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ABSTRACT This paper proposes a delta-orthogonal multiple access (D-OMA) scheme-based visible light
communications (VLC) network to enhance spectral efficiency and massive connectivity in the indoor
environment. The D-OMA scheme is an advanced version of the non-orthogonal multiple access (NOMA)
scheme. D-OMA allows the partial overlapping of the in-band NOMA clusters to achieve the benefits of a
massive in-band NOMA scheme with low power consumption and less complexity. In this work, the massive
in-band NOMA scheme is used as a special case of the proposed D-OMA scheme. Game theory is employed
for the user grouping mechanism, which enhances the sum rate of the proposed network. Closed-form
expressions for the bit error rate (BER) and outage probability of the proposed network are derived. Further,
downlink transmission power optimization is performed using Karush-Kuhn Tucker (KKT) conditions to
improve the outage performance of the proposed D-OMA VLC network. The presented numerical results
show the effect of optical filter gain and field of view (FoV) in indoor communication. Further, it is noted that
the BER performance of the D-OMA scheme outperforms the massive in-band NOMA scheme due to the
cluster sizes which control the interference in the D-OMA scheme. Moreover, the sum rate of the proposed
network is significantly improved using the preference relation algorithm (PRA) compared to the random
NOMA scheme.

INDEX TERMS Delta-orthogonal multiple access, massive in-band NOMA, visible light communications.

I. INTRODUCTION

In recent wireless multi-media communications, mobile data
usage grows exponentially without limits which leads to the
scarcity in the radio spectrum of future wireless networks.
Further, due to the rapid development of the internet of
things (IoT) and other low-power wireless networks, the
demand for massive access to nodes increases in various wire-
less networks. In this scenario, the concept of optical wireless
communication (OWC) is proposed to improve the spectrum
usage and massive accessibility in wireless networks such
as e-healthcare, e-transport, industrial automation, etc [1].
Moreover, the optical network design with nested small cells
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such as femtocells and attocells will further enhance the
accessibility of wireless networks. Visible light (VL) has
several unique features, which include hundreds of Terahertz
of unlicensed bandwidth, the capability of isolation due to
prevention from penetration into objects or walls, secure
communications etc [2].

Interestingly, the existing light-emitting diodes (LEDs)
support well in optical transmission due to their high-speed
switching rate. In particular, white LED is considered as a
primary candidate for future lightwave technology due to
its long lifetime, low power consumption, and high bright-
ness [3]. In addition, LEDs’ average luminous efficacy
(113 Iumens/ watts) and lifespan (from 25,000 to 50,000
hours) period guarantee the quality of service (QoS) of visible
light communication (VLC). Also, the frequency response of
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white LED is an essential factor to consider in VLC commu-
nication. In [4] the frequency response of UXEON3020 LED
has been measured and shows low pass characteristics with a
3 dB bandwidth of 1.47 MHz. Moreover, the DC bias current
of a VLC transmitter affects the magnitude of the frequency
response. The magnitude of the frequency response reduces
with the reduction of the DC bias current. Whereas the mag-
nitude of the frequency response increases with the DC bias
current at a higher frequency due to the higher optical power
detected at the receiver.

In fact, the VLC technique has several advantages when
compared to RF communication. For instance, it has high
spatial reuse characteristics due to its signal isolation
which provides secure communication. Since the VLC is
a non-coherent communication system, the transmit and
receive front-ends do not require many complex signal pro-
cessing units, unlike the RF receiver circuits. Inherently, VLC
networks achieve a high data rate due to the large Terahertz
spectrum, and it operates with simple transmission techniques
such as intensity modulation/direct detection (IM/DD). In the
recent surveys, it was identified that many of the people
and their services mainly depend on the indoor environment;
therefore, VLC will be a more demanded one in the upcoming
year [5].

It is noteworthy that the Doppler effect does not exhibit in
the VLC channel. Hence it is easy to model as a time-invariant
channel in the indoor environment [6]. For the given setup,
such as room shape, user/node location, and light source type,
the VLC channel is simply modeled as a deterministic direct
current (DC) channel. Further, VLC signals inherently pro-
vide a high signal-to-noise ratio (SNR) due to their dominant
line of sight (LOS) path and short distances of users/nodes
[7]. However, the VLC links can also be modeled using the
reflections, refraction, and diffusion components [8].

The main challenges in the VLC networks arise from the
fact of limitation of the modulation bandwidth with respect to
the LED characteristics. Hence VLC support only a limited
data rate. In this scenario, the multiple access (MA) scheme
is identified as a suitable method to enhance the data rate of
the VLC networks. In particular, frequency division multiple
access (FDMA) and orthogonal frequency division multiple
access (OFDMA) is the preferred multiple access schemes to
achieve high spectral efficiency in the VLC networks. How-
ever, these multiple access techniques have limitations, such
as the DC biasing and signal clipping requirement to convert
the signal values as real and non-negative [9]. Therefore,
VLC networks need a new promising multiple access scheme
requirement to enhance their performance.

A. REVIEW ON MULTIPLE ACCESS TECHNIQUES IN VLC

An optical OFDM scheme is initially employed in the VLC
networks to achieve a high data rate. However, it leads to
the peak-to-average power ratio (PAPR) problem due to the
non-linearity behavior of the LEDs [10]. Hence, the sin-
gle carrier frequency division multiple access (SC-FDMA)
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scheme is proposed for the VLC network [11], which signif-
icantly reduces the PAPR level. Basically, SC-FDMA can be
modeled as a fast-Fourier transform (FFT) precoded OFDM
scheme, which achieves the benefits of OFDMA. In fact,
SC-FDMA outperforms the OFDMA scheme due to the
frequency diversity gain [12]. However, the joint equaliza-
tion process in the SC-FDMA scheme is the critical one
that increases the receiver complexity [13]. On the other
hand, OFDMA supports dynamic resource allocation and
scheduling. Hence it works well on the medium access con-
trol (MAC) protocol [14]. Practically, OFDMA is used in the
long-term evaluation (LTE) downlink and SC-FDMA is used
in the LTE uplink.

