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ABSTRACT Non-orthogonal multiple access (NOMA) was identified as a technology enabler for the fifth
generation and beyond networks, due to the prominent advantages achieved when integrating NOMA with
other wireless technologies. In this article, we investigate the interplay between NOMA and generalized
space shift keying (GSSK) in a hybrid NOMA-GSSK (N-GSSK) network. Specifically, we provide a
comprehensive analytical framework and propose a novel energy-based N-GSSK detector for the reliable
realization of N-GSSK systems. The proposed receiver is energy-efficient and enjoys low complexity, as
it exploits the energy of the received signals and does not require the knowledge of NOMA signals. To
quantify its efficiency, we further investigate the performance of the proposed detector in terms of pairwise
error probability, bit error rate union bound, and achievable rate. The accuracy of the developed mathemat-
ical framework is corroborated through Monte-Carlo simulations, which show that N-GSSK outperforms
conventional NOMA and GSSK, particularly in terms of spectral efficiency.

INDEX TERMS Achievable rate, error rate, energy-efficient detection, generalized space shift keying, non-
orthogonal multiple access (NOMA), pairwise error probability (PEP), spectral efficiency.

I. INTRODUCTION
The unprecedented growth of mobile data traffic and the mas-
sive number of connected devices, due to the emergence of
Internet of Things (IoT), have posed several challenges for
the fifth generation and beyond (5GB) networks, such as high
spectral efficiency, massive connectivity, and ultra-low la-
tency. Accordingly, several promising technologies have been
proposed to address these stringent requirements, including
massive multiple-input multiple-output (MIMO) [1], [2], mil-
limeter wave (mmWave) communications [3], [4], [5], [6],
and spatial modulation (SM) techniques [7], [8], which enable
information transmission through spatial and signal constella-
tion [9], [10], [11].

As a key enabling technology for 5GB networks, non-
orthogonal multiple access (NOMA) is envisioned to support
massive connectivity and offer increased system through-
put [2]. The basic principle of NOMA is to allow multiple
users to share the same frequency and time resources, while
maintaining a controlled level of inter-user interference [12].
It is worth noting that NOMA can be classified into two
different paradigms, namely, power domain [12], and code
domain [13]. In power domain NOMA, users are allocated
different power levels over shared time and frequency re-
sources. On the contrary, in code domain NOMA, users
multiplexing is carried out using spreading sequences with
low cross-correlation, similar to code division multiple access
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technology.1 Unlike conventional orthogonal multiple access
(OMA) techniques, where users in a cell are assigned dedi-
cated communication resources, e.g., time, frequency or code,
NOMA employs superposition coding (SC), where multiple
users are multiplexed in the power domain at the transmitter
side. At the users’ terminals, multi-user detection is realized
by employing successive interference cancellation (SIC). It
was demonstrated in the recent literature that NOMA out-
performs OMA in terms of spectral efficiency, interference
management, and massive connectivity support [14]. Further-
more, users in NOMA do not require a pre-scheduled time slot
structure, and hence, NOMA can achieve lower latency, com-
pared to OMA. Moreover, NOMA can realize user-fairness
and diverse quality-of-service by employing versatile power
allocation schemes between strong and weak users [12].

On the other hand, SM, which is considered as a promising
MIMO technique for the fifth generation and beyond networks
wireless networks, has received significant attention in the
recent literature [15]. In SM, information bits are divided into
blocks, each of which consists of two sub-blocks [16]. The
first sub-block maps the information bits into an arbitrary
signal constellation, whereas the second sub-block specifies
the index of the transmit antenna to be used for transmis-
sion [17]. In order to reduce the system’s complexity, space
shift keying (SSK) modulation, which is a variant of spatial
modulation, was introduced in [10]. The key idea of SSK is
the activation of one antenna at each symbol duration, and
then the index of the activated antenna will be exploited to
convey information to the receiver. Since SSK does not rely on
modulating/demodulating data symbols, the complexity of the
system is notably reduced. However, this comes at the expense
of a reduced spectral efficiency. Meanwhile, generalized SSK
(GSSK) modulation was proposed in [10], [19]. Unlike SSK,
GSSK allows for more than one active antenna at each symbol
duration, yielding improved spectral efficiency, but at the cost
of increased receiver complexity.

