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Abstract

This paper considers the problem of massive multiple-input-multiple-output (MIMO) wireless communication
systems with quasi-orthogonal space-time block code (QOSTBC) transmission in the presence of spatial correlation
effect (SCE) and mutual coupling effect (MCE). Conventional MIMO channels with QOSTBC transmission suffer from
several drawbacks. The number of transmit antennas is restricted to a few in order to achieve full transmission rate.
Therefore, it is difficult to make a quasi-orthogonal space time block coded massive MIMO system to achieve full
transmission rate. Moreover, MIMO channel with QOSTBC transmission is usually considered for the case where the
number of user equipments (UEs) is one. We present a joint beamforming and spatial precoding method to deal with
the above drawbacks. The proposed method incorporates a beamforming scheme and spatial precoding to formulate
an appropriate optimization process to effectively alleviate the considered problems. The resulting optimization
problem will be solved by using a cooperative coevolutionary particle swarm optimization algorithm under two
proposed fitness functions. During the optimization process, the proposed method finds the optimal beamforming
coefficients of the precoding matrix, the optimal normalized positions of transmit and receive antenna elements for
the case of using linear antenna arrays, and the optimal angle differences of transmit and receive antenna elements
for the case of using circular arrays. Based on the proposed method, we are able to cure the performance degradation
of a quasi-orthogonal space time block coded massive MIMO system due to the SCE and MCE. Moreover, the
proposed method makes QOSTBC MIMO communications with full transmission rate for any number of transmit
antennas achievable. Several simulation examples are presented to show the superior bit error rate (BER)
performances of QOSTBC wireless MIMO scenarios with linear as well as circular antenna arrays by using the proposed
method as compared to the existing methods.

Keywords: Massive MIMO, Wireless communication, Spatial precoding, Spatial correlation, Mutual coupling,
Beamforming, Quasi-orthogonal space-time block codes, Population-based stochastic optimization, Cooperative
coevolutionary particle swarm optimization, Bit error rate

1 Introduction
Achieving higher transmission rates and increasing num-
ber of users have become the essential requirements of
modern wireless MIMO communications. However, the
performance and capacity of MIMOwireless communica-
tion systems are degraded due to the interference problem
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at the mobile users. Nowadays, it is well known that
employing array beamforming techniques, we can make
the transmitted information stream weighted with appro-
priate phases and amplitudes at each antenna sensor to
create a directed beam form. As a result, the interference
problem due to multiple UEs can be effectively mitigated.
However, downlink beamformnig for alleviating the inter-
ference problem at the mobile users is not an easy task
for the frequency-division duplex (FDD) mode of trans-
mission in MIMO systems. This is due to only limited
knowledge of the downlink channel available for the base
station (BS). In the literature, the existing beamforming
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and precoding methods, such as [1–3], employ a set of
pre-defined fixed beamforming coefficients to incorpo-
rate the necessary precoding design. The key idea of using
the beamforming-based spatial precoding (BBSP) scheme
of [3] is to gather all the antennas deployed at BS into sev-
eral beam groups and employ a set of pre-defined fixed
beamforming coefficients to design the necessary precod-
ing matrix. As a result, each antenna in one beam group
can transmit the downlink training signal to UEs simul-
taneously, and hence, the user equipments (UEs) only
need to feed the selected beam indices back to the BS;
the feedback overhead is drastically reduced. It has been
shown [3] that the BBSP scheme preserves an acceptable
downlink transmission performance with reduced down-
link training overhead and has a significant reduction of
the total feedback bits from each UE. Nevertheless, these
methods cause severe interference problem between UEs.
Consequently, the bit error rate (BER) performance of the
whole system becomes poor. Recently, a joint beamform-
ing and spatial precoding technique was presented by [4]
to optimally design the beamforming coefficients to effec-
tively cure the interference problem between UEs. It has
been shown in [4] that this technique not only can cure
the problem of the BBSP scheme, but also preserves the
advantages of requiring lower overheads of the downlink
training and the channel state information (CSI) feedback
for massive wireless MIMO systems.
For developing the next generation wireless mobile

communications, it has been realized that employing
wireless MIMO systems with massive antenna arrays
deployed at transmitter and receiver is the key manner of
achieving the necessary requirements of channel capacity,
energy efficiency, and spectral efficiency [5, 6]. Unfortu-
nately, massive MIMO wireless systems suffer from the
degradation of diversity gain due to the spatial correla-
tion effect (SCE) of the fading signals between the array
elements with limited spacing. Moreover, a phenomenon
called mutual coupling effect (MCE) in addition to the
SCE inevitably occurs in a massive antenna array. Due to
antenna elements in close proximity, the MCE is caused
by a part of data in one antenna element outflow to other
antennas when the antennas operate simultaneously. The
performance degradations of a massive MIMO wireless
system due to the SCE and MCE have been reported in
[7–10], respectively. Recently, optimally finding the
antenna deployment and antenna location in massive
MIMO systems has been considered in the literature. In
[11], the uplink transmission of a single-cell multiuser dis-
tributed massive MIMO system with a large number of
distributed antennas deployed at BS which receives infor-
mation from multiple single-antenna users is considered.
The radius of the distributed circular BS antenna array
can be optimally designed for maximizing the average
achievable rate of the distributed massive MIMO system.

Later on, Koyuncu [12] considers the single-cell multi-
user MIMO uplink transmission systems with several
single antenna transmitters/users and one BS with mas-
sive antennas. For a massive MIMO uplink where the BS
antennas are evenly distributed to n different locations of
the cell. It has been shown that a per-user rate is achiev-
able by optimizing the n different antenna locations of the
cell. However, there are practically no papers concerning
the design problem of beamforming and spatial precoding
for the massive MIMO systems with QOSTBC transmis-
sion and proposing effective approaches to mitigate the
SCE and MCE simultaneously.
In this paper, we consider the robust beamforming and

spatial precoding to enhance the BER performance of
massive MIMO systems with QOSTBC transmission in
the presence of MCE as well as SCE. A robust method
is developed to incorporate the cooperative coevolution-
ary particle swarm optimization (CCPSO) [13] with the
beamforming-selection spatial precoding (BSSP) scheme
[4]. Recently, there are few works concerning quan-
tized feedback-based precoding for multiple-input single-
output (MISO) systems [14–16]. Quantized feedback
method is developed to achieve performance gain in
MIMO system by transmitting a few bits feedback about
CSI from receiver to transmitter for reducing feed-
back overhead. Quantized feedback-based precoding is
a closed-loop system proposed to alleviate the perfor-
mance degradation due to erroneous CSI feedback. It
exploits the channel information available by transmit-
ting few bits feedback about the CSI from the receiver
to transmitter. The research works [14–16] focus on the
imperfect quantized feedback-based diagonal precoding
for orthogonal/non-orthogonal space-time block codes in
MISO systems with only one receive antenna. The spatial
precoding matrices used are all set to diagonal matri-
ces. However, the robust method proposed in this paper
explores the joint design of beamforming and precoding
for QOSTBCmassive MIMO systems with any number of
transmit antennas and receive antennas to deal with the
SCE and MCE. Moreover, the spatial precoding matrix
designed by the proposed method is not restricted to be a
diagonal matrix.
The main contributions of the robust method over the

