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Abstract—One of blind adaptive beamformers, the spectral
self-coherent restoral (SCORE) algorithm extracts the signal of
interests (SOIs) using the cyclostationarity. When multiple signals
exist, however, the multi-target SCORE (MT-SCORE) algorithm
should be developed to separately extract each signal. In addition,
to successfully deal with a newly emerging signal in multi-target
conditions, the global convergence of the MT-SCORE’s weight
vectors must be ensured and it is also important to find an
appropriate initial vector for fast convergence. In this paper, we
incorporate the dominant mode prediction (DMP) algorithm to
obtain the eigenvector corresponding to a maximum eigenvalue
which is assigned to the initial vector for the SCORE algorithm.
With this initial vector, we develop an MT-SCORE algorithm
extracting multiple SOIs in parallel. Simulation results show that
the proposed algorithm has better performance of interference
elimination and fast convergence than the conventional cross-
SCORE algorithm.

Keywords—Blind beamforming, cyclostationarity, multi-target
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1. INTRODUCTION

Blind adaptive beamformer can be implemented by utilizing
the signals’ properties such as constant amplitude, periodic
statistical characteristic, and high order cumulant [1-3]. Among
them, we focus on the cyclostationarity-based blind adaptive
beamformer. A cyclostationary signal has the statistical property
of correlating with either a frequency-shift of itself or a
complex-conjugate version [4], which can be used to extract the
signal of interest (SOI) and to suppress the interference without
knowing the direction of the desired signal [5]. A class of
spectral self-coherent restoral (SCORE) algorithms has been
developed for the cyclostationary signals and the first algorithm
was the least-square SCORE (LS-SCORE). This algorithm
generates a reference signal through a control vector for an
arbitrary direction. The performance may be greatly influenced
by the value of the arbitrarily set vector. A cross-SCORE
algorithm, which was developed to overcome this problem of
the LS-SCORE, also updates the control vector that can generate
the clean reference signal from which the interference signal is
removed. The cross-SCORE algorithm can achieve better results
over the LS-SCORE in terms of both the convergence rate and
the maximum signal-to-interference-and noise ratio (SINR) at
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the expense of the computational complexity [2][6]. These
algorithms cover the situation for one SOI. If there are multiple
signals that should be acquired all, they need to be extended to a
multi-target SCORE (MT-SCORE) algorithm that can deal with
multiple signals.

In this paper, we propose an MT-SCORE algorithm where
the SCORE algorithms are constructed in parallel to isolate and
to extract all signals. It is important that the output of each
SCORE algorithm converges to a different signal. To achieve
this, the dominant mode prediction (DMP) algorithm is
incorporated to obtain initial beamforming vectors for the MT-
SCORE algorithm [7]. Initial beamforming vector has deep null
at the incident angle of existing interferences and high
beamforming gain at the incident angle of a newly-emerging
signal. It is expected that the convergence speed of the proposed
algorithm is faster than the conventional SCORE algorithm.

This paper organized as follows: Section II briefly describes
the property of signal cyclostationarity and introduces the cross-
SCORE algorithm. The proposed algorithm is explained in
Section II. Through simulation, the performance of the
proposed algorithm is shown in Section I'V. Finally, we conclude
this paper in Section V.

II. THE SPECTRAL SELF-COHERENCE RESTORAL

A. Signal Cyclostationarity

As digitally modulated signals have a carrier frequency and
bandwidth, mean and autocorrelation of them have periodic
characteristics which are called as cyclostationarity. When
arbitrary signal s(n) is spectrally self-coherent or conjugate
self-coherent at a cyclic-frequency @, cyclic autocorrelation
function and conjugate cyclic autocorrelation function have a
nonzero value and can be defined as follows:

Rix(no) = (x(n +3)x"(n = p)e/zmen/ls),, (1)

R (ng) = (x(n + 2)xT(n — 20)e~j2man/fs) , (2)
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where x7(n) is transpose version of X(n), (), denotes infinite
time-averaging.

In this paper, we consider a received signal of the linear array
that consist of a SOI and an interference signal. This received
signal can be expressed as

x(n) = sso;(M)a(Bsor) + Sine(M)a(f) + n(n), (3)

where a(@) denotes the steering vector and n(n) represents a
noise signal. If cyclic-frequencies of the signal of interest
Sso;(n) and interference signal s;,,(n) are different, these
signals have low correlation.

A blind-based interference cancellation algorithm using
these characteristics is called spectral self-coherence restoral
(SCORE) algorithm [2]. The main advantage of SCORE
algorithm is that only required variable is the cyclic-frequency
of the SOI, which is calculated from the symbol rate or the
carrier frequency.

B. The cross-SCORE algorithm
We define a reference signal r(n) as

r(n) = cu(n), “4)
u(n) =xO(n — ng)es2mn, ®)

where ¢ denotes a control vector which is used as the
beamforming vector for u(n). The objective function of the
cross-SCORE algorithm is the cross-correlation between the
beamforming output y(n) = wix(n) and the reference signal
r(n). The objective function becomes a generalized Rayleigh
quotient for an optimal control vector and it can be represented
as [6],

wh [RxuRui Rux]w

wHR W

(6)

Jes (W; Copt) =

The beamforming vector w(n) and the control vector c(n)
maximizing the above objective function can be calculated by
solving the joint-eigenvalue problem expressed by (7) and (8),

AR W = [quR;&Rux]wr @)
ARuuc = [RHXR;XlRXu]C' (8)

Eigenvectors of (7) and (8) corresponding to the maximum
eigenvalue of the joint-eigenvalue problem become w(n) and

c(n). The update process of w(n) and c(n) can be represented
as follows:

wes(n) = ﬁ;%ﬁxuc(n -1, O]
wes() = sy (10)
c(n) = ﬁﬁﬁﬁuxw(n)' (1)

where normalization process (11) is an essential to limit the
magnitude of w(n) and c(n), and each correlation matrix has
relations RY, = Ry, Ry = R, RGl = [RG]® . These
relationships can be used to reduce the computational
complexity.

