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ABSTRACT Nonorthogonal multiple access (NOMA) is a technique with high spectral efficiency that is
expected to be applied in future wireless networks. However, its high spectral efficiency comes at the expense
of increased error in data detection. This paper presents theoretical error analysis of a downlink power-
domain NOMA-based visible light communication (VLC) system with higher order modulation schemes
in which the scenario of imperfect successive interference cancellation (SIC) is considered. Exact closed-
form expressions for the symbol error rates (SERs) of the users are derived when the modulation is the square
quadrature amplitude modulation (QAM). The derived expressions are applicable to any modulation order of
each user. In addition, a necessary and sufficient power allocation (PA) constraint is provided for NOMA with
higher order modulation to ensure that the decision regions of the symbols in the superimposed constellation
do not intersect or overlap. The simulation results support the theoretical analysis and the accuracy of the
derived expressions. The results demonstrate that the user SER in NOMA-based systems can be minimized
with a suitable PA that depends on the modulation orders of the users.

INDEX TERMS Nonorthogonal multiple access (NOMA), visible light communication (VLC), symbol error

rate, successive interference cancellation (SIC), power allocation.

I. INTRODUCTION
Future wireless networks will require high spectral efficiency,
high throughput, and massive connectivity to keep up with
the tremendous growth of the demand for wireless data trans-
mission. These requirements are becoming difficult to satisfy
using the current radio frequency (RF) band as it becomes
increasingly saturated [1]. Recently, visible light communi-
cation (VLC) has been considered as an efficient alternative
to indoor wireless communication due to its wider bandwidth,
which does not interfere with the RF spectrum; its ability to
provide ubiquitous connectivity; and its energy efficiency [2].
The requirements that are specified above for future
wireless networks can be satisfied by VLC if an efficient
multiple-access scheme is utilized [3]. One of the most
promising multiple-access schemes, which was recently pro-
posed, is nonorthogonal multiple access (NOMA), which is
characterized by high spectral efficiency. In NOMA, multi-
ple users can share the same time/frequency resource block;
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hence, massive connectivity and high throughput can be real-
ized. NOMA employs multi-user superposition transmission
(MUST) at the transmitter and a multi-user detection (MUD),
such as successive interference cancellation (SIC), at the
receiver [4].

Many studies have been reported in the literature on
the application of NOMA technology in VLC. According
to [5], [6], NOMA is suitable for downlink VLC systems for
several reasons: First, a VLC cell can support a small number
of users, which limits the inter-user interference in NOMA.
Second, the estimation of the channel in VLC systems is eas-
ier since the channel remains constant most of the time. Thus,
NOMA can use the channel state information to implement
the power allocation at the transmitter and the interference
cancellation at the receiver.

To further increase the spectral efficiency of NOMA-
based VLC systems, higher order modulation schemes, such
as quadrature amplitude modulation (QAM), can be used.
Since indoor VLC is based on intensity modulation/direct
detection (IM/DD) [7], QAM cannot be directly implemented
for VLC because it results in complex-valued and bipolar
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symbols. To overcome this issue, we can use one of the optical
orthogonal frequency division multiplexing (O-OFDM) tech-
niques through which a real-valued time-domain signal can
be obtained by using the concept of Hermitian symmetry [8].
Then, a unipolar time-domain signal can be obtained by
adding a positive direct current (DC) to the OFDM signal,
such as in the direct-current O-OFDM (DCO-OFDM), or by
enabling transmission on odd subcarriers only, such as in
asymmetrically clipped O-OFDM (ACO-OFDM) [9].

The realization of massive connectivity and high spec-
tral efficiency in NOMA systems comes at the expense
of increased error in data detection due to the inevitable
inter-user interference [10]. Without careful power alloca-
tion (PA), the use of NOMA with higher order modulation
could increase the effects of the inter-user interference on the
transmitted signal. In this paper, we identify a necessary and
sufficient PA constraint for the feasibility of NOMA when
higher order modulation is used.

Although NOMA has been extensively explored in the
literature, most NOMA-based VLC studies consider lower
order modulation schemes and assume perfect SIC. There-
fore, the error performance of NOMA-based VLC systems
with higher order modulation remains an open issue that must
be carefully addressed.

