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Abstract. In this paper, a novel index modulation-based
non-orthogonal multiple access (IM-NOMA) system is pro-
posed and investigated for both perfect and imperfect channel
state information (CSI) uncertainty over Nakagami-m fad-
ing channel. The proposed system has added advantages of
NOMA and IM systems. NOMA supports more users by al-
lowing all users to utilize the same resources simultaneously
whereas IM boosts spectral efficiency by conveying infor-
mation to the users through both constellation domain and
index domain symbols. Maximum likelihood (ML) and suc-
cessive interference cancellation (SIC) detectors are used at
the receiver side to detect index and data symbols. The pro-
posed system is analyzed for different values of Nakagami-m
channel parameters as well as for three different CSI con-
ditions - perfect, fixed, and MMSE-based variable CSI un-
certainty. The simulation results for the bit error rate and
spectral efficiency parameters show that the proposed system
outperforms the existing NOMA and OMA schemes.
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1. Introduction
5G and beyond wireless communication network has

undergone very expeditious development leading to high de-
mand for spectral efficiency (SE) and massive connectiv-
ity [1]. In recent years, more focus has been made on devel-
oping technologies to meet these requirements [2], [3]. The
pandemic has also created a sudden upsurge in data traffic
which will increase still more in the upcoming years. The
orthogonal multiple access (OMA) methods used in the previ-
ous generations before 5G have supported only limited users
which are decided by the available resources in the system.
The resources are allocated orthogonally to each user [4].

NOMA technology supports more users compared to
OMA schemes since all users are allocated resources in a non-
orthogonal manner. In NOMA, multiple users send their data
over the same resources with different power/code levels and
use SIC detector at the receiver. So, NOMA supports more
users over limited resources. NOMA provides a high data
rate, massive connectivity, high spectral efficiency, and user
fairness compared to the existing OMA systems [5], [6].
Code domain and power domain NOMA are the two types
of NOMA systems. In CD-NOMA, the users share the same
resource block with sparse codes, hence named sparse code
multiple access (SCMA). PD-NOMA is considered in this pa-
per where users are allocated with different powers depending
on their respective distances from the base station [7]. The
user with weak channel status is alloted with more power
and vice versa. Superposition coding (SC) at the transmit-
ter side as well as successive interference cancellation (SIC)
at the receiver side are the elementary techniques present in
NOMA [8].

Index modulation (IM) is an evolving scheme that in-
creases spectral efficiency by sending additional information
signal bits through the indices of the resources used in the
system. Only a subset of subcarriers is activated named
as active subcarriers [9]. Sub-carrier indices used in IM
as an additional degree of freedom allow for the transfer
of more information without altering the power consump-
tion or bandwidth. The signals are transmitted using both
standard two-dimensional 𝑀-ary constellation symbols and
active subcarrier indices [10]. Compared to conventional
modulation systems, IM can provide higher SE and energy
efficiency (EE). The combination of IM and NOMA is an in-
novative and hopeful combination that provides both massive
connectivity and improved spectral efficiency [11–13].

1.1 Related Works
The indices of the transmitting antenna and data sym-

bols are both used to convey data to the receiver in spatial
modulation (SM) [14]. Furthermore, some works have ad-
dressed the combination of SM and NOMA. A single antenna
is engaged for each user in a MIMO system described in [15],
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and a power allocation algorithm is used to reduce inter-user
interference. It is important to note that because of the huge
number of RF chains, all multi-user SM-based systems have
low power efficiency and high costs [16], [17].

The multicarrier index keying (MCIK) concept also
known as index modulation (IM) was influenced by SM [14]
and generalized SM [18]. Similarly, the SM concept served
as the inspiration for code IM (CIM) [19] and generalised
CIM [20]. CIM is a data transmission technique that uses
a wide range of spreading codes, with a specific code chosen
and its index utilized as a data transfer mechanism. Ac-
cording to [21], CIM outperforms SM in terms of spectral
efficiency and error performance while being easier to im-
plement in terms of hardware complexity. The principles of
MCIK, SM, and CIM are derived from the use of indices of
an additional dimension over which data is provided. Ref-
erence [15] proposes a hybrid single-carrier orthogonal fre-
quency division multiplexing (OFDM) and SM transmission
technique as a potential candidate for large-scale multi-input
multi-output (LS-MIMO) based multi-user communication
systems. This research consists of complex channel situa-
tions that are compatible with D2D communications. This
unique low-complexity and low-cost technique employs low-
complexity single-stream detection and requires only a single
RF chain.

In [22], the concept of MCIK was recently integrated
with OFDM. The MCIK in particular intends to use sub-
carrier indices as an extra dimension to the conventional
𝑀-ary constellation symbols. The subcarrier indices used
as an additional degree of freedom in MCIK allow for the
transmission of much more data without rising the power
consumption or bandwidth. The authors of [9] provided
a brief overview of index modulation schemes and classifi-
cations. Specifically, IM-OFDM, MBM, SM, and TD-IM
are analysed. According to the authors, this novel scheme
will play an important role in 5G communications. The
OFDM-IM system is introduced in [23]. In OFDM-IM sys-
tem, index modulation is used to transmit extra information
bits along with the constellation symbols. Index modula-
tion involves activating a subset of subcarriers and using
the indices of those subcarriers. This technique, however
suffers from the high peak-to-average power ratio inherent
in OFDM. [24] proposed another variant of MCIK-OFDM,
also known as OFDM-IM which activates only a subset of
subcarriers. Hence the transceiver system complexity is de-
creased since fewer modulators/demodulators are required.
The authors of [25] proposed MCIK-OFDM systems and
symbol error probability (SEP) is explored in the context of
channel state information (CSI) uncertainty. To increase the
spectral efficiency, [26] presented a generalized index mod-
ulation system for OFDM-IM in which the number of active
sub-carriers is no longer fixed.

NOMA has been extensively proposed as a more spec-
trally efficient multiple access scheme than previous OMA
techniques [27]. In NOMA systems, different users can use
the same channel at the same time, significantly enhancing

spectral efficiency [28]. Utilizing specialized detection tech-
niques such as SIC [8], it is possible to handle and eliminate
the inter-user interference caused by the use of the same
channel by different users.