Recently, a new multiple access scheme known as the
non-orthogonal multiple access (NOMA) scheme has been
proposed for RF-based fifth-generation (5G) wireless net-
works to improve spectral efficiency and massive connec-
tivity. Generally, the NOMA scheme is easily adopted with
downlink transmission [15], [16]. However, the end-to-end
transmission of the NOMA wireless network is established
by combining the physical-layer network coding (PLNC)
scheme as in [17] and [18]. Inherently, the NOMA scheme is
well suited for the VLC networks due to the quality of channel
state information (CSI), which makes successive interfer-
ence cancellation (SIC) operations more flexible. Therefore,
the NOMA scheme is highly recommended for the VLC
networks.

In the NOMA scheme, getting a perfect SIC operation is
practically difficult because there will be a SIC residual error
leading to an error propagation to the successive symbols.
In this scenario, an adaptive modulation scheme based on
NOMA-VLC networks is proposed as in [19], which gives
SIC-free operation with respect to the channel conditions.
Further, in the NOMA scheme, users are ordered based on
channel conditions, and this ordering can be used for decod-
ing, power allocation, and grouping. In the realistic wireless
environment, CSI information is not always perfect, and
therefore, it introduces CSI errors which will degrade the
performance of the VLC networks. In such a scenario, the
performance of the NOMA-VLC networks is improved using
hybrid RF/VLC links [20].

Moreover, power optimization is another way to improve
the performance of the NOMA wireless networks [21]. Par-
ticularly, optimal power allocation at the base stations (BS)
or access points (AP) will enhance the sum rate of the
NOMA-VLC networks under LED light constraints [22].
Mostly, on-off keying (OOK) modulation is preferred in the
VLC networks [23] due to its easy implementation with
LED. However, in [24] and [25], higher-order modulation is
also considered to improve the reliable data rate in the VLC
networks.

B. REVIEW ON CLUSTERING IN VLC
User clustering in NOMA-based wireless networks is
another challenging issue and using such suitable clustering
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algorithms the sum rate of the NOMA wireless network is
significantly improved. In this direction, the game theory
approach to employed for user clustering in NOMA wireless
network to enhance the sum rate [26]. User grouping using
the preference relation algorithm (PRA) is proposed for the
NOMA wireless networks, and the Shapley value is calcu-
lated to allocate the payoff to each user such that the sum rate
is improved in the VLC network [27]. Also, low complexity
sub-optimal user clustering algorithm is proposed for uplink
and downlink NOMA systems using channel gain differences
in [28]. Further, the system capacity of the device-to-device
VLC network is improved by selecting the optimum com-
munication mode using the game theory approach in [29].
Similarly, user grouping in the VLC networks is performed
based on the user’s location in [30]. Therefore, the game
theory-based VLC networks with the D-OMA scheme is the
promising optical wireless network model and will fill the gap
in the existing indoor wireless networks.

C. MOTIVATION

In the future, it is expected that new multiple access
schemes with white LED sources will brighten the VLC
technology. Moreover, multiplexing and micro LEDs can
play a vital role in upcoming VLC wireless networks
[31]. Significant requirements of sixth-generation (6G)
communication include ubiquitous mobile ultra-broadband
(uMUB), ultra-high-speed with low-latency communica-
tions (UHSLLC), massive machine-type communications
(mMTC), and ultra-high data density (uHDD). Power-
domain NOMA solves the small bandwidth modulation prob-
lems in the VLC networks. Thereby, it achieves a high
data rate in indoor communication. However, the NOMA
scheme has some drawbacks, such as the SIC complexity and
power allocation problem. Therefore, VLC networks need an
advanced multiple access scheme beyond the NOMA scheme
to support such massive connections with less complexity and
low power consumption.

More recently, another multiple access scheme called
delta-orthogonal multiple access (D-OMA) schemes have
been proposed for RF-based 6G wireless networks [32].
D-OMA scheme allows the partial overlapping of in-band
NOMA clusters under distributed large coordinated multi-
point (CoMP) environment. Similarly, in the in-band NOMA
scheme, the total bandwidth is divided into a number of sub-
bands, and each sub-band operates with a unique NOMA
scheme. Due to the partial overlapping of the D-OMA
scheme, the accessibility of the D-OMA scheme is higher
when compared to the in-band NOMA scheme. Further, since
the D-OMA scheme allows overlapping, it is unavoidable for
the sub-bands to overlap interferences. However, it can be
mitigated by reducing the cluster size without affecting the
network performance.

By considering the accessibility and the rate issues in the
VLC networks, in this paper, a new D-OMA scheme-based
VLC network is proposed for indoor applications. It will meet
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one of the major requirements of the 6G networks, that is
mMTC [33].

D. CONTRIBUTIONS
The main contributions of this paper are summarized as
follows.

o Proposal of novel indoor VLC network model using
D-OMA scheme. It supports massive access in the
indoor environment with low complexity.

« Game theory-based user clustering is considered in this
proposed D-OMA VLC network to enhance the sum
rate.

o Transmission power optimization is performed under
QoS, outage, and dimming control constraints. It ensures
the QoS of all the users within the clusters.

« BER and outage probability analytical expressions of the
proposed network are derived.

The remaining part of the paper is arranged as follows: In
section II, the system model of the proposed D-OMA VLC
network and user clustering are discussed. The achievable
rates, BER and the outage probability of the proposed net-
work are discussed in section III. Two users’ cluster-based
D-OMA downlink transmission is discussed in section IV.
Downlink transmission power optimization of the proposed
network is explained in section V. Numerical results are
presented in section VI, and the concluding remarks are given
in section VII.

Il. SYSTEM MODEL

Consider the downlink transmission of a VLC attocell where
LED is mounted on the ceiling of the room and N users are
distributed uniformly inside the room as shown in the circular
area (coverage area of the LED) of Fig. 1. In this model,
D-OMA is applied as a special MA scheme to serve all the
users simultaneously with sub-band overlapping. Basically,
in the D-OMA scheme, the entire bandwidth W is divided
into M number of sub-bands and partially overlapped with
allowable interference. Then, each sub-band is allocated a
group of users and operates with the NOMA scheme as
depicted in Fig. 2. Therefore, within the allocated bandwidth,
the number of users using the D-OMA scheme is greater than
the non-overlapping massive in-band NOMA scheme. In this
model, all the users are grouped into several subsets of users.
Therefore we refer to the subset of users as a NOMA cluster.
Further, the number of sub-bands is equal to the number
of NOMA clusters such that each sub-band is allocated to
one NOMA cluster. User grouping is performed using the
coalitional game theory approach, which is discussed in detail
in the next subsection. Generally, user grouping is performed
by pairing the near user and the far user. Thereby, the sum
rate of the wireless network can be increased [33]. Therefore,
for the user grouping, we initially adopted with basic user
grouping algorithm as in [33]. During the user grouping, it is
assumed that the perfect CSI is known at the BS (i.e., LED
transmitter) and the users, and it is modeled as a static or
quasi-static.
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FIGURE 2. Illustration of D-OMA sub-bands and power allocation.