A. RELATED WORK

Many studies have been reported in the literature on the
application of NOMA technology in VLC. The NOMA-based
VLC was proposed in [5], where the authors proposed
the gain ratio power allocation (GRPA) method. In [11],
Haas et al. found that NOMA can always increase the
throughput of LiFi (light-fidelity, which is a fully networked
VLC system) networks. They also found that NOMA can
improve the performance of attocell edge users without sig-
nificantly affecting the performance of other users. In [12],
the authors proposed a normalized gain difference power
allocation (NGDPA) method for a 2 x 2 MIMO-NOMA-
based VLC system and demonstrated that it outperforms
GRPA in terms of the system sum-rate. Enhanced PA for
OFDM-NOMA-based VLC with an arbitrary number of mul-
tiplexed users has been proposed in [13]. Power optimization
has been performed at both the user level and the subcarrier
level. The results demonstrated an enhancement in the sys-
tem sum-rate compared to the GRPA algorithm. The authors
in [14], [15] derived closed-form expressions of the system
coverage probability and the ergodic sum rate. The proba-
bility that the individual rates are higher in NOMA than in
OMA has also been derived.

To avoid the SIC process and to improve the performance
of the NOMA-based VLC system with M-QAM, the authors
in [16] proposed an algorithm for data detection: the ergod-
icity and comparison (EAC) algorithm. In [17], a flexible-
rate SIC-free NOMA technique for downlink VLC systems
has been proposed that uses the concepts of constellation
partitioning coding (CPC) and uneven constellation demap-
ping (UCD). The effect of the error propagation that results
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from imperfect SIC can be efficiently mitigated. In [18],
the authors proposed symmetric superposition coding (SSC)
and symmetric SIC (SSIC) decoding for a NOMA-based
VLC system. Using SSC and SSIC, some of the second-user
adjacent decision regions will have the same symbol. Hence,
the effect of the error propagation is mitigated. Although this
study showed enhancement of the performance of the system,
itdid not identify the PA that guarantees the best performance.

A closed-form expression for the bit error rate (BER)
of a single-light-emitting diode (LED) downlink NOMA-
based VLC system with on-off keying (OOK) has been
derived under perfect channel state information (CSI)
in [19], [20]. Moreover, a simple and accurate approximation
for the upper bound under noisy and outdated CSI has been
derived. In [21], the authors derived a mathematical expres-
sion for the SER of a multi-LED downlink NOMA-based
VLC system. The authors in [22] derived BER expressions
for NOMA-based VLC with M-ary phase shift keying (PSK)
that are based on a bitwise-decision axis and signal space. The
derived expressions hold for any modulation order.

In [23], the pairwise error probability (PEP) of NOMA
systems was investigated over Nakagami-m fading channels.
PEP expressions are derived and used to derive an exact union
bound on the bit error rate (BER). In [24], the BER perfor-
mance of downlink NOMA systems over Nakagami-m fading
channels was investigated. They considered two scenarios:
2-user NOMA and 3-user NOMA. In both [23] and [24],
the derived BER expressions are for the quadrature phase-
shift keying (QPSK) scheme. In contrast to [23] and [24],
this paper investigates the performance of downlink
NOMA-based VLC systems with higher order modulation
schemes. A more general scenario is considered, in which
the users’ signals are generated by square M-QAM. The
derivation of the user SER is straightforward and is appli-
cable to any M and M, values. Furthermore, the analysis
that is introduced in this paper can be extended to other
NOMA-based communication systems.

B. CONTRIBUTIONS

In this paper, we provide an error analysis for NOMA-based
VLC systems with higher order modulation. The imperfect
SIC case has been considered and computer simulations have
been conducted to evaluate the accuracy of the theoretical
analysis. The main contributions of this paper are summa-
rized as follows:

o SER Analysis: We derived exact closed-form expres-
sions for the user SER in a two-user NOMA-based
VLC system if the symbols of each user are generated
using any square M-QAM. The imperfect SIC case has
been considered.

o PA constraint: We demonstrated how improper PA could
cause the users’ symbols to overlap in the superimposed
constellation, which will render the symbols indistin-
guishable. We derived a general mathematical formula
for calculating the value of the PA coefficient that causes
the overlap in the superimposed constellation. Based on
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FIGURE 1. Block diagram for a 2-user NOMA-based VLC system with QAM
and O-OFDM.

that, we provided a necessary and sufficient PA con-
straint in higher order modulation NOMA for ensuring
that the symbols of the users do not overlap in the
superimposed constellation.

o Optimal PA: We derived a mathematical formula for
identifying the optimal PA, namely, the PA that mini-
mizes the SER of the second user, which is the strong
user. The derived PA represents the optimal trade-off
between reducing the interference to decode the first-
user signal and reducing the effect of the noise to decode
the second-user signal.

e Modulation Order Effect: We explain how the modu-
lation order of each user plays an important role in
determining the PA that ensures the quality of service
that is required for both users. We also demonstrate how
the optimal PA changes according to the modulation
order of each user.

C. PAPER ORGANIZATION

The remainder of this paper is organized as follows:
In Section II, the system model of NOMA-based VLC with
higher order modulation is described. In Section III, the user
SER of square M-QAM in NOMA-based VLC systems is
derived. Section I'V proposes a PA constraint for higher order
modulation NOMA-based VLC. The results are presented
and discussed in Section V. Finally, Section VI presents the
conclusions of this paper.

