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ABSTRACT In this paper, the bit error rate (BER) performance of spatial modulation (SM) systems is
investigated both theoretically and by simulation in a non-stationary Kronecker-based massive multiple-
input-multiple-output (MIMO) channel model in multi-user (MU) scenarios. Massive MIMO SM systems
are considered in this paper using both a time-division multiple access (TDMA) scheme and a block
diagonalization (BD) based precoding scheme, for different system settings. Their performance is compared
with a vertical Bell labs layered space-time (V-BLAST) architecture based system and a conventional channel
inversion system. It is observed that a higher cluster evolution factor can result in better BER performance
of SM systems due to the low correlation among sub-channels. Compared with the BD-SM system, the SM
system using the TDMA scheme obtains a better BER performance but with a much lower total system data
rate. The BD-MU-SM system achieves the best trade-off between the data rate and the BER performance
among all of the systems considered. When compared with the V-BLAST system and the channel inversion
system, SM approaches offer advantages in performance for MU massive MIMO systems.

INDEX TERMS Spatial modulation, massive MIMO, bit error rate, block diagonalization precoding,
non-stationary Kronecker-based channel model.

I. INTRODUCTION
Fifth generation (5G) wireless communication systems are
accelerating towards their final deployment. In order to
satisfy the dramatically increasing demands of reliabil-
ity, capacity, energy efficiency and spectrum efficiency
required for 5G wireless communication systems many novel
physical layer transmission technologies have been widely
investigated [1]. In recent years, massive multiple-input-
multiple-output (MIMO) technology which employs tens to
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hundreds of antennas has attracted significant research inter-
est due to its potential capability to fulfill the aforementioned
requirements [2]–[5], and consequently has been treated as
one of the key technologies of 5G wireless systems [6].

In practice, how to efficiently implement a massive
MIMO system is still a challenging problem. Existing
MIMO technologies, including spatial multiplexing and spa-
tial diversity [7], [8], have achieved significant successes
in current fourth generation (4G) wireless communication
systems [5]. However, these technologies suffer from sev-
eral drawbacks such as inter-channel interference (ICI) and
high system complexity, which make these technologies

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ 44547

https://orcid.org/0000-0003-1174-944X
https://orcid.org/0000-0002-9729-9592
https://orcid.org/0000-0002-7695-3962
https://orcid.org/0000-0003-4476-3563
https://orcid.org/0000-0002-9558-8294
https://orcid.org/0000-0003-1487-086X


Y. Fu et al.: BER Performance of Spatial Modulation Systems Under a Non-Stationary Massive MIMO Channel Model

unsuitable for massive MIMO systems. Spatial modula-
tion (SM) has attracted considerable research interest due to
offering a trade-off between system performance and com-
plexity [9]–[11]. This advantage suggests SM as a potential
solution for implementation of massive MIMO systems.

The basic concept of SM was first introduced in [9].
Essentially at each time instant, only one antenna is active.
The index of the active antenna is a resource available to
carry information. As a result of this extra resource, SM can
obtain a relatively high spectral efficiency with low-order
modulation schemes [10], [11]. As only one antenna is used
to transmit at each time instant, the ICI problem is avoided
and simple receiver (Rx) algorithms can be employed, sig-
nificantly reducing the system complexity [12]. In [13], [14],
the performance of SMwas studied in different wireless com-
munication scenarios such as the vehicle-to-vehicle scenario,
high-speed train scenario, and the massive MIMO scenario.
As an innovative method to convey information, the principle
of SM has been further developed and applied to different
resource domains. For example, generalized SM was pro-
posed in [15], [16], employing a subgroup of antennas to
transmit signals and can further improve the system effi-
ciency compared with conventional SM. In [17], [18], index
modulation (IM) was introduced, which applied the concept
of SM to the index of subcarriers in orthogonal frequency
division multiplexing (OFDM) systems. In [19], a practical
implementation of SM using a hardware testbed was demon-
strated. The concept of SM is deployed as the generalized
beamspace modulation in [20], [21], for mmWave massive
MIMO systems. In addition to conventional radio frequency
wireless communications SM has also been used in optical
wireless communication systems [22], [23] where light emit-
ting diode (LED) devices rather than antennas are used to
transmit data. Good surveys on the range of SM methods and
applications can be found in [24], [25].

