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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-
quency coding, oblique projection processing, ambigu-
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
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forward radar signals. It has the following advantages:
(1) 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 ISRIJ 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
anovel 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 ISRIJ.

(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
ISR1J 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:

N-1

N-1
s(t)=D u(t—nT,)exp(j2nf,t) =D u(t—nT,)exp(j2mnaft) (1)
n=0 n=0
where N indicates the number of pulses in a coherent process
interval (CPI). 7; indicates the pulse repetition interval
(PRI). f,=nAf is the frequency coding of the (n + 1)-th
pulse, where Af denotes the unit frequency step. u(?) repre-
sents the complex envelope of the LFM signal with pulse
width 7, which is expressed as follows:

u(t)= rect(%jexp(jnktz) 2)

where k = BT is the frequency slope, and B denotes the
bandwidth of u(#). Additionally, rect(¢) is the rectangular
function,

, 0<t<l

0, else

rect(t) = { (3)

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 Afof the SF pulse signal is generally
set to a larger value to achieve large overall bandwidth. In
contrast, the absolute value of Afin (1) is set to a small value,
satisfying |Af | < 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:

+o0

AL J‘s(t+r)s*(t)exp(j2nfdt)dt e
where t indicates the delay in the target echo. In this study,
we consider the center AF of the LIFC-LFM signal, that is,
|t] < T, |fd) < I2T;). Therefore, we apply (1) to (4) and obtain
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N—-1+2 —-nT " 2 e
x2(t.fi)=. [u(t+r nT,)e p(J nf,,(t-kr))J -

,,:o%[u* (t— nTr)exp(—jannt)Jexp(janijt)dt

N-1
D exp(j2nf,r + j2nf,nT,) I u(f'+7)u (") exp(j2nf,t')de' =

n=0 —0

{gexp(jzﬂn(fdﬂ + Afr))}ﬁou(t +7)u’ (t)exp(j27;f;1t)dz} -

n=0 —o0

sin(Nu( £, + Af7))
sin(ft(der + Afz'))

ZLem (Tafd)
(5)

exp(jn(fiT, + Af7)(N -1))

where yLrm(z, fa) represents the AF of LFM signal u(?),

+o0

2o (7:13) = Iu(t +7)u’ (t)exp(j2nfyt)de =

exp(jnkrz)exp(jn(kr+fd)(T—T)) (6)
sin(n(krffd)(T—‘r‘))
n(kr+ f,) '
The Doppler mainlobe width of xiem(z, fi) is
approximately equal to 1/7. Since |fa<l/QQT)<1/T,

xuem(7, fa) = xem(z, 0). Therefore, equation (5) can be
rewritten as

2(z.fy) = exp(jn( 4,7, +Af7) (N 1))
sin(Nn(f,T, +Af7))
sin(:r(der + Afr))
exp(jn(f,T, + AfT)(N —1)+ jmkT)

XLeM (T’O):
(7

sin(Ne(f,T, + Af7)) sin(nkr(T - \r\))
sin(n( f,7, + A7) nkr '

According to (7), the peak position of the ambiguity
function satisfies f47:+ Afr =0 and 7= 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 ks

:A _ﬂ (®)

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/NT;. 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 |kas|/B + 1/(NT5).
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

y gLFM
5 /B DLTFC LFM
L
1=
|5 PR
5 = NT,
= ‘k |
8 y i

2

Delay

Fig. 1. Schematic of the AF mainlobe.

+

4 2 0 2 4
Delav/is
Fig. 2. Ambiguity function of the LIFC-LFM signal.

Af such that the Doppler broadening is less than 1/(NT;),
which satisfies the following equation

Doppler’'Hz
s =

bl 1

. 9
5 < ©)
Substituting (8) into (9) yields
B
Afl<—. 10
o] (10)

It can be observed that the LIFC-LFM signal has
a “thumbtack” AF if we ignore the sidelobe of the ambiguity
function y(z, fi) and assign a smaller value to |Af]. Figure 2
shows the AF simulation results for the LIFC-LFM signal.
In the simulation, the radar signal has the following param-
eters: 7:=100 ps, 7=10pus, B=50 MHz, N=128, and
Af=50kHz.