Il. SYSTEM MODEL

Fig. 1 presents a block diagram of a downlink 2-user
NOMA-based VLC system with a single LED. M;-QAM
is used to map the user data, where k € {1,2}. Power is
allocated to the signal of each user. Then, the signals are com-
bined. The superimposed signal is modulated by O-OFDM.
Although we can use any O-OFDM, in this paper, we use
ACO-OFDM to avoid the introduction of additional noise due
to the clipping of the negative values in DCO-OFDM or any
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O-OFDM with DC bias. Then, the LED converts the elec-
trical signal into an optical signal. At the receiver, the first
user will directly decode its signal from the received signal
while regarding the second-user signal as noise. In addition,
the second user will perform SIC to decode its signal.

Fig. 2 presents an example of the constellation of the super-
imposed symbols when the first-user symbols are generated
by 4-QAM with an average power of p; and the second-user
symbols are generated by 16-QAM with an average power
of p>. In the superimposed constellation, the constellation of
the second user is replicated for each symbol of the first user.
Each replica represents one symbol for the first user. Hence,
the constellation of the superimposed symbols consists of
M, = M; x M, symbols.

In our analysis, we consider the special case of a rectan-
gular QAM, which is called the square QAM. In the square
QAM, the number of bits per symbol is an even number, or,
simply, the modulation order is 49, where ¢ € {1,2,---}.
In the square M -QAM constellation, the in-phase and quadra-
ture alphabets are expressed as follows [25]:

A ={£C2m -1} (la)
Ag = {£(@2n— 1)} (1b)

where m,n € {1, 2, ,\/1\_4/2}- The average energy is
expressed as follows [26]:

2
Eag =3 (M = 1) @)

Let s; and s be the symbols of the first and second users,
respectively. Let a; and a; be the PA coefficients of the two
users. Then, s; is expressed as:

s1 =An&ivaEs + jAgi1&1v/ a1 Es 3)

where Aj1 and Ag; € {:I:l, +3,..., &£ («/Ml — 1)} are
the in-phase and quadrature alphabets, respectively; & =

-1
(% My — 1)) is a normalization factor; and Ej is the total
average energy. Similarly, s> is expressed as:

52 = Angr/wmEs + jAgéry aEy @)
where Aj; and Agy € {:l:l, +3,...,+ (\/]\TZ — 1)} and
& = (% (M — 1))_1. The superimposed symbol is
expressed as follows:

x = VE, (An&1Jar + ApéJa)
+VEs (AgiE1v/ar + Agér/az)
= A +JjAox )

where A, = VE, (Ané1/ar +Apé/az) and Agy =
VE;s (Angl Jair +Apés, /612). The received signal at user
k is expressed as:

Yk = kX + ny (6)

where k € {1, 2}; g = nRihy is the total channel gain for
user k; n is the electrical-to-optical efficiency of the LED,
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FIGURE 2. Constellations of (a) first-user symbols, (b) second-user symbols, and (c) superimposed symbols.

Ry is the responsivity of the photodetector (PD), and A is
the optical channel gain, which is expressed as follows [15]:

_ O DAT () g )

2 d? os" (¢x) cos (Vi)

(N

k

where m = —1/1log, (cos (®1,2)) is the order of the Lamber-
tian emission; Ay is the effective area of the PD of the user;
T () is the optical filter gain; and g (Y¥) = r?/ sin® (W) is
the gain of the optical concentrator with a refractive index r.
The noise ny, follows the following Gaussian probability dis-

tribution function:
- 1 —(n— p)?
n)=———exp| ————
g V2mo? P 202

where 1 and o2 are the mean and the variance, respectively.
Here, we assume 1 = 0 and ol = No/2, and we assume that
gk 1s known at the receiver. Hence, the received symbol after
equalization is:

®)

&)

where 1y, = ny /gy is the additive Gaussian noise that is scaled
by the total channel gain. To simplify the notation, we let
vk denote the equalized received symbol in the remainder of
this analysis.

In the square QAM, there are three types of constellation
symbols (points); corner symbols, edge symbols, and interior
symbols. Let N., N,, and N; denote the numbers of corner
symbols, edge symbols, and interior symbols, respectively.
For any square QAM, N, = 4, N, = 4(/M — 2), and
Ni = (WM —2)%.

Ve =X+ ng

llIl. SER ANALYSIS

In this section, we will determine the user SER when
M, = 16 and M 16, and we will generalize the result
for any M| and M,. When both users have a 16-QAM con-
stellation, the superimposed signal will have a constellation
with 256 symbols.
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FIGURE 3. First quadrant of the superimposed signal constellation, which
shows the decision regions for the interior symbol s,, the edge
symbol s,, and the corner symbol s5.

