
Received March 19, 2021, accepted April 2, 2021, date of publication April 12, 2021, date of current version April 21, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3072428

Decoupled Transmit and Receive Antenna
Selection for Precoding-Aided
Spatial Modulation
SANGCHOON KIM
Department of Electronics Engineering, Dong-A University, Busan 604-714, South Korea

e-mail: sckim@dau.ac.kr

This work was supported by the Research Funds from Dong-A University.

ABSTRACT This paper proposes an optimal joint transmit and receive antenna subsets (TRASs) selection
scheme for linear precoding-aided spatial modulation (PSM) systems. The optimal joint TRASs selection is
performed by exhaustively searching, so that it is difficult to analyze an achievable diversity gain and it has
a huge complexity. To tackle this problem, we propose a decoupled TRAS selection method which selects
receive antenna subset (RAS) and transmit antenna subset (TAS) in a two-step serial manner. By computing
a lower bound on the pairwise error probability and conducting extensive simulations, it is shown that the
zero-forcing (ZF)-based PSM system with NT transmit antennas, NS selected transmit antennas, NR receive
antennas, and ND selected receive antennas achieves diversity order of (NT − ND + 1)(NR − ND + 1) even
with TAS selection. Furthermore, decreasing the number of active transmit antennas by TAS selection after
RAS selection is analytically shown to always degrade the bit error rate performance. The analysis results
are validated by simulations. These analytical and simulation results can be regarded as natural extensions of
earlier works on receive antenna selection and transmit antenna selection for the PSM systems. In addition,
we study and compare two efficient algorithms for TRAS selection. First, incremental and decremental
algorithms are employed for separable RAS and TAS successive selection, respectively, which have an
excellent performance. It is analytically shown that the computational complexity of the first proposed
decoupled suboptimal TRAS selection scheme is enormously reduced compared to the joint optimal and
decoupled optimal algorithms. Second, an incremental TAS selection approach replaces the decremental
strategy in the first TRAS selection algorithm to further reduce the complexity.

INDEX TERMS Joint transmit and receive antenna subset selection, transmit antenna selection,
receive antenna selection, multiple input multiple output (MIMO), precoding, zero-forcing (ZF), spatial
modulation (SM).

I. INTRODUCTION
In the recent years, the wireless communications community
has witnessed diverse space-index modulation techniques
proposed to obtain low-complexity and energy-efficient
multiple-input multiple-output (MIMO) communication sys-
tems [1], [2]. Spatial modulation (SM) is an energy-efficient
MIMO technique without inter-antenna interference since it
enables single-stream decoding and obtainsmultiplexing gain
with a single radio-frequency (RF) chain. By exploiting a
new degree of freedom, i.e., spatial indexing at the trans-
mitter, SM schemes convey spatial information bits in each
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time slot [3]–[6]. Meanwhile, precoding-aided spatial modu-
lation (PSM) can carry extra information bits by appropriately
selecting a receive antenna index in the downlink MIMO
systems [7]–[12]. In PSM, the transmit signals are precoded
at the transmitter side to steer at a single receive antenna in
each transmission and thus only a single RF chain can be
equipped at the receiver side. Because of facilitating a simple
receiver structure, the PSM scheme has attracted extensive
research interests in the last few years.

To improve the transmission performance of space
modulation schemes, various antenna subset selection tech-
niques, which are capable of offering a high diversity, have
been examined for the space modulation-based MIMO sys-
tems [13]–[22]. The system reliability in space modulation
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can be enhanced by using redundant transmit antennas and/or
redundant receive antennas. Previous works on antenna sub-
set selection cover either transmit antenna subset (TAS) selec-
tion or receive antenna subset (RAS) selection. TAS selection
has been considered for the SM systems [13]–[16] and for the
PSM systems [17]–[19]. RAS selection has been studied for
the PSM systems [20]–[22]. In [18], the effects of only TAS
selection on the bit error rate (BER) performance of the zero-
forcing (ZF)-based PSM systems have been investigated.
In [19], two TAS selection schemes with low-complexity
have been developed for the PSM systems. In [20], optimal
and greedy algorithms are considered to select an RAS for the
PSM systems. In [21], two efficient RAS selection algorithms
have been presented for the PSM systems. It is shown in [22]
that the ZF-based PSM system performing only optimal RAS
selection can achieve diversity order of (NT −ND+ 1)(NR−
ND+1) whenNT transmit antennas,NR receive antennas, and
ND selected receive antennas are given.

A main drawback of massive MIMO systems is the
high system complexity and hardware energy consumption.
Employing a large number of antennas at the base station
might be inexpensive. However, connecting an RF chain
to each antenna element in massive MIMO is burdensome
from an implementation standpoint [23], [24]. Therefore,
antenna subset selection techniques have been actively inves-
tigated as one of solutions to alleviate the requirement on the
number of RF transceivers. Even though various techniques
with low RF-cost are recently being developed, the antenna
subset selection method is still considered as a simple
technique. Meanwhile, antenna subset selection has been
incorporated into IEEE 802.11n standard [25] for perfor-
mance improvement and range enhancement. Furthermore,
it has been demonstrated in [26] that all antennas of the
massive MIMO systems do not contribute equally in real
propagation environments. When the traffic load is low,
the power consumption is minimized by using only a subset
of the available antennas [27]. From the practical viewpoint
of implementation, the numbers of available RF chains both
at the transmitter side and receiver side will be less than the
numbers of transmit and receive antennas, respectively.