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 z; and fqs,
respectively, where T<z,<T,— T and |fis < 1/(2T;). The
target echo received by the radar in the (n+1)-th PRI is de-
noted as x;,(?):
X, (t) = Asu(t -nT, - ‘l's)

11
exp(jann (t— rs))exp(jZnﬁLSt) (D

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(z— nTy) exp(j2nf,)]". The matching
process result can then be expressed as follows:
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. (t) =X, (t) ® [u (—t - nTr)exp(j27tfn (—t))T =

J (=)l =T, )oxp(j2af, (~r))] = =
Au(t-7,—~7-nT,)
R P S
,”[u*(—r—nTr)exp(jznfnT)]dT a2)
W{ASM(T,H_TS) }M*(T')dr'=
exp(j2nf, (1 —7,) + j2nfy, (¢ + 7' +nT,))
Aexp(j2nf, (1—7,))exp(j2nfy, (1 +nT,))

+0

J u(z+t—z,)u" (z)exp(j2nf, 7 )dr

—o0

—o0

As we consider only |fas < 1/(2T7) < 1/T, equation (12)
can be rewritten as follows:

r, (1)~ 4, exp(jann (1—1, ))
s 13
exp(j2an,s(t+nTr))Iu(r+t—rs)u*(r)dr. (13

-0

Furthermore, we performed Doppler coherent pro-
cessing on the target echo received in N PRIs, and the Dop-
pler compensation value is denoted as fj. The processing re-

sult is
N-1

l-fd) s,

n=0

(t)exp(—j2nfynT,) ~

A, 2 exp(j27tf” (t—

n=0

z,))exp(j2nf, (¢ +nT,))exp(—j2nfinT, )

+o0

Iu(z’+t— 7, )u'(7)dz (14)

—o0

- Asexp(anﬁjvst){Eexp{jZH[Af(t—rs)+(fdys —fd)TrJn}}
ﬁu(m_q)u*(r)df}.

-0

According to (5) and (7),

Z(T,;;){Eexp(jzm(};r, +Afr))mu(z+r)u*(t)dt}. (15)

n=0

—o0

Therefore, equation (15) can be rewritten as
n(6 )= dexp(i2nfy ) 2 (t-7o~(fi- £i) - (16)

It can be observed that the target echo forms a peak at
(R, f45) after RD processing, where R = cz/2 and c denotes
the speed of light. Therefore, the target can be accurately de-
tected by transmitting the LIFC-LFM signal.

A T

o 3 -

1,

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(#) adopted by the jammer is
a rectangular envelope pulse train

p(t)—rect[TOJ@Zd t—IT,) (17)

I=—x

where T represents the sampling pulse duration, / is an inte-
ger, and T, denotes the sampling period. Figure 3 shows
a diagram of the interrupted sampling function.

Therefore, the sampled signal ssampic(f) obtained by
jammer sampling of the LIFC-LFM signal can be expressed
as

N-
t nT exp J2T[ft Zssample,, (18)

n=0

N-1
sample Z p t—= I’lT
n=0

where

ssample,n (t) =

Furthermore, the jammer repeatedly transmits the sam-
pled signal ssampic(#) With frequency shift f; to interfere with
the radar. The ISRJ signal s)(f) can be expressed as

p(t=nT)u(t—nT,)exp(j2nf,t) . (19)

Mol A17]Ssalnple.n ([ - m];))

5()=23 “S () @0

i iexp(j2nf, (t—-mT, -nT))) =

where M indicates the number of forwardings, and s;,,(?) is
the ISRJ signal generated in the (n+1)-th PRI.

SJVI zssamplen nTr)):

)exp(ﬂnfJ (

uap(t=nT, —mT,)u(t —nT, —mT,) 3y

Ziexp(i2, (1~ m1,))exp( 2, (1- mT, ~nT,))

According to [34], p(9)u(?) is equivalently expressed as

p(t)u(t)= 2

I=—»

au(t)exp(j2nlft) (22)

where
a, = exp(—jnTlf, )T, 1, sa(nT,lf,) (23)
where f;= 1/T, and sa(x) = sin(x)/x. Therefore, equation (21)
can be rewritten as follows:
au ( —nT, —mT, )
. (24)
T,-nT,)

M-1 +>

sy (2 ZZ [_]Zﬂilf (t—nT,—mT,)+

no0ln EXP _]21'Ef”( —mﬂj)+]2nfj( -m
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in the (#+1)-th PRI 1 2 3

].1 2A2 3“.3oon

ISRJ generated in
the (n+1)-th PRI

Fig. 4. Diagram of the ISRJ generated in the (n+1)-th PRI.

