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A B S T R A C T

The Multiple-input Multiple-output (MIMO) Non-orthogonal Multiple Access (NOMA) based on Spatial Modu-
lation (SM-MIMO-NOMA) system has been proposed to achieve better spectral efficiency with reduced radio
frequency chains comparing to the traditional MIMO-NOMA system. To improve the performance of SM-MIMO-
NOMA systems, we extend them to generalized spatial modulation scenarios while maintaining moderate
complexity and fairness. In this paper, system spectral efficiency and transmission quality improvements are
proposed by investigating a sum-rate maximization resource allocation problem that is subject to the total
transmitted power, user grouping, and resource block constraints. To solve this non-convex and difficult problem,
a graph-based user grouping strategy is proposed initially to maximize the mutual gains of intragroup users. An
auxiliary-variable approach is then adopted to transform the power allocation subproblem into a convex one.
Simulation results demonstrate that the proposed algorithm has better performance in terms of bit error rate and
sum rates.
1. Introduction

In future Beyond Fifth-Generation (B5G) mobile communication
networks, many technologies will be widely investigated and researched,
such as fog-computing-enabled mobile communication networks [1] and
open networks featuring with convergence of communication,
computing and caching [2]. Among urgent considerations are the ex-
pectations that higher user or device capacity, lower cost, and higher
spectral utilization will be addressed. Non-orthogonal Multiple Access
(NOMA) [3,4] is one of the candidate technologies that has demonstrated
its capacity to improve the spectral efficiency or transmission rate in B5G
networks [5]. Moreover, system complexity is another important
consideration, especially for Multiple-input Multiple-output (MIMO)
scenarios with large numbers of transmit antennas. Hardware costs in-
crease with increasing number of users in MIMO-NOMA systems [6]. For
resolving the above issues, Spatial Modulation (SM) technology [7] was
introduced to MIMO-NOMA systems, namely, SM-MIMO-NOMA systems
[8–10].

Although traditional SM-MIMO-NOMA systems can allow users to
utilize power domain resources with reduced Radio Frequency (RF)
chains, system performance is severely affected by the SM mapper rule,
.
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which ensures that there can only be one active transmit antenna.
However, Generalized Spatial Modulation (GSM), as an extended SM
technology, can allow users to select multiple active transmit antennas
[11–14]. Consequently, the combination of GSM and MIMO-NOMA
(GSM-MIMO-NOMA) systems becomes an effective approach for high
spectral utilization while maintaining moderate complexity and fairness.
Moreover, different demands in a GSM-MIMO-NOMA system can be
effectively satisfied by dynamic resource allocation schemes, including
user grouping and power allocation [15].

1.1. Related works

Studies on traditional NOMA systems can be mainly classified into
three different types: user grouping; power allocation; and joint user
grouping and power allocation.

1.1.1. User grouping
In [16], random user grouping was studied to meet various Quality of

Service (QoS) requirements in MIMO-NOMA systems. In Ref. [17], a
sum-rate maximization problem with service rate constraints was
considered to produce quality-balanced user grouping schemes. In
ebruary 2022
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Fig. 1. GSMN system illustration.
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Ref. [18], an energy minimization-based user grouping for
NOMA-assisted Multi-access Edge Computing (MEC) systems was pro-
posed using matching theory.

1.1.2. Power allocation
Iterative power allocation algorithms were proposed to reduce outage

probabilities in uplink NOMA systems [19], to improve energy efficiency
in downlink NOMA systems [20], and to guarantee fairness in uplink and
downlink NOMA systems [21,22]. The gradient ascent method and
gradient descent method were presented to maximize the Achievable
Sum Rate (ASR) in NOMA-millimeter wave systems [23]. Moreover, a
non-convex power allocation problem with QoS requirements was
studied, utilizing Successive Convex Approximation (SCA) in downlink
NOMA systems [24]. Furthermore, the robust interference efficiency
maximization problem was investigated in heterogeneous networks [25,
26].

1.1.3. Joint user grouping and power allocation
In downlink NOMA systems, a multiuser user grouping scheme was

proposed to improve the ASR, and an optimal power allocation scheme
was designed to outperform conventional Orthogonal Multiple Access
(OMA) systems [27]. In uplink and downlink NOMA systems, the prob-
lem of throughput maximization was discussed by Refs. [28,29], utilizing
the Lagrangian multiplier method and the Karush-Kuhn-Tucher condi-
tion. In uplink massive MIMO-NOMA systems, a sum-rate maximization
problem was studied by Ref. [30], where efficient user grouping and
power allocation algorithms were proposed under received power
constraints.

