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Abstract: Nowadays, visible light communication (VLC) systems have become one of the candidate
technologies for high data rate indoor communications. However, the main challenge to develop
a high data rate VLC system is the narrow modulation bandwidth of light-emitting diodes (LEDs).
Power domain non-orthogonal multiple access (PD-NOMA) is a promising scheme to enhance the
spectral efficiency of downlink VLC systems. In this paper, we introduce cooperative PD-NOMA to
the system to improve the signal reception for the far users. We evaluate the bit error rate (BER) and
achievable rate performance of non-cooperative and cooperative PD-NOMA under perfect channel
state information (CSI). Moreover, we drive analytic expressions for the BER and provide a Monte
Carlo simulation results for verifying the validity of the derived analytical BER results. The results
show that cooperative PD-NOMA outperforms non-cooperative PD-NOMA by 8.2 dB at BER 10−6

and by achievable rate 14.1 bit/s/Hz at 45 dB in a two-user scenario.

Keywords: visible light communication (VLC); power domain non-orthogonal multiple access
(PD-NOMA); cooperative PD-NOMA; bit error rate (BER); achievable rate

1. Introduction

Visible light communication (VLC) is an attractive complementary wireless communication
technique to conventional radio frequency (RF), especially in indoor environments due to its high
data rate capability. VLC exploits light-emitting diodes (LEDs) lighting infrastructure which provides
illumination and data transmission simultaneously [1]. VLC is an economical and secure system that
can provide a high quality of service (QoS) with no electromagnetic interference, particularly in indoor
environments [2,3].

One of the main advantages of LEDs is their ability to transmit data by varying the light intensity
at very high frequency without being perceived by the human eye. This process is called intensity
modulation (IM). At the receiver end, in a process known as direct detection (DD), a photodetector
(PD) is used to generate an electrical current proportional to the variation in the received optical
power [4]. The most commonly used IM technique is the on–off keying (OOK) modulation scheme due
its implementation simplicity [5].

In spite of the above remarkable advantages, the major limitation to developing a high data rate
link in VLC is the narrow modulation bandwidth of LEDs (several megahertz), which is a hardware
issue [2]. Nevertheless, to overcome this constraint, multiple access techniques are used [6]. In [7], the
authors discuss several multiple-access techniques to improve the downlink VLC data rate, including
orthogonal multiple-access (OMA) techniques such as time division multiple access (TDMA), code
division multiple access (CDMA) and orthogonal frequency division multiple access (OFDMA).
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On the other hand, power domain non-orthogonal multiple access (PD-NOMA) has an advantage
over other conventional OMA techniques because different users can share the same time and frequency
resources in the power domain, and thereby increase the spectral efficiency [8,9]. At the transmitter
end, superposition coding is used to superimpose the signals of different users in the power domain
by allocating a certain power level to each user based on its corresponding channel condition.

PD-NOMA allocates low power levels to users with good channel conditions, and high power
levels to users with bad channel conditions. Therefore, at the receiver end, the user with bad channel
conditions (highest power allocation) can directly decode its signal and treats other signals as noise.
Meanwhile, other users have to apply successive interference cancellation (SIC) for multiuser signals
separation before decoding their own signals [8].

Several researchers report on the PD-NOMA-VLC performance in comparison to other OMA
techniques. The authors in [10,11] investigate the ergodic sum rate of PD-NOMA-VLC. Their results
show that PD-NOMA outperforms TDMA in terms of system capacity. The authors in [12] illustrate
the superior performance of PD-NOMA-VLC over OFDMA scheme in terms of achievable data rate.
Thus, one can conclude that PD-NOMA is an attractive multiple-access technique in VLC systems.

The authors in [13,14] propose cooperative relaying as a promising candidate that improves
the link reliability, and that extends the communication systems range. The authors in [15] apply
PD-NOMA to multiple-antenna relaying networks to study the outage behavior of mobile users. Their
results show that PD-NOMA improves spectral efficiency and fairness of the system compared to
OMA schemes. Consequently, the authors in [16] propose a cooperative PD-NOMA for 5G systems
where the user with good channel condition acts as a relay that retransmits data of the users with bad
channel conditions by exploiting the prior information acquired from the SIC process.