work of [4] are briefly described as follows. An efficient
scheme is developed to incorporate the joint beamform-
ing and spatial precoding with QOSTBC transmission.
To achieve the optimal power distribution to the beam
groups partitioned by the BSSP scheme, we introduce an
appropriate manner to decide the optimal power param-
eters during the CCPSO optimization process. Moreover,
to mitigate the SCE and MCE simultaneously, we present
an efficient approach to optimally adjust the positions of
the antenna array elements by maximizing the average
mutual information (AMI) associated with the downlink
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channel. Based on an approximated average BER (AA-
BER) of wireless MIMO systems proposed for the fitness
function of the CCPSO, the robust method finds the
optimal beamforming and precoding coefficients by min-
imizing the AA-BER of wireless MIMO systems. The
robust method not only can provide better average BER
performance than the BSSP method, but also preserves
the advantages of the BSSP method having lower over-
heads of the downlink training and the CSI feedback in
massive wireless MIMO systems. Moreover, the robust
method makes QOSTBC MIMO communications with
full transmission rate for any number of transmit antennas
achievable. Simulation examples confirm the effectiveness
of the robust method in the QOSTBC wireless MIMO
channel scenarios with SCE as well as MCE. The main
contributions of this paper are summarized as follows:
(I) We develop a robust joint beamforming and spa-

tial precoding method to effectively deal with QOSTBC
MIMO communication systems in the presence of mutual
coupling and spatial correlation effects due to using mas-
sive antennas. Through the proposed beam selection spa-
tial precoding scheme in conjunction with the appropriate
optimization formulation, the considered problems can be
effectively alleviated as shown by simulation examples.
(II) The proposed joint beamforming and spatial pre-

coding method can preserve the advantage of reducing
the overheads for downlink training and feedback of chan-
nel state information between the base station (BS) and
user equipments (UEs) for the frequency-division duplex
(FDD) mode of downlink transmission in MIMO systems.
(III) In the literature, it is well known that the QOSTBC

can achieve 1/2 of the full transmission rate for any
number of transmission antennas as well as the codes
with 3/4 of the full transmission rate for the specific
cases of three and four transmit antennas. There are
practically no papers developing the spatial precoding
for QOSTBC MIMO communications deployed massive

antennas with full transmission rate. Through the pro-
posed beam selection spatial precoding scheme in con-
junction with the QOSTBC strategy, the proposed joint
beamforming and spatial precoding method provides a
novel manner to make QOSTBCMIMO communications
with full transmission rate for any number of transmit
antennas achievable.
This paper is organized as follows. In Section 2, we

briefly describe the downlink transmission model in wire-
less MIMO systems with/without spatial correlation as
well as mutual coupling effects. The principle of wireless
MIMO communication systems using QOSTBC trans-
mission is also summarized. In Section 3, we propose
a robust method based on the CCPSO algorithm for
QOSTBC MIMO communication systems. Appropriate
fitness functions for implementing the CCPSO algorithm
to tackle the considered problem are also presented.
Section 4 provides the simulation results for illustra-
tion and comparison. Finally, we conclude this paper in
Section 5.
We use the following notation in the paper: Superscript

.H denotes the transpose-conjugate operation. Superscript

.T denotes the transpose operation. S(:, j) stands for the
jth column vector of matrix S. The Frobenius norm of a
matrix S is denoted by ||S||.

2 Systemmodel and fundamentals
2.1 Downlink transmission model
For the downlink transmission of a wireless MIMO chan-
nel, Fig. 1 depicts the basic system model of MIMO
channels for the BS with NB antennas and each UE with
NU antennas. Consider that the BS is equipped with a lin-
ear array of NB antennas and K UEs with a linear array
of NU antennas deployed at each UE, we assume that the
linear arrays of BS and each UE have the reference point
located at the first antenna element as shown in Fig. 2. A
typicalNU ×NB MIMO channel matrixH between the BS

Fig. 1 Downlink block diagram of MIMO channels for the BS with NB antennas and each UE with NU antennas
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Fig. 2 A uniform linear array with signal direction angle θ

and each UE for the correspondingMIMO channel can be
written as follows [17]:

H=
⎡
⎢⎣

h1,1 . . . h1,NB
...

. . .
...

hNU ,1 . . . hNU ,NB

⎤
⎥⎦

=
L∑

l=1
al
√
NUNB/Ler(θr,l)et(θt,l)H ,

(1)

where θr,l and θt,l denote the corresponding direction
angles of arrival and departure, respectively. Moreover,
the vectors er(θr,l) and et(θt,l) represent the receive and
transmit array response vectors associated with the angles
of θr,l and θt,l, respectively. al is the complex gain of
the lth downlink transmission path. L is the total num-
ber of transmission paths. Moreover, the unit-norm array
response vector of an M-element linear array with direc-
tion angle = θ off array broadside, irrespective of transmit
and receive antennas, can be expressed as follows:

e(θ) = √
1/M

⎛
⎜⎜⎜⎝

1
ejπ(A1sinθ)

...
ejπ(AMsinθ)

⎞
⎟⎟⎟⎠ , (2)

where Ai, i = 1, 2, ...,M represents the location normal-
ized by the half signal wavelength of the ith antenna
element. On the other hand, if the BS is equipped with a
circular array of NB antennas and K UEs with a circular
array of NU antennas deployed at each UE. The corre-
sponding NU ×NB MIMO channel matrixH between the
BS and each UE is given by [17]:

H =
⎡
⎢⎣

h1,1 . . . h1,NB
...

. . .
...

hNU ,1 . . . hNU ,NB

⎤
⎥⎦

=
L∑

l=1
al
√
NUNB/Ler

(
φr,l, θr,l

)
et

(
φt,l, θt,l

)H ,

(3)

where (φr,l, θr,l) and (φt,l, θt,l) denote the correspond-
ing (azimuth, elevation) angles of arrival and depar-
ture, respectively. Moreover, the vectors er(φr,l, θr,l) and
et(φt,l, θt,l) represent the receive and transmit array
response vectors associated with the angles of (φr,l, θr,l)
and (φt,l, θt,l), respectively. Finally, al is the complex gain
of the lth downlink transmission path. Assume that the
circular arrays of BS and each UE have the reference point
located at the center of the circular array and radius equal
to R as shown in Fig. 3, then the unit-norm array response
vector of anM-element circular array with azimuth angle
= φ and elevation angle = θ , irrespective of transmit and
receive antennas, can be expressed as follows:

e(φ, θ) = √
1/M

⎛
⎜⎝

ejπρ(sin(θ)cos(φ−ϕ1))

...
ejπρ(sin(θ)cos(φ−ϕM))

⎞
⎟⎠ , (4)

where ϕk represents the angle difference between the first
and the kth antenna elements of the circular array. For a
uniform circular array, ϕk = 2π(k−1)

M . ρ = 1√
2(1−cos(2π/M))

represents the radius normalized by the half of the signal
wavelength.
For the downlink of a multiuser MIMO wireless system

with K UEs , the received downlink training signal matrix
YDT
k at the kth UE can be written by [4]:

YDT
k = HkSk + Nk , (5)

where Sk denotes the NB × NB training signal matrix and
Nk the NU × NB background noise matrix received by the
kth UE. Moreover, the NU × 1 received signal vector yDLk
at the kth UE can be written as [17]:

yDLk = HkWkxk +
K∑
i�=k

HkWixi + nk , (6)

where xk denotes the data symbol vector and nk the
NU × 1 background noise vector. Wk denotes the corre-
sponding precoding matrix with appropriate size and Hk
with NU × NB the downlink channel matrix associated
with the kth UE.

