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Abstract — Random pulse initial phase (RPIP) signal is
a kind of agility waveform which is commonly used
in pulse Doppler (PD) radar. Although RPIP has the
merit of restraining velocity deception jamming effec-
tively, its efficiency is restricted under the condition
of strong interference. To make the RPIP signal fully
play the anti-jamming performance, this paper pro-
posed a speed interference suppression method based on
adaptive dictionar that separates the target echo from
the strong jamming signal with good sparsity. First,
the prior knowledge of strong interference signal is
obtained by the technique of peak detection which is
combined with the dual channel processing. Second,
the quasi-Karhunen-Loeve transform (Q-KLT) basis of
interference signal is constructed based on the prior
knowledge, and the approximate Q-KLT basis of target
signal is constructed by the way of dictionary learning,
and those signals can be obtained from the adaptive dic-
tionary by the algorithm of base tracking (BP). Finally,
the effectiveness of the proposed method is verified by
numerical simulation, which proves that the method can
ensure a lower Doppler sidelobe in the strong interfer-
ence scene, which confirmed that it has a good anti-
velocity deception performance.

Index Terms — speed deception jamming, anti-jamming,
sparse decomposition, dictionary learning, KLT basis

L. INTRODUCTION
Pulse Doppler (PD) radar is one kind of radar sys-
tem that adopted moving target detection (MTD) tech-
nology to detect targets in noise, clutter, and interference.
It plays an important role in air reconnaissance, ground
moving target recognition, and air traffic control [1} 2.
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In the electronic countermeasures (ECM) scenario, PD
radar often suffers from the serious threat of radar active
jamming [3]]. Especially, with the development of dig-
ital radio frequency memory (DRFM), active deception
jamming with diversity and strong antagonism seriously
reduced the performance of PD radar detection [4H6].

In recent years, to protect PD radar from the veloc-
ity deception jamming, sparse decomposition and com-
pressed sensing have been applied to the field of radar
anti-jamming. They can separate the signals of target
and jamming from the echo and realize the suppression
of active deception jamming. Literature 7] constructed
an over-complete dictionary to match the signal and used
the sparse decomposition to suppress the smeared spec-
trum (SMSP) jamming. For the detection and recogni-
tion of velocity false target interference, literature [8]]
established a combination dictionary of true targets and
false targets, and then used compressed sensing to realize
the recognition of target and interference. On the basis of
[8]], literature [9]] constructed a composite dictionary and
a short-time sparse recovery method to suppress trans-
lational velocity interference and micro-motion velocity
jamming. It is worth noting that the method of dictionary
design is adopted in literature [8,|9] to construct a dictio-
nary. Because the dictionary constructed by this method
is independent of the input signal and has no adaptabil-
ity, the sparsity of the signal under this fixed dictionary is
weak; so they only can recognize and suppress jamming
under the weak interference intensity. In this paper, an
adaptive dictionary is proposed to suppress strong speed
interference.

Before constructing the adaptive dictionary of
jamming signal, it is necessary to obtain the Doppler
information of jamming as the prior knowledge of the
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sparse domain. It can be seen from [10] and [11] that
multi-channel processing technology can obtain Doppler
information, but there are some problems in it, such
as complex device design and low device utilization.
Based on the improvement of this technology, the peak
detection method proposed can estimate the pulse repe-
tition interval (PRI) number i of jamming signal lagging
radar. Then dual channels are enough to achieve the
acquisition of Doppler information and it is the reason
why this method is named as dual channel processing
technology.