Adopting IM in multiple access scenarios was recently
introduced in [29], [30] where multiple variants of uplink
multiple access schemes were proposed and analyzed. How-
ever, those schemes perform well only in the uplink scenario.
In [31], downlink index modulation-aided NOMA is stud-
ied for only perfect CSI case over Rayleigh fading channel.
In [13], only one user employs IM-OFDM, while the other
applies NOMA-OFDM.

Recently, [32] investigated a combination of IM and
uplink NOMA, where the proposed scheme fits the case of
two users in the uplink network. Reference [33] considers
a cooperative NOMA in which one of the users acts as a relay
to forward messages to the other user. Single carrier (SC)
based IM-NOMA system is proposed in [34], in which all
users are assigned the same subcarrier set and their SC-IM
data is transmitted at different power levels simultaneously
and demonstrates that the proposed scheme outperforms the
NOMA scheme. However, this system considers the uplink
system and Rayleigh channel. Reference [35] analyses the
downlink NOMA network over the Nakagami-m fading chan-
nel. However, the index modulation approach and the CSI un-
certainty are not explored in this work. Reference [36] studies
a downlink cooperative NOMA network over Nakagami-m
fading channels with the assumption that the channel state in-
formation is imperfect. Index modulation is not added for the
analysis in this work, nevertheless. The presence of CSI at
the base station is necessary for the operation of IM-NOMA.
All earlier research had the theoretical assumption that CSI
was completely known, which is unfeasible in reality. In this
article, a novel scheme is proposed that takes advantage of
the benefits of both the IM and NOMA schemes while fill-
ing a gap in the existing literature. The proposed approach
assumes that the base station (BS) uses the IM principle to
select the subcarrier(s) over which a user’s part of the signal
is transmitted. The NOMA concept, according to which the
power level allotted to a user is inversely proportionate to the
channel conditions of that user, is also used by the BS to split
the total transmit power among users. Such a novel approach
can take advantage of the capabilities of both NOMA and IM
to present a flexible and improved downlink methodology in
terms of spectral efficiency and error performance.

1.2 Motivation and Contribution
Numerous advantages of NOMA and IM schemes have

sparked a great deal of interest in their integration in recent
years and this is the motivation behind this paper. According
to the literature, index modulation improves spectral effi-
ciency by transmitting extra bits along with the modulation
bits by using the indices of the resources. The BER analysis
of NOMA reported in the literature is limited to AWGN [12]
and Rayleigh fading channels [5], while the BER for NOMA
over Nakagami-m is presented in [37] only for perfect CSI
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conditions. To the best of the author’s knowledge, there
hasn’t been any work published that examines the perfor-
mance analysis of downlink index modulation aided NOMA
in the Nakagami-m fading scenario.

In this paper, a novel IM-NOMA system is proposed.
PD-NOMA is used which allocates different powers to the
users depending on their respective channel conditions. In-
dices of active subcarriers and 𝑀-ary modulation symbols
are used to transmit the information. At the receiver, the ML
detector and SIC detector are used to decode the received
signal. Both symbol bits and index bits are detected at the
detector. The proposed system is analyzed for CSI uncer-
tainty. Specifically, three CSI conditions are considered for
the analysis - perfect, fixed, and MMSE-based variable CSI
error conditions. It is shown through simulations that the
proposed scheme exhibits improved performance compared
to the existing methods.

Motivated by the aforesaid factors, the chief contribu-
tions of this paper are as given below:

• A novel IM-NOMA system model is presented in this
paper. In the proposed system, the downlink NOMA
network is considered. BS sends signals to the users.
IM and SC process is performed at the BS and superim-
posed data is sent to the users. ML and SIC detectors are
used to detect the signals at the user end. The proposed
system is investigated with BER as the performance
parameter.

• The proposed system is investigated over Nakagami-m
fading channel which in turn renders different fading
channels such as Rayleigh, Rician, Weibull, gamma,
and exponential. Different channels can be found by
varying the Nakagami-m fading channel values.

• The proposed system is compared with the existing
NOMA system and the simulation results shows that
IM-NOMA outperforms the existing NOMA system for
different values of SNR.

• IM-NOMA system performance is investigated for dif-
ferent Nakagami-m values.

• The effect of CSI uncertainty on the performance of
IM-NOMA is studied. In particular, the IM-NOMA
system is examined under three different CSI condi-
tions - perfect, fixed, and variable CSI uncertainty. The
IM-NOMA system’s performance is evaluated for dif-
ferent fixed channel estimate errors.

• For the variable CSI analysis, this paper evaluates the
CSI uncertainty based on minimum mean square error
(MMSE). The proposed system’s performance is ex-
plored for both perfect and variable CSI settings for
different values of Nakagami-m channel parameters.

• The spectral efficiency of the proposed IM-NOMA sys-
tem is analyzed for different active subcarriers as well
as modulation techniques and shown that the proposed
system outperforms the existing OMA systems.

1.3 Organization of the Paper
The remaining part of the paper is arranged accord-

ingly: Section 2 introduces the system model of the proposed
IM-NOMA scheme. Section 3 demonstrates the performance
analysis which includes the channel models and imperfect
CSI. The simulation results for BER and CSI are examined
in Sec. 4. Section 5 concludes the paper.

2. System Model
This section discusses the conventional NOMA system.

𝑁 user downlink NOMA network is considered. The base
station (BS) sends information signals to each user. The
proposed IM-NOMA transmitter model is explained first.
Later, the receiver model of the proposed system is discussed
in brief.