Fig. 3 A uniform circular array with signal direction angle (θ ,φ)
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In the literature, a point-to-point wireless MIMO sys-
tem with spatial correlation effect only was considered in
[18]. In the presence of the spatial correlation and mutual
coupling effects for a downlink communication, according
to the analysis presented in [19, 20], the channel matrix
H for the non line of sight (NLOS) propagation condition
(i.e., L > 1) can be simplified as the following expression:

H =
⎡
⎢⎣

h1,1 . . . h1,NB
...

. . .
...

hNU ,1 . . . hNU ,NB

⎤
⎥⎦

=
L∑

l=1
al
√
NUNB/L

(
RMC
U

)1/2
Hw,l

(
RMC
B

)1/2
, (7)

where Hw,l denotes the matrix with i.i.d. Gaussian entries
for the lth downlink transmission path. RMC

B and RMC
U

denote thematrices containing the normalized spatial cor-
relation coefficients in the presence of mutual coupling
between the antenna elements deployed at BS and UEs,
respectively. Moreover, the (i, j)th elements of RMC

U and
RMC
B are respectively given as follows [20]:

RMC
U (i, j) = 1√

PUiPUj

NU∑
m=1

NU∑
n=1

CU(i,m)CU(j, n)∗RU(m, n),

(8)

and

RMC
B (i, j)= 1√

PBiPBj

NB∑
m=1

NB∑
n=1

CB(i,m)CB(j, n)∗RB(m, n),

(9)

where CU(i,m) and CB(j, n) represent the (i,m)th and
(j, n)th elements of the mutual coupling matrices CU
and CB associated with the receiver antenna array and
the transmitter antenna array, respectively. They can be
calculated by [21]:

C = (ZA + ZT ) + (Z + ZT I)−1, (10)

where

Z =
⎡
⎢⎣

Z1,1 . . . Z1,M
...

. . .
...

ZM,1 . . . ZM,M

⎤
⎥⎦ (11)

and M is the number of antennas. Consider the dipole
length is half wavelength

(
l = λ

2
)
. The (a, b)th element of

Z is generated as follows:

Za,b =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

η
4π (ζ + ln(2kl) − Ci(2kl)) + j η

4π Si(2kl) = ZA
, a = b

η
4π

{
(2Ci(kda,b)) − Ci

(
k
(√

d2a,b + l2 + l
))

−Ci
(
k
(√

d2a,b + l2 − l
))}

−j η
4π

{
(2Si(kda,b)) − Si

(
k
(√

d2a,b + l2 + l
))

−Si
(
k
(√

d2a,b + l2 − l
))}

, a �= b

,

(12)

where

ZT = Z∗
A,

Si(x) =
∫ x

0

sin(τ )

τ
dτ ,

Ci(x) = −
∫ ∞

x

cos(τ )

τ
dτ ,

η denotes intrinsic impedance � 120π(ohms), ζ =
ln(1.781) � 0.5772, k = 2π

λ
, and da,b is the distance

between the ath and the bth antennas (in λ), a and b
= 1, 2, ....,M. Moreover, PUi and PBi represent the aver-
age powers of the ith antennas at UEs and BS, respectively.
According to [20], they can be computed as follows:

PUi = �
[ NU∑
m=1

NU∑
n=1

CU(i,m)CU(i, n)∗RU(m, n)

]

NU∑
n=1

|CU(i, n)|2RU(n, n),

(13)

and

PBi = �
[ NB∑
m=1

NB∑
n=1

CB(i,m)CB(i, n)∗RB(m, n)

]

NB∑
n=1

|CB(i, n)|2RB(n, n),

(14)

respectively, where �[ x] denotes the real part of x.
RU(m, n) and RB(m, n) represent the (m, n)th elements of
the RU and RB matrices containing the normalized spa-
tial correlation coefficients associated with the antennas
deployed at UEs and BS, respectively. Moreover, the for-
mulas for computing RU(m, n) and RB(m, n) regarding
circular or linear antennas are provided by [20].

2.2 Downlink communication using QOSTBC
transmission

Space-time block coding (STBC) was presented by [22]
to combine coding, modulation, and signal processing for
achieving transmit diversity of a wireless communication.
The space-time block encoder generates the simplest type
of spatial temporal codes to exploit the transmission diver-
sity provided by multiple transmit antennas in wireless
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communications. For downlink transmission, the STBC at
BS with M antennas encodes the data to be transmitted
into M transmitted code symbols. At each UE, the sig-
nal received by each receive antenna is theM transmitted
signals plus noise. It was shown in [22] that full diversity
can be achieved and a very simple maximum-likelihood
decoding algorithm can be employed at the decoder with
reduced data rates. However, it was shown in [23] that the
data rate of a full-diversity code is less than or equal to
one. To achieve the goal of a full-rate full-diversity STBC,
a novel transmit diversity scheme was proposed by [24].
This so-called two-branch transmit diversity scheme is
developed based on a 2 × 2 block code carried out in sets
of two modulated symbols. As a result, the transmission
rate can be one. Nevertheless, this STBC scheme is only
suitable for two transmit antennas.
In order to search for similar schemes available for

MIMO systems with more than two transmit antennas
to achieve diversity level higher than two, orthogonal
space-time block code (OSTBC) was then introduced
by [25]. OSTBC is a generalization of the scheme of
[24] to arbitrary number of transmit antennas. More-
over, OSTBC preserves the advantage of having linear
maximum-likelihood decoding with full transmit diver-
sity. Unfortunately, it is also shown [25] that a com-
plex orthogonal design and the corresponding space-time
block code which provides full diversity and full trans-
mission rate is not possible for more than two transmit
antennas. Moreover, a large MIMO system using OSTBC
transmission usually requires an OSTBC of very large
dimension in order to take the advantages of OSTBC
for transmission. Nevertheless, employing a large dimen-
sion OSTBC is not possible for complex constellations,
and the data transmission rate of the resulting OSTBC
MIMO system will be significantly reduced even if it can
be achieved. Recently, an OSTBC transmission scheme
embedding the OSTBCs of small dimensions based on
the concept of null space to achieve good rate for large
MIMO systems was proposed in [26]. It is shown by sim-
ulation of [26] that the code rate can be improved at
the cost of degraded performance. For practical applica-
tions, as mentioned by [5], when large-scale or massive
MIMO systems are considered, the BS is deployed with
massive antennas to simultaneously serve a large num-
ber of UEs within the same frequency band and achieve
higher spectral and energy efficiency. However, it has been
shown in [26] that the proposed scheme of [26] is not
work if the number of transmit antennas is larger than
the number of receive antennas. Based on the similar
concept of embedding the small OSTBCs, a code trans-
mission scheme for large MIMO system was presented in
[27]. Pilot matrices are employed in the proposed scheme
to increase the data rate. Another work [28] considered
the drawbacks caused by using STBCs and OSTBCs.