In addition to the downlink transmission phase in PD-NOMA, the user with good channel
condition acts as decode and forward (DF) relay for other users with bad channel conditions to enhance
the signal reception reliability. Users cooperate and transmit data by using short-range communication
technologies, like ultra-wideband and Bluetooth. Otherwise, users with good channel conditions
require extra time slots to deliver data to those with bad channel conditions [16].

To the best of our knowledge, this paper is the first to investigate the bit error rate (BER)
performance of cooperative PD-NOMA in downlink VLC systems and to compare it to non-cooperative
PD-NOMA under perfect channel state information (CSI). In this context, we drive a closed-form
expression for BER and provide Monte Carlo simulation results to validate the derived analytical BER.
Moreover, we calculate the achievable rate of each user for non-cooperative and cooperative PD-NOMA.

The remainder of this paper is organized as follows; in Section 2 we give an indoor downlink VLC
channel description and system model explanation of non-cooperative and cooperative PD-NOMA.
In Section 3, we analyze the BER system performance under perfect CSI. In Section 4, we provide
numerical results and related discussions. Finally, we conclude the paper in Section 5.

2. System Model

We consider an indoor VLC system that consists of a single LED transmitter located on the ceiling
of a room. This LED is used for illumination and communication simultaneously to serve M users.
We apply OOK modulation technique to modulate the light intensity based on the data received
through a power line communications (PLC) network. Moreover, each user has a single photodetector
(PD) facing the ceiling.

2.1. VLC Channel Model

Modeling the VLC channel in this paper, as shown in Figure 1, takes into account only the line
of sight (LOS). Although VLC channel has a diffusive component, it can be neglected because the
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reflected signal has very low energy compared to that of the LOS signal [17]. The direct current (DC)
channel gain between user Uk and the LED is given as in [18] by:

hk =


Ak
d2

k
Ro(φk)Ts(ψk)g(ψk) cos (ψk), 0 ≤ ψk ≤ ψc

0, ψk > ψc
(1)

where k = 1, 2, . . . , M, Ak denotes the detection area of the PD, dk donates the Euclidean distance between
the LED and the k-th user. The PD field of view (FOV) is donated by ψc while the angle of incidence
with respect to the axis normal to the transmitter surface and the angle of irradiance with respect to the
axis normal to the receiver surface are denoted by ψk and φk, respectively. Ts(ψk) represents the gain
of the optical filter used at the receiver and g(ψk) is the gain of the optical concentrator, which is given
as in [18] by:

g(ψk) =

 n2

sin2(Ψc)
, 0 ≤ ψk ≤ ψc

0, ψk > ψc
(2)

where n is the corresponding reflective index of the optical concentrator. Furthermore, Ro(φk) is the
Lambertian radiant intensity of the LEDs, represented as:

Ro(φk) =
m + 1

2π
cosm(φk) (3)

where m is the order of Lambertian emission defined as:

m = −
ln (2)

ln (cos (φ1/2))
(4)

where φ1/2 is the semi-angle at half power of an LED. The noise generated at the PDs has Gaussian
distribution of zero mean and variance:

σ2
nk

= σ2
shk

+ σ2
thk

(5)

where σ2
shk

and σ2
thk

are the variances of the shot noise and thermal noise, respectively. The shot noise
variance at the k-th receiver is determined as in [19] by:

σ2
shk

= 2qRpPrk B + 2qIbgI2 (6)

where q is the electronic charge, Rp is the photodetector responsivity, Prk is the received optical power
for user k, B is the equivalent bandwidth, Ibg is the photocurrent due to background radiation and I2 is
the noise bandwidth factor.

The thermal noise is generated within the transimpedance receiver circuit. If the noise effect from
the gate leakage current is neglected, the thermal variance is expressed as in [19] by:

σ2
thk

=
8πκTk

Gol
CpdAI2B2 +

16π2kTkΓ
gm

Cpd
2A2I3B3 (7)

which consists of feedback-resistor noise, and FET channel noise, where k is the Boltzmann’s constant, Tk
is absolute temperature, Gol is the open-loop voltage gain, Cpd is the fixed capacitance of photodetector
per unit area, Γ is the FET channel noise factor, gm is the FET transconductance and I3 = 0.0868 is a
weighting function that depends on the input optical pulse shape [19].
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Figure 1. Visible light communication (VLC) system model.