2.1 Conventional NOMA System
Figure 1 illustrates a NOMA downlink system with 𝑁

users located at different distances from the BS. The BS uses
the superposition coding principle to deliver signals to all
users. Each user is allocated with different power according
to its distance from the BS. Consider user 𝑛, 𝑑𝑛 is the distance
from the BS and 𝑎𝑛 is the power allocated to it. Then ac-
cording to the superposition coding principle, distance order
𝑑1 < 𝑑2 < · · · < 𝑑𝑛 implies that 𝑎1 < 𝑎2 < · · · < 𝑎𝑛 where,∑𝑁
𝑛=1 𝑎𝑛 = 1. Accordingly, the signal transmitted from the

BS is given by

𝑥 =

𝑁∑︁
𝑛=1

√︁
𝑎𝑛𝑃BS𝑠𝑛 (1)

where 𝑠𝑛 is the modulated complex symbol of the 𝑛th user.
The signal received at user 𝑛 is given by

𝑦 = 𝐻𝑥 + 𝑤. (2)

The channel matrix is given by
𝐻 = diag {ℎ (1) . . . ℎ (𝑁)} . (3)

Fig. 1. Downlink non-orthogonal system with 𝑁 users.
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𝐻 follows the Nakagami-m fading channel distribution which
will be discussed in the next section. 𝑤 symbolizes the addi-
tive white Gaussian noise (AWGN) vector

𝑤 = [𝑤 (1) . . . 𝑤 (𝑁)]T (4)

with 𝑤 ∼ 𝐶𝑁 (0, 𝜎2). The channel coefficients amid the BS
and the different users are assumed to be independent and
identically distributed (i.i.d) Nakagami-m fading channels.

The signal reaches the receiver side and undergoes a de-
tection process. ML and SIC detection processes are applied
at the users. Far user assumes near user’s signal as noise
and detects its signal using ML detector. Near user performs
SIC detection to remove far user’s signal and then recovers
its signal.

2.2 The Proposed System Transmitter Model
The proposed IM-NOMA system model is shown in

Fig. 2. 𝑁 user downlink network is considered in which
base station transmits signals to the users. 𝑁c subcarriers of
each user are separated into 𝐺 groups of 𝑁 subcarriers each,
𝑁c = 𝐺𝑁 . 𝐾 subcarriers are activated out of 𝑁 subcarri-
ers in a group for individual transmission and the remaining
𝑁 − 𝐾 subcarriers will be zero-padded. Each user transmits
𝜚 number of data bits

𝜚 = 𝜚1 + 𝜚2. (5)

𝜚1 bit stream is mapped to 𝐾 active indices through combi-
national method or look up table [23]. The number of index
bits for given 𝑁 and 𝐾 is given by

𝜚1 = log2

(
𝑁

𝐾

)
. (6)

𝜚2 bit stream is mapped to 𝐾 number of complex 𝑀-ary
symbols. The number of symbol bits is given by

𝜚2 = 𝐾 log2 𝑀. (7)

The total data bits transmitted for every transmission is writ-
ten as

𝜚 = 𝜚1 + 𝜚2 = log2

(
𝑁

𝐾

)
+ 𝐾 log2 𝑀. (8)

𝐾 active indices combination is

𝐼 = {𝛼1, 𝛼2, . . . 𝛼𝐾 } (9)

where 𝛼 ∈ 1, 2, . . . , 𝑁 for 𝑘 = 1, 2, . . . , 𝐾. The second-bit
stream 𝜚2 is symbolized by

𝑆 = {𝑠(𝛼1), 𝑠(𝛼2), . . . 𝑠(𝛼𝑘)} (10)

in which 𝛼𝑘 ∈ 𝑆, 𝑘 = 1, 2, . . . , 𝐾 and 𝐾 is the number of
complex 𝑀-ary symbols, 𝑆 is the 𝑀-ary constellation. The
transmitted IM-NOMA code word generated by using 𝐼 and
𝑆 is shown below,

𝑋 = {𝑥(1), 𝑥(2), . . . 𝑥(𝑁)} , (11)

𝑥(𝛼) =
{
𝑠(𝛼) for 𝛼 ∈ 𝐼

0 for 𝛼 ∉ 𝐼
, 𝛼 ∈ 1, 2, . . . , 𝑁. (12)

Each user uses the same procedure to generate the mod-
ulated 𝑀-ary symbol and active subcarriers to transmit them.
After the index modulation process, superposition coding is
applied to the transmitting signals according to the conven-
tional PD-NOMA. Different power levels are allocated to
different users. Near user is given less power and the far
user is given more power according to their respective chan-
nel conditions. The modulated symbols are transmitted over
active subcarriers. The BS generates IM-NOMA signals to
serve users individualistically through the same time and fre-
quency slots. The signal 𝑥 transmitted for user 𝑛 is given by

𝑥SC =

𝑁∑︁
𝑛=1

√︁
𝑎𝑛𝑃BS [𝑠𝑛 (𝛼𝑘)] (13)

where 𝑎𝑛 is the power allocation factor for the 𝑛th user,∑𝑁
𝑛=1 𝑎𝑛 = 1, 𝑎1 < 𝑎2 < · · · < 𝑎𝑁 and 𝑃BS is the total

transmit power per subcarrier at the BS.

2.3 The Proposed System Receiver Model
The signal received over at user 𝑛 is denoted as

𝑦 = 𝐻𝑥SC + 𝑤. (14)

The channel matrix is given by
𝐻 = diag {ℎ (1) . . . ℎ (𝑁)} . (15)

𝐻 follows the Nakagami fading channel distribution which
will be discussed in the next section. 𝑤 symbolizes the addi-
tive white Gaussian noise (AWGN) vector

𝑤 = [𝑤 (1) . . . 𝑤 (𝑁)]T (16)

with 𝑤 ∼ 𝐶𝑁 (0, 𝜎2). The channel coefficients amid the BS
and the different users are assumed to be independent and
identically distributed (i.i.d) Nakagami-m fading channels.
The signal reaches the receiver side and undergoes detection
process. The block diagram at the receiver of the downlink
IM-NOMA system is shown in Fig. 2. The ML and SIC de-
tection processes are applied at the users. Far user assumes
near user’s signal as noise and detects its signal using ML
detector. Near user performs SIC detection to remove the far
user’s signal and henceforth recovers its signal. Both symbol
and index bits are detected separately during the detection
process.