Each user in the sub-band m = {1, ..., M} is denoted as
Uk where k = {1, ..., K,,}, M is total number of sub-bands
and K, is the maximum number of users in the sub-band m.
Let the bandwidth of each sub-band is B = W /M and the
number of overlapping portions of adjacent sub-bands for
example m™ sub-band left and right side overlapping is B(S,ln
and B§;,, respectively. Therefore, the effective bandwidth of
each sub-band becomes B,, = B(1 — (an + §7,)). Note that,
when 8!, = 8 = 0, the overlapped amount of sub-bands is
0 and this corresponds to massive in-band NOMA scheme
thus partial overlapping inter-cluster interference (PICI) is
neglected. However, when 8!, = 67 = 1, the adjacent bands
are overlapped and PICI is maximum. The allocated power to
the Uy, x is denoted as Py, ., and the power allocation is based
on the channel conditions, g, i of the users. Without loss
generality, let us assume g, 1 < gm2 < ..., < &mK,> then
the allocated powers becomes P,,| > Pp2 > ..., > Py k,.

A. OPTICAL TRANSMISSION POWER

Let us consider the transmit electrical signal at the LED is
x(t) € (0, +1) for on-off keying (OOK) modulation. Then the
transmitted optical signal at the BS (i.e., LED) can be given
as

x5(t) = PLep[x(1) + Ipcl, (D

where PLgp is the LED power at the BS in W /A, and Ipc is
the added DC bias at the BS to obtain non-negative signals,
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ie. x(¢) + Ipc = 0. Due to the illumination and safety
requirements, Ipc is chosen between 0 < Ipc < P,, where
P, is the permissible average optical power and E[x;] < P,,.

B. VLC CHANNEL MODEL

In this work, we assumed that the communication between
the LED and a user is carried out only through the LOS path.
The LOS direct current (DC) channel gain in VLC, g, x from
the BS to the user Uy, ¢ is given by [2]

A
dT”‘Ro(gom,w T(bmr) G(mr) cOS(mi)-
m,k

gmk = 0<mk <P, (2)

07 ¢m,k > cDm,k’

where Ay, i, Pk and ¢p i, denote the photodetector (PD)
area, the field of view (FoV) of the PD and the angle of inci-
dence of the user Uy, ¢, respectively. Further, the parameters
dp k 1s the distance from the LED to Uy, x, v is the path loss
exponent, ¢, x is the angle of irradiation of the transmitter
LED and T (¢ k) is the gain of the optical filter. Also, the
parameter Ro(¢m k) is the Lambertian radiant intensity of the
LED transmitter and it can be expressed as

n+1

RO(‘pm,k) = COS”(wm,k), (3)

where u represents the order of Lambertian emission which is
given as 4 = —In(2)/ In[cos(¢1,2)], in this @12 denotes the
transmitter LED semi-angle at half power (half irradiation)
of the BS. In addition, G(¢,, ) is the gain of the optical
concentrator of the PD and it can be expressed as G(¢m k) =
2/ sinz(cbm, r) Where v is the refractive index.

By substituting (3) into (2), LOS VLC channel gain can be
expressed as

_ C(n+ 1)cos”(@mk) cos(Pm,k)

&mk = , @
" 2+ r,%l’k)

where C is a constant given by

C= LAm,k T(¢m,k) G(d’m,k)v ®)]
2

C. USERS CLUSTERING: COALITIONAL GAME APPROACH
In this section, user clustering within each sub-band of the
VLC network is discussed. Users are clustered according
to their channel conditions such that the sum rate of the
proposed network is enhanced. It is noted that users are coop-
erative with each other within the cluster using the NOMA
scheme. Each user has a non-transferable utility (NTU), and
it is treated as a random NOMA. Further, the orthogonal
multiple access (OMA) scheme is used if only one user is
located inside the cluster.

Consider there is N number of users distributed in the
attocell and form the M coalitions. Therefore, the number of
coalitions is equal to the number of sub-bands. Let C be the
initial coalitions of this game, and the sum of the cardinality
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of all the coalitions is equal to N. Each coalition within the
attocell can satisfy the condition as given by

CiﬂCjZQ,Vi,jSM,i#js (6)

where ¢ is the null set, let the /™ partition of the game is & €
E, 1 <1 < 0, in this O is total number of partitions and &
is the set of all possible partitions. The utility i.e., data rate
of the n'M user in the C; coalition and & partition is denoted
as a,(Cj, &). Assume coalition C; has two users, uy, uy € C;
and their channel coefficients satisfy the condition |h 12 <
|h2|2, |Ci] = 2, C; € N. The utility or payoff of the kth user
with weak channel condition in coalition C; is expressed as

(PLEDIgm.k)* P i
her + Iprcr + Eﬁl,k

ar(Ci, &) = log(1 + ): (N

where Ijcr is the intra-cluster interference, Ipicr is the
partial overlapping inter-cluster interference, and E,Zn’ K
is the effective noise variance and it is explained in
section I1I-A. Similarly, the utility of the K user with strong

channel condition in coalition C; is given by

(PLED|gm,k 1)*Pm.x
Ipict + 52, ¢

ag (Ci, &) = log(1 + ), ®)

Then, the sum payoff of the coalition C; and partition & is
determined as

ACi &) =D an(Ci, &), Vne G, 1<i<M, (9)

neCj

Coalition game-based user clustering in downlink NOMA
is a cooperative game with non-transferable utility (NTU).
Hence, it is necessary to convert the game from NTU into a
transferable utility (TU) to facilitate user clustering. In this
direction, the Shapley value calculation is applied to assign
the payoff to each user with respect to coalitions. Therefore,
the payoff i.e., Shapley value of the n'" user in coalition C;
and partition &; can be written as

lex /(I Cil — lex| — D!
ICil!