In realistic conditions, a massive MIMO system always
works in the multi-user (MU) regime. The question of how to
eliminate inter-user-interference (IUI) is an important tech-
nical question. The first approach is to use a time-division
multiple access (TDMA) scheme [26], [27], which means
all antennas serve only one user in a particular time slot.
In the TDMA scheme, the IUI problem is avoided, as channel
knowledge of the transmitter (Tx) is not required and the
system complexity is low. However, as it uses only one active
antenna to transmit data to one user, when the TDMA scheme
is combined with a SM system the utilization of antenna
elements and the system achievable sum rate are lower than
competing approaches. Alternatively, to enable the Tx to send
signals to all users at the same time using all transmit antennas
precoding methods are employed. In [28]–[30], research for
precoding schemes for MU-MIMO systems were reported,
in which some well-known precoding schemes such as min-
imum mean-squared error (MMSE), zero-forcing (ZF), and
matched filter (MF) methods have been investigated. How-
ever, none of these methods are suitable for SM systems as
they all eliminate the channel’s impact, losing the data carried

by the antenna indexes [31]. In addition, all of these methods
only support the use of a single receive antenna for each user,
i.e. ignoring the benefit offered from receive diversity. In [32],
a method named block diagonalization (BD) was introduced,
the basic idea was to compose the precoding matrix that
represents the null-space of IUI by applying singular value
decomposition (SVD). The most attractive characteristic of
this method is that it can support multiple receive antennas
with the ability to retain the channel’s impact, making it
possible to establish a precoding SM system with receive
diversity gain.

In a massive MIMO system, as a large number of antennas
are distributed over a wide spatial range, different antenna
elements can observe different sets of clusters [33], [34].
Measurement results in [35], [36] have demonstrated this
observation. Geometry-based stochastic models proposed
in [37]–[39] are the first series of channel models that con-
sider the evolution of clusters, accurately capturing the char-
acteristics of massive MIMO channels. However, as a result
of the high computational complexity, it is not easy to use
these channel models for further theoretical analysis. In this
paper, a Kronecker-based stochastic model (KBSM) for mas-
sive MIMO scenarios proposed in [40] is used to overcome
this difficulty. This channel model considers the evolution of
clusters for each antenna element using a survival property
matrix. Thismatrix is an abstraction of the birth-death process
of clusters. As this channel model is a KBSM, it is easier to
use for the required theoretical analysis.

Most existing research studies to date, on SM tech-
nologies, only focused on single-user point-to-point
scenarios [41]–[46] for small-scale MIMO systems. In recent
years, some researchers have attempted to investigate SM
in MU massive MIMO scenarios, related work has been
reported in [47]–[51]. However, there are still some research
gaps in the research of MU-SM systems. First, most research
on MU-SM only focuses on the uplink scenario, only lim-
ited reported research such as [52] exists for the downlink
case. Second, some researchers have tried to use precoding
schemes to eliminate the IUI, but in most existing work
except for the BD precoding technique, each user can use
only a single receive antenna because of the limitation of
selected precoding methods. The benefit of receive diversity
is omitted. Third, there has not been sufficient research on
practical massive MIMO systems. In some of the research
reported on massive MIMO systems the number of transmit
antennas was less than 32. In addition, for most reported
research, only conventional MIMO channel models or identi-
cally independent distributed (i.i.d.) channel models are used.
These channel models do not accurately represent the fading
characteristics of massive MIMO channels.

In order to begin addressing these gaps, in this work
the performance of SM is investigated for a KBSM which
was specifically developed for MU massive MIMO scenar-
ios [14]. In this paper, massive MIMO SM systems are estab-
lished for both a TDMA scheme and for a BD based pre-
coding scheme. Different channel configurations and system
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settings are considered to comprehensively evaluate the sys-
tem performance of both approaches.

The main contributions of this paper are as follows.
1) SM is investigated in a range of MU scenarios using

a KBSM that was specifically proposed for massive
MIMO systems. A comprehensive study on the BER
performance of SM systems in this massive MIMO
channel model is carried out. How different channel
factors, such as the evolution factors of clusters and the
number of users, affect the system BER performance
are thoroughly studied.

2) An accurate theoretical BER expression for MU-SM
system using a BD-precoding scheme is presented.
To the best of authors’ knowledge, there is no pub-
lished study to derive the theoretical BER expression of
MU-SM systems with a precoding scheme supporting
multiple receive antennas for each user.

3) The BER performance of different MIMO technolo-
gies including TDMA-SM, BD-SM, BD-vertical Bell
labs layered space-time architecture (V-BLAST), and
conventional channel inversion [28] are compared. The
influence of different system settings on the system
performance such as the number of users and data rate
are investigated. This is the first time that SM using a
BD precoding scheme is compared with other MIMO
technologies in MU massive MIMO scenarios.