On completing the mission of obtaining the Doppler
information of jamming, the method of constructing
adaptive dictionary is analyzed. The basic idea is that to
construct the quasi-Karhunen-Loeve transform (Q-KLT)
basis of the jamming based on the prior knowledge,
which enables the strong jamming signal to have good
sparsity under its adaptive dictionary. Aiming at the
establishment of adaptive dictionary of target signal, the
approximate Q-KLT basis is constructed by the method
of dictionary learning. Dictionary learning is another
effective method to construct a dictionary to find the
optimal set of atoms of a certain kind of signal by itera-
tion. Here, these atoms can well reflect the characteris-
tics of such signals and they can describe those signals
most sparsely. In this paper, the orthogonal matching
pursuit (OMP) algorithm is adopted to find the best spar-
sity atom in the pre-construction dictionary of the tar-
get signal, and the corresponding matching coefficient is
calculated. Then the extracted atoms are combined into
a template, and the matching coefficient is used to con-
struct the approximate Q-KLT basis of the target signal.
Finally, base tracking (BP) algorithm is used to separate
the target and jamming, which can suppress the velocity
deception jamming.

The main contents of the rest of this paper are as fol-
lows. In the second section, the dual channel processing
is described to obtain prior knowledge which is based
on the peak detection. In the third section, the adap-
tive Q-KLT basis is constructed to separate the target
and jamming. In the fourth section, simulation result is
given.

I1. ACQUISITION OF PRIOR KNOWLEDGE

In our previous work, “Dictionary Learning and
Waveform Design for Dense False Target Jamming Sup-
pression” (DOI: 10.47037/2021.ACES.J.360908), the
peak detection method is proposed to estimate the phase
difference of adjacent pulse compression (PC) signals
and realizes the detection of radar active deception jam-
ming, which is based on wavelet transform algorithm. In
this paper, the peak detection is used to estimate the PRI
number i of jamming signal lagging radar signal, and
the prior knowledge is obtained by combining the dual
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Fig. 1. Schematic diagram of estimated jamming delay i.

channel processing. The output results of matched filter-
ing in the coherent processing interval (CPI) are rewrit-
ten into PC signals in the slow time domain. The signal
expression is

P . P . Q Py
y(m) _ Z 6.]1361271:f%mT,+e/9(m) . Z 6}612ﬂffqur+V(m)
— g=1

p=1

ey
where 7, is the pulse repetition period, and P and Q are
the number of target and interference, respectively. 6713
and f7 are the amplitude and Doppler frequency of the
pth (p = 1, 2,...,P) target, respectively. o} and f} are
the amplitude and Doppler frequency of the gth (¢ = 1,
2,...,0) target, respectively. 0(m) is the phase residual
of the signal and V (m) is the Gaussian white noise.

The estimation of jamming delay i based on peak
detection is explained in The radar transmits
a set of initial phase waveform of quasi-random pulse
in CPL The initial phase of the first pulse in the wave-
form aggregate is set to ¢; = ¢, while the initial phase
of other pulse is @,, = 0(m = 2,...,M). Assuming that i
is 3 which is the number of PRI of the jamming, the ini-
tial phase of the fourth pulse in the random pulse initial
phase (RPIP) waveform set sent by the jammer is ¢4 = ¢.
Then the phase residuals of the first pulse and the fourth
pulse are 0; = ¢ and 6, = —¢@, respectively. Finally, the
peak detection is used to estimate the phase difference
between the first PC peak and the following M — 1 PC
peak. The phase difference estimated in the third detec-
tion is 91’3 =2¢, while the other phase difference is esti-
mated to be él,m = @(m # 3). Then, the number of PRI
of the jamming signal sent by the jammer is determined
to be 3. Based on the several kinds of quasi-random
initial phase pulse set and the peak detection, the jam-
ming delay i value can be determined, which improves
the complexity of device design in multi-channel pro-
cessing.

As an alternative, the Doppler information of target
and jamming can be obtained by two channels, which
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Fig. 2. Technical diagram of dual channel processing.

is called dual channel processing technology.
shows the schematic diagram of dual channel process-

ing technology. In channel one, the mth radar echo
has the matching coefficient of p} (—f). The output
of matched filter is described by eqn. (I), which is
yehannell (1) — y(m) . The mth radar echo in channel two
passes through the matched filter with the matching coef-
ficient of p},_,(—t). And the output is
ychannel2 (m) = 2/0(m) i 6;ej27tf§'mT,
p=1

Q0
+ Y &I Ly (m).(2)
g=1

From eqn. , we can get that due to the influence of
phase residual 6,,, and the energy of target diffuses to
the whole Doppler spectrum. However, the phase can-
celation of the jamming forms a peak on the Doppler
spectrum; so the Doppler frequency of the peak can be
obtained on channel two.

