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ABSTRACT Orthogonal Frequency Division Multiplexing with Subcarrier Number Modulation (OFDM-
SNM) has recently been proposed as an effective transmission method that can transmit additional data bits
by exploiting the number of subcarriers in each subblock. This results in an improved performance in terms
of spectral efficiency and reliability. However, one of the main drawbacks of OFDM-SNM is that not all the
available subcarriers are deployed to transmit data, as some of these subcarriers remain inactive. In order to
eliminate this problem and make use of all the available subcarriers, Multi-User OFDM-SNM is proposed
in this paper for serving multiple users by dedicating the subcarriers used for implementing SNM to serve a
far user, whereas the remaining subcarriers are used to send data for a near user. In this paper, the concept of
multi-user OFDM-SNM is established on the basis of conventional OFDM over a Rayleigh fading channel.
The validity of the system is proven by exhibiting both theoretical analysis and computer simulations. The
obtained results show that the proposed multi-user OFDM-SNM is a strong candidate for the future 6G
and beyond technologies and it can satisfy the requirements of multi-user cases of future wireless systems
demanding higher reliability and better spectral efficiency.

INDEX TERMS OFDM, OFDM-SNM, subcarrier number modulation, wireless communication, 5G, 6G,
multi-user, future wireless networks.

I. INTRODUCTION

W ITH the advancement in the Internet of Things (IoT)
technologies and the increasing demand from Internet

applications and services, merits as high data rate, high
spectral efficiency (SE), and high data reliability have started
to receive more attention than ever to satisfy the diverse
necessities of future 5G, 6G, and beyond technologies [1]–
[4].

One of the biggest impediments against the high data rate
capability of future wireless communication systems is the
intersymbol interference (ISI) problem [5]–[7]. Due to their
ability in reasonably minimizing the effect of this problem,
multicarrier systems such as OFDM have received great
interest in recent years [8], [9]. By adding a guard interval
known as the cyclic prefix (CP) to each OFDM block and
arranging the subcarrier spacing according to the channel
coherence bandwidth of the system, it has been seen that

each subcarrier can be located orthogonal to other subcarriers
and the ISI can be abolished [10], [11]. With the merits
of OFDM, such as easy equalization, multi-user adaptivity,
and availability for different modulation techniques [12], it
is considered to be one of the most promising techniques
for many of the communication standards [13]. However,
conventional OFDM suffers from some certain limitations
such as high peak-to-average power ratio (PAPR) [14], [15],
and its plain performance is not enough to satisfy the re-
quirements of current demands in terms of reliability and SE.
Due to this situation, OFDM requires improved modulation
techniques to increase the performance of the aforementioned
metrics [16].

To overcome the spectral efficiency issue, researchers have
come up with different modulation techniques paired with
OFDM, such as OFDM with index modulation (OFDM-
IM) [17], OFDM with subcarrier power modulation (OFDM-
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SPM) [18], [19], and OFDM with subcarrier number modu-
lation (OFDM-SNM) [20].

OFDM-IM is a technique that can transmit data bits by ex-
ploiting not only conventional M−ary signal constellations
but also exploiting the indices of the active subcarriers in
each subblock to increase the spectral efficiency and relia-
bility [21]. OFDM-SPM is another technique which focuses
on the transmission of additional data bits along with the
conventional M−ary modulated bits by utilizing the power
of subcarriers in OFDM blocks as a third dimension [19],
[22]–[27]. On the other hand, OFDM-SNM is a technique
that focuses on the improvement of the spectral efficiency
and reliability performance by exploiting the number of
subcarriers in each subblock to transmit additional data bits
along with those bits that are modulated by the conventional
M−ary modulation scheme [20]. Even though these modu-
lation techniques and many others for both OFDM systems
have aroused great interest and numerous works have been
done based on them such as [4], [28]–[36], there is a gap in
these techniques’ multi-user capabilities, which remains as
an intriguing research problem [37].