There are several prior works on SM-MIMO-NOMA systems. Spectral
efficiency was analyzed by Refs. [8,10], and the Bit Error Rate (BER) was
studied by Ref. [9] where random user grouping and fixed power allo-
cation schemes were considered. However, dynamic user grouping and
power allocation were investigated for SM-MIMO-NOMA systems to
improve the ASR, achieving significant performance enhancement in
comparison with random grouping and fixed power allocation [31].
Furthermore, MIMO-NOMA systems based on quadrature spatial modu-
lation were designed [15] where the real and imaginary parts of a symbol
were separated for transmission and an iteration method was employed
to obtain better user grouping and power allocation. Moreover, the
spatial multiple access system was proposed to reduce the complexity of
NOMA systems by Ref. [32]. Furthermore, MIMO-NOMA systems based
on generalized space shift keying were proposed, where some users uti-
lized power domain resources and others used spatial domain resources
[33].
1.2. Motivation

Unlike [8–10], existing works have considered two-user SM-MI-
MO-NOMA systems. However, such systems waste spatial domain
2

resources and cannot satisfy demand for massive connectivity. Conse-
quently, multiuser GSM-MIMO-NOMA systems can be considered for
downlink scenarios. Traditional schemes are too ideal to meet differing
requirements, and intragroup gain maximization cannot be guaranteed.
Moreover, the power allocation coefficient is fixed regardless of channel
conditions, as noted by Refs. [8–10]. Moreover, Best-near Best-far
(BNBF) user grouping [34], fixed two-user power allocation [32], and
QoS-based power allocation [35,36] cannot achieve a tradeoff between
system performance and complexity. Motivated by these problems, dy-
namic resource allocation is required to achieve sum-rate maximization
for GSM-MIMO-NOMA systems.
1.3. Contributions and organization

In this paper, we consider a downlink GSM-MIMO-NOMA system. The
sum-rate maximization resource allocation problem is studied under the
consideration of a total transmit power constraint, a user grouping
constraint, and a resource block constraint. The main contributions are
outlined as follows:

� A GSM-MIMO-NOMA system is investigated, where two or more
symbols are sent by the Transmit Antenna Combination (TAC), which
is based on the GSM mapping rule. Moreover, mutual interference
coming from other transmit antennas has been considered by the
Maximum Likelihood (ML) detection, and intragroup interference
could be mitigated by a Successive Interference Cancellation (SIC)
procedure. Therefore, a GSM-MIMO-NOMA system achieves a better
trade-off between spectral efficiency and complexity in comparison to
other existing systems.

� The non-convex resource allocation problem is difficult to solve
because optimized variables become entangled with each other. To
resolve this problem, a graph-based user grouping strategy is pro-
posed to initially achieve mutual gain maximization in intragroup
users, where the min-cut problem is considered. An auxiliary-variable
approach is then adopted to transform the power allocation sub-
problem into a convex one.

� Comprehensive experiments and fair comparisons are performed to
show how BER and ASR are improved with different Signal-to-Noise
Ratios (SNRs), numbers of reception antennas, and number of users.

The rest of this paper is organized as follows: Section 2 presents
systemmodel and problem formulation; Sections 3 and 4 discuss the user
grouping strategy and power allocation strategy, respectively; Section 5
shows simulation results and performance analysis; And conclusions are
drawn in Section 6.

Notation: (⋅)H is the conjugate transpose operation, tr(⋅) denotes the
trace operation, ⌊ ⋅ ⌋ is the floor operation, k ⋅k2 denotes the second-order
norm operation, nCk is the binomial coefficient of [n, k], C denotes a
complex number field, Z is an integer field, Re(⋅) denotes the real part of



Table 1
Symbol notations.

Symbol Definition

Ht
i The channel matrix of uti

Ht
i;Jti The ðJti Þth column of Ht

i of u
t
i

γti;Ji The effective channel gain for Hl
i;Jti

of uti
xti;Jti The transmitted signal of uti with the chosen TAC Jti
sti The APM symbol of uti
sti The effective symbol vector of uti
yti The received signal of uti

Table 2
The mapping rule of the GSM-MIMO-NOMA system.

Input bit TAC APM symbols Input bit TAC APM symbols

0000 (1, 3) (þ1, þ1) 1000 (2, 4) (þ1, þ1)
0001 (1, 3) (þ1, �1) 1001 (2, 4) (þ1, �1)
0010 (1, 3) (�1, þ1) 1010 (2, 4) (�1, þ1)
0011 (1, 3) (�1, �1) 1011 (2, 4) (�1, �1)
0100 (1, 4) (þ1, þ1) 1100 (2, 3) (þ1, þ1)
0101 (1, 4) (þ1, �1) 1101 (2, 3) (þ1, �1)
0110 (1, 4) (�1, þ1) 1110 (2, 3) (�1, þ1)
0111 (1, 4) (�1, �1) 1111 (2, 3) (�1, �1)
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the complex number, and CN ðμ; σÞ is complex Gaussian distribution with
mean μ and variance σ2.

