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Dear editor,
The presence of jamming can drastically degrade the detection performance of a radar system [1]. Dense false target
jamming is a paramount type of deceptive jamming, which is
employed to counter pulse compression radar [2]. The jamming signal is obtained by storing and transmitting the radiated signal, and it produces a large number of false targets
that are similar to target signals at the radar receiver [3].
In this study, we propose a method to suppress the dense
false target jamming based on stepped frequency radar. This
method can resist the jamming of the main lobe, even the
jamming in the same direction. The innovation of this study
is determining the steering vector by the phase difference between adjacent pulses on the distance dimension, and then
suppressing jamming by processing on the distance gate.
The basic concept of the proposed algorithm. We consider the step frequency signal consisting of M transmitting pulses. The frequency of the mth pulse is fm = f0
+(m − 1)∆f , m = 1, 2, . . . , M, where f0 is the initial transmitted signal pulse frequency, ∆f is the frequency increment, which is minute compared with f0 . Taking the linear frequency modulated signal as a modulated signal, the
transmitting signal can be expressed as
2

sm (t) = rect(t/Tp )ejπµt · ej2πfm t ,

2

(2)

2r
.
c

where t1 =
For narrow-band signals, the difference of
signal envelope on each array element is negligible, so
2

sr (t) = rect(t/Tp )ejπµt · ej2πfm (t−t1 ) .

sm
out (t)
= Tp · sin c(B(t − t0 )) · ej2πfm (t−t0 )−j2πfm

(3)

Then the phase difference of the mth and 1st pulses
is ∆ϕm = 2π(m − 1)∆f (t − 2r
).
Similar to arc
ray signal processing, the steering vector of each echo

2r
c

.

(4)

So the output phase difference of the mth and 1st pulses
after matched filtering is expressed as
∆ϕ′m = 2π(m − 1) · ∆f



t − t0 −

2r
c



,

where t0 represents the necessary delay time for achieving
matched filtering. The steering vector between the pulses
of the same array element can be expressed as a(r, t) =
2r
2r
[1 ej2π∆f (t−t0 − c ) · · · ej(M −1)2π∆f (t−t0 − c ) ]T .
According to the definition of coherent accumulation in
the slow time domain, the output of each coherent pulse
after weighted accumulation can be expressed as

(1)

where t is the time sampling points within a single pulse.
Tp is the pulse duration, µ indicates the chirp slope. s(t) =
2
rect(t/Tp )ejπµt indicates the complex envelope of the transmitted signal.
Considering a far-field point source at range r, the step
frequency signal sent by an array element is reflected back
when it reaches the target at the far-field point. The echo
signal received by the array element can be expressed as
sr (t) = rect[(t − t1 )/ Tp ]ejπµ(t−t1 ) · ej2πfm (t−t1 ) ,

in the M coherent pulses is defined as w0 (r, t) =
2r
2r
[ 1 ej2π∆f (t− c ) · · · ej(M −1)2π∆f (t− c ) ]T , which is the
weighting vector of the pulses in the slow time domain, and
the slow time is the time change between multiple pulses.
The output signal after matched filtering is given by [4]

(

y(t) = w H (r, t)sout (t),
sout (t) = a(r, t)s1out (t).

(5)

The matched filter output of M pulses can be expressed
T
as sout (t) = [ s1out (t) s2out (t) · · · sM
out (t) ] , where w(r, t)
is the weighting coefficient of each pulse in the slow
time domain. Even if it is weighted by constant weight
2r
2r
w(r, t0 ) = [1 e−j2π∆f c · · · e−j(M −1)2π∆f c ]T or distance
gate w(r, t) = a(r, t), at t = t0 time, the coherent accumulation output is |y(t0 )| = M Tp .
The basic principle of dense false target jamming is that
the jammer samples, stores and forwards the radar signals
in a certain period, forming multiple false targets with different distances [5]. If the number of dense false targets is
K, the jamming of multiple false targets can be expressed
as follows:
K
X
sj (t) =
βk sm (t − τk ),
(6)
k=1
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Figure 1 (Color online) The blocking output of mixed signal weighted by distance gate at different frequency intervals.
(a) ∆f = 0.5 kHz; (b) ∆f = 1 kHz; (c) ∆f = 2 kHz; (d) ∆f = 3 kHz.

where τk , k = 1, 2, . . . , K, represents the delay of false target jamming relative to the true target. The jamming peak
indicating distance is rjk = re +cτk , where re is the distance
of the target and βk is the coefficient of jamming amplitude.
From the indicating distance, the jamming can only form
a few false spots behind the jammer without cross period
and frequency shift. When the jamming traces are accumulated according to the distance gate, the actual weighted
output signal at t = t0 can be expressed as follows:
yj (t) = w H (rjk )sj
=

K
X

k=1

out (t)