Thus, in a practical space modulation-based MIMO sys-
tem, it is desirable to employ antenna subsets selection at both
the transmitter and receiver sides. With joint transmit and
receive antenna subsets (TRASs) selection, limited subsets
of all available transmit and receive antennas can be used
with reduced numbers of RF chains at both sides. Find-
ing an optimal TRAS requires an exhaustive search, which
is usually computationally prohibitive. Finding suboptimal
algorithms for TRAS selection in conventional MIMO sys-
tems has been the subject of several efforts, which can be
found in [28], [29]–[31], and [32]. In [28], [29], and [30],
channel capacity is adopted as the performance metric for
antenna selection. In [31], a joint TRAS selection problem
for space-time coded systems is examined through a pairwise
error probability (PEP) analysis. In [32], an enhanced joint
transmitter-receiver spatial modulation scheme is proposed

by utilizing joint power allocation and antenna selection. But
to the best of our knowledge, no study has been previously
made for joint TRAS selection in the PSM-based MIMO
systems.

In this paper, we consider the problem of joint TRAS selec-
tion in the PSM-basedMIMO systems. First of all, an optimal
joint TRAS selection algorithm is presented based on the cri-
terion of maximizing the equivalent channel gain. As an ini-
tial step to reduce the complexity of the optimal joint TRAS
selection algorithm based on an exhaustive two-dimensional
search, a decoupled strategy is considered. We first select
an RAS and then perform TAS selection using the pre-
determined RAS. The decoupled TRAS selection scheme
using separate optimal RAS and TAS selection makes us ease
analytical tractability for the diversity gain that the ZF-based
PSM system can provide when the decoupled approach is
employed. Thus, we obtain the achievable diversity order
through a PEP analysis. It is analytically shown that TAS
selection after performing RAS selection does not degrade
the diversity gain compared to that of the ZF-PSM systems
without TAS selection. However, the array gain with TAS
selection is analytically shown to be lower than that of the
ZF-PSM systems without TAS selection.

Motivated to reduce the computational complexity, incre-
mental and decremental strategies, respectively, are adopted
for RAS selection and TAS selection. We first select an RAS
bymeans of an incremental algorithm, and then TAS selection
is decrementally performed on the subchannel resulting from
RAS selection. Computational complexity analysis shows
that the suboptimal decoupled TRAS selection method based
on incremental RAS and decremental TAS selection offers
tremendous complexity reduction compared with the optimal
exhaustive search-based TRAS selection algorithm. In mas-
sive MIMO systems, the complexity of the decremental TAS
selection algorithm is relatively high if the number of selected
transmit antennas is much less than the total number of avail-
able transmit antennas. For further complexity reduction,
TAS selection can be done via an incremental approach.

It should be pointed out that the decremental and incremen-
tal TAS algorithms proposed in [18] and [19] are employed
for the second step (i.e., TAS selection) in the decoupled
TRAS selection scheme of this work. Note that [18] and [19]
consider only TAS selection. By contrast, this work proposes
an optimal joint TRAS selection scheme for the PSM systems
as we have said above. The optimal joint TRAS selection
requires an exhaustive searching algorithm. To tackle the
huge complexity, a decoupled TRAS selection method is pro-
posed in a two-step serial manner. Moreover, the achievable
diversity order of the PSM system with joint TRAS selec-
tion is analytically provided and also verified by simulation
results.

The remainder of this paper is organized as follows.
In Section II, the PSM system model with joint optimal
TRAS selection is presented. In Section III, the decoupled
TRAS selection algorithms for the ZF-PSM MIMO systems
are considered together with the computational complexity
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FIGURE 1. Block diagram of a PSM-MIMO TDD system with joint TRAS selection.

analysis. Section IV includes the diversity order analysis for
the ZF-PSM MIMO systems with decoupled optimal TRAS
selection. Simulation results are presented in Section V.
Finally, some conclusions are drawn in Section VI.
Notation: Throughout this paper, boldface lower and upper

case letters represent vectors and matrices, respectively. (·)∗

and (·)H denote the complex conjugate and the Hermitian
transpose, respectively. tr(·) and (·)−1 stand for the trace
operation and inverse operation, respectively. E [·], ‖ · ‖,
and ‖ · ‖F denote the expectation, the Euclidean norm, and
the Frobenius norm, respectively. I and Q(·) are the identity
matrix and the Q function, respectively.

II. PSM SYSTEM WITH JOINT TRAS SELECTION
Consider a PSM-MIMO time division duplex (TDD) sys-
tem with NT transmit antennas and NR receive antennas as
shown in Fig. 1. The transmitter and receiver, respectively, are
equipped with NS ( ≤ NT ) RF transmission units and one RF
receiving unit. It is assumed to have a block fading structure
where each channel is static for a coherence period of channel
uses. The full channel matrix is given asH ∈ CNR×NT , whose
elements are independent and identically distributed (i.i.d.)
circularly symmetric complex Gaussian random variables
with zero mean and unit variance. The perfect channel side
information (CSI) of H is assumed to be available at the
transmitter and receiver.