In this regard, a novel multi-user adaptive OFDM-SNM
scheme is proposed in this paper. In this scheme, it is aimed
to serve two users simultaneously, who are located in a far
position and a near position to the transmitter. While the user,
who is located in a far location from the transmitter is served
by exploiting the merits of OFDM-SNM, which relies on
the idea of activating the subcarriers according to incoming
data of the far user for data transmission, another user, who
is located in a near location is aimed to be served by those
subcarriers that are not deployed for the transmission of the
far user. The main contributions of the proposed scheme can
be summarized as follows:

• The proposed transmission technique results in obtain-
ing high spectral efficiency and low BER by avoiding
the waste of subcarriers that remain inactive during the
operation of OFDM-SNM and creates an opportunity to
make use of those inactive subcarriers by another user.

• Since OFDM-IM dictates the indices of the active sub-
carriers to transmit additional data bits, it suffers from
the inability to make the selection of the subcarriers
to be channel-dependent as the selected subcarriers’
indices are purely data-dependent. However, in OFDM-
SNM, the selection of the active subcarriers can be
operated by the number of subcarriers, which indicates
the data dependency, and also these active subcarriers
can be chosen from those subcarriers that have the
highest channel capacity. Thus the proposed scheme can
operate the transmission in a state being both channel
and data dependent at the same time.

• The proposed multi-user scheme can also be adapted to
the other OFDM based modulation techniques such as
OFDM-IM, OFDM-SPM, and OFDM with subcarrier
gap modulation (OFDM-SGM) [38], since all these
schemes are suffering from the same drawback, which
is not deploying all the available subcarriers to transmit

data, as some of these subcarriers remain inactive and
lead to a waste of spectrum.

Consequently, in this paper, a strong scheme is proposed
as a potential candidate for the future 5G, 6G, and beyond
wireless networks that require multi-user services.

The remaining parts of this paper are organized as follows.
In section II, the system model of the proposed multi-user
OFDM-SNM scheme is comprehensively explained in detail.
In section III, the performance analysis of the proposed
system is provided. In section IV, the simulation results are
exhibited and explained. Lastly, with section V, the paper is
concluded.1

II. SYSTEM MODEL
The transmission structure of the proposed multi-user
OFDM-SNM scheme is given in Fig. 1. The transmission
starts with with the data of the far user, which is defined
as m bits, entering the system. These m bits are split into
G groups in which each of them contain p = p1 + p2 bits.
These G groups are deployed to determine the length of the
OFDM subblocks, N = NF /G, where the NF is the size of
the Fast Fourier Transform (FFT). In each p = p1 + p2 bits,
p1 represents the SNM mapper, which defines the number
of subcarriers that will be activated for the transmission of
the data modulated by the conventional M−ary modulation,
named as p2.

It should be noted that on the contrary to OFDM-IM,
the proposed scheme does not dictate any certain number
of active subcarriers, K, for the transmission. However, the
possible values ofK vary according to the p1 = log2(N) out
of N number of available subcarriers in the system, which
leads the value ofK to beK ∈ [1, 2, ..., N ]. SinceK does not
have a fixed value, and it is dependent on the incoming SNM
mapper bits, p1, the subcarrier activation and the defined
value of K may differ for different cases. For such a case
where N = 4, K ∈ [1, 2, 3, 4], and p1 = log2(4) = 2, Table
I shows the possible values of K according to p1.

TABLE 1. SNM mapper with p1 = 2 & N = 4

Information
bits (p1)

Active Subcarriers
for the Far User

Active Subcarriers
for the Near User

[0 0] [1 0 0 0] [0 1 1 1]
[0 1] [1 1 0 0] [0 0 1 1]
[1 0] [1 1 1 0] [0 0 0 1]
[1 1] [1 1 1 1] [0 0 0 0]

According to this lookup table, for each subblock the
remaining p2 = K(log2(M)) bits are modulated by the
M−ary signal constellation to transmit the data symbols of
the far user over the active subcarriers. After this process is

1Notation: Bold, lowercase, and capital letters are used for column vectors
and matrices, respectively. (.)H represents Hermitian transposition. det(A),
det(B) denote the determinant of A and B respectively. ~ denotes a circular
convolution operation.
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FIGURE 1. Transmitter Structure of the Proposed Multi-User OFDM-SNM.

