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Abstract: The bit error ratio (BER) performance of a non-orthogonal multiple access (NOMA) visible
light communication (VLC) system is poor due to the unequal distances between adjacent points in
the superposition constellation (SC). In this paper, we propose a novel scheme to improve the BER
performance by adjusting parameters to change the shape of SC at the transmitter and by adjusting
the parameters of successive interference cancellation (SIC) decoding at the receiver simultaneously,
which is called a SC and SIC adjustment (SC-SIC-A) scheme. For multi-user NOMA VLC system, we
derive the closed-form BER expression for each user, where the modulation format is four-quadrature
amplitude modulation. According to the derived BER expressions, we formulate an optimization
problem that minimizes the average BER for all users by adjusting the obtained parameters of SC
and SIC decoding via differential evolution algorithm. The improvement of capacity performance
is investigated consequently. In order to verify the feasibility and effectiveness of the proposed
SC-SIC-A scheme, we carried out theoretical analysis, Monte Carlo simulation and experiments of
two-user and three-user NOMA VLC systems. Results show that the SC-SIC-A scheme outperforms
the existing schemes in NOMA VLC system, where the signal-to-noise ratio (SNR) reductions to
achieve BER of 10−3 are 1.3 dB and 0.8 dB for both users in the two-user NOMA VLC system,
respectively, and the SNR reductions to achieve BER of 10−3 are 5.7 dB, 4.3 dB and 4.6 dB for all users
in the three-user NOMA VLC system, respectively.

Keywords: non-orthogonal multiple access (NOMA); visible light communication (VLC); superposition
constellation adjustment; successive interference cancellation; bit error ratio; NOMA triangle

1. Introduction

As fifth generation (5G) mobile communication and the Internet of things emerge, a
large number of data-intensive applications have been born, resulting in the exponential
growth of data traffic [1,2]. The conventional radio frequency (RF) spectrum cannot meet
the requirement of high data transmission due to its limited spectrum resource [3]. As a
good solution for satisfying the spectrum requirement, visible light communication (VLC)
has attracted considerable attention for the wireless network due to its abundant unli-
censed spectrum, immunity to electromagnetic interference, low energy consumption and
effective frequency and spatial reuse [4–6]. VLC is carried out by using the illumination
infrastructure with light-emitting diode (LED), where illumination and communication
are implemented simultaneously. With the popularity of LED as a light source in indoor
and outdoor environments, VLC has become a green and energy-saving communication
method [7]. However, the modulation bandwidth of LED is only tens of megahertz (MHz),
which limits the capacity of a VLC system [8]. The capacity of VLC system can be increased
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by adopting advanced modulation formats, which is carried out under orthogonal fre-
quency division multiplexing (OFDM) [9,10]. It has been demonstrated that the spectral
efficiency, fairness and capacity performance of multi-user OFDM VLC systems could be
further improved by employing non-orthogonal multiple access (NOMA). Meanwhile,
NOMA could significantly improve the quality and reliability of reception in OFDM VLC
systems due to different power allocation among all users [11,12].

NOMA is an attractive and efficient access method for wireless network, which allows
multiple terminals to use the same resources, such as time and frequency [13]. NOMA has
the advantages of high spectral efficiency, high flexibility, low transmission latency and
improved fairness [14–16]. Superposition coding and successive interference cancellation
(SIC) decoding are two key techniques in the NOMA scheme. The performance analysis
and optimization of NOMA VLC system have been widely studied. The theoretical bit
error analysis of a downlink NOMA VLC system based on a high-order modulation scheme
is investigated in [17]. In [18], the bit error ratio (BER) performance of a two-user NOMA
VLC system using different modulation formats was investigated. In order to improve
the system’s performance, the method of adjusting superposition constellation (SC) has
been proposed in the literature. The poor SC due to different arrival times is compensated
by phase predistortion method [19]. Moreover, SC can be adjusted based on convex
optimization [20]. The above works are the research of the two-user NOMA VLC system.
To improve system capacity and spectral efficiency, NOMA technology should be used
to serve more users in one resource block. However, with the increase in the number of
users, the interference among users becomes severe, resulting in the deterioration of system
performance. Thus, the performance of NOMA VLC system supporting three or more
users has been investigated in [21,22]. The BER performance under noisy channel state
information is researched in [21], while in [22], the capacity region of a practical uplink
NOMA for multiple users is investigated. Nevertheless, for multiuser NOMA VLC system
using 4-quadrature amplitude modulation (QAM), the closed-form BER expressions for all
users as well as the improvement of BER and capacity performance have not been studied.

In this paper, we propose a joint transceiver optimization scheme to improve the BER
and capacity performance of a multi-user NOMA VLC system using 4-QAM-OFDM. Since
the distances between adjacent points in the SC are quite different, the BER performance of
multi-user NOMA VLC system is poor. Therefore, adjustment parameters are introduced
to change the shape of SC at the transmitter [20]. This scheme is called the superposition
constellation adjustment (SC-A) scheme. We notice that, under the SC-A scheme, the
power allocation coefficients are no longer optimal for SIC decoding at the receiver. Thus,
the joint transceiver optimization scheme was proposed, which is called the SC and SIC
adjustment (SC-SIC-A) scheme. In this scheme, we adjust the parameters of the SC at the
transmitter and that of the SIC decoding at the receiver to improve the performance of
the downlink multi-user NOMA VLC system without increasing the overall transmitted
power of signal. More specifically, we derive the closed-form BER expression of each user
in detail under the SC-SIC-A scheme. Meanwhile, we find the rule for the number of terms
in each user’s BER expression, which is named as NOMA triangle regarding the terms
of Q-function. According to the derived BER expressions, an optimization problem is
formulated to minimize the average BER for all users by adjusting the parameters of SC at
the transmitter and that of SIC decoding at the receiver. The optimization problem is solved
by the differential evolution (DE) algorithm to obtain the optimal adjustment parameters.
In addition to BER performance, the expression of channel capacity for each user under
the proposed SC-SIC-A scheme is also derived. When the optimal adjustment parameters
are applied to the SC-SIC-A scheme, capacity performance is also improved. In order to
demonstrate the effectiveness and feasibility of the proposed SC-SIC-A scheme, we carry
out theoretical analysis, Monte-Carlo (MC) simulation, and experiment, where the results
match very well. The results show that compared with the SC-A scheme, the SC-SIC-A
scheme provides 1.3-dB and 0.8-dB signal-to-noise ratio (SNR) reductions to achieve BER of
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10−3 for two-user NOMA VLC system, respectively, and provides 5.7-dB, 4.3-dB and 4.6-dB
SNR reductions to achieve the BER of 10−3 for three-user NOMA VLC system, respectively.