In TDD mode, channel reciprocity between uplink
and downlink channels can be exploited to estimate the
CSI [33], [34]. The pilot symbols could be transmitted
from each receive antenna through an uplink channel in a
round-robin fashion among all the available receive antennas.
The instantaneous CSI acquired at the transmitter can be
utilized for precoding and joint TRAS selection. The indices
of the selected RAS can be transmitted through a downlink
channel or the RAS selection can be performed by exploiting
the CSI estimated at the receiver side.

In this work, NS antennas out of NT transmit antennas
and ND( ≤ NR) antennas out of NR receive antennas are
selected. To design the PSM system, it is required that NS ≥
ND. The spatial modulated super-symbol vector is presented
by x ∈ CND×1, which can be expressed as x = smer

where a symbol sm with E [ sm s∗m] = 1 is selected from the
M -ary quadrature amplitude modulation (QAM) or phase-
shift keying (PSK) constellation set and er is the r-th column
of theND-dimensional unit matrix. Since bothm and r convey
information, the data rate is given as L = log2(MND) bit
per channel use. The super-symbol x is first precoded before
transmission. Then the transmit signal vector u ∈ CNS×1

is given by u = P x where P ∈ CNS×ND is a precoding
matrix. The ZF and minimum mean square error precoding
methods are commonly used in PSM. To be consistent with
the previous works for the PSM systems [7], [8], [10], [11]
and [18], we utilize the ZF precoding scheme in this paper.
Then the ZF precoding matrix is given as

PZF = βUHH
U (HUHH

U )
−1 (1)

whereHU ∈ CND×NS denotes the channel matrix obtained by
joint TRAS selection and βU is a power normalization factor
used to ensure E

[
‖u ‖2

]
= 1.

The received block signal at the receiver is described as

y = HU PZF x+ n = βU x+ n (2)

where the power normalization factor related with the
selected TAS and RAS is

βU =

√
ND

tr
[
(HUHH

U )
−1
] (3)

and n ∈ CND×1 is an i.i.d. additive white Gaussian noise
vector whose elements are the zero-mean circular complex
white Gaussian noise component of a variance of σ 2

n . Then
the optimal joint TRAS selection algorithm (named as opt-
TRAS) for the ZF-based PSM system can be expressed by

U∗ = arg max
U∈ {Uk ,k=1,2,··· ,C (NT ,NS )×C (NR,ND) }

βU (4)

where Uk is the k-th enumeration of the set of all available
C(NT ,NS ) × C(NR,ND) antenna subsets. Here C(NT ,NS )
and C(NR,ND), respectively, are the total number of combi-
nations of selectingNS antennas amongNT transmit antennas
and ND antennas among NR receive antennas. From the def-
inition of the optimal βU , the equation (4) can be rewritten
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as

U∗= arg min
U∈ {Uk ,k=1,2,··· ,C (NT ,NS )×C (NR,ND) }

tr
[
(HUHH

U )
−1
]
(5)

Note that the simulation results of the opt-TRAS in the
Section V are obtained using (5).

In the receiver for ZF-based PSM, the optimal maximum
likelihood (ML) detector is given by

x̂ = arg min
x
‖ y− βU∗ x‖2 (6)

It is pointed out that the computational complexity of (5) to
find an optimal TRAS is very high owing to an exhaustive
search when the numbers of transmit antennas and receive
antennas are large. To evaluate its computational complex-
ity, we take account of the number of real multiplications
(RMs) and the number of real summations (RSs) [18]–[21],
[35]. The complexity of the exhaustive search-based optimal
TRAS selection algorithm in terms of RMs and RSs, respec-
tively, can be analyzed as

NRM
opt−TRAS = C(NR,ND)C(NT ,NS )

×(2NSN 2
D + 2NSND + 2N 3

D + 6N 2
D) (7)

NRS
opt−TRAS = C(NR,ND)C(NT ,NS )

×(2NSN 2
D + 2NSND + 2N 3

D + N
2
D + ND)

(8)

III. DECOUPLED TAS AND RAS SELECTION ALGORITHMS
FOR ZF-PSM MIMO SYSTEMS
The optimal joint TRAS selection method for the ZF-PSM
systems requires tremendous computational complexity.
In this regard, a low-complexity TRAS selection algorithm
needs to be developed. To reduce the overall complexity of the
optimal joint TRAS selection scheme, the proposed subopti-
mal TRAS selection algorithm is based on decoupling RAS
selection and TAS selection and thus consists of two consecu-
tive antenna subsets selection steps. The proposed decoupled
TRAS selection scheme is called aD-TRAS algorithm.As the
first step, an RAS is selected. Then, TAS selection is carried
out using the pre-selected RAS.

