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Abstract: This study focuses on the problem of joint suppression of active jamming in target sector-of-interest (SOI) and out-of-
sector interference for colocated compressive sensing multiple-input–multiple-output (CS-MIMO) radar. Three effective
strategies for spatial filter measurement matrix (SFMM) design are outlined. Unlike the previous reported Capon beamformer
and minimum variance distortionless response beamformer, the proposed design strategies only depend on the target spatial
SOI rather than the accurate directions-of-arrival (DOAs) of targets, jammers and interfering sources to obtain deep nulls or
notches for the SOI jamming and low-attenuation levels for the out-of-sector interference. The SFMM design criteria are derived
using the second-order cone programming and solved as convex optimisation problems. The proposed approaches can
simultaneously suppress the SOI jamming and attenuate the out-of-sector interference. Meanwhile, better DOA estimation
accuracy can be achieved. Simulation results demonstrate the superiority of the proposed approaches over the other methods
for colocated CS-MIMO radar.

1 Introduction
Unlike the distributed multiple-input–multiple-output (MIMO)
radar, the antennas in colocated MIMO radar are closely spaced so
that, in the far-field, they look at the target under the same aspect
and, contrary to the phased array (PA) systems, waveform diversity
allowed by the transmit and receive arrays can be exploited [1, 2].
It has been shown that the colocated MIMO radars have some
advantages over PA radars such as the extended virtual array
aperture, the increased upper limit on the number of detectable
targets, improved parameter identifiability and angular resolution
and so on [1–5]. In the last decade, by exploiting the target sparsity
in the target space/scene, compressive sensing (CS) theory has
been successfully applied to MIMO radars and has shown great
potentials in target parameter estimation [6], Synthetic Aperture
Radar (SAR) imaging [7], waveform design [8] and interference
attenuation [9]. CS-MIMO radar systems have been proposed in
[6–8] and the beamforming techniques for colocated CS-MIMO
radars have also been studied to achieve processing gain or the
desired beampattern to suppress the target-like interference [9, 10].
Colocated CS-MIMO radar can achieve either the same
localisation performance as traditional methods with significantly
fewer measurements or significantly improved performance with
the same number of measurements [10]. However, the assumed
target sparsity decreases in the presence of clutter, interference and
jamming, and the parameter estimation performance would
degrade severely. Yu et al. [10] proposed a Capon-like
beamforming method to suppress clutter in the context of colocated
CS-MIMO radar. However, when the clutter covariance and
directions-of-arrival (DOAs) of interfering sources and/or jammers
are unknown, conventional methods such as the Capon
beamformer [10] and the minimum variance distortionless response
beamformer of [11, 12] fail. Without prior knowledge of the clutter
covariance function, the Capon beamforming does not enable to
improve the DOA estimation performance of colocated CS-MIMO
radar. Under the assumption of known spatial sector-of-interest
(SOI), where the targets are likely to be located, Hassanien and

Vorobyov [4] proposed a transmit beamspace energy focusing
technique for colocated MIMO radars with application to DOA
finding for multiple targets and simultaneously suppressing the
interference and clutter out of the spatial SOI. Spheroidal
sequences were employed to design the transmit beamspace matrix
so that the ratio of the energy radiated within the desired spatial
SOI to the total radiated energy was maximised [4]. For a better
DOA estimation of colocated MIMO radar in the presence of
interference and jamming, Li et al. [13] proposed three reduced
dimension beamspace matrices to achieve reasonable tradeoffs
between the desired SOI source distortion and the out-of-sector
interference/jamming (possibly in-sector) attenuation. However,
the beamspace matrix was developed by minimising the output
power of the total received signal followed by a transformation.
The transformed target signal would be also attenuated while
minimising the power of the transformed interference and
jamming. Similarly, Tao et al. [9] proposed a spatial filter
measurement matrix (SFMM) design method for colocated CS-
MIMO radar based on the pass-band beamforming for spatial target
sectors and lower gain beamforming for out-of-sector areas to
suppress the possible interference or clutter. However, it can be
seen that the attenuation levels for spatial areas out-of-sector are
limited. Only if the interference-to-noise ratio (INR) or clutter-to-
NR (CNR) is small, the out-of-sector interference or clutter would
be suppressed. Moreover, the case of possible jamming in the SOI
is not considered. Actually, with the development of electronic
countermeasure (ECM), the important target is often protected by
the countermeasure system to prevent radars from operating as well
as possible.

As an important ECM, active jamming often takes the form of
high-power transmission and blocks the radar receive system with
highly concentrated energy [14]. In view of the closed element
spacing of transmit and receive arrays, colocated CS-MIMO radars
can be blocked by active jamming. Moreover, terrain-scattered
jamming also is a typical active jamming example, which occurs in
a dispersive manner when the ground reflects the power
transmitted by a high-power jammer [11, 15]. It shows up as a
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distributed source in the target SOI, even in the same direction as
the desired target, and it severely affects target's DOA estimation
performance of conventional methods. To the best of our
knowledge, so far an efficient approach of active jamming and
interference joint suppression has not been investigated for the
target's DOA estimation in colocated CS-MIMO radar.