2. System model and problem formulation

2.1. Proposed SM-MIMO-NOMA system

Consider a downlink GSM-MIMO-NOMA system one Base Station
(BS) with N users. Assume that the BS is equipped with Nt transmit an-
tennas and each user has Nr reception antennas, where Na transmit an-
tennas are chosen in each time slot. Given a number of groups T and a
number of users K in each group, the total number of users is N ¼ KT.
Define uti as the i

th user of the tth group, i 2 {1, 2,…, K}, and t 2 {1, 2,…,
T}. Moreover, the total amount of resources is Φ, and the number of
resource blocks allocated to the tth group is represented by φt, where 1 �
φt � Φ. Furthermore, NOMA is implemented within each group and
different groups are assigned to orthogonal resources (i.e., intergroup
interference can be eliminated by adopting OMA among different groups,
as in Refs. [8,10]). Taking a group G as an example, the
GSM-MIMO-NOMA system model is shown in Fig. 1. System symbols are
presented in Table 1. In the GSM-MIMO-NOMA system, both the Ray-

leigh fading and path loss are considered as Ht
i ¼ d�α

i;t
~H
t
i 2 CNr�Nt , where

Ht
i is the channel matrix of uti , di,t is the distance between the BS and uti ,

and the path loss exponent is indicated by α [34]. ~H
t
i is the Rayleigh

fading coefficient from the BS to uti with entries that are independent and
identically distributed (i.i.d.) as CN ð0;1Þ [9].

The number of TACs is Nc ¼ 2⌊log2ðNt
CNa Þ⌋, where Nt

CNa is the binomial
coefficient of [Nt, Na]. The set of all TACs is Γ ¼ fI1; I2; ⋯ ; INcg,
where Ii 2 ZNa�1 is the ith TAC. When Nt ¼ 4 and Na ¼ 2 are given, Nc ¼ 4
is derived. In this instance, there are six ways (i.e., six possible TACs) to
choose two active antennas from four transmit antennas, making the set
of six possible TACs fð1;2Þ; ð1; 3Þ; ð1;4Þ; ð2; 3Þ; ð2;4Þ; ð3; 4Þg from which
we can arbitrarily select four TACs, such as fð1;3Þ; ð2;4Þ; ð1; 4Þ; ð2;3Þg, as
in Ref. [12]. However, in this paper, Γ ¼ fI1; I2; I3; I4g ¼ fð1;3Þ;
ð1; 4Þ; ð2;4Þ; ð2; 3Þg is assumed, where two successive TAC differ in only
one index of transmit antennas rather than two indices of transmit
1 The impact of antenna selection on the performance of SM-MIMO-NOMA/
GSM-MIMO-NOMA systems is beyond the scope of this paper. However, these
will be considered in our future work.
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antennas, as in the traditional schemes used in Ref. [12].1 In Table 2, the
mapping rule of the GSM-MIMO-NOMA system with Nt ¼ 4 and Na ¼ 2 is
defined, where the Binary Phase-shift Keying (BPSK) modulation is used.

Therefore, the transmitted signal of uti is defined as follows:

xti;Jti ¼
h
0 sti;1 ⋯ sti;Na

0
iT

↑ jti;1 ⋯ ↑ jti;Na
position

(1)

where Jti 2 ZNa�1 denotes the chosen TAC of uti , including different Na

transmit antennas from jti;1 to jti;Na
, sti;m 2 C1�1 is the Amplitude and Phase

Modulation (APM) symbol of uti at the j
t
i;m position, given that 1�m�Na.

xti;Jti 2 CNt�1 shows the transmitted signal of uti , the non-zero values of x
t
i;Jti

denote the APM symbols of Na active transmit antennas, and other ele-
ments of xti;Jti present the symbols of silent transmit antennas.

Na different APM symbols are sent by Na different transmit antennas.
Therefore, the combination ofNa different APM symbols can be named as
the effective symbol vector:

sti ¼
h
sti;1 s

t
i;2 ⋯sti;Na

iT
(2)

where sti 2 CNa�1 denotes the effective symbol vector of uti .