A. RAS SELECTION
Given NT transmit antennas, the RAS selection problem
to choose ND antennas out of NR receive antennas for the
ZF-PSM systems can be expressed as

R∗ = arg max
R∈ {Rr ,r=1,2,··· ,C (NR,ND) }

√
ND

tr
[
(HRHH

R )
−1
]

= arg min
R∈ {Rr ,r=1,2,··· ,C (NR,ND) }

tr
[
(HRHH

R )
−1
]

(9)

where HR ∈ CND×NT is the channel matrix obtained by RAS
selection. High computational complexity is required for this

TABLE 1. Suboptimal incremental RAS selection algorithm (D-inc-RAS).

exhaustive search-based RAS selection algorithm (called as
D-opt-RAS). It is given as

NRM
D−opt−RAS =C(NR,ND)(2NTN

2
D+2NTND+2N

3
D+6N

2
D)

(10)

NRS
D−opt−RAS = C(NR,ND)

×(2NTN 2
D+2NTND+2N

3
D + N

2
D + ND)

(11)

For RAS selection with substantially reduced complex-
ity, an incremental antenna selection strategy is introduced.
An RAS is constructed by adding receive antennas one by
one in the incremental manner. Assuming that ( i−1) receive
antennas are selected, the i-th receive antenna is selected
according to the following criterion.

v(i) = arg min
j∈ { 1,2,··· ,NR−i+1 }

tr
[
( � �H )−1

]
(12)

where � =
[
HR(1 : (i− 1), :);HQ(j, :)

]
∈ C i×NT . HR(1 :

(i − 1), :) corresponds to the channel submatrix selected
during (i−1) iterations andHQ is the channelmatrix remained
after removing the row vectors associated with the receive
antennas selected up to the (i− 1)-th iteration. Thus, HQ(j, :)
is the j-th row vector ofHQ formed after (i−1) iterations. The
proposed suboptimal incremental RAS selection algorithm is
summarized in Table 1 and called as D-inc-RAS. Here the
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first row vector is determined by maximizing the Euclidean
norm as

v(1) = arg max
r∈ { 1,2,··· ,NR}

∥∥hr∥∥2 (13)

where hr denotes the r-th row vector of the full channel
matrix H. In addition, (12) can be re-expressed as

v(i) = arg min
j∈ { 1,2,··· ,NR−i+1 }

Tr

([
5i−1 ξ ij
ξHij µij

]−1)
(14)

where

5i−1 = HR( 1 : (i− 1), :)HH
R ( 1 : (i− 1), :) (15)

ξ ij = HR( 1 : (i− 1), :)HH
Q (j, :) (16)

µij = HQ(j, :)HH
Q (j, :) (17)

The computational complexity of the D-inc-RAS selection
algorithm in Table 1 is given by

NRM
D−inc−RAS = 4NTNR + 4NT

+

ND∑
i=2

(NR − i+ 1) (4NT i+ 2i3 + 6i2)

(18)

NRS
D−inc−RAS = 4NTNR − 2NR + 4NT − 2

+

ND∑
i=2

(NR − i+ 1)

×

(
(4NT − 2)i+ 2i3 + 2i2 + 2i

)
(19)

B. TAS SELECTION
After RAS selection, TAS selection can be performed in a
way presented in [18]. Then, an upper bound on the average
BER (ABER) for the PSM systems for a givenHS ∈ CND×NS ,
which is defined as the channel submatrix selected by the
D-TRAS selection algorithm, is given as

ABER ≤
1
2L

2L∑
p=1

2L∑
q=1

N ( xp→ xq)
L

EHS

{
PEPS ( xp→ xq)

}
(20)

where L is the total number of bits conveyed in each trans-
mission, N ( xp → xq) is the number of bits in error between
xp and xq, and PEPS ( xp → xq) denotes the PEP when xp is
transmitted but xq is detected. From [18], the PEP for a given
βS is written as

PEPS ( xp→ xq) = Pr
{
‖ y− βS xi ‖2 >

∥∥ y− βS xj∥∥2}
= Q

(√ (
β2S

/
2σ 2

n

) ∥∥ xp − xq
∥∥2) (21)

where β2S = ND/tr
[
(HSHH

S )
−1
]
.

Then, minimizing the PEP of (21) is equivalent to max-
imizing the received signal-to-noise (rSNR) of rSNR(S) =
β2S/σ

2
n . Thus TAS selection after obtaining HR ∈ CND×NT

by the RAS selection algorithm can be given as the following
optimization.

S∗ = arg max
S∈ { Sk ,k=1,2,··· ,C (NT ,NS ) }

rSNR (S)

= arg max
S∈ { Sk ,k=1,2,··· ,C (NT ,NS ) }

ND
σ 2
n tr

[
(HSHH

S )
−1
] (22)

where Sk is the k-th enumeration of the set of all the available
C(NT ,NS ) TASs. By letting S be a TAS in the ZF-PSM
systems, where S ⊂ S ′ = { 1, 2, · · · ,NT }, it is shown in [18]
and [37] that the optimal TAS that maximizes the rSNR(S)
corresponds to the TAS that minimizes the rSNR loss, which
is defined in decibel as

rSNRdB(S̄) = 10 log10

(
1+

tr(8S̄ )
tr [4S ′ ]

)
(23)

where

S̄ = S ′ − S (24)

8S̄ = 4S ′HS̄ ( I−HH
S̄ 4S ′HS̄ )

−1HH
S̄ 4S ′ (25)

4S ′ = (HRHH
R )
−1 (26)

If tr [4S ′ ] and ND/σ 2
n are fixed, the TAS selection problem

for the ZF-PSM systems can be expressed as [18]

Sopt = arg min
S∈ { Sk ,k=1,2,··· ,C (NT ,NS ) }

tr
(
8S̄

)
(27)

The TAS selection algorithm of (27) is called as D-opt-
TAS. Its complexity is analyzed as