2.2. PD-NOMA Transmission

The basic principle of PD-NOMA is to simultaneously serve multiple users over the same spectrum
resources (i.e., time, frequency, and code) but with different power levels. For the considered system
model and without loss of generality, assume that all of the users U1, . . . , UM are ordered based on
their channel gains:

h1 ≤ · · · ≤ hk ≤ · · · ≤ hM (8)

Based on PD-NOMA concept, signals for all users are superposed in the power domain. Thus, a
DC bias added to ensure that the transmitted signal at the LED consists of M non-negative signals s1,
. . . , sM and is expressed as in [11] by:

x =
M∑

l=1

al
√

Pelecsl + IDC (9)

where al represents the power allocation coefficient for the l-th user, Pelec represents the total electrical
power, sl is the message intended for the l-th user, and IDC is the DC bias. Each message is assumed
to have unity variance and zero mean. The use of PD-NOMA implies that a1 ≥· · · ≥ aM and power
allocation coefficients should satisfy [11]

M∑
l=1

a2
l = 1. (10)

The LED optical power is directly proportional to the LED driving current, the optical power can
be expressed as:

Popt = E[x] = IDC (11)

where E[.] denotes the statistical expectation. The received signal at the k-th user is given by:

yk =
√

Pelechk

M∑
l=1

alsl + nk (12)
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where nk denotes the real-valued additive white Gaussian noise (AWGN) with zero mean and
variance σ2

n.

2.3. Cooperative PD-NOMA

Consider a system model with the main light source at the ceiling and M users. Cooperative
PD-NOMA concept is divided into two phases: the direct transmission phase and the cooperative phase.

2.3.1. The Direct Transmission Phase

As already mentioned in the PD-NOMA transmission, the LED source sends M signals to the
users based on the PD-NOMA concept as shown in Figure 2.
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The k receiver applies SIC to the k-th user, this removes the signal of the other users with higher
power allocation. The received electrical power is expressed as:

Prek = Pelechka2
k . (13)

The received signal to interference plus noise ratio (SINR) for the M-th user to decode the k-th
user’s signal for k < M is represented as in [16] by:

SINRM,k =
(hMak)

2∑M
l=k+1 (hMal)

2 + 1
ρk

(14)

where ρk =
Pelec
σ2

nk
represents the transmitted SNR. After the M-th user decodes and subtracts other users’

signals, its own message is decoded with SINRM,M = ρ(hMaM)2. The achievable data rate for the k-th
user is given as in [11] by:

Rk =


1
2 log2

(
1 + (hkak)

2∑M
l=k+1 (hkal)

2+ 1
ρk

)
, k = 1, · · · , M− 1,

1
2 log2(1 + ρk

(
hkak)

2
)
, k = M

. (15)

The above equation is conditioned that the k-th user has to successfully detect the signal for all
lower order users by satisfying the following condition:

Rk→ j =


1
2 log2

(
1 +

(hka j)
2∑M

l= j+1 (hkal)
2+ 1

ρk

)
≥ R̃ j, j ≤ k, j ,M

1
2 log2(1 + ρk

(
hka j)

2
)
≥ R̃ j, j = k = M

(16)

where Rk→ j is the rate that the k-th user needs to detect the message signal for the j-th user and R̃ j is
the targeted data rate for the j-th user to successfully detect its own message signal.
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2.3.2. Cooperative Phase

In this phase, the users cooperate with each other to improve the link reliability as shown in
Figure 3 by dedicating a certain time slot for each user that acts as a relay. All users located far away
from the main LED have another PD facing them that acts a relay. While all users located near the
main LED source that act as relays are equipped with an LED to transmit in the cooperative phase. We
need (M − 1) PDs and (M − 1) LEDs to achieve user cooperation, exactly similar in the specification as
the main LED and PDs used in the direct transmission phase.Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 16 
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The cooperative VLC channel model in the case of two users is shown in Figure 4. The DC channel
gain between U2 and U1 is expressed as:

g2,1 =


Ak
d2

2,1
Ro(φ2,1)Ts(ψ2,1)g(ψ2,1) cos (ψ2,1), 0 ≤ ψ2,1 ≤ ψc

0, ψ2,1 > ψc
(17)