The remainder of the paper is organized as follows.
In Section II, the system architectures of theMU-SM systems
in a massive MIMO scenario are introduced. In Section III,
the KBSM for massive MIMO systems is described. The
theoretical expression for the BER for SM in a MU massive
scenarios is derived in Section IV. In Section V, simulation
results are presented and analyzed. Finally, conclusions are
drawn in Section VI.

II. SYSTEMS ARCHITECTURE
A. THE TDMA-MU-SM SYSTEM
In a MU system using the TDMA scheme, at each time
instant, the base station (BS) only transmits data to one user.
Thus, compared with other multiple access schemes, the sys-
tem complexity of the TDMA system can be significantly
decreased as it is not necessary to employ complex precoding
methods to mitigate IUI. Let us assume there is a system
with K users, the BS is equipped with Nt antenna elements.
At each instant, only one antenna is used to transmit data to
a single user. The bit stream for each user is divided into
two parts, the first log2(Nt ) bits are carried by the antenna
index, which is also used for the antenna selection. The other
log2(M ) bits are transmitted through the digital modulated
symbol, where M is the modulation order. Thus at each time
instant,m = log2(Nt )+ log2(M ) bits are transmitted, where
m is the spectral efficiency of the SM system in the unit
of bits/symbol. An example of a TDMA-MU-SM system is
shown in Fig. 1, where at the time instant for a selected user,
the modulated symbol S is transmitted through the selected
active antenna to the user.

FIGURE 1. Block diagram of a TDMA-MU-SM system.

Mathematically, the detailed expression for the received
signal in K users TDMA system at the time slot of the
k-th user can be written as

Y (tk ) = HS(tk )+ N, k = 1.2, . . . ,K (1)

where H is the channel matrix vector and can be expressed
as

H =
[
HT
1 HT

2 . . . HT
k . . . HT

K

]T
. (2)

Each element Hk(1 6 k 6 K ) is the channel matrix of
the k-th user, N is the complex additive white Gaussian
noise (AWGN) vector for the system, [.]T denotes the trans-
pose operation, S(tk ) is the transmit vector for K users at the
time slot for k-th user tk , while each element is the signal
vector for the corresponding user. As the system is operating
a TDMA scheme, at the time instant of the k-th user, only
the element of the k-th user in S(tk ) is not zero and can be
expressed as

S = [ 0 . . . Sk . . . 0 ]TK×1. (3)

Let Sk(tk ) denote the transmit signal vector of the k-th user
at the Tx side at its allocated time tk , which is a Nt × 1-size
vector. For a TDMA-SM system, as only one transmit antenna
is active at each time instant, Sk(tk ) can be further expressed
as Sk(tk ) = [0, . . . , s, . . . , 0]Nt

T . As each user is equipped
with Nr antennas, at the Rx side of the k-th user, the received
Nr × 1-dimensional signal vector yk (tk ) can be written as

yk(tk ) = Hk(tk )Sk(tk )+ n. (4)

In addition, Hk(tk ) is the Nr × Nt channel matrix of the k-th
user at time tk , each element hq,p(tk ) is the channel impulse
response between the p-th Tx antenna and the q-th antenna
Rx, n is the AWGN vector. The detailed procedure of gen-
erating channel impulse responses for the massive channel
model will be introduced in the next section.

In this system, the Tx and the Rx are assumed to be in
perfect synchronization in both time and frequency domains.
It is also assumed that full channel state information (CSI)
is available at the Rx in this paper. The optimum maximum
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likelihood (ML) detector proposed in [12] is employed to
estimate the transmit antenna index p̂ and the transmitted data
symbol s for each user as[

p̂, s
]
k = argmin

p,m

(∥∥yk −HkSl,m
∥∥2
F

)
p ∈ {1 : NT } and m ∈ {1 : M} (5)

where ‖·‖F denotes the Frobenius norm.

B. THE BD-MU-SM SYSTEM
In Fig. 2, the system architecture of a BD precoding MU-SM
system is shown. The principle of BD precoding was intro-
duced in [32], whose basic idea is to generate the precoding
matrix from the null space of the IUI. In this work and [14],
we build the BD-MU-SM system with this method.

FIGURE 2. Block diagram of a BD-MU-SM system.