This paper extends its conference version [23] from the following aspects. Firstly, we
derive the closed-form BER expression for each user in the multi-user NOMA VLC system
under the SC-SIC-A scheme. Secondly, the capacity expression for each user under the
proposed scheme is derived. Thirdly, the BER and capacity performance of NOMA VLC
system are analyzed when the number of users is two and three. Finally, the indoor
NOMA VLC experiment is carried out in this paper to demonstrate the feasibility of the
proposed scheme.

The remainder of the paper is organized as follows. Section 2 describes the scheme of
SC-SIC-A for multi-user NOMA. The performance analysis and optimization by using joint
SC and SIC decoding adjustment are presented in Section 3. Section 4 shows the results
and discussions, and the conclusion is finally provided in Section 5.

2. System Model

The schematic of multi-user NOMA VLC system using joint transceiver optimization
is shown in Figure 1. We assume that there are K users in the NOMA VLC system. LED
transmits signals to the K users simultaneously. The data of each user contain log2 4 bits,
which are mapped to the constellation point Sk ∈ Sk by using 4-QAM. K signals are su-
perposed, where the power allocation coefficients for K users are denoted by α1, α2, . . . , αK.
Note that ∑K

k=1 αk = 1. Under the K-user NOMA scheme, users with lower channel gain
will be allocated higher power to ensure fairness. In this paper, we assume that channel
gains are identical, i.e., |h1|2 = |h2|2 = · · · = |hK|2, and the power allocation coefficients
follow α1 ≥ α2 ≥ · · · ≥ αK. Thus, the original superposed NOMA signal can be written
as follows.

S =
K

∑
k=1

√
αkSk. (1)
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Figure 1. The schematic of the downlink multi-user NOMA VLC system using joint transceiver
optimization.

Regarding the constellation of the superposed signal S, the distances between the
adjacent points are quite different from each other. We take the SC-A scheme to adjust
SC and, therefore, to improve BER performance. The illustration of the SC-A process is
shown in Figure 2, where the first and second quadrants of SC are taken into consideration.
Since the SC is symmetric, we need to use 2K−1 scale parameters to adjust the SC for K-user
NOMA VLC system. The SC scale parameter vector m = [m1, m2, . . . , m2K−1 ]T is identical
for horizontal and vertical directions. Under the SC-A scheme, the original point

(
xi, yj

)
is adjusted to

(
x′i , y′j

)
=
(
mixi, mjyj

)
. Accordingly, the original superposed signal S is

converted to S′. The total transmitted power of the signal is converted from P to P′.

P =
1

2K−1

(
2K−1

∑
i=1

x2
i +

2K−1

∑
j=1

y2
j

)
, (2)
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P′ =
1

2K−1

[
2K−1

∑
i=1

x′i
2
+

2K−1

∑
j=1

y′j
2
]
=

1
2K−1

[
2K−1

∑
i=1

(mixi)
2 +

2K−1

∑
j=1

(mjyj)
2

]
. (3)

After taking inverse fast Fourier transform (IFFT), the frequency-domain signal S′

is converted to the time-domain OFDM signal s′, which drives the LED under direct
current (DC) bias [24]. Thus, the modulated light x at the output of LED is as follows:

x = η
(
s′ + sDC

)
, (4)

where η is the current-to-light conversion efficiency of LED, and sDC is the DC bias.
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Figure 2. The demonstration of SC-A in the first and second quadrants. Triangle: the intermediate
points of superposition signals in constellation before SC-A; square: the points of the SC before SC-A;
circle: the points of the SC after SC-A.

The LED output light x propagates through an indoor channel. If only line-of-sight
(LoS) propagation is considered, the channel gain hk between the LED and the user k is
given by the following [25].

hk =


A(m + 1)

2πd2
k

cosm(φk) cos(ψk)TS(ψk)g(ψk), |ψk| ≤ ψc

0, |ψk| > ψc

. (5)

In Equation (5), A is the physical area of photo-detector (PD), and m = −ln(2)/ln(cos φ1/2)
is the order of Lambertian emission, where φ1/2 is the semiangle at half power. dk is the
distance between the LED and user k, φk is the emission angle, ψk is the angle of incidence,
and TS(ψk) is the gain of an optical filter. g(ψk) = n2

s /sin2(ψc) is the gain of an optical
concentrator, where ψc is the concentrator field of view (FOV) semiangle and ns denotes
the refractive index.

The modulated light is collected by PD, which converts it into an electrical signal.
After removing the DC component, the signal for user k is as follows:

yR,k = ηRhks′ + nk, (6)

where R is the responsivity of PD, and nk is the additive white Gaussian noise (AWGN)
with a mean of zero and the variance of σ2

N. yR,k can be normalized as follows:

ŷR,k =
yR,k

ηRhk
= s′ + n̂k, (7)
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where n̂k = nk/(ηRhk) is the normalized noise with the mean of zero and the variance of
σ̂2

N = σ2
N/(ηRhk)

2.
The fast Fourier transform (FFT) module converts the normalized signal ŷR,k to the

frequency-domain signal ŶR,k = S′ + N̂k, where N̂k is the normalized noise in frequency
domain. N̂k = N̂′H + jN̂′V, where N̂′H and N̂′V are the real part and imaginary part of
N̂k, respectively. After that, the SIC algorithm is used to decode each user’s data from
ŶR,k. Since the SC-A scheme is used at the transmitter, the original power allocation
coefficients α1, α2, . . . , αK are no longer optimal for SIC decoding. We should find the
optimal parameters β1, β2, . . . , βK to replace α1, α2, . . . , αK in the procedure of SIC decoding.
The entire process that contains the parameter adjustment for SC at the transmitter and for
SIC at the receiver is called an SC-SIC-A scheme.

3. Performance Analysis and Optimization under SC-SIC-A Scheme

In this section, we investigate the BER and capacity performance of the multi-user
NOMA VLC system under SC-SIC-A scheme. We derive the BER expressions of all K
users, where the rule for the number of terms in each user’s BER expression is found.
We formulate an optimization problem to minimize the average BER by jointly adjusting the
parameters of SC and SIC decoding. Based on the same optimized parameters, the capacity
performance of multi-user NOMA VLC systems under SC-SIC-A scheme is also studied.

3.1. Derivation of BER

We derive the BER expressions of all the K users under the SC-SIC-A scheme. The

SNR of user k is defined as SNRk = γk =
αk Ph2

k
σ2

N
= αk P

σ̂2
N

. As depicted in Figure 2, each point

of SC represents 2K bits, which can be denoted by b1, b2, . . . , b2K. {b1, b2}, {b3, b4} , . . .
and {b2K−1, b2K} are the information bits of 4-QAM signals for all the K users, respectively.
The original scales of the K users’ 4-QAM signals are denoted by Z1, Z2 , . . . , ZK, respec-

tively. We have Z2
k = αkP = z2

k σ̂2
N, where zk =

√
αk
α1

γ1, k ∈ {1, 2, . . . , K}. Then, the BER
expressions of all the K users can be derived as follows.