The integration of NOMA with other physical layer tech-
niques, such as cooperative communication [20], [21], [22],
[23], [24], [25] and MIMO [26], has shown potential im-
provements to the system performance. In [25], a new si-
multaneous wireless information and power transfer NOMA
scheme was proposed. In [27], generalized spatial modulation
(GSM)-aided NOMA transmission technique was proposed
for millimeter wave communications. NOMA-enabled cogni-
tive radio networks and NOMA in vehicle-to-vehicle massive
MIMO channels were investigated in [28] and [29], respec-
tively. The aforementioned studies have focused on the outage
and sum rate analysis, and demonstrated that NOMA outper-
forms other conventional OMA schemes.

A. RELATED WORK
Extensive research efforts were devoted to investigate the per-
formance of NOMA from different perspectives, and under
various scenarios. Liu et al. [30] studied the performance of

1In this work, by NOMA, we refer to the power domain NOMA.

a heterogeneous network with coordinated joint transmission-
NOMA, in order to enhance the performance of the farthest
user in a cell. The presented simulation results in [30]
demonstrated the efficiency of the proposed framework to sig-
nificantly enhance the coverage and throughput performances
of all users, especially in dense networks. Ali et al. [31] for-
mulated a joint optimization problem for the sum-throughput
maximization under several constraints, i.e., transmission
power budget, minimum rate requirements, and operational
SIC requirements. The work in [32] focused on throughput
enhancement, while the authors in [33] demonstrated that
NOMA requires a longer downlink wireless energy transfer
time duration than TDMA, which implies that NOMA is less
energy efficient, particularly in those scenarios where energy
consumption is of great importance [34]. The authors in [35]
investigated a system which incorporates both NOMA and
OMA in a unified framework. It was shown that the proposed
NOMA-OMA scheme outperforms NOMA- and OMA-only
in terms of spectral and energy efficiency trade-off and user
fairness. However, it suffers from a level of inter-user interfer-
ence and relatively high computational complexity.

The integration of NOMA with SM has been recently inves-
tigated in the literature [7], [36], [37], [38]. In [36], an SM-
assisted multi-antenna NOMA technique is proposed which
avoids the use of SIC to cancel intra-cluster interference.
In [39], a hybrid detection technique was introduced, which
combines NOMA and SM in an uplink transmission scenario.
It was shown that the combination of SM and NOMA offers
promising spectral efficiency enhancements. Likewise, spec-
tral efficiency analysis was considered in [36], [40] in order to
characterize the performance of spatially-modulated NOMA
under different transmission scenarios. More recently, the
work of [41] proposed a NOMA-SM system in order to quan-
tify the trade-off between spectral efficiency and interference
mitigation. User pairing in NOMA-SM was also addressed
in [41], where the performance of NOMA-SM was compared
with OMA-SM, as well as transmit antenna grouping-based
SM (TAG-SM). The performance gains of NOMA-SM was
further quantified. However, in the aforementioned works, the
number of users in a resource block was restricted to two.

The application of SSK in NOMA systems was considered
in [42] for a three-user scenario, where a cell edge user is
served using SSK modulation and the other two users are
served using NOMA. This work was generalized in [43] by
integrating NOMA with GSSK to accommodate more users.
It was shown that NOMA-GSSK achieves higher spectral
efficiency and lower bit error rate (BER) when compared
with conventional GSSK (c-GSSK), conventional NOMA (c-
NOMA), and NOMA-SSK systems. This is primarily due
to the fact that users are multiplexed in power and spatial
domains.

B. MOTIVATION
To the best of authors’ knowledge, the only existing work that
combines NOMA with GSSK systems was reported in [43],
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which is called here ideal-NOMA-GSSK (iN-GSSK). Al-
though this work is interesting and paves the way for further
advancements in this area, it has the following limitations.
First, the maximum likelihood (ML) detector at the cell-edge
users (GSSK users) is designed under the assumption of
perfect knowledge of NOMA signals. Consequently, the intro-
duced detector and the corresponding analysis turned out to be
similar to that of c-GSSK. Second, the proposed framework
assumes perfect SIC. It also assumes perfect knowledge of
active antenna indices at NOMA users. These are clearly unre-
alistic assumptions, particularly in practical scenarios. Third,
the detrimental effect of fading on the performance of both
GSSK and NOMA users was not discussed.

In summary, the work in [43] treats NOMA and GSSK
users independently and does not provide a holistic view of
the practical considerations on the integration of NOMA and
GSSK schemes.

