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ABSTRACT This paper examines the impacts of transmit antenna subset (TAS) selection on the bit-
error-rate (BER) performance of linear precoding-aided spatial modulation (PSM) multiple-input multiple-
output (MIMO) systems. It is analytically shown that decreasing the number of active transmit antennas
by TAS selection, which can be used to reduce the number of RF units at the transmitter side, always
degrades the BER performance. The expression of a received signal-to-noise ratio (SNR) loss is also
derived and its analytical results are shown to be well-matched with simulation results. Furthermore, it is
analyzed that when there are NT transmit antennas, NS selected transmit antennas, and NR receive antennas,
an achievable diversity order of the zero-forcing (ZF)-based PSM MIMO systems either with optimal TAS
selection or without TAS selection can be given asNT−NR+1. To select an optimal TAS based on exhaustive
search, an optimization criterion to maximize the received SNR of the selected TAS is employed. In addition,
a low-complexity TAS selection scheme is presented using a decremental strategy. It is also observed that
the decremental TAS selection algorithm can achieve almost the same BER and achievable rate performance
as the optimal one while attaining much lower complexity. Finally, simulation results show that under the
identical number of active transmit antennas, the ZF-PSM MIMO system with TAS selection outperforms
the conventional ZF-PSM without TAS selection.

INDEX TERMS Transmit antenna selection, multiple input multiple output (MIMO), precoding, zero-
forcing (ZF), spatial modulation (SM).

I. INTRODUCTION
Spatial modulation (SM) is an attractive transmission scheme
which allows multiple-input multiple-output (MIMO) com-
munication systems to be implemented with low-complexity
and low-cost [1]–[3]. In conventional SM, only one transmit
antenna from NT transmit antennas is activated for transmit-
ting a symbol during a single symbol time. Extra informa-
tion bits are conveyed by the index of the activated transmit
antenna. Thus it has been known as transmit SM, where
transmit antennas are considered to have a spatial constel-
lation dimension. Recently, precoding-aided spatial modu-
lation (PSM) [4]–[9] has been emerged as an extension of
transmit SM. In a PSM scheme, the spatial position of each
receive antenna is exploited as a source of information. It is
also referred to as receive SM. Since a single receive antenna
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is activated at each time slot, the PSM scheme allows a sim-
plified receiver design. To ensure the PSMdesign, the number
of transmit antennas NT should be equal to or larger than that
of receive antennas NR.
Antenna selection can be performed to use a limited num-

ber of expensive radio frequency (RF) chains while preserv-
ing spatial diversity gains [10]–[12]. Transmit antenna subset
(TAS) selection techniques have recently been developed to
introduce transmit diversity for the transmit SM systems and
thus improve their reliability [13]–[15]. In [13] and [14],
Euclidean distance (ED)-based TAS selection algorithms
with low-complexity were presented. In [15], the transmit
diversity order of transmit SM systems with ED-based TAS
selection has been analyzed. More recently, receive antenna
subset (RAS) selection [16], [17] has been investigated to
enable the PSM in the over-determined MIMO systems
(NT < NR). In [16], exhaustive search-based optimal algo-
rithm and greedy incremental version are proposed to select
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an RAS for the PSM MIMO system. In [17], two efficient
RAS selection approaches have been presented for the PSM
system.

However, to the best of the author’ knowledge, there are
rarely prior researches on the impacts of TAS selection on the
under-determined PSM-MIMO systems (NT > NR), where
transmit diversity is always available. It seems that TAS
selection for the PSM-MIMO systems has not yet been dis-
cussed. In [18] and [19], the use of all transmit antennas in
precoded single-user MIMO systems does not always lead
to the maximum throughput due to ill-conditioned channel
matrices. Higher throughput can be obtained by removing
these transmit antennas. On the other hand, it is shown in
[20] that decreasing the number of active transmit antennas by
TAS selection in linearly precoded multiuser MIMO systems
always degrades the performance. This background is a moti-
vation to examine whether similar results can be obtained in
the under-determined PSM-MIMO systems. For a given num-
ber of transmit antennas NT in practical under-determined
PSM-MIMO systems, TAS selection can be performed to
reduce the number of RF transmission units at the transmitter
side.