Let us still assume a system has K users where each user
is equipped with Nr receive antennas, while the BS uses Nt
antennas to serve all the K users at the same time. Thus,
the channel matrix can still be expressed by (2). For the
k-th user (1 6 k 6 K ), its interference channel matrix H̃
can be defined as

H̃k =
[
HT
1 . . . HT

k−1 HT
kC1 . . . HT

K

]T
. (6)

The precoding matrix for this user can be obtained through
the singular decomposition (SVD) of H̃k as:

H̃k = Ũk6̃k

[
˜V (1)
k Ṽ

(0)
k

]H
(7)

where [.]H is the Hermitian transpose and ˜V (0)
k is the precod-

ing matrix we need. When we use the BD based precoding

scheme, it is easy to prove that Hj
˜V (0)
k = 0,∀j 6= k . Thus,

the IUI is eliminated.
In order to clearly describe the principle, let us define

Jk = Nt − (K − 1) × Nr , which is the maximum number
of beamforming patterns of the system and it should be a
positive number. Thus, for a BD based MU system, it should

firstly fulfill the condition that Nt >
K−1∑
k=1

Nr . The precoding

matrix Ṽ (0)
k is with the dimension ofNt×Jk . In a conventional

SM system, the antenna index is used to carry information.
However, for a BD-MU-SM system, it uses the BD precoding
scheme to generate beams to eliminate IUI and all antennas
are active. Thus, in a BD-SM system, what is used to perform
SM is the beamforming pattern index rather than the antenna
index. For a BD-SM system, the following conditions should
be fulfilled. First, in order to use the beam pattern index
to carry information, the minimum pattern numbers should
be not less than 2 as Jk > 2. Secondly, the maximum
number of bits that can be carried by the pattern index is
blog2(Jk )c, where bc is the floor function. We can observe
that in a BD-MU-SM system, the pattern number of each user
is 2 6 N 6 Jk , the precoding matrix Ṽk has the dimen-
sion Nt × N . The spectral efficiency m can be expressed as
m = log2(N )+ log2(M ). Let us define the precoded trans-
mitted signal vector S as

S =
[
Ṽ1S1 . . . ṼkSk . . . ṼKSK

]
(8)

where Sk(1 6 k 6 K ) is the transmitted signal vector for
the k-th user with the dimension of N × 1 and there is only
one non-zero element in the vector Sk. For the system, this
procedure can mathematically be expressed as

Y =



y1
...

yk
...

yK

=


H1
...

Hk
...

HK


[
Ṽ1S1 · · · ṼkSk · · · ṼKSK

]
+n

=



H1Ṽ1S1 · · · 0 · · · 0
...

. . . · · · · · ·
...

0 · · · Hk ṼkSk · · · 0
... · · · · · ·

. . .
...

0 · · · 0 · · · HK ṼKSK

+n.
(9)

It can be observed from (9) that IUI can be avoided. For
each user, itsNr×1 received signal vector can be expressed as

yk = Hkρk ṼkSk + n (10)

where ρk is the scaling factor to normalize the power and can
be expressed as

ρk =

√
ETr

tr((Ṽk ) · (Ṽk )
H
)

(11)

where ETr is the transmit power and tr(.) is the trace of a
matrix.

In BD based precoding schemes, the effective channel can
be expressed as HE = HṼ . In this channel, there are N
beamforming patterns generated which also equals to the
dimension of the precoding matrix. If we investigate the
cross-correlation function (CCF) of different beamforming
patterns pi and pk , we can write

CCFpipk = (HṼ (i))(HṼ (k))∗ = HṼ (i)Ṽ (k)∗H∗. (12)
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From the SVD process, it is easy to prove that Ṽ (i) and
Ṽ (k) are orthogonal. Thus, the CCF of two beam patterns
can be derived to be zero, which means there is no correlation
between two beamforming patterns. In this paper, beamform-
ing patterns can be treated as sub-channels in conventional
SM systems. It is well-known that a low correlation between
sub-channels can greatly improve the performance of SM
systems. Thus, the advantage of using the BD based precod-
ing scheme is that it can offer i.i.d. propagation channels for
spatial modulation systems even in highly correlated channel
conditions (for example, the Tx and Rx are close to each
other, which is the usual scenario for millimeter wave com-
munications systems).

