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Abstract: Self-protection deceptive interferences (SPDI) are widely used in electronic countermea-
sures. Smeared spectrum (SMSP) interference, as a typical SPDI, can form a large number of dense
false targets at the receiver output to affect effective target detection. Therefore, the suppression
of SMSP interference is a compelling issue. The existing SMSP interference suppression methods
inevitably result in energy loss of the target due to signal processing. This paper proposes a novel
interference suppression method based on echo preprocessing to address this problem. Firstly, the
pulse compression (PC) and the coherent integration (CI) characteristics of SMSP interference in the
pulse Doppler radar are obtained through the derivation of formulas. Then, echo preprocessing is in-
troduced, and the steps of interference suppression are listed in detail. Finally, the SMSP interference
is suppressed because the preprocessed interference forms a center-shifting and range-scaling in the
distance dimension after PC, and CI gain cannot be further obtained. The proposed method does not
lose the energy of the true target because it does not involve filtering and reconstruction processing.
Simulations show that the target detection probability of the proposed method can reach 100% via
peak search after the interference suppression when the signal-to-noise ratio is greater than —10 dB
and the jamming-to-signal ratio (JSR) is less than 35 dB. Compared with three representative methods
in the recent literature, the proposed method has better robustness and higher JSR tolerance.

Keywords: smeared spectrum; deceptive interference; interference suppression; echo preprocessing;
signal processing

1. Introduction

With the continuous development of electronic and information technology and the dete-
rioration of the electromagnetic environment in the battlefield, the battle of the electromagnetic
battlefield is becoming more and more fierce. Various kinds of interference pose a great threat
to the survival of radar. Digital radio frequency memory (DRFM) [1-3] technology has been
widely used in electronic countermeasures [4], which brings different interference [5-8] and
stimulates the corresponding electronic counter-countermeasures [9-12]. At the present
stage, the serious difficulty of radar anti-interference is concentrated in the main lobe, as
the anti-interference in the sidelobe has been well restrained by sidelobe cancellers and
blanking [13]. In particular, the smeared spectrum (SMSP) interference [7], invented by
Sparrow and Cikalo, is a kind of self-protection deceptive interference (SPDI) [14] for linear
frequency modulation (LFM) radar. A simplified block diagram of the process of generating
SMSP interference by a jammer [7] is shown in Figure 1. The figure shows that the jammer
samples the radar-transmitted signal and retransmits it # times at n times the sampling
frequency. Then, the SMSP interference can form a large range of dense false targets leading
and lagging the true target at the receiver output after matched filtering, which seriously
affects the detection performance of the radar systems. Therefore, it has generated attention
and research activity among many experts and scholars.
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Figure 1. Block diagram showing generation of SMSP interference by a jammer.

The existing methods for SMSP interference suppression can be generally divided into
three categories, namely, transform domain filtering [15-17], signal reconstruction [18-22],
and multi-channel signal separation [23-26]. In [15], the echo signal is transformed into the
linear canonical transform (LCT) domain, and the target signal is extracted by narrowband
filtering to achieve interference suppression. However, this method may only apply when
there is a low jamming-to-signal ratio (JSR). Hanbali et al. [16] transform the echo into
the fractional domain, and then the threshold determined by constant false alarm rate
detection is set to filter the interference. However, the target energy in the overlapping
area will be lost. Zhang et al. [17] utilize the properties of the target and interference in
the two-dimensional fractional Fourier domain to suppress the interference, but the algo-
rithm requires multiple sets of fractional Fourier transforms which have high complexity.
Lu et al. [18] propose a method based on fractional Fourier domain filtering combined
with target reconstruction in the frequency domain after de-chirping. However, the target
may not be reconstructed due to too much residual interference after filtering at high JSRs.
In [19-21], the authors present methods to reconstruct SMSP interference by full parameter
estimation of the interference, and then the reconstructed interference is subtracted from the
echo to achieve interference suppression, but the process depends on parameter traversal
search, and the computation is heavy. In contrast, Zhao et al. [22] utilize compressed sens-
ing theory to design a target-interference joint dictionary in the fractional Fourier domain
to reconstruct the target and interference simultaneously, which reduces the computational
burden. However, the short-time Fourier transform may not be able to accurately obtain
the frequency modulation (FM) information of the target and interference under low signal-
to-noise ratio (SNR) scenarios. Blind source separation technology is applied in [23-26], in
which polarization domain information is introduced in [23,24], and a frequency diverse
array radar system is introduced in [25,26]. But these methods are only applicable to
multi-channel radar. Based on the above analysis, the advantages and disadvantages of the
existing interference suppression methods are compared and summarized in Table 1.