A space-time transmission scheme (STTS) is then pro-
posed in [28] for large MIMO communication systems.
In this work, the proposed scheme compromises diver-
sity order to obtain good data rate and decouple decoding.
It was also mentioned that the proposed scheme may
be useful for base station (BS) to BS communication. In
the literature, some more works employ differential/non-
differential orthogonal/non-orthogonal space-time block
code (STBC) on the subject of fastly varying channels
for arbitrarily correlated Rayleigh/Ricean channels have
been presented in [29, 30]. On the other hand, a precoder
design for orthogonal/non-orthogonal STBC over corre-
lated Ricean MIMO channels with invertible correlation
matrices has been developed in [31].
This drawback of the OSTBC motivates the research

work [32] on developing the so-called quasi-orthogonal
space-time block code (QOSTBC). It relaxes the orthogo-
nality constraints due to OSTBC by constraining subsets
of data symbols orthogonal to each other instead of con-
straining every single symbol orthogonal to any other. It
has been shown in [32] that the QOSTBC can achieve
1/2 of the full transmission rate for any number of trans-
mission antennas as well as the codes with 3/4 of the full
transmission rate for the specific cases of three and four
transmit antennas. A typical example of a full rate quasi-
orthogonal code that achieves full transmission rate for
four transmit antennas is as follows:

S =
[
S1,2 S3,4
S3,4 S1,2

]
=

⎡
⎢⎢⎣

s1 s2 s3 s4
−s∗2 s∗1 −s∗4 s∗3−s∗3 −s∗4 s∗1 s∗2
s4 −s3 −s2 s1

⎤
⎥⎥⎦ (15)

where si, i = 1, 2, 3, 4, are the symbols selected based
on the input bits. Consider the simplest mobile commu-
nication system where BS is equipped with four trans-
mit antennas and the UE is equipped with one receive
antenna. Assume that the system has a slow fading
channel. The signal vector received at the UE can be
modeled as:

y=

⎡
⎢⎢⎢⎢⎣

y(1)
y(2)
y(3)
y(4)

⎤
⎥⎥⎥⎥⎦

=

⎛
⎜⎜⎜⎜⎝
[
h1,1 h1,2 h1,3 h1,4

]
W

⎡
⎢⎢⎢⎢⎣

s1 s2 s3 s4
−s∗2 s∗1 −s∗4 s∗3
−s∗3 −s∗4 s∗1 s∗2
s4 −s3 −s2 s1

⎤
⎥⎥⎥⎥⎦

⎞
⎟⎟⎟⎟⎠

T

+

⎡
⎢⎢⎢⎢⎣

n(1)
n(2)
n(3)
n(4)

⎤
⎥⎥⎥⎥⎦

(16)

where y(i) and n(i) represent the signal and the noise
received by the receive antenna at the ith time slot. W
denotes the corresponding 4×4 spatial precoding matrix.
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3 The robust beamforming and spatial precoding
method

In this section, we present a robust method to design
beamforming and spatial precoding for dealing with the
mutual coupling effect (MCE) and the spatial correlation
effect (SCE) for QOSTBC massive wireless MIMO chan-
nels. To construct the spatial precoding matrix, the opti-
mization of beamforming coefficients taking into account
the spatial correlation as well as the mutual coupling
effects between the antennas is established. To tackle the
SCE andMCE which are due to antenna spacing and array
geometry, we construct an appropriate optimization prob-
lem which can be solved by using the CCPSO algorithm
to find the optimal beamforming coefficients for the spa-
tial precoding matrix and the optimal locations for the
antenna elements at the BS and UEs simultaneously. As
shown below, the proposed method makes a QOSTBC
massive MIMO wireless channel that achieves full-
rate transmission for any number of transmit antennas
achievable.
Instead of using a preset fixed beamforming coefficients

as shown in [3] for the B beam groups of the NB antennas
at the BS, we set a unit-norm steering vector of the bth
beam group according to the BSSP scheme [4] as follows:

vb = 1√ab,1 + ab,2 + ... + ab,NB

⎛
⎜⎜⎜⎝

ab,1ejθb,1
ab,2ejθb,2

...
ab,NBe

jθb,NB

⎞
⎟⎟⎟⎠ , (17)

where b = 1, 2, · · · ,B, ab,k and θb,k , k = 1, 2, · · · ,NB, are
the variables to be adjusted by the CCPSO. In order to
provide an appropriate precoding and reduce the unac-
ceptable feedback overhead in the downlink transmission
of massive MIMO channels, each UE selects N beams
from the precoding matrix P = [v1, v2..., vB] as its pre-
coder and feeds the selected beam indices back to the
BS. Therefore, the proposed method employs beamform-
ing to estimate channel state information (CSI) by using a
small number of downlink training symbols for FDDmas-
sive MIMO systems. The is due to that partitioning all
the antennas of the BS into several beam groups enables
each antenna in one beam group to transmit the down-
link training signal to UEs simultaneously. Since UEs only
need to feed the selected beam indices back to the BS, the
CSI feedback overhead in bits required by the proposed
method is almost the same as that of the original BBSP
method of [3]. It can be written as Nf = K × N × log2B.
Moreover, the UE selects a beam according to the chan-
nel gain of each beam. For simplicity, assume that the kth
UE selects the first N beams from the B beam groups as
its serving beams. Accordingly, the signal vector received
at the kth UE in the downlink transmission with power
constraints on the selected beams becomes:

yDLk = HkWpkTkxk +
K∑
i�=k

HkWpiTixi + nk , (18)

where xk denotes an N × 1 data symbol vector and K the
number of UEs. The precoderWpk is given by:

Wpk = [v1v2...vN ] . (19)

Moreover, Tk represents the power constraint matrix
associated with the selected N beams and is given by:

Tk =
⎡
⎢⎣

√
tk1 . . . 0
...

. . .
...

0 . . .
√
tkN

⎤
⎥⎦ , (20)

where tki denotes the power distributed to the ith beam
selected by the kth UE and the total power transmitted to
the N beams is constrained by:

N∑
i
tki = Pt . (21)

To incorporate the advantages of full transmission
rate and low ML decoding complexity over the conven-
tional multiuser beamforming methods (e.g., zero-forcing
beamforming and MMSE beamforming) by using a sim-
ple 4 × 4 QOSTBC with the proposed joint beamforming
and spatial precoding method, we can easily set the num-
ber of beam groups of the proposed beamforming scheme
to 4, i.e., B = 4. As a result, we can see that the proposed
method preserves the advantages of computational com-
plexity reduction (low ML decoding complexity) and full-
rate transmission as compared to using some arbitrary
linear dispersion code for massiveMIMO communication
systems.
Next, consider a QOSTBC that achieves full transmis-

sion rate for four-transmit antennas as described in (16)
for downlink transmission, we note from (18) and (16) that
the signal matrix received at each UE can be reformulated
as follows:

YDL
k = HkWTS + nk , (22)

where YDL
k represents the NU × 4 data matrix. The ith

row of YDL
k is the 1 × 4 data vector received at the ith

antenna of the kth UE. Hk is still the NU × NB chan-
nel matrix associated with the transmission.W represents
the NB × 4 spatial precoding matrix and given by W =
[w1,w2,w3,w4], where each wi, i = 1, 2, 3, 4, represents
the unit-norm steering vector of the ith beam group under
the QOSTBC transmission. T denotes the corresponding
4 × 4 power constraint matrix given by:

T =

⎡
⎢⎢⎣

√
t1 0 0 0
0

√
t2 0 0

0 0
√
t3 0

0 0 0
√
t4

⎤
⎥⎥⎦ (23)
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and S the 4 × 4 QOSTBC symbol matrix as shown by
(15). This formulation reveals that the resulting QOSTBC
transmission system can provide a significant advantage
of a full transmission rate for massive wireless communi-
cation systems using NB >> 4 transmit antennas.

