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Abstract: [Objectives] Waveform diversity technology is an effective anti-jamming measure against range false
target jamming. However, in an environment of strong-energy jamming, the high sidelobe caused by the jamming
signal mismatch will still affect the detection performance of the radar. To this end, a dictionary learning method is
proposed in order to better suppress and eliminate high-power jamming. [Methods] First, initialization dictionaries
corresponding to the target and jamming signals are established. Second, the initialization dictionaries and selected
atoms are used to generate autocorrelation matrix templates, and the matching coefficients are obtained using the
non-homogeneous linear mean square estimation. Next, approximate quasi-Karhunen-Loéve transform (Q-KLT)
bases corresponding to the target and jamming signals are constructed with templates and matching coefficients
respectively. Finally, a convex optimization algorithm is used to separate and recover the target and jamming signals.
[Results] The simulation results show that the proposed method can effectively counter the jamming of one or
multiple range false targets at a 30 dB jamming-to-signal ratio. [Conclusions] Compared with the traditional
waveform diversity technology, the proposed method still maintains good anti-jamming performance in high
jamming-to-signal ratio environments and can be used by shipboard radar to counter range false target jamming.
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DRFM technology are of high coherence with radar

0 Introduction transmitted signals, radar can hardly obtain the dis-

Shipboard radar, a detection device for locating
and tracking sea-surface or aerial targets, is the key
object jammed by the enemy ['?l. In recent years,
electronic countermeasures have gradually matured
with the development of shipboard radar. Specifically,
the most distinctive is the digital radio frequency
memory (DRFM) technology that develops rapidly,
providing effective support for jamming methods .
As deceptive jamming signals generated by the
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tance or velocity information of targets correctly.
As a result, such deceptive jamming becomes the
greatest threat to shipboard radar 1.

For this reason, taking the lead in introducing the
waveform diversity technology to radar anti-jamming,
Soumekh B! suppressed deceptive jamming by
matched-filtering clipping through phase perturba-
tion or frequency modulation slope variation of lin-
ear frequency modulation (LFM) signals at differ-
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ent pulse repetition frequencies. On the basis of the
waveform diversity technology, Akhtar® proposed
a method of orthogonal-pulse block coding to coun-
ter active deceptive jamming. In this method, four
orthogonally coded signals with specific structures
are designed for continuous transmission in a pulse
repeat interval (PRI), and jamming signal mismatch
is then achieved by matched filtering to suppress
jamming. Lu ) proposed a waveform design algo-
rithm based on priori knowledge of electronic jam-
ming in a radar environmental knowledge base to
counter new-system jamming. Inrecent years, with the
development of the waveform diversity technology,
radar waveforms, such as interpulse frequency-agile
signals, coded signals, time-varying orthogonal
frequency divisi on LFM (OFD-LFM) signals, and
chaotic-sequence based radar orthogonal signals,
have been used for anti-jamming research B!,
However, under strong-energy jamming, mismatch-
ing of jamming signals passing through matched
filters will produce high-range sidelobe jamming.
Therefore, the technical methods used in the above
references fail to guarantee normal detection of real
targets by radar under high-power jamming.

On the basis of the waveform diversity technolo-
gy and with the waveforms of agile phase pertur-
bation LFM (PPLFM) signals as radar transmitted
waveforms, this paper proposed a method of
countering range false target jamming based on
non-homogeneous linear mean-square estimation
(NLMSE) templates ') matching quasi-Karhunen-
Lo¢ve transform (Q-KLT) bases, thereby enabling
the radar to counter strong-energy DRFM based de-
ceptive jamming. The basic idea is as follows: First,
initialization dictionaries of target and jamming sig-
nals are constructed within one range gate by us-
ing radar-signal correlation functions containing
range-dimensional information. Then, atoms of
maximum correlation coefficients with diagonal
vectors of radar-echo autocorrelation matrixes are
selected from the dictionaries. The selected atoms
and the initialization dictionaries are used to gener-
ate autocorrelation matrix templates. NLMSE is em-
ployed to calculate the linear combination coeffi-
cients of various templates, namely the matching
coefficients. After that, approximate autocorrelation
matrixes of target and jamming signals are obtained
by calculating templates and matching coefficients.
These matrixes are decomposed by eigenvalues to
attain approximate Q-KLT bases corresponding to
the target and jamming signals respectively. Finally,

a convex optimization algorithm is employed to sep-
arate the target and jamming signals. In this way,
high-power range false target jamming and range

sidelobe jamming are suppressed.