In this paper, we analyze the bit error rate (BER) perfor-
mance of TAS selection for zero-forcing (ZF)-based PSM
MIMO systems with a limited number of RF transmission
units at the transmitter side. It is analytically shown that
decreasing the number of active transmit antennas always
degrades the BER performance. Thus a received signal to
noise ratio (SNR) loss is analytically derived and also shown
to be matched with simulation results. For optimal TAS selec-
tion in the ZF-PSMMIMO systems, a criterion of minimizing
their BER performance is used. It is equivalent to maximizing
the received SNR of the selected TAS. It is pointed out in
[20] that maximizing the sum throughput has been used for
optimization of TAS selection. The optimal TAS selection
based on exhaustive search requires prohibitive computa-
tional complexity when the number of transmit antennas is
large. To significantly reduce the complexity of the optimal
TAS selection algorithm, a decremental antenna selection
strategy [21], [22] is employed. It is seen that the complexity-
reduced decremental TAS selection algorithm can achieve the
BER and achievable rate performance corresponding to the
optimal schemewith much lower complexity. In addition, it is
analytically shown that although decreasing the number of
active transmit antennas for optimal TAS selection, an achiev-
able transmit diversity order is the same as that of the ZF-PSM
systemwithout TAS selection, which is given byNT−NR+1.

The remainder of this paper is organized as follows.
In Section II, the conventional PSM system model with TAS
selection is presented. In Section III, an achievable diversity
order of the ZF-PSM MIMO system with TAS selection
is analytically obtained. In Section IV, two TAS selection
methods for the ZF-PSM MIMO system are introduced. The
optimal TAS selection algorithm and complexity-reduced
decremental TAS selection scheme are derived together with
computational complexity analysis. 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. (·)T ,
(·)∗, and (·)H denote the transpose, the complex conjugate,
and the Hermitian transpose, respectively. Tr(·) and (·)−1

stand for the trace operation and inverse operation, respec-
tively. E[·] and ‖·‖ denote the expectation and the Euclidean
norm, respectively. I, |S|, and Q(·) is the identity matrix,
the size of a set S, and the Q function, respectively.

II. PSM SYSTEM WITH TAS SELECTION
Consider an under-determined MIMO system with NT trans-
mit antennas and NR (≤ NT ) receive antennas. The transmit-
ter is equipped with NS (NR ≤ NS ≤ NT ) RF transmission
units. The full channel matrix is given asH ∈ CNR×NT , which
is the quasi-static channel matrix whose elements are inde-
pendent and identically distributed (i.i.d.) circularly symmet-
ric complex Gaussian random variables with zero mean and
unit variance. In this work, NS antennas out of NT transmit
antennas are assumed to be selected. A spatial modulated
super-symbol vector is presented by x ∈ CNR×1, which can
be expressed as x = s er where a symbol s with E [ss∗] = 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 the NR-dimensional unit matrix. The
super-symbol x is first precoded before transmission. Then
the transmit signal vector is given by β PxwhereP ∈ CNS×NR

is a pre-coding matrix and β is a power normalization factor
used to ensure E

[
‖β Px ‖2

]
= 1. In [5], [6], and [7], the ZF

pre-coding scheme has been applied to PSM systems and the
pre-coding matrix is

PZF = HH
S

(
HSHH

S

)−1
(1)

where HS ∈ CNR×NS denotes the channel matrix obtained by
a transmit antenna subset (TAS) selection algorithm.