Without a loss of generality,
����Ht

1

����2 >
����Ht

2

����2 > ⋯ >
����Ht

K

����2, where

Ht
i 2 CNr�Nt is the channelmatrix of uti . Thus, thefirst user is the closest user

to the BS; as such, the BSwill allocate less power to that user, as in Ref. [28].
Therefore, the received signal of uti can be expressed as

yti ¼
ffiffiffiffiffiffiffi
βtiP
Na

s
Ht

i;Jti
sti þ

XK
k 6¼i

ffiffiffiffiffiffiffiffi
βtkP
Na

s
Ht

i;Jtk
stk|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

intragroup interference

þ wt
i (3)

where P is the total transmitted power, βti is the power allocation coef-
ficient of uti , y

t
i 2 CNr�1 is the received signal of uti , H

t
i;Jti

2 CNr�Na is the

ðJti Þth column of the channel matrix Ht
i of u

t
i , and wt

i 2 CNr�1 is the ad-
ditive white Gaussian noise with its i.i.d. entries CN ð0; σ2Þ. Moreover,
Ht

i;Jti
sti ¼ PNa

m¼1 H
t
i;jti;m

sti;m, which includes the mutual interference coming

from different antennas of uli.
The data rate of uti of the proposed GSMN systems is

Lt
i ¼ ⌊log2

�
Nt
CNa

�
⌋þ Nalog2ðMÞ (4)

where the first ⌊log2ðNt
CNa Þ⌋ bit is utilized for selecting the TAC, and the

remaining Na log2(M) bit is used for determining APM symbols [11,12].
Moreover, the ASR of the GSM-MIMO-NOMA system is defined as

Rsum ¼PT
t¼1

PK
i¼1 R

t
i , where Rsum is the ASR of the GSMN system, and Rt

i

is the achievable rate of uti as

Rt
i ¼

8>>>>>>>><
>>>>>>>>:

log2

�
1þ βt1Pγ

t
1;J1

Naσ2

�
; i ¼ 1;

log2

0
BB@1þ βtiPγ

t
i;JiPi�1

k¼1
βtkPγ

t
i;Jk þ Naσ2

1
CCA; otherwise

(5)

where γti;Ji ¼ trðHt
i;Jti

ðHt
i;Jti

ÞHÞ is the effective channel gain of uti in the

GSM-MIMO-NOMA system. Furthermore, in this paper, detection is
based on ML detection with the SIC procedure, as in Ref. [9]. Moreover,
the detection processes is based on perfect Channel State Information
(CSI) at the receiver [9], making this ideal model without having to
consider imperfect CSI to avoid the existence of channel uncertainties



Fig. 2. Graph representation of the gain relation for users in GSM-MIMO-NOMA

systems with K ¼ 2 and T ¼ 3.
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because of channel estimation errors.
2.2. Problem formulation

For a significant performance improvement in GSM-MIMO-NOMA
systems, a joint user grouping and power allocation problem for ASR
maximization can be considered. Therefore, this problem is formulated
as

max
βti ;μ

t
i

PT
t¼1

PN
i¼1 μ

t
ilog2

0
@1þ βtiPγ

t
i;JiP

k 6¼i
μtkβ

t
kPγ

t
i;Ji þ Naσ2

1
A

s:t: C1 :
XN

i¼1
μtiβ

t
iP ¼ P; 8t

C2 :
XN

i¼1
μtiβ

t
i ¼ 1; 8t

C3 :
XT

t¼1
μti ¼ 1; μti 2 f0; 1g; 8i; t

C4 :
XN

i¼1
μti ¼ N

	
T ; 8t

(6)

where C1 is the maximum transmitted power constraint, C2 is the power
allocation coefficient constraint, C3 indicates that one user can be
selected by one group at most, μti ¼ 1 and μti ¼ 0 denote that the user is,
or is not, respectively involved with a group, and C4 represents the
number of intragroup user constraints.

The problem mentioned above is mixed integer and nonlinear pro-
gramming [28]. For ASR maximization, an exhaustive search is adopted to
find the optimal user grouping solution, where the number of searches for

optimal user grouping can be represented as
QT

i¼1½ N i 1ð ÞKð ÞCK�ði�1ÞKÞ� ¼
ðKTÞ!
KT [37], but the optimal solution may be difficult or infeasible to solve for
practical systems (e.g., if N is very large).

To solve this problem, we propose a low-complexity two-step method
that will perform user grouping followed by power allocation for each
group. In this way, a suboptimal solution can be found while maintaining
lower complexity.