3.1.1. BER Expression of User 1

Firstly, we derive the BER expression of bits {b1, b2} for user 1. Due to the sym-
metry of the adjusted SC, the BER of b1 for user 1 in the first quadrant is the same
as that in the rest three quadrants. Since the detection of b2 for user 1 in the vertical
direction follows the same principle as that of b1 in the horizontal direction, we have
BER(K,1) =

1
2 (BER1,b1 + BER1,b2) = BER1,b1 . As shown in Figure 2, each quadrant of the

SC can be divided into 2K−1 columns. The BER for the in-phase components of the points in
each column are the same, while the BERs for the in-phase components in various columns
are different from each other. Thus, the BER expression is as follows:

BER(K,1) =
1
2
(BER1,b1 + BER1,b2) = BER1,b1 = E

i∈I

[
BER1,x′i

]
, (8)

where the set I =
{

1, 2, . . . , 2K−1} represents the indices of columns in any quadrant
as shown in Figure 2, E stands for the operation of expectation and BER1,x′i

is the error

probability of b1 for user 1 at the adjusted SC point
(

x′i , y′j
)

. Therefore, the BER expression
of user 1 in Equation (8) is derived as follows:

BER(K,1) =
1

2K−1

1

∑
`1=0

1

∑
`2=0
· · ·

1

∑
`K−1=0

{
Q

[
m(∑K−1

a=1 2a−1`a)+1

(
z1 +

K

∑
q=2

(−1)`q−1 zq

)]
−Q(∞)

}
, (9)

where the detailed derivation process of BER1,x′
2K−1

= Q
(

m2K−1 ∑K
q=1 zq

)
−Q(∞) is shown

in Appendix A.1.
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3.1.2. BER Expression of User 2

Secondly, we derive the BER expression of bits {b3, b4} for user 2. The BER perfor-
mance of user 2 is affected by the previous bits detection of user 1 under the SIC scheme.
Erroneous detection for user 2’s bits can be found by both the conditions that user 1’s bits
are detected correctly and incorrectly. Thus, based on the derivation principle of user 1’s
BER expression, we can obtain the BER expression of user 2 as follows:

BER(K,2) =
1
2
(BER2,b3 + BER2,b4) = BER2,b3 = E

i∈I

[
BER2,x′i

]
= E

i∈I

[
BER2,x′i

⋂
U1 is correct

]
+ E

i∈I

[
BER2,x′i

⋂
U1 is wrong

]
= E

i∈I

[
1

∑
c1=0

BER2,x′i
⋂

U1,c1

]
,

(10)

where BER2,x′i
is the error probability of b3 for user 2 at the adjusted SC point

(
x′i , y′j

)
,

U1 represents user 1 and c1 stands for the detection result of user 1’s bit. The index
c1 = (0, 1) represents the conditions that U1’s bits are detected correctly and wrongly,
respectively. Thus, the BER expression of user 2 in Equation (10) can be written as follows:

BER(K,2) =
1

2K−1

1

∑
`1=0

1

∑
`2=0
· · ·

1

∑
`K−1=0

(−1)`1

 1

∑
r1,1=0

Q

[
m∑K−1

a=1 2a−1`a+1

(
z1 +

K

∑
q=2

(−1)`q−1 zq

)

+(−1)r1,1 z′1
]
−Q

[
m∑K−1

a=1 2a−1`a+1

(
z1 +

K

∑
q=2

(−1)`q−1 zq

)]
−Q

[
(−1)`k−1 ∞

]}
, (11)

where the detailed derivation processes of BER2,x′
2K−1

⋂
U1,1

= Q
(

m2K−1 ∑K
q=1 zq + z′1

)
−

Q(∞) and BER2,x′
2K−1

⋂
U1,0

= Q
(

m2K−1 ∑K
q=1 zq − z′1

)
− Q

(
m2K−1 ∑K

q=1 zq

)
are shown in

Appendix A.2.

3.1.3. BER Expression of User k

Finally, we derive the BER expression of bits {b2k−1, b2k} for user k. The BER of user k
is affected by the previous bits detection of k− 1 users. Thus, there are 2k−1 conditions for
the detection of user k. Thus, based on the derivation principles of b1 for user 1 and b3 for
user 2 at the adjusted SC point (x′2K−1 , y′2K−1), the BER of user k(≥ 2) is as follows:

BER(K,k) =
1
2
(BERk,b2k−1

+ BERk,b2k
) = BERk,b2k−1

= E
i∈I

[
1

∑
c1=0

1

∑
c2=0
· · ·

1

∑
ck−1=0

BERk,x′i
⋂

U1,c1
⋂

U2,c2 ···
⋂

Uk−1,ck−1

]

=
1

2K−1

1

∑
`1=0

1

∑
`2=0
· · ·

1

∑
`K−1=0

(−1)`k−1

 1

∑
r1,1=0

1

∑
r1,2=0

· · ·
1

∑
r1,k−1=0

Q
[
m

∑K−1
a=1 2a−1`a+1(

z1 +
K

∑
q=2

(−1)`q−1 zq

)
+

k−1

∑
t=1

(−1)r1,t z′t

]

−
1

∑
r2,1=0

1

∑
r2,2=0

· · ·
1

∑
r2,k−2=0

Q

[
m

∑K−1
a=1 2a−1`a+1

(
z1 +

K

∑
q=2

(−1)`q−1 zq

)
+

k−2

∑
t=1

(−1)r2,t z′t

]
...

−
1

∑
rk−1,1=0

Q

[
m(∑K−1

a=1 2a−1`a)+1

(
z1 +

K

∑
q=2

(−1)`q−1 zq

)
+ (−1)rk−1,1 z′1

]

−Q

[
m

∑K−1
a=1 2a−1`a+1

(
z1 +

K

∑
q=2

(−1)`q−1 zq

)]
−Q

[
(−1)`k−1 ∞

]}
, (12)
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where z′t =
√

βtγ1
α1

, t ∈ {1, 2, . . . , k− 1}. c`(` = 1, 2, . . . , k − 1) stands for the previous
detection results of k − 1 users’ bits, which represent the conditions that user `’s bit is
detected correctly (c` = 0) or incorrectly (c` = 1). Let α = [α1, . . . , αK]

T be the power allo-
cation coefficient vector and β = [β1, . . . , βK]

T be the SIC decoding parameter vector. When
α = β, Equations (9) and (12) reduce to the BER expressions for K-user NOMA VLC system
under the SC-A scheme.When α = β and SC scale parameter vector m = [1, 1, . . . , 1]T,
Equations (9) and (12) reduce to the BER expressions for the conventional NOMA VLC
system without any adjustments.