2.4 Channel Model
Nakagami-m distribution describes both Rayleigh and

Rician distributions. Nakagami-m fading distributions uses
density function based on parametric gamma distribution and
describes the experimental data. The Nakagami-m distribu-
tion’s PDF [38] is given by



RADIOENGINEERING, VOL. 32, NO. 3, SEPTEMBER 2023 429

Fig. 2. The proposed system model.

𝑝(𝑟) = 2𝑚𝑚𝑟2𝑚−1

Ω𝑚Γ(𝑚) exp
(
−𝑚𝑟

2

Ω

)
;𝑚 ≥ 1

2
; 𝑟 ≥ 0 (17)

where 𝑚 is the Nakagami scale parameter, Ω is the multipath
scatter field’s average power, Γ(𝑚) is propagation media due
to scattering in addition to multipath interference progres-
sions. 𝑚 and Ω parameters of the Nakagami-m channel are
estimated as follows,

𝑚 =
Ξ2 (𝑋2)
𝑉 (𝑋) , (18)

Ω = Ξ(𝑋2). (19)

2.5 Imperfect CSI-Based Receiver
The channel estimation error is added to each channel

coefficient value in an imperfect channel estimation process.
The estimate of ℎ is represented as ℎ̂:

ℎ̂ = ℎ + 𝑒 (20)

where 𝑒 denotes the channel estimation error,

𝑒 ∼ 𝐶𝑁 (0, 𝜖2), (21)

𝜖2 symbolizes the CSI estimation error variance. Three CSI
uncertainties are inspected - perfect CSI, fixed CSI uncer-
tainty and MMSE-based variable CSI uncertainty. In perfect
CSI

𝜖2 = 0. (22)

In fixed CSI uncertainty

𝜖2 > 0. (23)

In the variable CSI uncertainty based on the MMSE principle,
CSI estimation error variance is

𝜖2 =
1

1 + 𝐸s
𝑁o

. (24)

3. Performance Analysis
In this section, ML detection and SIC detection tech-

niques are discussed in detail. Error performance analysis
is done for ML and SIC detection methods. Spectral effi-
ciency analysis is made for the proposed system compared
to the other existing systems. This section also describes
the IM-NOMA system performance under imperfect channel
conditions. Two users are considered for the analysis - far
user (FU) and near user (NU). Powers are allocated according
to their respective channel conditions using the superposition
coding principle. The base station sends signals to both FU
and NU. The users decode their respective signals using SIC
and/or direct detection methods.

3.1 Detection Techniques
In this section, ML detection and SIC detection meth-

ods are discussed in detail. The receiver uses both ML and
SIC for detection.

3.1.1ML Detection
At the far user, the signal is detected using the direct

detection technique.

Far User: Since the far user has the highest transmit power,
the SIC procedure is unnecessary and its data can be di-
rectly detected by the conventional detection method known
as maximum likelihood (ML).

Using the ML detection method, the FU signal is de-
coded as

𝑥FU = [𝐼FU, 𝑆FU] = argmin
𝐼FU ,𝑆FU



𝑌FU − ℎFU (
√
𝑃FU𝑥FU)



2
. (25)

[𝐼FU, 𝑆FU] denotes the detected data at the far user side, where
𝐼FU denotes the detected active subcarrier index bit and 𝑆FU
denotes the detected data symbol bit respectively at the far
user, 𝑌FU, and 𝐻FU are the received signal, and the channel
of the FU respectively. ∥.∥2 represents the squared norm.
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3.1.2SIC Detection
The near user uses SIC detection to extract the FU’s

strong signal and later, the FU’s signal is removed from the
received signal. Then, the NU’s signal is detected directly
from the remaining signal.

Near User: The NU uses SIC detection to decode it’s own
signal. In this process, first FU’s signal is decoded using
ML-based detector as follows

𝑥FU,SIC = [𝐼FU,SIC, 𝑆FU,SIC],

𝑥FU,SIC = argmin
𝐼FU,SIC ,𝑆FU,SIC



𝑌NU − ℎ̄NU (
√
𝑃FU𝑥FU)



2 (26)

where 𝐼FU,SIC denotes the detected active subcarrier index bit
and 𝑆FU,SIC denotes the detected data symbol bit respectively
of the FU at the near user, 𝑌NU and ℎ̄NU are the received
signal and the channel of FU at the NU respectively. The
decoded signal block is reformed as 𝑧FU,SIC and subtracted
from the received signal as

𝑟NU = 𝑌NU − 𝑧FU,SIC. (27)

At last, the NU’s signal is decoded as

𝑥NU = [𝐼NU, 𝑆NU] = argmin
𝐼NU ,𝑆NU



𝑟NU − ℎ̃NU (
√
𝑃NU𝑥NU)



2 (28)

where 𝐼NU denotes the detected active subcarrier index bit
and 𝑆NU denotes the detected data symbol bit respectively
of the NU, 𝑟NU is the interference free signal and ℎ̃NU is the
channel of the NU.

3.2 Error Performance Analysis
This section analyses the error performance using both

detection techniques, ML and SIC.

3.2.1ML Detection Error Performance
The average BER at user in detecting its own data is

expressed through the tight union bounding method as [39]

BER =
1

2𝑁 𝜚
2𝑁 𝜚∑︁
𝑝=1

2𝑁 𝜚∑︁
𝑞=1

1
𝜚
𝜏𝑝𝑞PEP𝑝𝑞 (29)

with 𝜏𝑝𝑞 representing the hamming distance in terms of the
number of different bits between the pair (𝑝, 𝑞) under consid-
eration, and PEP𝑝𝑞 is the average pairwise error probability
(PEP), which measures the likelihood of erroneously detect-
ing the vector 𝑥𝑞 where the transmitted vector is actually 𝑥𝑝 .
The PEP is therefore rewritten as follows:

PEP𝑝𝑞 = 𝑃
(
𝑥𝑝 → 𝑥𝑞

)
=

𝑃𝑟

{

𝑦 − ℎ√𝑃𝑥𝑝

2
>



𝑦 − ℎ√𝑃𝑥𝑞

2}
. (30)

Since the transmitted vector is 𝑥𝑝 and hence replacing 𝑦 with

ℎ√𝑃𝑥𝑝 + 𝑤

2 from (2),

𝑃
(
𝑥𝑝 → 𝑥𝑞

)
= 𝑃𝑟

{



ℎ√𝑃𝑥𝑝 + 𝑤−ℎ
√
𝑃𝑥𝑝





2

>





ℎ√𝑃𝑥𝑝 + 𝑤−ℎ
√
𝑃𝑥𝑞





2}
.

