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Abstract: We propose a Taylor expansion multiple signal classification (TE MUSIC) method for joint direction of
departure (DOD) and direction of arrival (DOA) estimation in a bistatic multiple-input multiple-output (MIMO)
array. First, using a Taylor expansion of the steering vector, a two-dimensional (2D) search in the conventional
MUSIC method for MIMO arrays is reduced to a two-step one-dimensional (1D) search in the proposed TE MUSIC
method. Second, DOAs of the targets can be achieved via Lagrange multiplier by a 1D search. Finally, substituting
the DOA estimates into the 2D MUSIC spectrum function, DODs of the targets are obtained by another 1D search.
Thus, the DOD and DOA estimates can be automatically paired. The performance of the proposed method is better
than that of the MIMO ESPRIT method, and is similar to that of the 2D MUSIC method. Furthermore, due to the
1D search, the TE MUSIC method avoids the high computational complexity of the 2D MUSIC method. Simulation
results are presented to show the effectiveness of the proposed method.
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1 Introduction

Multiple-input multiple-output (MIMO) array
has been a subject of considerable research and de-
velopment for its potential advantages over conven-
tional phased-array systems (Fishler et al., 2004a;
Bekkerman and Tabrikian, 2006; Zhang and Zhu,
2013; Guo et al., 2015; Yeo et al., 2017). The MIMO
array uses multiple antennas to emit independent
waveforms, and exploits multiple antennas in receiv-
ing reflected signals. According to the configuration,
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MIMO arrays can be classified into two categories.
The first category is the statistical MIMO array
(Fishler et al., 2004b, 2006; Haimovich et al., 2008; Ai
et al., 2015; Sharify and Nayebi, 2017), whose trans-
mit antennas or both transmit and receive antennas
are located far from each other to achieve a spatial
diversity gain. This MIMO array framework can
overcome performance degradation caused by tar-
get scintillations. The other category is the monos-
tatic or bistatic MIMO array (Robey et al., 2004; Li
and Stoica, 2007; Xu et al., 2008; Zheng and Chen,
2015; Zheng et al., 2016; Cao et al., 2017). In this
category, transmit and receive antennas are closely
spaced, and can provide many high-resolution angle
estimations, thus achieving flexible spatial transmit
beam-pattern design and significantly improving pa-
rameter identifiability. In this study, we focus on the
second category.
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Researchers have great interest in the bistatic
MIMO array framework (Jin et al., 2009; Chen et al.,
2010; Koupatsiaris and Karystinos, 2013; Tang et al.,
2013; Chen et al., 2014; Li and Zhang, 2014). An-
gle estimation is important in a bistatic MIMO ar-
ray, and many joint direction of departure (DOD)
and direction of arrival (DOA) target estimation
methods in a bistatic MIMO array have been in-
vestigated (Chen DF et al., 2008; Chen JL et al.,
2008; Yan et al., 2008; Zhang and Xu, 2010; Jiang
et al., 2015; Xu et al., 2017). By exploiting the
invariance properties of both transmit and receive
arrays, the estimation of signal parameters via the
rotational invariance technique (ESPRIT) method
was applied for the estimation of DODs and DOAs
in a bistatic MIMO array (Chen DF et al., 2008).
Unfortunately, it still needs additional pair match-
ing between DODs and DOAs of targets. To avoid
the additional pair-matching problem, another ES-
PRIT method was proposed by Chen JL et al. (2008)
to obtain automatically paired DODs and DOAs for
target estimation by employing the interrelationship
between invariance properties of the transmit and
receive arrays.

The Capon (2D Capon)
method for a bistatic MIMO array was proposed by
Yan et al. (2008) to estimate DODs and DOAs of
the targets. Unfortunately, the 2D Capon method
requires a 2D peak search, leading to the high com-
putational complexity. A reduced-dimension Capon
(RD Capon) method was proposed by Zhang and Xu
(2010), using the property of the Kronecker prod-
uct. The high computational complexity of the
2D peak search for 2D Capon is avoided, but this
method separately estimates DODs and DOAs of
the targets. Then an estimated DOD-DOA pair-
matching method was required, which adds com-
putational loads. To avoid the added computa-
tional loads, Zhang and Zhu (2013) improved the RD
Capon method and showed the estimation perfor-
mance of the improved RD Capon method. The 2D
multiple signal classification (2D MUSIC) method
was to estimate DODs and DOAs in MIMO arrays
(Li et al., 2005). The 2D MUSIC method shows ex-
cellent joint DOD and DOA estimation performance,
but it is similar to the 2D Capon method because of
its requirement for 2D angle peak searching renders
which create high computational complexity. Us-
ing the same RD Capon theory, a reduced MUSIC

two-dimensional

method (RD MUSIC) was proposed by Zhang and
Xu (2010), which not only avoids the high computa-
tional complexity of the 2D MUSIC method, but also
provides an excellent angle estimation performance.
Bencheikh et al. (2010) proposed a polynomial root
MUSIC method to estimate transmit and receive an-
gles of targets with automatic pairing and to avoid
the peak searching required in the MIMO 2D MU-
SIC method. Bencheikh and Wang (2010) proposed
an algorithm combining the ESPRIT method with
the root MUSIC approach to estimate the DODs
and DOAs of targets without being paired in bistatic
MIMO arrays.

