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Abstract — When the received data contains the desired
signal, the performance of most mainlobe interference
suppression methods is seriously degraded. To solve
this problem, a novel mainlobe interference suppres-
sion method based on eigen-projection processing and
covariance matrix reconstruction for array antenna is
proposed in this paper. The method constructs the side-
lobe interference plus noise covariance matrix (SINCM)
and remove the mainlobe data of the covariance matrix.
Then, it uses eigen-projection technology to remove the
mainlobe interference in the received data and correct the
SINCM to make the proposed method has better abil-
ity to suppress the mainlobe interference and sidelobe
interference when the received data contains the desired
signal. Simulation results demonstrate the superior per-
formance of the proposed beamformer relative to other
existing methods.

Index Terms — array antenna, eigen-projection, mainlobe
interference, reconstruction

L. INTRODUCTION

The purpose of robust adaptive beamforming tech-
nology is to suppress other signals except the desired
signal under the irrational environment, so as to improve
the output performance of the beamformer. As a basic
implementation to achieve spatial filtering, adaptive
beamforming has been applied to several areas, such as
array antenna, radar, sonar, remote sensing, seismology,
wireless communication, etc. [1, 2l]. Usually, traditional
adaptive beamformer mainly focused on the suppression
of sidelobe interference [3]. However, for array antenna,
interference would distort the mainlobe thus significantly
decrease performance once it fell into the mainlobe area.
To solve this problem, many approaches of mainlobe
interference suppression have been proposed [4-16].

The block matrix preprocessing (BMP) method is
developed in [4], which works well when the direction
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of mainlobe interference is known. However, it also
gives rise to the reduction of the degrees of freedom.
For the problem of mainlobe direction shifting caused by
the mainlobe interference suppression based on blocking
matrix preprocess, a modified BMP method is proposed
in [5)]. But its performance improvement is limited. The
eigen-projection matrix preprocessing (EMP) method is
proposed in [6]], which suppresses the mainlobe interfer-
ence by eigen-projection method. However, this method
is prone to mainlobe offset and sidelobe rise. To solve
this problem, various modified EMP methods are pro-
posed in [7H9]. In order to suppress multiple mainlobe
interferences, a new method based on EMP method and
similarity constraints is proposed in [10]. The above
methods can suppress the mainlobe interference effec-
tively only when there is no desired signal in the received
data, otherwise they are invalid. But in fact, it is dif-
ficult for us to get such data. In order to overcome
this problem, a robust mainlobe interference suppression
method is proposed in [11], which achieves high accu-
racy of the direction of arrival and power estimation of
source. However, its computational complexity is very
high. To further improve the array antenna performance,
modified EMP methods are proposed in [12,13]. Both
methods reconstruct the sidelobe interference plus noise
covariance matrix (SINCM) and calculate the eigen-
projection matrix to remove the mainlobe interference
in the received data of array antenna. However, once
the received data was processed via eigen-projection, the
original sampling covariance matrix would change.
Hence, the weight vector obtained from SINCM can-
not suppress the sidelobe interference of the processed
data. Sidelobe null shifts, which reduce the ability of
array antenna to suppress sidelobe interference, and the
output performance is far from the optimal value. A
mainlobe interference suppression method for bistatic
airborne radar is proposed in [[14], the core idea of this
method is based on BMP method to remove the mainlobe
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interference. This means that this method wastes a
degree of freedom. In [15} [16], the methods for dis-
tributed array to suppress mainlobe interference are pro-
posed. In order to facilitate the construction of the signal
model, this paper only considers the uniform linear array
(ULA) as the research object.

In this paper, a novel mainlobe interference sup-
pression method based on eigen-projection processing
and covariance matrix reconstruction for array antenna
is proposed. The proposed method first calculates
the eigen-projection matrix through the reconstructed
mainlobe interference plus noise covariance matrix
(MINCM). Then, the SINCM is reconstructed and pro-
cessed using the eigen-projection matrix to form null at
the direction of sidelobe interference accurately. Finally,
we obtain the weight vector. Simulation results show
that the proposed method has higher output signal-to-
interference-plus-noise ratio (SINR) when the desired
signal is contained in the received data.

