IEEE PHOTONICS JOURNAL, VOL. 14, NO. 5, OCTOBER 2022

7350809

Performance Analysis for DF Relay-Aided Visible
Light Communication System With NOMA

Manjing Zhu, Graduate Student Member, IEEE, Yahao Wang
, Member, IEEE, Xun Zhang

Xiaodong Liu"”, Member, IEEE, Shuai Ma

, Senior Member, IEEE,
, Senior Member, IEEE,

and Yaru Fu, Member, IEEE

Abstract—Visible light communication (VLC) has been deemed
to be one promising technique for the sixth-generation wireless
communication network. However, due to the attenuation proper-
ties, the VLC ranges are usually limited. To unlock the advantage
of multiple light-emitting diodes (LEDs) and extend the coverage
of VLC systems, a relay-aided VLC system with non-orthogonal
multiple access (NOMA) is proposed in this paper. Specifically,
a decode-and-forward (DF) relay protocol is introduced to con-
struct the relay-aided VLC system with NOMA. Moreover, the
closed-form expression of the outage probability (OP) in the DF
relay-aided VLC system with NOMA is derived to accurately char-
acterize the theoretical performance of the system. Thereafter, the
effects of the corresponding parameters on the OP are investigated.
Simulation results verify the accuracy of the derived theoretical
expression and illustrate that the DF relay-aided VLC system
with NOMA can effectively improve system outage performance.
Compared to the direct transmission NOMA VLC system without
relay link, our scheme can obtain 15 dB transmit signal-to-noise
ratio gains in 103 OP level. Last but not least, the optimal transmit
semi-angle and deployment height of the relay can be determined
for achieving the optimal system outage performance.

Index Terms—Visible light communication, non-orthogonal
multiple access, outage probability, relay, decode-and-forward.
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I. INTRODUCTION

HE spectrum shortage problem of radio frequency (RF)

wireless communication networks becomes more and
more serious with the ever-increasing wireless mobile de-
vices and unprecedented communication data service de-
mands [1], [2]. Fortunately, due to the license-free and rich
visible light spectrum resources from 380 nm to 780 nm as
well as its effective frequency and spatial reuse, visible light
communication (VLC) has been deemed to be an indispensable
supplement technology to relieve spectrum resource scarcity,
and it has drawn an increasing attention from both academia
and industry [3]. More importantly, it can simultaneously
provide illumination and high-data rate communication ser-
vices [4]. Furthermore, VLC has several significant advantages,
such as high energy efficiency, high security, being immunity
to electromagnetic interference, health friendly and low cost
[5].

Although the propagation characteristic of visible light brings
reuse and security gains of the VLC systems, the transmission
range and coverage of visible light are limited and the influence
of shadows or obstacles cannot be ignored [6]. In particular,
the transmission rates of the users which located at the service
region edge of VLC systems are usually lower and even oc-
cur outage [7]. Thus, it is a significant challenge to alleviate
the channel degradation and improve the quality of service
(QoS) of the cell-edge users with the absence of a strong direct
link.

Cooperative relay is an efficient technique in improving
system connectivity and extending the coverage in RF com-
munications [8]. Moreover, there are multiple light-emitting
diode (LED) illuminators with different configurations and
deployment heights in an indoor scenario to satisfy different
lighting scenario demands. Thus, it is interesting introducing
the cooperative relay terminals into VLC scenario to improve
the overall throughput and communication coverage of VLC
systems. Based on the motivation, there are numerous works
focused on orthogonal multiple access (OMA)-based VLC sys-
tems by using relay terminals to improve the system reliability
performance [9], [10], [11]. Specifically, the authors in [11]
proposed a relay-aided VLC system based on asymmetrically
clipped direct current (DC) biased optical orthogonal frequency
division multiplexing and derived the expression of throughput.
Moreover, the optimal power allocation factor of the relay is
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investigated to achieve the maximum throughput performance.
Nevertheless, those research results of focusing on the per-
formance of OMA-based VLC systems show that the system
spectrum is underutilized.