To deal with these problems, a novel SMSP interference suppression method based
on echo preprocessing is proposed, which takes reference signals to modulate echo pulses.
These reference signals have different FM slopes and take the echo time delay as prior
information. It is noteworthy that the SMSP interference modulated by the reference signal
forms a center-shifting and range-scaling in the distance dimension after pulse compression
(PC), while the true target remains unchanged before and after modulation. Therefore, the
SMSP interference can be suppressed by coherent integration (CI), and the energy of the
target will not be lost. In addition, the Doppler frequency of the true target can also be
extracted from the range-Doppler (RD) diagram after CI. The main contributions of our
work are as follows.
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Table 1. Advantages and disadvantages of different categories of SMSP suppression methods.

Method Category Advantage Disadvantage
Applicable to single/multi-channel .
Transform domain filtering [15-17] processing Higher target energy loss

. nsideration of Doppler fr 1,
Lower computational cost No consideration of Doppler frequency

Target or interference reconstruction

[18-22]

Applicable to single/multi-channel

Multi-channel signal separation [23-26]

processing Inevitable target energy loss
High similarity between the No consideration of Doppler frequency
reconstructed signal and the original Higher computational cost
signal
Only applicable to multi-channel
No strict limitation on signal type processing
Separating multiple signals Inevitable target energy loss

No consideration of Doppler frequency

(1). The SMSP interference and echo pulses are modeled. The PC and CI outputs of the
target and interference before and after echo preprocessing are derived in detail to
elucidate the principle of interference suppression.

(2). To obtain the echo time delay for the reference signals construction, a novel method,
called slow-time root mean square (RMS) first-order difference, is proposed. The
robustness of the method is confirmed by comparison with the other two methods.

(3). The proposed interference suppression method not only does not lose target energy
but also has better robustness and higher JSR tolerance in target detection compared
with the other three representative algorithms.

The rest of this article is structured as follows. Section 2 establishes the SMSP inter-
ference and echo pulse model. Section 3 introduces the characteristics of the interference
and the principle of the interference suppression method based on echo preprocessing.
Section 4 introduces the novel echo time delay detection method and the detailed inter-
ference suppression steps. Finally, the experimental results and analysis are presented in
Section 5, and the conclusions and future work are summarized in Section 6.

2. Signal Model
The pulse Doppler (PD) radar transmits LEM pulse signals [27], i.e.,

— t 2
s(t) = rect(Tp> exp (]nkt ), (1)
where
t\ 1, 0<t<T,
red(]},) N {O, otherwise @

and is a rectangular window with pulse width T),. k = B/T, is the FM slope, and B is the
bandwidth. The carrier frequency of the signal is neglected because it does not affect the
following deductions.

According to the generation process of the SMSP interference [7], the SMSP interference
is composed of 1 identical sub-waveforms. The FM slope of the sub-waveform is k; = nk.
The pulse width of the sub-waveform is T, =T, /n. The waveform of SMSP interference is
formulated as

J(t) = i]}'(f) = irect(t_(iglm) exp{jnkj [t—(i— 1);@]2}, ®)

where j;(t) denotes the ith sub-waveform of the SMSP interference.
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Ys (f/ tm) =0

The initial distance between the jammer and the radar is set as Ry. The radial velocity
of the jammer is v;. The signal echoed off a target to the radar without considering the
jammer acceleration is formulated as

Sr(f, tm) =0s [Z’\ — ZR(tm)/C} e_j4”R0//\ejZ7detm, (4)

where f is the fast-time indicating the time in single pulse repetition interval (PRI). t,,
denotes the slow-time indicating the mth PRI, and t,, = mT,,m =0,1,--- ,M — 1, where
M is the number of pulses and T is the PRI. ¢ denotes the target radar cross section.
R(tm) = 2(Ro — vetm) /¢ is the distance between the target and radar in the mth PRI, where
¢ denotes the speed of light. A is the wavelength of the radar. f; = 2v;/A is the Doppler
frequency of the target. The SMSP interference emitted by a jammer to the victim radar is
formulated as follows:

Jr (B ) = AJ[F = 2R (t) /] 1#Ro/ Nei2ifatn, )

where A is the amplitude of the interference.

The jammer can control the time delay of the interference, and the interference cannot
obtain coherent integration gain if the time delay and the phase of the interference are
inconsistent within a coherent processing interval (CPI). In this case, the jammer can only
rely on its own interference energy to obscure the target, which requires the jammer to have
high power. In contrast, the interference can achieve coherent integration gain when the
interferences are coherent and have the same delay, which reduces the power requirement
of the jammer and increases the difficulty of the interference suppression. Thus, a more
complicated situation in which the interferences are coherent in a CPI and have the same
time delay as the target, and in which the target moves no more than a range bin within a
CPI is considered. Then, the interfered echo received by the victim radar can be further
written as follows:

Xr(Etm) = sp (B tm) + Jr (B tw) +n(F, tw) ©)
—_ O'S(t— fo)e ]47'(R0//\ej27'[fdtm —I—A](t o to)e ]47'[R0//\e]27rfdtm +n(t tm)

where n (f, tm) is the Gaussian white noise. tg = 2Ry /c is the initial time delay.