Based on the different values of M and fj, si(¢)
represents the different ISRJs. First, when M =0 and f;=0,
s)(f) directly forwards the ISRJ. Second, when M # 0 and
fi= 0, s5)(¢) represents repeated forwarding ISRJ. Third, when
fi# 0, s5(¢) denotes frequency shifting ISRJ. Figure 4 shows

8

m=0 /=~

w(r.fa)=

n=0 _

8

M-1 4o

m=0 1=~

M-l +0

M-l +o
4 {2 z a,u(tJrr—nTr —mTo)exp(jZﬂ:Ifs(t+r—nTr —mTO)+j27tfn(t+r—m7“o))

Ju(t’-k z'—mTZ))Lf(t’)e)(p(j21t(lfS +f +fd)t’)dt’ =

sin(n[Af(z’—mTO)+der]N)

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

400

w(z. fy)= Jsj (t+7)s"(r)exp(j2nf,)dr .

—o0

(25)

In this paper, we only consider the center CAF, that is,
7| < T, |fal < 1/2T.. Substituting (1), (20), and (21) into (25)
yields (26)

t'=t-nT,

dt =

-exp(j2nf; (¢ = mT, + 7 = nT,)) |[u(t —nT )™ ]

D> aexp(j2n(lf, +fJ)(T—m%)){iexp{jZn[Af(r—m]}))+der]n}}

n=0

(26)

2 24,0 fy)

m=0l=-0

where a,, (7,f) is a complex coefficient,

2n(lf, + f,)(z —mTy) +
27
jn[Af(r—mTo)+]gz](N—1)} 27)

and wu(tfi) is the CAF of the LIFC-LFM signal and
jamming signal forwarded by the jammer for the (m+1)-th
time. The CAF v (t.fq) comprises multiple y,.(z,fq) with
different time shifts:

am.l (T’f;i) = alexp{

=a, (r f)Sin(n[Af(T_mT‘))JrﬁTrJN)
Wm(r,f;)=1§ M sin ([ Af (z-mT) + 4T ])

XM (T_mTwlf; +fJ +fd)

(28)

Since we only consider |fg| <1/Q2Ty) < UT,

quem(t — mTo, Ifs+ fi+ fa) = yem(t — mTo, Ifs+ f7). Therefore,
equation (28) can be rewritten as

sin(n[Af(r—mTo)+ dTr]N)
RS Ayl T’f;i
v (o /)= " sin(n[Af(r—mIb)+der]) .

I=—o

Xirm (T_mTo’lf; +fJ)

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 Af{t —mTo) + faT,= 0 is satisfied. The
third term is the delay cut of the ambiguity function

(29

sin(n[Af(r -mT,) +der])

ZLFM(T_mTost +/ +fd):
‘Z‘//W(T’.f;i)

yuem(t —mTy, fa) at the Doppler frequency shift point
(Ifs+ f1), which has a peak output when the condition
k(t —mTo) + (Ifs+ f1) = 0 is satisfied. Therefore, the CAF
wan(T,f3) has multiple peak outputs, and the peak output num-
bered / is located at (mTo— (Ifs + f1)/k, Af(lfs+ f1)/kT;). Since

A (IS, + f,
)G o N,

T T
(mTo—lfd—%j—mY}) T

it is evident that the peak outputs of the CAF y.(z,fq) are
distributed on the oblique line passing through point
(mTo, 0), and the slope of the oblique line is ka. It is note-
worthy that the pulse train signal is periodic in the Doppler
dimension. When the slope kar is large, the peak outputs of
the CAF w,(z, fa) 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, 7o= 0.5 ps, Ts=2 pus, M =3, f;= 0 Hz,
and other parameters are the same as mentioned above.