3. User grouping strategy

In this section, a low-complexity suboptimal user grouping strategy is
proposed for GSM-MIMO-NOMA systems, namely, min-cut grouping,
which is based on the min-cut problem in graph theory. Traditional
schemes include the best-near worst-far user grouping [29] and BNBF
user grouping [34]. However, these schemes only consider two-user
grouping results. User grouping schemes can be translated into
graph-based optimization problems. In vehicular communication net-
works, vehicles are divided into different clusters to minimize intergroup
interference where a graph-based algorithm was exploited [38].
4

However, in GSM-MIMO-NOMA systems, performance enhancement can
be achieved by optimizing the sum of gains for intragroup users (mutual
gains). To maximize these mutual gains, users with lower gains should be
divided into different groups. Therefore, a min-cut algorithm should be
exploited to place users with weaker mutual gains in different groups,
allowing all users in any given group to achieve mutual gain
maximization.

Suppose there are T initial sets, and each initial set has K users. Then,
constraints C3 and C4 of (6) should be satisfied.

The mutual gain relation of users can be expressed by an undirected
graph, Fig. 2, where a vertex denotes a user and two vertices are joined by
an edge. The edge weight ωa;b ¼ γtaa;Ja þ γtbb;Jb indicates the mutual gain
level between users a and b from initial sets ta and tb, respectively. The
objective is to minimize the total weight of edges in different groups. The
min-cut user grouping strategy is equivalent to the min-cut problem in
graph theory, which is described briefly below. Given a graph G¼ (V, E),
the vertex set is V, i.e., the set of all users. Vi denotes the set of users in the
ith initial set. Moreover, the edge set is E and the set of edges to be selected
Ei⊆Vi � Vi, where Vi is the complementary set of Vi, and 1 � i � T. Thus,
Ei ¼ {ea,b 2 E; a 2 Vi;b 2 V � Vi},(i ¼ 1),Ei ¼ fea;b 2 E �Pi�1

j¼1 Ej; a2 Vi; b2 V � Pi
k¼1 Vkg,ð2� i< TÞ.

Algorithm 1. Min-cut Grouping Procedure
The min-cut problem for an undirected graph is to identify a partition
of graph G into T disjoint groups Gt, where 1 � t � T and G1 [ G2 [ ⋯ [
GT ¼ V. Therefore, T ¼ K and K ¼ T. Furthermore, we have

XT

i¼1

X
a;b2Gt

ωa;b þ
X

a0 2Gi ;b
0 2Gj ;i 6¼j

ωa0 ;b0 ¼
X
e2E

ωðeÞ (7)

This makes minimizing
P

a0 2Gi ;b
0 2Gj ;i 6¼j

ωa0 ;b0 equivalent to maximizing

PT
i¼1

P
a;b2Gt

ωa;b. This also indicates that the min-cut grouping will deter-

mine the maximum sum of the weight of edges among users from
different initial sets. In this way, users in a given group have a stronger
total mutual gain than users in different groups, guaranteeing the mutual
gain maximization in each group. For K-user grouping, we can compute

the K-dimensional mutual gain ωK ¼ ðK � 1ÞPK
i¼1 γ

tai
ai ;Jai

. Accordingly,

Proposition 1 is obtained below.

Proposition 1. If we select K users for a group, which includes the ath1 user
to the athK user (ai 2 Vi), we can compute wa1 ;a2 ;…;aK instead of the sum of the
edge weight intended for all grouping possibilities, guaranteeing the total
mutual gain maximization in this group.

Proof.. For 8K, T, ai 2 Vi, i ¼ 1, 2, …, K, and any given K users that
include the ath1 user to the athK user, we have



Table 3
Simulation schemes.
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ωK ¼ ω1;2 þ ω1;3 þ⋯þ ω1;K þ ω2;3 þ⋯þ ωK�1;K

¼ γ
ta1 þ γ

ta2 þ γ
ta1 þ γ

ta3 (8)

Scheme User grouping Power allocation

Scheme 1 Min-cut grouping MaxASR strategy
Scheme 2 Min-cut grouping QoS-based strategy of [35,36]
Scheme 3 Min-cut grouping SIC-based strategy of [9]
Scheme 4 Min-cut grouping Fixed two-user strategy of [32]
Scheme 5 BNBF grouping of [34] MaxASR strategy
Scheme 6 MaxRate grouping of [37] MaxASR strategy
Scheme 7 Random grouping Fixed two-user strategy of [32]
Scheme 8 Random grouping Fixed three-user strategy

Fig. 3. Average BER performance of different two-user 4 � 4 systems with
K ¼ 2, T ¼ 6, P ¼ 1, α ¼ 3, and R ¼ 4 bits/symbol.
a1 ;Ja1 a2 ;Ja2 a1 ;Ja1 a3 ;Ja3

þ⋯þ γ
ta1
a1 ;Ja1

þ γ
taK
aK ;JaK

þ γ
ta2
a2 ;Ja2

þγ
ta3
a3 ;Ja3

þ⋯þ γ
taK�1
aK�1 ;JaK�1

þ γ
taK
aK ;JaK

¼ ðK � 1Þ
XK
i¼1

γ
tai
ai ;Jai

Therefore, the proof of Proposition 1 is concluded.