3. SMSP Interference Suppression Principle
3.1. Interference Characteristics

Performing the Fourier transform to (1) and (3) results in the spectrum of the radar-
transmitted signal and SMSP interference as follows:

f[S(t)]slkrect@)eiw( LHB2E 5 (i f Ty H BT, )
n _ (f+B/2)
f[]<t>w2jk>rect(g)e’ G et s, "
i=1 i

where F (-) stands for Fourier transform operator.
In combination with (6) and (7), the pulse compression of x; (f, tm) can be converted to
the frequency domain, i.e.,

0r(Bt) = FHF L (0 ta) ] F 5]} = s ) +35 (5 t) +0(E k), ©)

where

f_l { ’.F [S (E)} lze—j27'[ft0 }e—j4T[R0//\ej27detm — O.Tpsinc [T[B (f _ tO) ] ejT[B(f—to)e—j47'[R0//\ej27'[fdtm, (10)
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i () = AL = 10)] e WAt — AT F (D] [5(7)Je P bR/t

(=0T (11)

]+jﬂ jrBlE—to—(i—1)Tj] LjreB? /4
(n=1)T,/n ‘e e :

= A/ kK rect {tw(ifl)Trf] o MR /A g2 f b oI (-t (i 1) T+
In (9)-(11), F ! (-) represents the inverse Fourier transform operator, and “+” denotes
the conjugate operator. ys (, tn), y; (£, tm), and w(F, t) represent the PC results of the true
target, the SMSP interference, and noise, respectively. [J(f —to)] ¢ Tepresents the PC result
of ](L? — to) .
Performing the fast Fourier transform (FFT) to (9) in the slow-time domain results in
the coherent integration result of y, (£, ty), i.e.,

Mil H zm A A ~ ~
Yr (f/fz) = Z e7]2ﬂm]/r (t/ tm) =Ys (t/fz) +]/j(t/fz) + w(t/fz)/ (12)
m=0
where
Ys (E/fz) — UMTPSinC [T[B (z_‘_ to)] SlnC[T[MTr(fZ fd)]e]ﬁB(t to)e ]4’7tR0//\e ]ﬁTy(M 1) (fz fd) (13)

sinc[nT (fz — fa)]

to+(i-1)T—F | sinc[eMT, (fz—fy)]

vi(h,f) = rEret[ = 1)Tp/"] Sincl T, (o ) (9

e T (M=) (fa fir) g TAmRo /A g~y [F—to— (= 1) Ty )12

2 ~ .
]+ @imBli—to—(i-1)T}] 4jmB? /4

In (12)~(14), ys (%, f2), y; (£, fz), and w(F, f.) represent the coherent integration results
of the true target, the SMSP interference, and noise, respectively. f, = z - f; /M denotes
the center frequency of the zth filter, where z = 0,1,- - - ,M — 1, and f, = 1/7T, is the pulse
repetition frequency. Equation (14) shows that the SMSP interference can obtain coherent
integration gain because [ ] (f — to)} pe in (11) is independent of slow-time. Hence, we can
suppress SMSP interference by coherent integration if we can couple the [J(f —to)] pc With
slow-time by proper processing.

3.2. Echo Preprocessing

The reference signal is a time delay version of the radar-transmitted signal but not
windowed, i.e.,

. . 2
s,ef(t, tm) = exp [jﬂkm (t - tref) }, (15)

where k;; corresponds to f, and represents the FM slope of the reference signal in the
mth PRL . is the reference time, which is a constant set by the radar system. Taking
the reference signals to modulate the received echo pulses, the preprocessed results are
obtained as

xr.ref (f, tm) = xr(f/ tm)sref (f, tm) = sr.ref (fr tm) + Ir.ref (?r t111) + nref (?r tM)l (16)
where

Sprer (b tn) = 5r (B tu)Svep (1, ) = orect (=10 ) @lk(i—to) 4o (=t q=heRo/Ai2efutn (17
rref ref »

t—to— (G —1DT;\ . , s . 2 . N 2. .
Jr. ref (t tm) = (t tm)sref t tm AZ reC’f( ! | ] > QI el e et (18)
j
In (16)~(18), 8. ref (Ftm), Jrre £ (f,tm), and n,, f (f,tm) represent the true target, the SMSP interfer-
ence, and noise after reference signal modulation, respectively. Fourier transforming (18) yields the
spectrum of the preprocessed interference, i.e.,
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17 ff(ifl)kajfkm(tU*tref)
Btn) |~ AT
f[]riref( ’ m) /7]( %, 121 ect (hut5)T; 19
) [kT/2+(i*1/2)k1nT]‘+km(f(j*fygf)*flz - 2 R
T Kj I ek T ek (1= ) Tyt —tr | =270 o+ (i= 1) Ty 4 58 427 fut

In the case of t,,; = 0, we use the reference signal to modulate the radar-transmitted signal. It is
worth noting that the preprocessed radar-transmitted signals are not used for transmitting but for
pulse compression processing. The preprocessed radar-transmitted signals are

Stref (E tm) = 5(t) syef (E tm) b0 reCt<Tp)e]"(k+k”’) ] (20)