C. CONTRIBUTIONS
Motivated by the limitations of iN-GSSK [43] and the lack
of a general theoretical framework for NOMA-GSSK (hence-
forth called N-GSSK), we consider, in this work, a framework
for the design and analysis of N-GSSK over fading chan-
nels [44]. In particular, we introduce an analytical framework
that investigates the performance of N-GSSK by explicitly
multiplexing information in the spatial and power domains.
We relax the assumption of perfect knowledge of NOMA
signals at GSSK users, and present a novel energy-based
N-GSSK detector. Additionally, we derive expressions for
the pairwise error probability (PEP) and bit error rate (BER)
union bound of the proposed detector. To summarize, the main
contributions of this article are as follows.
� We propose a novel energy-based N-GSSK detector,

which does not require the knowledge of NOMA signals.
We further demonstrate that the performance of energy-
based N-GSSK detection asymptotically converges to
that of iN-GSSK.

� We derive a tight approximation for the PEP of GSSK
users over Rayleigh fading channels and quantify the
tightness of the approximation through Monte Carlo sim-
ulations and numerical results.

� We derive a novel expression for the overall BER of
NOMA users, taking in account the BER of the active
antenna index detection.

� We evaluate the spectral efficiency of the proposed
N-GSSK with imperfect SIC, and demonstrate that it
outperforms the c-GSSK scheme.

D. ORGANIZATION
The remainder of this article is organized as follows. Section II
presents the N-GSSK system model. The detection techniques
of GSSK and NOMA users are investigated in Section III. The
performance analysis in terms of PEP, BER and spectral effi-
ciency for GSSK and NOMA users is presented in Section IV.
Section V validates the theoretical analysis. Concluding re-
marks are provided in Section VI.

II. SYSTEM MODEL
We consider a network with a base station (BS) equipped
with Nt transmit antennas, serving a group of single antenna-
equipped users, denoted by UE0, UE1, UE2, . . . , UEM . As
illustrated in Fig. 1, the BS generates sequences of indepen-
dent bits, which are then mapped to constellation points in
a GSSK constellation diagram. In GSSK modulation, nt out
of Nt antennas are activated at a given transmission slot.2

Without loss of generality, we assume that UE0 represents the
GSSK user, whereas other users are assigned to the NOMA
network. Note that the non-zero elements in the GSSK sym-
bols represent the superposition coded symbols of NOMA
users.

At the receiving end, UE0 employs ML detection to find
the indices of active antennas, and decode the corresponding
transmitted symbols, see Fig. 2. Since the information is en-
coded onto the spatial-constellation diagram, the decoder of
UE0 searches over all possible active antenna combinations to
obtain an estimates of the antenna indices [45]. The rest of
the users, i.e., UE1, UE2, . . . , UEM , which are multiplexed in
the power domain based on the principle of SC and fractional
transmit power allocation (FTPA), employ GSSK detection
followed by SIC.

In summary, in the N-GSSK scheme, the information cor-
responding to the GSSK user is spatially modulated over nt

antennas, each of which carry a NOMA signal, which is in-
tended to NOMA users. Hence, by accommodating NOMA
users in a GSSK system, the overall spectral efficiency of the
considered network is improved.

A. NOMA USERS
Without loss of generality, let the effective channel gains of
NOMA users, given the jth set of antenna combination, be
defined as gm

j,eff = gm
j,1 + · · · + gm

j,nt
, which are sorted in an

increasing order as |g1,eff| < |g2,eff| < . . . < |gM,eff| [46]. The
signal transmitted from the BS for M NOMA users is given by

X =
M∑

m=1

√
αmP zm, (1)

where P is the transmit power, αm > 0 is the power allocation
coefficient, zm is the transmitted symbol corresponding to the
mth NOMA user, and

∑M
m=1 αm = 1. Note that the power

allocation coefficients are sorted in a descending order, i.e.,
α1 > α2 > · · · > αM . We assume the symbol zm is drawn
from a constant-modulus constellation, such as phase shift
keying (PSK) [47].

B. GSSK USER
As mentioned earlier, the superimposed symbol X is transmit-
ted through a specific combination out of MH = (Nt

nt

)
different

combinations (i.e., possible constellation points), which is
selected based on a predefined GSSK antenna mapping rule.

2Note that when nt = 1, GSSK reduces to SSK. Therefore, we refer to
N-GSSK with nt = 1 as N-SSK in the remainder of the paper.
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FIGURE 1. Transmitter model of N-GSSK.

FIGURE 2. Receiver model of N-GSSK.

