∆f such that the Doppler broadening is less than 1/(NTr), 
which satisfies the following equation 

 
r

1fk
B NT
∆ < . (9) 

Substituting (8) into (9) yields 

 Bf
N

∆ < . (10) 

It can be observed that the LIFC-LFM signal has 
a “thumbtack” AF if we ignore the sidelobe of the ambiguity 
function χ(τ, fd) and assign a smaller value to |∆f|. Figure 2 
shows the AF simulation results for the LIFC-LFM signal. 
In the simulation, the radar signal has the following param-
eters: Tr = 100 μs, T = 10 μs, B = 50 MHz, N = 128, and 
∆f = 50 kHz. 

2.3 LIFC-LFM Signal Echo Analysis 
Suppose that there exists a threat target in the far field. 

The delay and Doppler frequency of the target are τs and fd,s, 
respectively, where T < τs < Tr − T and |fd,s| < 1/(2Tr). The 
target echo received by the radar in the (n+1)-th PRI is de-
noted as xs,n(t): 

 
( ) ( )
( )( ) ( )

s, s r s
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where As denotes the complex amplitude. We performed 
matching processing on the echo, and the reference signal in 
the (n+1)-th PRI is [u(t – nTr) exp(j2πfnt)]*. The matching 
process result can then be expressed as follows: 
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As we consider only |fd,s| < 1/(2Tr) < 1/T, equation (12) 
can be rewritten as follows: 
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Furthermore, we performed Doppler coherent pro-
cessing on the target echo received in N PRIs, and the Dop-
pler compensation value is denoted as fd. The processing re-
sult is 

( ) ( ) ( )

( )( ) ( )( ) ( )

( ) ( )

( ) ( ) ( ){ }

( ) ( )

1

s d s, d r
0

1

s s d,s r d r
0

s

1

s d,s s d,s r
0

d

s

, exp j2π

exp j2π exp j2π exp j2π

d

exp j2π exp j2π

d .

N

n
n

N

n
n

N

n

r t f r t f nT

A f t f t nT f nT

u t u

A f t f t f T n

u t u

f

τ

τ τ τ τ

τ

τ τ τ τ

−

=

−

=

+∞
∗

−∞

−

=

+∞
∗

−∞

= − ≈

− + −

+ −

  = ∆ − + −   
 

+ − 
 

∑

∑

∫

∑

∫

 (14) 

According to (5) and (7), 

( ) ( )( ) ( ) ( )
1

d d r
0

, exp j2π d
N

n
f n f T f u t u t tχ τ τ τ

+∞−
∗

= −∞

  
≈ + ∆ +  
   
∑ ∫ . (15) 

Therefore, equation (15) can be rewritten as 

 ( ) ( ) ( )( )s d s d,s s d,sd, exp j2π ,r t f A f t t ffχ τ −≈ − − . (16) 

It can be observed that the target echo forms a peak at 
(Rs, fd,s) after RD processing, where Rs = cτs/2 and c denotes 
the speed of light. Therefore, the target can be accurately de-
tected by transmitting the LIFC-LFM signal. 

 
Fig. 3.  Illustration of interrupted sampling function. 

3. Interrupted Sampling Repeater 
Jamming Analysis 

3.1 Principle of Interrupted Sampling 
Repeater Jamming 
The ISRJ is formed by jammer sampling and the for-

warding of radar signals. In practice, the jammer begins 
sampling when a radar pulse front is detected, stops sam-
pling at the end of the pulse, and restarts sampling when the 
next pulse front is detected. This process is repeated. The 
interrupted sampling function p(t) adopted by the jammer is 
a rectangular envelope pulse train  

 ( ) ( )s
0

rect
l

tp t t lT
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δ
+∞
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= ⊗ − 
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where T0 represents the sampling pulse duration, l is an inte-
ger, and Ts denotes the sampling period. Figure 3 shows 
a diagram of the interrupted sampling function. 

Therefore, the sampled signal ssample(t) obtained by 
jammer sampling of the LIFC-LFM signal can be expressed 
as 
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where 
 ( ) ( ) ( ) ( )sample, r r exp j2πn ns t p t nT u t nT f t= − − . (19) 

Furthermore, the jammer repeatedly transmits the sam-
pled signal ssample(t) with frequency shift fJ to interfere with 
the radar. The ISRJ signal sJ(t) can be expressed as 
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where M indicates the number of forwardings, and sJ,n(t) is 
the ISRJ signal generated in the (n+1)-th PRI. 
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According to [34], p(t)u(t) is equivalently expressed as 
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where 
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where fs = 1/Ts and sa(x) = sin(x)/x. Therefore, equation (21) 
can be rewritten as follows:  
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Fig. 4.  Diagram of the ISRJ generated in the (n+1)-th PRI. 