1 Signal model

PPLFM waveforms are those of the N pulse sig-
nals subjected to different phase perturbations and
transmitted by the radar within one coherent pro-
cess interval (CPI). Specifically, the signal transmit-
ted in the n-th PRI is expressed as follows:

S.(1)= exp(jnkﬂﬂen(r)), n=1,2,,N (1)
where k = B/T is the frequency modulation slope of
an LFM signal (in which B is signal bandwidth and
T is signal time width); ¢ is time; 6,(¢) is a random

signal, namely

0
0,(0= > 6. (PIU(t-qt) - Ut—(g=-11)] (2)
g=I
Specifically, the signal is divided into Q=7/t, sub-
pulses (¢, is the time width of the sub-pulses); U(?)
is a step function; 6,(¢) is the phase code of the g-th
sub-pulse of the n-th PPLFM signal (0,(q)e[-, x]).
The output of a radar received signal after matched
filtering is given by
V(D=0 At-Tr)+0;-C(t—1) + W, (1) (3)
where 4,(1)=S,(1)® S,(¢) is the autocorrelation func-
tion of the PPLFM signal S,(?) in the n-th PRI; C,(¢) =
S, (1) ® J(1) is the cross-correlation function between
the PPLFM signal in the n-th PRI and a jamming
signal J(f); o and o, are amplitudes of the target
and jamming signals, respectively; 7z; and 1, are
time delays of the target and jamming signals, re-
spectively; W,(¢) is a Gaussian noise signal.

2 Anti-jamming method based on
dictionary learning

The number of periods of the jamming signals
lagging behind the radar transmitted signals is
estimated, and this number is used as priori
information for the anti-jamming method. The
number of periods is estimated by spike detection.
According to the difference between target echoes
and jamming signals in their phases of interpulse
initial phase agile waveforms, this detection method
estimates the phase difference of compressed spikes
of adjacent periodic signals by wavelet transform
and then determines the number of lag periods.
Fig. 1 is the flow chart. The specific steps of spike
detection are as follows:

Specific interpulse initial phase agile waveforms
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are transmitted by the radar in a CPI. The initial
phase of the first agile waveform is set to ¢,=¢ (¢ is
a parameter), while the initial phases of other wave-
forms are all set to ¢, = 0. Suppose that the number
of jamming lag periods is 3, then the initial phase of
the agile waveform emitted by the jammer is ¢, = ¢.
After that, the phase residuals of the first and the
fourth waveforms after pulse compression are calcu-
lated as 6, = ¢ and 0, = —¢, respectively. Finally, the
phase differences between the first pulse-compressed
signal spike and the subsequent N-1 pulse-compressed
signal spikes are estimated successively. The phase
difference obtained in the third estimation is
671’4 =2¢, while that obtained in other estimations is
é,,=¢ (n#4). Thus, the number of periods of jam-
ming signals lagging behind transmitted signals is
determined to be 3.

Radar transmitted-signal phase ¢,

‘ 0=¢ ‘ »,=0 | 9:=0 ‘ 9=0 ‘ »=0 ‘ S .=0‘ 0,~0 ‘
Jamming-signal phase ¢,
P =0 | 0 1:0| 9,0 ‘ 9=¢ ‘ #,=0 ‘ S 4:0‘% 120‘
Phase residual 9,=¢,—¢, ;
‘ 6,=4 ‘ 0.-0 | 020 94:—¢‘ -0 ‘ ‘ewzo‘ f,~0 ‘
Estimated phase difference HAL,,:HI*HH
‘ b,,~¢ ‘ 0,4 |éh4zz¢‘ 0, ¢ ‘ 0,9 ‘ ‘ 0,9 ‘ ‘

Fig. 1 Flow chart for estimating the number of jamming lag

periods by spike detection

The number of lag periods of a jamming signal is
obtained by the above method, and the phase cod-
ing sequence of the jamming signal is determined.
Initialization dictionaries D; (i =1, 2) of the target
and jamming signals are thereby constructed.