= w H (rjk )a(r)s1j out (t)

x(t) = a(re )s(t) + xj+n (t)
= a(re )s(t) +

sin(2πM ∆f τk ) j2π(M −1)∆f τk 1
e
· sj out (t), (7)
sin(2π∆f τk )
2rj
k

slow time domain to suppress jamming [6]. The method is
weighting the echo signal received in each pulse to form a
pattern related to distance in the slow time domain, form
null-forming at a jamming distance, and keep the gain at the
true target distance. Considering that a target is located at
re , there are P jamming sources whose spatial positions are
rji , i = 1, 2, . . . , P . Then the received signal of the array
can be expressed as

2rj
k

where w(rjk ) = [1 e−j2π∆f c
· · · e−j(M −1)2π∆f c ]T
is the steering vector attached to the jamming traces
by weighting according to the distance gate, a(r) = [1
e−j2π∆f (2re /c) · · · e−j(M −1)2π∆f (2re /c) ]T is the actual
steering vector of the jamming, sj out (t) = [s1j out (t),
T represents the output signal of the
s2j out (t), . . . , sM
j out (t)]
jamming signal after matched filtering.
At t = t0 ,
P
the coherent accumulation output is |yj (t0 )| = Tp K
k=1
(sin(2πM ∆f τk )/sin(2π∆f τk )).
Therefore, false traces
formed by jammer can be seen as an amplitude modulation
after mutual accumulation by distance gate, which does not
get an amplitude accumulation like real traces. Although
the dense false target jamming is generated by replication
and forwarding, its indicating distance is jamming distance.
However, the steering vectors of the jamming signal in the
slow time domain are still the same as the actual steering
vector of the true target, so we can use this characteristic to
suppress jamming.
The proposed algorithm. The Wiener filtering theory can
be employed for null-forming in the distance domain of the

P
X

a(rji )sj (t) + n(t),

(8)

i=1

where xj+n (t) is the jamming plus noise vector, which is
not related to the target signal. The maximum signal-tojamming-plus-noise ratio maximizes the output signal to the
jamming ratio of the system. We can obtain the optimal
weight vector wopt = αR−1
j+n a(re ), where α is a constant,
and a(re ) represents the steering vector at the true target
distance re . Rs = σs2 a(re )aH (re ) is the covariance matrix of
P
H
2
2
the true target signal, Rj+n = P
i=1 σi a(rji )a (rji )+σn I
is the covariance matrix of jamming signal and noise. The
distance gates are weighted seriatim in the distance domain,
the blocking matrix can be used to block the signal from this
distance. The blocking matrix has the form


1 −ej2π∆f (2rd /c) · · ·
0



0
1
···
0


B(rd ) =  .
 . (9)
..
..

.
.
.
.

0
0
· · · −ej2π∆f (2rd /c)

The dimension of B(rd ) is (M − 1) × M , where rd represents the indicating distance corresponding to the radar
range gate. So, the output signal is given by z(t) =
B(rd )x(t). The blocking matrix blocks the signal enters
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from the distance gate rd , calculates the covariance and inverse of the remaining signal, and then multiplies by the
steering vector of the distance gate at rd , which has a jamming suppression effect. The adaptive weight vector can be
expressed as follows:
h
i.h H
i
⌢
⌢
⌢
wB (rd ) = R−1
a (rd )R−1
z a (rd )
z a (rd ) ,

(10)

where Rz
= E[z(t)z H (t)] is the sample covari⌢
ance matrix after blocking matrix, and a (rd ) =
2rd
2rd
[ 1 e−j2π∆f c · · · e−j(M −2)2π∆f c ]T is the steering vector at the distance gate rd . After processing by blocking
matrix, the number of available arrays reduces from M to
M − 1, and the corresponding received signal is z(t). According to the adaptive weight vector wB (rd ), the output
signal of single array element can be expressed as follows
H (r )z(t).
yB (rd ) = wB
d
Simulation. There is a target at a distance of 100 km, the
number of pulses is 100, and the pulse duration is 100 µs.
It is assumed that the false target generator generates five
false targets. The replicas generated are at range bins of
100.6, 101.2, 101.8, 102.4, 103 km.
Figure 1 shows the result of the blocking output of mixed
signal weighted by distance gate. From Figures 1(a) and
(b), ∆f = 1 kHz is better than ∆f = 0.5 kHz in jamming
suppression. From Figures 1(c) and (d), the effect of jamming suppression becomes worse with the increase in ∆f .
Notably, ∆f should be suitable. If ∆f is too small, the theoretical steering vector is very close to the actual steering
vector, so it cannot suppress the jamming well. Moreover,
if ∆f is too large, the whole correlation process will be difficult.
Conclusion. We considered the problem of suppressing
dense false target jamming for stepped frequency radar. In
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the distance domain, the true and dense false target jamming can be discriminated from each other because the frequency difference of the adjacent pulse signal in the stepped
frequency radar is range-dependent. Since the time-delay
modulations change only the range bins of the false targets and the steering vectors of the false targets contain
the actual range parameters of the dense false targets jamming, the dense false targets can be suppressed due to range
mismatch. The proposed method can effectively resist the
main lobe jamming when the frequency difference is suitable, which cannot be achieved by the traditional phased
array, whether the main lobe jamming is self-defense or accompanying jamming.
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