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Abstract
Joint user selection algorithm and fully digital geometric mean decomposition (GMD)-based precoding scheme is con-
sidered in this paper for single radio frequency (RF) space modulation techniques (SMTs), namely, spatial modulation 
(SM) and space shift keying (SSK) schemes. The objective is to jointly perform the Frobenius norm-based user selection 
algorithm and design GMD-based precoded SMTs with single-RF chain in order to reduce the cost and the power con-
sumption in multiple input multiple output (MIMO) systems, and to avoid the complicated bit-allocation problem of 
singular value decomposition (SVD)-based precoding technique. Based on these schemes, the GMD-based precoding 
transmission carried out in the context of a single-user SMTs can readily be extended to the multi-user (MU) case. Simu-
lation results demonstrate that single-RF SMTs with GMD-based precoding scheme is capable of outperforming SMTs 
with SVD-based precoding technique. Meanwhile, MU-SMTs with GMD-based precoding scheme provide significant 
performance gains over the conventional SM- and SSK-MIMO counterparts and single-user SMTs with GMD-based pre-
coding algorithm, which increase the energy efficiency and the reachability using these schemes. Furthermore, better 
error performance in MU-SMTs with fully digital GMD-based precoding technique is obtained by selecting any number 
of users. Therefore, MU-SMTs with GMD-based precoding scheme can be effectively used in various 5G wireless networks.
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1 Introduction

Space modulation techniques (SMTs) are unique multiple 
input multiple output (MIMO) transmission techniques 
that exploit the indices of the active antennas in order to 
map information bits, and utilize the differences among 
different channel paths to convey additional bits. However, 
in single radio frequency (RF) chain SMTs such as spatial 
modulation (SM) and space shift keying (SSK) schemes, 
one transmit antenna is activated at one particular time 
instant, while the other antennas are turned off [1]. These 
schemes have attracted lots of research interests due to 
the rapidly increasing demand of enhancing both the reli-
ability and the capacity of the future wireless networks. 

Multi-user MIMO (MU-MIMO) systems play a key role in the 
fifth generation (5G) wireless communication networks [2] 
due to the substantial gains that obtained over conven-
tional single input single output (SISO) techniques [3]. In 
the fourth generation (4G) cellular systems and mobile 
long term evolution (LTE) applications, small MIMO in 
base stations (BSs) terminals are used with few antennas. 
In this correspondence, the BSs in the fifth generation (5G) 
wireless networks are expected to equip massive MIMO 
stations with a high number of antennas in the order of 
hundreds or even more than the active users per each 
time–frequency slot. Additionally, the benefits of massive 
MIMO systems include the enormous spectral efficiency, 
and the lower Inter-user interference (IUI) [4]. Moreover, 

 * Taissir Y. Elganimi, t.elganimi@uot.edu.ly | 1Electrical and Electronic Engineering Department, University of Tripoli, Tripoli, Libya.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-04068-0&domain=pdf
http://orcid.org/0000-0002-2401-6264


Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:91 | https://doi.org/10.1007/s42452-020-04068-0

device-to-device (D2D) communications are also enabled 
in 5G cellular networks in order to increase the number of 
active users per time–frequency slot. In [5, 6] for exam-
ple, the number of active users per slot was maximized 
to improve both the spectral and energy efficiencies by 
enabling the D2D communications in 5G networks.

The performance of SM and SSK modulation schemes in 
MU scenarios has been studied extensively in the literature 
(e.g., [7–10]). The authors in [7] have studied the perfor-
mance of SSK scheme in the presence of multiple access 
interference, and showed that SSK scheme outperforms 
the conventional MIMO systems for various channel condi-
tions and setups. Later, the proposed MU-SSK framework 
in [7] is generalized to MU-SM in [8]. In [9], the author has 
proposed an antenna-hoping spatial division multiple 
access for SSK modulation technique which is capable of 
providing transmit diversity gains. In addition, an orthogo-
nal frequency division multiplexing (OFDM) based down-
link MU-SM is considered in [10], where the data of each 
user is conveyed on different sub-channel, and it is shown 
that MU-SM-OFDM scheme is capable of outperforming 
Alamouti-coded OFDM scheme in some scenarios.

Generally, one of the most important issues in MU-
MIMO systems is the number of users that can be sup-
ported by the BSs. However, it is revealed that the number 
of antennas at the transmitter and receiver sides and the 
channel scattering play a pivotal role in determining the 
number of users that can be simultaneously served in MU-
MIMO systems [11]. For instance, increasing the number 
of instantaneous users beyond a certain limit with the 
existence of fixed number of antennas at the BSs leads to 
reduce the achievable data rate in the wireless networks. 
As a result, user selection techniques have emerged as a 
promising technology in order to substantially improve 
the performance of MU-MIMO systems with large number 
of simultaneously supportable users. In particular, the BSs 
can select the best set of users to be communicated with, 
when a partial or complete channel knowledge exists.