{Dl SDI0=A G- )
D, ={D;(1)=C,(t—1,)}

In the formula, 7, = 2 (d,,;,, + p-d)/C is the time de-
lay of a signal. Specifically, d represents the range
of the minimum resolution, and the width scope of
a radar range gate is [d;,, d,..]; C represents the
speed of light. P = (d,,—di,)/d is the number of de-
terminable atoms in an initialization dictionary.

Atoms in the initialization dictionaries D, (i =1, 2)
are transformed into diagonal vectors of autocorrela-
tion matrixes to obtain dictionaries G, (i =1, 2). On
this basis, autocorrelation matrix templates are gen-
erated and matching coefficients are calculated.
Moreover, approximate Q-KLT bases corresponding
to the target and jamming signals are constructed.

Then, the basis pursuit (BP) algorithm '3 is em-

ployed to separate and reconstruct the target and
jamming signals and ultimately suppress range false
target jamming.

The specific steps of countering range false target
jamming based on Q-KLT bases are as follows:

1) Calculate the autocorrelation matrix R, and di-
agonal vector dr, of a radar received signal y. Dis-
crete Fourier transform (DFT) of the radar received
signal y yields the signal ¥. Then, the autocorrela-
tion matrix of the received signal is calculated as
follows:

R, = E{¥YY") (5)

The diagonal vector is given by
dy, = diag(R,) = diag (YY" (6)
2) Select P atoms with the largest correlation co-
efficients with the diagonal vector dy. from the dic-
tionaries G, (i = 1,2), and they are g g, g
(where k are the labels of atoms g in the dictionaries
G and m is the number of the atoms g.
3) Select the atoms corresponding to gf‘,gf‘,w ,
1,2),

. . . o
and according to the autocorrelation matrixes R;" =

g from the initialization dictionary D, (i =

H
dRV(dRV) , generate templates RY R™ ... R
4) Calculate matching coefficients &, al, a2, -,
a of the templates by the NLMSE method to mini-
mize Formula (7).

N
dy — (a? + Z af’gf’"]

T

E=

Ar
dy — (a? + Z ar glk]

m=1

(7)

5) Calculate approximate autocorrelation matrixes
R,(i=1,2) of the target and jamming signals.

N
R+ YR 8
m=1

6) By eigenvalue decomposition of R;, calculate
approximate Q-KLT bases U' (i = 1, 2) correspond-
ing to the target and jamming signals.

7) Finally, obtain a union dictionary Uk, = [U}, UY]
composed of the approximate Q-KLT bases corre-
sponding to the target and jamming signals. Solve
the following convex optimization problem by the
BP algorithm to obtain an optimal solution, namely
to separate the target and jamming signals. The
sparse estimate is given by

a = argmin]lal
s.t.lly = Uiall < & (9)
where « is a sparse coefficient under the union dic-

. H . ..
tionary U, and ¢ is a minimum boundary value.
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3 Simulation

To verify the effectiveness and superiority of the
method of countering range false target jamming,
this paper simulated the algorithm by Matlab. For
LFM signals, the bandwidth and time width were
setto B=10 MHz and 7=10 ps, respectively; the pulse
repetition interval was PRI =200 ps, and the code
length of phase coding sequences was 100. The
jamming-to-signal and signal-to-noise ratios were
respectively set to JSR=20 dB and SNR=10 dB. The
assumed time delay of target echoes was 125 s,
and the assumed time delays of the jamming signals
were 126, 126.5, and 127 ps, respectively.

A genetic algorithm (GA) was used to optimally
design PPLFM signals with low-autocorrelation
sidelobes, further reducing range sidelobe jamming.

Jamming

Target

Normalized amplitude/dB

110 115 120 125 130 135 140
Time delay/ps

(a) Before jamming suppression in the case of a single false target

Jamming
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110 115 120 125 130 135 140
Time delay/ps

Normalized amplitude/dB

(c) Before jamming suppression in the case of multiple false targets

Then, under a single false target and multiple false
targets, the method of countering range false target
jamming based on NLMSE templates matching
Q-KLT bases was adopted to separate the target and
jamming signals.