(30)

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 z; and fq, re-
spectively, where T < 7,< T;— T'and |fq| < 1/(2T;). The target
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(a) LFM pulse train signal
Fig. 5.

is equipped with a self-defense jammer that could generate
an ISRJ. The ISRIJ signal received by the radar in the (n+1)
PRI is denoted by xy,.(7):

X, (t) =4s,, (t - TJ)exp(jZRf‘Lst) =
) uet = au(t—nT, —mT, 1)
J,,1:()1:,noe:xp(j27tlfs (t—nT, —mT, —TJ))

( j2nf, (t
X

j2nf, (1 —mT, —nT, -7

31

—mTO—z'J)+

J)+ j27rfd,st]

(1) =2, (6)®[u(~t - nT,)exp(j2nf, (~1)) | =

j Xy, (t -

0
4 .
-10
o2
=
22 =20
5y
[~
£ 30
]
2
-40
At
-50

Delay/is
(b) LIFC-LFM signal

Cross ambiguity function top view.

where 4; indicates the amplitude of the ISRJ signal. Further-
more, 7y indicates the delay of the ISRJ signal, which satis-
fies ;< 7y< T: and 7;— s> Ty. We performed matching pro-
cessing on the ISRJ signal, and the reference signal in the
(n+1) PRI is [u(t — nT;) exp(j2nf,t)]". 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 f4. The processing result is
given in (33).

T)[u (—r - nTr)exp(j27tf;1 (—1))] dr =

T {Ajfz;ia,u(t—r—nﬂ—mTO—rJ)exp(jZans(t—r—nTr—mTO—TJ)+j21tfn(t—r—mTo—TJ)) M
= |exp(i2af, (1= = mT, =T, —7,) + j2nf, (1= 7)) |- [ (~7 = nT, Jexp(i2nf,7) |
T {A fz:;ﬁ“a, (t+7'—mT, —7,)exp(j2nlf,(t + 7' —mT, —7,) + j2uf, (t = mT, - 7,)) e 32
= |exp(i2af, (¢ + 7' = mT, —7,) + j2nf, (¢ + 7' +nT,)) |- (')
Ajglia,exp(ﬂn(lf; + f5)(t=mT, = 7,)+ j2nf, t Yexp{ i2n[ Af (t—mT, =7,) + £,,T, |n}
Tum (1=mT =70+ [+ 1)

n(t 1) Zm (t)exp(~j2nf,nT,)=
Ajlglia,exp(ﬂn(lfs +£,)(t—mT, —TJ)+jZRAYSt)I:Z(:eXp{jZn[Af(t—mT}) ~0,)+ (fos = £2)T; Jn}

Tum (=M, =2 U+ [+ £) = (33)

M-l +o

42 aﬁ:xp{jZn(lfs + )t =mT, —z,) + j2uf, t+Jn[Af(t—mT

m=0[=—0

sin( [Aft mT, —

7o)+ (fo— 1) (V1))

sm( [Af(t—mT0 -

J) (fu—1)T])

ALim (t_mTo _Tj’lfs +fJ +fd,s)
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Since we only consider |fo| <1/Q2Ty) <UT,
Juem(t—mTo=y, s+ fi+ fas) = xuema(t—mTo =t I+ fi+ fas = o).
Therefore, equation (33) can be rewritten as:

n(6.1,)
M-l so 2u(lf, + fi)(t—mTy —1,) + j2nf, t +
255 g BT =)
ST A (-t - )+ (fo - )T (V1)
sin(x[ A7 (t=mT,—7,)+ (/1. ~ £,) T |N)
sin(n[Af(t—mT0 -1,)+ (/i _fd)T‘D

K (t=mTy =2 0+ £+ £ = 1) = Aw (== (fi = i)

(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 (Rym, fas), where Ryn=c(tyt+mTp)/2 and m=
0, 1,~, M—1. ¢ denotes speed of light. In addition, the slope
of the oblique line is — kay.

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 (Rym, fis), where m =0,1,, M — 1. In addition,
according to Sec. 2.3, the target echo forms a peak at (R;, fi)
after the RD processing.