Different from the target-like interference, the active jamming
always comes from the directly radiated or the ground-reflected
signal of jammers, but does not originate from the MIMO radar
transmit array, so the informations on transmit antennas are not
included in the received jamming. As shown in Fig. 1, we address
the problem of the joint suppression of powerful active jamming in
target SOI and out-of-sector interference/clutter for colocated CS-
MIMO radar. Inspired by papers [4, 13], and considering the
differences between interference and active jamming described
above, we adopt the first two beamspace matrix optimisation
schemes for colocated MIMO radar of [13] and propose here three
adaptive SFMM design strategies for the general case of unknown
SOI jamming and/or out-of-sector interference/clutter in the
context of colocated CS-MIMO radar. As for the spheroidal
sequences based beamspace matrix (SSBM) of [4], the SFMM
design criterion is derived using the second-order cone (SOC)
programming and solving a convex optimisation problem. 

The remainder of this paper is organised as follows. Section 2
presents the signal model of colocated CS-MIMO radar in the
presence of active jamming and interference. In Section 3, first a
brief introduction to the SSBM design method is provided, then
three adaptive SFMM design approaches are proposed. Numerical
analysis and comparison results are given in Section 4. Finally, we
make some concluding remarks in Section 5.

Notations: The bold upper and lower case symbols are
employed to denote the matrices and vectors, respectively. The
transpose and Hermitian transpose operations are represented as
( ⋅ )T and ( ⋅ )H. ⊗ symbolises Kronecker product. ∥ ⋅ ∥2 and
∥ ⋅ ∥F present Euclidean norm and Frobenius norm. vec(A) stands
for the operator that stacks the columns of a matrix A into one
column vector. I refers to the identity matrix. 1M is the M × 1
vector of all ones. ∪ is the union operation of sets and the statistical
expectation is represented by E ⋅ .

2 Signal model for colocated CS-MIMO radar
2.1 Conventional signal model

Consider a colocated CS-MIMO radar system equipped with a
transmit uniform linear array (ULA) of M (M ≥ 2) antenna
elements and a receive ULA of N (N ≥ 2) antenna elements.
Transmit and receive arrays are assumed to be closely located so
that a target located in the far-field shares an identical spatial angle.
It is assumed that K sources are measured in a noise background.
With the azimuth angle ϕk (k = 1, 2, …, K) of the kth source, the
transmit steering vector and receive steering vector are denoted as

a(ϕk) = 1, ej2πd /λ sin ϕk, …, ej2π(M − 1)d /λ sin ϕk T ∈ ℂM × 1 (1)

b(ϕk) = 1, ej2πd /λ sin ϕk, …, ej2π(N − 1)d /λ sin ϕk T ∈ ℂN × 1 (2)

where am(ϕk) = ej2π(m − 1)d /λ sin ϕk, bn(ϕk) = ej2π(n − 1)d /λ sin ϕk are the
elements of a(ϕk) and b(ϕk), respectively. λ is the radar wavelength.
d refers to the distance between two adjacent elements and d ≤ λ/2
for non-ambiguous [16]. Herein, it is always set as d = λ/2 for
derivation simplicity [4, 11]. The M transmit antennas are used to
transmit orthogonal waveforms. Let sm(t) (m = 1, 2, …, M) denote
the baseband signal transmitted by the mth transmitter, which is
assumed to be orthogonal to the others with power equal to 1, i.e.
∫Tpsp(t)sq

∗(t) dt = δ[p − q], p, q = 1, 2, …, M, where Tp is the pulse
duration and δ[ ⋅ ] is Kronecker's delta function. The matrix of
transmitted signals is given by S(t) = [s1(t), s2(t), …, sM(t)]. Under
the same assumption as in [14], the target, interfering sources and
jammers are static, so the Doppler frequency is not considered in
our signal model. Then, the received echo xn(t, τ) of the nth
receiver at the fast time t within the τth pulse can be expressed as
[9]

xn(t, τ) = ∑
k = 1

K
αk τ bn(ϕk)S(t)a(ϕk) + n(t) (3)

where τ = 1, 2, …, Ls is the slow-time (pulse) index, αk(τ) is the
complex amplitude of the kth source with variance σk

2. It is
emphasised that αk(τ) is assumed to be constant during the whole
pulse, but varies independently from pulse to pulse, i.e. it obeys the
Swerling II model. n(t) denotes the zero-mean Gaussian noise
process with variance σn0