4. Power allocation strategy

Consider a suboptimal power allocation strategy targeting sum-rate
maximization, named MaxASR, for the proposed GSM-MIMO-NOMA
system that differs from the target of satisfying the min-rate re-
quirements by iteration, as in Ref. [15]. Suppose there are K users in each
group and that the power allocation scheme is based on the assumption
of the gain sort as in Section 2 [29]. Suppose the grouping result
mentioned above is t*. To improve the ASR of the GSM-MIMO-NOMA
system, a max ASR problem is formulated as

max
βt
*
i

PK
i¼1 log2ð1þ

βt
*

i Pγ
t*
i;JiPi�1

k¼1 β
t*

k Pγ
t*
i;Jk þ Naσ2

Þ

s:t:
PK

i¼1 β
t*

i ¼ 1

(9)

where the constraint is the power allocation coefficient constraint.
This constraint is convex, but the objective function is non-convex

because of the coupling between optimization variables in the objec-
tive function. There is an auxiliary variable approach [28,39] that
identifies solutions by introducing an auxiliary variable ct*i in the
following manner.

For the power allocation problem with constraints, it is difficult to
find solutions with simple calculations, but there are existing algorithms
that can produce solutions by introducing an auxiliary variable:

ct
*

i � ð1þ βt
*

i Pγ
t*
i;Ji

I t
*

i;Ji

Þ (10)

where It
*

i;Ji ¼
Pi�1

k¼1 β
t*
k Pγ

t*
i;Jk þ σ2 is the sum of interference and noise at

ut
*

i .

By maximizing
QK

i¼1 c
t*
i instead, the power allocation problem is

translated as:

max
βt
*
i ;ct*i

QK
i¼1 c

t*
i

s:t: C1 :
XK

i¼1
βt

*

i ¼ 1

C2 :
ct

*

i I
t*
i;Ji

I t
*

i;Ji þ βt
*

i Pγ
t*
i;Ji

� 1

C3 : ct
*

i > 0

(11)

where C1 is similar to (9), C2 and C3 are the upper bound and the lower
bound constraint of the auxiliary variable, respectively. Since the
objective function and the constraints are posynomials, (11) is geometric
programming [39].

By introducing variable substitution and replacing variables βti and cti
by eβi t and eci t, respectively, this problem can be translated into convex
programming. As C2 is a non-convex constraint on variables βti and cti , the
problem can be determined by taking the logarithm of C2 at both sides,
using exponential transformation as in Ref. [39], and convert it into a
convex state. Thus, the constraint C2 can be changed to
5

lnðect*i I t*i;Ji Þ � lnðIt*i;Ji þ eβ
t*
i Pγt

*

i;Ji Þ � 0 (12)
Therefore, (11) can be translated into

max
βti ;c

t
i

QK
i¼1 c

t*
i

s:t: C1 :
XK

i¼1
βt

*

i ¼ 1

C2 : lnðect*i I t*i;Ji Þ � lnðIt*i;Ji þ eβ
t*
i Pγt

*

i;Ji Þ � 0

C3 : ct
*

i > 0

(13)

where C2 is a convex constraint. At this point, this optimization problem
is convex, rendering it solvable using an unmodified solver (e.g., CVX)
[40].

5. Simulation results

5.1. Performance analysis

Our simulation results demonstrated the effectiveness of proposed
GSM-MIMO-NOMA schemes by comparing them with SM-OMA, MIMO-
NOMA, and SMN schemes. To ensure a fair comparison, we started by
considering a two-user SM-MIMO-NOMA/GSM-MIMO-NOMA case, then
presenting results for a three-user case. For these cases, we assume a total
N ¼ 12 users in all systems, where two-user systems have T ¼ 6 groups
and three-user systems have T¼ 4 groups. Given that the total power P of
each group is fixed, as in Refs. [9,37], the noise power of all users is σ2,
and φl ¼ 1, 8l. In addition, our simulation results were generated by
averaging over 10,000 independent channel realizations.

After choosing a proper modulationmode, a data stream is modulated
at the sender, with a data part being mapped to the antenna sequence
number and another part being mapped to the constellation diagram; the



Fig. 4. Average BER performance comparison of two-user 4 � 4 GSMN systems
under different schemes and with K ¼ 2, T ¼ 6, P ¼ 2, α ¼ 3, and R ¼ 4
bits/symbol.