(31)

By canceling the identical terms, the above equation can be
simplified to the following

PEP𝑝𝑞 = 𝑃𝑟

{

𝑤

2
>



ℎ√𝑃(𝑥𝑝 − 𝑥𝑞) + 𝑤

2}
, (32)

𝑃
(
𝑥𝑝 → 𝑥𝑞

)
= 𝑃𝑟

{
∥𝑤∥2 >




ℎ√𝑃Δ𝑝𝑞 + 𝑤


2
}

(33)

where Δ𝑝𝑞 = 𝑥𝑝 − 𝑥𝑞 . Next, the conditional PEP for a given
𝐻 can be expressed with the aid of the 𝑄-function as

𝑃
(
𝑥𝑝 → 𝑥𝑞 |ℎ

)
= PEP𝑝𝑞 |ℎ = 𝑄

(√︂
𝜑𝑝𝑞

2𝜎2

)
(34)

where 𝜑𝑝𝑞 =




ℎ√𝑃Δ𝑝𝑞


2
. The average PEP is obtained by

averaging the conditional PEP over the distribution of 𝜑𝑝𝑞
as follows

PEP𝑝𝑞 =

∫ ∞

−∞
PEP𝑝𝑞 |ℎ 𝑓𝜑𝑝𝑞

(𝜓) d𝜓 (35)

where 𝑓𝜑𝑝𝑞
(𝜓) is the probability density function (PDF) of

𝜑𝑝𝑞 . PDF of 𝜑𝑝𝑞 is calculated as given in [40, eq. (9)].
Then, (35) is substituted in (29) to get the closed-form ex-
pression of the average BER. The detailed description of
the theoretical analysis of the simulation results is given in
Appendix.

3.2.2SIC Detection Error Performance
Unlike ML detection, each user in SIC can only ac-

cess their own data after the interfering signals have been
canceled.

PEP is expressed as follows

𝑃
(
𝑥𝑝 → 𝑥𝑞

)
= 𝑃𝑟

{

𝑟 − ℎ√𝑃𝑥𝑝

2
>



𝑟 − ℎ√𝑃𝑥𝑞

2}
.

(36)

Next, the conditional PEP for a given 𝐻 can be expressed
with the aid of the 𝑄-function as

𝑃
(
𝑥𝑝 → 𝑥𝑞 |ℎ

)
= PEP𝑝𝑞 |ℎ = 𝑄

(√︂
𝜑𝑝𝑞

2𝜎2

)
(37)

where 𝜑𝑝𝑞 =




ℎ√𝑃Δ𝑝𝑞


2
, Δ𝑝𝑞 = 𝑥𝑝 − 𝑥𝑞 . Further, the aver-

age PEP is obtained as in (35) and the BER is obtained. We
acknowledge that there is yet no general formula to represent
the error probability of the SIC process in IM-NOMA be-
cause of the specific characteristics of the superposed signal
constellation [41].

3.3 Error Performance under CSI Uncertainty
In the imperfect CSI based receiver, the estimate of ℎ is

ℎ̂ = ℎ + 𝑒, 𝑒 is the channel estimation error. The transmitted
signal in case of imperfect CSI is detected at the BS using
ML detection technique as follows
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𝑥 = arg min
𝐼,𝑆



𝑌 − ( ℎ̂ − 𝑒) (
√
𝑎𝑃𝑥)



2
. (38)

The average BER is expressed through the tight union
bounding method as

BER =
1

2𝑁 𝜚
2𝑁 𝜚∑︁
𝑖=1

2𝑁 𝜚∑︁
𝑗=1

1
𝜚
𝜏𝑖 𝑗PEP𝑖 𝑗 (39)

with 𝜏𝑖 𝑗 representing the hamming distance in terms of the
number of different bits between the pair (𝑖, 𝑗) under consid-
eration, and PEP𝑖 𝑗 is the average PEP which simply measures
the likelihood of erroneously detecting the vector 𝑥 𝑗 while the
transmitted vector is actually 𝑥𝑖 . Hence the PEP is rewritten
as follows

PEP𝑖 𝑗 =𝑃
(
𝑥𝑖 → 𝑥 𝑗

)
=𝑃𝑟

{

𝑦 − ℎ̂√𝑃𝑥𝑖

2
>



𝑦 − ℎ̂√𝑃𝑥 𝑗

2}
.

(40)

Since the transmitted vector is 𝑥𝑖 and hence replacing 𝑦 with


(ℎ̂ − 𝑒) √𝑃𝑥𝑖 + 𝑤


2
,

𝑃
(
𝑥𝑖 → 𝑥 𝑗

)
=

𝑃𝑟

{



( ℎ̂ − 𝑒)√𝑃𝑥𝑖 + 𝑤−ℎ̂
√
𝑃𝑥𝑖





2

>





( ℎ̂ − 𝑒)√𝑃𝑥𝑖 + 𝑤−ℎ̂
√
𝑃𝑥 𝑗





2}
.

(41)

By canceling the identical terms, the above equation can be
simplified to the following

PEP𝑖 𝑗 =

𝑃𝑟

{

−𝑒√𝑃𝑥𝑖 + 𝑤

2
>



ℎ̂√𝑃(𝑥𝑖 − 𝑥 𝑗 ) + 𝑤 − 𝑒
√
𝑃𝑥𝑖



2}
.

(42)

The squared norm in the above equation can be expanded by
applying

∥𝑀 − 𝑁 ∥2 = ∥𝑀 ∥2 + ∥𝑁 ∥2 − 2ℜ{𝑀∗𝑁} (43)

where ℜ{.} represents the real part of the complex number
and (.)∗ represents the complex conjugate transpose opera-
tors.