Performing the Fourier transform to sy ¢ (f,tm) yields

[ f+ (k) Tp /212
,]71 f k+’:’yln p/2" HE T+ 5 (k+k,,,) ) (21)

rect {

f[St.ref(E/ tm)] ~ \/kiikm (k+ km)Tp}

In combination with (16) and (21), the pulse compression of the preprocessed echo pulses
Xr.ref (f,tm) can be converted to the frequency domain, i.e.,

yr.ref(ff tm) = ‘F_l{f[xf-f’ef(z’ tm)}]:* [St-”?f(f)] } = ys.ref(fz i’m) +]/j.ref(’?r tm) + Wyef (f/ tm)r (22)

where g yor (Ftm), Yjres (F tm), and wy.s (£, tn) represent the PC outputs of the preprocessed true
target, the SMSP interference, and noise, respectively.
The PC output of the preprocessed true target is

yS»ref(f'tm) = Fﬁl{f{srrd(f tm)]]:* [St.ref(f)]}

km |to—tre . ~
,U[TP #}sme{n[ fl"{m <to—t,ef) } [(k—i—km) km’ —tref
(ke Ty (F=to) 47tk (fo —trop ) (B Ty + ey —2t0) —JA4re 2 27 faty

R

The PC output of the preprocessed SMSP interference is difficult to derive directly compared
with that of the true target. Fortunately, the spectrum of the PC output is relatively easy to derived by
(19) and (21), i.e.,

‘F[yjfef (f' tm)] = f[]r.ref(f/ tm)] F* {St,yef(f)]
= A f ff(i71>ka'*km(fO*nyf)
B \/(k,»+k,,,)(k+km)reCt[(Hk } Z reCt{ (ijr/k,n)T"j

. ki—k . .
TR SR ot ()T o~ (1) Ty f

(24)

. kikmT, . . kikm
.eiln"]ﬁ"nf [to—treg(i=3) TjlHjmekm[to—tres+(i=3)T, ] T KjFm i T‘ze*j47rRo//\e1‘27detm.
Equation (23) indicates that the peak coordinate of the preprocessed target after PC is
to — km (to — te f> / (k + ky;). Furthermore, in order to allow the true target to obtain coherent inte-

gration gain, the peak coordinate of the preprocessed target cannot be coupled with k;,. Therefore, it
is inferred that the reference time should meet the condition: ¢,,f = fy. Then, taking this condition
into (24), the equation can be rewritten as

L B k i .
f rect[< R ety SR (=T -1
i —k <ky <0
j i P (i ) Tk (- 17T, -Hﬂmﬂ
R A e jn ki 2 J7tKm 1z Kj+km
Fljres (b tm)] = =" _ . , (25)
(Kj =+ k) (k + k) 5 rect {f’<’*1)k"’Tj o jane el”mf 2l g (=) T—to—(i-1T;}f
= (kj+km ) T; kn > 0.
1= }mT] 1 T tink .1 ZTZ .7 /km T2 m
o T Hwn (= )Tt (= 2) 148 5 177 e,

The PC output of the preprocessed SMSP interference is obtained by performing an inverse
Fourier transform on (25), the envelope of which is
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k; ki—k
n F— e (=) Tj+ 4Ty —to
/ m / m _
) B ) R 2R B (7 (el K
per ()| = 77 {F s () |} = Sk : @)
i — n f— A (i-1) T+ L= Ti—to
] Kk, J T Kkt
rect 1 1 , k> 0.
El [ Ty (kj—k) / (k) "=

Equations (11) and (26) indicate that the PC outputs of the SMSP interference before and after
echo preprocessing are the superposition of the PC outputs of the interference sub-waveforms. In
addition, the properties of the PC output of the SMSP interference are summarized in Table 2.

Table 2. The influence of k;; on the PC output of the SMSP interference.

Type

Modulation

The Coverage Area
of the
Sub-Waveform

Envelope of The Center Position of the

Condition Sub-Waveform Sub-Waveform

SMSP
interference

/

/ rectangular to+(i—1)Tj - 51Tp,i=1,2,...,n AT,

A trer = £ .
explimkn(f 1)’} K0 rectangular - fo ¥ (= VT = i,

n—1 _ (i=1)am . -1
) n Tp T+am °J OKWT;;
i=12.. ~rn(um =kn/k, ay > 0)

m

n—1 (i=Dam

N trer =t . B
exp{jnkm(t - t,ef)z} ref =10 rectangular to+(i—1)T; - Tntan) 1P~ i 1 n-l

—k< km <0 n+ay ~ P

i=12,...,n(am =kn/k -1 <a, <0)

RMS? [, (1, 1)

In Table 2, the envelope of the PC output of the interference sub-waveform before and after
echo preprocessing is approximately rectangular. But the difference is that the center position and
coverage area of the PC output of the preprocessed SMSP sub-waveform are coupled with k;;, which
indicates that the center position of the SMSP sub-waveform will shift and the coverage area will be
stretched after PC when the echo pulses are modulated by reference signals with different FM slopes
in different PRI. In contrast, according to (10) and (23), the peak coordinate of the true target remains
unchanged before and after echo preprocessing when f,,r equals ty. Therefore, under the condition
of t,, = to, the PC output of the interference is coupled with slow-time by echo preprocessing, and
then the SMSP interference can be effectively suppressed through CI.