To simultaneously enhance spectral efficiency and user fair-
ness, non-orthogonal multiple access (NOMA) has been pro-
posed as a prospective technique to apply into VLC sys-
tems [12], [13]. Different from the OMA strategy, NOMA
enables multiple users to coexist on the same time-frequency
resource [14], [15]. The main idea behind NOMA is that the
transmitter combines multi-user signals together by adopting
the superposition coding in the power domain and the receiver
separates these superimposed signals by using the successive in-
terference cancelation (SIC) technology [16], [17]. In this coding
process, more power is allocated to the users with poor channel
quality and the users with good channel quality are allocated less
power. Correspondingly, the user with more allocated power is
decoded and removed firstly in the SIC process. In [18], the user
with a better channel condition acts as a relay after decoding
the message for the user with a poor channel condition by using
SIC technology. Therefore, NOMA can achieve a larger infor-
mation theoretic rate region and can provide a higher fairness
service [19], [20]. Moreover, the performance gain achieved by
NOMA is more prominent in the case of high signal-to-noise
ratio (SNR) scenarios [21]. In addition, VLC systems can easily
provide high SNRs due to the short transmission distance with
the dominant line-of-sight (LoS) links in the VL.C channel. Thus,
the integration of NOMA and VLC systems can effectively
improve spectral efficiency, the fairness of users and system
performance [22], [23]. In [22], a NOMA VLC system was
proposed and the closed-form expressions of both two users’
outage probability (OP) and ergodic sum rate were derived in a
downlink VLC network. It also showed that NOMA could offer
a higher performance gain compared with OMA. In [23], the bit
error rate (BER) and achievable rate performance of cooperative
NOMA VLC system under perfect CSI was analyzed, and it
showed that cooperative NOMA outperformed non-cooperative
NOMA by 8.2dB at 10-% BER level in a two-user scenario.

In order to extend the transmission range of NOMA VLC sys-
tems, there are some works focusing on VLC systems based on
cooperative NOMA and hybrid VLC/RF link [24]-[26]. In [24],
the authors proposed a cross-band selection combining (CBSC)
method for a two-user hybrid lightwave/RF cooperative net-
works with NOMA. According to CBSC, the far user adaptively
chooses either the mixed VLC/RF relaying link or the direct
VLC link to decode the information. In [25], a simultaneous
lightwave information and power transfer-based dual-hop hybrid
VLC/RF cooperative communication system was proposed, and
the closed-form expression of the end-to-end OP was obtained.
The relay terminal in hybrid VLC/RF systems can extend the
transmission range of VLC systems, but the relay terminal is in
practice operated in RF communication link while not in VLC
link [26]. Note that the RF link requires authorization and the
hybrid VLC/RF systems have higher demands on transceivers.
Thus, it is attractive to investigate the pure VLC relay link with
NOMA.
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However, it faces a significant challenge to investigate the
relay-aided VLC system with NOMA. Those results in [24]-
[26] are not suitable for the relay-aided NOMA-based VLC
scenarios. They cannot be directly applied to the relay-assisted
VLC systems with NOMA since the VLC channel mode is
different from RF communication link. More particularly, in a
practical VLC system, the transmission signal must be satisfied
to the requirement of the non-negativity real value and the
constraints on peak amplitude and average power [27]. Thus,
the corresponding channel capacity is different from the classic
Shannon capacity. Moreover, the interference among NOMA
users obviously affects the receiver decoding process and com-
plicates the system design.

In addition, amplify-and-forward (AF) relaying also ampli-
fies noise when amplifying signals, it decreases the SNR and
deteriorates the systems performance. The authors in [9], [28]
and [29] proved that the performance of decode-and-forward
(DF) relaying system outperformed that of AF relaying system.
In [9], the authors have proved that DF relaying provided higher
BER performance gain over AF relaying in the VLC system
based on OMA. In [28], the authors have proved that in the
RF communication system, NOMA-DF always outperformed
NOMA-AF in terms of ergodic sum rate, and NOMA-DF ex-
hibited a better outage behavior than NOMA-AF at low SNR.
The simulation results in [29] also demonstrated DF relaying
obtained a higher secrecy rate over AF relaying in the VLC
system. In order to focus on investigating the relay performance
and the influences of the corresponding LED parameters in
the NOMA-VLC systems, the DF relay protocol is directly
introduced in this paper. Recognizing these criticisms, it is of
high necessity to study the DF relay-aided VLC system with
NOMA.

