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Smeared spectrum (SMSP) jamming is a deceptive jamming technique commonly used against linear frequency modulation
(LFM) radar. Tis technique produces high-density false targets that resemble a comb shape after pulse compression processing,
resulting in both deceiving and suppressing efects. In order to suppress jamming efectively, a new antijamming technique has been
proposed that combines Lv’s distribution (LVD) with biorthogonal Fourier transform (BFT). Te main idea of this antijamming
method is based on a three-step process: “parameter estimation—echo modulation—identifcation and suppression.” Te frst step
involves obtaining the delay and chirp rate of the jamming from the LVDmatrix of the radar echo. Based on the estimated parameter
information, a reference signal is designed to modulate the jamming into a complete chirp signal. In the second step, biorthogonal
Fourier transform is used to distinguish between the target’s echo and jamming based on the diference in the chirp rate. Finally,
jamming is fltered using narrow-band fltering in the chirp rate domain, and the original echo is recovered by using biorthogonal
inverse Fourier transform (IBFT). Simulation results demonstrate that the proposed method achieves high accuracy in estimating
jamming parameters and is capable of suppressing false targets under high jamming-to-signal ratio (JSR) conditions.

1. Introduction

Smeared spectrum (SMSP) jamming [1] is a typical jamming
pattern countering linear frequency modulation (LFM)
radar [2], employing the digital radio frequency memory
(DRFM) technique [3, 4]. Te jamming technique involves
intercepting the radar signal, modulating and splicing it with
a specifed delay.Te resulting signal generates multiple false
targets in a range after pulse compression processing, thus
impeding the radar’s ability to detect true targets and ren-
dering the radar system inefective.

Currently, two main methods are employed to suppress
SMSP jamming: jamming cancellation and signal fltering
[5]. Te jamming cancellation method typically involves
estimating the parameters of the jamming signal, recon-
structing the signal, and then subtracting it from the echo to
achieve jamming suppression [6–10]. However, estimating

the jamming parameters accurately can be difcult, par-
ticularly under conditions of low signal-to-noise ratio
(SNR), leading to poor suppression efectiveness. In con-
trast, the signal fltering method is achieved by transforming
the jamming signal into other domains in which feature
diferences can be distinguished, and a suitable flter is
designed to suppress it. For example, the authors of [11] use
a two-dimensional fractional Fourier transform (FRFT) to
identify and flter SMSP jamming signals by adjusting the
transformation order, but the algorithm can be complex and
computationally intensive. Te author of [12] proposes
a technique based on FRFT that can identify the diferences
between SMSP jamming and target echo based on their
distinct chirp rate. After parameter estimation, by trans-
mitting twin waveforms designed and modulating echo to
carry out time-frequency shift, the authors of [13] convert
the echo into conventional LFM signal and suppress
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jamming through match fltering. However, the efect of
jamming phase delay is not considered in [12, 13]. Another
approach is to use the generalized S-transform to analyze the
time-frequency distribution of the echo [14]. Tis method
can identify the diference between the target echo and SMSP
jamming, but its performance may be limited in low signal-
to-noise ratio (SNR) environments.

In order to address the limitations of the antijamming
techniques, we propose a novel approach that combines Lv’s
distribution (LVD) with biorthogonal Fourier transform
(BFT) to efectively counter SMSP jamming efectively. Both
LVD and BFT are powerful signal processing tools that are
used in this paper for parameter estimation and jamming
identifcation, respectively. LVD is a classical analytical tool
widely used in the centroid frequency-chirp rate (CFCR)
domain. Te detection efciency of the LFM signal by LVD
is similar to that of the matching flter, and the parameter
estimation accuracy is better than that of Wigner–Hough
transform (WHT) and Radon-ambiguity transform (RAT)
[15, 16]. LVD has been also applied to maneuvering target
detection, radar image processing, communication system
jamming suppression, and other felds. On the other hand,
BFT is an efective time-frequency analysis tool employed in
estimation of the chirp rate. Te BFT algorithm is partic-
ularly suitable for the chirp rate analysis of multiple LFM
signals with diferent chirp rates.