By substituting (41) in (40), we get the following

ℎ̂√𝑃(𝑥𝑖 − 𝑥 𝑗 ) + 𝑤 − 𝑒
√
𝑃𝑥𝑖



2
=

ℎ̂√𝑃(𝑥𝑖 − 𝑥 𝑗 )

2 +



𝑤 − 𝑒
√
𝑃𝑥𝑖



2 −

2ℜ
{


ℎ̂√𝑃(𝑥𝑖 − 𝑥 𝑗 )∗ (

𝑤 − 𝑒
√
𝑃𝑥𝑖

)


2
}
. (44)

By rearranging and canceling the same terms on both sides,

𝑃
(
𝑥𝑖 → 𝑥 𝑗

)
=

𝑃

{
ℜ

{
ℎ̂
√
𝑃(𝑥𝑖 − 𝑥 𝑗 )

∗ (
𝑤−𝑒

√
𝑃𝑥𝑖

)}
>

1
2




ℎ̂√𝑃(𝑥𝑖 − 𝑥 𝑗 )


2
}
.

(45)

Let Υ𝑖 𝑗 = ℎ̂
√
𝑃(𝑥𝑖 − 𝑥 𝑗 ) and ℘ = 𝑤 − 𝑒

√
𝑃𝑥𝑖

𝑃
(
𝑥𝑖 → 𝑥 𝑗

)
= 𝑃𝑟

{
ℜ

{
Υ𝑇𝑖 𝑗℘

}
>

1
2




Υ∗
𝑖 𝑗




2
}
. (46)

With the given channel ℎ̂, Υ𝑖 𝑗 is considered as a constant.
Hence we can write

𝑃

(
𝑥𝑖 → 𝑥 𝑗 | ℎ̂

)
= 𝑄

©­­«
√︄

Υ𝑖 𝑗

2

2𝜎2

ª®®¬ (47)

where 𝜍𝑖 𝑗 =


Υ𝑖 𝑗

2. The average PEP is obtained by av-

eraging the conditional PEP over the distribution of 𝜍𝑖 𝑗 as
follows

PEP𝑖 𝑗 =
∫ ∞

−∞
PEP𝑖 𝑗 |ℎ 𝑓𝜍𝑖 𝑗 (𝜓) d𝜓 (48)

where 𝑓𝜍𝑖 𝑗 (𝜓) is the probability density function (PDF) of
𝜍𝑖 𝑗 . This equation can be substituted in (39) to get the closed-
form expression of the average BER.

3.4 Spectral Efficiency Analysis
The spectral efficiency (SE) is the ratio between the

total sum rate of the user to the bandwidth used [22];

SE =
𝑅T
𝑊
. (49)

In orthogonal multiple access technology, each user is as-
signed with the single channel. The spectral efficiency for
the OMA system is given by

SEOMA = log2 (𝑀). (50)

In OMA, SE is independent of 𝑁 [23]. In NOMA, all chan-
nels are used by all users in the network. Hence, the spectral
efficiency for NOMA is

SENOMA = 𝑁 log2 (𝑀). (51)

In IM-NOMA, the per-user spectral efficiency is as follows

SEIM−NOMA = log2

(
𝑁

𝐾

)
+ 𝐾 log2 𝑀 (52)

where 𝐾 ⩽ 𝑁 is the number of active channels. Only active
channels will carry symbols so that the trade-off between
BER and SE can be made through flexible setups.

Energy efficiency is the ratio between the sum rate to
the base station’s power. The message signal power and the
circuit power represent the total power consumption at the
transmitting side:

EE =
𝑅T
𝑃T

= SE
𝑊

𝑃T
(53)

where 𝑃T = 𝑃s + 𝑃static, 𝑃T is the total power at the BS, 𝑃s is
the signal power, 𝑃static is the circuitry power.



432 H. M. SHWETHA, S. ANURADHA, PERFORMANCE ANALYSIS OF NOVEL INDEX MODULATION BASED NOMA OVER . . .

3.5 Computational Complexity
The computational complexity is expressed in terms of

real-valued multiplications. The computational complexity
induced by SIC detection at a user is primarily determined
by the number of SIC iterations performed, which is deter-
mined by the order of the corresponding user in relation to
the others. The two components of SIC’s complexity are
decoding and subtraction. The ML detector is used for di-
rect detection in this paper. 8𝑁2𝑝 is the ML-detection-based
decoding part. The subtraction part is (𝐿 − 𝑗 + 1), and the
unit of complexity is the number of add-compare operations.
As a result, the computational complexity in terms of the
number of real multiplications required for the IM-NOMA
scheme based on the SIC detection technique for user 𝑗 can
be calculated as

𝐶𝐶 = 8𝑁2𝑝 (𝐿 − 𝑗 + 1) (54)

where (𝐿− 𝑗 +1) is the number of detection iterations carried
out at user 𝑗 and 𝐿 is the number of users.

Consider the proposed system where one of the two
subcarriers is made active and BPSK modulation is used.
𝑀 = 2, 𝑁 = 2, and 𝐾 = 1. IM-NOMA’s complexity is
calculated to be 640. NOMA, on the other hand, has a com-
plexity of 320. The computational complexity induced by
IM-NOMA is greater than that of NOMA due to the inherent
drawback of adopting the IM concept. However, SIC detec-
tion can significantly lessen the computational complexity
brought on by ML detection in both schemes, albeit at the
expense of performance.

4. Results and Discussion
This segment presents the Monte Carlo simulation re-

sults for downlink IM-NOMA system. The channel between
each user and the BS is modeled as frequency-flat Nakagami-
m fading channel. Powers are assigned to each user according
to the superposition coding principle. Far user having weak
channel is assigned with more power compared to the near
user with the strong channel. The power coefficients allot-
ted are 0.9 for far user and 0.1 for near user. The BPSK
modulation scheme is taken into consideration to evaluate
the error rate performance of the system. Two subcarriers
are chosen to transmit the modulated symbols out of which
one subcarrier is made active i.e., 𝑀 = 2, 𝑁 = 2, and 𝐾 = 1.
The spectral efficiency of the proposed system is analyzed for
different active subcarriers k and modulation techniques M.
IM-NOMA system performance is investigated under CSI un-
certainty. The proposed system is compared with the existing
systems. For comparison, conventional NOMA system and
OMA system’s results are depicted for BER and spectral ef-
ficiency. The BER performance is evaluated by Monte Carlo
simlations as a function of the average SNR per sub-carrier
𝐸s/𝑁o. The BER is computed for different SNR values by
using 106 data symbols.