Figs. 2 (a) and 2 (c) illustrate the outputs of fixed
LFM signals passing through a matched filter. As
can be seen, the gain amplitude of the jamming sig-
nals is much higher than that of target echoes. As a
result, the radar fails to distinguish the range infor-
mation of correct targets. Figs. 2 (b) and 2 (d) pres-
ent the results of the anti-jamming method combin-
ing optimally designed PPLFM signals and dictionary
learning. From the figures, this method can separate
out strong-energy jamming signals effectively to
suppress range false target jamming and obtain real
target signals.

Normalized amplitude/dB

110 115 120 125 130 135 140
Time delay/us

(b) After jamming suppression in the case of a single false target

Normalized amplitude/dB
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(d) After jamming suppression in the case of multiple false targets

Fig. 2 Simulation results of jamming suppression

Fig. 3 displays the results of 100 Monte Carlo
simulations. From the figure, the Gini coefficients ['4]
of projection vectors of the jamming signals increase
with the increase in JSR, while those of target
signals increase first and then decrease as JSR in-
creases. Moreover, the sparsity of projection vec-
tors of target signals in the case of one false target
isrbetter than that in the case of three false targets.

Fig. 4 shows the variation of PSLR after jamming
suppression with JSR, obtained by 100 Monte Carlo
simulations. From the figure, the peak sidelobe ra-
tio (PSLR) tends to increase before it decreases.
These curves are almost the same as the Gini coeffi-
cient curves of projection vectors of target signals
shown in Fig. 3.

The comparison between Figs. 3 and 4 indicates
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Fig. 4 Variation of PSLR value after jamming suppression
with JSR

that in the case of a low JSR and low sparsity of
projection vectors of jamming and target signals,
the performance of countering range false target
jamming is poor (low PSLR). As JSR rises, the spar-
sity of projection vectors of jamming and target sig-
nals increases, and the anti-jamming performance
improves accordingly. With the further increase in
JSR, the sparsity of projection vectors of jamming
signals continues increasing, while that of target sig-
nals decreases. As a result, the anti-jamming perfor-
mance worsens. However, the performance in such
a case is still better than that in the case of a low
JSR. As can be seen, the favorable sparsity of sig-
nals under adaptive dictionaries (basis functions)
enables the jamming signals to be well separated
from target ones so that the PSLR after jamming
suppression is equivalent to that of a target signal
(without jamming) after matched filtering. This
means that the anti-jamming performance of the
proposed method is affected by the sparsity of sig-
nals under Q-KLT bases. The PSLR after jamming
suppression in the case of one false target is higher
than that in the case of three false targets. In the
case of JSR=30 dB, PSLR can still reach more than
15 dB. This further shows thesuperiority of the pro-

posed method in suppressing high-power range
false target jamming.

4 Conclusions

High-power repeater deceptive jamming poses a
threat to shipboard radar in complex electromagnetic
environments. On the basis of waveform diversity
technology, this paper studied a dictionary learning
method based on Q-KLT bases for countering high-
power range false target jamming to solve this prob-
lem. With the Gini coefficient and PSLR as indica-
tors, the paper respectively evaluated the sparsity
and anti-jamming performance of the proposed
method under typical JSR conditions by simulation.
According to the simulation results, the variation of
PSLR is almost the same as that of the Gini coeffi-
cient of the projection vector of a target signal. This
indicates that the sparsity of the target signal under
the Q-KLT basis represents the favorable anti-
jamming performance of the proposed method. In
the case of JSR=30 dB, the PSLR after jamming
suppression is still above 15 dB. This clearly indi-
cates the superiority of this method under strong-
energy jamming.

References

[1] RAO S J, JIANG N, SUN J. A ship-based warning ra-
dar anti-jamming performance evaluation method in
complex electromagnetic conditions [J]. Ship Electron-
ic Engineering, 2012, 32 (3): 65-67 (in Chinese).

[2] ZHU W, CHEN W, FENG Y. Radar stealth technology
of surface combatant ships and overall system design
[J]. Chinese Journal of Ship Research, 2015, 10 (3): 1-
6, 56 (in Chinese).