As the ISRJ is formed by jammer sampling and for-
warding of the radar signal, R; , is greater than R;. 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

@ True target

z . False target

g

g

[

5 - 00--0

&

=]

Range
(a) LFM pulse train signal

@ True target
@ False targel

Doppler Trequency

Range

(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), OR, 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 OR,=c(ty+ mTyo— 7)/2. We denote
O0tw= 1+ mTy— 75 and OR,, = cdt,/2. Additionally, the Dop-
pler interval Jf,, satisfies df, = —kadtm. Therefore, by de-
signing the unit frequency step Af, the Doppler interval df,
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 Af

In this subsection, we study the design of the unit fre-
quency step Af. 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 Jf, = —kadTn.
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/T;, so the Doppler interval Jf,, needs to
be rewritten as

B mod(—kg&m,l/T,) (mod(—kMérm,l/Tr)S1/(2T))

r

(35)

m

) /T, —mod(k,dz,.1/T,) (mod(-kA,&,,,,l/T,)>1/(2z))

where mod(e,8) = a —[ a/B | B. o and B are the real numbers.

The Doppler correlation corresponding to the Doppler
interval Jf;, can be expressed as follows

1 sin(ndf,NT,)
N sin(nﬁf T)

m=r

;/(éfm)—]biexp(ﬂnéfmnﬂ) .(36)

n=0

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 df,, satisfies
the following equation,

oy el 2] o

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 Af. From (35), we
know that the Doppler interval df,, < 1/(27;). Under this con-
dition, the amplitude of the Doppler correlation function in
(36) shows an attenuation trend as df,, increases. Therefore,
we can increase the Doppler interval df,, as much as possible
by designing Af, which is easy to implement. The optimiza-
tion problem is established as follows:
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Af = argmax 5min (£, 811,80, }
brex,
87y |.EK\1—| (38)
B B
st.Afe| —,—
ve-5 7]

where &, is the value range of dz,,. 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,
73— T is greater than the sampling pulse duration 7, and it is
less than Ts — Ty. Therefore, x,,= [To+ mTo, Ts — To]. We de-
fine K1= Ko @] K1 U-u ICM,1=[T0, TS_ To] and 5f: —kAfé‘[,
then equation (38) can be rewritten as

Af = argmax mm of

drew;

39
s.t. Af € [—% %} 3
where
mod(—kN.5T,1/7;) (mod(—kA,é‘T,l/T,) < 1/(2Z))

.(40
YT, —mod(—kAfdz',l/Tr) (rnod(—/{A 40

S7/T)>1(21,))

Since Jf' < 1/(2T;), the optimization problem (39) can
be further rewritten as

1
Af =argminmax| ——9§,
/' =arg [ZT fj

dreny

s.t. Af € {—E,E}

r

(41)
N’N

Finally, we substitute (8) and (40) into (41) and multi-
ply the objective function by a constant 7;. The optimization
problem in (41) can be rewritten as

Af =argmin max

drew

st. Af € {—E,ﬁ]
N N

mod(Af6,1)— l‘
(42)

The optimization problem in (42) can be solved using
a linear search. We assume that x;= [Ty, Ts— To] is discre-
tized into G points, and [—B/N, B/N] is discretized into G»
points. Therefore, the computational complexity is O(G1G?).

In this study, it is assumed that the parameters 7 and
Ty 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:

(1) =, (6)+7,()
Asexp(jZRfW(t )+1275fd>(t+”T))le( -7,,0)+
AJM 1+Zma/exp(12n(lf + )t =mT, —z,) + j2nf, ¢ ) (43)

m=01=— eXp{JZn[Af (t—mT, -7, +fd§T] }
L= lf + i+ fus)-

Q

ZLFM( —-m

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 7,,():

7, ()=, (t)exp(=j2nf,t) ~
Aexp( j2nf¢st)exp{ jon-Afz, + fdsTr]n} T (1-7,,0) +
e s aexp(j2n(lf, + f,)(t—mT, = 7,)+ j2uf, ) (44)
wviexp{jon[ -Af (mTy + 7))+ £, T, |n}
T, =2 lf+ /i + /)

A

1

Xiem (t —-m

Furthermore, we performed Doppler coherent pro-
cessing on the echo received in N PRIs, and the Doppler
compensation value was denoted as f3. The processing result
is given in (45).