bu(Cié) = >

ckSCi\n

1
x [A(cx U{n}, &) — Alek, 5], (10)
Vi

where ci is the subset of Cj,ie.,cx € C;, 1 < k < Q,
in this Q is the total number of subsets and the first term in
(10) expresses the probability of the n" user contribution and
the second term is the n'" user marginal contribution. Using
Shapley value, the sum payoff of the coalition C; and partition
& is computed as

B(Ci, &)= D ba(Ci, &), Vne Ci, 1 <i<M, (11)

neC;
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D. PREFERENCE RELATION ALGORITHM (PRA)- TYPE |
CLUSTERING

In this algorithm, each user checks their contribution while
joining the new coalition; if the coalition value increases, then
the user leaves the current coalition and joins the new coali-
tion; otherwise, the user stays in the same coalition. Consider
the two partitions &) and & € E and assume coalition C;
present in both partition. In this situation, the preference of
the user is decided using the relation given below

(Ci, &1) =24 (G, &), (12)

Algorithm 1 Preference Relation Algorithm- Type I

Initial state
Game start from the initial partition
&ini = {C1, Ca, ..., Cyr}
Repeat
for player n € N where n € C; do
for target coalition m € M do
if m # n then
if (G, %-cur) <n (Cms gnxt) then
{Ch, Cin} = {Ci\{n}, Gy U {n}};
Scur = Enxrs
end
end

end

end
Final state

where the notation <,, denote the preference of the n' user.
In the above expression (12), if the condition is satisfied
then nM user will move to partition &. Alternatively, the
user’s preference is decided within the same partition with
different coalitions. Let C| and C, are the two clusters, then
the condition for user preference is given by

(C1,81) =n (C2, &), (13)

In PRA, the user coalition is initiated from the weak user,
and it is selected by arranging the users in ascending order.
Assume n™ user as a weak user want to join into m™ tar-
get coalition. Before joining the new coalition, the n™ user
compares the sum rate with the current coalition and the m™
coalition using strict PRA. If the sum rate is improved, then
the n™ user leaves the current coalition and joins into the m'
target coalition otherwise, the n user stays in the current
coalition and then restart the joining process with the next
target coalition and this process is continued until checking
with all target coalitions. The second step in PRA is that if
the n'™ user is moved successfully into the target coalition or
else cannot be moved anywhere, then the nM user stops its
process and then the next user will start the coalition process.
This operation is repeated until checking with the last user.
Now, the new partition structure is formed after one cycle
of operation. Then, again the coalition process started with
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a new partition structure and repeated. If the users are not
allowed to move into any target coalitions, then the process is
stopped and the current partition structure will be considered
as the desired partition. The procedures of PRA type-I are
given in the algorithm.1

Using the above theory, the n™ user decides its coalition to
improve the sum rate, thus the strict preference relation of the
n™ user is expressed as

M M
(C.£1) <n (Ci.£2) & X B(Ci.£1) < Y B(Ci.£2). (14)

i=1 i=1

E. PRA- TYPE Il CLUSTERING
Type Il is similar to type I, except in type II the sum payoff is
calculated without considering the partition. Thus, in type II
the sum payoff improvement is achieved by simply swapping
users between clusters, and user preference is decided by
comparing the sum payoff of all users of those swapped
clusters. Mathematical expression for the preference of the
n™ user is given by
Cl’ <n Cj

< B(C) + B(C)) < B(Ci\{n}) + B(C; U {n}}), (15)
where B(C;) = Znec,- b,(C),Vne C;, 1 <i <M issum
payoff of all users in cluster C; which is similar to (11) except

including the partition parameter &;. PRA type II procedures
is given in algorithm 2.

Algorithm 2 Preference Relation Algorithm-Type 11

Initial state
The game start from the initial partition Repeat
for player n € N where n € C; do
for target coalition m € M do
if m # n then
if (C,,) <, (C;) then
| {Cns G} = (Ca\[n}, G U {n}};
end
end
end

end
Final state

F. SEQUENCE GAME-BASED CLUSTERING

This algorithm is similar to the PRA type-I except in this
game, only residual users play a game while a new coalition
is leaving the game. Thus, the complexity of this game is
less when compared to the PRA. Let the initial partition
&ni = {C1, Cy, ..., Cy} and assume one of the users start
the game and leave from the current coalition and form a
new coalition. Note that this user is allowed to form a new
coalition only after all other users in this game can accept this
proposal otherwise user can return to the current coalition.
After this game, a new coalition is formed and then it leaves
the game. Then, the game can be started with residual users
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and this process is continued until all the users joined into
the new coalition. Finally, a new partition structure is formed
which reaches the Nash equilibrium stable state.

Let us consider the current partition structure as given by

Ecur = Ecur U Cp, where Cy = 0,

When the user starts the proposal in this sequencing game
then a new partition is formed and it is expressed as

& = {&cur\Co, G} U {Cy\(n}, Co U {n}},

The detailed procedure of the sequence game is given in
algorithm 3.

Algorithm 3 Sequence Game Based Algorithm

Initial state

Game start

players {1,2,...N} and nm € N
Initial partition &;,; = {Cy, C3, . ..
Repeat

for player n € N where n € C,, do

, Cu)

&cur=6cur U Co, where Cp = 9
‘g:nxt = {%_cur\COa Cn} U {Cn\{n}v CoU {I’l}}
Repeat
if (Cnv %-cur) =<n (Cl’h snxt) then
Ecur = é:nxt
for responder m € N where m € C,, do
if m # n then
‘%_nxt =
{Ecur\Co, Cn} U {Cp\{m}, Co U {m}}
if (Cyn, Scur) <m (Cm, &nxe) then
cur = %nxt
end
end
end
end
Ecur = Ecur\{CO}

end
Final state

G. STABILITY AND COMPLEXITY ANALYSIS
1) STABILITY ANALYSIS
In the preference relation type -1 algorithm, the user migra-
tion from one coalition to the other is decided by the strict
preference condition which always increases the sum rate of
the proposed network. Further, the sum rate due to the move-
ment of the user is calculated by considering all the user’s in
the structure instead of users only in the specific coalitions.
Also, in this case, the user follows the compare-and-swap
operation and the final partitions are formed with the finite
set. This final partition is converged into Nash-equilibrium
stable state.

Similarly in the preference relation type-II algorithm, the
user’s migration between the coalitions is performed by
compare-and-swap operation and the sum rate is calculated
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by considering only user’s in the specific coalitions. There-
fore, in this case, when the user moves to the new coalition
the payoff of the users in the particular group only contributes
to the improvement in the sum rate.

