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Robust Direction-of-Arrival Estimation and Signal
Separation Method for Integrated Sensing and

Communication
Ming Chen, Liang Jin, Zheng Wan, Zheyuan Deng, Bo Zhang, Yajun Chen, and Kaizhi Huang

Abstract—In this study, we designed a single-channel direction-
of-arrival (DOA) estimation and signal separation algorithm
based on a grouping scheme for the time-varying metasur-
faces (TVMs) for integrated sensing and communication systems.
In this scheme, the harmonic effect of the TVM was used
to transform the received single-channel signal into a multi-
channel signal through an orthogonal Fourier coefficient matrix.
After achieving multi-channel DOA estimation, the corresponding
weighted beam pointing was designed for signal separation. By
applying a periodic modulation function on the TVM to modulate
the incident signal, the signal was mapped to a multi-dimensional
received space to recover the multi-channel received signal. Thus,
conventional multi-channel algorithms could be used on the
single-channel signal for DOA estimation. Next, we designed a
sub-surface weighted beam pointing to maximize the received
signal signal-to-interference-plus-noise ratio. Simulation results
revealed that the proposed scheme of DOA estimation can exhibit
performances comparable to that of the conventional multi-
channel antenna array. Moreover, the signal separation scheme
designed based on this method was robust and could maintain
good signal separation ability under a low signal-to-noise ratio.

Index Terms—Blind source separation, direction of ar-
rival (DOA) estimation, time-varying metasurface (TVM),
weighted beam.

I. INTRODUCTION

W ITH the sixth generation (6G) mobile network emerg-
ing, ultra-large multiple-input multiple-output antenna

arrays, millimeter wave, terahertz, and other technologies that
can provide high-frequency bands, large bandwidth operation,
and dense distribution will become increasingly prominent [1].
Extremely high throughput, reliability, and ultra-low latency
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are critical to achieve sense and control of the wireless
communication environment required in 6G [2].

Integrated sensing and communication (ISAC) is a key
technology of 6G mobile networks and has attracted con-
siderable research attention. Unlike conventional communica-
tion systems, ISAC exhibits both sensing and communication
attributes, avoiding wastage of wireless communication re-
sources due to separate designs and achieving mutual benefits
for both sides [3]. ISAC wireless communication systems
should be improved using target positioning and channel sens-
ing capabilities [4]. By integrating sensors and communication
technologies, 6G mobile networks can achieve more efficient
data transmission and smarter sensing capabilities, providing a
superior service experience for various application scenarios.

In the ISAC system, the direction of arrival (DOA) are
key parameters for achieving positioning and sensing func-
tions, which can be used to assist terminal positioning, low-
complexity beamforming, precise pilot and resource allocation,
and effective interference suppression [5]. Many DOA estima-
tion methods have been exploited in past research. The multi-
signal classification (MUSIC) algorithm [6], signal parameter
estimation through rotational invariance techniques (ESPRIT)
algorithm [7], and related improved subspace-based algorithms
have been used to provide high-precision DOA estimation
results. Compressed sensing algorithms represented by orthog-
onal matching pursuit (OMP) [8] are attracting considerable
research attention.

Meanwhile, the blind source separation (BSS) is a critical
topic of research in signal processing and can be used to sepa-
rate signal and interference signals to considerably improve the
performance of wireless communication systems [9]. In BSS,
the received signals are used without any prior information to
recover the source signal [10]. Classic algorithms include the
fast independent component analysis (FastICA) [11] and the
joint approximative diagonalization of eigen matrix (JADE)
algorithms [12]. In addition, nonnegative matrix factoriza-
tion (NMF) algorithms are presented, such as the projective
NMF [13] and the incremental NMF algorithm [14].

However, DOA estimation and BSS technology are based on
multi-channel antenna arrays [15]. Multi-channel reception in-
corporates multiple radio frequency (RF) links, which require
a complex hardware structure and high-power consumption.
Using single-channel antenna arrays can solve the aforemen-
tioned problems. In the context of a single-channel antenna
array, each constituent element is integrated with a unified
RF chain, thereby endowing the system with the merits of
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streamlined architecture and minimized power expenditure.
The signal processing within such an array demands the
acquisition and subsequent manipulation of signals derived
from a solitary observation channel, necessitating the exploita-
tion of the intrinsic characteristics of the observed signal.
This endeavor, which entails the isolation and processing of
the signal from a single data stream, is inherently complex
and poses a formidable challenge in the realm of signal
processing [16].