3.1 The formulation of the optimization problem
In this section, we present the problem formulation for the
robust method based on the results developed above. The
resulting optimization problem will be solved by using
the CCPSO algorithm under appropriate fitness func-
tions. The CCPSO algorithm demonstrates its potential
for effectively solving multimodal and nonconvex highly
nonlinear optimization problems with significantly higher
dimensions [13]. As shown by (17), there are 2NB param-
eters, namely, ab,1, ab,2, ..., ab,NB , θb,1, θb,2, ...., θb,NB which
can be adjusted during the optimization process. To mit-
igate the SCE and MCE, we aim at adjusting the normal-
ized locations of the antenna elements deployed at BS and
UEs. For the case of using linear arrays with M antennas,
Ai, i = 1, 2, ...,M are to be optimally decided. In con-
trast, the parameters ϕk , k = 1, 2, ...,M are to be varied
optimally when using a circular arrays with M anten-
nas. Moreover, the elements ti, i = 1, 2, ..., 4 of the power
constraint matrix T are to be optimally adjusted. Accord-
ingly, we define a parameter vector which is to be found
to achieve the robust beamforming and spatial precoding
when NB transmit antennas and NU receive antennas are
deployed at BS and each UE, respectively as follows:

F = [
a1,1, a1,2, ..., aB,NB , θ1,2, ...., θB,NB ,At

1, ...,A
t
NB ,

Ar
1, ...,A

r
NU , t1, ..., t4

]
,

(24)

for the case of using linear antenna arrays, where the
sets of At

1, ...,A
t
NB

and Ar
1, ...,A

r
NB

represent the normal-
ized positions of transmit and receive antenna elements,
respectively. In contrast,

F = [
a1,1, a1,2, ..., aB,NB , θ1,2, ...., θB,NB ,

ϕt
1, ...,ϕ

t
NB ,ϕ

r
1, ...,ϕ

r
NU , t1, ..., t4

]
,

(25)

for the case of using circular arrays, where the sets of
ϕt
1, ...,ϕ

t
NB

and ϕr
1, ...,ϕ

r
NU

represent the angle differences of
transmit and receive antenna elements, respectively. From
(24) and (25), we note that the number of entries in the
parameter vector F is linearly increased by NB and NU .
Hence, the computational complexity required for find-
ing the optimal entries of F becomes huge during the
optimization process for massive wireless communication
systems. To alleviate this difficulty, a two-step optimiza-
tion procedure is presented as follows. In the first step, we
employ the CCPSO algorithm to find the optimal parame-
ter set

(
At
1, ...,A

t
NB

,Ar
1, ...,A

r
NU

)
related to the positions of

the linear transmit and receive antenna elements, or the
optimal parameter set

(
ϕt
1, ...,ϕ

t
NB

,ϕr
1, ...,ϕ

r
NU

)
related to

the positions of the circular transmit and receive antenna
elements. After obtaining the optimal locations for the
antenna elements, the channel matrix HK as shown by
(7) can be determined. In the second step, based on
the channel matrix HK obtained in the first step, the
CCPSO algorithm is utilized to find the optimal param-
eter set

(
a1,1, a1,2, ..., a4,NB , θ1,2, ...., θ4,NB , t1, ..., t4

)
related

to beamforming coefficients and the power distribution.
According to our experience, the two-step optimization
procedure reduces the computation time significantly
when performing simulation examples for illustration.
During the the first-step optimization process by using

the CCPSO algorithm, each particle is treated as a
point in the D(= NU + NB)-dimensional optimiza-
tion problem space and a swarm consists of D ran-
dom particles. Then, the CCPSO searches for the best
position (solution or optimum) by updating generations
until obtaining a relatively steady position or reach-
ing the limit of a preset iteration number. At the tth
moment or iteration, the position vector of the ith par-
ticle is given by xi(t) =

[
At
1, ...,A

t
NB

,Ar
1, ...,A

r
NU

]
for the

linear transmit and receive antenna elements or xi(t)
=

[
ϕt
1, ...,ϕ

t
NB

,ϕr
1, ...,ϕ

r
NU

]
for the circular transmit and

receive antenna elements. The personal best position vec-
tor pi(t) and the global best position vector g(t) are
obtained by evaluating the performances in terms of the
fitness values associated with the current population of
particles. Moreover, we update the position and veloc-
ity characterizing a particle status on the search space
according to the formulas given by [13] and convert a par-
ticle position vector into a candidate solution vector by
employing an appropriate mapping. The performance of
themapped solution vector evaluated by amassiveMIMO
channel is viewed as the fitness of the corresponding par-
ticle. At the end of iteration, the global best position vector
g(tmax) is regarded as the optimal position vector for the
linear or circular transmit and receive antenna elements.
In general, the optimization process will be terminated if
the specified maximum iteration number tmax is reached
or the best particle position of the whole swarm remains
almost static for a significantly large number of successive
iterations.
During the second-step optimization process, each

particle is treated as a point in the D(= 8NB + 4)-
dimensional optimization problem space and a swarm
consists of D random particles. Then, the CCPSO
searches for the best position (solution or optimum)
by updating generations until obtaining a relatively
steady position or reaching the limit of a preset iter-
ation number. At the tth moment or iteration, the
position vector of the ith particle is given by xi(t) =
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[
a1,1, a2,1, · · · , a4,1, a1,2, · · · , a4,NB , θ1,2, ...., θ4,NB , t1, ...., t4

]
.

The personal best position vector pi(t) and the global best
position vector g(t) are obtained by evaluating the perfor-
mances in terms of the fitness values associated with the
current population of particles. Moreover, we update the
position and velocity characterizing a particle status on
the search space according to the formulas given by [13]
and convert a particle position vector into a candidate
solution vector by employing an appropriate mapping.
The performance of the mapped solution vector evaluated
by a massive MIMO channel is viewed as the fitness of the
corresponding particle. At the end of iteration, the global
best position vector g(tmax) is regarded as the optimal
beamforming coefficient vector. Again, the optimization
process will be terminated if the specified maximum
iteration number tmax is reached or the best particle
position of the whole swarm remains almost static for a
significantly large number of successive iterations.

3.2 Fitness functions for CCPSO
3.2.1 Fitness function for the first-step CCPSO
In the first-step optimization process, we aim at finding
the optimalpositions for antenna elements. As shown by (7),
the positions of antenna elements determine the entries of
RMC
U and RMC

B . Hence, the characteristics of the downlink
channel matrix is significantly affected by the positions of
antenna elements. According to information theory, the
mutual information is used to measure how much infor-
mation the output of a channel contains about the input. It
has been shown in the literature like [33] that the average
mutual information (AMI) can be viewed as an index for
evaluating the characteristics of a channel matrix. Accord-
ingly, it is appropriate to find the optimal positions of
transmit and receive antenna elements by maximizing the
AMI associated with the downlink transmission channel
matrix H. According to [33], the AMI of a channel matrix
H with size NU × NB is given by:

AMI = E
[
log2

(
det

[
I + SNR

NB
HHH

])]
, (26)

where I denotes the NU × NU identity matrix and
det[X] the determinant of the matrix X. SNR represents
the signal-to-noise power ratio at each receive antenna.
Therefore, we define an appropriate fitness for imple-
menting the first-step optimization process by using the
CCPSO algorithm as follows:

Fitness1 = 1
Q

Q∑
q=1

log2
(
det

[
I + SNR

NB
HqHH

q

])
,

(27)

where Q denotes the number of the Monte Carlo random
channel realizations for the MIMO channel matrices and
Hq the qth channel realization.