2 . Suppose that the K sources include KT
targets and KI interfering sources, i.e. K = KT + KI. Moreover,
there are J active jammers or terrain-scattered jamming located at
directions ϕj, j = 1, 2, …, J, and the jamming signal is J j(t).
Then, (3) can be rewritten as (4). Defining the fast-time snapshot
(sample) number of a pulse as Lf, then the sampled received echo is
given by (5), where αr(τ)(r = 1, 2, …, KT), αi(τ) (i = 1, 2, …, KI)
denote the complex amplitudes, ϕr and ϕi are the DOAs of the rth
target and the ith interfering source, β j(τ) is the complex amplitude
of the jth jammer, n denotes the Lf × 1 noise and S and J j are the
Lf × M sampled MIMO radar signal matrix and the jth jammer
matrix, respectively. Herein, 1M is the jammer transmit steering
vector, because the jammer is independent of the radar transmit
array [11, 13, 14]

xn(τ, t) = ∑
r = 1

KT

αr τ bn(ϕr)S(t)a(ϕr)

+ ∑
i = 1

KI

αi τ bn(ϕi)S(t)a(ϕi)

+ ∑
j = 1

J
β j τ bn(ϕj)J j(t)1M + n(t)

(4)

xn(τ) = ∑
r = 1

KT

αr τ bn(ϕr)Sa(ϕr)

+ ∑
i = 1

KI

αi τ bn(ϕi)Sa(ϕi)

+ ∑
j = 1

J
β j τ bn(ϕj)J j1M + n

(5)

rn(τ) = ∑
r = 1

KT

αr τ bn(ϕr)Sa(ϕr) + n

= ∑
q = 1

Q
γq τ bn(θq)Sa(θq) + n

(6)

As shown in Fig. 2a, the conventional DOA estimation method of
colocated CS-MIMO radar has no ability to reject the DOAs of

Fig. 1  Traditional scenario of SOI jammer and out-of-sector interfering
sources
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unwanted interference and jammers. The whole angle space is first
discretised in a dense grid Ω = [θ1, θ2, …, θQ] (Q ≫ K + J) so that
the detectable sources are all on the grid (off-grid sources are not
considered here). Then, the Lf × 1 received echo vector without
interference and jammers in (5) can be rewritten as (6), where

γq τ =
αr τ if θq = ϕr

0 otherwise
(7)

For the nth receive antenna, a sparse basis Ψn of size Lf × Q is
constructed as follows:

Ψn = bn(θ1)Sa(θ1), bn(θ2)Sa(θ2), …, bN(θQ)Sa(θQ) (8)

The sparse representation (SR) of the Lf × 1 first part pn(τ) on the
right-hand side in (6) is given by

pn(τ) = Ψnγ(τ) (9)

where γ(τ) = [γ1(τ), γ2(τ), …, γQ(τ)]T is the Q × 1 vector of SR-
based coefficients.

Let a matrix Φn ∈ ℂM × Lf be the measurement matrix, which has
a small correlation with Ψn. The measured projection of rn(τ) can
be depicted as

yn(τ) = Φnrn(τ) = Φn pn(τ) + n
= ΦnΨnγ(τ) + n′ = Tnγ(τ) + n′ (10)

where Tn = ΦnΨn is the M × Q sensing matrix at the nth receive
antenna and n′ = Φnn is the M × 1 measured noise. Within the τth
pulse, the projection output of N receive antennas, i.e.
Y = y1, y2, …, yN

T with size M × N, can be formulated as [9]

Y = T1, T2, …, TN
Tγ + E (11)

where γ is the Q × 1 coefficient vector and E denotes the M × N
noise matrix. Stacking the matrix Y into a vector, we have

y = vec Y = T1
T, T2

T, …, TN
T Tγ + vec E

= Γγ + n′′
(12)

where Γ = T1
T, T2

T, …, TN
T T is the MN × Q sensing matrix of N

receive antennas and n′′ = vec E  is the MN × 1 noise vector.
Then, to perform DOA estimation we have to recover the sparse
coefficient vector γ from the measurement vector y. The sparse
recovery problem can be formulated as an l1-optimisation as in
problem p0 [9]. The corresponding angles with the KT largest non-
zero sparse coefficients of the recovered vector γ^ for Γ provide the
estimated DOAs of targets

p0 =
min

γ
∥ γ ∥ 1

s . t . y = Γγ
(13)

However, in the presence of interference and jamming, the
measured projection of xn(τ) without noise in (5) is given by the
equation below:

y′n(τ) = rn(τ) + Φn∑
i = 1

KI

αi τ bn(ϕi)Sa(ϕi)

+Φn ∑
j = 1

J
β j τ bn(ϕj)J j1M

(14)