There are several promising user selection algorithms 
have been designed based on linear algebra concepts, 
matrix theory, and different cost metrics to select optimal 
set of users. However, throughput maximization algo-
rithms based on zero-forcing (ZF) beamforming [12–16] 
and dirty paper (DP) beamforming [12, 17, 18] can be 
enhanced when the number of single-antenna users is 
larger than the number of transmit antennas at the BSs 
(K > Nt). Therefore, exploiting the multiuser diversity can 
be achieved by selecting a set of active users whose 
channel characteristics lead to a performance enhance-
ment [19]. Over the last two decades, a large amount of 
research and several published work have focused on the 
asymptotic sum rate of MIMO broadcast systems with user 
selection algorithms (e.g., [13, 14, 16, 17]). In [20], two low 

complexity user selection algorithms were proposed, 
namely, the capacity-based user selection and Frobenius 
norm-based user selection algorithms using block diag-
onalization (BD) precoding technique in order to select 
a subset of users to maximize the total throughput and 
reduce the computational complexity. The former algo-
rithm uses the total throughput as the selection criteria, 
while the selection criteria of the latter is based on the 
Frobenius norm of the effective channel matrix. In these 
two algorithms, a new user is selected iteratively to maxi-
mize the given user selection criteria with the previously 
selected users in each selection step. Furthermore, it is 
found in [20] that the norm-based user selection algorithm 
can significantly reduce the complexity with keeping the 
throughput performance. In [21], the authors proposed 
an improved norm-based user selection algorithm for tra-
ditional MU-MIMO systems with BD precoding technique 
based on heuristic Gram–Schmidt orthogonalization in 
the design of the precoding matrix that reduced the com-
plexity of the original norm-based user selection algorithm 
[20] without evident performance loss under low signal-
to-noise ratio (SNR) values. In addition, the authors in [22] 
applied the norm-based user selection and the signal-to-
interference plus noise ratio (SINR)-based user selection 
algorithms in the norm-based transmit antenna selection 
(TAS) systems in order to allocate multiple transmit anten-
nas to selected users based on the Gram–Schmidt orthog-
onalization algorithm. The results of this paper showed 
that the best performance is achieved by the norm-based 
user selection method. In a recent work, the authors in [23] 
proposed a Frobenius norm-based user selection method 
for MU-MIMO based on OFDM to further reduce the com-
putational complexity.

In MU-MIMO systems with user selection algorithms, 
digital precoding methods are needed in order to elimi-
nate other user’s interfering signals. This is due to the 
fact that multiplying each user’s signal by a precoding 
matrix before transmission results in removing all the IUI. 
The most frequently applied precoding schemes in MU-
MIMO systems are BD and ZF precoding methods [11]. 
On the other side, unlike conventional MIMO techniques, 
the conventional ZF and minimum mean square error 
(MMSE) precoding techniques cannot be used in MU-
SMTs, due to the fact that a part of the data in SMTs is 
also encoded into the channel impulse responses, which 
results in losing the data transmitted [24–26]. In addition, 
the singular value decomposition (SVD)-based precod-
ing is well-established in MIMO systems where the whole 
MIMO channel is decomposed into several SISO chan-
nels with different channel gains [27, 28]. However, the 
geometric mean decomposition (GMD)-based precoding 
scheme is proposed in [29] in order to remove the inter-
antennas interference that produces due to the use of 
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multiple transmit and receive antennas. The advantage 
of GMD-based precoding scheme is to decompose the 
channel into a number of SISO channels with the same 
gain. Recently, the GMD-based precoding scheme is pre-
sented in [30] for millimeter-wave (mmWave) massive 
MIMO systems to avoid the complicated bit-allocation 
problem that caused by the unequal gains of the dif-
ferent sub-channels in SVD-based precoding technique. 
The authors in [30] showed that GMD-based precoding 
schemes outperform the SVD-based precoding methods, 
as well as the problem of the high energy consumption 
in mmWave massive MIMO systems that caused by the 
large number of required RF chains [31] is resolved. In a 
more recent work [32], GMD-based hybrid beamform-
ing is applied in generalized spatial modulation (GSM) 
scheme with norm-based user selection algorithm, and 
showed a significant improvement compared to the 
conventional schemes with single-user scenario. Further-
more, the generalized triangular decomposition (GTD) 
method is exploited in [33] to design hybrid precoding 
scheme for mmWave massive MIMO systems.

Inspired by the norm-based user selection method 
that proposed in [20] for MU-MIMO systems, and the per-
formance enhancement obtained in [20] and [22], this 
paper aims to apply Frobenius norm-based user selec-
tion algorithm with fully digital GMD-based precoding 
scheme for the emerging SMTs with single-RF chain in 
order to eliminate the interference at the transmitter, 
and successfully reconstruct the transmitted symbols at 
the receiver side.