The received block signal at the receiver is described as

y = βSHSPx+ n

= βSx+ n (2)

where the power normalization factor related with the
selected TAS is

βS =

√√√√ NR

Tr
[(

HSHH
S

)−1] (3)

and n ∈ CNR×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 maximum likelihood (ML) detector for ZF-PSM
can be given by

x̂ = arg min
x
‖ y− βSx‖2 (4)

Then, the average BER (ABER) for PSM systems can be
obtained using the union bounding technique [23]. An upper

40724 VOLUME 8, 2020



S. Kim: Transmit Antenna Selection for PSM

bound on the ABER can be formulated as

ABER ≤
1
2L

2L∑
i=1

2L∑
j=1

N
(
xi→ xj

)
L

EHS

{
PEPS (xi→ xj)

}
(5)

where L is the total number of bits delivered in each transmis-
sion,N (xi→ xj) is the number of bits in error between xi and
xj, and PEPS (xi→ xj) denotes the pairwise error probability
(PEP) for a givenHS when xi is transmitted but xj is detected.
From [9], the PEP for a given HS , i.e., βS can be expressed
as

PEPS (xi→ xj) = Pr
{
‖ y− βSxi‖2 >

∥∥ y− βSxj∥∥2}
= Q

(√
rSNR (S)

∥∥ zij∥∥2) (6)

where

zij = xi − xj (7)

rSNR (S) =
β2S

2σ 2
n

(8)

Here rSNR (S) represents the received SNR for a given HS .

III. DIVERSITY ANALYSIS FOR ZF-PSM SYSTEM WITH
TAS SELECTION
It is well-known in [24] and [25] that when there are NT
transmit antennas andNR receive antennas, the diversity order
of the ZF-PSM MIMO systems with no TAS selection is
NT −NR+1. To derive the transmit diversity order of the ZF-
PSM system when using optimal TAS selection, the similar
analysis approach carried out in [15] and [26] is employed
after obtaining a tight bound of (6). Let S and S ′ be two TASs
in the ZF-PSM systems, where S ⊂ S ′ ⊆ { 1, 2, · · · ,NT }.
Using Lemmas presented in [20], β2S can be represented as

β2S =
NR

Tr
[(

HS ′HH
S ′
)−1]
+ Tr

(
9 S̄

) (9)

where

S̄ = S ′ − S (10)

9 S̄ = 4S ′HS̄

(
I−HH

S̄ 4S ′HS̄

)−1
HH
S̄ 4S ′ (11)

4S ′ =

(
HS ′HH

S ′

)−1
(12)

and Tr
(
9 S̄

)
> 0. Then, we have

β2S ≤
NR

Tr
[(

HS ′HH
S ′
)−1] = β2S ′ (13)

Further, it is shown that

β2S = LSβ2S ′ (14)

where LS is the ratio of the received SNR between two TASs
of S and S ′ defined as

LS ,
rSNR (S)
rSNR (S ′)

=
β2S

β2S ′
=

Tr
[(

HS ′HH
S ′
)−1]

Tr
[(

HS ′HH
S ′
)−1]
+ Tr

(
9 S̄

)
(15)

and under an assumption of fixed Tr
[(

HS ′HH
S ′
)−1], it is less

than 1 and a decreasing function as Tr
(
9 S̄

)
increases. It

implies that increasing Tr
(
9 S̄

)
corresponds to decreasing

rSNR (S). That is, the received SNR of S is monotonically
decreasing as the number NS (≤ NT ) of activated trans-
mit antennas in ZF-PSM MIMO systems decreases. Hence,
the expression of (15) denoted by LS can be measured as
rSNR loss, which is arising from a decrease in the number
of active transmit antennas. In practical use, the values of LS
need to be numerically estimated and thus can be obtained on
average through numerical simulations using TAS selection
algorithms described in Section IV and are plotted in Fig. 6 of
Section V, where its reciprocal is employed. Note that LS can
be regarded as a constant value for a specific simulation setup,
in which case, it does not affect the diversity order, but the
array gain. It is noticed that it is relatively small for large NT
and a quite small difference between NS and NT .
Then, the PEP of (6) can be rewritten as

PEPS (xi→ xj) = Q

√LSβ2S ′
2σ 2

n

∥∥ zij∥∥2
 (16)

By letting S ′ = {1, 2, · · · ,NT } and |S| = NT − 1 for now,
where S is a TAS selected optimally, the PEP of (16) satisfies

PEPS ′ (xi→ xj) ≤ PEPS (xi→ xj) (17)

where

PEPS ′ (xi→ xj) = Q

√ β2S ′

2σ 2
n

∥∥ zij∥∥2
 (18)