3.2.2 Fitness function for the second-step CCPSO
For the second-step optimization process, we develop
an appropriate fitness function based on the bit error
rate (BER) performance for implementing the CCPSO
to search the optimal spatial precoding matrix and the
power constraints for downlink communication in mas-
sive MIMO channels. For practical applications, massive
MIMO channels with linear receivers, such as the mini-
mummean square error (MMSE) receiver have been con-
sidered in several emerging standards, e.g., IEEE 802.11n
and 802.16e.We consider theMMSE receiver r at each UE
for the case of 4 UEs, i.e., K = 4, for simplicity. Based on
the downlink transmission model for the received signal
shown by (22) and the MMSE receiver, we can express the
signal received at the kth UE as follows:

yDLk = rYDL
k = r(HkWTS + nk), (28)

where r is the MMSE receiver. Following the derivation
presented in [4], the r with size 1 × NU is given by:

r = wH
k H

H
k

( 4∑
i=1

HkwiwH
i HH

k + (1/�)INU

)−1

, (29)

where � denotes the signal-to-noise power ratio (SNR)
and wk the unit-norm steering vector of the kth beam
group selected by the kth UE. Accordingly, the signal
received at the kth UE during the four time slots can be
obtained from (16) and (28) as follows:

yDLk =

⎡
⎢⎢⎢⎢⎣

yk(1)
yk(2)
yk(3)
yk(4)

⎤
⎥⎥⎥⎥⎦

=

⎛
⎜⎜⎜⎜⎝
[
ĥ1 ĥ2 ĥ3 ĥ4

]
⎡
⎢⎢⎢⎢⎣

s1 s2 s3 s4
−s∗2 s∗1 −s∗4 s∗3
−s∗3 −s∗4 s∗1 s∗2
s4 −s3 −s2 s1

⎤
⎥⎥⎥⎥⎦

⎞
⎟⎟⎟⎟⎠

T

+

⎡
⎢⎢⎢⎢⎣

n(1)
n(2)
n(3)
n(4)

⎤
⎥⎥⎥⎥⎦
,

(30)

where[
ĥ1 ĥ2 ĥ3 ĥ4

]
= rHkWT (31)

Moreover, it is easy to show that (30) can be rewritten as:

yDLk =

⎡
⎢⎢⎣

yk(1)
yk∗(2)
yk∗(3)
yk(4)

⎤
⎥⎥⎦ =

⎛
⎜⎜⎜⎝

⎡
⎢⎢⎢⎣

ĥ1 −ĥ2 −ĥ3 ĥ4
ĥ∗
2 ĥ∗

1 −ĥ∗
4 −ĥ∗

3
ĥ∗
3 −ĥ∗

4 ĥ∗
1 −ĥ∗

2
ĥ4 ĥ3 ĥ2 ĥ1

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎣
s1
s∗2
s∗3
s4

⎤
⎥⎥⎦

⎞
⎟⎟⎟⎠

T

+

⎡
⎢⎢⎣

n(1)
n∗(2)
n∗(3)
n(4)

⎤
⎥⎥⎦

(32)
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Let

Ĥk =

⎡
⎢⎢⎢⎣

ĥ1 −ĥ2 −ĥ3 ĥ4
ĥ∗
2 ĥ∗

1 −ĥ∗
4 −ĥ∗

3
ĥ∗
3 −ĥ∗

4 ĥ∗
1 −ĥ∗

2
ĥ4 ĥ3 ĥ2 ĥ1

⎤
⎥⎥⎥⎦ (33)

and

n̂k =

⎡
⎢⎢⎣

n(1)
n∗(2)
n∗(3)
n(4)

⎤
⎥⎥⎦ , (34)

(30) becomes

yDLk =

⎡
⎢⎢⎣

yk(1)
yk∗(2)
yk∗(3)
yk(4)

⎤
⎥⎥⎦ = Ĥk(:, i)si +

4∑
j=1,j �=k

Hk(:, j)sj + n̂k ,

(35)

where Ĥk(:, i) represents the ith column of Ĥk . After per-
forming MMSE receiver operation on yDLk , the kth UE
obtains:

ŝi = R̂k

⎡
⎢⎢⎣

yk(1)
yk∗(2)
yk∗(3)
yk(4)

⎤
⎥⎥⎦ = R̂kĤk

⎡
⎢⎢⎣
s1
s∗2
s∗3
s4

⎤
⎥⎥⎦ + R̂kn̂k , (36)

where R̂k with size 1 × 4 represents the corresponding
MMSE receiver which can be derived as follows. Accord-
ing to the orthogonality principle, we have:

E
[
ε
(
yDLk

)H] = 0, (37)

where

ε = R̂k

⎛
⎝Ĥk(:, i)si +

4∑
j=1,j �=k

Ĥk(:, j)sj + n̂k

⎞
⎠ − si. (38)

Moreover, assume that sk , si, and nk are independent of
each other and their expectations are 0. From (37) and
(38), we can get:

R̂k

4∑
j=1

Ĥk(:, j)ĤH
k (:, j) − ĤH

k (:, i) + R̂krrH(1/�I4) = 0.

(39)

where I4 denotes the 4 × 4 identity matrix. Consequently,
the MMSE receiver R̂k can be obtained from (39) as
follows:

R̂k = ĤH
k (:, i)

⎛
⎝

4∑
j=1

Ĥk(:, j)ĤH
k (:, j) + rrH

I4
�

⎞
⎠

−1

, (40)

After the demodulation of yDLk , we then compare the
demodulated bit and the source bit to decide the BER as

follows. Consider the binary phase-shift keying (BPSK) for
modulation and the maximum likelihood (ML) criterion
for data decision after demodulation. Assume that the
bit value of each UE is 0 or 1 with equal probability
and the noise has complex Gaussian distribution. Let the
1 × 4 matrix Aq = R̂qĤq represent the gain vector of
the transmission from BS to each UE in the qth Monte
Carlo random channel realization for the MIMO channel
matrices by using the channel model (7) for simulation.
Moreover, assume that Aq(i) is the ith entry of Aq. It rep-
resents the gain for the signal transmitted to each UE. The
other three entries Aq(j) of Aq, j = 1, 2, 3, 4 and j �= i, rep-
resent the gains of the interference received at each UE.
According to the BER calculation developed in [4], the
total estimated BER for each UE is written as:

Pe(q) = 1
24−1

1∑
a1=0

· · ·
1∑

a4−1=0

Q

⎛
⎝�(Aq(i)+

4∑
c=1,c�=i

(−1)ac×Aq(c))
√

2�
||rq||2||R̂q||2

⎞
⎠ ,

(41)

where the 1 × NU vector rq denotes the qth Monte Carlo
random channel realization of the corresponding MMSE
receiver r at the UEs.
Finally, we compute the average of the approximated

BERs (AA-BER) as follows:

Fitness2 = 1
Q

Q∑
q=1

Pe(q), (42)

whereQ denotes the total number of theMonte Carlo ran-
dom channel realizations for the MIMO channel matri-
ces by using the channel model (7) for simulation. The
Fitness2 of (42) is set to be the fitness function to be
minimized by the second-step CCPSO.