Based on the different values of M and fJ, sJ(t) 
represents the different ISRJs. First, when M = 0 and fJ = 0, 
sJ(t) directly forwards the ISRJ. Second, when M ≠ 0 and 
fJ = 0, sJ(t) represents repeated forwarding ISRJ. Third, when 
fJ ≠ 0, sJ(t) denotes frequency shifting ISRJ. Figure 4 shows 

the ISRJ forwarded by the jammer in the (n+1)-th PRI, 
where the forwarding number is M. 

3.2 Cross Ambiguity Function Analysis 
In this subsection, we adopt the cross-ambiguity 

function (CAF) [35] to analyze the ISRJ, which can visually 
demonstrate the ISRJ distribution characteristics after RD 
processing. The CAF of the LIFC-LFM signal and ISRJ are 
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In this paper, we only consider the center CAF, that is, 
|τ| < T, |fd| < 1/2Tr. Substituting (1), (20), and (21) into (25) 
yields (26) 
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where am,l(τ,fd) is a complex coefficient, 
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and ψm(τ,fd) is the CAF of the LIFC-LFM signal and 
jamming signal forwarded by the jammer for the (m+1)-th 
time. The CAF ψ (τ,fd) comprises multiple ψm(τ,fd) with 
different time shifts: 
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Since we only consider |fd| < 1/(2Tr) < 1/T, 
χLFM(τ − mT0, lfs + fJ + fd) ≈ χLFM(τ − mT0, lfs + fJ). Therefore, 
equation (28) can be rewritten as 
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In (29), the first term on the right-hand side of the equa-
tion is a complex amplitude term that can be ignored. The 
second term is the sinc function, which has a peak output 
when the condition ∆f(τ − mT0) + fdTr = 0 is satisfied. The 
third term is the delay cut of the ambiguity function 

χLFM(τ − mT0, fd) at the Doppler frequency shift point 
(lfs + fJ), which has a peak output when the condition 
k(τ − mT0) + (lfs + fJ) = 0 is satisfied. Therefore, the CAF 
ψm(τ,fd) has multiple peak outputs, and the peak output num-
bered l is located at (mT0 − (lfs + fJ)/k, ∆f(lfs + fJ)/kTr). Since  
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 (30) 

it is evident that the peak outputs of the CAF ψm(τ, fd) are 
distributed on the oblique line passing through point 
(mT0, 0), and the slope of the oblique line is kΔf. It is note-
worthy that the pulse train signal is periodic in the Doppler 
dimension. When the slope kΔf is large, the peak outputs of 
the CAF ψm(τ, fd) may appear periodically in the cross-ambi-
guity function diagram. Figure 5 shows the CAF simulation 
results of the LFM pulse train signal and the RIFC-LFM sig-
nal. In the simulation, T0 = 0.5 μs, Ts = 2 μs, M = 3, fJ = 0 Hz, 
and other parameters are the same as mentioned above. 

3.3 Interrupted Sampling Repeater Jamming 
Echo Analysis 
Suppose that there is a threat target in the far field. The 

delay and Doppler frequency of the target are τs and fd,s, re-
spectively, where T < τs < Tr − T and |fd,s| < 1/(2Tr). The target 
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                                   (a) LFM pulse train signal                                                                                      (b) LIFC-LFM signal 

Fig. 5.  Cross ambiguity function top view. 

is equipped with a self-defense jammer that could generate 
an ISRJ. The ISRJ signal received by the radar in the (n+1) 
PRI is denoted by xJ,n(t): 
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where AJ indicates the amplitude of the ISRJ signal. Further-
more, τJ indicates the delay of the ISRJ signal, which satis-
fies τs < τJ < Tr and τJ − τs > T0. We performed matching pro-
cessing on the ISRJ signal, and the reference signal in the 
(n+1) PRI is [u(t – nTr) exp(j2πfnt)]*. The matching process 
result can then be expressed as follows in (32). 

Furthermore, we performed Doppler coherent pro-
cessing on the echo received in N PRIs, and the Doppler 
compensation value is denoted as fd. The processing result is 
given in (33). 
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Since we only consider |fd| < 1/(2Tr) < 1/T, 
χLFM(t − mT0 − τJ, lfs + fJ + fd,s) ≈ χLFM(t − mT0 −τJ, lfs + fJ + fd,s − fd). 
Therefore, equation (33) can be rewritten as: 
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 (34) 

According to (34), it is clear that the ISRJ can form 
multiple false targets after RD processing, and these false 
targets are distributed on the oblique line that passes through 
the point (RJ,m, fd,s), where RJ,m = c(τJ + mT0)/2 and m = 
0, 1,⋯, M − 1. c denotes speed of light. In addition, the slope 
of the oblique line is – kΔf. 