Our approach follows the concept of “parameter esti-
mation—echo modulation—jamming identifcation and
suppression.” First, we extract the chirp rate and in-
stantaneous frequency information from the LVD of the
interfered echo signal and calculate the chirp rate and delay
of SMSP jamming based on the LVD property. Next, we
design a reference signal to modulate the jamming signal
into a complete LFM signal.Ten, BFT is used to identify the
jamming signal and real target echo in the chirp rate domain,
and narrow-band fltering is applied to suppress jamming.
Finally, the real target echo is recovered by IBFT to complete
the jamming suppression process. Our proposed technique
has the potential to improve the efectiveness of SMSP
jamming countermeasures and ofers several advantages
over existing methods. Tere are the following innovation
points in this paper:

(1) LVD is applied to estimate the chirp rate and delay of
interference signals innovatively in this paper. Te
accuracy and timeliness of parameter estimation are
improved.

(2) Te reference signal is designed to modulate the
jamming signal into a complete LFM signal and to
greatly reduce the difculty of interference
suppression.

(3) BFT is applied to identify the jamming signal and
the real target echo by transforming disturbed echo
into the chirp rate domain.

Te structure of this paper is as follows: Section 2 presents
an analysis of the characteristics of SMSP jamming. In Section
3, we provide a detailed description of the three steps that are
used to suppress the jamming signal, namely, “parameter

estimation, echo modulation, and jamming identifcation and
suppression.” In Section 4, we present the simulation results
and compare the performance of our proposed method with
other existing techniques. Finally, in Section 5, we draw our
conclusions based on the fndings of this study.

2. Analysis of SMSP Jamming Characteristics

2.1. Signal Models of SMSP Jamming. Radar transmits the
LFM pulse, and the complex representation is

s(t) � rect
t − T/2

T
􏼒 􏼓e

jπkt2
, (1)

where t represents the fast time, T represents the pulse
duration of the transmitted signal, k � B/T denotes the chirp
rate, B represents the bandwidth, and rect(·) is defned as

rect(t) �

0, |t|> 0.5,

0.5, |t| � 0.5,

1, |t|< 0.5.

⎧⎪⎪⎨

⎪⎪⎩
(2)

SMSP jamming consists of N LFM subwaveforms whose
time width is T/N. Te time-domain form of the frst
subwaveform is

j1(t) � rect
t − T/N/2

T/N
􏼒 􏼓ejπkjt2

, (3)

where kj � Nk represents the chirp rate of the subwaveform.
We copy j1(t)N − 1 times consecutively to get SMSP
jamming:

j(t) � 􏽘
N−1

n�0
j1

t − nT

N
􏼒 􏼓. (4)

According to the time-shift property of Fourier trans-
form, the expression of SMSP jamming in the frequency
domain is obtained:

J(f) ≈ rect
f

B
−
1
2

􏼠 􏼡
sin(πfT)

sin(πfT/N)
ejπ/4−jπf2/Nk−jπfTe−jπfT(1−1/N)

.

(5)

Te output of SMSP jamming for pulse compression
processing is

PCj(t) � 􏽚
B

0
J(f)S

∗
(f)ej2πftdf,

S
∗
(f) ≈

1
�
k

√ rect −
f

B
+
1
2

􏼠 􏼡ejπ/4+jπf2/k−jπfT
,

(6)

where S∗(f) represents the spectrum of the matched flter.

2.2. Jamming Characteristic of SMSP Jamming. Under the
self-protection jamming condition [17], the initial distance
and speed of the jammer are set as R and vt, respectively, and
the angle between the velocity vector of the target and the
radar main lobe is 0.

2 Journal of Electrical and Computer Engineering



Ten, the baseband signal of the real target (jammer)
echo received by the radar is

sr tf, tm􏼐 􏼑 � σs tf −
2R tm( 􏼁

c
􏼢 􏼣e− j4πR tm( )/λ , (7)

where σ represents the refection coefcient of the target, tf

and tm � mTr represent the fast time and the slow time,
respectively, and the fast time and the slow time represent

the time of a pulse repetition period and the time of the
continuous pulse repetition period, respectively. Tr repre-
sents the pulse repetition interval (PRI), R(tm) � R − vttm

represents the radial distance function between the jammer
and radar, and c and λ represent the speed of light and
wavelength.