From the last two terms, it is seen that: (a) similar to the SR of
target echo, the measured interference/clutter term can also be
sparsely represented by Tn and the estimated DOAs of powerful
interfering sources/clutter would be probably regarded erroneously
as the ones of targets; (b) the measured jamming term has no direct
correlation with Tn, but it can severely affect the target's DOA
estimation based on the strong transmitted power; (c) the SFMM
Ψ ′, designed as in [9], can suppress only the out-of-sector
interference based on the pass-band beamformer focusing on the
target SOI. Unfortunately, when the jamming appears in the SOI,
as in the case of self-defense jamming and terrain-scattered
jamming, the performance of target's DOA estimation can severely
degrade, especially because of the powerful jammers present at the
same directions as the targets. A new approach for the joint
suppression of out-of-sector interference and active jamming in
SOI is then necessary. The new approach for target's DOA
estimation is shown in Fig. 2b and described in Section 3.

2.2 Signal model for interference and jamming joint
suppression

To virtually extend the array aperture and increase the upper limit
on the number of detectable targets, the received echo in (4) is first
matched filtered to the M orthogonal waveforms ∫Tp xn(τ, t)SH(t) dt
at the receiver, while the direct pulse repeater jamming is generally
assumed for simplicity [11, 13], i.e. J j(t) = S(t), then we stack the
matched filters’ outputs into an MN × 1 virtual vector as the
equation below:

z(τ) = vec ∫Tp
xn(τ, t)SH(t) dt

= ∑
r = 1

KT

αr τ a(ϕr) ⊗ b(ϕr)

+ ∑
i = 1

KI

αi τ a(ϕi) ⊗ b(ϕi)

+ ∑
j = 1

J
β j τ 1M ⊗ b(ϕj) + e

(15)

where e = vec ∫Tpn(t)SH(t) dt  is the MN × 1 noise term, whose
covariance matrix is Ce = σn0

2 IMN. Let v(ϕr) = a(ϕr) ⊗ b(ϕr),
v(ϕi) = a(ϕi) ⊗ b(ϕi) and v~(ϕj) = 1M ⊗ b(ϕj) denote the MN × 1
virtual steering vectors of the rth target, the ith interfering source

Fig. 2  Target's DOA estimation architectures of colocated CS-MIMO radar
(a) Conventional CS method/SFMM-based method in [9], (b) Proposed SFMM-based method for jamming and interference joint suppression
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and the jth jammer, respectively. For the discrimination of v~(ϕj)
from v(ϕr), the special case of ϕr = ϕj = 0 is not considered in our
signal model. Then, (15) is rewritten as

z(τ) = ∑
r = 1

KT

αr τ v(ϕr) + ∑
i = 1

KI

αi τ v(ϕi) + ∑
j = 1

J
β j τ v~(ϕj) + e (16)

To annihilate the interference and jamming signal components
simultaneously, the ideal MN × D(D ≤ MN) SFMM B is expected
to meet the following requirements and meanwhile ensure the
target distortionless response constraint for DOA estimation:

BHv(ϕi) = 0 i = 1, 2, …, KI

BHv~(ϕj) = 0 j = 1, 2, …, J
(17)

In this ideal condition, the measured projection is obtained as
follows:

y′(τ) = BHz(τ) = BH ∑
r = 1

KT

αr τ v(ϕr) + BHe

= BH ∑
r = 1

KT

αr τ v(ϕr) + e′
(18)

where e′ = BHe is the D × 1 noise term with the MN × MN
covariance matrix Ce′ = σn0

2 BBH. In light of the very dense grids in
Ω (i.e. Q is large enough), similar to (6), (18) can be extended to
the discretised grids of Ω and rewritten as

y′(τ) = BH ∑
q = 1

Q
γ′q τ v(θq) + e′ = BHΞγ′ τ + e′ (19)

where Ξ = v(θ1), v(θ2), …, v(θQ)  (with size MN × Q) is the
constructed sparse basis and the Q × 1 vector of SR-based
coefficients is given by

γ′(τ) = [γ1′(τ), γ2′(τ), …, γQ′ (τ)]T (20)

where

γq′ τ =
αr τ if θq = ϕr

0 otherwise
(21)

and Γ′ = BHΞ with the size of D × Q stands for the corresponding
sensing matrix. Then, (19) is expressed as

y′(τ) = Γ ′γ′ τ + e′ (22)

After Ls slow-time (pulses) measurements, we can have the
multiple measurement vector (MMV) model as follows:

Y′ = y′(1), y′(2), …, y′(Ls)
= Γ γ′(1), γ′(2), …, γ′(Ls) + e′, e′, …, e′ (23)

It is worth noting that in view of the slow-time-varying
characteristics of the radar signal, the SR-based coefficient vectors
γ′(1), γ′(2), …, γ′(Ls) of Ls measurements have the same sparsity,
i.e. the values of the largest non-zero sparse coefficients are
different, but the grid indexes in Ω are the same. Furthermore, it
means that the estimated DOA values corresponding to these grid
indexes are the same.