To the best of author’s knowledge, there has been 
no research activities on user selection algorithms for 
MU-SMTs, and this paper is the first attempt to apply 
both GMD-based precoding scheme and norm-based 
user selection algorithm in MU-SMTs with single-RF 
chain. More specifically, the Frobenius norm-based user 
selection algorithm is applied to MU-SMTs-MIMO with 
single-RF chain using the fully digital GMD-based pre-
coding scheme. Simulation results showed a significant 
improvement as compared to the conventional sys-
tems with single-user scenario. In addition, the effect 
of the channel estimation errors (CSEs) on the bit error 
rate (BER) performance of the proposed schemes is 
presented.

To this end, the rest of this paper is organized as fol-
lows. Section 2 presents the system model of SMTs with 
fully digital SVD- and GMD-based precoding schemes. 
The Frobenius norm-based user selection technique with 
GMD-based precoding scheme in SSK and SM systems is 
discussed in Sect. 3. Simulation results of the BER per-
formance and comparisons are demonstrated and dis-
cussed in Sect. 4, and finally the paper is concluded in 
Sect. 5.

Notation The following notations are used throughout the 
paper. Lower- and upper-case letters a and A denote a vec-
tor and a matrix, respectively. tr{A}, AH, and AF denote the 
trace, the conjugate transpose, and the Frobenius norm 
operations, respectively. ℂm×n denotes a matrix with m 
rows and n columns, and CN

(
μ, �2

)
 denotes the complex 

normal distribution of a random variable having mean μ 
and variance σ2.

2  SMTs with fully digital SVD‑ 
and GMD‑based precoding schemes

In MIMO systems, there are many digital precoding 
schemes that can be used to improve the system perfor-
mance and to reduce the interference. Some precoding 
algorithms are based on the channel matrix decomposi-
tion which decomposes the complex channel matrix into 
corresponding transmitter precoding and receiver post-
coding matrices. In this section, the fully digital SVD- and 
GMD-based precoding schemes are discussed in order to 
improve the error performance of single-RF SMTs.

Consider that SM and SSK systems are with Nt transmit 
antennas and Nr receive antennas. The SVD of the channel 
matrix H ∈ ℂ

Nr×Nt can be written as in [29] 

where U ∈ ℂ
Nr×Nr and V ∈ ℂ

Nt×Nt are orthogonal and uni-
tary matrices, and VH is the Hermitian transpose of the uni-
tary matrix V. The diagonal matrix S ∈ ℂ

Nr×Nt consists of 
the largest singular values of the complex channel matrix 
H are on its diagonal. It is, however, a real-valued diagonal 
matrix of the positive square roots of the eigenvalues of 
the matrix HHH sorted in a descending order.

SVD algorithm is considered as a complex algorithm 
due to the several generated sub-channels with different 
gain values which varies widely, and hence increasing 
the complexity either at the transmitter or the receiver 
side. In order to circumvent this issue, GMD algorithm is 
proposed in [34], where it can decompose the complex-
valued MIMO channel into a number of identical sub-
channels with equal gain as depicted in Fig. 1, and the 
sub-channel’s energies tend to converge together. More-
over, more energy will be assigned to smaller eigenvalue 
sub-channels, and the various sub-channel energies 
can be eventually made equal to the geometric mean 
of the positive non-zero singular values of the complex 
channel. Therefore, the fully digital GMD-based precod-
ing scheme leads to avoid the complicated bit alloca-
tion issue that caused by the unequal SNRs for different 

(1)H = USVH ,
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sub-channels in the SVD-based algorithm [30]. The GMD 
of the channel matrix H ∈ ℂ

Nr×Nt can be written as in [35] 

In this algorithm, the two unitary matrices Q ∈ ℂ
Nr×Nr 

and PH ∈ ℂ
Nt×Nt  have orthonormal columns, while 

R ∈ ℂ
Nr×Nt is an upper triangular matrix with diagonal 

real elements equal to the geometric mean of the posi-
tive singular values of the complex matrix H.

In the fully digital SVD- and GMD-based precoding 
schemes, the transmitted signal is multiplied by the 
transmit digital precoder matrix V or P, and the received 
signal is multiplied by the digital post-coder matrix UH 
or QH, respectively, with assuming that the channel state 
information (CSI) is available at both the transmitter 
and the receiver. In fact, the digital transmit precoder 
is designed in order to eliminate the inter-symbol inter-
ference at the transmitter, while the digital combiner 
which is also well-known as the digital post-coder or the 
receiver shaping is designed to successfully reconstruct 
the transmitted symbols at the receiver.