where d2,1 donates the Euclidean distance between U2 and U1. The angle of incidence with respect to
the axis normal to the U2 LED surface and the angle of irradiance with respect to the axis normal to the
U1 PD surface are denoted by ψ2,1 and φ2,1, respectively.
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During the cooperative phase, (M − 1) time slots are needed where each user has a dedicated
time slot to transmit, except for the user farthest from the main LED. Using time slots allows all users
except the nearest to the main LED to take advantage of the cooperative phase. Otherwise, the farthest
user can only improve its signal reception in the case of using only one time slot in the cooperative
phase. The M-th user transmits in the first time slot a combination of (M − 1) messages with power
allocation coefficients qM, where

∑M−1
l=1 q2

M,l = 1. The received signal at the k-th user for k < M is given
as in [16] by:

y2,k =
M−1∑
l=1

√
PelecgM,kqM,lsl + n2,k (18)

where gM,k denotes the channel gain between user M and the k-th user. Maximum ratio combining
(MRC) is used to combine the received signal from both phases as shown in Table 1.

Table 1. Time slot analysis of the cooperative phase.

Time Slot Cooperative Phase Process

1

UM transmits messages
intended for UM−1
through U1 using the
PD-NOMA concept.

UM−1 combines the received
signals from light-emitting
diode and UM using the
maximum ratio
combining technique.

UM−1 decodes the maximum
ratio combining signal to
extract U1, U2, . . . , UM−1,
messages using successive
interference cancellation.

2

UM−1 transmits
messages intended for
UM−2 through U1 using
the PD-NOMA concept.

UM−2 combines the received
signals from light-emitting
diode, UM and UM−1, using
the maximum ratio
combining technique.

UM−2 decodes the maximum
ratio combining signal to
extract U1, U2, . . . , UM−2,
messages using successive
interference cancellation.
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M − 1 U2 transmits message
intended for U1.

U1 combines the received
signals form light-emitting
diode, UM, . . . , U2, using
maximum ratio
combining technique.

U1 decodes its own message.

We should take into consideration that increasing the number of users leads to increasing the
number of time slots used in the cooperative phase which decreasing the transmission rate. Therefore,
if the number of users exceeds the limitation of the system, communication between users in a realistic
scenario may be lost.

The SINR for the (M − 1)-th user to decode the k-th user’s message signal for k < (M − 1) is
expressed as in [16] by:

SINRM−1,k =
(hM−1ak)

2

(hM−1)
2 ∑M

l=k+1 a2
l +

1
ρk

+
(gM,M−1qM,k)

2

(gM,M−1)
2 ∑M−1

l=k+1 q2
M,l +

1
ρk

. (19)

The SINR for the (M − 1)-th user to decode its own message is expressed as:

SINRM−1,M−1 =
(hM−1aM−1)

2

(hM−1aM)2 + 1
ρk

+ ρk(gM,M−1qM,M−1)
2. (20)
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The (M − i + 1)-th user transmits in the i-th time slot a combination of (M − i) messages where 1 ≤
i ≤ (M − 1), with power allocation coefficients qM−i+1,l, where

∑M−i
l=1 q2

M−i+1,l = 1. The received signal at
the k-th user for k < (M − i + 1) is given by:

y2,k =
M−i∑
l=1

√
Pelec gM−i+1,kqM−i+1,lsl + ni+1,k. (21)

The SINR for the (M − i)-th user to decode the k-th user’s message signal for 1 ≤ k < (M − i) is
expressed as in [16] by:

SINRM−i,k =
(hM−iak)

2

(hM−i)
2 ∑M

l=k+1 a2
l +

1
ρk

+
i∑

j=1

(gM− j+1,M−iqM− j+1,k)
2

(gM− j+1,M−i)
2 ∑M− j

l=k+1 q2
M− j+1,l +

1
ρk

. (22)

The SINR for the (M − i)-th to decode its own message is expressed as:

SINRM−i,M−i =
(hM−iaM−i)

2

(hM−i)
2 ∑M

l=M−i+1 a2
l +

1
ρk

+
∑i−1

j=1
(gM− j+1,M−iqM− j+1,M−i)

2

(gM− j+1,M−i)
2 ∑M− j

l=M−i+1 q2
M− j+1,l+

1
ρk

+ρk(gM−i+1,M−iqM−i+1,M−i)
2.