applied on all the G subblocks the primary OFDM block can
be represented as

xFf
= [xFf

(1), xFf
(2), ..., xFf

(NF )]. (1)

While this process guarantees the transmission of the data
of the far user on the one hand, on the other hand, the
transmission of the near user’s data is also initiated. For each
symbol of p2 bits transmitted to the far user, the remaining
subcarriers are deployed to transmit each symbol of the
near user’s data, n. In order to operate this transmission,
(N − K) number of subcarriers are deployed to keep the
unemployed subcarriers of OFDM-SNM active to prevent the
waste of spectrum. Table I shows the activation pattern of the
subcarriers that are deployed for the transmission of the near
user’s data. As each of the symbols of n bits is assigned to be
conveyed over (N − K) subcarriers by p1, n is modulated
by conventional M−ary modulation. After this process is
applied on all the G subblocks the primary OFDM block can
be represented as

xFn = [xFn
(1), xFn

(2), ..., xFn
(NF )]. (2)

As an example case, Fig. 2 shows a simple operation of
the transmission for both the far and near users. Since p1 is
10, the transmission of p2, which is 0, must be operated by
three subcarriers. After the transmission of p2 is achieved by
these three subcarriers, the remaining subcarrier is deployed
to convey the symbol of the secondary incoming data stream,
1, that is sent to the near user.

After this process has been completed for the far and
near users, the remaining steps are operated the same as the
conventional OFDM modulation for both users. By taking
the inverse fast Fourier transform (IFFT) to xFf

and xFn

separately, the output vectors xtf and xtn are acquired with
dimension NF × 1. CP of length (NCP ) is appended on both
groups of data to alleviate the inter symbol interference (ISI)
effect. As a result, the output signals for the far and near users
respectively become

xCPf
= [xtf (NF −NCP + 1 : NF )xFf

], (3)

xCPn = [xtn(NF −NCP + 1 : NF )xFn ]. (4)

After this point, the output signals in time do-
main are transmitted over the multipath Rayleigh fad-
ing channels by the channel impulse response (CIR),
htf = [htf (1), htf (2), ..., htf (v)] and , htn =
[htn(1), htn(2), ..., htn(v)] where v is the length of CIR,
and these output signals are affected by the additive white
Gaussian noise (AWGN) with the noise variance of N0,T in
the time domain to obtain the received signals of the far and
near users. These procedures are mathematically represented
for both the far and near users respectively as

ytf = xtf ~ htf + nzf
, (5)

ytn = xtn ~ htn + nzn , (6)

where nzf
and nzn are the AWGN vectors.

The receiver of the proposed multi-user OFDM-SNM re-
verses the operations done at the transmitter by removing CP,
performing FFT, SNM demapping, for only the far user’s
receiver, and detection. After the CP is removed from the
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FIGURE 2. A sample case to illustrate the transmission of the far user’s and near user’s data, where p1 is 10.

received signals, the acquired signals for the far and near
users become

ytf = [y0f y1f ... y(NF−1)f
], (7)

ytn = [y0n y1n ... y(NF−1)n
], (8)

respectively, while after performing the FFT they become

yFf
= [yFf

(0) yFf
(1) ... yFf

(NF − 1)], (9)

yFn = [yFn
(0) yFn

(1) ... yFn
(NF − 1)]. (10)

After this point, a simple frequency domain equalizer
is applied to both sets of output data. In the next step, a
simple spatial energy based detector is deployed to extract the
pattern of the active subcarriers by selecting an appropriate
threshold value for the far user. The reason why this type
of a detector is used in the proposed system is to facilitate
simplicity, rather than using complex detectors such as ML
or LLR detectors [39], [40]. After that, the number of active
subcarriers is defined in each subblock and their correspond-
ing bits are determined by the SNM demapper, which is the
reverse process of SNM mapper at the transmitter to obtain
additional data bits of the far user. Now, the active subcarriers
obtained at the receiver for each subblock are used for the
detection of the constellation symbols. As the last step of

the reception of the far user, all the bits that come from the
SNM demapper and the symbol detection are merged for
each subblock. By doing this procedure for all the subblocks
the reception of the far user’s data is concluded. Since there
is no need to demap SNM for the reception of the near user,
the constellation detection of the near user’s data is operated
conventionally for each subblock and by doing the same
procedure for all the subblocks the received data of the near
user is acquired for the whole OFDM block.

