Hindawi

International Journal of Antennas and Propagation
Volume 2023, Article ID 5122133, 8 pages
https://doi.org/10.1155/2023/5122133

Research Article

@ Hindawi

Robust Mainlobe Interference Suppression Based on Joint
Oblique Projection for Dual Polarization Conformal Array

Chao Liu ), Xiaoyuan Zhang

, Junjie Qian

, and Lei Zhang

Department of Computer Science and Technology, Hefei University of Technology, Hefei 230601, China

Correspondence should be addressed to Chao Liu; disneyl@hfut.edu.cn

Received 6 December 2022; Revised 22 March 2023; Accepted 7 April 2023; Published 20 April 2023

Academic Editor: Hervé Aubert

Copyright © 2023 Chao Liu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this paper, a robust mainlobe interference suppression algorithm is proposed in a space-polarization joint domain based on
a dual-polarized conformal array. An oblique projection filter can eliminate the interference while retaining the desired signal
information. However, little deviation in signal parameters will lead to significant performance degradation. To solve such
problems, the joint steering vector of the desired signal is corrected by solving the quadratic convex optimization problem.
Parameters of interferences are first estimated by using multiple signal classification (MUSIC) joint spectrum, and then, the
interference covariance matrix can be reconstructed individually to further estimate the interference steering vector. After that,
the joint oblique projection operator can be established by the estimated steering vectors. Consequently, an antijamming
beamformer can be obtained by the joint oblique projection filter to achieve robustness on the interference parameter estimation
deviation and desired signal mismatch. Simulation experiments verify the effectiveness of the proposed method.

1. Introduction

Facing the current increasingly complex and changeable
electromagnetic environment, main lobe interference is in
great demand of array signal processing. Plenty of academics
have devoted themselves to researching how to enhance the
antijamming capability of the antenna array to improve the
performance of receiving signal.

The main lobe interference suppression is a great
challenge in traditional adaptive digital beamforming
(ADBF) [1]. Blocking Matrix Processing (BMP) [2-4] is
proposed to solve the main lobe distortion problem.
However, the algorithm needs accurate prior interference
information, and it will lead to the problem of missing
degrees of freedom. The method of eigen-projection matrix
process (EMP) [5, 6] uses the orthogonal characteristics of
the signal subspace to construct a pre-processing matrix.
Nevertheless, it has the problem of main beam pointing
offset, although these methods can suppress the main lobe
interference in spatial domain. When the main lobe in-
terfering signal is close to the desired signal, the antijamming
performance of these methods will drop sharply.

Several research results on polarized antenna array
technology have been published in past years. Literature [7]
proposed a compressive sampling framework for two-
dimensional direction-of-arrival (DOA) and polarization
estimation in millimeter wave polarized massive multiple-
input multiple-output (MIMO) systems. In [8], the MIMO
radar equipped with polarized array antennas is used to
propose a novel framework for unmanned aerial vehicle
three-dimensional positioning. With the development of
polarized antenna technology, polarization information is
introduced for interference suppression. Even if the in-
terference and the desired signal come from close spatial
angles, as long as their polarization information is different,
the interference can be suppressed with the guaranteed
desired signal.

Literature [9] proposed an oblique projection polari-
zation filter (OPPF) based on signal polarization subspace.
The filter suppresses interference without destroying the
desired signal phase and amplitude information. But only
one main lobe interference can be suppressed. Literature
[10] used the particle swarm optimization (PSO) algorithm
to estimate polarization parameters for polarization filtering
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to suppress multiple interferences. However, this method
has unsatisfactory estimation errors and expensive com-
putational costs. Based on the principle of oblique projection
filtering, the method in [11] solves the polarization opti-
mization problem of transmitter/receiver to achieve in-
terference suppression. The previous methods are all based
on the accurate parameter estimation of each signal. In
practice, it is difficult to estimate polarization parameters
without any error. The performance of these methods will
decrease significantly when error exists. Literature [12]
proposed covariance matrix reconstruction beamforming
(CMRB) that extends traditional adaptive beamforming
methods to the space-polarization domain based on dual-
polarized conformal arrays. By reconstructing the in-
terference covariance matrix in the space-polarization do-
main, the interference of arbitrary polarization and space
status can be suppressed, and it does not rely on precise
interference parameters.