For the above MMV model, we can take advantages of the
relationship among the coefficient vectors to improve the
reconstruction performance of signal. Sparse Bayesian learning
(SBL) [17] and focal underdetermined system solver (FOCUSS)
[18] are usually adopted to solve the recovery problem of MMV
model. Owing to the larger computation complexity of SBL,
FOCUSS is employed for the sparse recovery of MMV model in
(23). Suppose that the recovered coefficient vectors are denoted as
γ^′(1), γ^′(2), …, γ^′(Ls), then the DOAs of targets can be finally
estimated as follows:

g = 1
Ls

∑
τ = 1

Ls

∥ γ^′(τ) ∥2 (24)

The angles in Ω with the KT largest non-zero sparse coefficients in
g provide the DOA estimates of targets [19].

3 Adaptive SFMM design
Unfortunately, the ideal SFMM in (17) cannot be found directly. In
this section, employing the first two beamspace matrix
optimisation schemes for colocated MIMO radar in [13], three
SFMM design approaches are proposed to suppress the unknown
jamming in the SOI and the out-of-sector interference/clutter
simultaneously, and meanwhile ensure the target's DOA estimation
performance for colocated CS-MIMO radar. The SFMM design is
inspired by the SSBM method that we summarise as follows.

In [4], discrete prolate spheroidal sequences were employed for
transmitted beamspace dimension reduction and an SSBM is
proposed for colocated MIMO radar. The idea is to maximise the
ratio of the energy radiated within the SOI to the total radiated
energy. Following this principle, the SSBM can be adopted for the
target distortionless response in SOI and the suppression of out-of-
sector interference/clutter. Similarly to [4, 13], let
W = w1, w2, …, wD  be the MN × D beamspace matrix (see (25)) 
wd (d = 1, 2, …, D) denotes the MN × 1 unit-norm weight vector.
Then, we have the optimisation problem as (25), where hd is the
ratio of the energy radiated within the target SOI Θ to the total
energy radiated within the whole spatial domain −π /2, π /2 ,
A = ∫Θv θ vH θ dθ is a non-negative matrix. The last equality in
(25) is due to the fact that v(θ) obeys the Vandermonde structure

∫
−π /2

π /2
wd

Hv θ 2 dθ = 2πwd
Hwd (26)

As explained in [4], the orthogonality constraint WHW = I should
be imposed for the maximisation of hd d = 1

D  to avoid the trivial
solution w1 = w2 = ⋯ = wD. Then, optimisation p1 is tantamount to
find the eigenvectors of A that are associated with the D largest
eigenvalues of A. Suppose that ud d = 1

D  are the D principal
eigenvectors of A, then the SSBM W can be given by

p1 =

max
W

hd d = 1, 2, …, D

s . t . WHW = I

where hd =
∫Θ wd

Hv θ 2 dθ

∫−π /2
π /2 wd

Hv θ 2 dθ
=

wd
H ∫Θv θ vH θ dθ wd

∫−π /2
π /2 wd

Hv θ 2 dθ

= wd
HAwd

∫−π /2
π /2 wd

Hv θ 2 dθ
= wd

HAwd

2πwd
Hwd

(25)
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W = u1, u2, …, uD (27)

With regard to the selection of D, it depends on the width of Θ and
is regarded as the number of effective eigenvalues of A, i.e. the
sum of the D largest eigenvalues exceeding a certain percentage
(e.g. 99%) of the total sum of all eigenvalues. Clearly, D is no
smaller than the desired target number. By employing the SSBM in
colocated MIMO radar, the out-of-sector interference/clutter can be
attenuated. However, the attenuation levels of out-of-sector areas
are limited. When the INR/CNR is large such as the scenario of
Fig. 1, the SSBM fails to suppress effectively the interference/
clutter. The case of SOI jamming is not considered. Herein, three
SFMM design approaches are proposed for colocated CS-MIMO
radar following the SSBM principles.

Owing to the uncertainty about the SOI jamming location in the
presence of out-of-sector interfering sources and also following the
energy focusing principle, we first design the adaptive SFMM as
follows, in order to maximise the worst-case SOI jamming
suppression, while the matrix difference between the desired
SFMM B and the SSBM W is upper-bounded to be acceptable
(similarity constraints between B and W)

(see (28)) 
where GS is the grid number of Θ and ξ > 0 is the desired

bound. With the constraint ∥ B − W ∥F ≤ ξ, the transmitted power
would mainly focus on the target SOI by employing B and the
sidelobe attenuation levels of out-of-sector areas are almost the
same as the ones introduced by employing W, which would be
limited.

For the powerful interference/clutter suppression, an alternative
SFMM design approach is to constraint the attenuation levels of
out-of-sector areas further [13]

(see (29)) 
where GO is the grid number of out-of-sector areas Θ̄, χ > 0

refers to the desired level upper-bound of SOI jamming
suppression, δ > 0 is the parameter that characterises the worst
acceptable attenuation of interference/clutter out-of-sector.