The advantages of the proposed method are as
follows:

1. The output SINR of the proposed method is higher
when the array antenna suffers from the mainlobe

interference.
2. The array antenna has better ability to suppress

mainlobe interference and sidelobe interference
when the received data contains desired signal.

The rest of this paper is summarized below. The sig-
nal model is described in Section II. Section III describes
the proposed method. Simulation results are described in
Section IV. In Section V, we make a conclusion.

I1. SIGNAL MODEL OF ARRAY ANTENNA
Consider a ULA, which is composed of N omnidi-
rectional antennas spaced by half a wavelength, receiv-
ing uncorrelated far-field narrowband signals. The
sample data of array antenna at the k" snapshot is
modeled as:
x(k) = xg(k) 4 x; (k) +x,, (k)
M+S ()

)+ Z a(6, k)+n(k),

a(6)so(k

M+S
x;(k) = Zla((}m)sm(k) and
m=
x, (k) = n(k) denote the desired signal, interference
and noise, respectively. M and S represent the num-
ber of mainlobe interferences and sidelobe interferences,
respectively. Moreover, these components are mutu-
ally independent. n(k) is the additive spatially Gaussian
white noise with zero mean and variance . a(6y) and
a(6,,) denote the steering vector of the desired signal and
the interferences, respectively. For the signal with the
direction of 0, the steering vector of the signal can be

where x,(k) = a(6p)so(k),
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expressed as:
T
2nd _2m=)d
le ]l§1n6’___’e] T sin O (2)

b

a(0) =

where (#)7 is the transpose product, A is the wavelength
of the signal, and d = A /2 is the distance between two
adjacent antennas of the ULA. The output of the array
antenna is given as:

N
= Z wix;(k) = WHX(k)7 3)
i=1

where w = [wy,wy, - - ,WN]T is the weight vector of the

array antenna. The minimum variance distortionless

response (MVDR) beamformer is obtained by minimiz-

ing the variance of the interference and noise at the out-

put while constraining the target response to be unity. It

can be formulated as:

min woR;,,w

w “)

subject to wa(6y) = 1,

where a(6p) is the desired signal steering vector, R;;,

is the interference plus noise covariance matrix (INCM)

matrix. In practice, R;, is unavailable, so replace it with
the following sample covariance matrix (SCM):

K
R.— Y x(k)x" (k), (5)
ka]

where K is the number of ;napshots. Therefore, by solv-
ing the above problems, the weighted vector of the beam-
former can be obtained as:

R, 'a 6
Wopt = B ( )

af(6)R,'a(6p)
It is the sample matrix inversion (SMI) beamformer.
1. THE PROPOSED METHOD
In this section, a mainlobe interference suppression
method via eigen-projection processing and covariance
matrix reconstruction for array antenna is proposed.

(6)

A. The construction of eigen-projection matrix
For a ULA, the mainlobe width My, can be
expressed as:

A
Miqin = 2 arcsin (Nd + sin 60) , @)

where 0y is the direction of the desired signal. Therefore,
the mainlobe angle area ®,, of the array antenna can be
expressed as:

®p= [eo -

Midn Myidin
, 60 . 8
an g, 4 Yo } ®)

It is assumed that the desired signal angle area ®g

is:
Opg= [90 — A6y, 6y +A90] . ©)]
There is no mainlobe interference in ®y. The inci-
dent angle area of mainlobe interference ®,,; is as follow:

Opi= {90 Mian GO—AGO}U

[90+A90,90+ wmh} . (10)



Process the SCM with eigen-decomposition.
R, = Z Aty

—USA U, +U,A, 0,7,

where Uy is N x (M +S+ 1) signal subspace, Ay is the
matrix of corresponding larger eigenvalues, U, is the
N x (N—M — S —1)noise subspace, and A, is the cor-
responding eigenvalue matrix.