III. PERFORMANCE ANALYSIS
In this section, the proposed multi-user OFDM-SNM
scheme’s performance is analyzed in terms of spectral effi-
ciency, bit error probability, and power efficiency as follows.

A. SPECTRAL EFFICIENCY (SE)
The formulated SE (bits/s/Hz) derivations of the proposed
multi-user OFDM-SNM for the far and near users are given
respectively as follows:

ηFar =

∑G
g=1(log2(N) +K(g) log2(M))

NF +NCP
, (11)

ηNear =

∑G
g=1(log2(N) + ((N −K)(g)) log2(M))

NF +NCP
.

(12)
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In these formulas, K(g) represents the number of active
subcarriers that are selected out of N subcarriers for the
transmission of the far user’s data. As it can be inferred
from the derived formula of the near user, however, for
the near user’s data, the SE is calculated by exploiting the
(N −K)(g), which represents the number of subcarriers that
are not activated for the transmission of the far user’s data but
activated for the transmission of the near user’s data instead.

B. ANALYTICAL BIT ERROR PROBABILITY
At the two different reception sides of the proposed scheme,
there are four possibilities of detection for the transmitted
data of the far and near users, which are the correct detec-
tion Xf , Xn and erroneous detection X̂f , X̂n. Thus, for the
detection of the transmitted data at both the far user’s and
near user’s reception end, the BER considers two different
pairwise error probabilities, P (Xf − X̂f ) and P (Xn− X̂n).
In this model, the frequency selective channel is considered
to be fixed within one block and it follows a Rayleigh
distribution. The transmitted data of the far and near users are
formulated respectively in the frequency domain as follows:

yf = Xfhf + nzf
, (13)

yn = Xnhn + nzn . (14)

During these transmissions, the data sequencesXf andXn

can be detected accurately or erroneously as X̂f and X̂n.
In order to create a legitimate transmission environment for
these two sets of data, the optimum detectors for both the far
and near users respectively can be mathematically derived as
follows:

P (Xf = Xf |yf ) ≥ P (Xf = X̂f |yf ), (15)

P (Xn = Xn|yn) ≥ P (Xn = X̂n|yn). (16)

According to these inequalities, the intervals between the
y values and the correctly detected X values for both the
far and near users are smaller than the X̂ values. Since there
are two probabilities of detection for both the far and near
receivers, their threshold can be determined by their mean
values as Xf+X̂f

2 and Xn+X̂n

2 for the far and near users
respectively. In this regard, the correct detection probability
for the far and near users can be formulated as

P (yf ,n <
Xf ,n + X̂f ,n

2
|Xf ,n = Xf ,n)

= P (z >
||Xf ,n − X̂f ,n||

2
) = Q(

||Xf ,n − X̂f ,n||
2
√
N0/2

), (17)

where Q(.) is the Q-function [41] and N0 = N0,F .
If equation (17) is affected by the channel coefficients that

are deployed for the transmission of the far user’s and the
near user’s data, the Q-function turns into

P (yf <
Xf + X̂f

2
|Xf = Xf ) = Q(

√
||(Xf − X̂f )hf )||2

2N0
)

= Q(

√
hf

H = (Xf − X̂f )H(Xf − X̂f )hf

2N0
), (18)

for the far user, while it turns into the following equation for
the near user:

P (yn <
Xn + X̂n

2
|Xn = Xn) = Q(

√
||(Xn − X̂n)hn||2

2N0
)

= Q(

√
hn

H(Xn − X̂n)H(Xn − X̂n)hn

2N0
), (19)

where the hf and hn are the channels that are deployed
for the transmission of the data of the far and near users
respectively. Equation (18) and (19) can be written for the
far and near users respectively as

P (yf <
Xf + X̂f

2
|Xf = Xf )

= Q(

√
hf

HAhf

2N0
) = Q(

√
δf
2N0

), (20)