Note that an alternative adaptive approach for the problem p3 is
to maximise the level of SOI jamming suppression as much as
possible, while the matrix difference and the attenuation levels of
Θ̄ are all acceptable based on the prior knowledge of power level
of interference/clutter [13]

(see (30)) 
where ζ characterises the upper-bound of matrix difference, the

minimum of which can be calculated from the problem p3. It is

worth pointing out that problems p3 and p4 are treated as SOC
programming problems, which can be solved by the interior point
algorithm [20]. To make the above optimisation problems more
feasible and solvable by using CVX toolbox [21], we relax p4, by
introducing an auxiliary variable η, and by reformulating p4 as a
convex problem p5. Finally, the problems p2, p3 and p5 can all be
solved by the ‘infeasible path-following algorithm’ in the CVX
toolbox

(see (31)) 
In practise, B can be designed adaptively without the accurate

angle information of targets, interfering sources and jammers,
using only just rough information on the angle sectors, which can
be obtained by the prior knowledge or some rough estimation
methods. This allows us to simultaneously achieve target's DOA
estimation and the joint suppression of SOI jamming and out-of-
sector interference/clutter. Meanwhile, it should be emphasised that
the last constraints of problems p3 − p5 are necessary only when
there is some powerful interfering source/clutter located in the out-
of-sector areas. When only the SOI jamming suppression is
concerned or the interference/clutter is not powerful, these
constraints can be removed or problem p2 is adopted to design the
adaptive SFMM.

4 Simulation results
In this section, the simulation results of three examples are
presented and analysed to verify the effectiveness of jamming/
interference joint suppression and target's DOA estimation. The
simulation parameters are listed in Table 1. Two scenarios of SOI
jamming with different and same DOAs as targets are considered
in the presence of out-of-sector interfering sources. We take the
virtual vector of the jth jammer as an example, the 16 × 1 transmit
steering vector and the 8 × 1 receive steering vector are
1, 1, …, 1 T and b(ϕj) = 1, e jπ sin ϕj, …, e j7π sin ϕj T

, respectively.
Then, the 128 × 1 virtual vector is
v~(ϕj) = bT(ϕj), bT(ϕj), …, bT(ϕj)

T. In (27), seven principal
eigenvectors of A are selected to construct W, i.e. D = 7. Moreover,
the parameter in problem p2 is set as ξ = 0.55 to constraint the
similarities between B and W and optimise the sidelobe attenuation
levels of out-of-sector areas as low as possible, and the ones in
problems p3 − p5 are set as χ = 0.02 and δ = 0.2 for the enough
deep notches/nulls for SOI jamming and the enough low sidelobe
attenuation levels for out-of-sector interference, respectively. In
practise, these parameters are selected based on the estimated

p2 =
min

B
max

j
∥ BHv~(θ j) ∥2 θ j ∈ Θ j = 1, 2, …, GS

s . t . ∥ B − W ∥F ≤ ξ
(28)

p3 =

min
B

∥ B − W ∥F

s . t . ∥ BHv~(θ j) ∥2 ≤ χ θ j ∈ Θ j = 1, 2, …, GS

∥ BHv(θ̄i) ∥2 ≤ δ θ̄i ∈ Θ̄ i = 1, 2, …, GO

(29)

p4 =

min
B

max
j

∥ BHv~(θ j) ∥2 θ j ∈ Θ j = 1, 2, …, GS

s . t . ∥ B − W ∥F ≤ ζ

∥ BHv(θ̄i) ∥2 ≤ δ θ̄i ∈ Θ̄ i = 1, 2, …, GO

(30)

p5 =

min
B

η

s . t . ∥ BHv~(θ j) ∥2 ≤ η θ j ∈ Θ j = 1, 2, …, GS

∥ B − W ∥F ≤ ζ

∥ BHv(θ̄i) ∥2 ≤ δ θ̄i ∈ Θ̄ i = 1, 2, …, GO

(31)
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jamming-to-NR (JNR) and INR, while ensuring the target
distortionless response in SOI. Smaller parameter values could
obtain deeper notches or lower sidelobe attenuation levels, but also
higher-level loss for a target in SOI. On the contrary, the SOI
notches’ levels for jamming would be higher in light of the
estimated JNR or the out-of-sector attenuation levels for
interference would be higher in light of the estimated INR, which
lead to some interference or jamming residuals. With regard to the
parameter ζ in problems p4 and p5, it can be obtained from the
problem p3.