4. SMSP Interference Suppression Method
4.1. Detection of Echo Time Delay

According to the analysis in Section 3.2, the precondition that the peak coordinate of the
preprocessed true target does not change after PC is that the reference time equals the echo time
delay. Therefore, the time delay of the echo pulses should be obtained first before preprocessing the
echo pulses. Envelope detection, as a traditional time delay detection method, is prone to be affected
by noise, and the echo time delay is difficult to detect at low SNRs. In [28], Zhang et al. propose a
method based on slow-time differential entropy to detect the echo time delay. This method calculates
the information entropy of echo pulses on each range bin and obtains the time delay by the first-order
difference of entropy. However, the method is not robust. In this article, to address these problems, a
method based on slow-time RMS first-order difference is proposed to detect the time delay of the
echo pulses.

We assume that the received noise follows a Gaussian distribution with mean 0 and variance
2. The RMS of the interfered echo pulses can be expressed as

(Mo R
wm L X (Etm) 0™ (F tn)

m=0
= L rect( o £, t) Prect(=10) + 2A0Res(s(t — to)J*(t — t
= Mméo{a rect(T—p) + [n(E tw) | rect(T—P> +2A0Res[s(t — to)J*(t — to)]

' )

2 tftof(lfl)T'
+ A i;rect[fj’}}
> (A —a)zrect<%) —&-O'ZZUI"QCt(%),

where RMS(-) represents the RMS operator, and Res(-) signifies taking the real part.
The RMS of each range bin containing only noise satisfies

(27)

RMS? [n(ftm)] = o2, (28)
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Furthermore, the value of the RMS first-order difference at the time delay ¢ satisfies

o3

2
Brsis(t0) = max{des()) = | (5 =1) + %% —au, (29)

where Arps denotes the RMS first-order difference of the echo pulses.

Equation (29) indicates that the value of the Agrys(fp) is related to the JSR and the SNR. In
general, A > ¢. Hence, we can detect the time delay ¢ of the echo pulses by searching for the peak
of Apms(£).

4.2. Interference Suppression Flow

The flow block diagram of the SMSP interference suppression method is shown in Figure 2, and
detailed steps of the proposed method are summarized in Algorithm 1.

Algorithm 1 Echo Preprocessing-Based Smeared Spectrum Interference Suppression Method

Input: Echo pulses x; (f, ti)
Number of pulses in a CPI M
FM slope range Q
Output: The CI outputs of echo pulses , ¢ (£, f;)
Time delay detection:
Step 1: Calculate the RMS of each range bin in slow-time via (27).
Step 2: Calculate the first-order difference of RMS, and then peak search via (29) to determine t.
Reference signals construction:
Step 3: Construct M reference signals s 1 (#,tm) by randomly selecting M FM slopes in Q as well as
substituting t,.r = to into (15).
Step 4: Construct M reference signals s,.f » (f, tm) by substituting ty = 0 into s,,f 1 (f, tm).
Echo preprocessing:
Step 5: Modulate echo pulses and radar-transmitted signals by sye¢ 1(f,tn) and sef 5 (£, tw), respectively.
PC and CI:
Step 6: Calculate the matched filtering output y; ,ef (f, tm) of the modulated echo pulses and modulated
radar-transmitted signals.
Step 7: Calculate the CI output of y; ef (#,tm) by performing FFT at each range bin in slow-time

Received echo
pulses in a CPI

4 4
Slow-time RMS
difference detect echo
pulse delay

: :

Reference signals
modulate interfered
echo sections

: :

Reference signal
modulate radar
transmitted signal

Interfered echo
section interception

Reference signal
construction

A 4

A 4

PC&CI

Figure 2. Flow block diagram of SMSP interference suppression.

5. Simulation Result

The parameters [16,28] used in the following experiments are listed in Table 3. In this section, a
series of experiments are employed to verify the proposed method. The interference characteristics,
the interference suppression process, and the comparison experiments are outlined. The comparison
experiments include the performance comparison of the proposed time delay detection method with
the other two detection methods and the performance comparison of the proposed interference sup-
pression method with the other three representative interference suppression methods. In addition,
the effects of the coherent integration number and FM slope range are also analyzed.
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Table 3. Parameter settings for simulation experiments.