Robust adaptive beamforming (RAB) has vital impor-
tance for ensuring signal receiving quality. It was analysed in
depth and improved by interference-plus-noise covariance
matrix (IPNC) reconstruction in many papers [13-20]. In
[13], the IPNC and desired signal covariance matrix are
reconstructed by estimating all interferences and desired
signal power using the principle of maximum entropy power
spectrum (MEPS). Literature [14] reconstructs IPNC by
using low-complexity spatial sampling process and virtual
received array vector. The method in [15] constructs the
IPNC based on the idea of using discrete Fourier transform
(DFT) to estimate the correlated sequence power spectrum.
For literature [16-20], the basic idea of IPNC matrix re-
construction is to estimate the steering vector by maximizing
the output power of the beamformer. Literature [16] re-
constructs IPNC matrix by estimating the power and the
steering vector of the interferences based on the power
method. In addition, a desired signal-plus-noise covariance
matrix is reconstructed by spatial match processing. In
literature [17], the reconstructed IPNC is obtained by Capon
integration and then further solved by constructing a convex
optimization problem. Literature [18] uses the orthogonality
of subspaces to construct the constraints of convex opti-
mization. In literature [19], a subspace is built in a small
neighborhood to obtain the steering vector and then search
along it to find the Capon power peak. Literature [20] used
an interference-plus-noise subspace projection matrix to
deal with arbitrary steering vector mismatch. These methods
process signals that are all only in the spatial domain and
using uniform linear antenna array (ULA) and will lose
efficacy when the main lobe interference exists. At present,
there is not enough related research on the space-
polarization domain, so it is necessary to take further
research.

In this paper, the traditional beamforming algorithm is
extended to the space-polarization joint domain based on
a dual-polarized conformal array. First, aiming at the pos-
sible mismatch of the desired signal, a quadratic convex
optimization problem is constructed by using the orthog-
onality between the signal subspace and the noise subspace.
Then, the interference covariance matrix is reconstructed
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individually by integrating in the neighbourhood around the
signal. According to subspace properties, the joint steering
vector of interference is estimated by eigendecomposition of
the reconstructed interference covariance matrix. Finally,
the joint oblique projection operator can be established by
the estimated signal and interference steering vectors, and
consequently, the interference suppression beamformer can
be obtained. Simulation experiments show that the proposed
method is robust to the estimation error of interference
parameters and mismatch of steering vector of desired signal
and can effectively eliminate the main lobe interference.

2. Problem Formulation

The dual-polarized antenna can receive and excite the two
orthogonal polarization components through two in-
dependent feed points. So, dual-polarized antenna can
handle signal of arbitrary polarization. A signal with arbi-
trary polarization state s(¢) can be decomposed into two
orthogonal polarization components sy(t) and s, (f). We
assume that their corresponding steering vectors are
ag, (6,9, v,1), ag(0, ¢) and a, (6, ¢), and then, we have [21]:

; jn
aspw,sb,y,n)=[a9(9,¢>,a¢(e,¢>][smye ] (1)

cosy

where 0 and ¢ represent the elevation angle and azimuth
angle and polarization parameters y and x represent the
amplitude ratio and the phase difference.

We consider a desired signal and M -1 interference
signals with any polarization state impinging on a dual-
polarized antenna array. The array that received the signal
vector can be expressed as

x () = ay, (65> $o» Vo> 10)s0 (1)

5 (2)
+ z ag, (0, 85 v 11;)s: (1) + n (1),
izl

where s, (¢) is the desired signal, s; (¢) is the ith interference,
and n (¢) is the independent and identically distributed white
Gaussian noise.

In a dual-polarized conformal array with N elements, the
polarization signal responds to both orthogonal polarization
components of each element. Therefore, all 2N channels of
received signals need to be jointly processed to obtain op-
timal weights. The schematic diagram of the beamformer is
shown in Figure 1.

Thus, the output of the beamformer can be expressed as

y(6) = wx(1), (3)
where w = [w,, w4+ Wy wN¢]T is the weight vector
with the size of 2Nx 1 for all channels of the conformal
array. In addition, the symbol (-)" stands for Hermitian
transpose, and (-)” is the transpose.