The ML detector still works in the BD framework. How-
ever, the task of the detector is to estimate the beamforming
pattern number p rather than the antenna index, the transmit-
ted symbol s is jointly detected at the same time, which can
be expressed as[
p̂, s

]
k = argmin

p,l

(∥∥∥yk − Hk ṼkSp,m∥∥∥2
F

)
p ∈ {1 : N } and m ∈ {1 : M}. (13)

For this utilized ML detector, its detection complexity can
be calculated following the method mentioned in [52]. Please
note, in our system, as some information is carried by the
beam index rather the active antenna index. By consider-
ing (13), the complexity of theML dector can be expressed as

δBDSM (ML) = 2NtNrJk + 2N (Nr 2)2Nr log2(M )

+ 2NMNR + NM . (14)

III. THE MASSIVE MIMO CHANNEL MODEL
For a conventional KBSMMIMO channel model, the general
expression is,

H = R
1
2
RHWR

1
2
T (15)

where HW is usually assumed as the i.i.d. Gaussian entries
with the dimension of Nr × Nt , RR (Nr × Nr dimension) and
RT (Nt × Nt dimension) are the correlation matrices of Tx
and Rx receptively, and can be assumed as Toeplitz matrices
when using uniform linear antennas. The Tx and Rx correla-
tion matrices are composed by spatial correlation coefficients
TR/T ,mn, which indicate the correlations between them-th and
the n-th antenna. As mentioned in the previous sections, due
to the wide spread of antennas in massive MIMO systems,
different cluster sets may be observed by different antennas.
The evolution of the clusters on the array axis is expressed as
the scatter survival probability with the expression of [40]

ER/T ,mn = e−β|m−n| (16)

which describes the probability that the m-th antenna shares
the same clusters with the n-th antenna, β the evolution factor
which indicates how fast the scatters disappear. At the Rx,
a similar analysis can also be carried out. The correlation
coefficient can be expressed as

RER/T ,mn = ER/T ,mnRR/T ,mn. (17)

Finally, the channel impulse response can be generated based
on (15) and (17) as in [40]

H = (RER )
1
2HW (RET )

1
2 = (ER � RR)

1
2HW (ET � RT )

1
2 (18)

where � is the Hadamard product of two matrices. In Fig. 3,
the number of scatters that other antennas sharedwith antenna
1 is shown considering different cluster evolution factors. It is
necessary to note that when β = 0, all antennas share the
same set of clusters, thus the channel model becomes a con-
ventional MIMO channel model. When β = ∞, the channel
becomes an i.i.d. channel model as no cluster is shared by
different antennas.

FIGURE 3. Number of scatters shared with Antenna 1 in terms of antenna
indices (100 initial scatters observed in Antenna 1) [40].

In order to describe the correlation of sub-channels, in this
paper we utilise the spatial correlation function, expressed as

Rh(1xT , 1xR) = E{hp,q (t)h∗p′q′ (t)} (19)

where 1xR and 1xT are the antenna spacings at the Rx and
Tx respectively. In Fig. 4, the spatial correlation function of
the Tx is shown. From these two figures, it can be observed
that in this massive MIMO channel model, a higher cluster
evolution factors can result in a smaller number of clusters
shared by different antennas. This phenomenon will lead to
lower correlation between sub-channels. Compared with con-
ventional MIMO and i.i.d. MIMO channel models, the fading
characteristic of this massive MIMO channel model used in
this paper is significantly different, indicating the necessity
to use specific massive MIMO channel models to design and
test the performance of such systems.

IV. THEORETICAL ANALYSIS
A. THE THEORETICAL BER EXPRESSION OF
TDMA-MU-SM SYSTEM
For a TDMA-MU-SM system, at each time instant, all Tx
antennas only transmit data to one user. This is similar to the
conventional point-to-point scenario and its theoretical BER
can be approached via the union bound method mentioned
in [14], [44], [53], [54]. Here, we can define xnt ,l as the
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FIGURE 4. The spatial correlation of the KBSM for massive MIMO systems
considering different evolution factor values.

transmitted symbol l from antenna nt , l = 1, 2 . . .M , nt =
1, 2 . . .Nt . The theoretical upper-bound expression of the
BER for the k-th user can be expressed as

ABERk 6
1

NtM
1
m

∑
nt 6=ñt

∑
l 6=l̃

×

[
NH (xnt ,l → xñt ,l̃)P(xnt ,l → xñt ,l̃ |Hk )

]
(20)

where NH (xnt ,l → xñt ,l̃) is the Hamming distance between
xnt ,l and xñt ,l̃ . The pairwise error probability (PEP) that xnt ,l
is detected to xñt ,l̃ under the channel Hk is expressed as
P(xnt ,l → xñt ,l̃ |Hk ). For a ML detector, as it detects the sam-
ple based on the Euclidean distance, the error only happens

when
∥∥yk − Hkxnt ,l∥∥2 > ∥∥∥yk − Hkxñt ,l̃∥∥∥2. If we define e =

xnt ,l − xñt ,l̃ , the PEP can be expressed as [53]

P(xnt ,l → xñt ,l̃ |Hk ) = P(
∥∥y− Hkxnt ,l∥∥2 > ∥∥∥y− Hkxñt ,l̃∥∥∥2)