In c-GSSK, a random sequence of independent bits is fed
into a GSSK mapper, where groups of bits are mapped to
symbols in the spatial constellation diagram, which in turns
activates a set of transmit antennas [19]. Typically, each ac-
tive antenna transmits a constant signal 1/

√
nt . However,

in the considered N-GSSK system, the symbol X/
√

(nt ) is
transmitted over nt antennas with a total transmit power of

P, similar to the generalized spatial modulation (GSM) [48].
In other words, the transmitted signal on the Nt × 1 antenna
array is given by

[
X√
nt

0 · · · 0
X√
nt

· · · 0

]
, (2)
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where the non-zero elements represent the active antennas.
Clearly, the signal received at the GSSK user is given by [10]

y0 =
√

ρ′h j,effX + w0, (3)

where w0 is assumed to be a circularly symmetric com-
plex Gaussian (CSCG) random variable with zero mean
and variance σ 2

n – denoted by CN (0, σ 2
n ) and |h j,eff| is the

effective channel gain over nt active transmit antennas at
user UE0 given as h j,eff = h j,1 + h j,2 + · · · + h j,nt , where j ∈
{1, 2, . . ., MH } denotes the antenna combination for a given
GSSK symbol. The fading coefficient h j,i represents the chan-
nel gain from the ith active antenna to the GSSK user, which
is modeled as complex Gaussian random variable with zeros
mean and unit variance, i.e., CN (0, 1).

Without loss of generality, we assume that σ 2
n = 1. Also,

ρ′ � ρ/nt , where ρ is the average signal-to-noise ratio (SNR).
As explained earlier, the GSSK user decodes its transmit-
ted symbols by estimating the antenna indices using the ML
criterion. NOMA users, on the other hand, perform GSSK
decoding as well as SIC to decode their own messages. In
the considered system model, it is to be noted that, although
NOMA users receive superimposed signals from multiple an-
tennas, they do not exploit any of the known MIMO-NOMA
techniques [49].

III. DETECTION STRATEGIES
In this section, we propose an energy-based N-GSSK detec-
tion scheme, which is also used for antenna indices estimation
required by NOMA users.

A. ENERGY-BASED N-GSSK DETECTION
In iN-GSSK, GSSK users are assumed to have perfect knowl-
edge of the NOMA signal X . Subsequently, conventional ML
decoding is used to estimate the set of active antennas [43].
However, this assumption is unrealistic and impractical. Mo-
tivated by this, our proposed decoder first estimates the energy
of the received signal as follows

y(0)
E � |y0|2 = (

√
ρ′h j,effX + w0)(

√
ρ′h j,effX + w0)∗

= ρ′P
∣∣h j,eff

∣∣2
+
√

ρ′Xh j,effw
∗
0 +

√
ρ′X ∗h∗

j,effw0 + |w0|2︸ ︷︷ ︸
Interference + Noise � W0

= ρ′P
∣∣h j,eff

∣∣2 + W0. (4)

The exact distribution of W0 is intractable and difficult to
obtain. However, W0 in (4) can be approximated as a complex
Gaussian random variable with mean μI and variance σ 2

I ,
that is, N (μI , σ

2
I ). It can be readily shown that μI = σ 2

n ,
and σ 2

I = σ 2
n [2ρ′Pnt + σ 2

n ]. Therefore, the proposed energy-
based N-GSSK detector estimates the active antenna indices
as follows:

k̂ = arg min
k∈{1,2,...,MH }

∥∥∥y(0)
E − ρ′P

∣∣hk,eff
∣∣2 − μI

∥∥∥2
, (5)

where k̂ represents the estimated antenna index vector. It can
be noticed that the GSSK user does not require the knowledge
of the superimposed NOMA signal.

B. DETECTION OF NOMA USERS
As it can be inferred from Fig. 2, GSSK symbols carry both
NOMA signals and active antenna indices. Therefore, it is
crucial to correctly estimate the set of active antenna indices
first in order to reliably decode NOMA signals. Towards this
end, NOMA users first perform energy-based GSSK detec-
tion, followed by conventional NOMA detection.

The key idea behind NOMA decoding is to employ SIC. In
particular, the user with the highest allocated power decodes
his own signal by treating the interference from other users’
signals as noise. Other users progressively cancel out the
decoded signals of lower order users, i.e., users with higher
power coefficients, and then decode their own signals while
treating signals with lower power levels as noise.

The received signal at the mth NOMA user is given by [46]

rm = gm
j,effX + nm, m = 1, 2, . . . , M (6)

where, gm
j,eff is the effective channel gain between the

BS and the mth NOMA user, which is modeled as zero
mean complex Gaussian random variable with unit vari-
ance, and nm ∼ CN (0, 1). As noted earlier, the mth user
performs SIC by decoding the signals of users with higher
power, i.e., UE1, UE2, . . . , UEm−1, while treating the signals
of UEm+1, UEm+2, . . . , UEM , as interference [46].