We define the array pattern of the space-polarization
domain beamformer as

F(6,6,y.1) = w'a,, (6,,7,1). (4)
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F1GURE 1: Schematic diagram of a dual-polarized array beamformer
where (-)* is conjugate complex.

The signal-to-interference-to-noise ratio (SINR) of the
array output can be calculated from

2

2
o] |

wHasp (60> $0> Yo o)
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SINR = (5)

>

where 0? is the desired signal power, R;,,, is the interference
plus noise covariance matrix.

According to the maximum signal-to-interference-to-noise
ratio criterion, the traditional minimum variance distortion-less
response (MVDR) method is extended to the space-polarization
joint domain, which is named SPMVDR in this paper.

: H
min ,w R;,,w,
w

. (©)
st wag, (0, $o> Vor o) = 1.
Then, the optimal weight vector wg, .4, of SPMVDR can
be obtained by solving Equation (6).
R;,,a,, (0, $0> Vor
Wopmdr = in sp( o> $0> Vo> o) )

as}; (60> 0> Vo» ’70)Rz:rlnasp (60> o> Vo> o) .

In practical applications, it is difficult to obtain R,,,,.
So, R, is usually replaced by the sampling covariance
matrix of the mixed signal R:

1

R= x()x" (1), (8)

ol
M=

1

where the L is the number of snapshots.

When the signal-to-noise ratio (SNR) of desired signal
increases, the performance of the SPMVDR algorithm will
decrease. Thus, this paper will explore a new method to solve
the problem.

3. Proposed Method

When the interference is close to the desired signal in the
spatial domain, it is difficult to suppress the interference
while ensuring the reception of the desired signal. Therefore,
this paper extends the problem to the space-polarization
joint domain by using dual-polarized conformal array. The

oblique projection method can completely remove the in-
formation of the orthogonal space while retaining the in-
formation of the projection space [7]. So, when desired
signal and interferences have different space-polarization
states, the space-polarization steering vectors of the desired
signal and interferences can be used to construct the pro-
jection space and the orthogonal space to realize the in-
terference suppression. However, the obtained information
of the signals may have errors. Therefore, the steering vectors
of desired signal and interferences are first estimated to
construct the joint oblique projection operator to enhance
the robustness of the proposed method.

3.1. Joint Oblique Projecting Filter. The joint oblique pro-
jection filtering operator in space-polarization domain can
be defined as

Qv = S(SHP\l/S)_lSHpé) ©)

Py =1-V(V'V) v, (10)

where S and V are the signal subspace and the interference
subspace, Py; is the orthogonal projection operator of the
interference subspace V, and Qg is the oblique projection
filter operator.

The S and V are usually constructed by using the space-
polarization steering vectors of signal and interferences,
respectively. But the steering vectors of interferences are
unknown in most practical applications. They can be cal-
culated by the estimated DOAs and polarization parameters.
However, the estimation error of the parameters will lead to
significant performance degradation of the joint oblique
projecting filter. In addition, the steering vector of desired
signal may mismatch which will degrade performance. To
solve the problem, the joint steering vectors need to be
reestimated to construct S and V.

3.2. Desired Signal Steering Vector Estimation. In this sub-
section, the steering vector of desired signal is estimated via
solving quadratic convex optimization problem.

The sampling matrix R can be decomposed as follows:

R= 3 Al 3 At 11
—Z ViV o+ Z ViV (11)
i=1

1712
i=M+1

where the eigenvectors {v,,--+,v,,} correspond to M large
eigenvalues form signal subspace Eg and the remaining
eigenvectors {v,,;,--+,V,y} correspond to 2N—-M small
eigenvalues form noise subspace Ey. The noise subspace is
the complementary space of the signal subspace, and it is
orthogonal to signal subspace.

Set @, =a,, (60, ¢, Vo 1y) represents the presumed
steering vector. When the mismatch of steering vector of
desired signal exists, the actual steering vector of desired
signal can be written as a, = a, + e, where e is the mismatch
vector.