3.3 An algorithm form of the proposedmethod
To make the implementation of the proposed method
more comprehensive, we summarize the procedure of
implementing the proposed method step by step as
follows.

3.3.1 The first-step optimization
Step 1. Determine the numbers of transmit and receive
antennas, NB and NU , respectively. Set the number t of
iterations to zero.
Step 2. At the tth iteration, set the parameter vectors as
shown by (24) and (25), respectively to be the position
vector of the ith particle of the CCPSO given by xi(t) =[
At
1, ...,A

t
NB

,Ar
1, ...,A

r
NU

]
for the linear transmit and receive

antenna elements or xi(t) =
[
ϕt
1, ...,ϕ

t
NB

,ϕr
1, ...,ϕ

r
NU

]
for the

circular transmit and receive antenna elements.
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Step 3. Generate the channel matrixH as shown by (7) for
downlink transmission.
Step 4. Compute the average mutual information (AMI)
associated with the downlink transmission channel matrix
H according to (26).
Step 5. Compute the fitness function Fitness1 for imple-
menting the first-step optimization process by using the
CCPSO algorithm according to (27).
Step 6. Perform the CCPSO algorithm of [13] for mini-
mizing the fitness function Fitness1 to obtain the most
appropriate parameter set xi(t) =

[
At
1, ...,A

t
NB

,Ar
1, ...,A

r
NU

]

for the positions of the linear transmit and receive antenna
elements or xi(t) =

[
ϕt
1, ...,ϕ

t
NB

,ϕr
1, ...,ϕ

r
NU

]
for the posi-

tions the circular transmit and receive antenna elements.
Step 7. Form the channel matrix H as shown by (7) by
utilizing the positions for the antenna elements obtained
from Step 6.
Step 8. Terminate the process if the specified maximum
iteration number tmax is reached or the best particle
position of the whole swarm remains almost static for a
significantly large number of successive iterations. Oth-
erwise, update the positions of antenna elements based
on the results obtained from Step 6 and set the iteration
number t to t + 1. Then, go to Step 2.

3.3.2 The second-step optimization
After obtaining the optimal locations for the antenna
elements, the channel matrix HK as shown by (7) can
be determined. In the second step, based on the chan-
nel matrix HK obtained in the first step, the CCPSO
algorithm is utilized to find the optimal parameter set
(a1,1, a1,2, ..., a4,NB , θ1,2, ...., θ4,NB , t1, ..., t4) related to the
beamforming coefficients and the power distribution.
Step 1. Determine the channel matrix HK as shown by (7)
by using the optimal locations for the antenna elements,
respectively obtained in the first-step optimization. Set
the number t of iterations to zero.
Step 2. At the tth iteration, set the position vec-
tor of the ith particle of the CCPSO to xi(t) =[
a1,1, a2,1, · · · , a4,1, a1,2, · · · , a4,NB , θ1,2, ...., θ4,NB , t1, ...., t4

]
.

Step 3. Generate the channel matrixH as shown by (7).
Step 4. Compute the matrix Ĥk associated with the down-
link transmission channel matrixH according to (33).
Step 5. Compute the MMSE receiver R̂k associated with
the Ĥk according to (40).
Step 6. Calculate the total estimated BER for each UE
according to (41).
Step 7. Compute the fitness function Fitness2 for imple-
menting the second-step optimization process by using
the CCPSO algorithm according to (42).
Step 8. Perform the CCPSO algorithm of [13]
for minimizing the fitness function Fitness2 to
obtain the most appropriate parameter set xi(t) =

[
a1,1, a2,1, · · · , a4,1, a1,2, · · · , a4,NB , θ1,2, ...., θ4,NB , t1, ...., t4

]
for the beamforming coefficients and the power distribution.
Step 9. Terminate the process if the specified maximum
iteration number tmax is reached or the best particle
position of the whole swarm remains almost static for a
significantly large number of successive iterations. Other-
wise, update the beamforming coefficients and the power
distribution based on the results obtained from Step 8
and set the iteration number t to t + 1. Then, go to Step 2.

3.4 Computational complexity of the proposedmethod
From the procedure described above for implementing
the proposed method, we note that the proposed method
requires the additional computational complexity due to
using the CCPSO for finding the optimal precoding coef-
ficients without costing additional feedback overhead as
compared with the original BBSP method and the method
of [4] . According to the CCPSO [13] employed by the
proposed method, its computational complexity is domi-
nated by the number tmax of iterations, the number s of the
group sizes, the numberM of particles, the computational
complexity of the fitness functions, and the computational
complexity of the particles’ position updating rule. There-
fore, the computational complexity of the CCPSO can be
expressed as follows:

OCCPSO = O
(
M × s × tmax × OU

CCPSO
)
, (43)

where OU
CCPSO denotes the total computational complex-

ity of the particles’ position updating rule given by [13]
and the fitness functions given by (27) and (42), respec-
tively. As a result, the proposed method requires the
additional computational complexity given by (43) as
compared with the method of [4]. To further evaluate
the computational complexity of the proposed method
for some setup like 100 × 100 system as an illustra-
tion, we present the more detail descriptions regarding
OU
CCPSO. The required computational complexity for cal-

culating the fitness function of the first-step optimiza-
tion is dominated by the calculations of the AMI of (26)
and Fitness1 of (27). Their computational complexities
are about O(QNBNU) and O

(
Q
(
N2
U + B2)), respectively,

whereQ denotes the total number of theMonte Carlo ran-
dom channel realizations for theMIMO channel matrices.
In addition, the required computational complexity for
calculating the fitness function of the second-step opti-
mization is dominated by calculating Fitness2 of (42). To
calculate Fitness2 of (42), we have to compute the squared
norms of the 1 × NU vector rq and the 1 × 4 vector R̂q,
respectively. Hence, the required computational complex-
ity for calculating Fitness2 of (42) is aboutO(Q(N2

U +16)),
whereQ denotes the total number of theMonte Carlo ran-
dom channel realizations for the MIMO channel matri-
ces. As a result, we have OU

CCPSO approximately given by
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OU
CCPSO ≈ the total computational complexity of the par-

ticles’ position updating rule given by [13]+O(QNBNU)+
O
(
Q
(
N2
U + B2))+O

(
Q
(
Q(N2

U + 16
))
. Consider the case

of 100 × 100 (NB × NU) system. The resulting compu-
tational complexity is approximately given by OCCPSO =
O(M × s× tmax ×OU

CCPSO) ≈ O(M × s× tmax× [the total
computational complexity of the particles’ position updat-
ing rule given by [13] +O(QNBNU) + O

(
Q
(
N2
U + B2)) +

O
((
N2
U + 16

))]) ≈ O(M × s × tmax× [the total compu-
tational complexity of the particles’ position updating rule
given by [13] + 3O(10000Q)] ).