IV. PERFORMANCE ANALYSIS
In this section, we present a thorough performance analysis of
the detection strategies used by the GSSK and NOMA users,
focusing on the error rate analysis and spectral efficiency.

A. BOUND ON THE BER OF THE GSSK USER
An upper bound on the average BER performance of the
GSSK users can be obtained through union bound as [47]

Pe,GSSK ≤ 1

MH bH

MH∑
j=1

MH∑
k=1,k �= j

M( j, k)P(x j → xk ), (7)

where MH is the set of all possible index sets of active
antennas. Note that bH = 
log2 MH� is the number of bits
that can be conveyed over a particular set of active antennas.
Also, M( j, k) denotes the number of bits in error between the
signals x j and xk , and P(x j → xk ) denotes the PEP, which
represents the probability of erroneously decoding xk when
x j was transmitted.

Following the detection strategy proposed in (5), the PEP of
the GSSK user conditioned on channel vector can be written
as

P(x j → xk|h j,eff, hk,eff )

= Pr
(∣∣y(0)

E − ρ′Pζ − μI
∣∣2 ≤ ∣∣y(0)

E − ρ′Pξ − μI
∣∣2)
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= Pr

(
y(0)

E >
ρ′P
2

[ξ + ζ ] + μI

)
(8)

where ξ = |h j,eff|2 and ζ = |hk,eff|2. Recalling that y(0)
E =

ρ′P|h j,eff|2 + Wj , and Wj ∼ N (σ 2
n , σ 2

n [2ρ′Pnt + σ 2
n ]), (8)

can be written as

P(x j → xk |h j,eff, hk,eff ) = Q

(
ρ′P

2 d ( j, k)√
σ 2

n [2ρ′Pnt + σ 2
n ]

)
(9)

where d ( j, k) � |ξ − ζ |, and Q(.) is the complementary CDF
of a standard Gaussian random variable [47]. The uncondi-
tional PEP in (9) can be evaluated by averaging the conditional
PEP over the PDF of ξ and ζ . Noting that ξ and ζ follow the
exponential distribution with parameter λ = 1/nt , the exact
PEP of the GSSK user can be written as

P(x j → xk ) =
∫ ∞

0

∫ ∞

0
P(x j → xk|h j,eff, hk,eff )

× f (ξ ) f (ζ ) dζ dξ, (10)

where f (·) denotes the exponential PDF with parameter λ.
The PEP expression can be further rewritten as

P(x j → xk ) =
∫ ∞

0

∫ ∞

0
Q

⎛
⎝

∣∣∣ρ′Pξ
2 − ρ′Pζ

2

∣∣∣√
σ 2

n (2ρ′Pnt + σ 2
n )

⎞
⎠( 1

nt

)2

× exp− (ζ+ξ )
nt dξdζ . (11)

Proposition 1: The PEP of GSSK users is given by
(12), shown at the bottom of this page, where a �

ρ′Pnt

2σn
√

2ρ′Pnt + σ 2
n

, and Gp,q
m,n

(
·
∣∣∣∣ −

−
)

represents the Meijer

G-function.
Proof: See Appendix. �
It is worth noting that the infinite series in (12) converges

very fast, and approximately 20 terms are sufficient to obtain
an accuracy up to four decimal places. More details are dis-
cussed in Section V. The PEP expression in (12) constitutes
the basic building block for the derivation of the union bound
given by (7).

B. BOUND ON THE BER OF NOMA USERS
As stated earlier, NOMA users first perform energy-based
GSSK detection, followed by conventional NOMA detection.
Without loss of generality, we consider the first user as the
farthest user. Therefore, the received signal at the first user,
conditioned on the jth set of antenna combinations can be
represented as

y1 = g1
j,eff

(
√

α1Pz1 +
M∑

m=2

√
αmPzm

)
+ w1 (13)

where
∑M

m=2
√

αmPzm represents the sum of interference
terms corresponding to the signals of the other users. There-
fore, the conditional PEP of the first user can be represented
as [46],

P(z1 → ẑ1|g1)

= Q

⎛
⎝√

α1Pg1 |δ1|2 + 2g1Re
{
δ1
∑M

j=2

√
α jPz∗

j

}
√

2|δ1|σn

⎞
⎠ , (14)

where δ1 = (z1 − ẑ1) and g1 = |g1
j,eff|.3 Note that the statistics

of g1 can be obtained from the order statistics of the Rayleigh
distribution. The average PEP over the PDF of g1 is given
by [46]

P(z1 → ẑ1) = 1

2

⎛
⎝1 − νσh√

2β2 + ν2σ 2
h

⎞
⎠ (15)

where

ν = √
α1Pg1 |δ1|2 + 2g1Re

⎧⎨
⎩δ1

M∑
j=2

√
α jPz∗

j

⎫⎬
⎭ , (16)