Since e can be decomposed into vectors e, and e, where
e, is perpendicular to a, and e is parallel to a,. It is known



that e, does not affect the performance of beamformer
because it is a scaled copy of a; [17].

Then, the orthogonality of subspaces can be used to
obtain the constraint

(@, +e,) EyEn (3, +¢,) = 0. (12)

Since constraint (12) is nonconvex and is difficult to be
solved, it is adjusted to (13) to ensure that the adjusted
orthogonality of (a, + e, ) and noise space Ej is better than
a,.

(@, +e,)"EyEl (3, +e,) <aEyEla, (13)

According to constraint (13), convex optimization
problem is constructed as

min (3, + el)HENEg (a,+e,)
€
staje, =0 (14)

(50 + el)HENEﬁ (a3 +e,)< 5()HENEE‘_‘O.
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The optimization problem (14) is a quadratic convex
optimization problem, which can be solved with the openly
accessed convex optimization toolbox CVX [22].

Then, the estimated steering vector can be obtained as

A, =13, +e,. (15)

3.3. Interference Steering Vector Estimation. First, the angle
and polarization parameters of the interferences need to be
estimated to obtain the interference steering vectors. In array
processing, high-resolution algorithm multiple signal clas-
sification (MUSIC) [23] is usually used to estimate source
DOA. In the joint domain of space and polarization, the
MUSIC joint spectrum can be expressed as

1
asl_lly (6) ¢> Y, ﬂ)ENEgas‘g (6> (/)’ Y) ’7) .

P(0,¢,y,1) = (16)

We assume that ©, is neighbourhood of the desired
signal location in the space-polarization domain:

0, :{9"/”%’1@0_5030550+80>§7’0_5o§¢5§$0+50:)70_‘SOS)’S?O+50»ﬁ0_505ﬁ5ﬁ0+50}’ (17)

where &, is a preset value.

By performing search in joint domain beyond ®,, M -1
spectrum peaks are obtained. From the locations of the
M — 1 peaks, we can get the estimated interference parameter
(Gi,%,?i,ﬁi), i=1,2,---,M—1. These estimations may
have errors. In addition, steering vectors based on these
estimations will lead to serious deterioration of the joint
oblique projection method. So, the joint steering vectors

need to be reestimated to enhance the robustness against
estimation error.

Because the covariance matrix of the ith interference
signal R; cannot be obtained directly from the received
mixed signal, it should be restructured to further calibrate
the ith interference steering vector.

We define ©; to represent the neighbourhood of the ith
interference centered on (6;, ¢;,;, 7;):

®,={(6,¢,7, 0, - 6<0<0,+06,8, - 5<$p< +08,p, - 6<y<P, + 8,7, - d<7<n, + 6}, (18)

where § is a preset value larger than the estimated parameter
error. So, the actual parameters of ith interference can be

ensured to locate in ®;. Then, the estimated covariance
matrix of ith interference R; is obtained by integrating in ®;:

R=|[]] a,y (6, 6.7 malh (6,9, 7, )P (6.9, 7. n)dy d d6 dg. (19)
(6:¢,y:1)€0;

i

In practical, the integral operation represented by for-
mula (19) is usually replaced by discrete summation in
practical operation to get an approximate result:

R=22) 2

(0,6,7:1)€0;

P(6, ¢, 7, may, (6, $,y, mag, (6, 6, y, NNAOASAYAL. (20)
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Since the covariance matrix only contains the ith in-
terference, the joint steering vector of ith interference can be
estimated by eigendecomposition of R;:

2N
R =) LaVuVi (21)

k=1
where A, and k = 1,2,---,2N represent the eigenvalues in

descending order and v;; is the eigenvector corresponding to
M-

According to the properties of subspace theory, the ei-
genvector V;; corresponding to the largest eigenvalue co-
incides with the steering vector of ith interference. Then, the
joint steering vector of each interference can be estimated
one by one.