In this paper, the  SVD and GMD algorithms are 
exploited to design the fully digital precoding schemes 
in single-RF SMTs. However, the SVD-based precoding 
technique is applied in MIMO systems to execute the 
singular value decomposition to the channel matrix H 
as in (1). The received signal equation with applying the 
SVD algorithm to the channel matrix in single-user SMTs 
with single-RF chain can be expressed as.

where xt is the Nt—length transmitted vector, and n is an 
Nr—dimensional additive white Gaussian noise (AWGN) 
vector with zero mean and covariance matrix of �2

n
INr

 , 
n ∼ CN

(
0Nr

, �2
n
INr

)
 , where INr

 is the Nr × Nr identity matrix, 
and σn

2 is the noise variance per dimension.

(2)H = QRPH .

(3)y = USVHxt + n,

By multiplying the channel matrix H by both UH and V 
matrices, an equivalent channel matrix is obtained after 
applying the SVD-based precoding scheme as follows

Therefore, the received signal equation of single-user 
SMTs employing the fully digital SVD-based precoding 
scheme can be expressed as

The noise term UHn will be eliminated by the maximum 
likelihood (ML) detector which is used to jointly estimate the 
spatial symbol �̂  and the signal symbol X̂� with taking the 
effective channel HSVD into consideration as follows

where X is a set that containing all possible transmitted 
vector combinations between transmit antennas and data 
symbols.

Similarly, the GMD-based precoding scheme can be 
employed by executing the GMD algorithm to the channel 
matrix H in single-user SMTs with single-RF chain as writ-
ten in (2). With applying the GMD algorithm to the channel 
matrix in single-RF SMTs, the received signal equation can 
be written as

By multiplying the complex channel matrix H by the pre-
coder and post-coder matrices, P and QH, respectively, an 
equivalent channel matrix is obtained after applying the 
GMD-based precoding, where the effective channel matrix 
in (7) can be transformed into a real upper triangular matrix 
as follows

The received signal equation of single-RF SMTs utilizing 
the fully digital GMD-based precoding scheme is expressed 
as

The ML detector is used in SMTs with GMD-based precod-
ing scheme to jointly estimate both the spatial symbol �̂  and 
the signal symbol X̂� can be written as

(4)HSVD = UHUSVHV = S ∈ ℂ
Nr×Nt .

(5)y = UH
(
USVHVxt + n

)
= HSVDxt + UHn.

(6)
[
�̂, X̂�

]
= argmin

X�∈X

‖‖y − HSVDX�
‖‖2F ,

(7)y = QRPHxt + n.

(8)HGMD = QHQRPHP = R ∈ ℂ
Nr×Nt .

(9)y = HGMDxt + QHn.

(10)
[
�̂, X̂�

]
= argmin

X�∈X

‖‖y − HGMDX�
‖‖2F .

Channel gain           Channel gain

Noise                                             Noise
power                                           power

Sub-channel                                     Sub-channel
(a)                                                (b)

Fig. 1  Illustration of sub-channel gains in a SVD-based precoding 
and b GMD-based precoding [30]
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3  Norm‑based user selection technique 
for SMTs with GMD‑based precoding

One common assumption adopted in [36–38] is that the 
number of the power-hungry RF chains at the transmitter 
side of MIMO systems cannot be smaller than the number 
of transmitted streams. Moreover, user selection tech-
nique is an important and critical aspect for maintaining 
good performance and optimizing MIMO systems. In this 
paper, single-RF SMTs with fully digital GMD-based pre-
coding scheme employing the Frobenius norm-based user 
selection technique is presented with the system model 
shown in Fig. 2 for downlink MU-MIMO. In this scheme, 
there are Ka active users out of K users in the system, where 
the number of receive antennas for the Kth user is denoted 
by Nrk

 , and the BS is equipped with Nt > 1 transmit anten-
nas and one RF chain.

In downlink MU-SMTs systems with the Frobenius 
norm-based user selection technique, the Ka active users 
are selected based on the channel energy that indicated 
by the Frobenius norm, where a number of Ka users with 
the highest norm values are selected using the squared 
Frobenius norm after ordering the K norm values in a 
descending order. In this scheme, the channel matrix of 
MU-SMTs has the size of KNrk

× Nt.
Applying the GMD algorithm to the channel matrix 

H ∈ ℂ
KNrk

×Nt in MU-SMTs with single-RF chain is as previ-
ously explained in Sect. 2. Moreover, applying the Frobe-
nius norm-based user selection technique for SM or SSK 
systems with the fully digital GMD-based precoding 
scheme can be expressed as

The received signal vector of the jth selected user 
with taking the used effective channel matrix Hu-a into 

(11)

Hu = arg max
k∈{1,2,…,K}

‖‖HGMD
‖‖2F = arg max

k∈{1,2,…,K}

{
tr
(
HGMDH

H
GMD

)}
.

consideration with KaNrk
 rows of Hu ∈ ℂ

KNrk
×Nt are selected 

is expressed as

where Hu−aj
∈ ℂ

Nrk
×Nt is the effective channel matrix for 

user j, nj ∈ ℂ
Nrk

×1 is the AWGN vector at the jth selected 
user, and j = 1, 2, …, Ka.