It is pointed out that the value of LS is small enough under
the scenario with large NT and NS = NT − 1. For example,
the rSNR loss for NT = 16 and NS = 15 in Fig. 6 is obtained
as about 0.0985 dB. It tells us that the difference between
PEPS ′ (xi → xj) and PEPS (xi → xj) is quite small. Thus
PEPS ′ (xi → xj) could be used as a tight lower bound of
PEPS (xi → xj). Then PEPS ′ (xi → xj) can be employed to
obtain the diversity order of the ZF-PSM systemwith optimal
TAS selection of NS = NT − 1. In Section IV, a decremental
TAS selection algorithm successively eliminates (NT − NS )
transmit antennas one by one from the whole set of NT
transmit antennas during (NT − NS ) iterations. The rSNR
loss produced by removing only one antenna at each iteration
may be small if NS is not relatively small, especially for the
ZF-PSM system with large NT . Furthermore, the diversity
order is defined as the slope of BER in log-scale in the high
SNR regime. At high SNR, the value of rSNR (S) seems to
approach that of rSNR

(
S ′
)
. Hence, PEPS ′ (xi → xj) can be
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adopted to derive the achievable diversity order of the ZF-
PSMMIMO systemwith large antenna dimension. This work
also uses the lower bound of (18) even for the MIMO system
with small dimension, although it is presented for the large
MIMO system.

By employing the Chernoff bound for Q function, Q(x) ≤
0.5 exp(−x2/2), the upper bound of (18) is given as

PEPS ′ (xi→ xj) ≤
1
2
exp

(
−

1
4σ 2

n
β2S ′

∥∥ zij∥∥2) (19)

Then, it is well-known that β2S ′ has a Gamma distribution [9]
and the diversity order is thus given byNT−NR+1 [24], [25].
Therefore, the ZF-PSM MIMO system even using optimal
TAS selection can achieve a diversity order of G = NT −
NR + 1. It is equivalent to that of the ZF-PSM system using
NT transmit antennas and NR receive antennas without TAS
selection. However, it is observed from (8) and (9) that the
loss of array gain in the ZF-PSM MIMO system using TAS
selection occurs due to the additional term of 2σ 2

n Tr
(
9 S̄

)
in

the expression of rSNR (S).

IV. TAS SELECTION ALGORITHMS FOR ZF-PSM SYSTEMS
In ZF-based PSM MIMO systems, the received SNR is used
as the design criterion for TAS selection. By adopting a recip-
rocal of (15), the received SNR expression of S̄

(
= S ′ − S

)
can be redefined in decibel as

rSNRdB
(
S̄
)
= 10 log10

(
rSNR

(
S̄
))

= 10 log10

(
rSNR

(
S ′
)

rSNR (S)

)(
= 10 log10

(
1
LS

))

= 10 log10

1+
Tr
(
9 S̄

)
Tr
[(

HS ′HH
S ′
)−1]

 (20)

As mentioned in Section III, if Tr
[(

HS ′HH
S ′
)−1] is fixed,

rSNRdB
(
S̄
)

is positive and an increasing function with
Tr
(
9 S̄

)
. Since decreasing Tr

(
9 S̄

)
increases rSNR (S), the

received SNR of S is monotonically increasing with the num-
ber of active transmit antennas in ZF-PSM MIMO systems.

In the final analysis, let Sopt1 and Sopt2 denote two TASs
of { 1, 2, · · · ,NT } such that they have the maximum received
SNR for NS =

∣∣ Sopt1∣∣ and NS = ∣∣ Sopt2∣∣, respectively. Then
we have

rSNR
(
Sopt1

)
rSNR

(
Sopt2

) > 1 if
∣∣ Sopt1∣∣ > ∣∣ Sopt2∣∣ (21)

It implies that if the number of transmit antennas activated by
TAS selection decreases, the corresponding maximum rSNR
value is reduced at the same time. Thus, rSNRdB

(
S̄
)
can

be regarded as rSNR loss in dB, which is increasing from a
reduction in the number of active transmit antennas and can
be confirmed in Fig. 6 of Section V.