However, single-channel DOA estimation schemes exhibit
problems such as low accuracy, high computational com-
plexity, or weak anti-interference ability. Furthermore, single-
channel DOA estimation schemes are limited by the spatial
resolution of the antenna array. In extreme single-channel
BSS, solving a larger quantity using a smaller quantity is
extremely challenging [17]. However, after several years of
development, multi-channel technology is maturing. In current
single-channel algorithms, the single-channel problem is first
converted into a multi-channel problem and subsequently
solved using multi-channel methods.

Metasurfaces have emerged as a novel material that can
actively regulate the amplitude, phase, and polarization of
electromagnetic waves [18]. Metasurfaces exhibit low cost,
low power consumption, and simple hardware structure, which
have been widely used in wireless communication scenar-
ios [19]–[21]. The metasurface is composed of a large number
of configurable low-power passive electromagnetic elements,
each of which can be adjusted in real time to flexibly configure
the wireless propagation environment [22]–[24].

A study [25] proposed the time dimension and suggested
time-varying metasurfaces (TVMs) for designing metasur-
faces to provide a new degree of freedom for electromag-
netic wave regulation. The harmonic processing capability
by time modulation provides novel opportunities for single-
channel reception to be converted into multi-channel recep-
tion [26], [27]. In a study [28], a direction-finding method
based on TVM was proposed. In this method, the relationship
between harmonics and arrival angles was used for estimation.
In another study [29], the MUSIC algorithm was applied to the
metasurfaces to achieve one-dimensional direction-finding. A
study [30] used the OMP algorithm in direction-finding based
on programmable metasurfaces.

We proposed a single-channel DOA estimation and signal
separation algorithm based on a grouping scheme for TVM
implementation. Foe only one channel, the harmonic effect of
TVM is utilized to integrate sensing functions and maximize
the received signal SINR.The main contributions of this study
are illustrated as follows

1) In this scheme, single-channel signals are decomposed
using harmonics generated by time modulation func-
tions, and multi-channel reception is restored using
orthogonal time modulation function Fourier coefficient
matrices. Conventional multi-channel DOA estimation
algorithms are then used to obtain high-resolution esti-
mation results, and corresponding directional weighted
beams are designed for signal separation.

2) We use a complex exponential function as the time mod-
ulation function to achieve uncorrelated responses be-

Fig. 1. Signal receiving model.

tween sub-surfaces. Furthermore, we install the weighted
beams of various sub-surface points in different direc-
tions to achieve orthogonal spatial receiving space to
recover independent multi-channel signals.

3) Simulation results demonstrated the effectiveness of
the proposed scheme, and the recovered multi-channel
receiving signals are comparable to those obtained by
the DOA estimation capability of conventional multi-
channel antenna arrays. The proposed signal separation
scheme is extremely robust and not affected by the SNR
of the received signal.

The organization of this article is as follows Section II
introduces the signal reception model of time-modulated
super-surfaces; Section III introduces the DOA estimation and
signal separation scheme based on TVM; Section IV presents
the simulation results of the proposed scheme; and finally,
Section V concludes the article.

Notations: Lowercase and uppercase bold letters respec-
tively represent vectors and matrices. For a matrix Y , Y −1,
Y T , and Y H represent inversion, transpose, and Hermitian
transpose. CM×N represents the space of a N ×K complex
matrix.

II. SIGNAL RECEIVING MODEL

Referring to Fig. 1, consider a N ×M column TVM with
unit spacing of d. In this study, to achieve the separation
of multiple signals with identical frequencies but distinct
directions of arrival, we propose an approach that considers
the signal separation associated with individual subsurfaces.
Assuming each column unit is controlled by the different sig-
nal, each unit dynamically adjusts its reflectivity by applying
a control voltage to a varactor diode. The TVM is illuminated
by L narrow-band signals with the same frequency f, which
originates from different directions in the z-axis incidence
angle. The current work is dedicated to the development of
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the signal separation strategy. As a result, the DoA estimation
component has been intentionally simplified to facilitate the
foundational exploration. Future endeavors will expand upon
these preliminary findings, incorporating more sophisticated
and multidimensional approaches to DoA estimation, thereby
enhancing the methodological rigor and applicability of the
proposed techniques. The received signal of the element in
row N and column m can be expressed as follows

xm (t) =

L∑
l=1

sl (t) e
jβ(m−1)d sin θl + nm (t), (1)

where sl is the narrow-band signal from θl, β = 2π/λ is
the wave number with frequency f, and nm (t) is zero-mean
Gaussian white noise with variance σ2. For one-dimensional
signals, the signals received by the same column between
various sub-surfaces are consistent. Therefore, for a single-
channel TVM, the received signal can be expressed as follows

y (t) =

N∑
n=1

M∑
m=1

Γmn (t)xm (t), (2)

where Γmn (t) is the time modulation function of the mth
column of the nth sub-surface for which can be expressed as
the linear combination of the harmonics