NRM
D−opt−TAS

= 2NTN 2
D + 2NTND + 4N 3

D + 8N 2
D

+C(NT ,NS )×
(
2(NT − NS )3 + (6ND + 6)(NT − NS )2

+(6N 2
D + 4ND)(NT − NS )

)
(28)

NRS
D−opt−TAS

= 2NTN 2
D + 2NTND + 4N 3

D + 2N 2
D − 2ND

+C(NT ,NS )×
(
2(NT − NS )3 + (6ND + 1)(NT − NS )2

+6N 2
D(NT − NS )+ ND − N

2
D

)
(29)

Because of huge complexity of the optimal TAS selection
algorithm of (27), a decremental TAS selection algorithm
considered in [18] is employed. It starts with the whole set of
NT transmit antennas using an ND × NT channel matrix HR
and successively removes (NT−NS ) transmit antennas during
(NT − NS ) iterations. At each iteration, one transmit antenna
with the largest rSNR loss is removed. Then the decremental
TAS selection algorithm is given in Table 2 and named as
D-dec-TAS. For further complexity reduction, we adopt the
incremental TAS selection algorithm given in Table 3, which
is also introduced in [19], and called as D-inc-TAS. From
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TABLE 2. Decremental TAS selection algorithm (D-dec-TAS) [18].

Table 2 and 3, their computational complexity in terms of
RMs and RSs, respectively, can be evaluated as

NRM
D−dec−TAS

= 2NTN 2
D + 2NTND + 2N 3

D + 6N 2
D

+

NT−NS∑
i=1

[
2N 3

D + 2N 2
D + (NT − i+ 1)(8N 2

D + 8ND)
]
(30)

NRS
D−dec−TAS

= 2NTN 2
D + 2NTND + 3N 3

D + 2N 2
D − ND

+

NT−NS∑
i=1

[
(NT− i+1)(8N 2

D+ 4ND − 4)+N 3
D+2N

2
D−ND

]
(31)

NRM
D−inc−TAS

=

NS∑
n=1

(NT + 1− n)(6N 2
D + 6ND + 1) (32)

NRS
D−inc−TAS

=

NS∑
n=1

(NT + 1− n)(5N 2
D + 5ND − 1) (33)

Thus the overall complexities of the proposed optimal and
two suboptimal D-TRAS selection algorithms, respectively,
can be obtained as

NRM
D−opt−TRAS = NRM

D−opt−RAS + N
RM
D−opt−TAS (34)

TABLE 3. Incremental TAS selection algorithm (D-inc-TAS) [19].

NRS
D−opt−TRAS = NRS

D−opt−RAS + N
RS
D−opt−TAS (35)

NRM
subopt−TRAS−A = NRM

D−inc−RAS + N
RM
D−dec−TAS (36)

NRS
subopt−TARS−A = NRS

D−inc−RAS + N
RS
D−dec−TAS (37)

NRM
subopt−TRAS−B = NRM

D−inc−RAS + N
RM
D−inc−TAS (38)

NRS
subopt−TARS−B = NRS

D−inc−RAS + N
RS
D−inc−TAS (39)

Here the first suboptimal D-TRAS selection algorithm (called
subopt-TRAS-A) uses D-inc-RAS and D-dec-TAS while
the second suboptimal D-TRAS selection approach (named
subopt-TRAS-B) employs D-inc-RAS and D-inc-TAS. Fur-
ther, it should be pointed out that the D-opt-TRAS selec-
tion algorithm performs D-opt-RAS selection and then
D-opt-TAS selection.
Table 4 shows that the two decoupled suboptimal TRAS

selection algorithms can effectively reduce the complexity
compared to the optimal TRAS and D-opt-TRAS selection
algorithms. Particularly, for the large dimension of multi-
ple antennas, the complexity of the two D-subopt-TRAS
selection algorithms is tremendously lower than the opti-
mal TRAS and D-opt-TRAS selection algorithms and the
D-subopt-TRAS-B can achieve lower complexity than the
D-subopt-TRAS-A.
Figs. 2(a), 3(a), and 4(a) compare the overall complexity

(which is computed as a summation of RMs and RSs) of
two the proposed D-subopt-TRAS selection algorithms with
those of the optimal TRAS and D-opt-TRAS selection algo-
rithms as a function of NT for different combinations of NS ,
NR, and ND. It is found that the proposed D-subopt-TRAS-A
and D-subopt-TRAS-B selection algorithm can achieve sig-
nificantly less complexity than the optimal TRAS and
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TABLE 4. Computational complexity of RM and RS in different simulation
scenarios.

D-opt-TRAS selection algorithms. Meanwhile, the complex-
ity of the D-opt-TRAS selection algorithm is higher than that
of the optimal TRAS one for large NT . The reason is because
opt-RAS selection and opt-TAS selection in the D-opt-TRAS
selection algorithm require huge complexity for large NT .
Figs. 2(b), 3(b), and 4(b) compare the overall complexity

FIGURE 2. (a). Complexity comparison of suboptimal D-TRAS and optimal
selection algorithms for NS = 4, NR = 4, and ND = 2. (b). Complexity
comparison of suboptimal RAS and TAS selection algorithms for NS = 4,
NR = 4, and ND = 2.

(which is RMs plus RSs) of the D-inc-RAS, D-dec-TAS,
and D-inc-TAS selection algorithms used in the proposed
D-subopt-TRAS-A and D-subopt-TRAS-B selection algo-
rithms. It is seen that the complexity of the D-dec-TAS is
higher than that of the D-inc-TAS for large NT and thus is
a dominant factor in that of the proposed D-subopt-TRAS-A.