4.1 DOA estimation and suppression effects

In the first example, the jammers are uniformly distributed and
spaced 5° apart from each other in Θ. To show the SFMM effect
intuitively, the beamspace attenuation is defined as [13]

f (θq) =
∥ BHm(θq) ∥2

2

∥ m(θq) ∥2
2 q = 1, 2, …, Q (32)

where

m(θq) =
v(θq) for target
v~(θq) for jammer (33)

Fig. 3 shows the beamspace attenuation of SSBM [i.e. B = W in
(32)] and the proposed SFMMs in (28)–(30). We can find that
some attenuation levels of SSBM for interfering sources are larger
than −20 dB and the ones for SOI jammers are larger than −15 dB.
Owing to the constraint optimisation for SOI jamming suppression,
the ones of designed SFMM in (28) for jammers are smaller than
−30 dB, but larger than −35 dB. When the power of SOI jamming
and out-of-sector interference is not stronger, the designed SFMM
in (28) would be effective; otherwise, the capability of jamming/
interference joint suppression would be limited. 

Benefiting from the constraints of out-of-sector areas and SOI
jamming in (29) and (30), we can obtain lower-attenuation levels
for the out-of-sector interference and SOI jamming simultaneously.
Meanwhile, in light of the same constraints for Θ̄ and the
comparable constraints for Θ [∥ B − W ∥F ≤ ζ, ζ is obtained from
(29)], the beamspace attenuation levels for source using the
SFMMs in (29) and (30) are almost the same. There is almost no
attenuation for targets within the SOI in Fig. 3a, which ensures the
accurate DOA estimation capability for targets.

Fig. 4 shows the estimated DOAs of targets employing the
conventional CS-based method, SFMM-based method in [9] and
the proposed SFMM in (30), respectively. Herein, to show the
estimated DOA results clearly, the DOA coefficients of targets are
set as 1.2. 

In the second example, the jammers are assumed to be located
at 12°, 18° and 23°, so two jammers are located at the same angles
as the targets. The estimated targets’ DOAs of the compared
methods are shown in Fig. 5. It is seen that the proposed SFMM in
(30) is also effective to suppress the powerful SOI jammers located
in the same directions as targets. As shown in Figs. 4 and 5,
disturbed by the powerful jamming and interference, the
conventional CS method fails to estimate the DOAs of targets and
the DOA estimation errors of the SFMM-based method in [9] are
larger. 

To test the DOA estimation performance of our proposed
method in the presence of multiple interfering sources (KI > 2), as
shown in Fig. 6a, the interfering sources are assumed to be spaced
20° apart in the out-of-sector areas (i.e. [−90°: 20°: 0°]∪[35°: 20°:
90°]) and the estimated DOAs are shown in Fig. 6b. Contributed to
the lower-attenuation levels for the out-of-sector areas, as shown in
Fig. 3a, our proposed method can also estimate the DOAs of
targets with smaller error, when the out-of-sector interference
increases. 

4.2 Performance versus signal-to-NR

To evaluate the performance of DOA estimation and jamming/
interference joint suppression in the first example, the average root
mean squared error (ARMSE) of the estimated DOAs, the
probability of source resolution (PSR) and the signal-to
interference-plus-jamming-plus-NR (SIJNR) are derived by Monte
Carlo simulation. The number of trials is 200 for each signal-to-NR
(SNR)

ARMSE = 1
2 ∑

r = 1

2 1
200 ∑

i = 1

200
ϕ

^
r
i − ϕr

2
(34)

Table 1 Parameter description of colocated CS-MIMO
radar, targets, interfering sources and jammers
radar transmit

element
number

16 fast-time
snapshot
number Lf

512

receive
element
number

8 slow-time
snapshot
number Ls

256

angle grid
interval

0.1° SOI Θ [10°, 25°]

distance of
two adjacent

elements

λ/2 spatial areas
out-of-sector Θ̄

[−90°, 0°]
∪[35°,
90°]

target DOAs {12°, 23°} SNR 10 dB
interfering
sources

DOAs {−40°, 55°}/
{[−90°: 20°:
0°]∪[35°:
20°: 90°]}

INR 25 dB

jammers DOAs [5°:10°: 25°]/
{12°, 18°,

23°}

JNR 50 dB

 

Fig. 3  Beamspace attenuation of the designed SFMMs
(a) For source, (b) For jammer
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where ϕ
^
r
i
 is the estimated value for the rth target in the ith run and

ϕr denotes the exact DOA of the rth target. Moreover, we assume
that the two targets can be resolved in the ith run if
∑r = 1

2 ϕ
^
r
i − ϕr < ωbeam, where ωbeam is the width of the radar beam.