II1. ADAPTIVE DICTIONARY AGAINST
SPEED JAMMING

The main idea of single channel separation algo-
rithm is to separate the mixed signals in sparse domain
first and then recover the separated signals in time
domain. The selection and construction of the dictio-
nary (basis function) determines the sparsity of the sig-
nal, which is the most important step for the separation
of the target and the jamming. In this section, we will
introduce the method of building adaptive dictionary and
the detail process.

A. Pre-construction of target signal dictionary

Usually, the target velocity is not fuzzy in the tradi-
tional sense and it can be divided into N(N > M) parts to
get the velocity resolution unit Av = 4 / (2NT), where A
is the wavelength.

If the velocity of the target detected by the radar can
be expressed as v, = (n— 1)Av,n=1,2,... N, then the
Doppler frequency can be expressed as

2v, n—1
=7 = NT,

3)
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If v/(n) = (n—1) /N , the target pre-constructed in

the slow time domain can be expressed as
yr (n,m) = exp (j27rmv’ (n)) ) %)

In order to simplify the expression, eqn. @) is written as
a vector yz ,, where yz, is a column vector of M X 1.

The Doppler spectrum y, of the target is obtained
by discrete Fourier transform (DFT) of Y7, which is
used as the atom ay = Y7, = FFT [ynn] in the pre-
constructed target dictionary.

Atom ay, is defined as the element of dictionary

_ 1 2 N n o
Ay, = [aYT (s ,aYT} , and atom 8y, 1s defined as the

diagonal vector of auto-correlation matrix of atom ag’,T,
which has the expression as follows:

gy, = diag (a?/r (a?’T)T) , n=12,....N. (5
Atom gy is normalized to gy, , and atom gy, is defined
as the element of the normalized dictionary Gy, =

|:g)1/7~7g12/7~7' ag%} .

B. Construction of adaptive Q-KLT basis

(a) Q-KLT basis of jamming signal

According to the prior knowledge obtained in the previ-
ous section, the jamming y;(m) in the slow time domain

can be constructed, and its expression is defined as fol-
lows:

Q
yi(m) =Y exp(j2nfimT. + j6 (m)).  (6)
g=1
In order to simplify the jamming expression, eqn. (6
is written in vector form y;, which is a column vec-
tor of M x 1. Then Y; can be gotten from y; by DFT,
and the auto-correlation Ry, = E{Y,Y//} of jamming
signal in Doppler spectrum cabe calculated. Because
Ry, is Hermitian matrix and a positive definite matrix,
there must exist an orthogonal matrix Uy,, which satis-
fied Uy, Ry, U’;’J = Ay,, where Ay, is a diagonal matrix
with m eigenvalues of Ry,.

(b) Approximation of Q-KLT basis for target signal

In the presence of velocity false target jamming, the
mixed signal received can be regarded as the linear com-
bination of target and jamming, and then the mixed
Doppler spectrum signal ¥ can be obtained through the
coherent processing. Suppose that dg, is the diago-
nal vector of auto-correlation matrix of mixed signal Y,
which is the diagonal vector of Ry:

dy, = diag (Ry) = diag (YY” ) . %)

Then, the optimal atom of the target is extracted by

the OMP iterative algorithm. Among them, the OMP
algorithm was originally proposed by Pati [12], which is
used to calculate the sparse coefficient of signal under a
certain transformation basis or an over-complete dictio-
nary, so as to express the signal with as few atoms as
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possible. The specific iterative process of the OMP algo-
rithm in this paper is as follows:

(1) Input of signal dg, and target dictionary Gy;..