IV. DIVERSITY ORDER FOR ZF-PSM MIMO SYSTEMS
WITH D-OPT-TRAS SELECTION
It is well-known in [36] that when there exist NT transmit
antennas and NR receive antennas, the transmit diversity
order of the ZF-PSM MIMO systems without TAS and RAS
selection is given as NT − NR + 1. Recently, it is shown
in [22] that the ZF-PSM system selectingND receive antennas
among NR receive antennas, but without TAS selection can
achieve diversity order of (NT − ND + 1)(NR − ND + 1).
Now, the achievable diversity order of the ZF-PSM system
performing the D-opt-TRAS selection algorithm proposed in
Section III is obtained by combining the analysis approaches
presented in [18] and [22].
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FIGURE 3. (a). Complexity comparison of suboptimal D-TRAS and optimal
selection algorithms for NS = 8, NR = 6, and ND = 4. (b). Complexity
comparison of suboptimal RAS and TAS selection algorithms for NS = 8,
NR = 6, and ND = 4.

It is assumed that RAS selection is performed. After RAS
selection, TAS selection is consecutively carried out under the
determined RAS. Using Lemmas presented in [37], β2S can be
represented as

β2S =
ND

tr [4S ′ ]+ tr(8S̄ )
(40)

Since tr(8S̄ ) is positive [37], we have

β2S = LSβ2S ′ (41)

where LS is the ratio of the rSNR between S and S ′ defined
as

LS =
rSNR(S)
rSNR(S ′)

=
tr [4S ′ ]

tr [4S ′ ]+ tr(8S̄ )
(42)

Then the PEP of (21) can be rewritten as

PEPS ( xp→ xq) = Q

√ LSβ2S ′
2σ 2

n

∥∥ xp − xq
∥∥2 (43)

FIGURE 4. (a). Complexity comparison of suboptimal D-TRAS and optimal
selection algorithms for NS = 8, NR = 16, and ND = 4. (b). Complexity
comparison of suboptimal RAS and TAS selection algorithms for NS = 8,
NR = 16, and ND = 4.

Assuming that the optimal RAS for a given channel real-
ization H is denoted by RkO , the PEP of (43) satisfies

PEPS ′ (xp(kO)→ xq(kO)) ≤ PEPS (xp(kO)→ xq(kO)) (44)

where xp and xq are any two distinct transmit signal vectors
indexed by p and q in the optimal code bookVkO and the lower
bound of the PEP is defined as

PEPS ′ (xp(kO)→ xq(kO))

= Q


√√√√ ∥∥βS ′ (xp(kO)− xq(kO))

∥∥2
F

2σ 2
n

 (45)

It is shown in [18] that the rSNR loss LS is an array gain
which can be served as a constant for a specific simula-
tion setup. If NS is not relatively small, especially for the
ZF-PSM system with large NT , the value of LS generated by
deleting only one antenna at each iteration might be small.
Thus, PEPS ′ (xp(kO) → xq(kO)) can be employed as an
approximated tight bound of PEPS ( xp(kO) → xq(kO)) to
derive the diversity order in this work. Then by using the
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diversity analysis method used in [22], the ZF-PSM system
based on D-TRAS selection can achieve diversity order of
(NT − ND + 1)(NR − ND + 1). It is noted that the product
gain of (NT − ND + 1) is supported by ZF precoding and
another of (NR−ND+1) is achieved by RAS selection. There-
fore, although both RAS selection and TAS selection are
performed in the decoupled manner, the achievable diversity
order of the ZF-PSM systemwith TRAS selection is the same
as that of the ZF-PSM system with only RAS selection, but
no TAS selection. The only difference is that TAS selection
experiences the array gain loss of (42) while preserving the
slope of BER.

V. SIMULATION RESULTS
This section shows through Monte Carlo simulations how
the BER performance of the ZF-PSM systems varies owing
to TRAS selection over Raleigh flat-fading channels. For
the performance comparison, the ZF-based PSM systems
with subopt-TRAS-A selection, which is represented as
D-subopt-TRAS in this section, are compared to those with
opt-TRAS of (5) and D-opt-TRAS, which can be evaluated
as benchmarks. The SNR is defined by the symbol energy
to the noise power spectral density ratio, i.e., η = 1/σ 2

n .
The QPSK modulation is assumed. The performance gain
obtained by TRAS selection is compared with those of only
RAS selection of [22] as well as only TAS selection of [18]
and [19].

In the plots, ((NT ,NS ), (NR,ND)) represents using NT
transmit antennas, NS selected transmit antennas, NR receive
antennas, and ND selected receive antennas as the system
parameters for TRAS selection. (NS , (NR,ND)) also repre-
sents using NS transmit antennas without TAS selection,
NR receive antennas, and ND selected receive antennas as
the system parameters for only RAS selection. In addi-
tion, ((NT ,NS ),NR) denotes using NT transmit antennas, NS
selected transmit antennas, and NR receive antennas with no
RAS selection. Note that ((NT ,NS ),NR) corresponds to the
case with only TAS selection described in [18] and [19].
On the other hand, (NS ,ND) symbolizes neither TAS selec-
tion or RAS selection (named no-TRAS). It has been shown
in [18] that the numerical results of no-TAS selection for
(NS ,ND) are equivalent to those of random TAS selection for
((NT ,NS ),NR) and thus the random TAS selection scheme
has no selection diversity. It should be pointed out that even
if the simulation results of decoupled random RAS selec-
tion and random TAS selection for joint TRAS selection of
((NT ,NS ), (NR,ND)) are not given in this work, it may be
anticipated that they would be exactly matched with those
of no-TRAS selection for (NS ,ND). Furthermore, the BER
reference curves are added into the same plots as a form of
c/SNRG with solid lines, where c is an appropriately selected
positive constant and G denotes a diversity order, which
determines a slope of BER curve.