In the above angle area ®,,;, the MINCM Ry, of
the mainlobe interference region is then reconstructed by
using MUSIC spatial spectrum estimation, such that:

Ryin= Qr%“’ a (01) afl (6:)
& a(6,)UnU,"a(6))
By eigen-decomposing the matrix, Ry, can then be
expressed as:

(1)

AB.  (12)

N
Ryin=)_ Aiu;u;”, (13)
i=1

where l is the elgenvalue in order of value, 11 > lz >

- > AM > > AN, u; is the corresponding eigenvec-
tor. Meanwhile, the mainlobe interference subspace Uy

can be expressed as:
Up= w1, uu] . (14)
The eigen-projection matrix which can suppress the
mainlobe interference can be formulated as:

—~ ~ [~H~ \ " ~H
B=1-Uy (UMUM> Uy, (15)
B. The reconstruction of SINCM

According to eqn. (8], the sidelobe angle area O

can be expressed as:
®,— {—900 6 — M |
[0+ Ygan 90°]

In this angle area, the s1mple spatial spectrum esti-
mation method is used to determine the approximate
angle regions of sidelobe interference @y, 0y, ,--- ,0y,.
The Capon spatial spectrum method [17] is used to deter-
mine the power at each position of the spatial spectrum:

1
PO)=—————. 17
(8) al (0)R,la(0) a7

The INCM in each sidelobe interference angle area
is expressed as following:

R._®'/ZA9 a(6)a" (6))
l =1 al? (el)inla(el)

Then the SINCM of the whole sidelobe region can

be expressed as follows:

(16)

AB. (18)

s
Rsin = ) R;
i=1
, (19)
_y Oy _a@ate)
5 & al(0)Ra(8)
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According to eqn. (I3), process the receiving data
using the eigen-projection matrix. The processed data
can be expressed as:

x(k) = Bx(k). (20)

When desired signal of array antenna is contained in
the received signal, the MVDR beamforming algorithm
will be easily disturbed by the desired signal direction
error, resulting a poor output performance. Assume that
there is no desired signal in the received signal, eqn. (20)
became:

(XMi (k) +xsi (k) + %5 (k))
wii (k) + Bxsi (k) + Bx, (k) 2L
~ Bxsl(k) + Bx,, (k).

The corresponding covariance matrix can be formu-
lated as:

~H ~—~H
at’ (6)B +02BB (22)
~H ~~H
— BRgB +62BB ,
where o7 is the power of i" sidelobe interference, o7
is the power of noise. Rg; is the sidelobe interference
covariance matrix. Then, the reconstructed SINCM can
be expressed as:

——~H
Rgin = R, + 07 <1 BB > (23)

In the proposed method, the power of noise 62 can

be expressed as:
62 = L VA (24)
" N-M-S—-1

According to eqn. (T9), (23), and (24), the SINCM
Rg;, can be reconstructed as:

~ ~H
Rsin =B (Rsin — 6;1) B +67L (25)

C. Calculate the weight vector of array antenna
Based on the previous discussion, replace the SCM
in eqn. (6) with Rg;, in eqn. (23, then the adaptive
weight vector of array antenna can be expressed as:
Rsin 'a(60)
at(60)Rsin'a(6o)
Therefore, the output data of array antenna can be
expressed as:

(26)

v (k) = WHBx (k) 27)

D. Summary of proposed method
The proposed algorithm can be implemented by sev-
eral steps and summarized as follows:

1. Construct the covariance matrix Ry, as eqn. (12));
2. Eigen-decompose Ryin as eqn. (13)) and construct

the eigen-projection matrix as eqn. (15));
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3. Reconstruct the SINCM Rg;, with eqn. (T9) and

4. Calculate the adaptive weight vector of array
antenna by eqn. (26).

IV. SIMULATIONS AND COMPARISONS

Consider a ULA with 16 antennas spaced half-
wavelength. The desired signal direction is 0° with
signal-to-noise ratio (SNR) 0dB. Two sidelobe inter-
ferences impinge on the ULA from —25° and 35°
with interference-to-noise ratio (INR) 25dB and 30dB
respectively. A mainlobe interference impinge from 4°
with INR 5dB. The snapshots of received data is 100.
The signal and interference are statistically independent,
and the added noise is Gaussian white noise. All exper-
imental results are from 100 independent Monte Carlo
experiments. The proposed method in this paper is com-
pared to SMI, EMP-CMR [7]], EMP-SC [10], MIS-CIE
[11], EMP-CMIR [12], and EMP-CMSR [13]. For the
case of EMP-CMR and EMP-CMIR methods, there is
no desired signal in the received data.