Parameters Value
Radar-transmitted signal duration, T}, 100 us
Radar-transmitted signal bandwidth, B 5MHz
Pulse repetition frequency, f, 2000 Hz
FM slope of the target, k 50 kHz/ us
Coherent integration number, M 128
Sampling frequency, fs 10 MHz
Number of the SMSP sub-waveforms, n 5
FM slope of the interference, k; 250 kHz/ us
Sub-waveform signal duration, T] 20 us
Range of the jammer, Ry 30 km
Doppler frequency, f; 250 Hz

The simulation software is MATLAB R2022a with Windows 11, and the hardware configuration
is 12th Gen Inter] CITM) i7-12700 H 2.30 GHz CPU, 16 GB RAM, and NVIDIA GeForce RTX 3060
Laptop GPU with 6-GB video memory.

5.1. Interference Characteristics Analysis

The time-frequency (TF) analysis of the mixed signal including the true target, SMSP interference,
and noise by short-time Fourier transform is shown in Figure 3. The parameters of the short-time
Fourier transform are as follows: the window length equals 32 samples, the number of overlapping
samples equals 1, and the length of FFT equals 256 samples.

5
160
4
3
2
1
0
0 20 40 60 80 100

Time/ps

Frequency/MHz

Figure 3. The TF domain analysis of the mixed signal in the condition of SNR = —10 dB and
JSR = 20 dB.

The results show that the five highlighted oblique lines in the TF domain correspond to the
five interference sub-waveforms, while the true target is not obvious. It can also be seen that the
true target and the SMSP interference are completely coupled in the time domain and the frequency
domain, and have some coupling points in the TF domain, which indicates that the true target is
difficult to separate from the interference in the time domain, the frequency domain, and even in the
TF domain.

Figure 4a,b show the PC outputs of the first interference sub-waveform and the target as well as
the PC outputs of the whole SMSP interference and target, respectively, when JSR equals 20 dB and
SNR equals 0 dB.

In Figure 4a, the envelope of the SMSP sub-waveform after PC is approximately rectangular, and
the amplitude of the interference is much lower than that of the true target despite that JSR = 20 dB,
which is caused by the mismatch between the SMSP interference and the receiver matching signal. In
addition, the time delay of the true target is 200 us, and the time interval between the sub-waveform
center and the true target is 39.8 us. The result is close to the theoretical value of 40 us calculated
by substituting the parameter values of Table 3 into Table 2, which confirms the theoretical analysis
in Section 3. Figure 4b shows that the PC output of the SMSP interference is generated by the
superposition of the PC outputs of multiple sub-waveforms, and the SMSP interference produces a
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large number of dense false targets leading and lagging the true target, which causes both suppressive
and deceptive effects on the victim radar.

1000 03 1000
X 160.2 3 Sub-waveform SMSP interference
Y 1000 | The target The target
800 L . Center of the = 800
? sub-waveform ]
< 600 : < 600
< l ]
E : £
S 400 : ] B 400
= ' 5
< :
200 M ] 200
0 - 0
100 200 300 400 500 100 200 300 400 500
Time/us Time/ps
(a) (b)

Figure 4. The PC outputs of (a) the true target and the first interference sub-waveform as well as
(b) the whole SMSP interference and the true target.

5.2. Interference Suppression Flow

As mentioned in Section 4, before the reference signals construction, the first step is to obtain
the time delay of the echo pulses. For the detection of time delay, three different methods including
the envelope difference method, the slow-time differential entropy method [28], and the proposed
slow-time RMS difference method are employed, and the obtained results are shown in Figure 5.
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Figure 5. Echo time delay detection with SNR = —10 dB and JSR = 20 dB: (a) Echo pulses in a CPI,
(b) envelope difference method, (c) slow-time differential entropy method [28], (d) the proposed RMS
difference method.
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Figure 5a shows the unprocessed echo pulses in a CPI, where the interfered echoes are exceed-
ingly obvious compared with the noise. Figure 5b shows that the envelope difference method cannot
obtain the time delay of the echo pulses completely when SNR = —10 dB. The noise has a significant
impact on the detection results. Figure 5c shows that the slow-time differential entropy method can
detect the echo time delay correctly. However, there are some large sidelobes around the peak and
these may affect the robustness of the time delay detection. This may be due to low SNRs or the
fact that the distribution of the signal envelope of the interfered echo segment at slow-time does not
match well with the Rice distribution when the samples are small. In contrast, the amplitude of the
sidelobes around the peak in Figure 5d is much lower than that in Figure 5c, which indicates that the
proposed RMS difference method is superior in terms of noise immunity and robustness.

The FM slope range Qis setto —k/2 ~ k/2. According to the detected time delay fy, M different
FM slopes are randomly selected from Q to construct M reference signals to modulate the echo pulses.
Then, taking the preprocessed echo pulses and preprocessed radar-transmitted signals into matched
filtering, the obtained results in comparison with the results without echo preprocessing are shown
in Figure 6.

70 70

Slow-time/ms
Slow-time/ms

i 0 -
0 20 40 60 0 20 40 60
Range/km Range/km

(a) (b)

Figure 6. The PC outputs of the echo pulses in a CPI (a) before and (b) after echo preprocessing
(SNR = —10 dB, JSR = 20 dB).