Fig. 5 shows the BER performance of the ZF-PSM system
for NS = 2 and ND = 2 with opt-TRAS selection. For
performance comparison, the BER results of the ZF-PSM

FIGURE 5. BER of optimal TRAS selection algorithm for ZF-PSM system
with NS = 2 and ND = 2.

system with only optimal RAS selection [22] (called opt-
RAS) and only optimal TAS selection [18] (called opt-TAS)
are also included. Note that opt-RAS and opt-TAS, respec-
tively, do not perform TAS selection and RAS selection. The
former provides receive diversity and the latter does transmit
diversity whereas the opt-TRAS selection approach can offer
both receive and transmit diversity. It is thus shown that the
opt-TRAS selection scheme for the ((3, 2), (3, 2)) MIMO
system with the diversity order of G = 4 outperforms the
opt-RAS selection method for the (2, (4, 2)) MIMO system
and the opt-TAS for the ((4, 2), 2) case, both of which present
the same BER results with the diversity gain of G = 3. The
((4, 2), (3, 2)) MIMO system can achieve much better perfor-
mance than the ((3, 2), (3, 2)) MIMO system because it has
the diversity order of 6. Meanwhile, the (4, (3, 2)) ZF-PSM
MIMO system with 4 active transmit antennas and opt-RAS
selection can achieve the diversity order of 6. To plot the BER
reference curves, the constants selected forG = 1, 3, 4, and 6,
are c = 0.9, 1.57, 32, and 49, respectively. The ((4, 3), (3, 2))
MIMO system with 3 active transmit antennas experiences
the performance loss of about 0.6 dB while keeping the same
diversity gain as the (4, (3, 2)) MIMO system. Obviously,
the optimal RAS selection scheme offers the best perfor-
mance owing to utilizing more RF chains. It should also be
pointed out that TAS selection aims at reducing the number of
RF chains and saves the power consumption at the transmitter.
Although the diversity order has been derived for the D-opt-
TRAS scheme, it is well-matched with the simulation results
of the opt-TRAS. In addition, the ((4, 2), (3, 2)) MIMO sys-
temwith 2 active transmit antennas has the received SNR loss
of about 2.1 dB compared to the ((4, 3), (3, 2)) case. It is also
found that they are well-matched with the analytical results
in Fig. 10 plotted for the rSNRdB(S̄) of (23), which indicates
the received SNR loss for the ZF-PSM system employing
TAS selection. Thus, decreasing the number of active transmit
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FIGURE 6. BER of optimal TRAS selection algorithm for ZF-PSM system
with NS = 4 and ND = 4.

antennas for the ZF-PSM MIMO system with TRAS selec-
tion always degrades the BER performance.

In Fig. 6, the BER performances of the ZF-PSM system for
NS = 4 and ND = 4 with opt-TRAS selection are presented.
It is observed that the ((6, 4), (6, 4)) MIMO system with
opt-TRAS selection gives sufficiently higher performance
than the (4, (8, 4)) MIMO system with opt-RAS selection
and the ((8, 4), 4) case with opt-TAS selection. The former
achieves the diversity order of G = 9 whereas the latter gives
G = 5. It is also shown that the (8, (6, 4)) MIMO system
with G = 15 can achieve significantly better performance
than the (8, 4) MIMO system with G = 5. The former can
provide both transmit and receive diversity whereas the latter
has only transmit diversity owing to ZF precoding. However,
both the MIMO schemes require 8 RF transmission units at
the transmitter. TAS selection can be employed to reduce
the number of RF units at the transmitter side. Thus the
((8, 6), (6, 4)) MIMO system with 6 active transmit antennas
and 4 active receive antennas is capable of performing TAS
and RAS selection. It has the diversity order of G = 15,
which is the same as the (8, (6, 4)) case. But the array gain
of the ((8, 6), (6, 4)) MIMO system is about 1 dB less than
the (8, (6, 4)) case and about 0.5 dB higher than the (6, (8, 4))
case. It is evident that the ZF-PSM system with TRAS selec-
tion results in better BER performance although the same
number of RF chains is employed. The ((8, 4), (6, 4)) MIMO
system has the received SNR loss of about 3 dB compared
with the (8, (6, 4)) case. They are well-matched with those of
Fig. 10. Note that the constants employed for G = 1, 5, 9,
and 15, are c = 1.15, 1.45(31), 6 × 104, and 1.05 × 107,
respectively.

Figs. 7 and 8 give the BER performance comparison
between the optimal TRAS and decoupled TRAS selec-
tion algorithms for the ZF-PSM MIMO systems. It is seen
that the BER performance degradation of the D-opt-TRAS

FIGURE 7. BER of optimal and decoupled TRAS selection algorithms for
ZF-PSM system with NS = 2 and ND = 2.