A. Adaptive beampatterns of array antenna

In Figure [T} the beam patterns of every method are
compared. It is obvious that the beampattern of SMI
method is affected, while other methods can form nulls
at the direction of interference effectively.

B. Output data comparison of array antenna

Figure 2] compares the output data of every method
with desired signal. It is observed from Figure [2] that
the output data of EMP-CMR, EMP-SC, MIS-CIE, and
the proposed method are more similar to the desired sig-
nal. Table [T shows the correlation coefficient between
the output data of every method and the real desired sig-
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Fig. 1. Adaptive beampatterns of array antenna compar-
ison.
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Fig. 2. Output data comparison of array antenna compar-
ison.

Table 1: Correlation coefficient comparison

Methods Correlation Coefficient
SMI 0.8833
EMP-CMR 0.9584
EMP-SC 0.9584
MIS-CIE 0.9328
EMP-CMIR 0.3606
EMP-CMSR 0.3799
PROPOSED 0.9589

nal. It is obvious that the correlation coefficient of the
proposed method is the highest.

C. Output SINR versus the input SNR

In this section, we compare the output SINR of
every method when the input SNR varies from —10dBto
40dB.

In Figure [3] the output SINR versus the input SNR
are compared. From this figure, it is observed that the
output SINR of the proposed method and EMP-SC are
very close and perform better than other methods. It is
worth noting that the desired signal was not contained
for the cases of EMP-CMR and EMP-SC methods.

D. Output SINR versus the number of snapshots

In this section, we compare the output SINR of
every method when the number of snapshots varies from
10 to 100. Figure [ displays the output SINR versus the
number of snapshots. It is clearly shown that the output
SINR of the proposed method is closer to the optimal
value after the number of snapshots is 20. This shows
that the convergence speed of this method is very fast.
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Fig. 5. Output SINR versus INR of the mainlobe inter-
ference.
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Fig. 4. Output SINR versus the number of snapshots.

E. Output SINR versus INR of mainlobe interference
In this section, we compare the output SINR of
every method when the INR of the mainlobe interference
varies from 5dB to 30dB. Figure [5|shows the variation
curve of the output SINR versus INR of the mainlobe
interference. Compared with other methods, the output
SINR of the proposed method and EMP-SC are similar
and higher than other methods obviously. It should be
noticed that for this case, when the proposed method is
employed, the received data contains the desired signal.

F. Output SINR versus the direction of mainlobe
interference

In this section, we compare the output SINR of
every method when the mainlobe interference direction
varies from —7° to 7°.

Figure[f]compares the output SINR of every method
versus the direction of mainlobe interference. In this fig-

—e—EMP-SC
——MIS-CIE
—+—EMP-CMIR
—2—EMP-CMSR
- |—=—PrROPOSED

2 4 6

80 F

100 — :
B 4 -2 0
Angle(degree)
Fig. 6. Output SINR versus the direction of mainlobe
interference.

ure, it is obvious that the output SINR of the proposed
method is higher and closer to the optimal value.

V. CONCLUSION

This paper proposed a novel mainlobe interfer-
ence suppression method for array antenna beamform-
ing based on eigen-projection processing and covariance
matrix reconstruction specified for the problem when
desired signal is contained in the received data, which
can not only suppress the mainlobe interference impinge
but also the sidelobe interference effectively. Compared
with other existing methods, simulation results demon-
strated that the proposed method can achieve better per-
formance when the mainlobe interference and sidelobe
interference are co-existent and the desired signal exists
in the received data of array antenna.
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