In this study, the 2D MUSIC method in bistatic
MIMO arrays is reviewed. An improved MUSIC es-
timator is proposed based on the Taylor expansion
multiple signal classification (TE MUSIC) method.
This estimator avoids the high computational com-
plexity of 2D MUSIC and achieves automatically
paired estimates of DODs and DOAs using two one-
dimensional (1D) searches.

Notations: ()T and (-)! denote transpose and
conjugate transpose, respectively; ) stands for the
Kronecker product; M, M; is the product of M, and
My; Ing, g, is an My My x M, M, identity matrix; E(+)
stands for the expectation operation.

2 Signal model

Consider a narrowband bistatic MIMO array
system with Mi-element transmit antennas and M,-
element receive antennas (Fig. 1). Both of the trans-
mit and receive antennas are closely spaced in uni-
form linear arrays (ULAs). Elements of the arrays
are omnidirectional, and the inter-element spaces in
transmit and receive antennas are dy and d,, respec-
tively. At the transmit site, transmit antennas simul-
taneously emit M different narrowband waveforms,
which have the identical bandwidth and center fre-
quency but are temporally orthogonal. Assume that
the effect of Doppler frequency on the orthogonal-
ity of the waveforms can be ignored. There are P
targets, which are located at (6, ¢,) (p = 1,2, ..., P)
in the far field of the receive and transmit antennas,
and all targets are assumed to locate at the same
range bin from these antennas. Here, ¢, is the DOD
of the p'* target with respect to the transmit an-
tennas, and 6, is the DOA of the p'! target with
respect to the receive antennas. At the receive site,
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Fig. 1 Bistatic MIMO array framework

all antennas receive echoes from the targets for all
Thus, the outputs of the
matched filters in all receivers can be expressed as
(Xu et al., 2008)

transmitted waveforms.

y(t) = As(t) + n(t), (1)

where s(t) = [s1(t),s2(t),...,sp(t)]" € CF*! con-
sists the amplitudes and phases of the P targets at
time t. s,(t) = 1,e/?/»! where 7, is the reflection
coefficient and f, the Doppler frequency. A is an
M. M x P matrix composed of the P steering vec-
tors, expressed as

A =la(01,¢1),a(02,¢2),...,a(0p,¢p)],  (2)
where
a(tp, pp) = a:(0p) @ ar(dp) (3)

is the Kronecker product of the receive and transmit
steering vectors for the p'" target, and

j2mdysindp j27(My —1)dysingp 71
a,(6,) = {1,e X ,...,e X ] , (4)

j2mdgsingy j2m(My —1)dgsingp 11
a(gy) = [Le 5 e ()

where A is the wavelength. Here, a,(6,) and a(¢,)
are the receive and transmit steering vectors for the
p' target, respectively. n(t) is an M, M; x 1 com-
plex Gaussian white noise vector with zero mean and
covariance matrix of o2 Iy, az, -

3 Taylor expansion multiple signal clas-
sification (TE MUSIC) estimator

In this section, a 2D MUSIC method is reviewed
and a TE MUSIC method is derived.

3.1 2D MUSIC method

The covariance matrix, R, can be achieved by

1
R= Z y(t)y" (t:), (6)

~Il =

where I is the snapshots. Using eigenvalue decom-
position, the covariance matrix can be rewritten as

R= UsAsUg + UNANUgI{a (7)

where Ag is a P x P diagonal matrix, whose diago-
nal elements are the largest P eigenvalues. The other
(M, M, — P) eigenvalues are the diagonal elements for
the diagonal matrix Ayn. Us is a matrix composed
of the eigenvectors of R arranged in descending or-
der of the corresponding largest P eigenvalues. Un
stands for the matrix containing other eigenvectors
of R. Ug and Uy are the signal subspace and noise
subspace, respectively. Furthermore, Ug and Uy are
orthogonal. Then we have the following orthogonal-
ity condition:

The 2D MUSIC spectrum function can be con-
structed by

1
aH (07 ¢)UN Ul{I{a(ev ¢) .