4.1 BER of IM-NOMA under Perfect CSI
Figure 3 represents the BER performance of the pro-

posed scheme over the Nakagami-m channel under perfect
CSI condition. IM-NOMA system is compared with the ex-
isting NOMA system. The simulation results show that the
proposed system outperforms the NOMA scheme for both far
user (𝑈2) and near user (𝑈1).

4.2 Impact of Channel Parameters on the BER
Performance of IM-NOMA
The IM-NOMA system’s performance is investigated

for different values of m. The parameters considered for
simulation are, 𝑀 = 2, 𝑁 = 2, 𝐾 = 1, Ω = 1 and
𝑚 = {0.5, 1, 1.5, 2}. Figures 4 and 5 show that with the
rise in the values of 𝑚, the BER performance of the system
improves for both far user and near user respectively.
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Fig. 3. The BER comparison between IM-NOMA and NOMA
over Nakagami-m fading channel for 𝑀 = 2, 𝑁 = 2,
𝐾 = 1, 𝑚 = 1, Ω = 1.
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Fig. 4. The effect of the fading parameter m on the BER
of IM-NOMA for far user over Nakagami-m fading
channel for 𝑀 = 2, 𝑁 = 2, 𝐾 = 1, Ω = 1 and
𝑚 = {0.5, 1, 1.5, 2}.
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Fig. 5. The effect of the fading parameter m on the BER
of IM-NOMA for near user over Nakagami-m fading
channel for 𝑀 = 2, 𝑁 = 2, 𝐾 = 1, Ω = 1 and
𝑚 = {0.5, 1, 1.5, 2}.
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Fig. 6. Impact of Ω on the BER of IM-NOMA for the far user
over Nakagami-m fading channel when 𝑀 = 2, 𝑁 = 2,
𝐾 = 1, 𝑚 = 1, and Ω = {1, 5, 10}.
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Fig. 7. Impact of Ω on the BER of IM-NOMA for the near user
over Nakagami-m fading channel when 𝑀 = 2, 𝑁 = 2,
𝐾 = 1, 𝑚 = 1, and Ω = {1, 5, 10}.

Figures 6 and 7 display the BER performance of the
system for different values of Ω = {1, 5, 10}, and 𝑚 = 1 for
both far user and near user respectively. With the increase in
the values ofΩ, the BER performance of the system improves
for both users.

4.3 BER of IM-NOMA under Fixed CSI
Uncertainty

The IM-NOMA system is evaluated for perfect and im-
perfect CSI conditions in the Nakagami-m fading channel.
For the perfect CSI case, the CSI estimation error variance
value is zero. For the imperfect CSI case, the fixed error vari-
ance values chosen are 𝑒 = 0.001 and 𝑒 = 0.005. Figures 8
and 9 illustrate the BER performance of IM-NOMA with
perfect and imperfect CSI conditions for far user and near
user respectively. The proposed system shows better perfor-
mance in perfect CSI condition compared to the fixed CSI
condition. As the values of the error variance increase, the
BER performance of the proposed system degrades.
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Fig. 8. BER performance of IM-NOMA for far user under fixed
CSI over Nakagami fading channel for 𝑀 = 2, 𝑁 = 2,
𝐾 = 1, Ω = 1, 𝑚 = 1 and 𝜖 2 = {0.001, 0.005}.
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Fig. 9. BER performance of IM-NOMA for near user under fixed
CSI over Nakagami fading channel for 𝑀 = 2, 𝑁 = 2,
𝐾 = 1, Ω = 1, 𝑚 = 1 and 𝜖 2 = {0.001, 0.005}.
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Fig. 10. The effect of CSI uncertainty on the BER of IM-NOMA
over Nakagami fading channel with 𝑀 = 2, 𝑁 = 2,
𝐾 = 1, Ω = 1, 𝑚 = {1, 1.5}.
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Fig. 11. BER comparison of the theoretical and simulation
IM-NOMA performance under various CSI conditions,
with (𝑁, 𝐾, 𝑀 ) = (2, 1, 2) .

4.4 BER of IM-NOMA under MMSE-Based
Variable CSI Uncertainty

Figure 10 demonstrates the system performance with
perfect CSI (𝑒 = 0) and imperfect CSI (𝑒 = 𝜖2) at different
Nakagami-m parameters, 𝑚 = {1, 1.5}. For the perfect CSI,
the CSI estimate error variance (𝜖2) is zero. The performance
of the system improves with the increase in the Nakagami-
m fading channel parameter. Figure 10 shows that with the
MMSE-based variable CSI uncertainty, IM-NOMA suffers
a degradation in performance compared to perfect CSI.

As observed from Fig. 11, the theoretical BER expres-
sions derived are close to the simulation results in a broad
range of SNRs for far user. Different CSI parameters con-
sidered are - perfect, fixed and variable CSI uncertainties.
For the perfect CSI, the CSI estimate error variance (𝜖2) is
zero. For the fixed CSI, 𝜖2 is 0.001. MMSE based CSI error
variance is considered for variable CSI uncertainty. The pa-
rameters considered are 𝑀 = 2, 𝑁 = 2, 𝐾 = 1, and 𝑚 = 1.
It is obvious that the FU performs better in terms of BER
because there is less interference, lower order modulation,
and more power allocated to it. The FU is additionally more
energy-efficient due to a less complex detector design be-
cause it uses a lower order modulation, doesn’t require SIC,
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Fig. 12. Per user spectral efficiency versus 𝑀 for different val-
ues of 𝐿 and 𝐾 .

and has superior error performance, making it more suit-
able for IoT applications. In other words, this user would
only need to reliably communicate at low data rates, such as
when transmitting sensor data. The NU’s BER performance
is worse due to the use of a higher modulation order, sub-
stantial interference from the FU during the SIC process, in
addition to the lower allotted power.