(23)

Finally, we can see from Equation (23) that the second and third terms represent the effect of
cooperative PD-NOMA for enhancing the link reliability. These two terms are responsible for increasing
the k-th user’s SINR.

3. BER Analytical Expression

In this section, we discuss the equations used for calculating the BER of non-cooperative and
cooperative PD-NOMA.

3.1. Non-Cooperative PD-NOMA

Since OOK modulation is considered, the signal constellation of Uk is represented as∑2M−k

i=1
∑M

j=k+1 P jVi j., where the matrix V exhibits the possible position of the symbols in the constellation
based on the transmitted OOK message Sk. Figure 5 shows a signal constellation example for three users.

V =



V1 k
V2 k
V3 k

...
V2M−k k

V1 k+1
V2 k+1
V3 k+1

...
V2M−k k+1

. . .

. . .

. . .
...
. . .

V1 M−1

V2 M−1

V3 M−1
...

V2M−k M−1

V1 M
V2 M

V3 M
...

V2M−k M


=



0
0
0
...
1

0
0
0
...
1

. . .

. . .
0
0

0
1

. . .
...

1
...

0
...

. . . 1 1


. (24)

Probability of error in decoding the k-th signal is expressed as:

Pek = 1−

 1
2M−k

2M−k∑
i=1

1−Q


√

2Rphk(Thk −
∑M

j=k+1 P jVi j√
σ2

nk


 (25)

where Thk is the maximum likelihood (ML) detection threshold of Uk, which is expressed as:

Thk =

∑M
m=k Pm

2
. (26)
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The Gaussian Q function is given by:

Q(x) =
1
√

2π

∫
∞

x
exp

(
−y2

2

)
dy. (27)
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3.2. Cooperative PD-NOMA

3.2.1. Single Relay

In the case of a single relay (one branch, two users), as shown in Figure 6, errors at U1 occur either
when U2 receives in error the transmitted signal through the LED–U2 link, and U1 receives correctly
the transmitted signal through U2–U1 link; or when LED–U2 transmitted signal is received correctly,
and U2–U1 transmitted signal is received in error. Hence, the LED–U2–U1 link has error probability
given by:

PeLED — U2 — U1
=

[
1− PeU2 — U1

]
PeLED — U2

+
[
1− PeLED — U2

]
PeU2 — U1

(28)

where PeLED — U2
and PeU2 — U1

are the error probabilities of LED–U2 link and U2–U1 link, respectively.
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After combining the received signals from the direct transmission and U1 using MRC, the
probability of error of U1 is expressed in consistence with the presented model as in [20] by:

Pe1 =
[
1− PeLED — U2

]
Q


√

2(SNRLED — U1
+SNReq)√

SNRLED — U1
+

SNReq2

SNRU2—U1

+ PeLED — U2
Q


√

2(SNRLED — U1
−SNReq)√

SNRLED — U1
+

SNReq2

SNRU2—U1

. (29)

The equivalent SNR for the link LED–U2–U1 is represented as in [13] by

SNReq =
SNRLED — U2SNRU2 — U1

SNRLED — U2 + SNRU2 — U1 + 1
(30)

where
SNRLED — U2 = ρk(h2a2)

2 (31)

and
SNRU2 — U1 = ρk(g2,1q2,1)

2. (32)

Substituting Equations (30)–(32) in Equation (29), we get the probability of error of U1. However,
we calculate the probability of error of U2 using Equation (25).