TABLE 1. Exhaustive search-based optimal TAS selection algorithm.

A. EXHAUSTIVE SEARCH-BASED OPTIMAL TAS SELECTION
ALGORITHM
Minimizing the ABER of the ZF-PSM systems is equivalent
to maximizing the term rSNR (S). Furthermore, the optimal
TAS that maximizes the rSNR (S) corresponds to the TAS that
minimizes the rSNR loss, rSNR

(
S̄
)
. Hence, the TAS problem

for the ZF-PSM systems can be described as

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

rSNR (S)

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

rSNR
(
S̄
)

(22)

where Sk is the k-th enumeration of the set of all available
C (NT ,NS) TASs. Here C (NT ,NS) is the total number of
combinations of selecting NS antennas among NT trans-
mit antennas. Based on (20), the TAS selection of (22) if
Tr
[(

HS ′HH
S ′
)−1] and NR/σ 2

n are fixed can be expressed as

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

Tr
(
9 S̄

)
(23)

The exhaustive search-based optimal TAS selection algo-
rithm of (23) is summarized in Table 1, where S ′ =
{ 1, 2, · · · ,NT } and an input is given asHS ′ = H ∈ CNR×NT .
It is pointed out that the computational complexity of (23)

to find an optimal TAS is very high due to an exhaustive
search when the number of transmit antenna combinations
is large. To evaluate its computational complexity, we take
account of the number of real multiplications (RMs) and the
number of real summations (RSs) [25]. Here 4RMs and 2RSs
are required for a complex multiplication whereas 2 RSs
are used for a complex summation. From Table 1, the com-
putational complexities of the exhaustive search-based TAS
selection algorithm in terms of RMs and RSs, respectively,
can be evaluated line by line as follows
Line 1:
• RM in HS ′HH

S ′ = 2NTN 2
R + 2NTNR,
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• RS in HS ′HH
S ′ = NTN

2
R + NTNR − N

2
R − NR,

• RM in (·)−1 = 2N 3
R + 6N 2

R ,
• RS in (·)−1 = N 3

R − N
2
R

Line 4:

• RM in 1 = 4S ′HS̄k = 4N 2
R(NT − NS ),

• RS in 1 = 4S ′HS̄k = 2(N 2
R − NR)(NT − NS ),

• RM in HH
S̄k

1 = 2NR(NT − NS )2 + 2NR(NT − NS ),

• RS inHH
S̄k

1 = (NR−1)(NT−NS )2+(NR−1)(NT−NS ),

• RS in I−HH
S̄k

1 = NT − NS ,

• RM in (·)−1 = 2(NT − NS )3 + 6(NT − NS )2,
• RS in (·)−1 = (NT − NS )3 − (NT − NS )2,
• RM in 1 (I−HH

S̄k
1)−11H

= 4NR(NT − NS )2 + 2(N 2
R + NR)(NT − NS ),

• RS in 1 (I−HH
S̄k

1)−11H

= 2NR(NT − NS )2 + (N 2
R − NR)(NT − NS )− N

2
R − NR

Line 5:

• RS in Tr(·) = 2NR.

Thus the total complexities of the optimal TAS selection
algorithm in terms of RMs and RSs, respectively, are given
as

NRM
exhaustive

= 2NTN 2
R + 2NTNR + 2N 3

R + 6N 2
R

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

+

(
6N 2

R + 4NR
)
(NT − NS)

)
(24)

NRS
exhaustive

= NTN 2
R + NTNR + N

3
R − 2N 2

R − NR

+C (NT ,NS)×
(
(NT−NS)3+(3NR−2) (NT−NS)2

+

(
3N 2

R − NR
)
(NT − NS)+ NR − N 2

R

)
(25)

B. DECREMENTAL TAS SELECTION ALGORITHM
To reduce the complexity of the optimal TAS algorithm
in Table 1, a decremental antenna selection strategy is
employed exploiting (23) together with (11). It starts with
the whole set of NT transmit antennas using an NR × NT full
channel matrix HS ′ (= H ) and successively removes (NT −
NS ) transmit antennas during (NT − NS ) iterations. Because
only one transmit antenna is eliminated at each iteration,
the removed transmit antenna can be determined from

q̂ = arg min
q

∥∥∥∥HH
Sc (:, q)