(2) Initialization of residual r = dg,, projection vector
1 =0,I=],and G; =].

(3) Execute steps (@)—(7) when the number of iterations
is not greater than N.

(4) Calculate the maximum inner product of each atom
and residual in dictionary Gy;, and get the corre-

sponding atomic number A = argmax ‘ (g”)Tr‘.
n

(5) Update G, by G; = [G;,G,,].

(6) Sparse representation of computational signal dg,
in dictionary Gr: 17 = (G/ G;) ™' Gl dg,.

(7) Update r by r =r — Gy7;.

(8) Terminate the iteration.

(9) Output subset Gy of target dictionary Gy,, sparse
projection vector ¥ of signal dg, under dictionary.

In the previous section, the atoms of the target are pre-
constructed, the diagonal vectors of the auto-correlation
matrix of several construction atoms are selected by
OMP algorithm, and the corresponding matching coef-
ficients (sparse representation) are calculated at the same
time. Then the auto-correlation matrix of the selected
atoms is used as the template, and the approximate
auto-correlation matrix of the target is constructed by
these templates and their corresponding matching coef-
ficients. Finally, the eigen-decomposition values are cal-
culated and the approximate Q-KLT basis of the target is
obtained. The specific steps of constructing the approxi-
mate Q-KLT basis are as follows:

(1) The mixed signal § in slow time domain is receiv
ed, and the mixed signal ¥ in Doppler domain is
obtained by DFT.

(2) The auto-correlation matrix Ry of mixed signal ¥
and the diagonal vector de/ of Ry are calculated.

(3) The OMP algorithm is used to iteratively calculate
the signal dg, and the target dictionary Gy,. The
atom gl;lT, g’;;,.‘., gl;’r matched by dg, is selected
from the target dictionary Gy,, and the matching

coefficient y; = [qu Yigs s yk/} is calculated.

. k- _k;
(4) Select the atom corresponding to g];)T, g];}’T,..., gy,

from dictionary Ay, and construct template
ki —~ka ~k;
RYT ) RYT ) ) RYT

T
RYT:a’;iT(a’;'T), i=1,2,....j. (@)

(5) Calculating the approximate auto-correlation
Jj ~ki

matrix Ry, = Y. %; Ry, of Yr according to the
i=1

template and m;tching coefficients.
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(6) Finally, Ry, = U Ay, Uy, is obtained by eigen-
decomposition of Ry, where U?T and Uy, are
orthogonal matrices, and Ay, is a diagonal matrix.

For convenience, we set the target signal as Y7 = Y| and
set the jamming signal as Y; = Y, then the approximate
Q-KLT basis of the target is Uy, = Uy} and the Q-KLT
basis of the jamming signal is U)F,[J = Ug.
Orthogonal transformation of signal Y;(i = 1,2) is
defined as
Oy, =UyY,. 9)

Different from KLT basis, Uy, and U{?I, are obtained by
eigen-decomposition of auto-correlation matrix of signal
Y;, which are only related to current signal ¥;. To sum-
marize, projection vector Oy, is the Q-KLT of signal Y;,
and Ug is the Q-KLT basis of Y; signal.

C. Separation of target and jamming signal

In this section, BP algorithm is used to separate the
mixed signals in Doppler domain. The basis of BP algo-
rithm used /;-norm to replace lp-norm for convex opti-
mization [13]. The steps of separation and reconstruc-
tion of mixed signals based on BP algorithm are given as
follows:

(1) Calculating diagonal vector dg, of auto-correlation
matrix of mixed signal Y.

(2) According to the algorithm in Section II, the Q-KLT
basis U{fz of jamming signal Y, is obtained, and
the approximate Q-KLT basis U)'L,’1 of target Y is
obtained with reference to d, Ry -

(3) By solving the following [/j-norm optimization
problem:

2 2
min f(By,B2) =min Y [|Bill,, s.z. Y=Y Uy,
i=1 i

i=1
(10)
we get the estimated @y, of sparse representation of
Y; under Uy,, where 7' = [@y,,®y,]T is the opti-
mal solution of problem (T0).