In sequence game algorithm, players move to the new
coalition and the partition structure changed. Then, the game
continues with residual players and the final partition is not
always Nash’s stable state. If the final partition is not Nash
stable, then the player from the previous coalition starts the
proposal and tries to form the final partition which satisfies
the Nash stable state.

2) COMPLEXITY ANALYSIS

The computational complexity of the preference relation
algorithm is based on how many times the compare-and-
swap operations are performed by the users to reach the
final partitions. Each user needs (N-1) time compare-and-
swap operation therefore total N(N-1) times compare-and-
swap operations are required for N users.

In sequence relation operation, the complexity is less due
to limited compare-and-swap operation by the users because
in this algorithm once the new coalition is formed it can
leave the game, and swap operation is required only for the
residual users. Each user needs (N-1) times compare-and-
swap operation however, the total number of compare-and-
swap operations is less than N(N-1).

Ill. PERFORMANCE ANALYSIS: D-OMA-VLC NETWORK
This section analyzes performance metrics of the proposed
D-OMA VLC network, such as achievable rates, BER, and
outage probability.

A. ACHIEVABLE RATES

Let us assume that the continuous data symbol is fed into the
power amplifier which is denoted by s, x with E{s,, «} = 0,
variance E{|sm,k|2} = &mk>» —A < &mi < A where A is the
peak amplitude. After removing the DC bias, the received sig-
nal at U, x can be expressed as in (16), shown at the bottom
of the page, and 7 is the photo-detector responsivity in A/ W,
gm.k 18 the LoS VLC channel gain and w,, x ~ CN(0, ‘731, )
is the variance of additive white Gaussian noise (AWGN)
at U, x which is a combination of thermal and shot noise.

The variance or%l « of the noise can be expressed as

2 2 2
Jm,k = Oshot + Other> (17)

The shot noise in the optical communication can be
modeled as

0ot = 20BN kSmk + TbackIN), (18)

where g is the electronic charge, Ip, is the background
current and Iy is the noise bandwidth factor. Similarly, the
variance of the thermal noise in the VLC network can be
expressed as [2]

167 2KT;, T
Other = +

8m

CAIyB? C’A’ LB, (19)

where K is the Boltzmann’s constant, 7} is the absolute
temperature, G is the open-loop voltage gain, C is the fixed
capacitance of the PD per unit area, I' is the field-effect
transistor (FET) channel noise factor, g, is the FET trans
conductance and I3 = 0.0868 [2]. The signal-to-interference
plus noise ratio (SINR) for decoding its own messages at Uy, x
can be given as

(NPLED|gm k1) P i
It + Irict + 551,1( '
Ymk = (20)
(NPLED|gm.k |)* P i
Ipicy + E,zn,k

k=1,...

’ k:Kn’h

where 0, is the effective variance of AWGN due to the
expansion of bandwidth of the sub-band, i.e. o, k = Ok (1+
8!, + 85). Also, the interference due to the signal of users in
the same cluster is called intra-cluster interference (ICI), and
the interference due to the signal of users in neighbor clusters
is called as Ipycy are expressed as

K, m

her= ) (1PLeD|gm k1) Py 1)
j=k+1

k—1

Kin
Ymk = nPLED|: zgm,i\/ P iSm,i + &m, e/ P ke Sm ke + Z 8m,j+/ Pm,jsm,j
—_——

i=1

SIC residual error

Kin—1

t=1

Desired signal

j=k+1

ICI
K1

+ Z (\/i‘f‘ \/3;_1)gm,t\/ Pn—1,t8Sm—1 + Z (\/E-I— 5fn+1)8m,y«/Pm+1,ySm+1,y]
y=1

+ (14 8L+ 8,) oms
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and

Ipict = (MPLEDIgm.k|) |: Z (\/>
* Z (vVon + m+1) m+1,y], (22)

Finally, the achievable rates of the users belong to the attocell
of BS is obtained through the lower bound of the capacity and
it can be expressed as

2
—1 Pm—l,t

B, e
R = =" log, (1 + —ym,k) k=1, K (23)

2

B. BIT ERROR RATES

In this sub-section, the bit error rate (BER) expressions of
the proposed D-OMA-based VLC networks are derived using
uni-polar OOK modulation. As in Fig. 2, a network with M
clusters is considered and each cluster consists of K, users.
By applying maximum likelihood (ML) decoding, the m™
cluster k" user U x can decode its message in the presence
of the interferences. Mathematically, it can be written as

Smx = arg H}Cinlym,k — NPLEDEmA N Pk, (24)

Assume that mh cluster k™ user, Uk decoded previous
user’s messages successfully i.e., Sy 1, ..., Smk—1, thus SIC
error is omitted.! The conditional error probability of the

h cluster k™ user, U, x when the transmitted OOK symbol
sm.k = 0 1is written as

o
Pelspr=0 =[, Nt + Ieict, Omi) dymk, — (25)
TS

where Py = (NPLED|&m.k |)2Pm,k is the estimated desired sig-
nal power, N'(u, oy, %) denote the mean and variance of the
Gaussian random variable y,, ;. After integrating the proba-
bility density function (PDF) of y,, «, the error probability of
the m™ cluster k™ user, U,, x can be expressed as [23]

1 (P,
Pelsms=0 =2\ — = —hca—Ipcr) ), (26)
Um,k 2

Similarly, the conditional error probability of the k™ user,
Uk when the transmitted OOK symbol s, = 1 is given
by

7.)'
Pelspr=1 =/ N(Ps + Ict + Ipict, Omi) dymk, (27)
—00

After some mathematical manipulations, the conditional error
probability becomes

| P,
Pelspi=1 =1 —Q ——=—hc—Ipicr) ), (28)
Om,k 2

1Practically, SIC error occurs while decoding NOMA signal and it is
modeled as a SIC residual error.
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Using the identity 1 — Q(x) = Q(—x), the conditional error
probability of m™" cluster and k™ user, U, x can be further
simplified as

Pelsmi=1 = @ (L (5 + Iic1 + IPICI)) , (29)
Omik \ 2

Proposition 1: In the proposed D-OMA scheme, the
desired signal is affected by ICI and PICI thereby the effect of
interference is more when compared to the massive in-band
NOMA scheme where ICI only present. However, it is note-
worthy that while reducing the cluster size in the D-OMA
scheme the effect of ICI is significantly reduced and thus
D-OMA scheme achieves similar performance to massive
in-band NOMA. For example, consider six users with two
clusters then massive in-band NOMA allows three users in
each cluster and ICI comes from the two users in each cluster.
At the same time, in the D-OMA scheme due to partially
overlapping one more cluster is formed within the allocated
bandwidth, therefore, two users are allocated to each cluster

thus ICI comes from only one user in each cluster.