Note that as the number of users increases, i.e., K = 4, the BER expression of user 4
is affected by SIC decoding parameters at the receiver. The reason for how SIC decoding
parameters at the receiver affect the BER expression is described in Appendix A.3, where
we find that the bit error does not exist under certain SIC decoding parameters. Therefore,
Equation (12) holds under the following restrictions

(−1)r1,1
k−1

∑
t=u

(−1)r1,t z′t ≥ 0, u ∈ {1, 2, . . . , k− 1}.

(−1)r2,1
k−2

∑
t=u

(−1)r2,t z′t ≥ 0, u ∈ {1, 2, . . . , k− 2}.

...

(−1)rk−1,1
1

∑
t=u

(−1)rk−1,t z′t ≥ 0, u ∈ {1}.

(13)

When the restrictions in Equation (13) are not satisfied, the overlapping part of the
decision regions for all users is affected by z′1, z′2, . . . and z′k−1, which is consistent with
Case II in Appendix A.3. Thus, some parts in Equation (12) become zero under certain z′1,
z′2, . . . , and z′k−1, i.e., when (−1)r1,1 ∑k−1

t=1 (−1)r1,t z′t < 0, the ∑k−1
t=1 (−1)r1,t z′t in Equation (12)

becomes zero.

3.2. NOMA Triangle Regarding the Terms of Q-Function

When the modulation format is 4-QAM, the BER expressions of user k under K-user
NOMA VLC system are shown in Equations (9) and (12), where Equations (9) and (12)
apply to user 1 and user k(≥ 2), respectively. As shown in Equations (9) and (12), the BER
expression for a particular user under the multi-user NOMA VLC system is the summation
of the Q-function. Based on the derivation principles of BER expressions in the Section 3.1,
the BER of user k is affected by the previous detection results of k− 1 users. Thus, there are
2k−1 conditions for the detection of user k. As the conditions number of detection increases,
the number of terms for BER expressions in terms of Q-function also grows.

In order to investigate the BER expression for each user, we list the number of terms
for each user’s BER expression in Table 1, where NK stands for the number of users in
NOMA VLC system, NT represents the number of terms for a particular user’s BER ex-
pression and UK represents a particular user under K-user NOMA scheme. The value of
NT for each user’s BER expression does not take Q(−∞) and Q(∞) into account, since
Q(−∞) = 1 and Q(∞) = 0. Note that, in the vertical direction of Table 1, when the
number of superimposed users increases by one under NOMA scheme, the number
of terms for the BER expressions doubles under the same UK. We can see that, under
the K-user NOMA VLC system, the number of terms of BER expressions for K users in-

cludes
[
2K−1, 2K−1 ∑1

i=0 2i, 2K−1 ∑2
i=0 2i, . . . , 2K−1 ∑k−1

i=0 2i, . . . , 2K−1 ∑K−1
i=0 2i

]T
, respectively.

According to the rule shown in the Table 1, we can obtain the number of terms for each
user’s BER expression under K-user NOMA scheme. Since the number of terms for BER
expressions for K users is distributed as a triangle in Table 1, we name this rule as NOMA
triangle regarding the terms of Q-function.
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Table 1. NOMA triangle regarding the terms of Q-function for K-user NOMA VLC system using 4-QAM.

NK

NT UK
1 2 3 4 5 · · · k · · · K

1 20

2 21 21 ∑1
i=0 2i

3 22 22 ∑1
i=0 2i 22 ∑2

i=0 2i

4 23 23 ∑1
i=0 2i 23 ∑2

i=0 2i 23 ∑3
i=0 2i

5 24 24 ∑1
i=0 2i 24 ∑2

i=0 2i 24 ∑3
i=0 2i 24 ∑4

i=0 2i

...
...

...
...

...
...

. . .
k 2k−1 2k−1 ∑1

i=0 2i 2k−1 ∑2
i=0 2i 2k−1 ∑3

i=0 2i 2k−1 ∑4
i=0 2i · · · 2k−1 ∑k−1

i=0 2i

...
...

...
...

...
...

...
...

. . .
K 2K−1 2K−1 ∑1

i=0 2i 2K−1 ∑2
i=0 2i 2K−1 ∑3

i=0 2i 2K−1 ∑4
i=0 2i · · · 2K−1 ∑k−1

i=0 2i · · · 2K−1 ∑K−1
i=0 2i

3.3. Optimization of BER Performance

We would like to find the minimum average BER under the SC-SIC-A scheme. The
BER expressions are a function of SC scale parameters m1, m2, . . . , m2K−1 and the SIC de-
coding parameters β1, β2, . . . , βK. Thus, we establish an optimization problem to improve
BER performance of a multi-user NOMA VLC system by joint optimization of the vector
of SC scale parameters m and the vector of SIC decoding parameters β. The minimization
of average BER among K users is used as the objective function, which can be formulated
as follows:

P : minimize
m, β

1
K

K

∑
k=1

BER(K,k), (14)

s.t., C1 : P′ ≤ P,

C2 : βK ≤ βK−1 ≤, . . . ,≤ β1,

where (C1) and (C2) are the constraints of problem (14), and (C1) guarantees that the
total transmitted power of signal after adjustment is no larger than that before the adjust-
ment and (C2) is used to maintain the same decoding order as that of the conventional
NOMA VLC system without any adjustments. Due to the robustness of DE algorithm
in optimization problems, the problem (14) is solved by DE algorithm [26]. By using the
DE algorithm, the optimal SC scale parameters m∗1 , m∗2 , . . . , m∗2K−1 and the SIC decoding
parameters β∗1, β∗2 . . . , β∗K are obtained. When only (C1) is considered, the optimization
problem (14) for the proposed SC-SIC-A scheme is simplified to that for the SC-A scheme.