β = √
2|δ1|σn, and σ 2

h = E[g2
1]. Similarly, the conditional

PEP of the mth user can be evaluated as in [50, Eq. (21)] as

P(zm → ẑm|gm) = Q

(
gmηm√
2|δm|σn

)
, (17)

where gm = |gm
j,eff| and

ηm = √
αmP |δm|2 + 2Re

⎧⎨
⎩δm

M∑
j=m+1

√
α jPẑ∗

m

⎫⎬
⎭

+ Re

{
δm

m−1∑
k=1

√
αkPδ∗

k

}
, (18)

where δm = (zm − ẑm) and δk = (zk − ẑk ). Following an ap-
proach similar to above, the average PEP over the PDF of gm

can be written as (19), shown at the bottom of the next page.
Next, the PEP expression in (19) is used to calculate an

upper bound on the BER as

P(m)
e,C−NOMA ≤ 1

B

L∑
�=1

P(z(m)
�

)

3We omit the notation j for simplicity.

P(x j → xk ) = 1

2

[
1 − a

π

{
G1,2

2,2

(
2a2

∣∣∣∣ 1
2 , 0;−
0;− 1

2

)
+ 1

4

∞∑
k=0

1

k!
G1,3

3,2

(
a2

2

∣∣∣∣ 1
2 ,− k

2 ,− 1
2 − k

2 ;−
0;− 1

2

)}]
(12)
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×
L∑

�=1,

z(m)
�

�=ẑ(m)
�

q(z(m)
�

→ ẑ(m)
�

)P(z(m)
�

→ ẑ(m)
�

),

(20)

where z(m)
�

and ẑ(m)
�

are the symbols for the mth user, L is
the number of symbols, B is the number of information bits
in symbol z(m)

�
, P(z(m)

�
) is the probability of occurrence of

z(m)
�

, and q(z(m)
�

→ ẑ(m)
�

) is the number of bit errors when z(m)
�

is transmitted and ẑ(m)
�

is detected. The overall BER across
M NOMA users depends on the BER of the active antenna
indices and NOMA detectors, and is given by

P(NOMA)
e,overall ≤ (1−Pe,GSSK )

M∑
m=1

P(m)
e,C−NOMA + Pe,GSSK , (21)

and the overall BER for the entire N-GSSK system is given
by

Pe,overall ≤ (1−Pe,GSSK )
M∑

m=1

P(m)
e,C−NOMA + 2Pe,GSSK . (22)

C. SUM RATE OF N-GSSK
The sum rate of the GSSK user is given by

RGSSK = (1 − Pe,GSSK )

⌊
log2

(
Nt

nt

)⌋
. (23)

For NOMA users, the mth user will detect the nth users’
message such that n < m, by performing SIC. The message
from the users n > m will be treated as noise at the mth
user. Accordingly, the average data rate at the mth user, m =
1, . . . , M − 1, is given by

Rm =
∫ ∞

0
log

(
1 + g2

mαmP

g2
m
∑M

i=m+1 αiP + σ 2
n

)
f (gm) dgm,

(24)

where f (gm) denotes the PDF of gm. Similarly, the average
rate at the Mth user is given by

RM =
∫ ∞

0
log

(
1 + g2

MαMP

σ 2
n

)
f (gM ) dgM , (25)

where gM = |gM
j,eff|, and f (gM ) denotes the PDF of gM . There-

fore, the average sum rate achieved by all M NOMA users is
given by

RNOMA =
M∑

m=1

(1 − P(m)
e,C−NOMA)Rm, (26)

FIGURE 3. Comparison across the BER union bound evaluated through
simulations, obtained from PEP expression from (11), and closed-form PEP
(12), for Nt = 8, 5, 4, 3 and nt = 2.

and the total sum rate of N-GSSK system is given by

RN−GSSK = RGSSK + RNOMA, (27)

which is an improvement over the rate achieved by the c-
GSSK system, given in (23). It is worth noting that the
computational complexity of the proposed N-GSSK is nearly
the same as iN-GSSK, which is discussed in [43].