Te interfered echo signal received by the radar within
a coherent processing interval (CPI) is

xr tf, tm􏼐 􏼑 � σs tf −
2Rt

c
􏼒 􏼓e− j4πRt/λej2πfdtm + Ajj tf − τr −

2Rt

c
􏼒 􏼓e− j4πRt/λej2πfdtm + w tf, tm􏼐 􏼑, (8)

where fd � 2vt/λ represents the Doppler frequency, Aj

represents the amplitude of SMSP jamming, Rt is consistent
with R(tm), τr represents the delay set by the jammer, and

w(tf, tm) represents the noise. Pulse compression of
xr(tf, tm) can be obtained as

PC tf, tm􏼐 􏼑 � σT sinc πB tf −
2Rt

c
􏼒 􏼓􏼔 􏼕e

− j4πRt/λe
j2πfdtm + AjPCj tf − τr −

2Rt

c
􏼒 􏼓e

− j4πRt/λe
j2πfdtm + yw tf, tm􏼐 􏼑, (9)

where PCj(tf) is consistent with PCj(t) in equation (6).
According to equation (9), the real target echo after pulse
compression generates the sinc pulses in the range axis,
while SMSP jamming generates high-density false target
peaks due to the change of the chirp rate. Te jamming
power is usually much larger than the target echo power, so
the peak of the real target will be annihilated in jamming.
Usually, a delay is set before forwarding, which plays
a suppression efect within a certain range.Te certain range
is also known as the suppression distance, and the sup-
pression distance usually overwrites the target distance.
Terefore, it is also called the suppression distance, which is
close to but not equal to the target distance.

In the following simulation, the radar has these pa-
rameters: Te bandwidth and pulse duration of transmit
signal are 8MHz and 80 µs, respectively. Te number of
subwaveforms of SMSP jamming is 4. Target distance and
suppression distance are 30 km and 32 km, respectively.
Figure 1 shows the time-domain waveform and time-
frequency distribution of SMSP jamming. Figure 2 shows
the pulse compression results of echo with and without
jamming. As can be seen from Figure 2, the real target after
pulse compression has been completely submerged in
jamming, making it difcult to achieve target detection.

3. The Suppression Methods of SMSP Jamming

Te chirp rate is the greatest characteristic diference be-
tween SMSP jamming and target echo signal. However,
SMSP jamming is composed of multiple LFM subwave-
forms, and the chirp rate and delay are unknown in advance.
So, it is impossible that the diference is used for jamming
identifcation and suppression directly by using time-
frequency tools such as FRFT and BFT. In this paper,

LVD is used to estimate the chirp rate and delay of jamming.
According to the above parameters, the reference signal is
designed to modulate the jamming signal into a complete
LFM signal. Ten, jamming is identifed by BFT and sup-
pressed by narrow-band fltering in the chirp rate domain.

3.1. ParameterEstimationMethodBasedonLVD. At present,
most jamming parameter estimation methods use time-
frequency tools to analyze jamming signals, such as
Wigner–Ville distribution (WVD) [18], short time Fourier
transform (STFT) [19], and Radon–Wigner transform
(RWT). But infuenced by cross terms and time-frequency
resolution, respectively, the efect is not ideal. LVD only
requires a two-dimensional (2D) Fourier transform of
a parametric scaled symmetric instantaneous autocorrela-
tion function. It can be implemented by using the complex
multiplications and fast Fourier transforms (FFTs) based on
the scaling principle to get the chirp rate and the centroid
frequency of the jamming signal. Terefore, LVD can reduce
the computation amount in the parameter estimation
process under the condition of equal accuracy.