C. OUTAGE PROBABILITY

For the VLC downlink communication, if the user U, ¢, k =
1,..., K, is failed to decode the signals of user Uy, ;,i =
k,...,K,, then the user communication is failed and tend
to the outage. Let us assume the target data rate at U, i is
Nk and then corresponding SINR can be written as 'y, x =
22%mk/Bn _ 1 The outage probability of the user Uk can be
expressed as

Pok—l_Pr[ﬂ (szZsz)] (30)

By substituting from (20) into (30), we can further obtained
the outage probability as

Pok—l_PrIﬂ (|gml| >Em1)] (31)

where
2
Fm,i(IPICI + Um,i)
K, ’ i < Kms

€mi = 1 MPLED)* [Pk — Ui 2_i %1 Prm.i

Cipg; [Ip1cr + Ul»2] ik

(NPLED)* [Pk "

(32)

As the users are distributed randomly and uniformly within
the circular coverage area of the atto cell, the PDF of r, ; is
given by fr.  (rm.k) = 21,k /ro. The PDF of |gp « |2 is given
as [34]

2 —u—4

[Z'u-H(M"‘ 1)C]“+3x uw—+3
= 33
figm‘k|2(x) VOZ(M+3) ) ( )
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where boundaries of the variable x is given as

[z (u + 1)C]?

Xmin —
min (rg_,’_z2)u+3
Zr (w4 DC
e = L2 DCT (34)
ZZ(M+3)
Let us take 6:;1,1( = max{€u. 1, €m.2, -- ., €Emk}. The outage

probability can be given as

2
P), ¢ = Prllgmil® > €

=™ fron o2 (0) dx. (35)

Xmin

By considering two users cluster, a closed-form expression
for the outage probability of the downlink VLC network can
be obtained which is given in (40) and (41).

IV. D-OMA FOR VLC DOWNLINK COMMUNICATION
In downlink VLC networks, when the D-OMA scheme is
employed, it can achieve better network performance when
compared to the massive in-band NOMA. However, due to
the overlapping of sub-bands, it can introduce the interference
Ipict which degrades the performance of the VLC network.
Therefore, in order to reduce both Ipicy and Iict interference,
we can design the D-OMA scheme with a smaller cluster
size, preferably with two users clusters, so that the D-OMA
scheme reduces the Ipicy interference. In this direction, all the
N users are formed into a number of clusters, and each cluster
consists of two users according to the game theory.

Hence the SINR of FU and NU of the m™ NOMA cluster,
respectively, can be given as

B (MPLED|8m.f 1)’ Pins
(PLED|&m.f 1)*Pm.n + Ip1C1,, ; + Eﬁl,f

Y f . (36)

and

_ (nPLEDlgm,nDZPm,n

Ym,n =

; 37)

=2
Ipict,,,, + T n

With two users clustering, the BER of the k™ user when the
transmitted OOK symbol s,,, x = 0 can be expressed as

1
Pelspy =0 = Q (G_ (Qm,f — Qo — IPICI)) s (38)

m,k

where Qu; = (PLEDIgmsD)*Pmy and Qp, =
(MPLED|&m.f |)2Pm, n are the desired signal and ICI. Similarly,
the BER of the k™ user when the transmitted OOK symbol
Sm.k = 1 is written as

1
Pelsyi=1 = Q (U— (s + Qmn + IPICI)) , (39

m,k
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Similarly, the outage probability of the FU and NU in the
m™ NOMA cluster, respectively, can be given as

2
+1 w+3 —1 —1
nw - -
, 7w i
P = X —€
mf — 2 min m,f ’
o
(40)
and
2
[ B - 1
ZrH (u + 1)c] — —
+3 +3
P;,n = B (x,f,fn — €m,n )1
o
41)
where
2
Uiy (IPICI + Gm,f)
€mf = , 42)
" IPLEDYPmf — Tonf Py
and
Ty nlIpict + o2
- m,nlIPICI m,n]’ 43)

(NPLED)*Prm,n

V. TRANSMISSION POWER MINIMIZATION

In this Section, we minimize the total transmission power
of a NOMA cluster, under the QoS requirements, outage
constraints, and dimming control. In dimming control, the
average optical power is controlled as per the illumination
requirements of the environment. The average optical power
P% = Ipc = tPr, where 7 is the dimming level and Pr
is the maximum optical power. Also, to ensure eye safety,
the maximum permissible current of the LED, Iy should be
limited as /Py, kA + Ipc < Iy. The optimization problem
can be expressed as

K,

piin ; emk P + I (44a)
st Ruk = Rk, Vk=1,...,Kn (44b)
Po i < 0 Vik=1,...,Kpn, (44c)
VPmiA+Ipc <ly, VYk=1,....Kn (44d)

Ipc =7 Pr, (44e)

Pux >0, Ipc=>0, (44f)

The outage probability constraint is also taken into the
optimization problem and gj, , is the outage probability limit
for successful communication between U, and the BS.
In the proposed D-OMA for VLC communication, users
are grouped to have only two users in a NOMA cluster
i.e. two user clustering. Hence the allocated power for the
NU and FU, respectively, can be expressed as «,,Py and
(1 — a)Pn, Where o, is the power allocation coefficient
of the m™ NOMA cluster and Py is the maximum power
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allocated for a sub-band. Therefore, the optimization problem
can be reformulated as

Join e amPy o+ e (1= )Py + Be (452
st Rug =Nmp,  Run =N, (45b)
Por<0Omps Pon <0 (45¢)
VPNA+Ipc < Iy, (45d)

Ipc = v PLeplH, (45e)

am >0, Ipc >0, (45f)

Since the Hessian matrix of the objective function is positive
and semi-definite, the optimization problem is convex under
the considered constraints. Therefore, the Lagrange function
of the above problem can be expressed as
L(am, Ipc, A1, A2, A3, Aa, As, Ae) = Py
+A1 (mm,f - Rm,f) + )LZ(mm,n - Rm,n)
+A3(Pyp = Q) + 24P — 0 n)