Employing the fully-digital GMD-based precoding 
scheme in MU-SMTs ensures that the interference imposed 
by the other users at the jth user is canceled. Moreover, the 
overall received signal vector of (12) can be represented by 
single vectors for all selected users as

where y ∈ ℂ
KaNrk

×1 is the received signal vector, 
Hu−a ∈ ℂ

KaNrk
×Nt is the overall effective channel matrix 

between the BS and all selected users, and n ∈ ℂ
KaNrk

×1 is 
the overall noise vector at all selected users.

The spatial symbol �̂  and the signal symbol X̂� are jointly 
estimated by the optimum ML detector as follows

(12)
yj = Hu−aj

x +

Ka∑
q≠j

Hu−axt

⏟⏞⏞⏟⏞⏞⏟
≈0

+nj = Hu−aj
xt + nj ,

(13)

⎡⎢⎢⎢⎣

y1
y2
⋮

yKa

⎤⎥⎥⎥⎦
⏟⏟⏟

y

=

⎡
⎢⎢⎢⎢⎣

Hu−a1

Hu−a2

⋮

Hu−aKa

⎤
⎥⎥⎥⎥⎦

⏟⏞⏞⏟⏞⏞⏟
Hu−a

xt +

⎡⎢⎢⎢⎣

n1
n2
⋮

nKa

⎤⎥⎥⎥⎦
⏟⏟⏟

n

,

(14)
[
�̂, X̂�

]
= argmin

X�∈X

‖‖y − Hu−aX�
‖‖2F .

Fig. 2  Block diagram of SVD- and GMD-based precoding scheme for single-RF SMTs with norm-based user selection technique
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4  Simulation results

In this section, the simulation results of the BER perfor-
mance of single-RF SMTs with fully digital SVD- and GMD-
based precoding schemes over Rayleigh fading channel 
are provided. The main purpose of these simulation results 
is to compare the BER performance of SMTs in single-user 
scenario with SVD- and GMD-based precoding algo-
rithms. In addition, in order to obtain a good balance of 
BER performance across channels, the GMD algorithm is 
introduced to replace the SVD algorithm for precoding in 
the downlink MU-SMTs with single-RF chain. The simula-
tion results of MU-SMTs with Frobenius norm-based user 
selection technique and employing GMD-based precod-
ing scheme are presented for various numbers of transmit 
antennas and selected users. Throughout the simulation 
of this paper, all SM schemes employ 4-QAM technique.

4.1  Single‑RF SMTs with fully digital SVD‑ 
and GMD‑based precoding schemes

The BER performance of SM 2 × 4 scheme employing 
4-QAM technique with fully digital SVD- and GMD-based 
precoding schemes is shown in Fig. 3. It can be clearly seen 
from this figure that the required SNR value to achieve 
the BER of  10−6 in SM system with SVD-based precoding 
scheme is about 21.4 dB. It is also clear that SM scheme 
with GMD-based precoding technique requires an SNR 
value of almost 15 dB at the BER performance of  10−6, 
while the conventional SM system requires about 16.7 dB 
at the same BER performance. This demonstrates that the 

fully digital GMD-based algorithm in SM 2 × 4 with 4-QAM 
technique shows an improvement of approximately 1.7 dB 
and 6.4 dB over the conventional SM system and SM with 
SVD-based precoding scheme, respectively.

Figure  4 depicts the error performance of SM 4 × 4 
scheme employing 4-QAM technique with SVD- and GMD-
based precoding schemes. The improvement of SM system 
with GMD-based precoding scheme appears after the BER 
of  10−3, and it can be seen that the improvement equals 
to almost 1.7 dB at the BER of  10−6, because the required 
SNR value for the conventional SM system is about 17.5 dB 
and for SM system with GMD-based precoding scheme is 
approximately 15.8 dB to achieve the same BER perfor-
mance. On the other hand, it is clear that SM system with 
SVD-based precoding scheme requires a very high SNR 
value to achieve the BER performance of  10−6 which leads 
to a performance degradation as compared to the con-
ventional SM system.