3.4. Derivation of Capacity

We derive the capacity expression of each user in the K-user NOMA VLC system under the
SC-SIC-A scheme. The channel capacity of user 1 can be written as C(K,1) = max I

(
ŶR,1; S1

)
,

where I represents the mutual information, S1 stands for the transmitter data of user 1 and
ŶR,1 is the superposition signal at the receiver of user 1 under the SC-SIC-A scheme, which
is the function of SC scale parameters m1, m2, . . . , m2K−1 . Then, I

(
ŶR,1; S1

)
can be derived

as follows:
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I
(
ŶR,1; S1

)
= I
(
S′ + N̂1; S1

)
=
∫

f (ŶR,1) log2
f (ŶR,1|S1)

f (ŶR,1)
dŶR,1

= log2 4× 1
4K ∑

S1∈S1

· · · ∑
SK∈SK

∫
f (ŶR,k|Sk, . . . , SK)dŶR,1

− 1
4K ∑

S1∈S1

∑
S2∈S2

· · · ∑
SK∈SK

∫
f (ŶR,1|S1, S2, . . . , SK)

× log2
∑S1∈S1 ∑S2∈S2

· · ·∑SK∈SK
f (ŶR,1|S1, S2, . . . , SK)

∑S2∈S2
· · ·∑SK∈SK

f (ŶR,1|S1, S2, . . . , SK)
dŶR,1,

(15)

where the following is the case.

f (ŶR,1) =
1

4K ∑
S1∈S1

∑
S2∈S2

· · · ∑
SK∈SK

f (ŶR,1|S1, S2, . . . , SK),

f (ŶR,1|S1) =
1

4K−1 ∑
S2∈S2

· · · ∑
SK∈SK

f (ŶR,1|S1, S2, . . . , SK),

f (ŶR,1|S1, S2, . . . , SK) =
1
π

e−|ŶR,1−∑K
t=1
√

αtSt|2 . (16)

Based on the same principle, the capacity of user k can be derived as follows:

C(K,k) = max I
(
ŶR,k; Sk|S1, S2, . . . , Sk−1

)
= max I

(
ŶR,k −

k−1

∑
t=1

√
βtSt + N̂k; Sk

)
= max I

(
ỸR,k; Sk

)
,

(17)

where ŶR,k is the superposition signal at the receiver of user k, Sk represents the transmit-
ter data of user 1 and ỸR,k = ŶR,k − ∑k−1

t=1

√
βtSt + N̂k. Then, I

(
ỸR,k; Sk

)
can be written

as follows:

I
(
ỸR,k; Sk

)
=
∫

f (ỸR,k) log2
f (ỸR,k|Sk)

f (ỸR,k)
dỸR,k

= log2 4× 1
4K−k ∑

Sk∈Sk

· · · ∑
SK∈SK

∫
f (ỸR,k|Sk, . . . , SK)dỸR,k

− 1
4K−k ∑

Sk∈Sk

∑
Sk+1∈Sk+1

· · · ∑
SK∈SK

∫
f (ỸR,k|Sk, . . . , SK)

× log2
∑Sk∈Sk

· · ·∑SK∈SK
f (ỸR,k|Sk, . . . , SK)

∑Sk+1∈Sk+1
· · ·∑SK∈SK

f (ỸR,k|Sk, . . . , SK)
dỸR,k,

(18)

where the following is the case.

f (ỸR,k) =
1

4K−k ∑
Sk∈Sk

∑
Sk+1∈Sk+1

· · · ∑
SK∈SK

f (ŶR,k −
k−1

∑
t=1

√
βtSt + N̂k|Sk, . . . , SK),

f (ỸR,k|Sk) =
1

4K−k−1 ∑
Sk+1∈Sk+1

· · · ∑
SK∈SK

f (ŶR,k −
k−1

∑
t=1

√
βtSt + N̂k|Sk, . . . , SK), (19)

f (ỸR,k|Sk, . . . , SK) =
1
π

e−
∣∣∣ŶR,k−∑k−1

t=1

√
βtSt+N̂k−∑K

t=k
√

αtSt

∣∣∣2 .

From Equations (15)–(19), we can find that capacity expressions are a function of SC
scale parameters m1, m2, . . . , m2K−1 and the SIC decoding parameters β1, β2, . . . , βK. The
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same optimized parameters obtained by solving the problem (P) are also suitable for
investigation on the capacity performance of the SC-SIC-A scheme.

4. Results and Discussion

In this section, without loss of generality, we investigate the BER and capacity per-
formance for multi-user NOMA VLC system by letting K = 2 and K = 3. We present
the results of theoretical analyses, MC simulations and experiments compared with other
benchmark schemes to show the effectiveness and feasibility of the proposed SC-SIC-A
scheme in Figure 1. The parameters of DE algorithm, MC simulation and experiment in
NOMA VLC system are listed in Tables 2–4.

Table 2. DE algorithm parameters.

Parameter Value

Population size 500
Generation number 1000

Mutation factor 0.5
Crossover probability 0.2

Table 3. Simulation parameters [25,27,28].

Parameter Value

FOV at a receiver, ψc 60◦

PD detection area, A 1 cm2

Optical filter, TS(ψi) 1
Semiangle at half power, φ1/2 60◦

Refractive index, ns 1.5
Responsivity of PD, R 1 A/W

Current-to-light conversion efficiency, η 1 W/A
Power allocation coefficient vector when K = 2, α [0.6, 0.4]T

Power allocation coefficient vector when K = 3, α [0.6, 0.3, 0.1]T

Table 4. Experiment parameters.

Parameter Value

Power allocation coefficient vector when K = 2, α [0.6, 0.4]T

Power allocation coefficient vector when K = 3, α [0.6, 0.3, 0.1]T

Data rate 10 M symbol/s
Semiangle at half power of VLC transmitter module 60◦

Optical wavelength of VLC transmitter module 459.3 nm
Active area of VLC receiver module 1 cm2

4.1. Benchmark Schemes

The BER and capacity performance of the proposed SC-SIC-A scheme in Figure 1 is
compared with two benchmark schemes, which are called the no adjustment scheme and
the SC-A scheme. The no adjustment scheme superimposes user signals by using NOMA
without adjusting the parameters of SC or SIC decoding, while the SC-A scheme adjusts
the parameters of SC at the transmitter. Note that the SC-A scheme for two-user NOMA
VLC system was proposed in [20]. In this work, for comparison, the SC-A scheme has been
applied to two-user and three-user NOMA VLC systems, respectively.

4.2. Theoretical Analysis and MC Simulation

We analyze the BER performance of the multi-user NOMA VLC system by letting
K = 2. The SCs under the three schemes are depicted in Figure 3, where the adjusted
parameters are obtained according to the optimization problem (P), when γ1 is 21 dB. We
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can see that, under the SC-SIC-A scheme, all four points with the same color are confined in
one quadrant and the distances between adjacent points in constellation are almost identical
compared with that under the SC-A scheme and under the no adjustment scheme. Thus,
an improved BER performance for all users can be expected under the SC-SIC-A scheme.