4 Simulation results and discussion
This section presents simulation examples for illustration
and comparison. The following 2 examples are presented
to compare the average BER versus SNR in the scenar-
ios considered above under different numbers of antennas
used at BS. Example 1 (a large MIMO case) is presented
for the case of NB = 8 and NU = 2. In contrast, the
simulation results for Example 2 (a massive MIMO case)
is presented for the case of NB = 32 and NU = 2.
The purpose of presenting Example 1 is to make compar-
isons between the performance differences of using large
MIMO and massive MIMO wireless communications. To
simplify the illustration and comparison for the proposed
method, we consider the simple case of linear arrays as
shown in Fig. 2 and the simple case of circular arrays as
shown in Fig. 3 instead of using the complicated antenna
configurations for 3D channel model like those employed
by the authors [19, 20].

4.1 Example 1: The BER performance of wireless MIMO
channel with NB = 8 and NU = 2

In this example, we utilize the spatial channel model sim-
ilar to (7) for simulation. We employ this channel model
to generate 40 links with each link sampled 10 times for
obtaining a set of Q = 400 channel matrices for illustra-
tion and comparison. The parameters used are as follows.
B = K = 4. For the first-step CCPSO procedure, we
combine all of the L = 10 multipath components pro-
duced by sampling each link to get the qth channel matrix
Hq = ∑L

l=1Hl for simulation, where Hl denote the lth
multipath component. The dimension s ∈ S = {1, 2, 4, 8},
swarm number V = 8

s , tmax = 100, the particle number
of each swarm is 450, and the fitness function is given by
(27) with Q = 400. The value for the parameter Z is set
to 0.6. � = 12, NB = 8, NU = 2. For the second-step
CCPSO procedure, the dimension s ∈ S = {2, 4, 17, 34},
swarm number V = 68

s , tmax = 100, the particle number
of each swarm is 450, and the fitness function is given by
(42) with Q = 400. The value for the parameter Z is set
to 0.6. � = 12, NB = 8, NU = 2. The constraint for the
total power Pt is set to 4 watts. For the case of using lin-
ear antennas, the signal direction angle θ is assumed to be

a truncated Gaussian random variable with mean MOA =
0o and standard deviation σ = 30o. For the case of using
circular antennas, we set the elevation angle θ = 90o and
the azimuth angle φ to be a truncated Gaussian random
variable with mean MOA = 0o and standard deviation
σ = 30o. For simplicity, we assume that each UE selects
one beam group as its serving beam, i.e., N = 1. Figure 4
plots the AMI versus SNR of using the existing method
[4] and the proposed method. We note from the figure
that the AMI are significantly improved after adjusting
the positions of array elements for both cases of using lin-
ear and circular arrays. Moreover, the results reveal that
using circular antennas provides better AMI than using
linear antennas under the same number of antenna ele-
ments. Figure 5 plots the average BER versus SNR of using
the existing method [4] and the proposed method, respec-
tively. As we can observe from the simulation results, the
proposed method outperforms the existing method [4].
Moreover, the results reveal that using circular anten-
nas provides better BER performance than using linear
antennas under the same number of antenna elements.

4.2 Example 2: The BER performance of wireless MIMO
channel with NB = 32 and NU = 2

Here, the specifications and parameters used are the
same as those used by Example 1 except that the follow-
ing parameters are reset. The number of array elements
deployed at BS is set to NB = 32 under the consideration
of massive wireless MIMO scenarios. For the first-step
CCPSO procedure, the dimension s ∈ S = {2, 4, 8, 16}
and swarm number V = 32

s . For the second-step CCPSO
procedure, the dimension s ∈ S = {2, 4, 5, 13} and swarm
number V = 260

s . Figure 6 plots the AMI versus SNR of
using the existing method [4] and the proposed method.
Again, we note from the figure that the AMI are sig-
nificantly improved after adjusting the positions of array
elements for both cases of using linear and circular arrays.
Moreover, the results reveal that using circular antennas
provides better AMI than using linear antennas under
the same number of antenna elements. Figure 7 plots the
average BER versus SNR of using the existing method [4]
and the proposed method, respectively. Again, as we can
observe from the simulation results, the proposedmethod
outperforms the existing method [4]. The results also
reveal that using circular antennas provides better BER
performance than using linear antennas under the same
number of antenna elements. From the simulation results
showing that using circular antennas provides better BER
performance than using linear antennas under the same
number of antenna elements, we reason that this is due to
the following phenomena: (a) Because only small amount
of power transmitted by utilizing circular antenna array
would be reflected back, circular antenna array provides
better return loss as compared to linear antenna array. (b)
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Fig. 4 The average mutual information for Example 1 with NB = 8 and NU = 2

Because the percentage of bandwidth and the half-power
beamwidth for circular antenna array are wider than those
for linear antenna array, circular antenna array provides
higher gain than linear antenna array. (c) To mitigate
MCE, circular antenna array is a more suitable geometri-
cal arrangement than linear antenna array. Themore array

elements are being used, the better and higher gain could
be achieved. Finally, comparing the results of Examples 1
and 2, we see that the system performance can be consid-
erably enhanced by using massive antennas at BS. From
the simulation results, we note that the proposed method
is very effective in simultaneously dealing with the mutual

Fig. 5 Average BER performance versus SNR for Example 1 with NB = 8 and NU = 2
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Fig. 6 The average mutual information for Example 2 with NB = 32 and NU = 2

coupling and spatial correlation problems in QOSTBC
massive wireless MIMO communications.

5 Conclusion
In this paper, we have presented an optimal joint
beamforming and spatial precoding method based on a

population-based stochastic optimization for QOSTBC
massive wireless MIMO communication systems. Based
on the concept of beamforming selection, the proposed
method can preserve the advantage of reducing the over-
heads for downlink training and feedback of channel
state information between the base station (BS) and user

Fig. 7 Average BER performance versus SNR for Example 2 with NB = 32 and NU = 2
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equipments (UEs). The proposed method utilizes a two-
step cooperative coevolutionary particle swarm optimiza-
tion (CCPSO) to find the optimal beamforming coeffi-
cients and the optimal positions of array elements. As
a result, the proposed method can significantly mitigate
the mutual coupling and spatial correlation problems for
downlink transmission, particularly when massive anten-
nas are deployed at the BS. Moreover, appropriate fitness
functions based on the average mutual information and
an estimated average bit error rate (BER) are proposed
for implementing the two-step CCPSO scheme. Finally,
the proposed method makes QOSTBC MIMO commu-
nications with full transmission rate for any number of
transmit antennas achievable. Simulation results show
that the proposed method can indeed achieve much bet-
ter BER performance than the existing methods under the
scenarios of massive antennas with antenna mutual cou-
pling and spatial correlation. We reason that the proposed
method offers a more appropriate beamforming and spa-
tial precoding scheme for future QOSTBC massive wire-
less MIMO communications. As to analytical results
regarding the proposed method, the exact performance
analysis of large or massive MIMO system is not an easy
task. In the literature, most of the papers present the bit
error rate (BER) performance of QOSTBC-based massive
MIMO systems through the numerical results without
theoretical analysis. To obtain the complete mathematical
analysis regarding the proposed method, we are currently
conducting the further research on the exact analytical
results on the achievable performance gains, mathemati-
cal analysis of the proposed schemes/antenna placements
in the presence of mutual coupling and spatial correlation
effects.
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