A. SER FOR THE FIRST USER

To determine the SER for the first user, we must calculate
the error probability in the detection of the first-user symbol
for each symbol type. Fig. 3 presents the decision regions
for four symbols of the first user on the first quadrant of the
superimposed signal constellation, in which s; is an interior
symbol, s> and s4 are edge symbols, and s3 is a corner symbol.

1) ERROR PROBABILITY OF THE INTERIOR SYMBOLS

The error probability in the detection of an interior symbol
can be calculated as follows: First, we consider the interior
symbol s1. The possible superimposed symbols that are asso-
ciated with s are presented in red in Fig. 3 and denoted by x;,

ie{l,2,---,16}. The superimposed symbol x; is expressed

as:

xi=vEs (§1va1+Ap,E25/@) iy Es (§1v/@1 +Ag2é2/a2)
(10)
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where Ao, and Agy, € {£1, £3}. The probability of decod-
ing s1 correctly given that x; was sent can be calculated as
follows:

Pr{cg, i} = Pr{eg i}, x Pr{cg i, (11)
where
Pr{cy lx}, = Pr{O <Rp) < 251\/5“715}}
and
Pr e, lxi}, = Pr {o <3 < 251\/CE}

N(-) and J(-) are the real and imaginary operators, respec-
tively.
Via (8), Pr {cy, |x;}, can be calculated as follows:

_ ! /zwl’ffexp WOk =2
I mNe Jo Ny

. 1 /0 . R (v — xi)? J
_ xp |- 2Ok =X
/7 Ni —00 P Ny Y

* Rk — x)*
+ / exp | — vk — xi) dyy
2&14/a1Eg Nk

Pr {cs1 Ixi}

=1—-0®u)— Q) (12)
where Ny, u;, u;, and Q (-) are expressed as:
No
Ny = —
8k
2
U = ka(x")

2
ii; = ,/]Vk (261v/ar E, - %)
M2

1 oo
0w = 7z [ ow(-5 )

Similarly,
Pr{cg lxif, =1 -0 ) — Q) (13)

where v; and V; are expressed as:

2 ~
Vi = Ivkks(xi)

2
W= (GaVaE - 3w) (14)

Therefore,
Pricglxi} = (1—-Q ) —Q@))(1—0w) — Q@)
=1-0@w)—Q®@)— QW) —Q0®W)
+ 0 i) Q(vi) + Q@) Q(vi)
+0 i) Q) + Q@) Q (W) (15)
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Now, the error probability in the decoding of s given that x;
was sent can be calculated as:

Pr {esl |xi} =1- Pr{csl Ix,-}
O ui) + Qi) + Q(vi) + Q (Vi)
—Qu) Q(vi) — O () Q (vi)
—Qu) Qi) — O (u;) Q (vi) (16)

u; and v; can take any of the following values:

wi =y (§1v/a1 — 382/a2)

w2 = v (§1v/ar — &27/a2)

ws = i (E1/ar + &v/a2)

wa = i (E14/a1 + 3&2/a2) (17)

where Y = /2 g% E/Nyp. The expression for w; in (17) can

be generalized to any M; as follows:

wi =y (E1/a1 + Aigr/az) (18)

where A; is the alphabet of the second user constellation,
which can be expressed as:

A =2i—1—/M, (19)

where i € {1,2,---,/M,}. According to (17), the values
of u; and v; satisfy the following:

Uy = uUs =uUg = U3 =V =) =V3 = V4 =W
Uy = Ug = U0 = U4 = V5 = Vg = V] = Vg = W
Uz = U7 = U1l = U5 =V9 = V10 = Vil = V12 = W3
Uy = ug = ujp = uj6 =vi3 =via =vis = vig = wa (20)
Due to the symmetry of the constellation points x; around sy,
the following relations hold: u; = 4, up = u3, uz = i, and
ug = uy. Similarly, vi = V4, vo = V3, v3 = Vg, and v4 = V.
Therefore, from (16) we obtain:
Pr {esl |x1} =Pr {es1 |x4} =Pr {esl |x13} =Pr {es1 |x16}
2
=20 w1) + 20 (wa) — Q (W1)

—20 (w1) Q (wa) — Q (wa)* 1)
Similarly,
Pr {esl |x2} = Pr {es1 |x3} =Pr {es1 |x5} =Pr {es1 |x3}
= Pr {ex1 |x9} =Pr {exl |x12} =Pr {esl |x14}
= Pr{ey |x15}
= 0w+ 0w)+ 0 w3)+ 0 (wa)
=0 w1)Qw2) — 0 (w1) Q(w3)
— 0 (w2) Q (wa) — O (w3) Q (W4) (22)
and