Equation (45) shows that the Doppler frequency of the
true target satisfies —Afzs + (fas— fa) Tr= 0, that is, its Doppler
frequency is fis— (Afzs)/T:. Additionally, the Doppler fre-
quency of the false targets formed by the m-th forwarding
jamming signal satisfies —A(m7o+ 75) + (fas— fa)Tr= 0, and
its Doppler frequency is fas— Af (mTo+ 17)/T;. 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
Af(mTo + 15— ‘L's)/Tr: (Sfm

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 {¢) (46).
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N-1

tf;i :Zn

n=0

exp(—j2nf,nT,) ~

EAsexp(jZTIfd’st)exp{j2n[—Af‘rs + (fd,s - fd)TrJn}zLFM (t-7,,0)+

N-1 M-l 4o

4, a,exp{]Zn If.+ f,)(t = mT, —TJ)+j27pfd_st+j21t[—Af(mT0 4—'rj)+(f;LS —fd)TrJn}

n=0 m=0[=-o

Asexp{ inf b+ ja[ =Af 7, + (fo— )T (N -

M-1 4o

4y Zaexp{ﬂn(lf +,)(t-m

m=01=

sin(n ~Af (mT, +7,)+(fo, ~ /)T | N)

ZLFM(t_mZ-E)_TJ’lJ(‘S+f;+f(‘1~S): (43)
sin([-/7, + (4, = ) ]N)
sin(a[ -7, +(fo. ~£,)7.]

Xirm (I—TS,0)+

r,)+]2nfdst+Jn[ —Af (mT, +1,)+ (/s —fd)TrJ(N—l)}

—Tulfo+ fi+ S

sin(n[—Af(mTo+f1)+(ﬁi,s‘fd)ﬂ)

[exp(jZn( Af'T, +fd,STr)0),--~,

M-1

m=0

mly +1,

M-l
b| —A .
mm( / T

-mT,—1,)+ j2nﬁist) 47)

where
A, (1) = Aaexp(i2n(lf, + f,)(¢

and
b(ﬂ):[exp(jZﬂf;OTr),...7 _I)Tr):|T 48)

Therefore, the Doppler vector space of the true and
false targets can be denoted as Us= [b(—(Afts)/T: + fas)] and
=[b(-A(0To+ 1))/ T+ fas), BN To+w)/Ti+fas), -,
b(—Af[(M—1)To+1)/T: +fas)]. Notably, we can obtain the
Doppler frequency information of true and false targets by
performing super-resolution processing on #{(¢). 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].

exp(j27zfd(N

Furthermore, we can establish the oblique projection
matrix Eu, vy,

E, , =U[U'RiU] U'R; (49)

where P, represents the orthogonal complement projection

matrix of the subspace U,

P =1,

U,

-u,(viy,) Ut (50)

The established matrix Epu vy is endowed with the

properties Eju, vy= Us= U; and Eju, vy b(—Af(mTo+ 1)/ Ti+ fas)

[exp{]Zn[ —Af (mT, +7, +fd>TJ }

+ fds] i 4, (Z)ZLFM (t —-m

ALrm (t —ml

[ro 1 lelfl(t)JTz

exp(j2n(—Afz'> + fu T )(N - 1))} Asexp(j2nfd’st);(LFM (t - z'S,O) +

,exp{jZn[—Af(mZ] + z'J)+fd.sTl](N—1)}JT

iAm,l(t);{LFM(t_mE)_Tnlfs+fj+fd,s): (46)

r

—Af% + ﬁ,s]AseXp(ﬂﬂﬂ,st)ZLFM (t—7,,0)+

T=tplf+ fi+ fi)

I=—

=0. We performed oblique projections on i{f), and the
processing result of y(¢) is expressed as follows:

i(t) = E[Lg,l/,]?(t) =

Us |:U5HPULJ Us ]_1 USHPULJ UsAseXp(jznf;i.st)/’{LFM (t - Ts’o) +

3

-1 +T
RAUS AR [ I,

' J: (51)
—tulf+ i+ 1)

m

OzAml

[=—o0

ZLFM( —-mT
U Aexp(j2nfy ) 2o (1 —7,,0) =
[}’S.O(t)exp( 2nft ) LY 1( )exp(—jZﬂfN_lt)]T.

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(f)

e 0 0
y(r)= 0 .0 |¥(r)=
0 0 eﬂ"f.\ult (52)
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Finally, we performed Doppler coherent processing on
»(?), and the Doppler compensation value is denoted as fq.

