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Abstract

This paper addresses the problem of suppressing main-

lobe deceptive jammers based on a novel stepped frequency

(SF)-receive delay array (RDA) radar. In our system design,

the linear frequency modulation waveform is transmitted

with a SF across the transmit antenna elements, and the re-

ceived echo is delayed with a time shift between adjacent

receive elements. In this regard, the range-angle-dependent

transmit and receive steering vectors are obtained, mak-

ing it possible to distinguish the true target and the main-

lobe deceptive jammers, especially those generated in the

same transmit pulse behind the true target. Furthermore,

a joint transmit-receive beamforming method is developed,

including the data-independent transmit beamforming and

the dimension-reduced data-dependent receive beamform-

ing. Therefore, the jammers are suppressed by nulling in

the joint transmit-receive spatial domain. Numerical simu-

lations are provided to demonstrate the effectiveness of the

proposed method in suppressing mainlobe deceptive jam-

mers.

1 Introduction

Deceptive jammer is a common threat for radar system-

s, where multiple false targets are generated after modu-

lation in the digital radio frequency memory (DRFM) [1].

More seriously, if the deceptive jammers are located in the

mainlobe, beampattern distortion will occur. In order to

address this issue, various approaches have been investigat-

ed in the frequency, time, spatial, and polarization domain-

s [2–4]. Nevertheless, there are still considerable limita-

tions in practice with traditional radar frameworks, such as

the phased array and multiple-input multiple-output (MI-

MO). As a consequence, new frontiers have been opened

for mainlobe deceptive jammer suppression, such as the fre-

quency diverse array (FDA)-MIMO [5] and element-pulse

coding (EPC)-MIMO radars [6].

Capitalizing a range-angle-dependent beampattern, the

FDA-MIMO radar has received much attention in recen-

t years [7]. By utilizing the extra degrees-of-freedom (D-

OFs) in the range domain, the mainlobe deceptive jam-

mers are suppressed either due to range mismatch with

the data-dependent beamforming or by nulling at the data-

independent beampattern [5, 6]. However, suppression of

the jammers, which lag behind the true target in the same

transmit pulse, is not realizable with the aforementioned

methods. Worse still, it is difficult to obtain ideal orthog-

onal waveforms within same frequency bandwidth for MI-

MO systems.

Following this guideline, the stepped frequency (SF)-

receive delay array (RDA) radar is developed by transmit-

ting a linear frequency modulation (LFM) waveform with

a SF, and receiving the echo with a time delay between ad-

jacent receive elements. In this respect, after appropriate

processing procedures, the range-angle-dependent transmit

and receive steering vectors can be obtained. Therefore,

the true and false targets, especially those generated in the

same transmit pulse behind the true target, can be discrim-

inated in the joint transmit-receive spatial domain. More-

over, the false targets can be suppressed after performing

the equivalent data-independent transmit beamforming and

data-dependent receive beamforming. Numerical result-

s are provided to verify the superiorities of the develope-

d SF-RDA in jammer suppression, where a comparison a-

mong different radar frameworks is carried out in terms of

the output power of matched filtering and output signal-to-

interference-plus-noise ratio (SINR).

The paper is organized as follows. Section II presents the

signal model of the SF-RDA radar. Principle of main-

lobe deceptive jammer suppression with the joint transmit-

receive beamforming is presented in Section III. Numerical

examples are provided in Section IV, whereas conclusions

are drawn in Section V.