4. ISRJ Separation Based on LIFC-
LFM Signal Design 

4.1 Principle of Interrupted Sampling 
Repeater Jamming 
The analysis in Sec. 3.3 indicates that ISRJ can form 

multiple false targets after RD processing. These false tar-
gets are distributed on the oblique line that passes through 
the point (RJ,m, fd,s), where m = 0,1,⋯, M − 1. In addition, 
according to Sec. 2.3, the target echo forms a peak at (Rs, fd,s) 
after the RD processing. 

As the ISRJ is formed by jammer sampling and for-
warding of the radar signal, RJ,m is greater than Rs. Therefore, 
compared with the LFM pulse train signal, the LIFC-LFM 
signal can separate true targets from false targets in the RD 
spectrum. Figure 6 presents an intuitive illustration of the 

 
(a) LFM pulse train signal 

 
(b) LIFC-LFM signal 

Fig. 6.  True and false targets in the RD spectrum. 

distribution of true and false targets in the RD spectrum. It 
shows that multiple false targets are horizontally distributed 
in the RD spectrum when the radar-transmitted signal is 
an LFM pulse-train signal. These false targets overlapped 
with the true targets. In contrast, when the transmitted signal 
is an LIFC-LFM signal, the false targets are obliquely dis-
tributed in the RD spectrum and separated from the true target. 

In Fig. 6(b), δRm indicates the range difference 
corresponding to the delay difference between the target 
echo and the jamming signal transmitted by the jammer for 
the m-th time, and δRm = c(τJ + mT0 − τs)/2. We denote 
δτm = τJ + mT0 − τs and δRm = cδτm/2. Additionally, the Dop-
pler interval δfm satisfies δfm = −k∆fδτm. Therefore, by de-
signing the unit frequency step ∆f, the Doppler interval δfm 
can be changed to achieve a more effective separation of the 
true and false targets in the RD spectrum. 

4.2 The Design of Unit Frequency Step ∆f 
In this subsection, we study the design of the unit fre-

quency step Δf. In Sec. 4.1, we introduced that the Doppler 
interval between the true target and the false target formed 
by the m-th forwarding jamming signal is δfm = −k∆fδτm. 
However, because the pulse train signal exhibits periodicity 
in the Doppler dimension, the calculation method for the 
Doppler interval is insufficiently accurate. We know that the 
Doppler period is 1/Tr, so the Doppler interval δfm needs to 
be rewritten as 
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where mod(α,β) = α – α/β⋅β. α and β are the real numbers. 

The Doppler correlation corresponding to the Doppler 
interval δfm can be expressed as follows 
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The smaller the Doppler correlation between the target 
echo signal and the ISRJ, the better the separation perfor-
mance of the ISRJ, and the more conducive it is to the sup-
pression of the ISRJ. When the Doppler interval δfm satisfies 
the following equation, 
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     (37) 

the ISRJ and the target can be considered as completely sep-
arated. However, it is difficult to accurately maintain the 
time delay of ISRJ compared with the target echo, so it is 
difficult to make (37) hold by designing ∆f. From (35), we 
know that the Doppler interval δfm ≤ 1/(2Tr). Under this con-
dition, the amplitude of the Doppler correlation function in 
(36) shows an attenuation trend as δfm increases. Therefore, 
we can increase the Doppler interval δfm as much as possible 
by designing ∆f, which is easy to implement. The optimiza-
tion problem is established as follows: 
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where κm is the value range of δτm. The constraint condition 
in (38) is set to alleviate the Doppler mainlobe that broadens 
the problem of the LIFC-LFM signal. Since ISRJ is gener-
ated by a single receive-and-transmit time-sharing antenna, 
τJ − τs is greater than the sampling pulse duration T0, and it is 
less than Ts − T0. Therefore, κm = [T0 + mT0, Ts − T0]. We de-
fine κI = κ0∪κ1∪⋯∪κM–1=[T0, Ts− T0] and δf = –kΔf δτ, 
then equation (38) can be rewritten as 
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Since δf ≤ 1/(2Tr), the optimization problem (39) can 
be further rewritten as 

 
Iδ

r

1arg min max δ
2

s.t. ,

f f
T

B Bf
N N

τ∈

 
∆ = − 

 
 ∆ ∈ −  

κ

. (41) 

Finally, we substitute (8) and (40) into (41) and multi-
ply the objective function by a constant Tr. The optimization 
problem in (41) can be rewritten as 
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The optimization problem in (42) can be solved using 
a linear search. We assume that κI = [T0, Ts − T0] is discre-
tized into G1 points, and [−B/N, B/N] is discretized into G2 
points. Therefore, the computational complexity is Ο(G1G2). 