Herein, we set the beamwidth as ωbeam = 2∘ and the PSR ρ is
defined as

ρ = 1
200 ∑

i = 1

200
pi (35)

where

pi = 1 if ∑
r = 1

2
ϕ

^
r
i − ϕr < 2∘

0 otherwise
(36)

pi is defined as the PSR in the ith run. With regard to the output
SIJNR, it can be written as equations below:

SIJNR =
E ∥ BH∑r = 1

KT αr τ v(ϕr) ∥2
2

E ∥ BH ∑i = 1
KI αi τ v(ϕi) + ∑ j = 1

J β j τ v~(ϕj) + e ∥
2

2

=
E ∥ BH∑r = 1

KT αr τ v(ϕr) ∥2
2

∥ BHRi + j + nB ∥2

(37)

Ri + j + n = E ∑
i = 1

KI

αi τ v(ϕi) + ∑
j = 1

J
β j τ v~(ϕj) + e

∑
i = 1

KI

αi τ v(ϕi) + ∑
j = 1

J
β j τ v~(ϕj) + e

H (38)

where Ri + j + n is the MN × MN interference-plus-jamming-plus-
noise covariance matrix.

The ARMSE curves are shown in Fig. 7 by employing the
conventional CS method, SFMM-based method in [9] and our
proposed SFMM approaches in (28)–(30). Fig. 8 shows the
corresponding PSR curves. The output SIJNRs of the proposed
three SFMM approaches are shown in Fig. 9. 

From Figs. 7–9, we can summarise the observations as follows:

(i) The performance of conventional CS method is worst and there
is no obvious improvement with SNR. It ascribes to the inability of
conventional CS method to cancel out the interference and
jamming, which disturbs target's DOA estimation severely.
(ii) The SFMM-based method in [9] fails to jointly suppress the
powerful interference and jamming. Unfortunately, no obvious
improvement is obtained with larger SNR. Although the
attenuation optimisation for spatial areas out-of-sector is
considered, the attenuation levels are limited and the case of SOI
jamming is omitted.
(iii) The design principle minB maxr ∥ BHb(ϕr) − b(ϕr) ∥2 in [9]
only can guarantee that the amplitude difference between BHb(ϕr)
and b(ϕr) is as smaller as possible; however, the phase and energy
focus effects due to B are not taken into account. From (10)–(13),
it can be seen that the DOA estimation of CS-MIMO radar mainly
depends on the linear relationship between the measured signal y
and the sensing matrix Γ , and the phase distortionless response of
BHb(ϕr) could not be omitted in the design principle, so the joint

Fig. 4  DOA estimation when the jammers space 5° apart in SOI
(a) DOAs of targets, interfering sources and jammers, (b) Estimated DOAs of targets

 

Fig. 5  DOA estimation when jammers have the same DOAs as targets
(a) DOAs of targets, interfering sources and jammers, (b) Estimated DOAs of targets
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suppression and DOA estimation performance of this method are
limited.
(iv) Benefited from the joint optimisation of attenuation for SOI
jamming and out-of-sector interference in (28)–(30), the DOA
estimation and jamming/interference suppression of our proposed
approaches outperform the others. It is worth noting that the
constraint ∥ B − W ∥F ≤ χ guarantees the similarity between B
and W. Following the energy focus principle of W, the out-sector
interference/clutter can be suppressed by employing the designed
B. Besides, the constraint ∥ BHv~(θ j) ∥2 ≤ η is expected to obtain
the desired nulls or notches for SOI jamming suppression.
(v) The approach based on the SFMM in (30) has the best
performance. When SNR ≥ 5 dB, ARMSE < 1∘, ρ = 1 and
SIJNR ≥ 15 dB. Especially, when SNR ≥ 30 dB, ARMSE < 10−2.
This is due to: (a) the grid interval is 0.1° and the targets are all in-
grid, (b) as we can see from Fig. 3 that notch attenuation gains of
(30) for jammers are more than 85 dB, and the ones for sources
out-of-sector areas are all more than 30 dB.

5 Conclusion
In this paper, three SFMM design approaches are derived which
trade-off between SOI target distortion and jamming/interference
suppression. In view of the unknown SOI jammers and non-
cooperative interfering sources, each SFMM design problem is
transformed to an SOC programming with the suppression
constraints for the possible out-of-sector interference and SOI
jamming. Meanwhile, it is expected to obtain the desired
attenuation levels for out-of-sector interference and deep nulls or
notches for SOI jamming. Simulation results demonstrate that the
proposed SFMM design approaches not only can jointly suppress
the SOI jamming and out-of-sector interference effectively, but
also decrease the ARMSE, and improve the PSR and SIJNR. The
proposed SFMM design approaches have good potential
application for colocated CS-MIMO radar.
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Fig. 6  DOA estimation when the jammers space 5° apart in SOI and the
interfering sources space 20° apart in out-of-sector areas
(a) DOAs of targets, interfering sources and jammers, (b) Estimated DOAs of targets

 

Fig. 7  ARMSE of estimated DOAs versus SNR
 

Fig. 8  PSR curves versus SNR
 

Fig. 9  Output SIJNRs of our proposed approaches versus SNR
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