Notations: The transpose and conjugate transpose opera-

tors are denoted by the symbols (·)T and (·)†, respective-

ly. C
N , R

N , and C
N×M are respectively the sets of N-

dimensional vectors of complex numbers, N-dimensional

vectors of real numbers, and N ×M complex matrices. �
and ⊗ represent the Hadamard (element-wise) product and

Kronecker product, respectively. The letter j represents the

imaginary unit (i.e. j =
√−1). For any real number z, |z| is

used to denote the absolute value of z.
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2 Signal Model of SF-RDA Radar

Let us consider a colocated MIMO radar system in a unifor-

m linear array equipped with M transmit and N receive an-

tenna elements with the first being the reference. Assuming

that a SF LFM waveform is transmitted with a frequency

interval Δ f between two adjacent elements, and the trans-

mitted signal is given as

xm (t) =

√
E
M

ϕ (t)e j2π fmt ,0 ≤ t ≤ Tp, (1)

where E denotes the total transmitted energy, Tp is the radar

pulse duration, fm = f0 + (m − 1)Δ f indicates the m-th

(m = 1, · · · ,M) SF with f0 being the reference carrier fre-

quency, and ϕ (t) = e jπμt2
/
√

Tp represents the LFM wave-

form with μ = Bw/Tp and Bw being the chirp rate and band-

width, respectively. Notice that the orthogonality condition

between adjacent transmit SF LFM waveforms is assumed

to be satisfied.

Assuming a point-like target located in far-field with the

angle-range pair (θ0,R0), and the target echo is received

with a time delay Δτ across the receive elements, where the

time delay corresponding to the n-th (n = 1, · · · ,N) receive

antenna element is written as

tn = (n−1)Δτ. (2)

Hence, under the narrowband assumption, the echo re-

ceived by the n-th element, after multiplying by e− j2π f0t ,

is expressed as

ȳn(t)≈ α0ϕ (t − τ0)e− j2πμtnte j2πμtnτ0 e jπμt2
n

e
j2π (n−1)d sin(θ0)

λ0 e− j2π f0tn
M

∑
m=1

e
j2π (m−1)d sin(θ0)

λ0

e− j2π(m−1)Δ f τ0e j2π(m−1)Δ f (t−tn),

(3)

where τ0 = 2R0/c with c being the reference time delay,

α0 denotes the complex coefficient accounting for target

backscattering and the other terms involved in the two-way

radar equation, and the approximation holds by ignoring the

terms e j2π(m−1)2Δ f d sin(θ0)/λ0 and e j2π(m−1)(n−1)Δ f d sin(θ0)/λ0

due to the fact that Δ f d/c � 1, and λ0 = c/ f0.

Subsequently, the signal ȳn(t) is processed with a multi-rate

filter as

zn (t) = bn (tn) ȳn(t)

= α0ϕ (t − τ0)e j2πμtnτ0 e
j2π (n−1)d sin(θ0)

λ0

M

∑
m=1

e
j2π (m−1)d sin(θ0)

λ0 e− j2π(m−1)Δ f τ0e j2π(m−1)Δ f (t−tn),

(4)

where bn (tn) = e j2πμtnte− jπμt2
n e j2π f0tn .

Then, it follows the procedure of processing with fn,l (tn) =
e− j2π(l−1)Δ f (t−tn), namely

z̄n,m (t) = fn,l (tn)zn (t) = α0ϕ (t − τ0)e j2πμtnτ0

e
j2π (n−1)d sin(θ0)

λ0 e
j2π (m−1)d sin(θ0)

λ0 e− j2π(m−1)Δ f τ0 .
(5)

Subsequently, processing through a bank of M waveform

MFs, i.e., hl (t) = ϕ∗ (−t), yields

z̃n,l =
∫ ∞

−∞
z̄n,m (t)(τ)hl (t − τ)dτ = α0sinc(ϕ)e j2πμtnτ0

e
j2π (n−1)d sin(θ0)

λ0 e
j2π (m−1)d sin(θ0)

λ0 e− j2π(m−1)Δ f τ0 .
(6)