Fop music (0, ¢) = (9)

Estimates of DOAs and DODs of targets can
be achieved by searching the P largest peaks of
Fop music(0,¢).  The estimation performance of
the 2D MUSIC method is excellent. However, the
method is inefficient due to the exhaustive 2D search.
In the following subsections, the TE MUSIC method
is presented to estimate DODs and DOAs of targets
through two 1D searches to avoid the high computa-
tional complexity of the 2D MUSIC method.

3.2 TE MUSIC method

The steering vector a(f, ¢) can be approximated
by a factorization. By exploiting an L-order Taylor
expansion with respect to variable ¢ at ¢ = ¢q, the
factorization can be expressed as

L l
" ~a a®) (&= o)
(0, 6)~ (9»¢0)+; (0, 60)—, (10)

=0(0)V(9),
where

@(0) = [a(av ¢0)7 a(l)(av ¢0)7 RS a(L)(a’ ¢0)]7 (11>

17T
V((b): 17(¢_¢0)7"'7M )

71 (12)
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and aV) (0, ¢g) is the I** derivative of a(f,¢) evalu-
ated at ¢ = ¢g.

Inserting Eq. (10) into Eq. (9), we obtain the
TE MUSIC spectrum function as

1

Frg music(0, ¢)=

Define

=V ()@ O UUYOO)V(¢)  (15)
=V 9)Q(V (¢)
and
Q9) = e (ouxUile(). (16)

The TE MUSIC spectrum function can be rewritten
as

1
VE(@)QO)V(¢)

0T € REXL we will

Frg music(f, ¢) =

(17)

Defining e = [1,0,...
obtain

e'V(gp) = 1. (18)

Then the optimization problem of Eq. (17) can
be reconstructed as

min VH($)Q(0)V(¢) s.t. eV () = 1.

b (19)

Exploiting the Lagrange multiplier, the follow-
ing cost function will be achieved first:

F(0,0)=V"(¢)Q(0)V (¢)-Arm (e"V (9)-1), (20)
where A, is a constant. Then we have

OF (0, 9)

o) = 2ROV Fame=0. (21)
With Eq. (21), V(¢) is
V(o) = Qe = 5@ e, (22)
where 8 = —Apm/2 and f3 is a constant. Combining
Eqs. (18) and (22), we can obtain
e"V(p) = €e"BQ " (f)e = 1. (23)

OOV ()" UNUE (©(0)V(9)

From Eq. (23), 8 can be given by

1
Qe
Substituting Eq. (24) into Eq. (22), V(¢) is ob-
tained by

(24)

Q '(0)e
V(p) = —".
= g e
Then inserting V' (¢) of Eq. (25) into the opti-
mization problem (19), we achieve the estimates of
DOAs via

(25)

- 1
0 =argmin ———
[% eHQfl(Q)e (26)
= argmax eQ1(9)e.
The P largest peaks of the (1, 1) ele-

ment of Q~!() will be achieved by searching
6 € [-90°, 90°]. All these P largest peaks
(él, é% . ,ép) correspond to the DOAs of targets.
The DOD estimates can be easily obtained by sub-
stituting the DOAs into the 2D MUSIC spectrum
function of Eq. (9) followed by another 1D search.

Because the p'" DOD is derived from the p*®
DOA, the pairing between DOAs and DODs of the
targets is automatically obtained, thus avoiding an
additional pairing procedure.

Assume that Nt is the search time within one
search range. Then the TE MUSIC method requires
O((P + 1) x Nr) search time, whereas the 2D MU-
SIC method needs O(N2) search time. Therefore,
the TE MUSIC method has a lower computational
complexity than the 2D MUSIC method.

3.3 Steps of the TE MUSIC method

Steps of the TE MUSIC method are given as
follows:

Step 1: Compute R, the covariance matrix of
y(t).
Step 2: Obtain @(#) using an L-order Taylor
expansion of a(0,¢) with respect to variable ¢ at
6= o. A

Step 3: Calculate Q(0) = O () R1O(0).

Step 4: By searching ¢, we obtain the P largest
peaks of the (1, 1) element of Q~*(#) to obtain the
estimates of DOAs.

Step 5: Substitute the DOAs into the spectrum
function and do another 1D search, and then we ob-
tain the estimates of DODs.
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4 Simulations and discussion

To verify the DOD and DOA estimation per-
formances of the TE MUSIC method, Monte-Carlo
tests are presented in this section.

Define the root mean squared error (RMSE) as

RMSE =

%i (v = B) "+ B ( (- B)).

(27)

where z/;p is the estimate of the p'" target
DOD/DOA.