3.4. Optimal Weight Calculation. Through the above-

mentioned process, the steering vector of desired signal has

been obtained. The projection subspace can be defined as

S§ =3,. The interference subspace can be defined as

V = [V,1,V31, > Van . So, the joint oblique projection op-

erator Qg,, can be obtained by equation (9) and (10).
Then, weight vector w can be calculated as

w =((§?50)_150HQSV>H- (22)

The proposed method can be summarized as follows:

(1) Calculate R by (8) and take eigendecomposition of it
to obtain the noise subspace Ey

(2) Solve problem (14) to modify the steering vector of
desired signal

(3) Estimate the interference parameters by the MUSIC
spectrum in (16)

(4) Reconstruct the covariance matrix of ith interference
R; by (20) and take eigendecomposition of it to
obtain the estimation of steering vector of the ith
interference

(5) Construct the oblique projection operator Qg by
using the estimated steering vectors and obtain the
weight vector w of the beamformer by (22)

4. Simulation Results

In this section, numerical simulations are performed to
analyse the effectiveness of the proposed method. MEPS in
[13] and methods in [17, 18] are only processed in the spatial
domain, and they are extended to the space-polarization
joint domain as comparison methods. The methods CMRB
in [12] and SPMVDR are also performed as comparison
methods.

We consider a semicircular conformal array located in
the XOY plane as shown in Figure 2. The number of array
elements is 20, the distance between adjacent array elements
is 0.5 A, and the radius of the circular array is about 1.59 A.
The lowest-order circular patch antenna is selected as the
antenna element model of the semicircular conformal array.
The polarization components of the antenna radiating (6, ¢)
direction are

90(6,8) = [J, (nd sin 8/A) — J, (d sin 6/1)] [cos ¢ — j sin ¢],0< < /2,
94 (0,¢) = [ (md sin 0/A) + ], (nd sin 0/A)]cos O[sin ¢ — j cos ¢],0<0<7/2, (23)

96(0,9) = g4(6,4) =0,0>7/2.

where ], and J, are the zero-order and second-order Bessel
functions of the first kind, respectively.

The beam pattern function of dual-polarized conformal
array is a four-dimensional function of the parameter
(6, ¢, v, n). To simplify the calculation, the parameters (6, #)
of all the signals are fixed as (80°, 30°). We assume the space-
polarization information of the mainlobe interference and
side-lobe interference are (¢;,y;) = (21°,70°) and
(¢,,7,) = (60°,60°), the interference-to-noise ratios (INR)
are both 30 dB. The integral range § is set to 5°.

4.1. Mismatch due to Direction and Polarization Parameter
Error. We set the prior space-polarization information of
the desired signal as (¢,7,) = (20°,10°) and the actual
information as (¢, y,) = (23°,5°). The SNR is 10 dB. The
number of snapshots is 500. The beam pattern of the
proposed method is shown in Figure 3. Obviously, the
proposed method forms deep null in the correct position
of each interference. The gain of desired signals is
guaranteed.

The spatial domain error of desired signal is assumed to
be uniformly distributed over [-4°,4°], and the polarized
domain error is uniformly distributed over [-8°,8°]. The
number of Monte Carlo experiments is 200. Figure 4 shows
the output SINR of each method versus input SNR varies
from -5dB to 25dB in the condition of the number of
snapshots L =500. Figure 5 shows that the output SINR of
each method versus the number of snapshots varies from 50
to 1000, while SNR=10dB. It can be seen that the SINR of
the proposed method is still better than others. The per-
formance of the proposed method does not decrease as SNR
increases. In addition, the proposed method still has the best
performance with any number of snapshots.

4.2. Mismatch due to Steering Vector Random Error. This part
analyses the performance in the case of mismatch caused by
the steering vector random error. It can be considered as
a general type of mismatch in practice. Consider generating
actual steering vector by adding a random error vector to the
assumed steering vector a, = a, + e, where e is the random
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FIGURE 2: Dual-polarized semicircular patch antenna array.

0 .

X 23 ‘
1Y 5 ‘
a -20 .Z -0.23294
] L
g 407 Ix21 xh
8 -60 ,Z polcl 7 -72.8096
-80 . '
100

100
80

o 6
oo Mde%‘e&
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error vector. The random error e can be expressed as
e =¢/\2N[e/"1,eiV2, ... eVn]T where € follows a uniform
distribution in [0,2] and phases y; and k=1,---,2N are
uniformly distributed in [0, 27]. They are independent of
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each other. The number of Monte Carlo experiments is 200.
Figure 6 shows that the output SINR of each method versus
input SNR varies from -5dB to 25 dB with L =500. Figure 7
shows that the output SINR of each method versus the
number of snapshots varies from 50 to 1000, while
SNR =10dB. Obviously, the performance of the proposed
method is still better than other methods in this scenario.