In this study, it is assumed that the parameters Ts and 
T0 are known and could be estimated using the method pro-
posed in [19]. 

5. ISRJ Suppression Based on LIFC-
LFM Signal Processing 

5.1 Range-Doppler Rotation Transformation 
Based on Fast-time Phase Compensation 
The true and false targets in the RD spectrum can be 

separated by transmitting the LIFC-LFM signal. However, 
false targets are difficult to suppress because they are 
obliquely distributed in the RD spectrum and exhibit perio-
dicity in the Doppler dimension. In this section, we propose 
a range-Doppler rotational transformation method based on 
phase compensation to solve this problem. 

Suppose that there is a target and an ISRJ in the echo. 
The parameters of the target and ISRJ are the same as those 
in Sec. 2.3 and 3.3. Without considering the noise, the 
matching processing result of the echo received in the (n+1)-th 
PRI is expressed as follows: 
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To achieve the range-Doppler rotation transformation, 
we perform fast-time phase compensation for the matching 
result in (43), and the compensation result is denoted as r̅n(t): 
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Furthermore, we performed Doppler coherent pro-
cessing on the echo received in N PRIs, and the Doppler 
compensation value was denoted as fd. The processing result 
is given in (45).  

Equation (45) shows that the Doppler frequency of the 
true target satisfies −∆fτs + (fd,s − fd)Tr = 0, that is, its Doppler 
frequency is fd,s − (∆fτs)/Tr. Additionally, the Doppler fre-
quency of the false targets formed by the m-th forwarding 
jamming signal satisfies −∆f(mT0 + τJ) + (fd,s − fd)Tr = 0, and 
its Doppler frequency is fd,s − ∆f (mT0 + τJ)/Tr. These false 
targets were shifted to the same Doppler frequency unit us-
ing fast-time phase compensation processing. Additionally, 
true and false targets are separated in the Doppler dimension 
because they have different Doppler frequencies. The fre-
quency difference between the true target and the false target 
formed by the m-th forwarding jamming signal is 
∆f(mT0 + τJ − τs)/Tr = δfm. 

5.2 ISRJ Suppression Based on Oblique 
Projection Processing 
In this section, an oblique projection processing 

method is used to suppress the ISRJ. First, we stack the 
matching processing results of the echo received in N PRIs 
into column vectors, which are denoted as r̅(t) (46).
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where 
( ) ( )( )( ), J s J 0 J d,sexp j2π j2πm l lA t A a lf f t mT f tτ= + − − +  (47) 

and 
 ( ) ( ) ( )( ) T

d d r d rexp j2 0 , ,exp j2 1f f T f N Tπ π = − b  (48) 

Therefore, the Doppler vector space of the true and 
false targets can be denoted as Us = [b(−(∆fτs)/Tr + fd,s)] and 
UJ = [b(−∆f (0T0 + τJ)/Tr + fd,s), b(−∆f (1T0 + τJ)/Tr + fd,s), ⋯, 
b(−∆f [(M − 1)T0 + τJ]/Tr + fd,s)]. Notably, we can obtain the 
Doppler frequency information of true and false targets by 
performing super-resolution processing on r̅(t). The super-
resolution algorithm adopted in this study was the multiple 
signal classification (MUSIC) algorithm. The specific pro-
cessing of the MUSIC algorithm can be found in [36]. 

Furthermore, we can establish the oblique projection 
matrix E[US, UJ], 
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where 
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UP  represents the orthogonal complement projection 

matrix of the subspace UJ, 
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The established matrix E[US, UJ] is endowed with the 
properties E[US, UJ] = US = UJ and E[US, UJ] b(−∆f (mT0 + τJ)/Tr + fd,s) 

= 0. We performed oblique projections on r̅(t), and the 
processing result of y̅(t) is expressed as follows: 
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The above equation shows that oblique projection can 
effectively filter the ISRJ. Since fast-time phase compensa-
tion changes the Doppler frequency of the true target, we 
need to perform inverse phase compensation on the oblique 
projection processing results. The inverse-phase compensa-
tion result is denoted as y(t) 
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Fig. 7.  ISRJ suppression processing process. 

Finally, we performed Doppler coherent processing on 
y(t), and the Doppler compensation value is denoted as fd. 
The processing result is 
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It can be observed that false targets are suppressed. 
Additionally, the true target outputs a peak at (τs, fd,s). The 
ISRJ suppression process is illustrated in Fig. 7.  