Fig. 5. Average BER performance comparison of two-user SMN/GSMN systems
under different antennas and modulation orders with K ¼ 2 and T ¼ 6, Nt ¼ 4,
P ¼ 2, α ¼ 3 and scheme 1.

Fig. 6. Average BER performance comparison of different three-user systems
with K ¼ 34, T ¼ 4, P ¼ 1, α ¼ 3, and R ¼ 4 bits/symbol.

Fig. 7. ASR performance of different two-user 4 � 4 systems with K ¼ 2, T ¼ 64,
P ¼ 5, α ¼ 0, and BPSK modulation.
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data is then sent sequentially through the power distribution, the trans-
mit antenna, and the SIC modulation before reaching the receiver. The
channel obeys Rayleigh distribution, and all simulation results are
averaged over 10,000 random realizations.

The eight schemes investigated and compared are shown in Table 3.
The BNBF grouping means that the best users will be chosen according
their channel conditions as in Ref. [34]. Joint grouping was considered
for the ASR maximization as in Ref. [37]. The QoS-based strategy used
power allocation based on various QoS requirements, as in Refs. [35,36],
and the SIC-based strategy employed power allocation to remove intra-
group interference, as in Ref. [9]. Moreover, the fixed two-user strategy
denoted a power ratio of βl1 : βl2 ¼ 1 : 4, as in Ref. [32], and the fixed
three-user strategy possessed a power ratio of βl1 : βl2 : βl3 ¼ 2 : 3 : 45.

Fig. 3 illustrates the average BER performance of different two-user
4 � 4 systems, with P ¼ 1W and α ¼ 3. We assumed the coordinates of
the BSs, ut1, and ut2 were (0, 0), (0:5cos½ðl � 1Þ π3�, 0:5sin½ðl � 1Þ π3�), and
(1:1cos½ðl � 1Þ π3�, 1:1sin½ðl � 1Þ π3�), respectively. For a fair comparison,
all systems have the same data rate and the same modulation technol-
ogy, as in Ref. [9].Thus, all systems utilize Quadrature Phase Shift
Keying (QPSK) modulation except for SM-MIMO-NOMA systems with
BPSKmodulation and SM-OMA systems with 64 PSK modulation, which
means the data rate of all systems is R ¼ 4 bits/symbol and the
6

modulation technology of all systems is PSK modulation. The
SM-MIMO-NOMA system with Scheme 1 was superior to others,
decreasing sharply from 10�1 to about 10�4. This indicates that
GSM-MIMO-NOMA systems have optimal BER performance due to TAC
selection capacity. Additionally, SM-MIMO-NOMA systems utilizing
Scheme 1 outperformed SM-MIMO-NOMA systems based on [9], illus-
trating that Scheme 1 is also effective for SM-MIMO-NOMA systems.
Fig. 4 gives the average BER performance of GSM-MIMO-NOMA sys-
tems using schemes that differ from that of Fig. 3, showing that Scheme
1 was superior to other schemes. By extension, that min-cut grouping is
more effective than the user grouping schemes proposed in Refs. [34,
37]. It also follows that the MaxASR strategy improves upon power
allocation schemes proposed in Refs. [9,32,36], as the latter leads to a
error floor presented at high SNR.

Fig. 5 illustrates the average BER performance of different two-user
SM-MIMO-NOMA/GSM-MIMO-NOMA systems utilizing Scheme 1, with
Nt ¼ 4, P ¼ 2W, and α ¼ 3. We assumed that the BS coordinates, ut1, and
ut2 were (0, 0), (0:2cos½ðl � 1Þ π3�, 0:2sin½ðl � 1Þ π3�), and (1cos½ðl � 1Þ π3�,
1sin½ðl � 1Þ π3�), respectively. The average BER performance increased
with the number of reception antennas, and the two-user GSM-MIMO-
NOMA system with BPSK modulation is superior to others.

Fig. 6 gives the average BER performance of different three-user sys-
tems with P ¼ 1 W and α ¼ 3. We assumed the BS coordinates ut1, u

t
2, and



Fig. 8. Achievable rates comparison of first users and second users in different
two-user 4 � 1 systems with K ¼ 2, T ¼ 6, P ¼ 5, α ¼ 0, and R ¼ 4 bits/symbol.
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ut3 were (0, 0), (0:2cos½ðl � 1Þ π2�, 0:2sin½ðl � 1Þ π2�), (0:5cos½ðl � 1Þ π2�,
0:5sin½ðl � 1Þ π2�), and (0:8cos½ðl � 1Þ π2�, 0:8sin½ðl � 1Þ π2�), respectively. All
systems had the same data rate (i.e., R ¼ 4 bits/symbol) and the same
modulation technology (i.e., PSK modulation) as in Ref. [9]. The 4 � 4
GSM-MIMO-NOMA systems using Scheme 1 were obviously superior to
other systems, including 4 � 4 NOMA systems and 16 � 16 SM-OMA
systems using Scheme. Our proposed scheme (Scheme 1) was more
effective than Scheme 8 because it effectively removed intragroup
interference.