Since MEPS and methods in [17, 18] are proposed based
on ULA in the spatial domain, they deteriorate in varying
degrees when they are extended to the space-polarization
joint domain. For MEPS, although it can suppress in-
terferences in joint domains, the noise power generated by
MEPS is much larger than the signal power leading to
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significant performance degradation. Due to resolution of
polarization domain being lower than spatial domain, the
method in [18] for estimating steering vector of desired
signal lost its effectiveness in joint domains. The perfor-
mance degradation of the method in [17] is not serious, as it
is not targeted at ULA and can be applied in various situ-
ations. Compared to other beamformers, the proposed
beamformer can provide higher output SINR and approach
the optimization result in various situations.

5. Conclusions

Aiming at the deficiencies of current mainlobe interference
suppression methods, a novel beamforming method is
proposed in the space-polarization joint domain base on
dual-polarized conformal array. To improve the robustness
of oblique projection filtering, desired signal and in-
terference steering vectors are estimated to establish joint
oblique projection operator. For desired signal mismatch,
a convex optimization problem is constructed to make es-
timated steering vector close to actual steering vector. For
reducing the impact of the estimated error of the in-
terference parameters, the interference covariance matrix is
reconstructed by integrating in the neighborhood of esti-
mated parameter of interference to further estimate the
interference steering vector. Then, they are used to construct
joint oblique projection filter to calculate the optimal weight
vector. Simulation experiments show that the proposed
method can effectively suppress the mainlobe and side-lobe
interferences. It is robust to the errors of interference pa-
rameters and the mismatch of steering vector of desired
signal. However, the proposed method needs four-
dimensional search and integration in general situations,
which brings huge computation in practical applications.
How to deal with this issue should be considered in the
future.

Data Availability

The image data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] K.B.YuandD.J. Murrow, “Adaptive digital beamforming for
angle estimation in jamming,” IEEE Transactions on Aero-
space and Electronic Systems, vol. 37, no. 2, pp. 508-523, 2001.

[2] S.J. Yuand]. H. Lee, “Efficient eigenspace-based array signal
processing using multiple shift-invariant subarrays,” IEEE
Transactions on Antennas and Propagation, vol. 47, no. 1,
pp. 186-194, 1999.

[3] S. D. Somasundaram, “Robust Capon beamforming with

additional linear constraints,” in Proceedings of the 2011 IEEE

Statistical Signal Processing Workshop (SSP), pp. 145-148,

Nice, France, June 2011.

N. Ma and J. T. Goh, “Efficient method to determine diagonal

loading value,” in Proceedings of the 2003 IEEE International

Conference on Acoustics, Speech, and Signal Processing, Hong

Kong, China, April 2003.

[5] X. Yang, Z. Zhang, T. Zeng, T. Long, and T. K. Sarkar,

“Mainlobe interference suppression based on eigen-

projection  processing and covariance matrix re-

construction,” IEEE Antennas and Wireless Propagation

Letters, vol. 13, pp. 1369-1372, 2014.

L. Livjian and L. Yanping, “Improved algorithm of mainlobe

interference suppression based on eigen-subspace,” in Pro-

ceedings of the 2016 International Conference on Communi-

cation and Signal Processing (ICCSP), pp. 0133-0137,

Melmaruvathur, India, April 2016.

[7] F. Wen, G. Gui, and H. Gacanin, “Compressive sampling

framework for 2D-DOA and polarization estimation in

mmWave polarized massive MIMO systems,” EEE Trans-

actions on Wireless Communications, 2022.

F. Wen, J. Shi, G. Gui, H. Gacanin, and O. A. Dobre, “3-D

positioning method for anonymous UAV based on bistatic

polarized MIMO radar,” IEEE Internet of Things Journal,

vol. 10, no. 1, pp. 815-827, 2023.