Therefore, the received signals from N receive elements can

be stacked to form a MN-dimensional vector as

zzz(θ0,R0) = [z̃1,1, z̃1,2, · · · , z̃n,m, · · · z̃N,M]T

= α0sinc(ϕ) [bbb(θ0,R0)⊗aaa(θ0,R0)] ,
(7)

where bbb(θ0,R0) ∈ C
N and aaa(θ0,R0) ∈ C

M denote the re-

ceive and transmit steering vectors of the target, respective-

ly, with the forms of

bbb(θ0,R0) =

[
1, · · · ,e j2π

(
(n−1)d sin(θ0)

λ0
+μΔτ(n−1)τ0

)
,

· · · ,e j2π
(

(N−1)d sin(θ0)
λ0

+μΔτ(N−1)τ0

)]T

,

(8a)

aaa(θ0,R0) =

[
1, · · · ,e j2π

(
(m−1)d sin(θ0)

λ0
−Δ f (m−1)τ0

)
,

· · · ,e j2π
(

(M−1)d sin(θ0)
λ0

−Δ f (M−1)τ0

)]T

.

(8b)

3 Principle of Mainlobe Deceptive Jammer
Suppression with Joint Transmit-Receive
Beamforming

Let us consider the type of self-defense jammers, where the

false target generator (FTG) is equipped with the target, and

Q false targets are generated after some appropriate mod-

ulations in DRFM. To this regard, the total received sig-

nal, including the true target, the false targets as well as the

noise, is expressed as

www = zzz(θ0,R0)+
Q

∑
q=1

zzz(θq,Rq)+nnn, (9)

where nnn ∈ C
MN is modelled as white Gaussian noise,

zzz(θq,Rq) ∈ C
MN denotes the vector of the q-th (q =

1, · · · ,Q) false target, i.e.,

zzz(θq,Rq) = sinc(ϕ)αq [bbb(θq,Rq)⊗aaa(θq,Rq)] , (10)
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where θq = θ0, αq is the complex echo amplitude,

bbb(θq,Rq) ∈ C
N and aaa(θq,Rq) ∈ C

M represent the receive

and transmit steering vectors with Rq being the actual range.

Particularly, as shown in Fig. 1, the false targets can be

generated either in the same transmit pulse (i.e., the same

range ambiguity region), such as the false target 1, or in the

next transmit pulse, such as the false targets 2 and 3. More

specifically, in the same range ambiguity region, the false

target can be behind (such as the false targets 1 and 3) or

settled ahead of the true target (such as the false target 2).

Figure 1. Generation of false targets.

Furthermore, a compensation procedure is performed

range-by-range on the transmit steering vectors [5], which

yields the normalized receive spatial frequencies as

f s
T =−2Δ f

c
psRu +

d
λ0

sin(θ0) , (11a)

f q
T =−2Δ f

c
pqRu +

d
λ0

sin(θ0) , (11b)

where ps and pq denote the numbers of delayed transmit

pulses corresponding to the true and q-th false target, re-

spectively, Ru indicates the maximum unambiguous range.

Furthermore, the receive spatial frequencies of the true tar-

get and the q-th false target are respectively defined as

f s
R = μΔτ

2R0

c
+

d
λ0

sin(θ0) , (12a)

f q
R = μΔτ

2Rq

c
+

d
λ0

sin(θ0) , (12b)

indicating that the true and false targets can be discriminat-

ed in both transmit and receive spatial frequencies.

To proceed, a joint transmit-receive beamforming method is

implemented, where an equivalent data-independent trans-

mit beamforming is firstly implemented in each receive

channel, with the transmit weight vector obtained as wwwT =
aaa(θ0,R0) ∈C

M . In this respect, the jammers, which are lo-

cated in different range ambiguity regions compared with

the true one, can be suppressed by nulling at the equivalent

transmit beampattern, Accordingly, the frequency interval

can be designed as

Δ f = fr

(
�+

i
(pq − ps)M

)
, (13)

where �= int(Δ f/ fr) denotes the integer part.

Moreover, the dimension of the received echo is reduced as

ỹyy =WWW reŷyy, (14)

where ỹyy ∈ C
N , ŷyy ∈ C

MN , and WWW re = diag
{

www†
T, · · · ,www†

T

}
∈

C
N×MN denotes the dimension-reduced matrix.