Γmn (t) =

+∞∑
k=−∞

cmnke
j2kπfnt, (3)

where fn is the modulation frequency of each sub-surface
and cmnk serves as the kth harmonic’s Fourier coefficient for
Γmn (t).

cmnk =
1

Tn

∫ Tn

0

Γmn (t) e
−j2kπfntdt, (4)

where Tn = 1/fn is the modulation period of the nth
sub-surface. For scenarios that demand low modulation rates
but high precision, TVM dynamically controls the reflection
coefficient of the component by applying a control voltage to
the varactor diode. In contrast, for scenarios requiring high
modulation rates, discrete TVMs are utilized to achieve the
desired performance. This approach allows for the optimiza-
tion of different modulation requirements while maintaining
the efficiency and precision of the system. All elements are
controlled by a modulation signal of the same frequency.
Considering each sub-surface corresponds to one signal path,
only one harmonic time modulation function is required, given
by the following equation

Γmn (t) = bmne
j 2π
Tn

t, (5)

where bmn = |bmn| ejϕm represents the complex coefficient
of the modulation function. When the signal is projected on
the complex plane, we can obtain a circle with an amplitude
of |bmn|, the phase continuously changes with an initial phase
of ϕm, and Tn determines the speed of the phase change.
Therefore, the received signal on the nth sub-surface can be
expressed as follows

yn (t) =

L∑
l=1

M∑
m=1

bmne
jβ(m−1)d sin θlsl (t) e

j2πfnt + nn (t) ,

(6)
where nn (t) = Γmn (t)nm (t) is the noise signal and the
variance is σ2.

Beacuse of the time modulation of the grouping TVM,
the incident signal will be distributed over the modulation
frequencies of each sub-surface. At the same time, different
sub-surfaces will generate different patterns based on the
complex coefficients of the modulation function to receive the
signal. The nth sub-surface pattern can be expressed as

φn (θl) =

M∑
m=1

bmne
jβ(m−1)d sin θl . (7)

III. POPOSED DOA ESTIMATION AND SIGNAL
SEPARATION SCHEME

In this section, we propose a signal separation scheme
based on TVM. In this scheme, we used various frequency
time modulation functions and orthogonal patterns to receive
signals to obtain a multi-dimensional signal receiving space for
DOA estimation. Furthermore, we designed time modulation
functions based on the estimation results to generate direc-
tional beams for signal separation. Therefore, this scheme can
realize the integration of sensing and assistive communication
using TVM.

A. DOA Estimation Scheme

According to the Nyquist theorem, when modulation fre-
quency fn is greater than or equal to the bandwidth of the
signal sl (t), sidebands do not overlap, and each sideband
signal and the center frequency signal can be separated using
a filter. Therefore, we used time-modulated signals with var-
ious frequencies (f1, · · ·, fN ) between different sub-surfaces,
and the direct spacing between each frequency was greater
than the signal bandwidth to ensure that the signals did not
overlap in the frequency spectrum. Therefore, in a single-
channel receiver, the received signal passes through a low-
noise amplifier, a mixer, a low-pass filter, and then an analog-
to-digital converter to sample and obtain the received signal
of each sub-surface, which can be expressed as follows

yn (n) =

L∑
l=1

φn (θl) sl (n) + nn (n) , (8)

where sl (n) is the baseband sampled signal of the narrowband
signal sl (t), and nn (n) = bmnnm (n) is the noise signal.
Therefore, considering N snapshots, the total received signal
can be written as

Y (n) = BT [A (θ) s (n) +N (n)] , (9)

where Y (n) = [y1 (n) , · · ·, yn (n) , · · ·, yN (n)]
T is the re-

ceived signal for each sub-surface, B = {bmn} ∈ CM∗N
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is the complex coefficient matrix of the time modu-
lation function, A (θ) = [α (θ1) , · · ·,α (θl) , · · ·,α (θL)]
represents the array flow pattern of the lth narrow-
band signal, s (n) = [s1 (n) , · · ·, sl (n) , · · ·, sL (n)]

T is
the narrowband incident signal matrix, and N (n) =
[n1 (n) , · · ·, nm (n) , · · ·, nM (n)]

T is the noise matrix. Here,
the complex coefficient matrix is known. After sampling, the
received signal matrix is reduced by left multiplying it with the
inverse matrix to obtain the M-channel uniform linear array
received signal matrix.