3.2.2. Multiple Relays

We generalize our model to consider a cooperative system with M − k + 1 branches b0, b1, . . . ,
bM−k+1 where b0 represents the direct transmission for 1 ≤ k < (M − 1) and branch bg consists of Ng

relays. The probability of error of the user k is expressed as:

Pek =
M−k∑
ε=0

(
M− k

ε
)∑

j=1

 ε∏
i=1

P
E j

i ,N
E

j
i

SNReq
E

j
i ,N

E
j
i

 M−k−ε∏
l=1

1− P
C j

l ,N
Ej

SNReq
C

j
l ,N

C
j
l




×Q


√

2(SNRLED—k +
∑M−k−ε

l=1 SNReq
C

j
l

−
∑ε

i=1 SNReq
E

j
i

)√
SNRLED—k+

∑M−k
g=1

SNReqg 2

SNRg,k




(33)

where ε is used to index the users forwarding erroneously detected message to Uk, E j and C j are set
of ε and (M − k − ε) distinct elements from the set {1, 2, . . . , M− k}, respectively. E j

i and C j
l are the i-th

and l-th elements of E j and C j, respectively. It is noted here that ε = 0 when all users are transmitting
the message intended to Uk correctly. In [20], the authors describe a system that consists of source,
relays and destination with a probability of error always calculated at the destination. Therefore,
we modify Equation (28) [20] into Equation (33) to be in consistence with the presented cooperative
PD-NOMA system in Figure 3 where the users with good channel conditions are relays. For any
number of relays, the probability of error is calculated at any user, not only at the destination, which is
U1 in the presented model. Without loss of generality, we calculate the equivalent SNR of each branch
and the direct transmission SNR using the same concept as Equations (30) and (31), respectively.

4. Numerical Results and Discussion

In this section, we evaluate the performance of the proposed cooperative PD-NOMA-VLC
downlink system. We provide Monte Carlo simulations to substantiate the accuracy of the derived
BER analytical expressions. We investigate the BER and achievable rate performance based on the
system model proposed in Section 2. A realistic indoor environment of a 4 m × 4 m × 3 m room is
considered with the main LED source placed at the center of the ceiling with total optical power of 1
W. We consider the same system parameter as in [21] where three users are assumed to be served via
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PD-NOMA simultaneously. We use a fixed power allocation (FPA) strategy where the power allocated
to the k-th user is a2

k = ∆a2
k−1 under the constraint

∑M
l=1 a2

l = 1, where ∆ is the power allocation factor
(0 < ∆ < 1) and the best BER performance achieved at ∆ = 0.3 as in [8]. We summarize the simulation
parameters of the proposed scenario in Table 2, and show all fixed user locations, FOV and channel
gains in Table 3.

Table 2. Simulation parameters “Reproduced with permission from [21], IEEE, 2017”.

Description Symbol Value

LED semi-angle φ1/2 50◦

PD FOV ψc 45◦

Refractive index n 1.5
Optical filter gain Ts(ψk) 1

Responsivity Rp 1 A/W
PD detection area Ak 1 cm2

Bandwidth B 10 MHz
open-loop voltage gain Col 10
fixed capacitance of PD Cpd 112 pF/cm2

Absolute temperature Tk 298 K
FET transconductance gm 30 mS

Noise bandwidth factors I3 0.0868
FET channel noise factor Γ 1.5

Background current Ibg 5100 µA
Noise bandwidth factors I2 0.562

Table 3. Users’ setup “Reproduced with permission from [21], IEEE, 2017”.

User Location FOV Channel Gain

U1 (2.5, 2.5, 1.25) 60◦ 0.2835 × 10−4

U2 (2.4, 2.4, 1.25) 45◦ 0.4787 × 10−4

U3 (2.3, 2.3, 1.25) 45◦ 0.5272 × 10−4

Figure 7 demonstrates cooperative and non-cooperative PD-NOMA-VLC BER performance of the
two users under perfect CSI. Although the far user (i.e., U1) has the worst channel condition, it achieves
better BER due to the high power allocated to its signal. Therefore, as the decoding order decreases the
BER performance increases, which allows U1 to have the best BER performance by decoding its own
signal directly and treating others as noise. Since U2 is the nearest to the main LED source it only has
one PD to receive the transmitted signal during direct transmission phase. It decodes and subtracts the
message intended for U1 using SIC before decoding its own signal. Then in the cooperative phase, U2

acts as a relay to retransmit the U1 message. Therefore, there is no change in the BER performance of
U2 in non-cooperative and cooperative PD-NOMA. Moreover, U1 receives y1 from the LED transmitter
and the ML decoded signal y2,1 from U2. MRC is used to combine the received signals from both
direct transmission and cooperative phases. It can be seen that cooperative PD-NOMA improved U1