The BER performance is shown in Figure 4, where the results of theoretical analysis
and MC simulation match very well. Note that under the no adjustment scheme, user 1 and
user 2 can achieve the BER of 10−3 when γ1 is 23.9 dB, for which its corresponding BER
curves basically coincide. Under the SC-A scheme, γ1 to achieve BER of 10−3 decreases
from 23.9 dB to 14.8 dB for user 1, and the value of γ1 to achieve BER of 10−3 decreases from
23.9 dB to 15.7 dB for user 2 at the same time. Under the proposed SC-SIC-A scheme in
Figure 1, the obtained vectors of optimal adjustment parameters are m∗ = [3.1644, 0.9529]T

and β∗ = [0.8015, 0.1947]T, when γ1 is 21 dB. With m∗ and β∗, the equality in (C1) holds,
and ∑2

k=1 β∗k is smaller than and very close to 1. Moreover, we can see that the optimal
power allocation coefficients β∗1, β∗2, . . . , β∗K for SIC decoding are different from the original
power allocation coefficients α1, α2, . . . , αK. The values of γ1 to achieve the BER of 10−3

are 13.5 dB and 14.9 dB for the two users, respectively. Compared with the no adjustment
scheme, the corresponding reductions in γ1 to achieve the BER of 10−3 are 9.1 dB and 8.2 dB
for the two users, respectively. Meanwhile, the corresponding reductions in γ1 to achieve
the same level of BER are 1.3 dB and 0.8 dB, respectively, compared with the SC-A scheme.

Figure 3. The SCs of (a) the no adjustment scheme, (b) the SC-A scheme and (c) the SC-SIC-A scheme.
The parameters of (b,c) are obtained, when K = 2 and γ1 = 21 dB. Colours and markers are used to
distinguish the data of user 1.
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User 2, theory, SC-SIC-A
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Figure 4. The BER performance for each user of multi-user NOMA VLC system, when K = 2.

Then, we analyze the performance of the multi-user NOMA VLC system by letting
K = 3. The SCs under three schemes when γ1 is 21 dB are shown in Figure 5. We can
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see that, under the no adjustment scheme, some of the points with one colour enter the
adjacent quadrants with another colour, which deteriorates BER performance and leads to
error floors of all users. Meanwhile, under the proposed SC-SIC-A scheme, all 16 points
with the same colour are confined in the corresponding quadrants and the distances
between adjacent points in constellation are almost identical compared to that under the no
adjustment scheme and SC-A scheme. Thus, a better BER performance can be achieved by
jointly adjusting the parameters of SC at the transmitter and SIC decoding at the receiver.

Figure 5. The SCs of (a) the no adjustment scheme, (b) the SC-A scheme and (c) the SC-SIC-A scheme.
The parameters of (b,c) are obtained, when K = 3 and γ1 = 21 dB. Colours are used to distinguish the
data of user 1, and markers are used to distinguish the data of user 2 when user 1’s data are detected.

The BER performance of three-user NOMA VLC system is shown in Figure 6, where
the results of theoretical analysis and MC simulation match very well. We can find that
all three users cannot achieve the BER of 10−3, and the error floors for all users can be
observed under the no adjustment scheme. Under the SC-A scheme, the error floors are
eliminated, and the values of γ1 to achieve the BER of 10−3 are 24.3 dB, 24.3 dB and 25.8 dB
for the three users, respectively. Under the SC-SIC-A scheme in Figure 1, the obtained
vector of optimal adjustment parameters are m∗ = [−2.5583, 1.1801, 1.0851, 0.9344]T and
β∗ = [0.7607, 0.1940, 0.0451]T, when γ1 is 21 dB. Moreover, note that the optimal adjustment
parameters β∗1, β∗2, . . . , β∗K for SIC decoding are different from the original power allocation
coefficients α1, α2, . . . , αK due to the SC adjustment at the transmitter. With joint transceiver
optimization, the values of γ1 to achieve the BER of 10−3 are 18.6 dB, 20.0 dB and 21.2 dB
for the three users, respectively. The reductions in γ1 to achieve BER of 10−3 are 5.7 dB,
4.3 dB and 4.6 dB for the three users, respectively, comparing to the BER performance
under SC-A scheme. When γ1 is 21 dB, the SCs in the three schemes are shown in the
Figures 3 and 5, by letting K = 2 and K = 3. It can be found that the adjusted SC is clearer.
Therefore, BER performance is improved. The γ1 reductions to achieve BER of 10−3 by
using the SC-SIC-A scheme compared with SC-A scheme under various power allocation
coefficients are shown in Table 5, from which we can observe that the SC-SIC-A scheme
performs almost better than the SC-A scheme under various power allocation coefficients.
We can conclude that whether it is the two-user or the three-user NOMA VLC system, BER
performance is significantly improved under the SC-SIC-A scheme.

The sum capacity performance of the multi-user NOMA VLC system with K = 2 and
K = 3 is shown in Figure 7. To begin with, we analyze the sum capacity performance of the
two-user NOMA VLC system. We can observe that the sum capacity increases very slowly
and achieves its maximum value when γ1 is 27.0 dB under the no adjustment scheme.
Under the SC-A scheme, the value of γ1 making the sum capacity achieve 4 bps/Hz is
15.0 dB. The reduction in γ1 to achieve sum capacity of 4 bps/Hz is 12.0 dB. Under the
SC-SIC-A scheme, the value of γ1 is 15.0 dB, when the sum capacity achieves 4 bps/Hz,
which is the same as the SC-A scheme. Then, we analyze the sum capacity performance of
NOMA VLC system, when K = 3. We can find that, when SC is not adjusted, sum capacity
increases very slowly and reaches its maximum value until γ1 is 29.8 dB. Under the SC-A



Photonics 2022, 9, 168 13 of 20

scheme, the value of γ1 making the sum capacity achieve 6 bps/Hz is 25.0 dB, which is
smaller than that under the no adjustment scheme. However, the value of γ1 to achieve the
maximum of sum capacity is 24.0 dB under the SC-SIC-A scheme. Meanwhile, when γ1
is more than 13.7 dB, the sum capacity curve acquired by the SC-SIC-A scheme performs
better than others. Therefore, the sum capacity performance is improved.
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Figure 6. The BER performance for each user of multi-user NOMA VLC system, when K = 3.
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Figure 7. The sum capacity of multi-user NOMA VLC system, when K = 2 and K = 3.

Table 5. The γ1 reductions to achieve BER of 10−3 by using the SC-SIC-A scheme compared with
SC-A scheme under various power allocation coefficients.