Figure 6a shows that the true target is masked by a wide range of dense false targets formed by
SMSP interference. On the other hand, the preprocessed true target become more visible in Figure 6b.
In addition, the preprocessed SMSP interference forms a range shifting including sub-waveform
center shifting and range scaling in the distance dimension, which results in a reduction in the
interference amplitude.

The range-Doppler (R-D) diagrams of the echo pulses obtained by the PC and CI before and
after echo preprocessing are shown in Figure 7.

Figure 7a shows that the SMSP interference obtains the CI gain and obscures the target in the
R-D domain. Subsequently, the target cannot be detected and the corresponding distance and Doppler
information cannot be obtained. In Figure 7b, since the output of the SMSP interference after the PC
is related to the slow-time according to (26), the interference cannot further obtain CI gain. Moreover,
the range and Doppler frequency of the target are shown as 30 km and 250 Hz, respectively, which
are consistent with the parameter settings. Figure 7a,b indicate that the preprocessing method can
effectively suppress the SMSP interference and extract the parameter information of the true target at
the same time.
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Figure 7. The R-D diagram of the echo pulses (a) before and (b) after echo preprocessing
(SNR = —10 dB, JSR = 20 dB).

5.3. Algorithm Performance Analysis
5.3.1. Time Delay Detection Accuracy

To evaluate the detection accuracy of the echo time delay, the correct detection probability

(CDP) [29] is defined as
MCN
CDP =100 ) | U;/MCN, (30)
i=1

where the unit of CDP is percentage. MCN represents the number of Monte Carlo experiments. U;
represents the accurate measurement of the parameter in the ith experiment. When the estimated
pulse delay is consistent with the true value, the value of U; is 1. Otherwise, the value is 0.

Figure 8 shows the curves of CDP of the time delay versus the JSR, which are obtained from
300 Monte Carlo experiments on different SNRs and three different detection methods, including the
envelope difference method, the slow-time differential entropy method [28], and the proposed RMS
difference method.

In Figure 8, the CDP values of the three methods increase with the increases in the SNR and JSR.
Taking the CDP of the time delay being equal to 100% as the criterion for different methods to detect
effectively, the results are summarized in Table 4.
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Figure 8. CDP of the time delay at different JSRs and SNRs of (a) envelope difference method,
(b) slow-time differential entropy method [28], and (c) the proposed RMS difference method.

Table 4. The lowest JSR for which different methods can achieve effective parameter detection (dB).

SNR
Method ~10dB ~5dB 0dB
Envelope difference method 30 25 20
Slow-time differential entropy method 25 15 15
The proposed method 15 10 5

Table 4 shows that the lowest JSR requirement of the proposed method is 15 dB lower than that
of the envelope difference method at different SNRs and is also lower than that of the differential
entropy method, which reflects that the proposed method is preferable at lower JSRs. Figure 8b
shows the CDP of the differential entropy method is not always 100% at higher JSRs. Compared with
Figure 8¢, the proposed method is more robust.

5.3.2. Target Detection Probability

The target detection probability (TDP) [27] is defined as an index to evaluate the performance
of the interference suppression method, i.e.,

MCN
TDP =100 ) E;/MCN, (31)
i=1

i=

where E; represents the accurate detection of the true target via peak search in the ith experiment. E;
equals 1 when the target is detected. Otherwise, the value is 0.

The FM slope range Q is set to 1 MHz/ us~2.5 MHz/ us. The TDP curves of different suppression
methods versus JSR and SNR calculated by 300 Monte Carlo experiments are plotted in Figure 9.

Figure 9a shows that the TDP without interference suppression is zero when the JSR is greater
than 20 dB, which indicates that JSRs greater than 20 dB are generally required if the SMSP interference
needs to suppress the target and affect radar detection effectively.

Figure 9b shows that the TDP of the LCT domain filtering method [15] deteriorates after
interference suppression because the interference has completely covered the target in the LCT
domain when the JSR is greater than 20 dB so that the peak coordinate of the target cannot be
accurately located. Moreover, there is still a large amount of residual interference after filtering, which
seriously affects the detection of the target.

Compared with Figure 9b, the TDP of the fractional domain signal reconstruction method [22] is
significantly improved in Figure 9c. The TDP at different SNRs gradually decreases from 100% when
the JSR is greater than 30 dB. This is because the error of reconstruction increases as the JSR increases.

Figure 9d shows the TDP curves of the blind source separation method [24] when the angle
between the interference and target equals 1°. It can be seen that the TDP cannot reach 100% at
different SNRs and JSRs, which is because the angle between the target and jammer in the main lobe
interference environment has a great impact on the performance of blind source separation.

In contrast, Figure 9e shows that the critical condition of the proposed method for TDP dropping
from 100% is 35 dB, which is 17.5 dB and 5 dB higher than that of the LCT domain filtering method
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and fractional domain signal construction method, respectively. In addition, the proposed method
has better noise immunity compared with the blind source separation method and fractional domain
signal reconstruction method.
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Figure 9. TDP versus JSR and SNR: (a) no interference suppression, (b) LCT domain filtering [15],
(c) fractional domain signal reconstruction [22], (d) blind source separation method [24], and (e) the
proposed method.