Pr {esl |x6} = Pr {ex1 |x7} =Pr {exl |x10} =Pr {es1 |x11}
= 20 (w2) + 20 (w3) — Q (w2)?
—20 (w2) Q (w3) — Q (w3)? (23)
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The probability of error in decoding s; can be calculated as
follows:

16
Pr {esl} = ZPr {x,-}Pr{exl |xl-}
i=1
ll 16
= — Pr {ex |x,-} 24)
16 P !

Using (21), (22), and (23), Eq. (24) can be reformulated as:

Pr{e,} = ZZ4Q (W) — 40 (w) Q (w;) (29

i=1 j=1
Eq. (25) can be generalized to any M; as follows:

N
3 2o 2o A0 40 0 (w) (26)

ll/l

Prie;, } =

2) ERROR PROBABILITY OF THE CORNER SYMBOLS

The error probability in the detection of a corner symbol can
be calculated as follows: First, we consider the corner symbol
s3. The possible superimposed symbols that are associated
with s3 are presented in green in Fig. 3 and denoted by z,
ie{l,2,---,16}. The superimposed symbol z; is expressed
as:

2 = VEs (361va + Anéra)
+ JWE, (361/ar + Ao ga/az)  (27)

The probability of decoding s3 correctly given that z; was sent
can be calculated as follows:

Pr{cylzi} = Prieglzi}, x Prieglzl, (28)
where

Pr{es |21}, = Pr{261v/a Es < 9i0n) < +oo
and

Pr ey lai} = Pr{261v/ar By < 30w < +oo}

Using (8), Pr { Cs; |Zi} ; can be calculated as follows:

Pr{cy, |z},
_- /%W“]E oxp [0k =)
VTN Nk Y
=1-0(w) (29)
where u; = +/2/Ny (‘R(zi) — 281/ a; ES). Similarly,
Pr{csla}y=1- Q) (30)
where v; = /2/Nj ( 3(zi) — 2&14/ a1 Es). Therefore,

Q w))(1—Q )

Pr{cglzif = (1
1 =0 @) — Qi)+ Q@) Qi) (31)

VOLUME 8, 2020

Then, the error probability in the decoding of s3 given that z;
was sent can be calculated as:

Pr {es3|zi} =1-Pr {cs3|zi}
Q) +Q0) — Q) Q(vi)  (32)

Therefore, the error probability in the decoding of s3 can be
calculated as follows:

16

ZPr {zi} Pr{eg, |zi}
i=1

16
= 2 Pr {es3lzi}

Pr {es3 }

1 16
=16 (Q(u)-i-Q(V)—Q(Mz)Q(Vz)) (33)
i=1

Due to the symmetry of the constellation points z; around s3
and using (17), we can reformulate (33) as:

T
Prien} =122 D 20— 0w Q(w) (34)
i=1 j=1
Equation (34) can be generalized to any M> as follows:
VM, M
DD 20w — 0w Q(wy)  (33)

i=1 j=1

Pr {es3} = I7A

3) ERROR PROBABILITY OF THE EDGE SYMBOLS

The error probability in the detection of an edge symbol
can be calculated as follows: First, we consider the edge
symbol s5. The possible superimposed symbols that are asso-
ciated with s, are presented in blue in Fig. 3 and denoted by #;,
ie{l,2,---,16}. The superimposed symbol #; is expressed
as:

t = VE, (3&1/a1 + Ap,£2/az)
+iVEs (1/ar + Agy,62v/a@)  (36)

The probability of decoding s, correctly given that #; was sent
can be calculated by:

Pr{cg, |t} = Pr{cylni}, x Pricglt}, (37)
where
Pr{c, I}, = Pr{zgh/al E; < R0yp) < +oo}

and
Pr {enlti}, = Pr {0 < ) < 2E1y/ar ES}

Pr{cy, |}, and Pr{cy, |1} o can be calculated similarly to
Pr{cglzi}, and Pr{cy, |xi}Q
Pric,lti} = (1—0w))(1—Q ) — 0 @)

— Q) — Qi) — Q)
+0O i) Q(vi) + 0 ) Q) (38)
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The error probability in the decoding of s, given that #; was
sent can be calculated as:
Pr {es2|t,-} =1-—"Pr {cs2|t,‘}
= Q@) +0W)+ QW) —Qui) Q)
—Q(u) Q (V) (39)
Due to the symmetry of the constellation points ¢#; around

s and using (17), we can reformulate (39) for each #;
as follows:

Prieg, |1} = Pries, |13}
= Q0w+ 0w+ 0wy
—0w) QW) — 0w Qwg) (40)
Pr{eg, |t} = Pries,|tia}
= 0w+ 0 w)+ Q0 wy)
—0w)OQm2) —0w2) O (wg) (41)
Pr {es2|t3} = Pr {€s2|f15}
= Q0w +0w3)+ 0 (wg)
— Q0w O w3) —0(ws3)Q(wg) (42)
Pr {es2|t4} = Pr {es2|fl6}
=0 w1+ Q(wsg) + QO (wsg)
— 0w Qwg) —O(ws) O (wg) (43)
Pr{eg,|ts} = Pr{es, |t}
=0 w1 +Q0w)+ Q0 ws)
0w Q) — 0w Q(w3) (44)

Pr{elet6} = Pr {652|t10}
= Q0 w2) + Q0 w2) + Q(w3)
— QW) Qw2) —Q(w2) Q(w3) (45)
Pr{ey,|t7} = Pries, |t}
= Q0 w2) + 0 w3) + Q0 (w3)
=0 (w2) Q0 w3) —Q(w3)Q(w3) (46)
Pr{es,lt5} = Pr{es,lti2}
=0 w2+ 0 w3)+ 0 (ws)
— 0 (w2) Q(wa) —Q(w3) Q(ws) (47)

Hence, the error probability in the decoding of s, can be
calculated by:

16 16
1
Pr{esZ} = E Pr{ti}Pr{e_g2|ti} =16 E Pr{e‘Y2|ti}
i=1

i=1

) 8
= 76 - lPr{esz|ti} (48)
1=

Substituting (40) - (47) into (48) yields:

2
Pr{e,} = 6 <6Q (w1) 4 60 (w2) + 60 (w3) + 60 (w4)

—Q(w)* — Q(W2)> — Q (w3)? — Q (wa)?
—20 (w1) Q (w2) — 20 (w1) Q (w3)
—20 (w1) Q (wa) — 20 (w2) Q (w3)

—20 (w2) O (wg) —20 (w3) Q (W4)) (49)
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Therefore, the error probability in the decoding of s> can be
calculated by:

4 4
1
Prien} =122 300 =20 Q(w) (50)
i=1 j=1

Equation (50) can be generalized to any M> as follows:

1 VM /My
Pre,} = 7 ; ]le 30 (wi) — 20 (wi) Q (w)) (51)
Finally, the SER for the first user can be calculated by:

1
SER| =+ <N,» Pr{es } + NePrieg,} + N, Pr{eg, })
1

FR S
4 (Vi —2) Pr{esz}) (52

Substituting (26), (35), and (51) into (52) yields an expression
for SER;, which is presented as (53), shown at the bottom of
the next page. For high SNR values, the second term in the
right-hand side of (53) becomes negligible. Therefore, (53)
can be approximated as:

4 (var — 1) 8
T ; O(y1 (E1va1 +Aigr/az))  (54)

B. SER FOR THE SECOND USER
The SER for the second user can be calculated by:

SER| ~

SERy = (1 — SERy_,1) SER>—,2 + SER>_,1 (55)

where SER;_, 1 is the SER for the second user for the detec-
tion of the first-user signal and SER;_,, is the SER for the sec-
ond user for the detection of its own signal after detecting and
canceling the first-user signal successfully. SER,_,1 can be
calculated via (56), which is presented at the top of the next
page and can be obtained by replacing y; in (53) with p».
SER>_,> can be calculated by replacing a> and M3 in (56),
as shown at the bottom of the next page, with O and 1,
respectively. Then, we change the variables M1, &1, and a;
to M, &, and ay, respectively. Therefore, SER;_,» can be
calculated via (57), as shown at the bottom of the next page.
Finally, SER> can be calculated by substituting (56) and (57)
into (55). For high SNR values, the second term in the right-
hand side of (57) becomes negligible. Therefore, (57) can be
approximated by:

1
SERy .3 ~ 4 (1 - ¢7—2> 0 (nb2v/az) (58)

IV. PA CONSTRAINT
Most NOMA studies rely on the following PA constraint to
ensure the successful decoding of users’ signals:

h<hy<---<hg =>p1>pr>-->px 59)
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FIGURE 4. Superimposed constellations with various PAs. The horizontal and vertical axes are the in-phase and quadrature axes, respectively.

Although the condition in (59) is necessary, it is not suf-
ficient. That is because the symbols in the superimposed
constellation may overlap even if this condition is satisfied,
especially when higher modulation orders are used. Hence,
in a 2-user scenario, the power of the second user should
not exceed a limit to ensure that the decision regions of the
superimposed symbols do not overlap. This limit depends
on the modulation order for each user, as we will show
shortly.