Assume that the continuous multicomponent LFM
signal x(t) is represented as

x(t) � 􏽘
K−1

i�0
xi(t) � 􏽘

K−1

i�0
Aie

j2πfit+jπkit
2
, (10)

where K represents the number of signal components
present in the signal, Ai represents the constant amplitude,
fi and ki denote the centroid frequency and the chirp rate,
respectively, and t is consistent with tf in Section 2.1.
According to the calculation method proposed in [16], the
scale transformation of the parametric symmetric
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Figure 1: Time-domain waveform and time-frequency distribution of SMSP jamming.

real target

-300

-200

-100

0

am
pl

itu
de

 [d
B]

100 200 300 400 500 600 700 8000
time [us]

jamming

-20

-15

-10

-5

0

am
pl

itu
de

 [d
B]

100 200 300 400 500 600 700 8000
time [us]

real target+jamming

-20

-15

-10

-5

0

am
pl

itu
de

 [d
B]

100 200 300 400 500 600 700 8000
time [us]

Figure 2: Pulse compression of the radar echo signal interfered by SMSP.
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instantaneous autocorrelation function (PSIAF) of the signal
x(t) is carried out, so as to remove the similar coupling
between the time variables. PSIAF is defned by

R
C
x (t, τ) � x t +

τ + a

2
􏼒 􏼓x

∗
t −

τ + a

2
􏼒 􏼓 � 􏽘

K−1

i�0
R

C
xi

(t, τ) + 􏽘
K−2

i�0
􏽘

K−1

l�i+1
R

C
xixl

(t, τ) + R
C
xlxi

(t, τ)􏽨 􏽩, (11)

where τ denotes a lag variable and a denotes a constant time
delay related to a scaling operator, the optimal value is
usually 1 [16], ∗ denotes complex conjugation, and RC

xi
and

RC
xixl

represent the auto terms and cross terms, respectively.
PSIAF of equation (10) is given by

R
C
s (t, τ) � 􏽘

K−1

i�0
A
2
i e

j2πfi(τ+a)+j2πki(τ+a)t
+ 􏽘

K−2

i�0
􏽘

K−1

l�i+1
R

C
sisl

(t, τ) + R
C
slsi

(t, τ)􏽨 􏽩. (12)

In order to remove the similar coupling between t and τ,
the scaling operator is defned by

tn � (τ + a)ht, (13)

where tn is called the scaled time and h is a scaling factor (the
best performance is when the parameter is 1) [16]. Applying
the scaling operator to (12), we have

R
C
s tn, τ( 􏼁 � 􏽘

K−1

i�0
A
2
i e

j2πfi(τ+a)+j2π ki/h( )tn + 􏽘
K−2

i�0
􏽘

K−1

l�i+1
R

C
sisl

tn, τ( 􏼁 + R
C
slsi

tn, τ( 􏼁􏽨 􏽩. (14)

By performing 2D Fourier transformation on equation
(14), we obtain the LVD defned by

Lx(f, r) � 􏽘
K−1

i�0
Lxi

(f, r)

􏽼√√√√√􏽻􏽺√√√√√􏽽
auto terms

+ 􏽘
K−2

i�0
􏽘

K−1

l�i+1
Lxixl

(f, r)

􏽼√√√√√√√􏽻􏽺√√√√√√√􏽽
cross terms

,
(15)

Lxi
(f, r) � A

2
i e

j2πafδ f − fi( 􏼁δ r −
ki

h
􏼠 􏼡, (16)

where f and k represent the centroid frequency and chirp
rate of the signal. Although equation (14) shows that there
also exist the cross terms on the LVD plane, they are much
smaller than the auto terms [16]. So, the efect of cross terms
can be ignored here. According to the frequency and chirp
rate shift of LVD [16],

x t − t0( 􏼁⟺ LVD f + kt0 − fi, r −
ki

h
􏼠 􏼡ej2π fia− kat0( ). (17)

Te chirp rate and delay of jamming signals can be
estimated according to equations (16) and (17):

r −
ki

h
� 0⟹ kj � k

′
(h � 1), (18)

f + kt0 − fi � 0⟹ t0 �
f1 − fs

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

k
′ , (19)

where k′ represents the chirp rate axis coordinate of the
jamming peak in LVD distribution and f1 and fs represent
the centroid frequency axis coordinate of the frst jamming’s
peak and target echo peak. In formulas (18) and (19), r and h

represent the peak coordinates of the SMSP subsignal and
target echo signal in LVD.