= Q(γ ‖Hke‖2) (21)

where γ is the signal-to-noise ratio (SNR) and Q(.) is the
Q-function. Based on the alternative integral expression of
Q-function using MGF-based approach [53], [54], (21) can
be rewritten as

P(xnt ,l → xñt ,l̃ |Hk ) =
1
π

∫ π/2

0
M (γ

1

sin2θ
)dθ. (22)

In (22),M (.) is the MGF of ‖Hke‖2, which can be expressed
as

M (s) =
Nr∏
j=1

(1− sλiµ)−1 (23)

where λi is the eigenvalues of RR and µ is the eigenvalue
of eeHRT . Substituting (22) and (23) into (20), the final
expression of the theoretical BER expression for the k-th user

of a TDMA-MU-SM is

ABERk 6
1
π

1
NtM

1
m

∑
nt 6=ñt

∑
l 6=l̃

[
NH (xnt ,l → xñt ,l̃)

×

∫ π
2

0

Nr∏
j=1

(1−
γ

sin2θ
λiµ)

−1
dθ

 . (24)

B. THEORETICAL BER EXPRESSION OF
BD-MU-SM SYSTEM
For the BD-MU-SM system, we can follow the principle
described above to derive the theoretical BER expression.
However, due to the fact that some data are mapped to
the beamforming pattern index, the error case should be
expressed as xnb,l → xnb̃,l̃

, which means the transmitted
symbol l using the beamforming pattern nb is detected to
symbol l̃ carried by the nb̃ beamforming pattern, (l, l̃) =
1, 2 . . .M; (nb, nb̃) = 1, 2 . . .N . The theoretical upper-bound
expression of the BER for the k-th user can be expressed as

ABEPk 6
1
NM

1
m∑

nb 6=ñt

∑
l 6=l̃

[
NH (xnb,l→xnb̃,l̃

)P(xnb,l→xnb̃,l̃

∣∣∣HEk )]
(25)

where NH (xnb,l → xnb̃,l̃
) is the Hamming distance between

xnb,l and xnb̃,l̃
, P(xnb,l → xnb̃,l̃

∣∣HEk ) is the PEP of the error
that occurs under the effective channel HE . From (9), we can
write the expression of HEk as

HEk = Hk Ṽk = R
1
2
R,kHWR

1
2
T ,k Ṽk = R

1
2
R,kHW (RT ,k Ṽ 2)

1
2 .

(26)

Thus, for the effective channel, the Rx correlation matrix is
not changed, but the Tx correlation matrix is changed by
the precoding matrix. The Tx effective correlation matrix is
defined as RE,T ,k = RT ,k Ṽ 2. For the ML detector of the
BD-MU-SM system, the error will occur for the case that∥∥yk − HEkρkxnb,l∥∥2 >

∥∥∥yk − HEkρkxnb̃,l̃∥∥∥2. We can also
define the error vector e = xnb,l − xnb̃,l̃

. The expression of
PEP in (25) can be expressed as

P(xnb,l → xnb̃,l̃

∣∣∣HEk )
= P(

∥∥∥yk − HEkρkxnb,l∥∥∥2 > ∥∥∥yk − HEkρkxnb̃,l̃∥∥∥2)
= Q(γE

∥∥∥HEke∥∥∥2) (27)

where γE is the effective SNR, which can be expressed as
γE = ρ

2
k γ . Similar to the TDMA-MU-SM case, the PEP can

be expressed by the MGF-based approach in (22) using the
MGF of

∥∥HEke∥∥2. However, for the BD case, the value of µ
in (23) is the eigenvalue of eeHRE,T ,k . Finally, we can express
the final theoretical BER expression for the k-th user of a
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BD-MU-SM as

ABERk 6
1
π

1
NM

1
m

∑
nb 6=ñb

∑
l 6=l̃

[
NH (xnb,l → xñb,l̃)

×

∫ π
2

0

Nr∏
j=1

(1−
γE

sin2θ
λiµ)

−1
dθ

 . (28)

V. RESULTS AND ANALYSIS
In this section, different simulation results are presented to
enable evaluation of the performance of SM systems for a
massive channel model. For all simulations, the base station
is assumed to be equipped with 64 transmit antennas with
2 receive antennas employed for each user. To ensure a fair
comparison, we assume that the transmit power and the data
rate of each user are the same with all simulation results
obtained through Monte Carlo simulation. For each point
in figures that follow the results of 10 runs (where each run
transmits 100000 symbols) are averaged to obtain the final
value.