The processing result is
N-1

r(t, ;)= 2 . (t)exp(=i2nf, (nT,))

= Asexp{j27tfd,st+jn[Af(t—Ti)"'(fd,s _fd)Tr](N_l)} (33)
‘sin{Nn[Af(t—z's)-F(fd,S —fd)Tr]}
sin{n[Af(tfrs)wL(fd,S *fd)Tr]}

ALrm (t —TS,O).

It can be observed that false targets are suppressed.
Additionally, the true target outputs a peak at (zs, fas). The
ISRIJ 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(f) 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 |Aff =390.6 kHz
by (42). We set Af as 390.6 kHz, thus the slope of the
distribution of false targets in the RD spectrum is
—2karl ¢ =26.04.

Parameter Value
PRI 100 ps
Pulse width 10 us
Coherent pulse number 128
Bandwidth 50 MHz
Carrier frequency 1 GHz
Sampling pulse duration 0.5 us
Sampling period 2 us
Signal to interference ratio (SIR) —20 dB

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

ISRJ suppression processing process.

(1) Direct forwarding ISRJ (M =1, f;=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 ps. 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 —2ka/ 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
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Fig. 8. Range-Doppler processing results of direct forwarding
ISRJ (M =1, f;=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.
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Fig. 9. Direct forwarding ISRJ suppression processing process
(M=1,f,=0Hz).

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, fy= 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 ps, 1 ps, and
1.5 ps, respectively. Figure 10 illustrates the RD spectrum
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Fig. 10. Range-Doppler processing results of repeated

forwarding ISRJ (M =3, fy= 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
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Fig. 11. Repeated forwarding ISRJ suppression processing
process (M = 3, fi= 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, fy= 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
ISRIJ. The time delay of the ISRJ compared with the target
echo is 0.5 ps. 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
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Fig. 12. Range-Doppler processing results of frequency shifting
ISRJ (M =1, fi= 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.
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Fig. 13. Frequency shifting ISRJ
process (M = 1, fy= 6 MHz).

suppression  processing

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 ISRIJ.

6.2 Unit Frequency Step Af Value Analysis

In this subsection, we first verify the effectiveness of
the unit frequency step Af design method proposed in
Sec. 4.2, and then analyze the influence of the unit frequency
step Af'value on SNR loss and Doppler broadening.

(1) The influence of Af on ISRJ separation

The time delay J7 of the ISRJ compared with the target
echo is greater than the sampling pulse duration 7= 0.5 ps,
and is smaller than 75— Tp = 1.5 ps. Additionally, the unit
frequency step should satisfy |Af| < 390.6 kHz according to
(10). Since the positive or negative value of Af has the same
jamming separation effect, we only consider the case where
Af'takes the positive number. Figure 14 shows the influence
of unit frequency step Af on Doppler interval. In Fig. 14(a),
the relationship between the time delay dr and the Doppler
interval under different Afis plotted. It can be observed that
the minimum value of the red line is the largest. The unit
frequency step Af 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-
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Fig. 14. Influence of unit frequency step Af value on Doppler
interval.

quency step Af 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 Af 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:

SNR

SNR,,, =t (54)
SNR AﬁCl’

where SNRpesore indicates the output SNR before oblique
projection processing,

ol (U'n,y

SN "IN NTU,

(55)
and SNRager refers to the output SNR after oblique
projection processing,

2
U'E U

2
Gs s [US,U,] s
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NW)H
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In (55) and (56), NV, represents white noise and satisfies
the N N!=0l1,. o} and o} represent the powers of the

true target and noise, respectively. Accordingly, (54) can be
rewritten as

_ USHE[US.U,]E[IZIIS,U,]US
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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 Af 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.
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Fig. 16. Influence of Af'on Doppler mainlobe broadening.
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Therefore, the Doppler mainlobe width of the LIFC-LFM
signal AF may be broadened when Af'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 Af. For ease of analysis, the
display range of the delay axis is [—0.02,+0.02] us, 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 Af# 0 Hz, and the slope grad-
ually increases as Af increases. This broadens the ambiguity
function of the Doppler mainlobe. Therefore, we design Af
in Sec. 4.2 with a constraint on the value range of Af, 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
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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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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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