Motivated by those facts, a DF relay-aided VLC system with
NOMA is considered in this paper. Moreover, the system outage
performance and corresponding impact factors are investigated.
Different from the works in [24]-[26], the main contributions of
this paper are summarized as follows.

1) Inthe proposed DF relay-aided VLC system with NOMA,
the relay terminal is operated in VLC link. Moreover,
we unlock this natural advantage of multiple LEDs with
different configurations and deployment heights in an
indoor scenario by choosing a LED closest to the cell-edge
users as the cooperative relay. In addition, the fairness of
cell-edge users has been improved by the combination of
the relay and NOMA.

2) In order to provide meaningful insight into the considered
DF relay-aided VLC system with NOMA, the practical
peak amplitude and average power constraints are con-
sidered and a tight lower bound of the achievable rate
for VLC systems is adopted to analyze the system outage
performance. Then, the probability density function (PDF)
and the corresponding cumulative distribution function
(CDF) of the VLC ordered channel gain is firstly derived
based on the statistical probability scheme to describe the
characteristics of randomly distributed users. Therefore,
the analyzed closed-form expression of the OP is obtained



ZHU et al.: PERFORMANCE ANALY SIS FOR DF RELAY-AIDED VISIBLE LIGHT COMMUNICATION SYSTEM WITH NOMA

——————— First phase
————— Second phase

Fig. 1. Relay-aided NOMA VLC system model.

based on the CDF of channel gain and the lower bound of
the user achievable rate.

3) Simulation results verify the accuracy of the derived theo-
retical expression. Moreover, the simulation results show
the proposed DF relay-aided VLC system with NOMA
can effectively improve the system outage performance.
Compared to the direct transmission (DT) NOMA VLC
system without relay link, the proposed scheme can obtain
15 dB transmit SNR gains in 10~2 OP level. Furthermore,
the corresponding impact factors of the system outage per-
formance are investigated from relay transmit semi-angle,
relay deployment height, relay radiation radius and power
allocation factor. The optimal relay transmit semi-angle
and relay deployment height can be obtained to achieve the
minimum OP. These optimal parameters can effectively
guide the deployment of relay networks.

The rest of this paper is organized as follows. The system
model and relay transmission process are introduced in Sec-
tion II. Section IIT analyzes distribution function of the VLC
channel and the system outage performance. Simulation results
are presented and discussed in Section IV. Finally, conclusions
are drawn in Section V.

II. SYSTEM MODEL

The considered indoor downlink DF relay-aided VLC system
with NOMA model is shown in Fig. 1, a source LED transmitter
is located at the center of the ceiling with a height of Hg from
the floor, which is considered as the main node to access the
backbone network. The source LED simultaneously provide il-
lumination and communication services for all users distributed
within the radiation area of maximum radius r.. Due to the VLC
channel attenuation, the direct link between source LED and
the cell-edge users is usually poor or even absent in the VLC
system [11]. In order to improve QoS of the cell-edge users,
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we focus on the transmission between the source LED and the
cell-edge users in this paper.

A LED task light closest to K cell-edge users
{Ui,...,Uyg,... Uk} is chosen as the cooperative relay,
which is located at a horizonal distance rg from the center of
the cell and a vertical distance Hy from the floor and has a
maximum radiation radius r, for K cell-edge users services.
The cell-edge K users are uniformly distributed in the cell-edge
area of radius 7 radiated by the relay. Specifically, the relay
has a receiver photodiode (PD) and a transmitter LED, namely,
it can receive signals with the PD and transmit signals with the
LED. Thus, the relay is called as relay LED-PD. Note that the
system is suitable for Internet-of-Thing (IoT) network scenarios
composed of multiple sensors. The relay LED-PD operates in
a half-duplex mode. The signal transmission process between
the source LED and cell-edge users follows that relay LED-PD
firstly receives signal from the source LED and then decodes
signal and forwards to cell-edge users with NOMA. Therefore,
the communication process between the source LED and the
cell-edge users contains two phases which are source LED
transmission and relay LED-PD forwarding.