The error performance of SSK 2 × 4 with SVD- and GMD-
based precoding schemes is shown in Fig. 5. As it can be 
clearly seen from this figure, the required SNR value for the 
conventional SSK system to achieve the BER performance 
of  10−6 is about 15.8 dB, while employing SVD- and GMD-
based precoding techniques in SSK 2 × 4 scheme requires 
almost 11 dB and 9 dB, respectively, to achieve the same 
BER performance. This shows a performance improvement 
of approximately 4.8 dB and 6.8 dB with fully digital SVD- 
and GMD-based precoding algorithms, respectively.

In Fig. 6, the BER performance of SSK 4 × 4 scheme with 
fully digital SVD- and GMD-based precoding techniques 
is depicted to illustrate the effect of increasing the num-
ber of transmit antennas to Nt = 4. This figure shows that 

Fig. 3  BER performance of SM 2 × 4 employing 4-QAM with fully 
digital SVD- and GMD-based precoding schemes

Fig. 4  BER performance of SM 4 × 4 employing 4-QAM with fully 
digital SVD- and GMD-based precoding schemes
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the required SNR value for the conventional SSK system is 
about 16.3 dB to attain the BER of  10−6, while the required 
SNR value for SSK system with SVD-based precoding 
scheme to achieve the same BER performance is almost 
20 dB. Thus, this shows that SVD algorithm leads to a per-
formance degradation of about 3.7 dB. Therefore, increas-
ing the number of transmit antennas to Nt = 4 makes the 
SVD-based precoding scheme is not preferred because it 
requires higher SNR value than the

conventional SSK system. In addition, it is obvious from 
these results that the improvement in SSK system with 

fully digital GMD-based precoding scheme is observed 
after the BER of  10−3 at the SNR value of almost 9 dB, and 
it requires about 13.0 dB to obtain the BER performance 
of  10−6. This provides an improvement of approximately 
2.4 dB over the conventional SSK scheme.

To summarize, applying the fully digital SVD- and GMD-
based precoding schemes in single-user SMTs with various 
numbers of transmit antennas showed that employing the 
SVD-based precoding scheme in SM and SSK systems with 
single-RF chain and perfect CSI knowledge at the receiver 
caused a higher degradation in the BER performance with 
Nt = 4 than that with Nt = 2, while only SSK 2 × 4 system has 
showed a performance improvement with fully digital 
SVD-based precoding technique over the conventional 
SSK system. More importantly, employing the fully digital 
GMD-based precoding scheme in single-user SM and SSK 
techniques with assuming that a perfect CSI is available at 
the receiver provides an improvement in the system error 
performance due to avoiding the complicated bit alloca-
tion problem in SVD-based precoding algorithm.

4.2  MU‑SM with GMD‑based precoding scheme 
and norm‑based user selection technique

The BER performance of MU-SM 2 × 4 system employing 
4-QAM technique with fully digital GMD-based precoding 
scheme and Frobenius norm-based user selection algo-
rithm is evaluated for various numbers of selected users 
as shown in Fig. 7. It can be clearly seen from this figure 
that the conventional SM system requires an SNR value 
of about 14.2 dB to achieve the BER performance of  10−5, 
while single-user SM system with GMD-based precoding 
technique outperforms the conventional SM system by 
just less than 1 dB at the same BER performance. Moreo-
ver, MU-SM system employing norm-based user selection 
algorithm with only one selected user out of ten available 
users requires an SNR value of almost 7.5 dB at the BER 
of  10−5 which shows an improvement of about 6.7 dB as 
compared to the conventional SM system. It is also clear 
that increasing the number of selected users improves the 
BER performance. On the other hand, MU-SM 2 × 4 system 
with fully digital GMD-based precoding scheme requires 
an SNR value of approximately – 2.7 dB to attain the BER 
performance of  10−5 with any number of selected users, 
and this scheme outperforms MU-SM system with select-
ing all available users (Ka = K = 10) by just less than 0.2 dB. 
This also reveals that MU-SM 2 × 4 system with GMD-based 
precoding scheme outperforms the conventional SM sys-
tem by about 16.9 dB due to applying the fully digital 
GMD-based precoding scheme, regardless of how many 
users have been selected.

In Fig. 8, the BER performance of MU-SM 4 × 4 system 
employing 4-QAM technique with fully digital GMD-based 

Fig. 5  BER performance of SSK 2 × 4 with fully digital SVD- and 
GMD-based precoding schemes