(4) The separated echo PC signal ¥; is obtained by the
following reconstruction:

i=1,2 (11)

IV. SIMULATION AND MEASUREMENT
RESULTS
In simulation, the radar works in X-band, the PRI
is 100 US, and M = N = 128 is assumed. In this sec-
tion, we verify the feasibility of dual channel processing
to obtain the Doppler information of false targets; then
assume that we can verify the effectiveness and superior-
ity of the anti-strong velocity jamming in three scenarios.



First, single target corresponds to single false target (1T-
IF) scene, f7 = 0.6 and f; = 0.62. Second, single target
corresponds to three false target (1T-3F) scenarios, f7 =
0.6 and f; =0.58, 0.62, and 0.78. Third, four targets cor-
respond to eight false targets (4T-8F) scenarios, f7 = 0.2,
0.4, 0.6, and 0.8 and f; = 0.18, 0.22, 0.38, 0.42, 0.58,
0.62, 0.78, and 0.82. We set signal-to-noise ratio (SNR)
= 10 dB and jamming-to-signal ratio (JSR) =20 dB.

In the 1T-1F scenario, it is assumed that the num-
ber of PRIs of jamming lagging transmission signal is
30, namely i = 30. It can be seen from the numerical
simulation that the radian value of 30 sampling points is
1.16 (rad), which is twice the radian value of other sam-
pling points. According to the analysis in Section II, the
proposed peak detection can estimate i value as 30, as
shown in After the i value is determined, the
Doppler information of the jamming is obtained by the
dual channel processing. As shown in due to
the high jamming intensity, the target peaks of the output
results of channel 1 are completely covered by the raised
noise base, while the output of channel 2 have three large
peaks, corresponding to the Doppler frequencies of 0.58,
0.62, and 0.78, respectively.

In the 1T-3F and 4T-8F scenarios, the effectiveness
of the new method is verified. Then, in those three sce-
narios, peak sidelobe ratio (PSLR) after jamming sup-
pression is used to measure the proposed anti-jamming
method.

1T-3F scene: As shown in|Figure 5| when there is jam-
ming, the anti-jamming signal has the same main lobe as
the target echo (no jamming) after coherent processing.
Although the sidelobes of these two signals are slightly
different, they do not affect the detection of single target.
Therefore, the method has a good effect in suppress-
ing strong jamming, while the traditional method of cor-

Phase difference (rad)
o

heg
=N
|

Fig. 3. Estimation of delay number i of jamming signal.
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Fig. 5. Jamming suppression in 1T-3F scene.

relation processing (CP) cannot eliminate the influence
of high sidelobe on target concealment. As shown in
the projection vectors of jamming and target
signals on Q-KLT basis are obtained. It can be found
that the projection vector of the jamming signal in the
graph has only one large amplitude, and the amplitude of
other sampling points is approximately zero. From the
enlarged figure, it can be seen that the projection vector
of the target has only one large amplitude. It is verified
that the jamming and target signal have good sparseness
in the adaptive dictionary; so the effectiveness of this
paper is verified in the single target and strong jamming
scenarios.

4T-8F scene: [Figure 7| showed that the four main lobes
of the separated target are the same as the main lobes of
the target echo (no jamming) after coherent processing.
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Fig. 6. Projection vector in 1T-3F scene.

It is verified that our method has good anti-jamming per-
formance in four target scenarios, but the CP method
cannot detect the target at all. As shown in
the projection vectors of jamming and target signals on
Q-KLT basis are obtained. It is found that the projec-
tion vector of jamming signal has only one large ampli-
tude, while the projection vector of target signal has four
large amplitudes. It is verified that the jamming and
target signal have good sparsity in the adaptive dictio-
nary, so that the effectiveness of method proposed in this
paper is verified in the multi-target and strong jamming
scenarios.