+As(Iy — /PNyA + Ipc)

+*6(Ipc — T PLEDIH). (46)
where P, = é&py awPn + emn (1 — ap)Py + I]%C
is the total transmission power of the m™ NOMA clus-

ter and A;,i € {l,...,6} are the Lagrange multiplier.
By taking the derivations of (44) and applying Karush-Kuhn
Tucker (KKT) conditions, optimal solutions for «,, and Ipc
can be obtained. Consequently, the derivatives of (44) with
respect to o, Ipc, and A;, respectively, can be given as

L R f IRy n
= —(emf — Emn)PN — A - '
det (Sm,f Emn)PN 1 I, 2 et
opr° oP°
gy mn (472)
o, oy,
oL
—— =2Ipc + A5+ i <O, (47b)
dlpc
oL oL ,
3)»T me,f - Rmf >0, 3)»3 = ERm,n - Rm,n >0,
47c¢)
oL oL
8)\; ZPZuf - Qron,f =0, 8)\,: = P?n,n - an,n = 0’
47d)
oL
e =Ig —/PvA+Ipc >0, 47e)
5
oL
— =Ipc — t PLeply > 0, (47f)
oG

By applying KKT conditions, the optimal solutions of «,,
and Ipc, respectively, can be obtained.

. MAX+TO7A?X+10,
" MAX I+

o ; (48)

and

_ TP EDV/PNA

I = , 49
be 14+ tPLED 49)
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TABLE 1. Simulation parameters.

S.No.| Parameters Symbol Value

1. ?nlst;rllg%g ctween the NU dy I m,2mand3m
2 ]a)licsltillrllgf];sbetween the FU ds 4m,6mand8m
3. Path loss exponent v 2

4. Optical detection area A 0.01

5. FOV be 60°

6. LED semi-angle b1/2 40°, 60°

7. Angle of irradiance ©1, P2 40°, 30°

8. Angle of incidence b1, P2 35°, 45°

9. LED power Prep 20 W/A

10. PD responsitivity n 0.4 A/W

11. Refractive index v 1.5

12. Gain of the optical filter T (i) 1

*BS - base station, NU - near user, FU - far user

where,

I = (TIPLEblgm,fl)zPN,
My = WPLeD|gmnl)*Py.
A= (@ﬂ/ﬂ)z + (@Jr afn+1)2,

Wis  2MRn
X=2 Bn —2 Bu

, (50)

VI. RESULTS AND DISCUSSION

In this section, the sum rate, BER, and outage probability
of the proposed D-OMA-VLC network are analyzed. In all
the simulations, the VLC downlink channel is used as a DC
channel and OOK modulation is considered. The proposed
D-OMA VLC network is compared with massive in-band
NOMA. The simulation parameters are listed in the Table. 1.

The sum-rate performance of the proposed D-OMA-VLC
network is shown in Fig. 3. In this simulation, four users are
considered for the clustering. In PRA, users are not classified
as near and far users and grouping is formed using Shapley
value calculation. In random NOMA, grouping is performed
using near-user and far-user channel conditions. Further, two
sets of distances are considered to analyze the sum-rate vari-
ation due to distances. It is noted that the sum rate of the
proposed D-OMA-VLC network is significantly improved
compared to the random NOMA because each user’s payoff
depends on the users’ coalition. However, the sum rate of
the random NOMA is better than the existing OMA scheme.
Also, it is observed that the sum rate of the network using the
clustering algorithm is improved with respect to the distance.
Particularly, the sum-rate improvement is achieved when the
distance is decreased.

Sum-rate performance of the proposed D-OMA-VLC net-
work using type-I PRA is compared with type-II PRA in
Fig. 4. Shapley value calculation is employed in both type-I
and type-II PRA methods. It is noted that type-I PRA achieves
a better sum rate when compared to the type-II PRA because,
in the type-I coalition, user preference is decided along with
their type of partition. Therefore, coalition value is improved
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FIGURE 3. Sum-rate performance of the proposed D-OMA VLC network
using clustering algorithm.
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FIGURE 4. Comparison of the sum-rate performance of the proposed
D-OMA VLC network.

when compared to the users swapping among the clusters
without considering the type of partitions.

Fig. 5 shows the sum-rate performance of the proposed
D-OMA VLC network with different users. In this simula-
tion, clustering is formed using four users and six users. All
the simulation setup are considered as in the previous figure.
It is noted that the improvement in the users clustering is
achieved when the number of users is increased within the
cluster. Also, it is noted that user clustering does not improve
the performance of the network while operating with the
OMA scheme.

BER performance of the proposed D-OMA VLC network
is shown in Fig. 6. The following simulation parameters are
considered: the Ijcy power is 0 dB, Ipicr power is —10 dB
[32], the distance of the near user taken as 2 m and far user is
4 m. Simulation results are plotted to validate the analytical
results. It is observed that when increasing the optical filter
gain, the BER performance of the downlink D-OMA VLC
network is significantly improved. Therefore, the optical fil-
ter gain is identified as one of the main factors in improving
the performance of the VLC networks.
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FIGURE 5. Sum-rate performance of the proposed D-OMA VLC network
using different users.
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FIGURE 6. BER performance of the proposed D-OMA VLC network under
various T (¢ i) values.

Fig. 7 shows the BER performance of the downlink
D-OMA VLC network. Distances of near and far users are
taken as in the attocell dimensions. In this simulation, the Ijcy
power is considered as 0 dB and Ipicy power is —10 dB. The
distances of the far users are considered as 2 m, 4 m, and
6 m. It is observed that the proposed D-OMA user with the
distance of 2 m achieves around 5 dB SNR gain when com-
pared with massive in-band NOMA-VLC networks. Also,
it is noted that even with increasing the distance, D-OMA
far users still maintain a good SNR gain due to the smaller
cluster size.