6. Numerical Simulation 
In this section, we verify the effectiveness of the pro-

posed ISRJ suppression method through simulation experi-
ments. The simulation parameters of the radar system and 
sampling function p(t) are listed in Tab. 1 unless otherwise 
specified. We adopted the Hamming window function for 
range sidelobe suppression, and the specific method in-
volved multiplying the reference signal used for matching 
processing with the Hamming window function as the new 
reference signal. 

6.1 Range-Doppler Spectrum Analysis 
Compared with the LFM pulse train signal, the LIFC-

LFM signal can cause false targets formed by the ISRJ to 
distribute obliquely in the RD spectrum, thus realizing the 
separation of true and false targets. This section presents 
three intuitive examples that demonstrate this property. Fur-
thermore, we provide the RD spectrum obtained at each step 
of the proposed ISRJ suppression method. According to the 
parameters set in Tab. 1, we can calculate |∆f| = 390.6 kHz 
by (42). We set ∆f as 390.6 kHz, thus the slope of the 
distribution of false targets in the RD spectrum is  
–2kΔf / c = 26.04. 
 

Parameter Value 
PRI 100 μs 

Pulse width 10 μs 
Coherent pulse number 128 

Bandwidth 50 MHz 
Carrier frequency 1 GHz 

Sampling pulse duration 0.5 μs 
Sampling period 2 μs 

Signal to interference ratio (SIR) −20 dB 

Tab. 1.  Simulation parameters of the radar system and 
interrupted sampling signal.  

(1) Direct forwarding ISRJ (M = 1, fJ = 0 Hz) 

The target was located 10 km away at a velocity of 
300 m/s. It was equipped with a self-defense jammer that 
generated an ISRJ by transmitting the sampled signal once. 
The time delay of the ISRJ with respect to the target echo is 
0.5 μs. Figure 8 illustrates the RD spectrum of the echo. In 
Figs. 8(a) and 8(c), we consider the case of the radar trans-
mitting the LFM pulse train signal and the LIFC-LFM sig-
nal, respectively. Additionally, Figures 8(b) and 8(d) show 
top views of Figs. 8(a) and 8(c), respectively. It can be ob-
served from Figs. 8(a) and 8(b) that the false targets obscure 
the true target in the RD spectrum. In contrast, because the 
LIFC-LFM signal can cause the false targets to be distrib-
uted obliquely in the RD spectrum, the false targets can be 
separated from the true target, as shown in Figs. 8(c) and 
8(d). The range interval between the true target and main 
false target is 75 m, where the main false target refers to the 
false target located at the center. The Doppler interval 
between the true and false targets in the same range unit is 
approximately 1952.7 Hz. We calculated that the slope of 
the oblique distribution of false targets in the RD spectrum 
is approximately 26.036, which is close to –2kΔf / c. 

As shown in Fig. 8(d), the false targets are obliquely 
distributed in the RD spectrum and exhibit periodicity in the 
Doppler dimension, which is inconducive to ISRJ suppres-
sion. The problem can be solved using the range-Doppler 

 
(a) LFM pulse-train signal (side view) 

 
(b) LFM pulse train signal (top view) 
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(c) LIFC-LFM signal (side view) 

 
(d) LIFC-LFM signal (top view) 

Fig. 8.  Range-Doppler processing results of direct forwarding 
ISRJ (M = 1, fJ = 0 Hz). 

rotation-transformation method. The echo of the LIFC-LFM 
signal was processed using the method proposed in Sec. 5. 
The direct forwarding of the ISRJ suppression process is il-
lustrated in Fig. 9.  

 
(a) Phase compensation processing 

 
(b) Oblique projection processing 

 
(c) Inverse-phase compensation processing 

Fig. 9.  Direct forwarding ISRJ suppression processing process 
(M = 1, fJ = 0 Hz). 

Figure 9(a) shows that all the false targets moved to the 
same Doppler unit in the RD spectrum after the range-Dop-
pler rotation transformation. These were effectively sepa-
rated from the true target in the Doppler dimension. Further-
more, false targets can be suppressed using oblique 
projection processing, as shown in Fig. 9(b). Upon achiev-
ing false-target suppression, we performed inverse phase 
compensation on the oblique projection processing results to 
correct the Doppler frequency of the true target, as shown in 
Fig. 9(c). This shows that false targets are effectively sup-
pressed, and the true target can be correctly detected. 

(2) Repeated forwarding ISRJ (M = 3, fJ = 0 Hz) 

The target was located 10 km away at a velocity of 
300 m/s. It was equipped with a self-defense jammer that 
generated an ISRJ by transmitting the sampled signal three 
times. Compared with the target echo, the time delays of 
three forwarding of the jamming signal are 0.5 μs, 1 μs, and 
1.5 μs, respectively. Figure 10 illustrates the RD spectrum 

 
(a) LFM pulse train signal (side view)  

 
(b) LFM pulse train signal (top view) 
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(c) LIFC-LFM signal (side view) 

  
(d) LIFC-LFM signal (top view) 

Fig. 10.  Range-Doppler processing results of repeated 
forwarding ISRJ (M = 3, fJ = 0 Hz). 

of the echo after RD processing. The LIFC-LFM signal can 
still separate true and false targets in the RD spectrum. 