5.3.3. Target Energy Loss

The main step of the proposed method is echo preprocessing, namely, modulating the echo
pulses by reference signals. Equations (10) and (23) show that the peak amplitude of the target
remains unchanged before and after echo preprocessing when the reference time equals the time
delay, which means the peak power of the target will not be lost after interference suppression.
However, the LCT is the generalization of the fractional Fourier transform, and the fractional domain
is the intermediate domain between time and frequency, where the interference is partially coupled
with the target. Therefore, the LCT domain filtering and fractional domain interference reconstruction
will lose some peak power of the target. Moreover, SMSP interference, as an SPD], is a main lobe
interference. The separation performance will deteriorate, and the target energy loss will be great
when the angle between the target and the jammer is very small. In summary, the proposed method
is preferable in terms of target energy loss.

5.4. Effect of Parameters on Algorithm Performance
5.4.1. Coherent Integration Number M

The curves of TDP versus JSR at different coherent integration numbers, calculated by 300
Monte Carlo experiments, are plotted in Figure 10.

Figure 10 shows that the TDP increases with the increase in coherent integration number but this
improvement is not obvious. This is because the interference amplitude is superimposed by multiple
sub-waveform amplitudes. The large distance sidelobes near the target are difficult to suppress when
the JSR is too large. The coherent integration number M selected as 64 is appropriate.
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Figure 10. TDP versus coherent integration number (SNR = 0 dB).

5.4.2. FM Slope Range Q of the Reference Signals

To further investigate the effect of the FM slope range, the FM slope range Q is set to 0~k, k~10k,
10k~20k, and 20k~50k. The PC results of the preprocessed echo pulses in a CPI are shown in Figure 11,
when SNR = 0 dB and JSR = 20 dB.
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Figure 11. The PC results of echo pulses in a CPI at different FM slope range Q of (a) 0~k, (b) k~10k,
(c) 10k~20k, and (d) 20k~50k (SNR = 0 dB, JSR = 20 dB).
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Figure 11 indicates that the preprocessed interference is more distributed in the distance dimen-
sion after PC, and the energy of the interference near the true target is significantly reduced when k;,
increases from kHz /s to MHz/ us and the range Q expands simultaneously.

The value of SNR remains unchanged. The curves of the TDP versus JSR at different FM slope
ranges, calculated by 300 Monte Carlo experiments, are given in Figure 12.

100—2—o—5—-

TDP/%
IN o
<) =]

25 30 35 40
JSR/dB
—6— 0~50kHz/ us —&— 500 kHz/ 1 s~1 MHz/ u s

1 MHz/ 1 s~2.5 MHz/ 1 s
Figure 12. The effects of different FM slope ranges on TDP of the proposed method (SNR = 0 dB).

Figure 12 shows that the critical condition for TDP dropping from 100% becomes loose when
the values of k;, increase to MHz/us and the FM slope range Q of k;; expands. In summary, we can
achieve better interference suppression performance when the values of k;; reach MHz/ s and the
FM slope range is expanded at the same time.

6. Conclusions

In this paper, a novel SMSP interference suppression method based on echo preprocessing is
proposed in the context of PD radar anti-self-protection interference. The method includes time delay
detection, reference signals construction, echo preprocessing, and PC and CI. Doppler information
is also considered in our model, and we can finally obtain the distance and Doppler frequency of
the true target after interference suppression. Based on the interference suppression process and
experiments, the proposed method has the following advantages:

(1)  The proposed method does not need to convert the signal to the transform domain for process-
ing, but only to carry out reference signal modulation on the echo pulses and radar-transmitted
signal, which is easily embedded in the process of radar signal processing in PD radar and can
be applied to existing radar systems.

(2)  The proposed slow-time RMS difference method has better noise immunity and robustness to
detect the time delay of the echo pulses compared with the envelope difference method and
slow-time differential entropy method.

(8) The proposed interference suppression method does not involve filtering, reconstructing the
signal or signal separation during signal processing, so the energy of the target signal is not lost.
In addition, when the SNR is greater than —10 dB and the JSR is less than 35 dB, the TDP after
interference suppression by peak search can reach 100%, which outperforms the three typical
representative methods in terms of JSR tolerance.

(4) The effects of the parameters on interference suppression are discussed. The proposed method
is not sensitive to CI number, while large values of k;;, such as MHz/ s, and a wide FM slope
range expanded to MHz can improve the performance of interference suppression.

Nevertheless, the real electronic countermeasure environments may be more complex than the
considered environment. Multiple adjacent targets may affect the detection of the time delay. In
addition, the key of the proposed method is to couple the output of the interference with slow-time
by echo preprocessing such that the SMSP interference cannot obtain CI gain. However, the CI gain is
limited for the true target, and the true target can still be obscured by false targets at ultra-high JSRs.
Hence, the ultra-high-power background and more complex electronic countermeasure environments
should be considered in our future works.
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