BER performance by about 8.2 dB at 10−6 compared to non-cooperative. Figure 8 shows the BER of
cooperative and non-cooperative PD-NOMA in a three-user scenario where U2 and U3 act as relays. In
this scenario, U3 is the nearest to the main LED source. It decodes and subtracts the messages intended
for U1 and U2 using SIC before decoding its own signal. Therefore, in the direct transmission phase,
U2 receives y2 from the main LED. While in the cooperative phase, it receives the ML decoded signal
y2,2 from U3 in the first time slot. Similarly, U1 receives signals from the LED transmitter, from U3

during the first time slot, and from U2 during the second time slot. MRC is used at U2 and U1 receivers
to combine the signals from both phases. It is noted that the BER performance of U3 is the same in
both phases while the BERs of U2 and U1 improved by about 2 dB and 9 dB at 10−6, respectively.
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Figure 9 shows the effect of decreasing the transmitted power of the users that act as relays on the
BER performance of cooperative NOMA. This demonstrates a more realistic VLC scenario where the
LEDs that are used as relays have one-fourth the power of the main LED. Although the transmitted
power in the direct phase is still the same, the results show that the BER performance of the cooperative
NOMA highly depends on the LED power of the relays. It is noted that the BER performances of U2

and U1 in the cooperative phase are degraded when compared to Figure 8 by 1.45 dB and 6.7 dB at
10−6, respectively. Also, another scenario can be considered without decreasing the power of the relays
by adjusting the users at specific angles to exploit the non-LOS propagation of the signal.
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Figure 10 shows the BER performance of cooperative NOMA with different users’ setup and their
coordinates are depicted in Table 4; Figures 8 and 10 have the same channel gain ordering in the direct
transmission phase as in Equation (8) but with different channel gain ordering in the cooperative phase.
Results show degradation in the BER performance of cooperative PD-NOMA for U1 and U2 when
compared to Figure 8. The BER analytical expressions are matched with the Monte Carlo simulation
results and are not limited to specific physical parameters.
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Table 4. Users’ location.

User Location

U1 (2.9, 1.9, 1.25)
U2 (1.5, 1.7, 1.25)
U3 (2.2, 2.5, 1.25)

As shown in Figure 11, we evaluate the achievable rate in a two-user scenario. In non-cooperative
PD-NOMA, U2 has a higher achievable rate than U1 owing to the ability of U2 to cancel U1 interference
successfully by applying SIC. It is clear that using cooperative PD-NOMA dramatically improved U1

achievable rate by 14.1 bit/s/Hz at 45 dB due to increasing the SINR of U1. Similarly, Figure 12 presents
the achievable rate in a three-user scenario where U3 and U2 act as relays. U3 has the highest achievable
rate in non-cooperative PD-NOMA, where it is the nearest user to the LED and has the ability to
successfully cancel U2 and U1 interference by applying SIC. Moreover, using cooperative PD-NOMA
enhanced U2 and U1 achievable rates by 12.4 bit/s/Hz and 14.3 bit/s/Hz at 45 dB, respectively.
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5. Conclusions

This paper investigates the performance of non-cooperative and cooperative PD-NOMA-VLC
downlink systems under perfect CSI. BER analytical expressions are matched with the Monte Carlo
simulation results. The obtained results show that the cooperative PD-NOMA enhanced U1 BER
performance by 8.2 dB at 10−6 BER in a two-user scenario. Furthermore, in a three-user scenario, BERs
of U2 and U1 are enhanced by 2 dB and 9 dB at 10−6 BER, respectively. Achievable rate performance of
non-cooperative and cooperative PD-NOMA are evaluated. Simulation results show that in a two-user
scenario the cooperative PD-NOMA effectively enhances U1 achievable rate by 14.1 bit/s/Hz at 45 dB
SNR. Moreover, in a three-user scenario cooperative PD-NOMA improves U2 and U1 achievable rates
by 12.4 bit/s/Hz and 14.3 bit/s/Hz at 45 dB SNR, respectively. The recommendation for future work is to
study the maximum number of users that can cooperate and achieve undisruptive communication in the
proposed system. Also, we suggest extending the system for multiple LEDs and apply multiple-input
multiple-output techniques to the proposed downlink cooperative PD-NOMA-VLC system and study
its effect on both the BER and achievable rate performance.
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