Figure 11 illustrates the RD spectrum after each step of 
the repeated forward ISRJ suppression. In Fig. 11(a), the RD 
spectrum of the echo after the range-Doppler rotation trans-
formation is shown. Evidently, the false targets are moved 
to three different Doppler units, which is owing to the fact 

 
(a) Phase compensation processing 

 
(b) Oblique projection processing 

 
(c) Inverse-phase compensation processing 

Fig. 11.  Repeated forwarding ISRJ suppression processing 
process (M = 3, fJ = 0 Hz). 

that the repeated forwarding ISRJ can be considered as the 
sum of three direct forwarding ISRJ with different time 
shifts. Furthermore, false targets are effectively suppressed 
by oblique projection processing, as shown in Fig. 11(b). Fi-
nally, inverse phase compensation was performed to correct 
the Doppler frequency of the true target. 

(3) Frequency shifting ISRJ (M = 1, fJ = 6 MHz) 

The target was located 10 km away with a velocity of 
300 m/s and was equipped with a self-defense jammer. The 
jammer modulates the sampled signal with a frequency shift 
of 6 MHz and forwards it once to form a frequency-shifting 
ISRJ. The time delay of the ISRJ compared with the target 
echo is 0.5 μs. Figure 12 illustrates the RD spectrum of the 
echo after RD processing. Unlike the main false target 
formed by the direct forwarding ISRJ, which lags behind the 
true target, the frequency-shifting ISRJ can control the dis-
tance position of the main false target when the radar-trans-
mitted signal is the LFM pulse train signal. As shown in 
Fig. 12(a) and (b), the main false target is located before the 

 
(a) LFM pulse train signal (side view) 

 
(b) LFM pulse train signal (top view) 
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(c) LIFC-LFM signal (side view) 

 
(d) LIFC-LFM signal (top view) 

Fig. 12.  Range-Doppler processing results of frequency shifting 
ISRJ (M = 1, fJ = 6 MHz). 

true target distance unit. In contrast, this characteristic does 
not affect the validity of our proposed method because the 
frequency-shifting ISRJ can only make the false targets 
move obliquely on the oblique line where they are located, 
as shown in Figs. 12(c) and (d). We can still achieve the sep-
aration of true and false targets by transmitting the LIFC-
LFM signal. The Doppler interval between the true and false 
targets located in the same range unit was also approxi-
mately 1952.7 Hz. 

 
(a) Phase compensation processing 

 
(b) Oblique projection processing 

 
(c) Inverse phase compensation processing 

Fig. 13.  Frequency shifting ISRJ suppression processing 
process (M = 1, fJ = 6 MHz). 

Figure 13 illustrates the RD spectrum after each step of 
the frequency-shifting ISRJ suppression. It is demonstrated 
that the frequency-shifting ISRJ can be effectively sup-
pressed. 

The above three examples prove that the proposed 
method can effectively separate and suppress three different 
ISRJs: the direct forwarding ISRJ, repeated forwarding 
ISRJ, and frequency-shifting ISRJ.  

6.2 Unit Frequency Step ∆f Value Analysis 
In this subsection, we first verify the effectiveness of 

the unit frequency step ∆f design method proposed in 
Sec. 4.2, and then analyze the influence of the unit frequency 
step ∆f value on SNR loss and Doppler broadening. 

(1) The influence of ∆f on ISRJ separation 

The time delay δτ of the ISRJ compared with the target 
echo is greater than the sampling pulse duration T0 = 0.5 μs, 
and is smaller than Ts − T0 = 1.5 μs. Additionally, the unit 
frequency step should satisfy |∆f| ≤ 390.6 kHz according to 
(10). Since the positive or negative value of ∆f has the same 
jamming separation effect, we only consider the case where 
∆f takes the positive number. Figure 14 shows the influence 
of unit frequency step ∆f on Doppler interval. In Fig. 14(a), 
the relationship between the time delay δτ and the Doppler 
interval under different ∆f is plotted. It can be observed that 
the minimum value of the red line is the largest. The unit 
frequency step ∆f corresponding to the red line is 390.6 kHz, 
which is the optimal value calculated by (42). Furthermore, 
Figure 14(b) illustrates the relationship between the unit fre- 

 
(a) Relationship between δτ and Doppler interval  
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(b) Relationship between f and minimum Doppler interval 

Fig. 14.  Influence of unit frequency step ∆f value on Doppler 
interval. 

quency step ∆f and the minimum Doppler interval. This 
shows that the step factor calculated using (42) can separate 
true and false targets more effectively. 