Fig. 6  BER performance of SSK 4 × 4 with fully digital SVD- and 
GMD-based precoding schemes
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precoding scheme and Frobenius norm-based user selec-
tion technique is evaluated and compared to the conven-
tional SM system. This figure shows that the conventional 
SM scheme requires an SNR value of about 15 dB to attain 
the BER performance of  10−5, while single-user SM system 
with fully digital GMD-based precoding technique out-
performs the conventional SM system by almost 1 dB at 
the same BER performance. It is also shown in Fig. 8 that 
selecting one user out of ten available users in MU-SM 4 × 4 
system requires about 10.7 dB to achieve the BER perfor-
mance of  10−5, and this performance is further improved 
as the number of selected users increased. Additionally, 
MU-SM system with GMD-based precoding scheme and 
selecting any number of users out of the ten available 
users requires almost – 2.5 dB to achieve the BER of  10−5, 
which is similar to the performance of MU-SM system with 
selecting all available users (Ka = K = 10). This shows that a 
significant improvement of almost 17.5 dB is obtained over 
the conventional SM system. It is also obvious from these 
results that the BER performance of MU-SM systems with 
Frobenius norm-based user selection algorithm is signifi-
cantly improved by applying the fully digital GMD-based 
precoding scheme as compared to MU-SM systems with-
out GMD-based precoding scheme.

4.3  MU‑SSK with GMD‑based precoding scheme 
and norm‑based user selection technique

Figure 9 depicts the simulation results of MU-SSK 2 × 4 
system with Frobenius norm-based user selection algo-
rithm and fully digital GMD-based precoding scheme. It 
is clear from this figure that the required SNR value for 
the conventional SSK scheme is almost 13 dB to obtain 
the BER performance of  10−5, and SSK system with GMD-
based precoding scheme outperforms the conventional 
SSK system by about 5.5 dB at the same BER performance. 
In addition, MU-SSK system with selecting only one user 
out of ten available users requires an SNR value of about 
6 dB at the BER performance of  10−5, and this performance 
improves as the number of selected users increases. More-
over, MU-SSK system with fully digital GMD-based precod-
ing scheme and selecting any number of users out of the 
ten available users requires an SNR value of about – 4 dB at 
the BER performance of  10−5. This shows that an enhance-
ment of almost 17 dB and 11.5 dB are obtained over the 
conventional SSK system and single-user SSK with GMD-
based precoding scheme, respectively. Additionally, it is 
clear that the best BER performance is achieved in MU-SSK 
system with GMD-based precoding scheme and select-
ing any number of users, and it outperforms the MU-SSK 

Fig. 7  BER performance of MU-SM 2 × 4 employing 4-QAM and 
K = 10 users with GMD-based precoding scheme and various num-
bers of active users

Fig. 8  BER performance of MU-SM 4 × 4 employing 4-QAM and 
K = 10 users with GMD-based precoding scheme and various num-
bers of active users
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system with selecting all available users (Ka = K = 10) by 
approximately 1 dB at the BER performance of  10−5.

On the other hand, the BER performance of MU-SSK 
4 × 4 system with fully digital GMD-based precoding 
scheme and Frobenius norm-based user selection tech-
nique is evaluated in Fig. 10 with various numbers of 
selected users out of ten total users. As it can be noticed 
from this figure, the conventional SSK scheme requires 
an SNR value of almost 13.8 dB to attain the BER of  10−5, 
while SSK system with fully digital GMD-based precod-
ing scheme outperforms the conventional SSK system by 
about 1.6 dB at the same BER performance. In addition, 
MU-SSK scheme with selecting one user out of ten users 
requires an SNR value of just less than 10 dB at the BER 
performance of  10−5, and this can be further improved 
as the number of selected users increased. Moreover, 
MU-SSK system with fully digital GMD-based precoding 
scheme requires an SNR value of approximately – 3 dB 
to attain the BER of  10−5, and this outperforms MU-SSK 
system with selecting all available users (Ka = K = 10) by 
about 0.2 dB. Additionally, it is clear from this compari-
son that the maximum BER improvement with the mini-
mum required SNR value of almost – 3 dB is achieved 
with any number of selected users to attain the BER of 
 10−5. This provides an improvement of about 16.8 dB as 

compared to the conventional SSK system, and about 
15.2 dB over the SSK system with GMD-based precod-
ing scheme. It is also noticeable from these results that 
the BER performance of MU-SSK systems with applying 
norm-based user selection algorithm is significantly 
improved with fully digital GMD-based precoding tech-
nique as compared to MU-SSK schemes without GMD-
based precoding scheme.

4.4  MU‑SMTs with GMD‑based precoding scheme 
in the presence of channel estimation errors

In order to explore the effect of the imperfect CSI at the 
receiver of MU-SMTs with fully digital GMD-based precod-
ing scheme on the BER performance, Figs. 11, 12, 13 and 
14 are plotted. In these figures, the imperfect channel esti-
mation is taken into consideration in order to be practi-
cal in decoding the transmitted information. The channel 
matrix H and its estimate H̃ are assumed in this paper to be 
jointly ergodic and stationary processes, and an orthogo-
nality between the CSEs and the channel estimate is also 
assumed. For the imperfect CSI scenario, the estimated 
channel matrix H̃ in MU-SMTs with GMD-based precoding 
scheme with error is written as [39] 