P (yn <
Xn + X̂n

2
|Xn = Xn)

= Q(

√
hn

HBhn

2N0
) = Q(

√
δn
2N0

), (21)

where

δf = hf
HAhf =

hf
H(Xf − X̂f )

H(Xf − X̂f )hf = ||(Xf − X̂f )hf ||2, (22)

δn = hn
HBhn =

hn
H(Xn − X̂n)

H(Xn − X̂n)hn = ||(Xn − X̂n)hn||2,
(23)

and the A matrix equals to (Xf − X̂f )
H
(Xf − X̂f ), the B

matrix equals to (Xn − X̂n)
H
(Xn − X̂n).

C. POWER CONSUMPTION
In OFDM-SNM, the power consumption performance of the
system achieves better efficiency than conventional OFDM
since only the active subcarriers for the modulated data are
utilized. However, in the proposed multi-user OFDM-SNM
scheme, all the subcarriers are activated, since some of them,
which are defined by the SNM mapper, are deployed for the
far user with high power, the remaining subcarriers in the
system are deployed for the transmission of the near user’s
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modulated data with low power. In conventional OFDM, the
transmission power (Ptx) is distributed for all subcarriers in
equal amounts, which leads the average power to be Ptx

NF
.

In the proposed multi-user scheme, the possibilities of the
subcarrier activation for each subblock are given for the far
and near users respectively as

Ph(Nac = K) =

(
N

K

)
pKa (1− pa)N−K , (24)

Pl(Nac = K) =

(
N

N −K

)
pN−K
b (1− pb)K , (25)

where Nac is the number of active subcarriers, which varies
as Ks possible values vary from 1 to N , pa is the probability
thatNac = K, while pb is the probability thatNac = N−K.

In this regard, the power consumption of the far user can
be formulated as

Pf =
Ptx

GN

G∑
g=1

K(g)P (Nac = K(g)), (26)

while the power consumption of the near user is formulated
as

Pn =
Ptx

GN

G∑
g=1

(N −K)(g)P (Nac = (N −K)(g)), (27)

where Ptx represents the total power of transmission.
After each user’s consumed power is found, the total

power consumption of the system, PT , can be found as the
summation of the equations (26) and (27) stated as follows:

PT = Pf + Pn. (28)

IV. SIMULATION RESULTS
In this section, the simulation results of the proposed multi-
user OFDM-SNM are presented in terms of the bit error
rate (BER) and throughput. The simulation parameters are
provided in Table II. For the simulated multi-user OFDM-
SNM, the multipath channel is assumed to be Rayleigh
distributed.

TABLE 2. Simulation Parameters

Modulation Type BPSK (M = 2)
IFFT/FFT Size (NF ) 64

CP Guard Interval (Samples) 8
Number of Subblocks in Each OFDM Symbol (G) 16

Number of Available Subcarriers in Each Subblock (N) 4
Number of Bits Mapped to Each Subblock (p1) 2

Multipath Channel Delay Samples Locations [0 3 5 6 8]
Multipath Channel Tap Power Profile (dBm) [0 -8 -17 -21 -25]

Fig. 3 depicts the BER performances of the far and near
users. It can be seen from the figure that while the far user
gets better results in terms of BER, the near user does not
achieve the same performance, since in some cases, where
all the subcarriers are activated for the far user, the near user
is not served.
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FIGURE 3. BER comparison of proposed multi-user OFDM-SNM between the
Far User and Near User.
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FIGURE 4. Throughput comparison of proposed multi-user OFDM-SNM
between the Far User, Near User, and Conventional OFDM Under BPSK.

Fig. 4 shows the throughput performances of the far and
near users in both cases where the CP is included and
excluded. Furthermore, the simulation results are compared
with the throughput result of conventional OFDM. It can
be inferred from the figure that the throughput performance
achieved by the near user shows a similar performance
with conventional OFDM, as in each of the time only one
symbol is transmitted to the near user while the throughput
performance of the far user outperforms the near user’s
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performance since it carries the characteristics of SNM.
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FIGURE 5. BER comparison of proposed multi-user OFDM-SNM for the Far
User under different M−ary modulation orders.
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FIGURE 6. BER comparison of proposed multi-user OFDM-SNM for the Near
User under different M−ary modulation orders.