[9] B. Cao, A. Liu, and X. Mao, “An oblique projection polari-
zation filter,” in Proceedings of the 2008 4th International
Conference on Wireless Communications, Networking and
Mobile Computing, pp. 1-4, Dalian, China, October 2008.

[10] L. Yawei, M. Jiazhi, S. Longfei, and Q. Yuan, “Multiple in-
terferences suppression with space-polarization null-
decoupling for polarimetrie array,” Journal of Systems Engi-
neering and Electronics, vol. 32, no. 1, pp. 44-52, 2021.

[11] Z. Xiang, B. Chen, and M. Yang, “Transmitter/receiver
polarisation optimisation based on oblique projection filtering
for mainlobe interference suppression in polarimetric mul-
tiple-input-multiple-output radar,” IET Radar, Sonar ¢
Navigation, vol. 12, no. 1, pp. 137-144, 2018.

[12] C. Liu, Z. Fang, and S. Xiang, “Joint polarization and space
domain adaptive beamforming for dual polarized conformal
array,” in Proceedings of the 2019 6th International Conference
on Systems and Informatics (ICSAI), pp. 1126-1130, Shanghai,
China, November 2019.

[13] S. Mohammadzadeh, V. H. Nascimento, R. C. De Lamare, and
O. Kukrer, “Maximum entropy-based Interference-plus-noise

[4

[6

[8



(14]

(15]

(16]

[17

[18

(19]

[20

(21]

(22]

(23]

[24]

covariance matrix reconstruction for robust adaptive beam-
forming,” IEEE Signal Processing Letters, vol. 27, pp. 845-849,
2020.

S. Mohammadzadeh, V. H. Nascimento, R. C. De Lamare, and
O. Kukrer, “Robust adaptive beamforming based on virtual
sensors using low-complexity spatial sampling,” Signal Pro-
cessing, vol. 188, Article ID 108172, 2021.

S. Mohammadzadeh, V. H. Nascimento, R. C. De Lamare, and
O. Kukrer, “Robust adaptive beamforming based on low-
complexity discrete fourier transform spatial sampling,” IEEE
Access, vol. 9, pp. 84845-84856, 2021.

S. Mohammadzadeh, V. H. Nascimento, and R. C. De Lamare,
“Robust adaptive beamforming based on power method
processing and spatial spectrum matching,” in Proceedings of
the IEEE International Conference on Acoustics, Speech and
Signal Processing (ICASSP), pp. 4903-4907, Singapore, June
2022.

Y. Gu and A. Leshem, “Robust adaptive beamforming based
on interference covariance matrix reconstruction and steering
vector estimation,” IEEE Transactions on Signal Processing,
vol. 60, no. 7, pp. 3881-3885, 2012.

Z.Zheng, Y. Zheng, W. Q. Wang, and H. Zhang, “Covariance
matrix reconstruction with interference steering vector and
power estimation for robust adaptive beamforming,” IEEE
Transactions on Vehicular Technology, vol. 67, no. 9,
pp. 8495-8503, 2018.

S. Sun and Z. Ye, “Robust adaptive beamforming based on
a method for steering vector estimation and interference
covariance matrix reconstruction,” Signal Processing, vol. 182,
Article ID 107939, 2021.

W. Jia, W. Jin, S. Zhou, and M. Yao, “Robust adaptive
beamforming based on a new steering vector estimation al-
gorithm,” Signal Processing, vol. 93, no. 9, pp. 2539-2542,
2013.

C. Liu, S. Xiang, L. Xu, and Z. Fang, “Polarization and DOA
estimation based on dual-polarized conformal array,” In-
ternational Journal of Antennas and Propagation, vol. 2019,
Article ID 8907685, 9 pages, 2019.

M. Grant and S. Boyd, “CVX: matlab software for disciplined
convex programming,” 2018, https://cvxr.com/cvx.

R. Schmidt, “Multiple emitter location and signal parameter
estimation,” IEEE Transactions on Antennas and Propagation,
vol. 34, no. 3, pp. 276-280, 1986.

L. Josefsson and P. Persson, Conformal Array Antenna Theory
and Design, Wiley, New York, NY, USA, 2006.

International Journal of Antennas and Propagation


https://cvxr.com/cvx