FIGURE 5. Theoretical and simulated BER results of SM systems with
massive MIMO KBSM.

In Fig. 5, theoretical results of the BER performance for
a TDMA-MU-SM and a BD-MU-SM system assuming the
massive channel model, are compared with each of the sim-
ulation results assuming different clusters evolution factors,
β with the data rate set at m=7 bits/symbol/user for both
systems. For the TDMA-SM system, 6 bits are carried by the
antenna indices, and a BPSKmodulation scheme is employed
to carry the other bits. For the BD-SM system, 32 beamform-
ing patterns are used by each user, thus the index can encode
5 bits of information, the other 2 bits encoded in QPSK
modulation symbols. From this figure, we can observe the
following: First, it shows an excellent agreement between the
approximation of the theoretical derivation by the simulation
results for all systems under different channel configurations,
particularly in the high SNR regime, ie where SNR ≥ 15 dB.
Based on this, we can conclude that the theoretical BER

upper-bound offers reasonable accuracy, providing reason-
able assurance in the theoretical derivation; Second, it is clear
that for the same data rate and using the same transmit power
for each user, the TDMA-MU-SM system offers better per-
formance in terms of the BER than the BD-MU-SM system
even when the BD system has the CSI at the Tx. This is
because for TDMA-MU-SM systems, at each time instant
only one antenna transmits signals to a single user, thus IUI
is avoided. For the BD-MU-SM system, as the precoding
matrix is applied to the transmitted signal, this results in a
loss of transmit power for IUI cancellation. Consequently,
the effective power for the signal transmission in the BD
scheme is lower. However, it should be pointed out that the
total system data rate for the BD-MU-SM system is higher
than the TDMA system (K × mVs.m) at the expense of using
more transmit power. Thus for the TDMA scheme, in order to
obtain the same data rate, it would require the use of higher
order modulation schemes. From this analysis, we observe
that the TDMA scheme is suitable for use in light-load
MU systems that require low system complexity and high
accuracy, while the BD scheme is suitable for heavy-load
systems that require high system capacity; Third, we note
that in channel conditions with a higher cluster evolution
factor β, both the TDMA-MU-SM and BD-MU-SM systems
obtain better BER performance when compared with that
of lower cluster evolution factors. This phenomena can be
explained using the insight offered from Section III. In Fig. 3
note that with higher cluster evolution factors, the probability
that different antennas observe different sets of clusters is
increased, resulting in lower correlation between the different
sub-channels as shown in Fig. 4. In the TDMA scheme,
lower correlation between sub-channels make it easier for
the Rx to correctly detect the active antennas results in the
system BER performance being better as the TDMA-SM
scheme can be treated as a conventional SM system.While for
the BD scheme, the lower correlation between sub-channels
decreases the difficulty in eliminating the IUI, which is rep-
resented by the lower power assumption of the precoding
matrix, results in more power being used to transmit effective
data and the BER performance is improved.

In Figs. 6 and 7, the BER performance of the BD-MU-SM
system is investigated for different systems settings and dif-
ferent channel assumptions (β = 0.3 and 1) via simulation
results. It is assumed that there are 8 users and that the
data rate of each user is m=9 bits/symbol. Comparing these
two figures, we observe that higher cluster evolution factors
results in a better BER performance. In Fig. 6, we note that
in the low SNR regime, using fewer beamforming patterns to
carry information results in better BER performance. While
in the high SNR regime, using more beamforming patterns
plus lower order modulation schemes can achieve a better
BER performance. The crossover occurs at approximately
15 dB. In respect of these phenomena, we offer the following
explanations. When using the BD scheme, a smaller number
of beamforming patterns results in the power being more
concentrated. As the number of patterns is small, the task
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FIGURE 6. BER performance of BD-MU-SM systems using different
system settings, β = 1.

FIGURE 7. BER performance of BD-MU-SM systems using different
system settings, β = 0.3.

of the detector is easier thus decreasing the probability of
errors occurring. But in the high SNR regime, the benefit of
lower index detection error is outstripped by the use of lower
order modulation schemes. Thus, in the high SNR regime,
using larger numbers of beamforming patterns plus lower
modulation schemes offers better BER performance. If we
consider Fig. 7, we reach a similar conclusion. However,
compared with the case for higher cluster evolution factors,
the difference between the different system settings is not so
significant. The position of the crossover is located just below
20 dB. The reason for this phenomenon is the high correla-
tion between the sub-channels. Due to the high correlation,
the benefit from using beamforming patterns to carry infor-
mation is reduced. In this case, the primary determination
of system performance is the SNR, thus the different system
settings offer no significant performance advantage.