[II. THE PROPOSED METHOD

In the presence of multiple SOIs, we consider the multi-
target (MT)-SCORE algorithm to obtain each desired signal
separately. Basically, the proposed algorithm can extract
multiple SOIs by constructing the SCORE algorithm with
different cyclic-frequencies in parallel. Also, to ensure
convergence of each SCORE algorithm, the DMP algorithm is
used together to estimate and to allocate initial beamforming
vectors.

A. Dominant mode prediction (DMP) algorithm

The initial beamforming vector W;y,;;;; €xtracting the new
signal can be obtained by the DMP algorithm, Wi,isiq; 1S
orthogonal to the signal subspace included in the covariance
matrix Ry (j —1) of the previous block. Because of this
characteristic, the initial beamforming vector assigned to the
new port can acquire a new signal while eliminating the existing
signal. The initial beamforming vector is the eigenvector
corresponding to the maximum eigenvalue of the generalized
eigenvalue problem as follows:

Rxx(j)winitial = ARXX(] - 1)winitial- (12)

Covariance
matrix
Rxx

DMP L. Initial v:'eight vector
assignment

—1' SCORE, a, '— 31(n)
—1 SCORE, ay,_y '— S-1(n)
-| SCORE, a; b— Sk(n)

Fig. 1. The block diagram of the proposed algorithm

x(n)—1
™ algorithm
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B. Multi-target (MT)-SCORE algorithm with DMP

In environments where multiple signal sources appear, the
proposed MT-SCORE algorithm can be considered to obtain
each signal individually. The proposed algorithm consists of
DMP algorithm and multiple SCORE algorithms with different
cyclic-frequencies of SOIs. In order to converge to the different
SOIs in each SCORE algorithm when a new signal appears, the
DMP algorithm estimates and allocates appropriate initial
beamforming vectors to each SCORE algorithm. The block
diagram of the proposed algorithm is represented as in Fig. 1.

IV. SIMULATION

In this section, simulations were performed to compare the
beamforming performance with the proposed algorithm and the
conventional cross-SCORE algorithm. Simulation results show
the maximum eigenvalues and initial beamforming vector
obtained by DMP algorithm, and the beamforming gain with
respect to the incidence direction of the SOI and the interference.
Specific simulation parameters are summarized in Table 1.

When signal 2 is newly emerging in 0.002 second, it can be
seen that the maximum eigenvalue suddenly increases as shown
in Fig. 2. An eigenvector corresponding to the suddenly
increased eigenvalue is assigned to the initial beamforming
vector to the cross-SCORE algorithm of the second beamformer
port. The beampattern of initial beamforming vector is shown as
in Fig. 3 by a solid line. The dotted line represents the

beamforming vector of the conventional cross-SCORE
algorithm.
TABLE L. SIMULATION PARAMETERS
Values or variables
Parameters Signal 1 i
(interference) Signal 2 (SOI)

Modulation type Binary phase shift keying (BPSK)

Sampling rate f; 9 MHz

# of samples per symbol f;/f,q 10 9
Cyclic-frequency a 90 kHz 100 kHz
Direction of arrival (DoA) 20° 50°

# of sensor elements M 10

Observation time 0.01 second
Appearance time 0 second 0.002 second

Signal to noise ratio (SNR) 20 dB

Squared root raised cosine
(SRRC) filter

Pulse shaping filter

Filter roll-off factor 1
Filter bandwidth 100 kHz
Reference signal delay sample 0

Maximum eigenvalue of DMP algorithm

Magnitude

| T
0 0.002 0.004 0.006 0.008 0.01

Observation time

Fig. 2. The maximum eigenvalue plot of DMP algorithm

In the conventional cross-SCORE algorithm, the beamforming
vector has gain difference about 14 dB between the SOI and
the interference. The proposed algorithm shows about 30 dB
gain difference and has better performance to eliminate
interference than the conventional cross-SCORE algorithm.

When the SOI appears at 0.02 seconds, Fig. 4 represent the
beamforming gain of second beamformer port with respect to
the incidence direction of the SOI and the interference. In the
second beamformer port to extract the SOI, the beamforming
gain for the direction of the interference is low. In terms of
beamforming gain for the SOI direction, the proposed algorithm
converges about 50 samples and the conventional cross-SCORE
takes about 200 samples after the emergence of SOI. The results
confirm that the proposed algorithm shows better performance
than the conventional cross-SCORE.
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Fig. 3. The weight vector beampattern of cross-SCORE algorithms.
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Fig. 4. The weight vector gain of cross-SCORE algorithms.

V. CONCLUSION

We proposed an MT-SCORE algorithm incorporating the
DMP algorithm in time-varying environments. Simulation
results show that the proposed scheme has faster convergence
than the conventional cross-SCORE algorithm. Adoption of the
DMP algorithm makes the proposed algorithm obtain an
efficient initial beamforming vector and leads to the reliable
removal of existing interference. However, the DMP algorithm
requires more computational complexity because of eigenvalues
and eigenvectors. The complexity reduction will be studied in
the future works.
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