4.5 Spectral Efficiency
The spectral efficiency of the proposed system is com-

pared with the existing OMA and NOMA systems. Three val-
ues assigned for active subcarriers are given by 𝑘 = {1, 2, 4}.
For a given 𝑀 and 𝑁 , the per-user spectral efficiency in-
creases with the increase in the number of active subcar-
riers. When 𝐾 = 𝑁/2, the spectral efficiency attains
its maximum point. Once the SE attains the maximum
value, for the next values of 𝐾 , the spectral efficiency de-
creases with the increase in 𝐾 . Figure 12 indicates the
per-user spectral efficiency of the IM-NOMA scheme ver-
sus the modulation order 𝑀 for different values of 𝐾 and
𝑁 . OMA, NOMA and IM-NOMA spectral efficiency re-
sults are compared. In NOMA, all resources are used by
users simultaneously and hence the spectral efficiency is
given by, 𝑁 log2 𝑀 . In the OMA system, the spectral ef-
ficiency is log2 𝑀 which is independent of 𝑁 and hence
there is no enhancement in SE. However for IM-NOMA,
the 𝑆𝐸 = log2

(𝑁
𝐾

)
+ 𝐾 log2 𝑀 . IM-NOMA has additional

log2
(𝑁
𝐾

)
bps/Hz compared to OMA system. IM-NOMA

achieves an additional 1 bps/Hz compared to the OMA sys-
tem irrespective of the modulation order for 𝑁 = 2.

5. Conclusion
In this paper, a novel IM-NOMA system is proposed

over Nakagami-m fading channel. The proposed system is
analysed for different 𝑚 and Ω channel parameters. The
impact of the perfect and imperfect CSI uncertainty on the
BER performance of the IM-NOMA system is investigated.
The proposed system is explored for three CSI conditions -
perfect CSI, fixed CSI, and MMSE-based variable CSI uncer-
tainty. The proposed system is examined for different fixed
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error variance values. It is shown through simulations that,
as the values of the fixed error variance increases, the BER
performance of the system degrades. The proposed system
is also investigated under MMSE-based variable CSI uncer-
tainty for different Nakagami-m channel parameters. The
proposed system is also analyzed with spectral efficiency as
the performance metric. For a given 𝑀 and 𝑁 , the per-user
spectral efficiency increases with the increase in the number
of active subcarriers. When 𝐾 = 𝑁/2, the spectral efficiency
attains its maximum point. The simulation results show that
the proposed system exhibits better performance compared
to the existing NOMA and OMA systems.
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Appendix A: Detailed Description
The Appendix includes the detailed description of the

alternate theoretical analysis of the simulation results. Each
user transmitts 𝜚 number of bits (𝜚 = 𝜚1 + 𝜚2). 𝜚1 bit stream
is mapped to 𝐾 active indices as in (6), 𝜚2 bit stream is
mapped to 𝐾 number of complex 𝑀-ary symbols according
to (7). Hence, bit error event consists of two parts: index bit
error and symbol bit error [42].

𝑃b =
𝜚1𝑃1 + 𝜚2𝑃2
𝜚1 + 𝜚2

(A1)

where 𝑃1 is the Index BER (IBER), 𝑃2 is the Symbol BER
(SBER). The IBER and the SBER are obtained by [43]

𝑃1 ≈ 𝜂𝑃̄I/2, (A2)

𝑃2 ⩽
𝑃̄I
2𝐾

+ 𝑃M
log2 𝑀

(A3)

where 𝑃̄I denotes the average index error probability (IEP),
𝑃M is the average symbol error probability (SEP) of symbol
detection, 𝜂 = 1 for 𝑁 > 2 and 𝜂 = 2 for 𝑁 = 2.
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The IEP in IM-NOMA with imperfect CSI is approxi-
mated by [44]

𝑃̄I =
𝜓1
12

{[
1 + (1 − 𝜖2)𝛾̄

4 + 2𝛾̄𝜖2

]−2

+ 3
[
1 + 2(1 − 𝜖2)𝛾̄

6 + 3𝛾̄𝜖2

]−2}
(A4)

where 𝜓1 = 𝐾 (𝑁 − 𝐾), 𝛾̄ = (𝜙 × 𝐸s/𝜎2) is the average
signal-to-noise ratio (SNR) per active sub carrier, 𝜙 is the
power allocation coefficient of the user, 𝐸s is the average
power per sub-carrier.

According to [39], using approximation of 𝑄-function

𝑄(𝑥) ≈ 1
12

e−𝑥
2/2 + 1

4
e−2𝑥2/3. (A5)

𝑃M (𝛼) is represented by

𝑃M (𝛼) ≈ 𝜉

12

(
e

𝛾̄𝜈̂𝛼𝜌

1+𝛾̄ 𝜖 2 + 3e−
4𝛾̄𝜈̂𝛼𝜌
3+3𝛾̄ 𝜖 2

)
(A6)

where 𝜈̂𝛼 =
��ℎ̂(𝛼)��2. MGF of 𝜈̂𝛼 is given by

𝑀𝜈̂ (𝑧) = [1 − (1 − 𝜖2)𝑧]−1. (A7)

Based on the definition of MGF function, i.e., 𝐸𝑣̂
{
𝑒𝑧𝑣̂

}
=

𝑀𝑣̂ (𝑧), the average SEP in IM-NOMA with imperfect CSI is
approximated by [25]

𝑃M =
𝜁

12


1

1 + (1−𝜖 2 ) 𝛾̄𝜌
1+𝛾̄ 𝜖 2

+ 3

1 + 4(1−𝜖 2 ) 𝛾̄𝜌
3+3𝛾̄ 𝜖 2

 (A8)

where 𝜌 = sin2 (𝜋/𝑀), 𝜁 = 1, 2 for 𝑀 = 2 and 𝑀 > 2
respectively.