FIGURE 8. BER of optimal and decoupled TRAS selection algorithms for
ZF-PSM system with NS = 4 and ND = 4.

selection scheme appears to be relatively small compared
to the opt-TRAS. The proposed D-subopt-TRAS selection
algorithm of subopt-TRAS-A with low-complexity shows
slightly worse BER performance than the D-opt-TRAS. The
((4, 2), (3, 2)) and ((8, 4), (6, 4)) MIMO systems, respec-
tively, outperform the ((3, 2), (3, 2)) and ((6, 4), (6, 4)) cases
with identical TRAS selection because of having more trans-
mit diversity gains. On the other hand, the ((4, 3), (3, 2))
and ((8, 6), (6, 4)) MIMO systems, respectively, have larger
transmit antenna array gains compared to the ((4, 2), (3, 2))
and ((8, 4), (6, 4)) cases. However, note that the former two
systems require 3 and 6 RF units at the transmitter whereas
the latter two cases need 2 and 4 RF chains. For an additional
comparison purpose, a simple decoupled norm-based TRAS
(D-NB-TRAS) algorithm is simulated as a reference. It per-
forms norm-based RAS selection and TAS selection in a
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FIGURE 9. BER of optimal and decoupled TRAS selection algorithms for
ZF-PSM system with the same diversity.

decoupling manner. The first RAS selection step selects ND
antennas out of NR receive antennas that correspond to the
ND rows, which have the largest Frobenius norm among
NR rows of the full channel matrix H. That is, the channel
marix HR ∈ CND×NT is obtained by RAS selection. Then
the second TAS selection based on the norm values [18], [38]
is conducted to get the channel matrixHS ∈ CND×NS . It picks
NS antennas from NT transmit antennas that is relevant to the
NS columns, which carry the largest norm out of NT columns
of the channel matrixHR. Its simulation results are presented
in Fig. 7. It is observed that the proposed D-subopt-TRAS
outperforms the D-NB-TRAS. Note that the constants used
for G = 4, 6, 9, and 15, are c = 32, 49 (1150), 1.46 × 105,
and 1.2× 107(5.3× 1010), respectively.
In Fig. 9, the BER performances of the ((4, 2), (3, 2)) and

((8, 4), (6, 4)) MIMO systems using three TRAS selection
algorithms are compared with those of the ((3, 2), (4, 2)) and
((6, 4), (8, 4)) system, respectively. Both the ((4, 2), (3, 2))
and ((3, 2), (4, 2)) systems have the same diversity order of 6.
It is shown that the opt-TRAS and D-opt-TRAS selection
algorithms, respectively, can achieve the similar performance
for two systems. On the other hand, when the subopt-TRAS-
A selection algorithm is used, the ((3, 2), (4, 2)) system
shows slightly worse performance than the ((4, 2), (3, 2))
system. The reason is because suboptimal RAS selection
followed by suboptimal TAS selection in the D-subopt-TRAS
selection scheme is carried out from different numbers of
the available receive and transmit antennas. Furthermore,
the similar observations can be seen in the ((8, 4), (6, 4)) and
((6, 4), (8, 4)) systems.

Fig. 10 represents the analytical received SNR loss,
rSNRdB(S̄), as a function of the number of selected trans-
mit antennas for four different MIMO setup scenarios. It is
shown that the value of rSNRdB(S̄) increases as the num-
ber of selected transmit antennas decreases. Note that the
diversity order of (NT − ND + 1)(NR − ND + 1), which is

FIGURE 10. Received SNR loss for ZF-PSM system.

not a function of NS , keeps the same even for the different
numbers of selected transmit antennas. It is also found that
the difference of the received SNR losses between opt-TRAS
and D-TRAS gets slowly bigger as the number of selected
transmit antennas decreases. This phenomenon can be sim-
ilarly observed in the simulation results of Figs. 7, 8, and 9.
By applying the analytical results to the massiveMIMO cases
with TRAS selection, the received SNR loss by TAS selection
can be obtained even without the BER simulations requiring
an excessive processing time.

VI. CONCLUSION
This paper presents a computational efficient joint transmit
and receive antenna subsets (TRASs) selection scheme for
the ZF-PSM MIMO systems. The proposed efficient TRAS
selection approach is based on decoupling of transmit antenna
subset (TAS) and receive antenna subset (RAS) selection.
Thus two separate efficient TAS and RAS selections can be
performed in sequence, where an incremental RAS selection
algorithm is applied before conducting an independent incre-
mental (or decremental) TAS selection algorithm. The com-
putational complexity of the proposed decoupled efficient
TRAS selection algorithm is significantly lower than that of
the optimal exhaustive search. Moreover, it is shown that the
ZF-PSM system with decoupled TRAS selection can achieve
the diversity order of (NT − ND + 1)(NR − ND + 1) where
NT , NR, and ND denote the numbers of transmit antennas,
receive antennas, and selected receive antennas, respectively.
It is observed that the proposed decoupled efficient TRAS
selection algorithm offers slightly worse BER performance
than the optimal one. In addition, the received SNR loss
experienced from TAS selection after RAS selection is ana-
lytically obtained and well-matched with simulation results.
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