To verify the effect of different JSR and SNR on
PSLR, showed the simulation results of 1000
independent trials for Monte Carlo simulations. In
IFigure 9(a), the PSLR in the three scenarios remains
unchanged with the increase of JSR, and the PSLR val-
ues in 1T-1F and 1T-3F scenarios are nearly the same,
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Fig. 7. Jamming suppression in 4T-8F scene.

ACES JOURNAL, Vol. 37, No. 3, March 2022

3000
* Target
= Jamming
2500 120
o 2000 1
"’JE SOF
E_ 1500 4
1=
< 1000+ e
500 4 0 AR Rt
] 40 80 120
0 4
0O
0 20 40 60 80 100 120 140
m
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while the PSLR values in 4T-8F scenarios are slightly
less than the above two scenarios, which indicates that
the change of JSR will not affect the jamming sup-
pression performance of this method. In [Figure 9(b),
PSLR in the three scenarios increases with the increase
of SNR, and the increase degree of PSLR in 1T-1F and
1T-3F scenarios is the identical, while the increase of
PSLR in 4T-8F scenario is slower under the condition of
low SNR.

Furthermore, the simulation verifies the effect of the
number of N on the performance of this method. It can
be seen from[Table 1l that in the 1T-3F and 4T-8F scenar-
ios, the increase of N value will reduce the PSLR value.
From formula (E[), it can be seen that the increase of N
can improve the velocity resolution, but also increase of
the number of atoms in the pre-constructed target signal
dictionary, which not only improves the calculation but
also reduces the jamming suppression performance. In
for example, N = 2M, red and blue dashed
lines show that PSLR value increases with the increase
of SNR, but the increase rate slows down.

Finally, the method proposed is compared with the
adaptive sequence estimation (ASE) algorithm in to
further verify its superiority. In [14], in a single target
scenario, the noise power is \O'N|2 = 0 dB, the power of
the jamming signal is set to |o;|* = 40 dB, and the power
of the target signal |O'T|2 is set to 0, 10, 20, 30, and 40
dB, respectively. Under the condition of the same param-
eters above, 1000 independent trials for Monte Carlo
simulations are carried out. shows the PSLR
values of ASE method and this method under different
target signal powers. It can be found that the PSLR
value of this method is greater than ASE method under
each target power, which proves that this method has bet-
ter performance in suppressing velocity jamming. For
the future application, the adaptive methods can also
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Table 1: PSLR values corresponding to different N num-

bers (SNR = 10 dB)

N numbers 1T-3F scene 4T-8F scene
N=M 24.53 dB 18.27 dB
N=2M 21.98 dB 15.20 dB
N=3M 21.28 dB 14.60 dB
N=4M 21.16 dB 14.36 dB

28 1

26
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PSLR (dB)
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Fig. 9. PSLR after jamming suppression versus (a) JSR
and (b) SNR.

be considered in the interference suppression [15H18].
In addition, the adaptive interference suppression for PD
radar can be considered using adaptive filtering [19-28]
and sparse arrays [29-31]].

V. CONCLUSION
Because the RPIP waveform is affected by the raised
noise base and cannot give full play to the efficiency of
restraining the deception, the detection performance of

PSLR (dB)

-4~ N=2M,IT-3F,
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Fig. 10. Number N impact on the PSLR.
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Fig. 11. PSLR performance comparison of the two
methods.

PD radar is seriously damaged under the strong velocity
jamming. To solve this problem, a new anti-jamming
method based on adaptive dictionary is proposed by
combining traditional CP technology with sparse decom-
position theory. The prior knowledge is acquired by
dual channel processing, and then the Q-KLT basis of
jamming a target is constructed, so that the signal has
good sparsity under adaptive dictionary. The superior-
ity of the method under the condition of strong jamming
is studied by numerical simulation. The results show
that the change of the jamming signal strength has lit-
tle influence on the algorithm performance, which means
that this method can effectively suppress the jamming
of strong velocity deception. In addition, this method
can reduce Doppler sidelobe and has better anti-jamming
performance, compared with ASE method.
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