Furthermore, the data-dependent beamforming is per-

formed based on the minimum variance distortionless re-

sponse (MVDR) criterion by solving the following opti-

mization problem{
min
wwwR

www†
RRRRwwwR

s.t. www†
Rbbb(θ0,R0) = 1

, (15)

where RRR ∈C
N×N is the jammer-pulse-noise covariance ma-

trix, which is obtained with ỹyy, and the receive weight vec-

tor is obtained as wwwR = RRR−1bbb(θ0,R0). In this regard, the

false targets which are located in the same range ambiguity

region, are suppressed due to range mismatch. Finally, by

combining both the transmit and receive weight vectors, the

weight vector in the joint transmit-receive spatial domain is

determined as:

wwwo = wwwR ⊗wwwT. (16)

4 Simulation Results

In this section, numerical examples are provided to assess

the effectiveness of jammer suppression with the SF-RDA

radar. The system parameters are listed in Table I, whereas

parameters of the true and Q = 4 false targets are presented

in Table II.

Table 1. System parameters of RDA

Parameter Value Parameter Value
M 10 N 16

f0 10 GHz Δ f 10.006 MHz

Bw 10 MHz PRF 10 KHz

Tp 10 μs Δτ 100 ns
Ru 15 km L 1000

Table 2. Parameters of true and false targets

True False 1 False 2 False 3 False 4
Angle (◦) 0 0 0 0 0

Range (km) 3 4 6.7 27 31.5

Delay pulses 0 0 0 1 2

SNR/JNR (dB) 15 35 35 35 35

Range bin 201 268 448 801 101

The Capon spectrum of the true and false targets in the

joint transmit-receive spatial frequency domain is displayed

in Fig. 2(a), where all targets are distributed in both the

transmit and receive spastical frequencies. Corresponding-

ly, the two-dimensional beampattern is shown in Fig. 2(b).

It is observed that the maximum is achieved in the posi-

tion of the true target, while the false targets are located

at the nulls. Moreover, performance comparisons in terms

of the matched filtering and output SINR are carried out

among the developed SF-RDA, conventional MIMO, FDA-

MIMO, as well as EPC-MIMO in Figs. 2(c) and (d). Fig-

ures inspections indicate that all false targets are unavail-

able to be suppressed in MIMO radar due to lack of DOFs
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Figure 2. Jammer suppression with SF-RDA radar. (a) Capon spectrum. (b) Beampattern. (c) Matched filtering. (d) Output SINR.

in the range domain. In addition, the false targets 3 and 4,

which are located in different range ambiguity regions of

the true one, can be suppressed with both the FDA-MIMO

and EPC-MIMO. However, they cannot suppress the false

targets 1 and 2, which are located in the same range am-

biguity region with the true one. In contrast, all false tar-

gets are sufficiently suppressed with the proposed SF-RDA

radar, with a SINR improvement over 50 dB compared with

that of the MIMO radar, corroborating the advantages of D-

OFs in the joint transmit receive spatial frequency domain

offered by the SF-RDA radar.

5 Conclusions

In this paper, the SF-RDA radar has been developed by

transmitting the LFM waveform with a SF between trans-

mit elements and receiving the echoes with a time shift

across the receive elements. After appropriate receive pro-

cessing, the true and false targets can be distinguished in

the joint transmit-receive spatial domain. Moreover, a join-

t transmit-receive beamforming method has been imple-

mented to suppress the false targets. Simulations in terms

of output matched filtering and SINR have been carried out

to verify the effectiveness of jammer suppression, especial-

ly for those located in the same range ambiguity region with

the true target, where significant SINR improvements com-

pared with the MIMO, FDA-MIMO and EPC-MIMO have

been illustrated. Possible future research avenues might be

focused on the extension to a scenario including clutter.
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