V. SIMULATIONS AND NUMERICAL RESULTS
In this section, we analyze the performance of the proposed
N-GSSK system in terms of BER and spectral efficiency.
Without loss of generality, we assume a single GSSK user,
i.e., G = 1 and M = 2, 3 NOMA users. The union bound
performance given by (7) for Nt = 8, 5, 4, and 3, and nt = 2
are depicted in Fig. 3, and for P = 10 dB, 20 dB and 30 dB in
Fig. 4. In both cases, the BER bound performance is evaluated
using Monte Carlo simulations, numerical integration, i.e., by
numerically integrating (11), and based on the PEP expression
derived in (12). It can be easily seen that there is a perfect
match between the results of simulations, numerical integra-
tion and the results based on (12), validating the accuracy
of the derived expressions. It should be further emphasized
that the infinite series in (12) converges rather fast, where it
was noticed that truncating the series to the first twenty terms
yields an accuracy up to four decimal places.

P(zm → ẑm) = M!

σ 2
h (m − 1)!(M − m)!

m−1∑
j=0

(
m − 1

j

)
(−1)2(m−1)− j

[M − m + j + 1]

⎛
⎝1 − ηmσh√

η2
mσ 2

h + [M − m + j + 1](
√

2|δm|σn)2

⎞
⎠
(19)
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FIGURE 4. Comparison across the BER union bound evaluated through
simulations, obtained from PEP expression from (11), and closed-form PEP
(12), for P = 10 dB, 20 dB, 30 dB and Nt = 5, nt = 2.

FIGURE 5. Comparison between the spectral efficiencies of N-GSSK and
iN-GSSK.

The spectral efficiency of the proposed N-GSSK is com-
pared with that of iN-GSSK in Fig. 5. It is recalled here that
in an iN-GSSK system, GSSK users are assumed to have the
perfect knowledge of NOMA signals, which is unrealistic,
particularly in practical scenarios. Although, at low SNR val-
ues, the spectral efficiency of the proposed N-GSSK is lower
than that of iN-GSSK, it can be observed that both schemes
demonstrate similar performance at moderate-to-high SNR.
Note that the performance loss of the N-GSSK is due to
the suboptimality of energy-based detector. Furthermore, as
shown, the spectral efficiency of the N-GSSK increases with
increasing Nt for a given nt .

The spectral efficiency of N-GSSK, c-GSSK, and c-NOMA
with Nt = 5 and nt = 3 is presented in Fig. 6. The power
allocation coefficients are chosen as follows. For the two user

FIGURE 6. Comparison between the spectral efficiencies of N-GSSK,
c-GSSK and c-NOMA, for two and three users scenarios, with Nt = 5 and
nt = 3.

FIGURE 7. Comparison of spectral efficiencies of N-GSSK (for nt = 2) and
N-SSK (for nt = 1) for different Nt .

scenario, α1 = 0.8, and α2 = 0.2, while for the three user sce-
nario, α1 = 0.7, α2 = 0.2, and α3 = 0.1. It can be observed
that N-GSSK yields a better spectral efficiency compared to
c-GSSK, which further increases as the number of NOMA
users increases. Additionally, the proposed N-GSSK yields a
better spectral efficiency compared to c-NOMA, as it exploits
the capacity gains due to both spatial and power domain
multiplexing.

Finally, Fig. 7 demonstrate the impact of the number of
transmit antennas on the spectral efficiency of N-GSSK. As
mentioned earlier, N-SSK is a special case of N-GSSK,
where nt = 1. For illustration purposes, we choose nt = 2 for
N-GSSK. When Nt = 2, the performances of N-GSSK and N-
SSK are equal, since the number of possible antenna indices
are equal in both cases. As expected, N-GSSK outperforms
N-SSK as Nt increases.

VI. CONCLUSION AND FUTURE WORK
In this article, we analyzed the spectral efficiency of N-
GSSK and proposed a novel energy-based N-GSSK detector.
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Unlike [43], GSSK users in our setup can estimate active
antenna indices without the knowledge of NOMA signals.
By transmitting the superimposed NOMA signals and active
antenna indices, we demonstrate that the spectral efficiency
can be further enhanced. Furthermore, we investigated the
performance of the proposed energy-based N-GSSK detec-
tor through the derivation of closed-form expressions for the
PEP and the BER union bound. Monte Carlo simulations and
numerical results were presented in order to corroborate the
analytical framework and quantify the accuracy of the de-
rived expressions. Finally, we demonstrated that the N-GSSK
scheme achieves significant spectral efficiency improvement,
compared to the c-GSSK. A detailed analysis on the perfor-
mance of the proposed energy-based detector for SM-based
GSSK systems could lead to an interesting study. Extension
of this work and performance comparison with other existing
architectures such as SM-VBLAST [51] and different NOMA
schemes [52] is under investigation.