Fig. 7 illustrates the ASR performance of different two-user 4 � 1
systems with P ¼ 5W, α ¼ 0, and BPSK modulation, as in Ref. [8]. The
GSM-MIMO-NOMA system was superior to the others due to the ASR
increasing with the number of chosen transmit antennas. Additionally,
the proposed scheme was effective for ASR maximization compared with
the schemes of [35,37]. The SM-MIMO-NOMA system with Scheme 1
also had better performance than the SMN system of [8], demonstrating
that the ASR performance of SMN systems also benefits from the pro-
posed Scheme 1.

Fig. 8 gives achievable rates performance for different users in
different two-user 4 � 1 systems, indicating that the acheivable rates of
first users were superior to those of second users. By extension, first users
with lower power allocation coefficients eliminated intragroup interfer-
ence by way of the SIC procedure. GSM-MIMO-NOMA systems using
Scheme 7 outperformed others in terms of achievable first-user rates.
Additionally, GSM-MIMO-NOMA systems with scheme 1 have the best
performance in terms of achievable second-user rates, indicating that
GSM-MIMO-NOMA systems are more effective than other systems and
ASR benefits from users with higher effective channel gains.

The simulation and results showed that employing GSM in a NOMA
system demonstrates good performance in terms of average BER, ASR,
and achievable rates. Considering the complexity and cost, a joint
grouping strategy with high complexity cannot be adopted during the
application of B5G mobile networks. Therefore, a low-complexity sub-
optimal grouping scheme is often preferred [8]. By using the proposed
graph-based user grouping strategy combined with power allocation
optimization, performance is proven to be ensured or improved. We have
Table 4
Complexity of different user grouping strategies in GSM-MIMO-NOMA systems
with N ¼ KT ¼ 12 users.

K T Joint grouping Min-cut grouping

2 6 7484 400 40
3 4 591 360 27
4 3 7484 400 20
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also shown that graph theory is a useful tool for analyzing the min-cut
user grouping problem; we expect this theory to attract more attention.

5.2. Complexity discussion

Conventional joint grouping involves
QT

i¼1

h
N i 1ð ÞKð ÞCK�ði�1ÞKÞ

i
¼

ðKTÞ!
KT possibilities [37], but min-cut grouping is reduced to

K
PT�1

i¼1 ½T � ði�1ÞC1� possibilities by computing all the K-dimensional
mutual gains simultaneously. Before grouping, there are _T initial sets and
each initial set has _K users. After grouping, there are _T groups with _K users
each. The complexity of different user grouping strategies are shown in
Table 4, where the proposed min-cut grouping is compared with conven-
tional joint grouping. Compared to a joint grouping strategy with high
complexity, our proposed suboptimal user grouping algorithm has lower
complexity while being effective for the proposed GSM-MIMO-NOMA sys-
tems and allowing good performance to be obtained. Thus, a tradeoff be-
tween complexity and optimal solution is achieved.

6. Conclusions

In this paper, we have proposed a GSM-MIMO-NOMA system to
further improve the performance of SM-MIMO-NOMA systems, where a
TAC is selected rather than only one transmit antenna. To show the su-
periority of the coding method, we compared BER performance under
different modulation methods. Through simulation, we compared the
BERs of SM-MIMO-NOMA and GSM-MIMO-NOMA systems, verifying the
effectiveness of our proposed GSM method. The effectiveness of our
proposed algorithm was verified by simulating the sum rate of users. In
addition, analyzed the impact of dynamic resource allocation strategies
on the performance of downlink SM-MIMO-NOMA/GSM-MIMO-NOMA
systems with two or more users in one group. For a fair comparison,
we considered two-user and three-user SM-MIMO-NOMA/GSM-MIMO-
NOMA schemes during our simulations, showing that significant per-
formance enhancement can be achieved by using the proposed schemes.
We found that GSM-MIMO-NOMA systems with min-cut grouping and a
MaxASR strategy had better performance than other schemes. Therefore,
our proposed GSM-MIMO-NOMA schemes achieved an attractive
complexity-optimality tradeoff. In the future, we will consider the impact
of the inter-group interference and design a heuristic algorithm-based
power allocation strategy for GSMN systems.
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