Ȳ (n) =
(
BT

)−1

Y (n)

= A (θ) s (n) +N (n) . (10)

To ensure the validity of the above conversion method,
the complex coefficient matrix B should satisfy the row
full rank condition. To ensure the best performance of the
recovery and the feasibility of the scheme, we consider the
weighted coefficient matrix in the beam scanning principle as
the complex coefficient of the time modulation function, which
can be expressed as

B =
[
1, · · ·, e−jβmd sin θ, · · ·, e−jβ(M−1)d sin θ

]
. (11)

Beam scanning means that the main lobe of the directional
diagram is shifted to θ, and the principle can be expressed as

φ(θ) =

M∑
m=1

Aejβ(m−1)d(sin(θ)−sin(θ0)). (12)

Combining (7) and (12), we can obtain bmn =
e−jβ(m−1)d sin θn by setting φ(θ) = φn(θ). For various sub-
surfaces, we selected different θn, so the time modulation
function of the TVM in the mth column of the nth sub-surface
can be expressed as follows

Γnm (t) = ej2πfn(t−tnm), (13)

where tnm = (m− 1)Tn sin θn/2 is the time-shift coefficient.
Equation (1) reveals that when the sub-surface is based on the
first column and each column is shifted by T sin θ/2, the phase
difference caused by the incident angle θ can be canceled, so
the peak direction of the directional pattern shifts by θ. In
particular, for an M-column uniform array, each column can be
shifted by Tn/M to obtain an orthogonal directional pattern,
at which point the peak direction of each sub-surface coincides
with the null of the remaining sub-surfaces, and patterns are
shown in Fig. 2

The multi-channel received signal matrix is the foundation
of all spatial spectrum estimation. Therefore, for ensuring the
single-channel array model, we can use the time-modulated
super-surface harmonic processing ability to recover the multi-
channel received signal matrix and subsequently adopt all
conventional DOA estimation methods. Here, we take the
MUSIC algorithm as an example. The covariance matrix of
the signal can be expressed as

Fig. 2. Each sub-surface patterns.

R̂Y Y =
1

N

N∑
n=1

Y (n)Y H (n)

= AR̂ssA
H + σ2I, (14)

where [·]H denotes the conjugate transpose operator, and

R̂ss =
1

N

N∑
n=1

s (n) sH (n). (15)

Eigenvalue decomposition on R̂Y Y can be expressed as

R̂Y Y = UsΛsU
H
s + UNΛNUH

N

=

L∑
i=1

λieie
H
i +

M∑
j=L+1

λjeje
H
j , (16)

where signal subspace Us composed of eigenvector corre-
sponding to the L larger eigenvalues of R̂Y Y , and noise
subspace UN composed of residual eigenvectors. As the signal
and noise subspace are orthogonal, the virtual direction vector
AH is orthogonal to UN , is described as

AHUN = 0. (17)

As the impact of noise, (14) is only approximately 0.
DOA estimates by searching for the optimal solution through
spectral peaks, spectrum is given by

P (θ) =
1

AH (θ)UNUH
N A (θ)

. (18)

B. Signal Separation Scheme

Based on the DOA estimation results θ̂ =[
θ̂1, · · ·, θ̂l, · · ·, θ̂L

]T
, we can optimize design of the

time modulation function Γmn (t), the diagram is depicted in
Fig. 3.

For N = L, the number of sub-surfaces is the same as
the number of signals, and each sub-surface completes the
reception of one signal. We consider moving N signals to N
different frequencies, and the received signal after sampling
on the nth sub-surface can be expressed as follows

yn (n) = φn (θn) sn (n) +
∑

l∈L,l ̸=n

φn (θl) sl (n) + nn (n) ,

(19)
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Fig. 3. Signal separation diagram.