Taking SFT-IFFT as the realization method of LVD
discretization calculation [16], the computational com-
plexity is compared. Let P be the number of time samples
and Q be the number of lag samples. Assuming that the
calculation of FFTover n requires the computational costs in
the order of O(P logP), the computational costs of
SFT-IFFTare O(4PQ logP). Since LVD is 2D-FFTof PSIAF,
the overall complexities of the LVD are O(4QP logP

+ QP logP + QP logQ), which is in order of O(P2 logP)
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under the assumption of P � Q. For RWT, the dechirping
computational cost is in the order of O(Q′P logP), where Q′

is the number of projection angles, ofering signifcant
computation advantage over O(Q′P2) for the direct pro-
jection [20]. It can be seen that the computational load of
LVD based on SFT-IFFT is equivalent to those of RWT by
dechirping. However, according to [16], the calculation
accuracy of RWTis low in time-frequency analysis, while the
resolution of LVD is much higher than that of RWT. It
should be noted that LVD can estimate the chirp rate and the
jamming delay at the same time without repeating the
calculation.

Taking N � 4 as an example, Figure 3 shows the dis-
tribution diagram of the LVD of disturbed echo.

3.2. Methods of Echo Modulation. Te instantaneous fre-
quency of the disturbed echo signal can be expressed as

f(t) � rect
t − T/2

T
􏼒 􏼓kt + 􏽘

N−1

n�0
rect

t − τr( 􏼁 − T/N/2 − nT/N
T/N

􏼢 􏼣 Nk t − τr( 􏼁 − nB􏼂 􏼃. (20)

In order to modulate the jamming signal into a complete
LFM signal, the instantaneous frequency of the reference
signal is expressed as

fref(t) � 􏽘

N−1

n�0
rect

t − τr( 􏼁 − T/N/2 − nT/N
T/N

􏼢 􏼣nB. (21)

Te reference signal designed is expressed as

sref(t) � 􏽘
N−1

n�0
rect

t − τr( 􏼁 − T/N/2 − nT/N
T/N

􏼢 􏼣e i2πnB t− τr( )[ ].

(22)

Te reference signal sr(t) is used to modulate the
jamming signal, so the real target echo and jamming after
modulation are

s
′
(t) � σ 􏽘

N−1

n�0
rect

t − τr( 􏼁 − T/N/2 − nT/N
T/N

􏼢 􏼣ej2πnB t− τr( )ejπkt2
,

j
′
(t) � Ajrect

t − τr( 􏼁 − T/2
T

􏼢 􏼣ejπNk t− τr( )
2

.

(23)

Te modulated SMSP jamming is an LFM signal with
a time width of T and bandwidth of NB (the Doppler fre-
quency of jamming is ignored here for the convenience of
analysis). Figure 4 shows the schematic diagram of modu-
lation of SMSP jamming when N� 4.

3.3. Method of Jamming Identifcation and Suppression.
BFT uses biorthogonal function expansion for signals to
obtain the chirp rate density spectrum of signals [21]. A
single LFM signal will generate a sinc function pulse in the
chirp rate axis after BFT processing. Terefore, BFT has
a special advantage in processing multicomponent LFM
signals with a chirp rate diference.

Te defnition of BFT is

BFT[s(t)]: F ω2( 􏼁 � 2􏽚
+∞

0
s(t)te−jπω2t2dt. (24)

Terefore, the BFT result of the radar transmitted signal
is given by

BFT[s(t)] � T
2 sinc

πT
2

2
ω2 − k( 􏼁􏼢 􏼣

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
. (25)

According to equation (25) and Taylor’s expansion
equation, the BFT result of radar transmitted signal with
carrier frequency f0 is obtained:

chirp rate

centroid 
frequency

0

Impulse represent jamming
Impulse represent target echo

k 4k

f1
fs

Figure 3: Te LVD of disturbed echo.
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BFT s(t)ej2πf0t
􏽨 􏽩 � 2􏽚

Tp

0
ej2πf0tejπ k−ω2( )t2dt

2
,

≈ T
2 sinc

πT
2

2
ω2 − k −

f0

B
k􏼠 􏼡􏼢 􏼣

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
.