Fig. 4 presents three scenarios of the superimposed con-
stellation when 4-QAM is used for first user and 16-QAM
for the second user. In each scenario, various power values
are allocated to the users. Fig. 4a presents the superimposed
constellation when p» = 0.15. In this case, the replicas

of the second-user constellation are far apart from each
other; hence, it is easier to decode the first-user symbols.
When p; = 0.238, as presented in Fig. 4b, the symbols in
the superimposed constellation are all equidistant, and the
superimposed constellation is similar to the standard QAM
constellation with M = M; x M. When p; = 0.357,
as presented in Fig. 4c, the minimum distance of the second
user symbols is increased. However, some of the symbols
in the superimposed constellation start to overlap. In this
case, it is difficult to correctly decode the first-user symbols.
Although p; > p»> in the last scenario, some symbols in
the superimposed constellation have overlapped. Therefore,
the condition p; > p; is necessary but not sufficient for
ensuring successful decoding.

SER| =

((M1 = VM1) Q (v — (My = 2/My + 1) Q(m)Q(w;))

= . <(M1 - \/1\71) O(n (1var + A v/a))

— (M1 =201 + 1) (1 (&1 /ar +Aav/a)) x Q(n (61var +Ajsz¢a_z))>

VM, My

SERy_.| = M14M2 >N <<M1 - \/1‘71) O(y2 (&14/a1 + Aia/a2))

i=1 j=1

- (Ml —2yM; + 1) O(y2 (E1va1 + Air/az)) x O(v2 (51\/5+Aj$2x/a_2)))

1
SER>> =4 (1 - —) 0 (névar) —4 <1

VM,
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(53)
(56)
1 2
— m + 172) 0 (V2$2«/@) (57)
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A. MINIMUM PA FOR THE FIRST USER

To guarantee that the decision regions of the first-user sym-
bols do not overlap, namely, that the points in the superim-
posed constellation do not cross the in-phase and quadrature
axes, the following condition should be satisfied:

Va1&1Es + Apiny/ a262Es > 0 (60)

where Azpin = — (/M2 — 1). This condition ensures that
the sum of the first-user symbol with alphabet A; = 1 and
the second-user symbol with alphabet Ay = Ay, is greater
than zero. The first overlap in the superimposed constellation
occurs when the symbol with the smallest real value and the
symbol with the largest real value in two adjacent replicas are
equal. Therefore,

V a&1Es + A2min\/ wm&E; = Y a &1Es + A2max\/ a&rE

(61)
where Aoyax = (v/Ma — 1). Hence,
a1g) = A3, a6
oo M-D (VM — 1) 62

24+ MMy — M,
Similarly, the second overlap occurs when
Var1§1Es + Aopiny/ a262Eg =

—Va1§1Es + (Aopax — 2) y a2§2Es  (63)

and the n’ overlap occurs when

_ - (Mn-n)’
Mry— 1D+ M —1) (\/ATz—n)z

Thus, to avoid symbol overlap, the PA coefficient of the
first user should be larger than the value that causes the first
overlap.

a (64)

B. OPTIMAL PA FOR THE SECOND USER
As the PA coefficient of the second user decreases, the min-
imum distance for the symbols of the second-user constella-
tion decreases and the effect of the AWGN increases. In con-
trast, as the PA coefficient of the second user increases,
the minimum distance increases, but the effect of the inter-
ference from the first user increases. Hence, the optimal PA
for the second user is the PA that represents the best trade-
off between reducing the interference for the decoding of the
first-user signal and reducing the effect of the noise for the
decoding of the second-user signal. Therefore, the optimal PA
for the second user is the PA with which all symbols in the
superimposed constellation equidistant, namely, the optimal
PA for the second user is the PA that makes the superimposed
constellation similar to the standard square QAM constella-
tion with M = M; x M.

The minimum distance between the symbols in the square

QAM constellation is expressed as [25]:
6
2
dmin = ﬁEa\/g (65)

2800

SER,

M, = 4, M, = 4 (Theory)

O M, =4, M, = 4 (Simulation)

104 F M, =4, 16 (Theory)

% M, =4, M, = 16 (Simulation)

M, = 4, M, = 64 (Theory)

X M, =4, M = 64 (Simulation)
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FIGURE 5. SER of the first user with a; = 0.85, M; = 4, and M, = 4, 16,
and 64.

If we want the superimposed constellation to be similar to the
constellation of the square (M| x M3)-QAM, the minimum
distance of the second-user constellation and the minimum
distance of the superimposed constellation should be equal.
Therefore,

dfmiﬂ = d22min (66)
From (65) and (66), we obtain:
E E
X 2 (67)

MM, —1 - My —1
Since E» = ay E, and a; + a» = 1, the optimal PA for
the second user is:

MMy — M

a = 2772 (682)
MM, — 1

_ M-l (68b)
2= M, — 1

V. RESULTS AND DISCUSSIONS
In this section, the numerical and simulation results are pre-
sented for various modulation orders.