Power Allocation
Coefficient Vector α

γ1 Reduction for
User 1

γ1 Reduction for
User 2

γ1 Reduction for
User 3

[0.6, 0.4]T 1.3 dB 0.8 dB -
[0.7, 0.3]T 0.6 dB 0.3 dB -
[0.8, 0.2]T 0 dB 0 dB -

[0.5, 0.3, 0.2]T 8.6 dB 0.8 dB 6.4 dB
[0.6, 0.3, 0.1]T 5.7 dB 4.3 dB 4.6 dB
[0.7, 0.2, 0.1]T 0.4 dB 0 dB 0.3 dB

[0.85, 0.15, 0.05]T 0.7 dB 0.8 dB 0.1 dB
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4.3. Experiment

In this part, we verify the improvement of BER performance of multi-user NOMA
VLC systems by conducting an experiment. Due to the limitation of devices, the maximum
SNR during signal detection is about 20 dB. Therefore, the verification of experiment is
carried out in indoor environments under two-user and three-user NOMA VLC systems
as examples.

The experimental setup of the NOMA VLC system is shown in Figure 8. The two users’
4-QAM data are generated offline using MATLAB in personal computer (PC). The two 4-QAM
data with particular power allocation coefficient are superposed to generate a frequency-
domain NOMA signal, which is converted to the time-domain OFDM signal, after passing
through 64-point IFFT module. Note that Hermitian symmetry is used to the generate real-
valued OFDM signal. Two thousand OFDM signals were uploaded to the arbitrary wave-
form generator (AWG) (RIGOL DG1062Z) with a sampling rate of 10 MSa/s. Subsequently,
the signal generated by AWG drives the VLC transmitter module (HCCLS2021MOD01-TX),
which converts the electrical signal into modulated light. After 1 m propagation, the modu-
lated light reaches the VLC receiver module (HCCLS2021MOD01-RX), which converts it
back to electrical signals. The converted electrical signal is captured by the oscilloscope
(ROHDE&SCHWARZ RTE1022) and is downloaded to the PC for offline processing.

AWG OscilloscopePC PC

VLC 

Transmitter 

Module

VLC 

Receiver 

Module
1 m

Figure 8. Experimental setup of the NOMA VLC system.

The experimental parameters are shown in Table 4, where the vectors of power al-
location coefficient α of two-user and three-user NOMA VLC systems are [0.6, 0.4]T and
[0.6, 0.3, 0.1]T, respectively. In the experiment, the values of γ1 are changed under different
powers of the transmitted signal. Therefore, we change the transmitted signal power
by changing the voltage peak value of transmitted signal from 50 mV to 250 mV. BER
performance is obtained under various γ1.

BER performance when K = 2 is shown in Figure 9. Under the no adjustment scheme,
user 1 and user 2 cannot achieve the BER of 10−3 with γ1 in the range of 9 dB to 20 dB.
Under the SC-A scheme, the values of γ1 to achieve the BER of 10−3 are 14.7 dB and 15.8 dB
for the two users, respectively. Under the SC-SIC-A scheme, the values of γ1 to achieve
the BER of 10−3 are 13.5 dB and 14.9 dB for the two users, respectively. Compared with
the SC-A scheme, the corresponding reductions in γ1 to achieve the same level of BER are
1.2 dB and 0.9 dB, respectively. In addition, from the Figures 4 and 9, we can see that the
results of theoretical analysis and experiment match very well under different values of
γ1. BER performance when K = 3 is shown in Figure 10. Under the no adjustment scheme,
when the value of γ1 is between 9 dB and 20 dB, the error floors of all three users can be
observed. Under the SC-A scheme, the BER of all the three users cannot reach 10−3 in
the experiment. Under the SC-SIC-A scheme, although user 3 cannot achieve the BER of
10−3, user 1 and user 2 can achieve the BER of 10−3 when the values of γ1 are 18.7 dB and
20.0 dB, respectively. Note from Figures 6 and 10 that the results of theoretical analysis
and experiment also match well when K = 3. The SCs under the three schemes obtained
by experiment at the receiver are shown in the Figures 11 and 12. It can be found that
the adjusted SCs under the SC-SIC-A scheme are better than the others, and the distances
between adjacent points in the adjusted SCs under SC-SIC-A scheme are almost identical.
Therefore, BER performance is improved. The joint transceiver optimization under the
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SC-SIC-A scheme has an important impact on the improvement of BER performance of
multi-user NOMA VLC systems.
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Figure 9. The experimental BER performance for each user of multi-user NOMA VLC system, when
K = 2.
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Figure 10. The experimental BER performance for each user of multi-user NOMA VLC system, when
K = 3.
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Figure 11. The SCs of the two-user NOMA VLC system obtained by experiment, when γ1 = 18 dB.
(a) No adjustment scheme; (b) SC-A scheme; (c) SC-SIC-A scheme.



Photonics 2022, 9, 168 16 of 20

-0.02 0 0.02

In-Phase

-0.02

0

0.02

Q
u

a
d

r
a

tu
r
e

(a)

-0.02 0 0.02

In-Phase

-0.02

0

0.02

Q
u

a
d

r
a

tu
r
e

(b)

-0.02 0 0.02

In-Phase

-0.02

0

0.02

Q
u

a
d

r
a

tu
r
e

(c)

Figure 12. The SCs of the three-user NOMA VLC system obtained by experiment, when γ1 = 18 dB.
(a) No adjustment scheme; (b) SC-A scheme; (c) SC-SIC-A scheme.

5. Conclusions

In this paper, we propose a joint transceiver optimization scheme to improve BER
and the capacity performance of multi-user NOMA VLC systems. This scheme is called
SC-SIC-A scheme, where the parameters of SC at the transmitter and the SIC decoding at the
receiver are jointly adjusted. We derive closed-form BER expressions under the proposed
SC-SIC-A scheme for a multi-user NOMA VLC system. The rule for the number of terms
for each user’s BER expression is found, which is named as NOMA triangle regarding the
terms of Q-function. Based on the derived BER expressions, we formulate the optimization
problem to minimize the average BER for all users by adjusting the parameters of SC and
SIC decoding, which is solved by the DE algorithm. We also derive the capacity expressions
under the proposed SC-SIC-A scheme. In order to verify the effectiveness and feasibility
of the proposed SC-SIC-A scheme, an indoor experiment was carried out. The results of
theoretical analysis, MC simulation and experiment match very well, which verifies that
the proposed SC-SIC-A scheme can achieve better performance compared with the SC-A
scheme in terms of BER and sum capacity performance for multi-user NOMA VLC system.
Specifically, for three-user NOMA VLC system, the results show that, compared with SC-A
scheme, the SC-SIC-A scheme can reduce SNR to achieve BER of 10−3 by 5.7 dB, 4.3 dB
and 4.6 dB for the three users, respectively, and can reduce SNR to achieve the maximum
sum capacity by 1.0 dB. Thus, we recommend that the proposed SC-SIC-A scheme can be
widely used for multi-user NOMA VLC systems.
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Appendix A