(
HScH

H
Sc

)−1 ∥∥∥∥2
1−HH

Sc (:, q)
(
HScH

H
Sc

)−1
HSc (:, q)

(26)

where Sc is the TAS employed at the current iteration and
HSc (:, q) is the q-th column vector of the channel matrix
HSc associated with the current iteration. Then the decremen-
tal TAS selection algorithm of (26) can be described as in
Table 2.

TABLE 2. Decremental TAS selection algorithm.

From Table 2, the computational complexities of the decre-
mental TAS selection algorithm in terms of RMs and RSs,
respectively, can be analyzed line by line as
Line 2:
• RM in Ht HH

t = 2NTN 2
R + 2NTNR,

• RS in Ht HH
t = NTN 2

R + NTNR − N
2
R − NR,

• RM in (·)−1 = 2N 3
R + 6N 2

R ,
• RS in (·)−1 = N 3

R − N
2
R

Line 3:
• RM in 4t 4

H
t = 2N 3

R + 2N 2
R ,

• RS in 4t 4
H
t = N

3
R − NR

Line 6:
• RM in HH

t (:, q)5t Ht (:, q) = 4N 2
R + 4NR,

• RS in HH
t (:, q)5t Ht (:, q) = 2N 2

R − 2,
• RM in HH

t (:, q)4t Ht (:, q) = 4N 2
R + 4NR,

• RS in HH
t (:, q)4t Ht (:, q) = 2N 2

R − 2
Line 9:
• RS in 4t = 4t + (·) = 2N 2

R . Here, 4tHt (:, q̂) and
HH
t (:, q̂)4t Ht (:, q̂) in (·) have been already computed

in line 6.
Thus the total complexities of the decremental TAS selection
algorithm in terms of RMs and RSs, respectively, are given
as

NRM
decremental =

(
2NTN 2

R + 2NTNR + 4N 3
R + 8N 2

R

)
+

NT−NS∑
p=1

(NT−p+ 1)
(
8N 2

R+8NR
)

(27)
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TABLE 3. Computational complexity of RM and RS in different simulation
scenarios.

NRS
decremental =

(
NTN 2

R + NTNR + 2N 3
R − 2N 2

R − 2NR
)

+

NT−NS∑
p=1

(
(NT−p+ 1)

(
4N 2

R − 4
)
+2N 2

R

)
(28)

Table 3 shows that the decremental TAS selection algo-
rithm can effectively reduce the complexity compared to
exhaustive search-based optimal TAS selection algorithm
under various simulation scenarios, which are used in
Section V. Especially, for the large dimension of multiple
antennas, the complexity of the decremental TAS selection
algorithm is tremendously lower than the exhaustive search-
based optimal TAS selection algorithm. Nevertheless, note
that the complexity of the proposed decremental algorithm is
slightly larger than the optimal one for (4, 3, 2) and (6, 5, 4)
scenarios, which has a relatively low dimension of multiple
antennas together with NT − NS = 1.

V. SIMULATION RESULTS
This section shows through Monte Carlo simulations how
the BER performance of the ZF-PSM systems varies due
to TAS selection over Raleigh flat-fading channels. For the
performance comparison, the ZF-based PSM system with
optimal TAS selection (named opt-TAS) is compared with
the ZF-PSM system with decremental TAS selection (named
dec-TAS) and ZF-PSM systemwith no TAS selection (named
no TAS). 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. In the plots, (NT ,NS ,NR) represents

FIGURE 1. BER of optimal and decremental TAS selection algorithms for
ZF-PSM system with NT = 4 and NR = 2.