The first term is the desired signal, the second term is
the remaining signals considered interference signals, and the
third term is the noise signal. In this study, the segregation of
multi-path signals is accomplished by engineering directional
radiation patterns on a per sub-surface basis that correspond
to their respective propagation directions, culminating in each
sub-surface retaining a single signal component. However,
the resultant radiation patterns do not manifest complete
orthogonality. Consequently, the efficacy of the separation is
compromised when the incidence angle of interfering signals
aligns with the high-gain regions proximal to the side lobes or
the main lobe of the established patterns. The mean value of
the signal-to-interference-plus-noise ratio (SINR) and correla-
tion coefficient is considered after signal splitting to describe
the signal separation effect. The ratio of the separated signal
component to the residual signal component is referred to as
the SINR. A higher SINR indicates a better ability to suppress
interference and noise after separation, leading to improved
separation performance, which can be expressed as follows

η =
1

N

N∑
n=1

∣∣∣φn

(
θ̂n

)
sn

∣∣∣2∑
l∈L,l ̸=n

∣∣∣φn

(
θ̂l

)
sl

∣∣∣2 + |nn|2

=
1

N

N∑
n=1

PS

∣∣∣BnA
(
θ̂n

)∣∣∣2∑
l∈L,l ̸=n PS

∣∣∣BnA
(
θ̂l

)∣∣∣2 + σ2

, (20)

where PS is the signal transmission power, Bn =[
1, · · ·, e−jβ(m−1)d sinϕn , · · ·, e−jβMd sinϕn

]
is the weighting

coefficient, and ϕn is the desired directional pattern of the
nth sub-surface. In signal separation schemes, the design of
the reflection coefficient primarily focuses on maximizing
the received signal power while minimizing the power of
interfering signals. In spatial filtering, this can be translated
into maximizing the ratio of directional pattern gains cor-
responding to the arrival directions of the desired signal
and the interfering signals. According to the measurement
standard, the weighted beam generated by the sub-surface

should have the largest gain difference in the direction of
the incoming wave. Therefore, we can obtain the weighted
directional pattern ϕ = [ϕ1, · · ·, ϕn, · · ·, ϕN ]

T , which can be
expressed by

max
ϕ

η

s.t.ϕ ∈
[
−π

2
,
π

2

]
. (21)

Therefore, the time modulation function can be expressed
by

Γnm (t) = ej2πfn(t−tnm),

tnm = (m− 1)
Tn sin ϕ̂l

2
(22)

The degree of similarity between the separated signal com-
ponent and the original signal component is referred to as
the correlation coefficient. A correlation coefficient closer
to 1 indicates a higher degree of similarity between the two
components, leading to better separation performance. The
correlation coefficient between the source signal sl (n) and
the separated signal yn (n) can be expressed as

ρnl = ρ (yn, sl) =

∣∣∣∑N
i=1 yn (i) sl (i)

∣∣∣√∑N
i=1 y

2
n (i)

∑N
i=1 s

2
l (i)

. (23)

For N > L, we subdivide the sub-surfaces based on
the signal energy ratio and use the additional sub-surfaces
for signal shunting with a high energy ratio. This implies
that multiple sub-surfaces will receive signals concurrently,
and the weighted directional pattern will become ϕ =
[ϕ1, · · ·, ϕL, ϕN−L+1, · · ·, ϕN ]

T

The single-channel DOA estimation and signal separation
algorithm based on a grouping scheme can be optimized and
summarized as Algorithm 1.

IV. SIMULATION RESULTS

In this section, numerical simulation is used to evaluate the
performance of DOA estimation methods and signal separa-
tion. After DOA estimation, signal separation was performed
based on the estimation results, including DOA estimation
accuracy and received SINR analysis. All statistical results
are based on 100 Monte Carlo simulations.