In VLC systems, the VLC channels are dominated by the LoS
link [30]. Similarto [15] and [22], only the LoS link is considered
in this paper. Thus, based on LED Lambertian emission pattern,
both the channel gain hgg and hry, can be generally modeled
as [30]

m+ 1)AqRpp cos ¢ g™
2ﬂd%

ho = 09T, 1)

where Q € {SR,RUy}, subscript SR represents the channel
link between source LED and relay LED-PD, subscript RUy
denotes the channel link between relay LED-PD and the k-th
cell-edge user. Aq and dg, represent the detection area of the
PD device and the Euclidean distance for the channel link
of the €, respectively. Rpp denotes the PD responsivity. m
is the Lambertian emission order and can be calculated by
m = —1n(2)/In(cos ¢1/2), ¢1 /2 denotes the semi-angle of the
LED [26]. ¢ and 6 represent the incident and radiation angle,
respectively. g(¢) = n?/sin*(¥), (0 < ¢ < ), is the optical
concentrator (OC) gain and depends on the refractive index n of
the OC and the field of view (FoV) W of the PD [30]. T'(y) is the
optical filter gain. Note that hg = 0 when ¢ > V. ¢, /5, ¥, and
6 of both source LED and relay LED-PD are assumed to be the
same, respectively. Moreover, without loss of generality [22],
it is assumed that the channel condition of the first user is the
worst and the channel condition of the K-th user is best in the
DF relay-aided VLC system with NOMA. The channel gains
between relay LED-PD and K users are assumed to be ordered
with hgy, <---<hgry, <---< hrug-

A. Source LED Transmission

In the first phase, source LED broadcasts K users’ superposed
signals to relay LED-PD based on the power domain NOMA
principle. The signal transmitted from the source LED is given
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K
zs = /oxPsrsy + Inc, 2
k=1

where subscript S denotes source LED, Pt and o, are the total
transmission power of source LED and the power allocation
coefficient for the k-th user which is subject to the constraint
E,f:l ap = 1, respectively. s; represents the desired signal
for the k-th user, which is assumed to be zero-mean with unit
variance and is subject to amplitude constraint, and is expressed
as |sg| < A, where A > 0 is a constant [15]. Ipc € [I1, I[y] is
DC bias offset added to source LED to satisfy the non-negative
requirement of transmission signals in VLC systems, and the
corresponding I, and I are the minimum and maximum input
DC bias offset in LED linear region, respectively. To guarantee
the transmitted signal be non-negative, it must be satisfied to
A < Ipc [15]. In order to avoid harmonic distortion by the
nonlinearity of the LED, the signal input to the LED must be
restrained within the linear region of the LED operation [31].
Thus, A must be satisfied to

A <min (Ipc — I, In — Inc) - 3)

According to (2), the average optical power of the transmitted
signal z is given by

K
Pa =K {Z \ OékPSTSk + IDC} — IDC- (4)
k=1

Based on the NOMA principle, users with poorer channel gain
are allocated more power. Thus, the power allocation coefficient
follows oy > --- > oy, > - -+ > a. The received signal of the
relay LED-PD after removing the DC component is given by

K
ysk = hsgV/ arPstsi + hsr Zl V @i Pstsi +nsg,
——_———

=1,i#k
multiuser interererence

desired signal

&)

where nsg ~ N(0,0%;) denotes the additive white Gaussian

noise in the channel link SR, and o is the corresponding

noise power. The second item in (5) is the multiuser interference

caused by non-orthogonal transmission. Based on the NOMA

principle, the SIC is applied to eliminate the interference with the

weaker channel gains, namely, the channel gain of h;, (i < k)
is removed.

B. Relay LED-PD Forwarding

In DF relaying transmission process, relay LED-PD firstly
decodes the desired signal for all users by the SIC, and then
transmits the reconstructed superposition signal for all cell-edge
users. Note that the signal transmitted by relay LED-PD is
different from the signal transmitted by source LED. The signal
transmitted by the relay LED-PD is

K
wr = Y\ BrPrrsi + Inc, 6)
k=1

where subscript R denotes relay LED-PD. s/ denotes the signal
decoded by the relay LED-PD, similar to sj, |s}| < A. Bk
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denotes the power allocation coefficient for the k-th user in
the DF relaying transmission process, which is subject to the
constraint Zf:l B = 1. Similar to ay,, 8 follows 51 > --- >
Br > -+ > PBr. Prr is the transmit power of relay LED-PD
and is satisfied to the requirement of the minimum forwarded
power. If € [I1,Ix]is DC bias offset added to relay LED-PD
to satisfy the non-negative requirement of transmission signals
in VLC systems. Taking into account the very limited delay in
the proposed system, similar to [32], the delay in the proposed
system can be ignored. Therefore, the received signal of the k-th
user after removing the DC component is given by