The theoretical and simulated SERs of the first and second
users are plotted in Figs. 5 and 6, respectively, with M| = 4
and M, = 4, 16, and 64. The PA coefficients are a; = 0.85
and a; = 0.15. According to Figs. 5 and 6, the simulation
results perfectly match the theoretical results, which supports
our analysis and the validity of the derived SER expressions.

Figs. 7 and 8 show how SER; and SER; vary with the
PA coefficient a; for various SNR values when M| = 4
and M, = 16. SER; decreases as the value of a; increases,
which is expected in this case because the interference from
the second user is reduced as a; increases. However, SER;
begins to decrease to its minimum value as the PA coefficient
a; increases and subsequently starts to increase again. SER»
initially decreases because the interference is reduced as a;
increases; hence, the second user can more accurately cancel
out the interference from the first user during the SIC process.
However, as a; increases further, the power that is allocated
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FIGURE 6. SER of the second user with a; = 0.85, M; =4, and M, =4,
16, and 64.
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FIGURE 7. SER of the first user vs. the PA coefficient with various SNR
values.

to the second user is decreased. Consequently, the AWGN
effect on the signal of the second user increases. Therefore,
SER; finally increases again.

Fig. 9 presents the SER of the second user for various
modulation orders. The optimal PA, namely, the PA that
minimizes SER;, differs among the modulation schemes.
Typically, in NOMA, the modulation order of the first user is
smaller than the modulation order of the second user since the
first user has poorer channel conditions. However, if the first-
user SNR is sufficiently high, it is possible to use a greater
modulation order if the second user does not require a higher
data rate.

Table 1 summarizes the values of a1 and a; that result in the
first overlap in the superimposed constellation. The symbols
start to overlap even if the condition a; > ap is satisfied.
Hence, condition (59) for PA is not sufficient for a NOMA-
based system with higher order modulation. Moreover, the
PA depends on the modulation orders of the users. For
example, if M| = 4, M> = 4 and the maximum allowed
SER for the second user is 10™4, the suitable PA condition
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FIGURE 8. SER of the second user vs. the PA coefficient with various SNR
values.
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FIGURE 9. SER of the second user vs. the PA coefficient with various
modulation schemes.

TABLE 1. PA that causes the first overlap in the superimposed
constellation for various modulation schemes.

First-user modulation | Second-user modulation al as
4-QAM 4-QAM 0.5 0.5
4-QAM 16-QAM 0.6429 | 0.3571
4-QAM 64-QAM 0.7 0.3
16-QAM 4-QAM 0.8333 | 0.1667
16-QAM 16-QAM 0.9 0.1

(from Fig. 9) is 0.75 < a; < 0.85. Then, according to the
SNR for the first user, we can choose a suitable value of a;
within this range. In contrast, if M| = 4, M> = 16 and the
maximum allowed SER for the second user is 10~4, which
requires a higher SNR, the suitable PA condition (from Fig. 9)
1s0.74 < a; <0.8.

Table 2 summarizes the values of the PA coefficients that
minimize the SER of the second user for various modulation
orders. These PA coefficients are calculated via (68) and they
agree with the optimal values of the PA coefficients in Fig. 9,

2801



IEEE Access

E. M. Almohimmah, M. T. Alresheedi: Error Analysis of NOMA-Based VLC Systems With Higher Order Modulation Schemes

TABLE 2. Optimal PA for the second user.

s1 52 z ay az dmin
BPSK 4-QAM 8-QAM 0.6667 | 0.3333 | 0.8165
4-QAM | 4-QAM | 16-QAM | 08 02 | 06325
4-QAM 16-QAM 64-QAM 0.7619 | 0.2381 | 0.3086
4-QAM 64-QAM | 256-QAM | 0.7529 | 0.2471 | 0.1534
16-QAM 4-QAM 64-QAM 0.9524 | 0.0476 | 0.3086
16-QAM | 16-QAM | 256-QAM | 0.9412 | 0.0588 | 0.1534

which supports the validity of the derived formulas. When
M; = 4 and M> = 16, the superimposed constellation
has the same number of symbols as when M; = 16 and
M, = 4. However, the PA coefficients differ between the
cases. This finding can be explained as follows: The con-
stellation of the first user becomes denser, namely, the min-
imum distance decreases, as the modulation order of the
first user increases. Hence, the addition of the noise and
the interference from the second user will cause the first
user to require a higher SNR, which corresponds to a higher
PA coefficient.

VI. CONCLUSION

In this paper, a downlink NOMA-based VLC system with
higher order modulation has been investigated. General and
closed-form SER expressions have been derived in which
the symbols of each user that are generated using any
square M-QAM are considered. The derived expressions
have been validated via computer simulation. A necessary
and sufficient PA constraint has been proposed for prac-
tical NOMA-based systems with higher order modulation
schemes for reducing the error in data detection. It has been
shown that the PA depends on the modulation order of each
user.
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