Consider a bistatic MIMO array system with
M = 8 and M, = 6, and assume that there are four
uncorrelated targets located at angles of [01,¢1] =
[10°,15°], [02, ¢2] = [40°,25°], [03, ¢s] = [20°,357],
and [04, ¢4] = [30°,45°], respectively. Antennas of
the arrays are spaced half a wavelength apart and
the number of the snapshots is 200. ¢g = 30° is for
the fifth-order Taylor expansion.

Fig. 2 shows the paired results of the TE MUSIC
method for four targets over 200 Monte-Carlo tests
with signal-to-noise ratio (SNR) = 0 dB, and shows
that the DODs and DOAs are correctly paired. The
DODs and DOAs can be clearly observed.

60

50

_+_
+

+

0 10 20 30 40 50 60
DOD (°)

Fig. 2 Paired results of the TE MUSIC method for
four targets from 200 Monte-Carlo tests with 0-dB
SNR (crosses denote the real locations of the targets)

Figs. 3 and 4 present the comparisons of the
DOA and DOD estimation performances with the
2D MUSIC method (Li et al., 2005), the RD MU-
SIC method (Zhang and Xu, 2010), and the ESPRIT
method (Chen JL et al., 2008). Two hundred Monte-
Carlo tests were used to achieve the RMSEs of these

four methods. As shown in Fig. 3, the DOA esti-
mation RMSE of the ESPRIT method is the worst
among these four methods. It is obvious that the
TE MUSIC method has almost the same DOA esti-
mation as the RD MUSIC method (Zhang and Xu,
2010). Due to the Taylor expansion of the steer-
ing vector, the DOA estimation performances of the
TE MUSIC method and the RD MUSIC method are
slightly worse than that of the 2D MUSIC method.
In Fig. 4, the ESPRIT method has the worst DOD
estimation RMSE among these four methods; the
DOD estimation RMSEs of the TE MUSIC method
and RD MUSIC method are similar to that of the
2D MUSIC method. Furthermore, with high SNRs,
the DOD estimation performance of the TE MUSIC
method is better than that of RD MUSIC. As men-
tioned in Section 3.2, the TE MUSIC method needs
only two 1D searches, while the 2D MUSIC method
requires an exhaustive 2D search.

10° T
—+—TE MUSIC
—8& -2D MUSIC
- -RDMUSIC
- ©— ESPRIT

-10 T 0 5 10
SNR (dB)

Fig. 3 RMSE of DOA estimation from 200 Monte-
Carlo tests for four targets

10°
—+— TE MUSIC
—& -2D MUSIC
- O -RD MUSIC
\e - 9— ESPRIT
510
S
4
1072
-10 -5 0 5 10
SNR (dB)

Fig. 4 RMSE of DOD estimation from 200 Monte-
Carlo tests for four targets
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Finally, the influence of ¢y chosen by the TE
MUSIC method is simulated in Figs. 5 and 6.
The change range of ¢ was [15°, 20°, 25°, 30°,
35°, 40°]. Two hundred Monte-Carlo tests were con-
ducted to achieve the DOA and DOD estimation
RMSEs for each SNR of each ¢g. Figs. 5 and 6 show
the DOD and DOA estimation performances of the
TE MUSIC method with different ¢q, respectively.
It is clearly illustrated that the angle estimation per-
formances of the TE MUSIC method with differ-
ent ¢ are similar, which means that the variety of
¢o in [15°,20°,25°,30°,35°,40°] has little effect on
the angle estimation performance of the TE MUSIC
method.

10°

1072

-10 -5 0 5 10
SNR (dB)
Fig. 5 RMSE of the DOA estimation from 200 Monte-
Carlo tests with different ¢¢9 under the TE MUSIC
method

—— O=15°
—& - B=20°

SNR (dB)

Fig. 6 RMSE of the DOD estimation from 200 Monte-
Carlo tests with different ¢¢9 under the TE MUSIC
method

5 Conclusions

In this paper, an improved MUSIC method has
been presented that exploits the Taylor expansion of

the steering vector to avoid high computational cost
of the 2D MUSIC method for DOD and DOA esti-
mations in bistatic MIMO arrays. The TE MUSIC
method could reduce the 2D search of the 2D MU-
SIC method to two 1D searches. Simulation results
have verified that the TE MUSIC method has better
DOD and DOA estimation performances compared
with the ESPRIT method, and has performances
that are very close to those of the 2D MUSIC and RD
MUSIC methods. With high SNRs, the TE MUSIC
method has a slightly better DOD estimation perfor-
mance than the RD MUSIC method. Furthermore,
the TE MUSIC method can automatically achieve
paired DOD and DOA estimates.
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