APPENDIX PROOF OF PROPOSITION 1
Let us define x � ξ

nt
, and y � ζ

nt
in (11). Therefore

P(x j → xk ) =
∫ ∞

0

∫ ∞

0
Q (a |x − y|) e−xe−ydxdy. (28)

Noting that

Q(|z|) = 1

2

[
1 − erf

( |z|√
2

)]
, (29)

the above integral can be written as (30), shown at the bottom
of this page.

In (30), γ = a/
√

2. It is easy to see that I1 = 1. Also,

I2 = 1√
π2π j

∮
Cs

�(s)�
( 1

2 − s
)

�
( 3

2 − s
) γ −2s+1ds

×
[∫ ∞

0
e−xdx

∫ ∞

0
e−y |x − y|−2s+1 dy

]
, (31)

where Cs is an appropriately chosen complex contour, en-
suring the convergence of the above Mellin-Barnes integral.
Substituting z = y

x , and further simplification yields (32),
shown at the bottom of this page. Using [53, Eqs. 3.381.4,
3.194.1] for simplification, we get

J1 = � (−2s + 3)

(z + 1)−2s+3
, (33)

J2 = � (−2s + 3)
∫ 1

0
(z + 1)2s−3 (1 − z)−2s+1 dz

= 22s−3� (−2s + 3)
∫ 1

0
u−2s+1

(
1 − u

2

)
2s−3du

= 22s−3� (−2s + 3)

−2s + 2

×2F1

(
−2s + 3,−2s + 2;−2s + 3; 1

2

)

= 22s−3� (−2s + 2)1F0

(
−2s + 2; ·; 1

2

)
, (34)

P(x j → xk ) = 1

2

⎡
⎢⎢⎢⎢⎣
∫ ∞

0
e−xdx

∫ ∞

0
e−ydy︸ ︷︷ ︸

�I1

−
∫ ∞

0
e−xdx

∫ ∞

0
erf (γ |x − y|) e−ydy︸ ︷︷ ︸
�I2

⎤
⎥⎥⎥⎥⎦ . (30)

I2 = 1

2
√

π3 j

∮
Cs

�(s)�
( 1

2 − s
)

�
( 3

2 − s
) γ −2s+1ds

∫ ∞

0
x−2s+2e−xdx

∫ ∞

0
e−zx |1 − z|−2s+1 dz

= 1√
π

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

2π j

∮
Cs

�(s)�
( 1

2 − s
)

�
( 3

2 − s
) γ −2s+1ds

∫ 1

0
(1 − z)−2s+1

∫ ∞

0
x−2s+2e−x(z+1)dx︸ ︷︷ ︸ dz

�J1︸ ︷︷ ︸
�J2︸ ︷︷ ︸

�I (1)
2

+ 1

2π j

∮
Cs

�(s)�
( 1

2 − s
)

�
( 3

2 − s
) γ −2s+1ds

∫ ∞

0
x−2s+2e−xdx

∫ ∞

1
(z − 1)−2s+1 e−xz

︸ ︷︷ ︸ dz

�J3︸ ︷︷ ︸
�J4︸ ︷︷ ︸

�I (2)
2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(32)
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I (1)
2 = 1

2π j

∮
Cs

�(s)�
( 1

2 − s
)
� (−2s + 2) 22s−3

�
( 3

2 − s
) γ −2s+1

1 F0

(
−2s + 2; .; 1

2

)
ds

= γ

4
√

π

∞∑
k=0

1

k!

1

2π j

∮
Cs

�(s)�
( 1

2 − s
)
�
(

1 + k
2 − s

)
�
(

3
2 + k

2 − s
)

�
( 3

2 − s
) γ −2 sds

= γ

4
√

π

∞∑
k=0

1

k!
G1,3

3,2

(
γ 2
∣∣∣∣ 1

2 ,− k
2 ,− 1

2 − k
2 ;−

0;− 1
2

)
(35)

where pFq(·) is the hypergeometric function [53]. Substituting
(33) and (34) into (32) and simplifying further gives (35),
shown at the top of this page.

Similarly, using [53, Eqs. 3.381.2], it can be shown that

J3 = x2s−2e−x� (−2s + 2) , (36)

J4 = � (−2s + 2)

2
. (37)

Substituting (36) and (37) into (32) gives

I (2)
2 = γ√

π

1

2π j

∮
Cs

�(s)�

(
1

2
− s

)
� (1 − s) (2γ )−2 s ds

= γ√
π

G1,2
2,2

(
(2γ )2

∣∣∣∣ 1
2 , 0;−
0;− 1

2

)
. (38)

Finally, substituting (38) and (35) into (32) and (30), and
substituting for a = √

2γ yields (12).
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