using NT transmit antennas, NS selected transmit antennas,
and NR receive antennas as system parameters. On the other
hand, (NT ,NR) symbolizes no TAS selection. 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. 1 gives the BER performance of the ZF-PSM systems
for NT = 4 and NR = 2 with optimal and decremental TAS
selection. It is obvious that the ZF-PSM system with NT = 4
and NR = 2 outperforms the case with NT = 2 and NR = 2.
The former can achieve the diversity order of 3while the latter
has no diversity. It is pointed out that the simulation results of
no TAS selection for (NT ,NR) = (2, 2) and (NT ,NR) = (3, 2)
are exactly matched with those of random TAS selection
for (NT ,NS ,NR) = (4, 2, 2) and (NT ,NS ,NR) = (4, 3, 2),
respectively. The random TAS selection scheme has no selec-
tion diversity, but if NS > NR, the transmit diversity is
always available and then the diversity gain is given by G =
NS − NR + 1, which corresponds to that of no TAS selection
when NT > NR. Thus the diversity gain of random TAS
selection is smaller than that of optimal and decremental TAS
selection if NT > NS . Meanwhile, Fig. 2 shows the BER
results for the case of NT = 6 and NR = 2. The diversity
order of the ZF-PSM system with NT = 6 and NR = 2
is found to be 5 for no TAS selection. By comparing the
BER results of (NT ,NR) = (4, 2) with those of (NT ,NR) =
(6, 2), the latter outperforms the former due to the increased
diversity gain. It is also seen that as the number of active
transmit antennas decreases in opt-TAS or dec-TAS, the BER
performance gets worse while still keeping the diversity order
of NT −NR+ 1. That is, the BER curves are shifted from left
to right, which happen by increasing 2σ 2

n Tr
(
9 S̄

)
in denomi-

nator of rSNR (S) expression (9) together with (8). In Fig. 1,
the performance losses are about 0.6 dB forNS = 3 and about
2 dB for NS = 2. In Fig. 2, the rSNR losses are approximated
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FIGURE 2. BER of optimal and decremental TAS selection algorithms for
ZF-PSM system with NT = 6 and NR = 2.

FIGURE 3. BER of optimal and decremental TAS selection algorithms for
ZF-PSM system with NT = 6 and NR = 4.

by 0.77 dB forNS = 4 and about 3.3 dB forNS = 2. They are
well-matched with analytical results in Fig. 6 plotted using
(20), which represents the received SNR loss, rSNRdB

(
S̄
)
, for

the ZF-PSM system employing optimal and decremental TAS
selection. On the other hand, the decremental TAS selection
performance with low-complexity is very close to that of the
optimal exhaustive TAS selection algorithm. To plot the BER
reference curves, the constants selected for G = 1, 2, 3, and
5, are c = 0.9, 1.28, 1.57, and 1.97, respectively.

In Figs. 3 and 4, the scenarios of NT = 6 and NT =
8, respectively, for the ZF-PSM system with NR = 4 are
considered. It is shown that the BER performance decreases
with decreasing NS and the decremental TAS selection can
achieve almost a similar performance to optimal TAS selec-
tion. By comparing Fig. 3 with Fig. 4, even if there exist
performance losses due to optimal or decremental TAS selec-
tion, the ZF-PSM system with (NT ,NS ,NR) = (8, 4, 4) is

FIGURE 4. BER of optimal and decremental TAS selection algorithms for
ZF-PSM system with NT = 8 and NR = 4.

FIGURE 5. BER of decremental TAS selection algorithm for ZF-PSM system
with NT = 16 and NR = 4.

seen to offer better performance than the (6, 4, 4) system. It is
because the one has the diversity order of 5 while the other
has 3. It is also found that the received SNR losses are close to
analytical results presented in Fig. 6. For the BER reference
curves in Figs. 3 and 4, the constants, c = 1.2, 1.58, 1.77, and
1.5, are used for G = 1, 2, 3, and 5, respectively.
Fig. 5 considers the ZF-PSM system with NT = 16 and