The BER performance of the proposed D-OMA-VLC net-
work is shown in Fig. 8. In this simulation, two clusters are
considered and each cluster consists of one near the user and
one far user [33]. The distances of the near user and far user
of the first cluster are 1 m and 2 m respectively. Similarly,
the distance of the users in the second cluster is 3 m and 6 m.
The sub-band overlapping interference Ipjcy = —10 dB. It is
noteworthy that the BER performance of cluster 1 is better
than cluster 2. This is because the distances of the users in
cluster 1 are small when compared to cluster 2. Also, it is
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FIGURE 7. Comparison of BER performance with various multiple access
techniques.
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FIGURE 8. BER performance of the D-OMA-VLC with two users cluster
size.

noted that the cluster near the user has better BER results
than the far user. Further, it is interesting to note that even
though the proposed D-OMA-VLC network operates with
small cluster sizes, it maintains a similar performance to the
massive in-band NOMA. Fig. 9 shows the BER performance
of the proposed D-OMA-VLC for different FOV. The values
of sub-band overlapping parameter é are 0.01 and 0.001. Two
user cluster is considered with the distance of 2 m and 4 m.
FOV of LED light varied from 40° to 90°. Assumed LOS path
between the users and LED. It is noted that when the degree
of angle of FOV increases, the BER of the user within the
cluster gradually increases. Thus, it gives the idea about the
choice of FOV value to get better performance of the VLC
wireless network.

The BER performance of the proposed D-OMA-VLC net-
work is shown in Fig. 10 for various values of the photodetec-
tor areas, A. In this simulation, FOV values are considered as
40°, 45° and 50° and the sub-band overlapping interference
Ipict = —10 dB. It is observed that the BER of the proposed
network is decreased when increasing the photodetector area.
Also, the impact of the photodetector area on optical light
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FIGURE 9. BER performance of the D-OMA VLC network for different FOV.
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FIGURE 10. BER performance of the D-OMA VLC network with different
photo detector areas and /p;c;=-10dB.
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FIGURE 11. Comparison of spectral efficiency versus allocated power for
different § values.

communication is evident. At A = 5 x 1073, the BER
of the far user is 1072 with FOV of 50° whereas 1073 for
FOV of 40°.

The spectral efficiency of the proposed D-OMA-VLC net-
work is shown in Fig. 11. For D-OMA, the left side and
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FIGURE 12. Comparison of spectral efficiency versus allocated power for
a different number of users.

TABLE 2. List of symbols.

Symbol Parameter

am power allocation coefficient
Dok field of view (FoV)

Pk angle of incidence

Pm,k angle of irradiation

“w order of Lambertian emission
P1/2 LED semi-angle

v refractive index

0 null set

afn’ & noise variance

9(.) Q-function

right side sub-band overlapping coefficient is taken as §. Sub-
band overlapping coefficient § varied from O to 0.2 in this
simulation. At § = 0, the proposed network match with a
massive in-band NOMA-VLC network. The figure clearly
shows the effect of the sub-band overlapping in the proposed
D-OMA-VLC network at a high SNR regime. Also, it is
noteworthy that the spectral efficiency achieves its highest
values at § = 1. However, increasing the § results in the
highest partial ICI. At § = 0.1, D-OMA provides better
spectral efficiency for the considered allocated power levels.
Moreover, it is noted that at the value of § = 0.1, the network
achieves the reasonable spectral efficiency of 20 b/s/Hz.
Thus, the proposed network guarantees the network capacity
with allowed sub-band overlapping.

Fig. 12 shows the comparison of the spectral efficiency of
the proposed D-OMA-VLC with a massive in-band NOMA-
VLC network. For D-OMA, sub-band overlapping percent-
age § is set to 0.1. Clusters with four users, six users,
eight users, and ten users are considered for massive in-band
NOMA. In the proposed D-OMA, four users cluster is split
into two users clusters. Similarly, six users, eight users, and
ten users clusters are split into a number of two user clusters.
Hence, the spectral efficiency of the proposed D-OMA-VLC
network is less when compared with the massive in-band
NOMA-VLC network, even though it achieves better relia-
bility and massive connectivity.
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FIGURE 13. Comparison of outage Probability versus allocated power for
different power allocation schemes.

TABLE 3. List of acronyms.

Acronym Full form

5G fifth generation

6G sixth generation

AWGN additive white Gaussion noise

BER bit error rate

BPSK binary phase shift keying

BS base station

CSI channel state information

DC direct current

D-OMA delta- orthogonal multiple access

FET field effect transistor

FFT fast Fourier transform

FU far user

GRPA gain ratio power allocation

IM/DD intensity modulation/direct detec-
tion

IoT internet of things

KKT Karush-Kuhn Tucker

MA multiple access

mMTC massive machine type communica-
tion

MMSE minimum mean square error

NOMA non orthogonal multiple access

NU near user

NTU non-transferable utility

OFDMA orthogonal frequency division mul-
tiple access

OOK on-off keying

OowC optical wireless communication

PAPR peak average power ratio

PICI partial overlapping inter-cluster in-
terference

PRA preference relation algorithm

SIC successive interference cancellation

SINR signal to interference plus noise ra-
tio

SNR signal to noise ratio

TU transferable utility

uHDD ultra-high data density

uHSLLC ultra-high-speed with low-latency
communications

uMUB ubiquitous mobile ultra-broadband

VL visible light

The outage probability of the NU and FU of the pro-
posed D-OMA-VLC network for different power allocation
schemes is shown in Fig. 13. The optimized values of « and
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Ipc are used to obtain the simulation results. The perfor-
mance of optimized power allocation is compared with the
existing gain ratio power allocation (GRPA) and fixed power
allocation. The sub-band overlapping percentage § is set to
0.1, and the QoS requirement for both NU and FU is set
to 0.5 bps/Hz. For optimized power allocation, the outage
probability of both NU and FU shows better performance
than the GRPA and fixed power allocation. NU performs
better outage in all power allocation schemes, especially at
a low SNR regime. On the other hand, the performance of
the FU is limited due to ICI and PICI at allocated power
values. Although the allocated power increases, the outage
performance of the FU remains at a fixed value at high
allocated power values.

VII. CONCLUSION

A new multiple access schemes D-OMA enabled VLC net-
work model is proposed to enhance the accessibility and rate
of indoor wireless networks. The performance of the pro-
posed D-OMA-VLC network is compared with the massive
in-band NOMA-VLC network in terms of spectral efficiency,
BER, and outage probability. Numerical results conclude that
the sum rate of the proposed D-OMA-based VLC network
outperforms the existing in-band NOMA scheme. Further,
power optimization is performed at the downlink transmis-
sion of the proposed network, which ensures the QoS of
the users within the clusters of the network. Therefore, the
proposed VLC model will support many indoor applications
with a high rate and large access.
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