[3] TANG B, ZHAO Y, CAI T, et al. Advances and per-
spectives in radar ECCM techniques of active jam-
ming [J]. Journal of Data Acquisition and Processing,
2016, 31 (4): 623-639 (in Chinese).

[4] LIU W, MENG J, ZHOU L. Impact analysis of DRFM-
based active jamming to radar detection efficiency [J].
The Journal of Engineering, 2019, 2019 (20): 6856—
6858.

[5] SOUMEKH M. SAR-ECCM using phase-perturbed
LFM chirp signals and DRFM repeat jammer penaliza-
tion [C]//IEEE International Radar Conference. Ar-
lington, VA, USA: IEEE, 2005: 507-512.

[6] AKHTAR J. An ECCM scheme for orthogonal inde-
pendent range-focusing of real and false targets [C] //
2007IEEE Radar Conference. Waltham, MA, USA:
IEEE, 2007: 846-849.

[7] LU S P. Knowledge-based radar target detection and
waveform design algorithms [D]. Chengdu: University
of Electronic Science and Technology of China, 2018
(in Chinese).



YU L X, et al. Countermeasures for range false target jamming based on quasi Karhunen-Loé¢ve translate

basis dictionary learning method 6

[8] QUANY H,WUY J,LIY C, et al. Range-Doppler re- ulation [D]. Chengdu: University of Electronic Science

construction for frequency agile and PRF-jittering ra- and Technology of China, 2019 (in Chinese).

dar [J]. IET Radar, Sonar & Navigation, 2018, 12 (3): [12] PAPOULIS A, PILLAI S U. Probability, random vari-

348-352. ables and stochastic processes [M]. BAO Z, FENG D
[9] LEE K W, SONG J H, LEE W K. Waveform diversity Z, SHUI P L, trans. Xi'an: Xi'an Jiaotong University

for SAR ECCM based on random phase and code rate Press, 2004: 209-213 (in Chinese).

transition [C] /2016 European Radar Conference (Eu- [13] CHEN S S, DONOHO D L, SAUNDERS M A. Atom-

RAD). London, UK: IEEE, 2016: 286-289. ic decomposition by basis pursuit [J]. SIAM Review,
[10] LIU R H. Study on time-varying orthogonal waveform 2001, 43 (1): 129-159.

optimization design for anti-jamming [D]. Xi'an: Xidi- [14] RICKARD S, FALLON M. The Gini index of speech

an University, 2018 (in Chinese). [C] //Proceedings of the 38th Annual Conference on In-
[11] ZHANG J. Research on radar orthogonal waveform formation Science and Systems (CISS'04). Princeton,

design and anti-jamming performance of chaotic mod- NJ, USA: IEEE, 2004.

5_%?7& Karhunen-Loéve 258311
g ) hith i H ks TP i ik

FARH ', kE", SBHkET?, 2T
| B REIRKF FESHEE AR, E AT % /RE 150001
2 bl TSR, LiE 201109

M OE: [ B8] BB ERRE A SO P B B E AR TP A TR A ST R R i RS TR R R
5 SR T A A R SRR AR A R TR A BRI M BE . BRI, A T BB A AT ) R B R B B AR E AR T
H—Fh I T S PR TR . [k ] B, Bar 5 HARR L0555 X0 ) da L2 30 SR )5 4 228 B
) JE 5 00 h A - A A S PR RN, R TR SR IR ek 249 A o 45 DG e 2R 4, - ol AR 5 DG T AR 40
5308 2 s R 0 19 3 B0 Karhunen-Loev 284038 s i 5, AL AR AL BE ST HAR AL S 0B S
WE . [&R] 07 Hig 25 R, Brde ) i ml LUZE 05 30 dB I R0t — A~ sk 2 BE g 8 B AR 09 T4k
[ & ] AR TAE T IR I T A SR B R 120 iR A i 15 RS R ARSR (A R AP M b o bk pe , vl Fl P ik
PUET NP B RN A S R R 7
KR BUBE BB EAR T BB 4 M5 ifE Karhunen-Loeve 284t