Consider an 8 × 8 time-modulated super-surface, which
is divided into eight sub-surfaces, each consisting of eight
units with a unit spacing d of half a wavelength. The
spatial filtering approach presented herein is predominantly
contingent upon the precision of the DoA estimation out-
comes, while the impact of diverse modulation techniques
on signal separation is deemed to be inconsequential. Con-
sequently, it is posited that the modulation format for the
impinging narrowband signals shall be quadrature phase shift
keying (QPSK) as a surrogate, the carrier frequency fc is
3.15 GHz and the bandwidth is 3 MHz. To simplify the
analysis, only two narrow-band signals are considered. There-
fore, the modulation frequency of each sub-surface is set as
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Algorithm 1 Single-channel DOA estimation and signal sep-
aration algorithm

1. Input The receive signal x, the number of columns N
of TVM, the number of array elements M, the wavelength
λ, the distance between adjacent TVM elements d, time
modulation function Γ , and Fourier coefficient B

2. Obtain the time modulated signal matrix Y (t) =
Γ TX (t)

3. Obtain the sampled and filtered signal matrix Y (n) =
BT [A (θ) s (n) +N (n)]

4. Obtain a multi-channel uniform linear array receiving

signal matrix Ȳ (n) =
(
BT

)−1

Y (n)

5. Estimating DOA using MUSIC algorithm θ̂ =[
θ̂1, · · ·, θ̂l, · · ·, θ̂L

]T
6. Obtain weighted directional pattern ϕ =
[ϕ1, · · ·, ϕn, · · ·, ϕN ]

T

7. Output Time-shift coefficient tnm = (m− 1) Tn sinϕn

2

TABLE I
PARAMETERS FOR NUMERIC SIMULATION.

Symbol Parameter Value
M Element number 8
d Element spacing λ/2
fc Carrier frequency 3.15 Ghz
fs Sampling frequency 5.76 Ghz
B Bandwidth 3 Mhz

(f1 = · · · = f4 = −6 Mhz, f5 = · · · = f8 = 6 Mhz) to en-
sure no aliasing between the received signals on each sub-
surface. Therefore, the root mean square error (RMSE) of
DOA estimation can be defined as follows

RMSE =

√√√√ 1

2J

J∑
j=1

2∑
l=1

(
θ̂l (j)− θl

)2

, (24)

where J is the number of Monte Carlo experiments 100, and
θ̂l (j) is the jth Monte Carlo estimate of the lth signal. The
relevant parameters are shown in Table I.

A. DOA Estimation Performance

In this section, we consider two co-channel signals with
various arrival directions and obtain a multi-channel received
signal matrix by processing the single-channel received signal
using the scheme proposed in Section II. The DOA estimation
performance is evaluated based on the received signal power
spectrum, spatial spectrum, and estimated RMSE.

First, Fig. 4 displays the power spectrum of the received
signal with incident directions ±20° and ±30°. The black

Fig. 4. Spectra distributions of the reflected signal with different incident
angle.

Fig. 5. Spatial spectral for uncorrelated source.

line represents the power spectrum of the original single-
channel QPSK signal, and the red line represents the power
spectrum of the signal recovered after time modulation. The
figure reveals that because of the single-channel receiving of
the original two-channel QPSK signal, only one power spectral
line exists. After the time modulation of the super-surface, the
original signal is modulated into different frequencies, and the
response of various sub-surfaces to the incident signal differs
considerably, which is jointly determined by the weighted
array flow pattern corresponding to each sub-surface and the
DOA of the incident signal. The final power spectrum map
forms a new multi-dimensional data space for multi-channel
received signal recovery.

Second, Fig. 5 displays the spatial spectrum of the original
QPSK signal with an incident direction of (−20°, 30°) and the
time-modulated received signal using the MUSIC algorithm.
The figure reveals that the multi-channel received matrix
recovered using a single-channel time-modulated super-surface
can obtain a high-resolution spatial spectrum. Therefore, the
proposed scheme can obtain multi-channel signals using a
single-channel receiving array, which proves the effectiveness
of the proposed scheme.

Finally, based on the analysis in Section II, an equivalent
multi-dimensional receiving matrix is obtained by separating



CHEN et al.: ROBUST DIRECTION-OF-ARRIVAL ESTIMATION AND SIGNAL ... 695

Fig. 6. RMSEs of DOA estimation versus SNR.

Fig. 7. RMSEs of DOA estimation versus incident directions.

different frequency signals through a filter. Subsequently, a
multi-channel receiving matrix is obtained. In this section,
two classical DOA estimation algorithms are used to process
the standard multi-channel receiving matrix and the receiving
matrix obtained from the proposed scheme to evaluate the
performance of the proposed scheme.