Fig. 5 and Fig. 6 show the simulation performances of
the proposed multi user OFDM-SNM scheme under different
M−ary modulation orders for the far user and near user
respectively. It can be inferred from these figures that while
the SER performance of the far user exhibits the best per-
formance under BPSK (M = 2), its performance degrades
as the modulation order gets higher. However, for the case
where the QPSK (M = 4) modulation is used for the
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FIGURE 7. BER comparison of the far user, near user and other schemes in
the literature.

transmission of the far user, it can be inferred from the Fig. 5
and Fig. 6 that the SER performance of the far user achieves
almost the same performance of the BER performance of the
near user where the selected modulation order is BPSK for
the transmission of the near user’s data.

It also should be noted that, since the first priority of
the proposed multi-user adapted OFDM-SNM scheme is the
transmission of the far user’s data, where in some cases the
near user is not served, there is not any compromise in the
BER performance of the far user. In fact, it shows the same
performance as the single user OFDM-SNM. Fig. 7 shows
the BER comparison of the multi-user OFDM-SNM with
other schemes in the literature. The output result of the pro-
posed scheme for the far user exhibits a similar performance
as OFDM-IM, and surpasses conventional OFDM as well as
other techniques such as OFDM-SGM and OFDM-DM. As
it can be interpreted from this figure, the proposed technique
has the capability of serving another user without degrading
the BER performance of the main user.

V. CONCLUSION
In this paper, a novel multi-user transmission technique is
introduced by inheriting the features of OFDM-SNM. By
applying this technique, it is aimed to serve another user who
is located in a near location by utilizing the initially unem-
ployed subcarriers that remain from the data transmission
of the primary user who is located in a far location, while
OFDM-SNM is applied to transmit data bits by exploiting
the number of active subcarriers in each subblock. Simula-
tions and mathematical performance analysis prove that the
proposed multi-user OFDM-SNM provides better BER per-
formance for the users, who are situated in a nearer location

VOLUME 2, 2021 7



Kirik and Hamamreh : Multi-user OFDM-SNM

from the transmitter than conventional OFDM, since the data
transmission is operated by multiple subcarriers. It is also
proven that the transmission of data that adapts OFDM-SNM
for a user who is situated on a far location from the trans-
mitter does not need to compromise in terms of performance
to achieve this secondary gain, since the characteristics of
the proposed scheme are the same as the single user OFDM-
SNM. With these merits of the proposed multi-user OFDM-
SNM scheme, it can be said that by deploying the inactive
subcarriers that are not deployed for the transmission of the
data of the far user in each subblock for the near user, more
devices can be served in environments where the data traffic
is high, and additionally, the spectrum can be utilized more
efficiently by exploiting the simultaneous data service. All
this makes the proposed scheme a strong candidate to be used
in future 6G, and beyond technologies.
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[17] E. Başar, Ü. Aygölü, E. Panayırcı, and H. V. Poor, “Orthogonal frequency
division multiplexing with index modulation,” IEEE Transactions on sig-
nal processing, vol. 61, no. 22, pp. 5536–5549, 2013.

[18] Y. Belallou, J. M. Hamamreh, and A. Hajar, “Ofdm-subcarrier power mod-
ulation with two dimensional signal constellations,” in 2019 Innovations in
Intelligent Systems and Applications Conference (ASYU). IEEE, 2019,
pp. 1–6.

[19] J. M. Hamamreh, A. Hajar, and M. Abewa, “Orthogonal frequency di-
vision multiplexing with subcarrier power modulation for doubling the
spectral efficiency of 6g and beyond networks,” Transactions on Emerging
Telecommunications Technologies, vol. 31, no. 4, p. e3921, 2020.

[20] A. M. Jaradat, J. M. Hamamreh, and H. Arslan, “Ofdm with subcarrier
number modulation,” IEEE Wireless Communications Letters, vol. 7,
no. 6, pp. 914–917, 2018.
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