(26)

According to the time-shift property and frequency-shift
property of BFT combined with equation (26), the BFT
results of the real target echo and jamming signal are
obtained:

|BFT[s(t)]| ≈ σT
2 sinc

πT
2

2
ω2 − k −

f0

B
k +

t0

T
k􏼠 􏼡􏼢 􏼣

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
, (27)

|BFT[j(t)]| ≈ AT2 sinc
πT

2

2
ω2 − Nk −

f0

B
k +

t0 + τ
T

Nk􏼠 􏼡􏼢 􏼣

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
, (28)

where A represents the altitude of jamming. It can be seen
from equations (26) and (27) that after BFT processing, the
sinc function pulse of the real target echo and jamming
signal are located at ω2 � k + f0/Bk − t0/Tk ≈ k and
ω2 � Nk + f0/Bk − t0 + τ/TNk ≈ Nk, respectively. Figure 5
shows the schematic diagram of the BFT results of the
disturbed echo.

In order to flter out jamming signals, a fltering window
is designed to perform narrow-band fltering on the location
of jamming peaks:

􏽥
F ω2( 􏼁 � BFT s

′
(t) + j

′
(t)􏼔 􏼕

􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌
win ω2( 􏼁, (29)

where (ω2) represents function of the fltering window. Te
actual operation is to assign the value of 0 to the data in the
specifed coordinate range. Ten, the target echo signal can
be recovered by IBFT:

s
″
(t) � IBFT 􏽥

F ω2( 􏼁􏼔 􏼕. (30)

Te echo is demodulated after fltering jamming. Finally,
the target information is extracted by pulse compression and
phase-coherent accumulation. Based on Sections 3.1∼3.3,
Figure 6 shows the suppression process of SMSP jamming.

4. Simulation

In the following simulation, the radar and SMSP jamming
have the same parameter values mentioned in Section 2.

Figure 7 shows the BFTresult of the SMSP jamming and
target echo signal without setting the suppression distance
and with setting the suppression distance. A jamming-to-
signal ratio (JSR) here is set at 5 dB for better efects.

We can see there are sinc peaks at 100GHz/s and
400GHz/s, respectively, on the chirp rate axis generated by
the target echo and jamming signal, but the results are not
always ideal. Figure 7 verifes the necessity of parameter
estimation and echo modulation mentioned in Sections 3.1
and 3.2. At frst, jamming with setting the suppression
distance cannot generate the sinc peak in the chirp rate
domain through BFT, because the performance of the BFT is
best when the initial frequency of the LFM signal is zero.
Second, SMSP jamming is an incomplete LFM signal, and
the initial frequency of the last three jamming segments is
not 0, so there will be too large number of clutter in the chirp
rate axis to identify the peak generated by target echo.

In summary, there are two reasons for the large number
of peak outputs. On the one hand, because the echo is not
intercepted according to the jamming delay, the initial

f

tT

4B

B

0.25 T 0.5 T 0.75 T

Jamming
Jamming afer modulation

Figure 4: Modulation of SMSP jamming.
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frequency of the signal is not 0. On the other hand, the SMSP
jamming is not modulated, and the last three jammer signals
cannot generate the sinc peak.

4.1. Simulation Analysis of Jamming Suppression Algorithm.
Te jamming suppression method is analyzed and verifed in
this section. Te parameters of the LFM pulse signal and
jamming are consistent with those in Section 2.

First, we use LVD to estimate the jamming parameters.
Figure 8 shows the LVD of disturbed echo. Ten, the ref-
erence signal is designed to modulate the jamming signal
according to the estimation of the chirp rate and delay.
Figure 9 shows the time-frequency distribution diagram of
the modulated echo.

It can be seen from Figure 8 that the estimated chirp rate
is basically consistent with the real parameters. According to
the frequency axis coordinates shown in the fgure, the
suppression distance of jamming can be obtained as
1.989 km by inserting them into (18). As can be seen from
Figure 9, after modulation, the jamming signal is a complete
LFM signal, while the target echo signal appears as frequency
transition.

Next, BFT is used to process the modulated echo signal.
Te BFT result of the modulated echo signal is shown in
Figure 10. It can be seen from Figure 10 that the jamming
signal after modulation generates a peak whose value is
much larger than the peak generated by target echo, and the
chirp rate of jamming and real target are consistent with the
simulation parameters.