Fig. 9  BER performance of MU-SSK 2 × 4 and K = 10 users with 
GMD-based precoding scheme and various numbers of active users

Fig. 10  BER performance of MU-SSK 4 × 4 and K = 10 users with 
GMD-based precoding scheme and various numbers of active users



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:91 | https://doi.org/10.1007/s42452-020-04068-0

where E ∈ ℂ
KaNrk

×Nt represents the CSE matrix with inde-
pendent and identically distributed (i.i.d.) entries that 
having zero mean and variance σe

2, E ∼ CN
(
0Nr

, �2
e
INr

)
 . This 

variance captures the channel estimation quality, and it 
can be chosen appropriately depending on the channel 
estimation and dynamics schemes. For orthogonal pilot 
designs, it is assumed in this paper that the estimation 
error reduces linearly as the number of pilots increases [39, 
40], thus the error variance σe

2 is kept equal to the noise 
variance σn

2.
Figure 11 compares the error performance of MU-SM 

2 × 4 system employing 4-QAM technique with fully digi-
tal GMD-based precoding scheme, MU-SM scheme with 
selecting two users out of ten available users, SM scheme 
with GMD-based precoding technique, and the conven-
tional SM scheme. All of these schemes are considered 
with the presence of CSEs, where an imperfect channel 
knowledge is assumed at the receiver. Similarly, Figs. 12, 
13 and 14 are plotted for MU-SM 4 × 4, MU-SSK 2 × 4 and 
MU-SSK 4 × 4 schemes, respectively. It is clearly seen from 
these figures that a performance degradation of almost 
3–3.5 dB is found in the conventional single-user SMTs 
with the presence of CSEs over the same schemes with 

(15)H̃ = H − E ,

Fig. 11  BER performance of MU-SM 2 × 4 scheme employing 4-QAM 
with fully digital GMD-based precoding in the presence of CSEs

Fig. 12  BER performance of MU-SM 4 × 4 scheme employing 4-QAM 
with fully digital GMD-based precoding in the presence of CSEs

Fig. 13  BER performance of MU-SSK 2 × 4 scheme with fully digital 
GMD-based precoding in the presence of CSEs
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perfect channel knowledge at the receiver, while a per-
formance degradation of about 2.8 dB occurs with CSEs 
in MU-SMTs and GMD-based precoded schemes as com-
pared to the perfect CSI case without CSEs.

5  Conclusions

In this paper, the fully digital GMD-based precoding 
scheme is employed in single-user SM and SSK systems 
with single-RF chain in order to circumvent the issue of 
the complicated bit allocation and the different SNR values 
of the sub-channels that generated in SVD-based algo-
rithm. Additionally, the Frobenius norm-based user selec-
tion technique is performed in both MU-SM and MU-SSK 
schemes. The simulation results showed that applying the 
SVD algorithm in single-RF SMTs degrades the error per-
formance, while the GMD algorithm provides an enhance-
ment to all SMTs. On the other hand, SMTs with fully digital 
SVD-based precoding technique when Nt = 2 outperform 
that when Nt = 4. In general, increasing the number of 
transmit antennas in single-user SMTs with SVD- and GMD-
based precoding schemes reduces the improvement of 
the error performance. This shows that transmit diversity 
is not exploited in SMTs even with SVD- and GMD-based 

precoding techniques. It is also found from the simulation 
results that the BER performance of MU-SMTs improves as 
the number of selected users increases. From the results of 
MU-SMTs with GMD-based precoding scheme, it is found 
that employing the Frobenius norm-based user selection 
technique with any number of selected users provides the 
same and best BER performance as compared to the con-
ventional SMTs, and this error performance matches that 
of MU-SMTs without GMD-based precoding and selecting 
all available users. Broadly speaking, a significant enhance-
ment in MU-SMTs with GMD-based precoding scheme can 
be obtained with any number of selected users as com-
pared to the conventional systems. In other words, it is 
noticed that the performance improvement becomes 
constant with any number of selected users in single-RF 
MU-SMTs with GMD-based precoding technique. Addition-
ally, a comparison between MU-SMTs with perfect and 
imperfect CSI knowledge at the receiver showed that the 
BER performance is degraded by about 2.8 dB in all pro-
posed schemes with the presence of CSEs over the same 
schemes with perfect channel knowledge at the receiver, 
while a performance drop of almost 3–3.5 dB occurs in the 
conventional single-user SMTs with the presence of CSEs 
over the same schemes with perfect CSI at the receiver. 
These results show that the MU-SMTs and GMD-based pre-
coded schemes provide lower performance degradation 
than that of the conventional schemes with the presence 
of CSEs over the same schemes with perfect CSI. There-
fore, the proposed MU-SMTs with fully digital GMD-based 
precoding scheme can be effectively used in various 5G 
wireless networks.
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