NR = 4, where the selected number of transmit antennas is
4 and 8. As shown in Table 3, the optimal TAS selection algo-
rithm requires huge computational complexity for this case,
thus we present the simulation results of only the decremental
TAS selection algorithm with enormous reduction of com-
plexity. It is found that the given simulated ZF-PSM system
can achieve the diversity order of 13. For the BER reference
curves, the constants, c = 1.2, 1.5, and 0.37, are selected
for G = 1, 5, and 13, respectively. For comparison purpose,
simulation results of a simple norm-based TAS (NB-TAS)
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FIGURE 6. Received SNR loss for ZF-PSM system with TAS selection.

algorithm [22] are also presented, which selects NS anten-
nas out of NT transmit antennas that correspond to the NS
columns, which have the largest Frobenius norm among NT
columns of the channel matrix H. The dec-TAS outperforms
the NB-TAS. The SNR degradation found in Fig. 5 is close to
the analytical results in Fig. 6. By comparing both SNR losses
in Figs. 5 and 6, it is anticipated that the decremental TAS
selection algorithm approaches the BER performance of the
optimal TAS selection one, which is not presented here due
to huge computations, for the ZF-PSM system with NT = 16
and NR = 4. From these results, we can apply the analytical
results to massive MIMO cases with optimal or decremental
TAS selection. Thus the received SNR loss of massiveMIMO
systems, which happens from decreasing the number of active
transmit antennas, can be easily obtained by numerical results
of (20).

To examine the achievable rate behavior of the ZF-PSM
system with TAS selection, the following achievable rate RS
is considered [28]–[30].

RS = log2 ( 1+ rSNR (S)) (29)

where rSNR (S) is the received SNR based on the selected
channel HS , which is given in (8). In Figs. 7 and 8, ran-
TAS denotes random TAS selection for (NT ,NS ,NR) and
actually corresponds to no TAS selection for (NT ,NR) where
NT = NS as mentioned before. Fig. 7 depicts the achievable
rate as function of SNR values for the ZF-PSM system with
NT = 16 and NR = 4. It is observed that the proposed
decremental TAS selection scheme achieves the transmission
rate corresponding to the optimal TAS selection algorithm
for both NS = 8 and NS = 4, which is larger than those
of NB-TAS and ran-TAS selection. Furthermore, it is obvi-
ous that the (NT ,NS ,NR) = (16, 8, 4) system gives better
performance than the (NT ,NS ,NR) = (16, 4, 4). In Fig. 8,
the achievable rate of the ZF-PSM system with NS = 4 and
NR = 4 is shown as a function ofNT for two SNR values such
as 10 dB and 20 dB. The decremental TAS selection algorithm

FIGURE 7. Achievable rate of TAS selection algorithms for ZF-PSM system
with NT = 16 and NR = 4.

FIGURE 8. Achievable rate of TAS selection algorithms for ZF-PSM system
with NS = 4 and NR = 4.

is able to achieve the performance of optimal TAS selection
with much lower complexity. The achievable rate of opt-
TAS and dec-TAS increases with almost similar performance
as the number of transmit antennas available increases. The
NB-TAS performs worse than the opt-TAS and dec-TAS.
On the other hand, the rate performance of ran-TAS selection
is not affected by the total number of transmit antennas.

VI. CONCLUSION
In this paper, TAS selection is considered to reduce the use
of RF units in the transmitter of PSM-MIMO systems. It is
analyzed that decreasing the number of activated RF units
lowers the received SNR of a selected TAS. The received
SNR loss derived analytically agrees with simulation results.
An optimal TAS selection criterion based on exhaustive
search is presented tominimize the received SNR loss by TAS
selection. To obtain a TAS selection algorithm with complex-
ity reduction, a decremental selection scheme is proposed.
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The complexity analysis shows that the computational com-
plexity of the decremental TAS algorithm is tremendously
lower than that of the optimal one, especially for large antenna
systems. That is, the decremental TAS algorithm with low-
complexity can achieve almost the same BER and achievable
rate performance as optimal one. In addition, reducing the
number of active transmit antennas by optimal and decre-
mental TAS selection causes the received SNR loss, which
shifts the BER curve from left to right, while still keeping the
same transmit antenna diversity order ofG (= NT − NR + 1)
as the under-determined ZF-based PSM MIMO system with
NT transmit antennas and NR receive antennas without TAS
selection.
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