At last, the peak generated by jamming is fltered by
narrow-band fltering, and the real target echo is recovered
by IBFT. Figure 11 shows the time-frequency distribution of
the recovered signal. By comparing Figures 9 and 11, it can
be seen that only a little part of the jamming signal remains,
and the amplitude of the residual part is greatly reduced.
Meanwhile, the real target echo is retained well.

4.2. Simulation Analysis of Algorithm Efciency

4.2.1. Simulation of Jamming Parameter Estimation. In
order to analyze the accuracy of chirp rate estimation, the
parameters estimation accuracy (PEA) of chirp rate esti-
mation is defned:

PEAchirprate �
1

MTK
􏽘

MTK

i�1
1 −

k − ki
′

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

k
􏼠 􏼡, (31)

where MTK is the number of Monte Carlo simulations and
ki
′ is the estimated chirp rate of the ith Monte Carlo sim-
ulation. Te values of SNR are −10 dB, −5 dB, and 0 dB,
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Figure 5: Te BFT result of the disturbed echo.
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Figure 6: Suppression process of SMSP jamming.
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Figure 9: Time-frequency distribution diagram of the modulated echo.
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respectively, and the JSR increases from 0 dB to 50 dB at
intervals of 5 dB.Te results of 100 Monte Carlo simulations
are shown in Figure 12. It can be seen that the accuracy of
chirp rate estimation is almost unafected by SNR. PEA can
reach 100% when JSR is higher than 5 dB.

In order to analyze the estimation accuracy of jamming
delay, PEA of delay estimation is defned:

PEAdelay �
1

MTK
􏽘

MTK

i�1
1 −

t0 − ti
′

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

t0
􏼠 􏼡, (32)

where t0 and ti
′ are the time-domain sampling point cor-

responding to the real jamming front and the estimated
front. Te values of SNR are −10 dB, −5 dB, and 0 dB, re-
spectively, and the JSR increases from 0 dB to 50 dB at in-
tervals of 5 dB. Te result of 100 Monte Carlo simulations is

shown in Figure 13. As can be seen from Figure 13, the
estimation accuracy is no less than 90% when JSR is within
the range of 10−40 dB. Too small or too large JSR will afect
the accuracy of estimation. When JSR is too small, the ac-
curacy will be afected by the estimation accuracy of the
chirp rate. When JSR is too large and SNR is low, the peak
generated by the real target echo in LVD may be submerged
in the noise, resulting in the decline of the accuracy.

4.2.2. Performance Analysis of the Jamming Suppression
Method. In this section, the mean suppression ratio (MSR)
is used as the evaluation index to analyze the jamming
suppression efciency. We defne the jamming MSR as
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Figure 11:Te time-frequency distribution of the recovered signal.
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MSR �
1

MTK
􏽘

MTK

i�1
JSRij − JSRij

′􏼐 􏼑, (33)

where JSRi and JSRi
′ are the JSR without jamming sup-

pression and after jamming suppression in the ith Monte
Carlo simulation, respectively. Te SNR value is −5 dB, JSR
increased from 10 dB to 50 dB at intervals of 5 dB, and the
Monte Carlo simulation is run 100 times. Figure 14 shows
the curve ofMSRwith JSR compared with [10, 12]. As shown
in Figure 14, when JSR is greater than 20 dB, the MSR curve
of [12] is fatter than that of the other two methods. Te
method proposed in this paper is slightly inferior to [12] only
when JSR is lower than 15 dB. In summary, the proposed
method has good comprehensive performance.

5. Conclusion

Aiming at SMSP jamming, this paper proposes a method
combining LVD with BFT to suppress jamming, which
realizes the idea “parameter estimation, echo modulation,
jamming identifcation, and narrow-band fltering.” Simu-
lation results show that LVD can accurately estimate the
chirp rate and jamming delay.Te estimation accuracy of the
chirp rate can approach 100% when JSR is larger than 5 dB,
and the estimation accuracy of jamming delay can approach
100% when JSR is larger than 10−40 dB. Te efectiveness of
the suppression algorithm is verifed by analyzing the mean
suppression ratio. Te comprehensive performance of the
proposed algorithm is slightly better than that of the
compared methods.
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