(2) The influence of ∆f on SNR loss 

In Sec. 5.2, we suppress ISRJ using oblique projection 
processing, which leads to SNR loss. The SNR loss was cal-
culated using the following equation: 

 Before
loss

After

SNRSNR
SNR

=  (54) 

where SNRBefore indicates the output SNR before oblique 
projection processing,  

 ( )22 H
s s s

Before H H
s w w s

SNR
σ
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U U
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and SNRAfter refers to the output SNR after oblique 
projection processing, 
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In (55) and (56), Nw represents white noise and satisfies 
the H 2

w w w Nσ=N N I . 2
sσ  and 2

wσ  represent the powers of the 
true target and noise, respectively. Accordingly, (54) can be 
rewritten as 

 [ ] [ ]s J s J

H H
s s, ,

loss H
s s

SNR = U U U UU E E U

U U
. (57) 

 
(a) Total graph 

 
(b) Partially enlarged detail 

Fig. 15.  Relationship between Doppler correlation and SNR loss. 

Figure 15 presents the simulation results of the 
relationship between the Doppler correlation and the SNR 
loss, where Figure 15(b) shows a partially enlarged detail of 
Fig. 15(a). As depicted in the figure, the Doppler correlation 
exhibits an attenuation trend with an increase in the Doppler 
interval, and the SNR loss decreases gradually. When the 
Doppler interval exceeds 63.1 Hz, the Doppler correlation is 
less than –13 dB, and the SNR loss is close to 0 dB. Accord-
ing to the simulation results shown in Fig. 14 and Fig. 15, 
the proposed method is expected to achieve ISRJ suppres-
sion with small SNR loss. 

(3) The influence of ∆f on Doppler mainlobe 
broadening 

In Sec. 2.2, we introduce the fact that the AF of  
the LIFC-LFM signal has a range-Doppler coupling effect. 

 
                     (a) ∆f = 0 kHz                                  (b) ∆f = 195.3 kHz 

 
                    (c) ∆f = 390.6 kHz                           (d) ∆f = 781.2 kHz 

 
                     (e) ∆f = 1953 kHz                            (f) ∆f = 3906 kHz 

Fig. 16.  Influence of ∆f on Doppler mainlobe broadening. 
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Therefore, the Doppler mainlobe width of the LIFC-LFM 
signal AF may be broadened when ∆f is large. This conclu-
sion was verified through a simulation experiment. In 
Fig. 16, we present the AF of the LIFC-LFM signal corre-
sponding to different values of ∆f. For ease of analysis, the 
display range of the delay axis is [−0.02,+0.02] μs, which 
corresponds to the delay mainlobe region. It can be observed 
from the figure that the mainlobe of the ambiguity function 
is obliquely distributed when ∆f ≠ 0 Hz, and the slope grad-
ually increases as ∆f increases. This broadens the ambiguity 
function of the Doppler mainlobe. Therefore, we design ∆f 
in Sec. 4.2 with a constraint on the value range of ∆f, thus 
alleviating the Doppler broadening problem. The simula-
tions prove the effectiveness of the proposed unit frequency 
step design method. 

6.3 ISRJ Suppression Performance Analysis 
In this section, the anti-jamming performance of the 

proposed method is simulated and verified. We compared it 
with the LFM pulse train signal, the method proposed in 
[21], and the method proposed in [24]. We conducted three 
sets of experiments: influence analysis of the input SIR, in-
fluence analysis of the jamming parameter estimation error, 
and influence analysis of the jamming frequency shift mod-
ulation. Since repeated forwarding ISRJ can be regarded as 
the sum of multiple direct-forwarding ISRJ with different 
delays, we set jamming in the echo as repeated forwarding 
ISRJ in the first two experiments. Unless otherwise speci-
fied, the simulation parameters are the same as those in the 
second example in Sec. 6.1. In the third group of experi-
ments, we studied the suppression performance of the four 
methods on the frequency-shifting ISRJ. The simulation pa-
rameters are the same as those in the third example in 
Sec. 6.1, except for the frequency-shift modulation value 
and input SIR.  

(1) Influence of input SIR  

First, we demonstrate the effect of the input SIR on the 
anti-jamming performance of the four methods. As shown in 
Fig. 17, the output SIR of the first three methods are linearly 
related to the input SIR. This phenomenon occurred because 
the LFM pulse train signal could not resist the ISRJ. More-
over, the ISRJ suppression performance of the method pro-
posed in [21] depends on the orthogonality of the designed 
sub-signals. Similarly, the performance of the method pro-
posed in [24] is based on the orthogonality between the de-
signed waveform and mismatched filter. In comparison, our 
proposed method can suppress jamming to the bottom of the 
noise; therefore, the output SIR in the figure is related to the 
input SNR, but not to the input SIR. This shows that the pro-
posed method has a better ISRJ suppression performance. 