Appendix A.1

We take the adjusted SC point (x′2K−1 , y′2K−1) = (m2K−1 x2K−1 , m2K−1 y2K−1) at the 2K−1th
column in the first quadrant of Figure 2 as an example to illustrate the derivation of
BER1,x′i

, where b1 of the superposed signal at point (x′2K−1 , y′2K−1) is denoted as ‘1’. The
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distance between point (x′2K−1 , y′2K−1) and Q-axis is
m2K−1 ∑K

q=1 zq σ̂N√
2

. When the amplitude of

the noise’s horizontal component N̂′H is larger than
m2K−1 ∑K

k=1 zk σ̂N√
2

, the noisy signal of point

(x′2K−1 , y′2K−1) in the horizontal direction falls into the region of b1 =‘0’, which is the left
side of the Q-axis. Consequently, b1 is detected incorrectly as ‘0’, where the bit error of b1
occurs. Thus, the BER expression of b1 for user 1 at the adjusted SC point (x′2K−1 , y′2K−1) can
be written as follows [29]:

BER1,x′
2K−1

= Q

(
m2K−1

K

∑
q=1

zq

)
−Q(∞), (A1)

where Q(·) is the Q-function. Similarly, the BER for b1 of user 1 at the adjusted SC point in
other columns, i.e., i = 1 to i = 2K−1 − 1, follows the same principle.

Appendix A.2

We use Figure A1 to illustrate the derivation of user 2’s BER explicitly. In Figure A1,
we take the adjusted SC point (x′2K−1 , y′2K−1) as an example, for which its bit sequence
{b1, b2, b3, b4} is denoted as ‘1010’. In the horizontal direction, the detection result of b1 for
user 1 affects its detection of b3 for user 2. The condition that user 1’s b1 is detected correctly
is shown in Figure A1a. When the scale of noise’s horizontal component N̂′H is smaller than
m2K−1 ∑K

q=1 zq σ̂N√
2

, b1 of user 1 is detected correctly. The corresponding decision threshold of
b1 is the Q-axis, and b1 is detected as ‘1’ when the noisy superposed NOMA signal falls

into the right side of Q-axis. Similarly, when
m2K−1 ∑K

q=1 zq σ̂N−z′1σ̂N√
2

≤ N̂′H <
m2K−1 ∑K

q=1 zq σ̂N√
2

or N̂′H ≥
m2K−1 ∑K

q=1 zq σ̂N+z′1σ̂N√
2

, the noisy signal of adjusted SC point (x′2K−1 , y′2K−1) in the
horizontal direction falls into the region that b3 = ‘0’, which results in the erroneous
detection of b3. The decision thresholds of b3 are denoted by the yellow dotted lines in
Figure A1a, and the decision regions where b3 is detected wrongly are the left side of
the yellow dotted lines in the corresponding quadrants. The area of shaded region in
Figure A1a is the error probability of b3. Thus, the BER expression of b3 for user 2 at
adjusted SC point (x′2K−1 , y′2K−1) under the condition that b1 of user 1 is detected correctly is
given by the following:

BER2,x′
2K−1

⋂
U1,0

= Q

(
m2K−1

K

∑
q=1

zq − z′1

)
−Q

(
m2K−1

K

∑
q=1

zq

)
, (A2)

where z′1 =
√

β1γ1
α1

. The condition that b1 of user 1 is detected wrongly is shown in
Figure A1b. Following the same principle as that depicted in Figure A1a, the area of
shaded region in Figure A1b is the error probability of b3 for user 2 at adjusted SC point
(x′2K−1 , y′2K−1) under the condition that user 1 is detected wrongly, and the corresponding
BER expression is as follows.

BER2,x′
2K−1

⋂
U1,1

= Q

(
m2K−1

K

∑
q=1

zq + z′1

)
−Q(∞). (A3)

Since the b3 of user 2 at the adjusted SC point in the rest columns follows the same
principle to derive its BER expression, the BER of user 2 can be obtained according to
Equation (10).
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Figure A1. The constellations of the adjusted SC point (x′2K−1 , y′2K−1 ) for deriving BER2,x′
2K−1

in K-user
NOMA VLC system. (a) User 1 is detected correctly and (b) user 1 is detected incorrectly.

Appendix A.3

Under the condition that the bit of user 1 is detected correctly and the bits of user 2 and
user 3 are detected incorrectly to derive the BER expression of user 4, we take the adjusted
SC point (x′8, y′8) in first quadrant as an example to explain the special cases affected by
SIC decoding parameters, which are shown in Figure A2. The bit sequence of the adjusted
SC point (x′8, y′8) is denoted as {b1, b2, b3, . . . , b8}. In the horizontal direction, the detection
results of the first bit for user 1, user 2 and user 3 affect the detection of b7 for user 4.
Following the derivation principles of user 2’s BER expression, the decision thresholds of
b1, b3, b5 and b7 are the Q-axis, orange dotted line, purple dotted line and green dotted
line in Figure A2, respectively. Regions that b1 is detected correctly and b3, b5 as well as b7
are detected incorrectly are the right side of Q-axis and the left side of all dotted lines in
the corresponding quadrants, respectively. The area of the part where the decision regions

of b1, b3, b5 and b7 overlap is affected by z′1 =
√

β1γ1
α1

, z′2 =
√

β2γ1
α1

and z′3 =
√

β3γ1
α1

. The
case that z′1 − z′2 − z′3 ≥ 0 is called Case I, which is illustrated in Figure A2a. From the
constellation of the adjusted SC point (x′8, y′8) under Case I, we can find that the area of
shaded region is the error probability of b7 for user 4. Thus, the BER expression under Case
I is given by the following.

BERCase I = Q

[
m8

4

∑
q=1

zq −
(
z′1 − z′2 − z′3

)]
−Q

(
m8

4

∑
q=1

zq

)
. (A4)

The case where z′1 − z′2 − z′3 < 0 is called Case II, which is illustrated in Figure A2b.We
can find that the overlapping part of the decision regions of b1, b3, b5 and b7 do not exist.
Thus, there is no bit error under the Case II, i.e., the BER expression under Case II is zero.
Note that let z′1 − z′2 − z′3 in Equation (A4) be zero, the BER expression Equation (A4) under
Case I is changed to that under Case II. Thus, the BER expression under Case II can be
written as follows.

BERCase II = Q

(
m8

4

∑
q=1

zq

)
−Q

(
m8

4

∑
q=1

zq

)
= 0. (A5)
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Figure A2. The constellations of the adjusted SC point (x′8, y′8) for deriving BER expression of user 4
in four-user NOMA VLC system. (a) The constellation of Case I and (b) the constellation of Case II.
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