In Figs. 8–11, the simulated BER performance of the
TDMA-MU-SM system and the BD MU-SM system are
compared with the V-BLAST approach and the conventional

FIGURE 8. BER performance of different systems with 4 users, β = 0.3,
data rate = 8 bits/symbol/user.

FIGURE 9. BER performance of different systems with 4 users, β = 0.3,
data rate = 10 bits/symbol/user.

channel inversion method under the massive channel model
with different data rates and numbers of users. In all simula-
tions, the evolution factor for the channel is set at β = 0.3. For
the V-BLAST system, in order to make the comparison fair,
the BD precoding scheme is used at the Tx side to eliminate
inter-user interference and the ML detector is employed as
the Rx algorithm. As the V-BLAST system requires that
the receive antenna number should not be smaller than the
number of layers, the number of the beamforming patterns
for the V-BLAST system is configured as two for each user.
For the channel inversion method, the precoding matrix is
given as the Moore-Penrose pseudo inverse of the channel
matrix H , which can be expressed as W = HH (HHH )−1.
In this system, only one receive antenna is available to each
user.

First from all of the figures it is clear that for all
of the systems, when working at lower data rates, that
the system performance is better as the power aver-
aged to each bit is higher. Second, for both BD-SM and
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TABLE 1. BER performance of different systems.

FIGURE 10. BER performance of different systems with 16 users, β = 0.3,
data rate = 8 bits/symbol/user.

FIGURE 11. BER performance of different systems with 16 users, β = 0.3,
data rate = 10 bits/symbol/user.

BD-V-BLAST systems, when the number of users increases,
the system performance degrades. This is because with more
users, the system requires more power to eliminate the

inter-user-interference. As the transmit power for the system
is fixed, the power available for transmitting effective signals
will decrease. So the system performance will degrade. For
the TDMA-SM system, as only one user is being served,
the BER performance is not affected by the number of users.
For a fair and comprehensive comparison, in addition to
the modulation order that can obtain the same data rate
of one user, we have also used much higher modulation
schemes (1024 QAM,system data rate = 16 bits/symbol and
8192 QAM, system data rate = 19 bits/symbol ) to increase
the total data rate of the system. When the data rate for
each user is the same, compared to the previously discussed
two BD-based methods, the TDMA-SM scheme can obtains
the best performances for all cases. But for the TDMA-SM
scheme, the system’s total data rate is much lower than the
other systems under heavy-load scenarios as it can only serve
one user in each time slot. Even when some very high-order
modulation schemes are used, the TDMA-SM system can
still not achieve a similar total system data rate. At the same
time, its BER performance is poor, which indicate that the
TDMA-SM system is not suitable for a MU system with lots
of users and requires high system data rate. But we cannot
neglect the advantage of the TDMA-SM system as it can
provide an efficient solution to build low-cost massiveMIMO
systems. For a low data rate system which requires high
accuracy and low system complexity, the TDMA-SM is still
a promising solution. Compared to the BD-SM systems and
BD-V-BLAST systems, the BD-SM system offers a greater
enhancement of the BER performance in the SNR range of
< 28 dB. For the V-BLAST system, in the case of a low data
rate and a small numbers of users, it offers a better perfor-
mance in the extremely high SNR range (SNR > 28 dB).
However, for the case of high data rates with a large numbers
of users, the BD-SM system is superior to the BD-V-BLAST
system. Compared with the conventional channel inversion
method, the advantage of the BD base precoding scheme is
clear. It benefits from supporting multiple receive antennas,
and so the BER performance of all BD based system is
superior because of the receive diversity gain. In Table 1,
some detailed simulation results are also provided.
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VI. CONCLUSION
In this paper, we have investigated the performance of SM
systems when operating in a massive MIMO KBSM for a
range of different system settings and channel configura-
tions. We observe that higher evolution factors of the scat-
ters results in a better BER performance for SM systems
because of the lower correlation among the sub-channels. The
TDMA-MU-SM system can offer a better BER performance
at the cost of a lower system data rate. The BD-MU-SM
system provides the best trade-off between system data rate
and BER performance, and as such is a better option for
heavy-load MU wireless communication systems. Compared
to the BD-V-BLAST and conventional channel inversion
systems, the two proposed SM systems offer a better BER
performance for a variety of data rates and numbers of users,
particularly in the low SNR regime. All of the numerical and
simulation results make clear the advantage that arises from
using SM for massive MIMO systems in terms of system
performance, complexity and flexibility.
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