Consider that SNR increases from −10 dB to 10 dB in
steps of 2 dB. The variation of RMSEs under different SNR
are depicted in Fig. 6, when incident direction is (−20°, 30°).
Assume that incident direction changing from −90° to 90°
with a step of 10°. The variation of RMSEs under different
incident direction is depicted in Fig. 7, when SNR = 0 dB.
Fig. 9 displays the variation of estimation resolution with
the SNR ratio using MUSIC and ESPRIT algorithms when
the incident direction is (−20°, 30°). The processed multi-
channel receiving matrix in the two algorithms can accurately
approximate the estimation ability of the original signal, which
proves the proposed scheme can achieve the DOA estimation
for multi-channel signals.

Fig. 8. Estimation resolution versus SNR.

Fig. 9. Constellation diagram after signal separation.

B. Signal Separation Performance

In this section, we consider two co-channel signals with an
incoming direction of (−30°, 20°). First, we used the MUSIC
algorithm for DOA estimation and used the results as a basis
for signal separation. We evaluate the performance of signal
separation from the received signal constellation diagram, the
received signal demodulation error rate, and the SINR of the
received signal. In addition, we provide experimental results
using the JADE algorithm for multi-channel received signals
to compare the performance of signal separation.

First, Fig. 9 displays the constellation diagram after signal
separation using the proposed and JADE algorithm at a SNR
of 10 dB. Both the proposed and JADE algorithm can sep-
arate co-channel signals from different directions of arrival.
However, the proposed algorithm achieves superior separa-
tion performance and a concentrated constellation diagram.
Although the JADE algorithm cannot separate signals when
separating coherent signal sources, the proposed algorithm still
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TABLE II
THE SIMILARITY COEFFICIENT MATRIX OF TWO ALGORITHMS.

Two QPSK signals Proposed methed JADE method

Incoherent signal 0.9927 0.0015
0.0119 0.9940

0.9990 0.1002
0.0735 0.9974

Coherent signal 0.9460 0.4155
0.3996 0.9523

0.6322 0.8180
0.7434 0.7519

Fig. 10. SINR of signal separation versus estimation error.

Fig. 11. SIR of signal separation versus SINR.

exhibits decent performance. To verify the signal separation
effect of the proposed algorithm, Table II presents the sim-
ilarity coefficients between the separated and source signals.
Both algorithms can separate well for noncoherent signals.
However, the proposed algorithm can filter out other. In the
case of coherent signals, the proposed algorithm exhibits a
certain separation ability, but some interference signals remain.

Because the proposed signal separation scheme used spatial
filtering, its performance was only affected by the DOA esti-
mation error when the array aperture was the same. Therefore,
Fig. 10 displays the variation of the received signal SINR
with DOA estimation error for noncoherent signal separation
using the proposed algorithm when the SNR is 0 dB. The
signal separation effect decreases with the increase in the DOA
estimation error. However, when the DOA estimation error is
within 3°, the SINR improvement ability will not decrease
considerably. The proposed DOA estimation scheme can be
maintained within 3 degrees. Therefore, this scheme is less

affected by the SNR and is robust.
To verify the robustness of this scheme, Fig. 11 displays the

variation of the signal-to-interference-plus-noise ratio (SIR)
with SNR using the proposed algorithm and JADE algorithm
for noncoherent signal separation. SIR can measure the dif-
ference in power between the two signals after separation,
and the larger the SIR, the better the separation effect. The
figure reveals that both schemes can improve the received
signal SIR, for conventional signal separation schemes is
affected by signal-to-noise ratio, SIR performs better at a
high SNR. However, the improvement effect of the scheme
of proposed is independent of the SNR, which is because the
signal separation effect in this proposal comes from the gain
difference of weighted directional patterns for different arrival
directions. The effect of this scheme is mainly affected by the
accuracy of DOA estimation and less affected by the SNR,
and the upper limit of improvement is limited by the array
aperture.

V. CONCLUSION

In this study, we proposed and subsequently validated a
simple and cost-effective single-channel DOA estimation and
signal separation algorithm based on the grouping scheme of
TVM. In the proposed algorithm, TVM is grouped to generate
various harmonic signals on different sub-surfaces and use dif-
ferent frequency harmonics to obtain the conventional multi-
channel received signal matrix for DOA estimation. Based
on the DOA estimation, the weighted directional diagram
is used to separate the signals from different directions of
arrival. Numerical simulations verify the performance of DOA
estimation and signal separation. The proposed scheme can
achieve excellent DOA estimation in a single channel to
ensure the probability of accurate estimation and excellent
separation performance of the signal separation scheme with
strong robustness.
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