We set the input SIR to −20 dB and present the range 
spectrum of the echo processing output of four methods, as 
shown in Fig. 18. In Fig. 18, because the LFM pulse train 
signal cannot suppress ISRJ, its output SINR is approxi-
mately −9.1 dB. The output SIR of the method proposed in 
[21] is approximately −0.99 dB. This method can weaken 
the ISRJ energy; however, its anti-jamming performance is 

 
Fig. 17.  Influence of input SIR. 

 
Fig. 18.  Range spectrum of the echo processing output. 

poor when the jamming amplitude is large. By contrast, the 
method proposed in [24] can effectively improve the ISRJ 
suppression performance through the joint design of the 
waveform and mismatch filter, whose output SIR is approx-
imately 13.63 dB. However, this method requires a complex 
waveform and filter design. Additionally, considering the 
SNR loss requirement, it is difficult to suppress the ISRJ at 
the bottom of the noise. The output SIR of the proposed 
method is approximately 53.77 dB. Jamming was sup-
pressed at the bottom of the noise, and the SNR loss was 
smaller. It can be observed that the proposed method exhib-
its better ISRJ suppression performance. 

(2) Influence of jamming parameter estimation error  

The methods proposed in [21], [24] and our proposed 
method must estimate the ISRJ parameters before designing 
the waveform. In the above experiments, we simulated under 
ideal conditions; that is, the ISRJ parameters were accurately 
estimated. In this section, we analyze the influence of jam-
ming parameter estimation error on anti-jamming perfor-
mance. Two jamming parameters need to be estimated: the 
sampling pulse duration and sampling period. In the simula-
tion, the input SIR is set to −10 dB. Figure 19 illustrates the 
relationship between the output SIR and sampling pulse du-
ration estimation error. The anti-jamming performance of 
the method proposed in [24] decreases as the sampling pe-
riod estimation error increases. In contrast, the methods pro-
posed in [21] and the method proposed in this study are al-
most unaffected. This is because the proposed method can 
still separate true and false targets when there exists a certain 
error in the estimation of the sampling pulse duration, and 
the condition that the Doppler interval is greater than 
63.1 Hz can be easily satisfied.  
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Fig. 19.  Influence of sampling pulse duration estimation error. 

 
Fig. 20.  Influence of sampling period estimation error. 

 
Fig. 21.  Influence of frequency shift modulation. 

Figure 20 depicts the relationship between the output 
SIR and sampling period estimation error. The anti-jamming 
performance of the methods proposed in [21] and [24] de-
creases with an increase in the sampling period estimation 
error. The anti-jamming performance of the method pro-
posed in [24] was significantly reduced. In contrast, the pro-
posed method is almost unaffected, and the reason is the 
same as above. 

The simulations in this section showed that our pro-
posed method has a more robust ISRJ suppression effect and 
is less dependent on the accuracy of the jamming parameter 
estimation. 

(3) Effect of frequency shift modulation  

Finally, we considered the suppression performances 
of the four methods for the frequency-shifting ISRJ. In the 
simulation, the input SIR was set to −10 dB, and the jam-
ming parameters were estimated accurately. The simulation 
results are presented in Fig. 21. In the figure, the output SIR 

of the methods proposed in [24] decreases as the frequency 
modulation value increases. In comparison, the proposed 
method is less sensitive to changes in frequency modulation 
value. This phenomenon occurs because the proposed 
method has the same separation performance for frequency-
shifting ISRJ as for ISRJ without frequency modulation. 

7. Conclusions 
In this study, we propose an ISRJ suppression method 

based on LIFC-LFM signal design and processing. The pro-
posed LIFC-LFM signal can separate true and false targets 
in the RD spectrum. Based on the target echo signal and 
ISRJ echo analysis, the principle of ISRJ separation was re-
vealed at the design stage, and an LIFC-LFM design method 
was devised. Furthermore, an ISRJ filtering method was de-
veloped based on the range-Doppler rotation transformation 
and oblique projection. In the analysis stage, simulation 
examples demonstrate that the proposed method has excel-
lent ISRJ suppression performance for direct forwarding 
ISRJ, repeated forwarding ISRJ, and frequency-shifting 
ISRJ. Additionally, it has a robust ISRJ suppression perfor-
mance, and the anti-jamming performance is less affected by 
the input SIR and estimation error of the ISRJ parameters. 
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