K
YrU, = hru/ Bk Prrsy,+hru, E 4 V BiPrrsi+nru, ,
N— ——

=l,1#k
multiuser interference

desired signal

@)

where ngy, ~ N(0, UI%Uk) denotes the additive white Gaussian

noise in the channel link RUy, and oy, is the corresponding

noise power. Multiuser interference caused by NOMA in (7)

severely complicates the analysis of the system outage perfor-
mance.

III. PERFORMANCE ANALYSIS

In this section, distribution function of the VLC channel and
the system OP expression are derived.

A. Distribution Function of the VLC Channel

In order to effectively characterize the relay LED-PD perfor-
mance of the relay-aided VLC system with NOMA, we use sta-
tistical channel sate information (CSI) instead of instantaneous
CSI for the OP analysis. It can be seen from (1) that the distance
between the LED transmitter and the PD receiver has directly
impact on the VLC channel gain. Thus, the channel gain can be
rewritten as [22]

C
e ®)

hQ = mt3
(r, + HE)

where variable Co = [(m + 1)AqRepg(p)T(0)HE ]/ (27),
HSR = HS — HR, HRUk = HR, TSR = TR andrRUk = TUk.EV—
idently, hq is a monotonic decreasing function with respect to
rq. Based on the uniform distribution of cell-edge users, the PDF
of the variable rq can be given as f,., (1) = 2r/r3_, where roy
represents the maximum cell radius of source LED and relay
LED-PD. Specifically, rom = rc for h§g and rom = reforhgy,
respectively. Subsequently, the PDF of the unordered variable
h¥, can be given as

2
f ( ) 1 Cén+3 ’#ﬁfl
r2, \TQ) = —3 Q
@ TG M+ 3

; €))

where variable 7o € [T min, TQ,max)- The upper and lower
limits of 7gg are given as Tsg min = C2x/(r2 + HZ)(m*3)
and 7SR max = Cip/H. SQIS"LH). The upper and lower limits of
TRu, are given as Tru,min = Cpy, /(12 + HI%Uk)(erB) and

H2(m+3)

RU, - Thus, the corresponding CDF of

— (2
TRUj ,max — CRUk/
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. 2 2 .
the unordered variable hgp and hy;, can be given as

2
CR”™ s | H3
Fug (ror) = = 5= " + =3 +1, (10a)
TC TC
s 2
Cm, _% H
Fig, () = = Son 7+ B aon

Finally, based on the order statistics knowledge in [33], the
PDF of the ordered variable hZ, can be obtained as

K! (k1) (K—h)
f}??z = m(ﬂzg(@) (1*Fh§)(t)) fnz (t).
(1)
where superscript O represents the order variable. By integrating
(11), the CDF of the order variable h3 and h;, can be achieved
as

2
C'm+3 ! H2
O _ SR m+3 SR
thR (TSR) = — 7"2 TSR + p) + 1, (123.)
c c
K 2 i
K\ [ Cru, o4, Hiy
FO T — _ k T m—+3 k 1
hﬁuk ( RUk) E i 72 'RU + 2 +
i=k € €
2 K—1
m-+3 2
Cru, —wls ~ Hgy, (12b)
2 'RUg 2 ’
Te Te
K\ __ K!
where () = TE -0

B. Closed-Form OP Expression

Due to the transmission signal is subject to the constraints on
the peak amplitude and average power in the practical VLC sys-
tem, the traditional Shannon capacity cannot directly be applied
to VLC systems [15], [34]. Moreover, it is difficult to obtain a
closed-form channel capacity expression for VLC systems [35].
As a result, the tight upper bound and lower bound expressions
for the achievable rate of NOMA-based VLC systems were
derived in [34]. Thus, to achieve a tractable analysis expression
of the OP, the lower bound of the achievable rate is adopted and
then the corresponding achievable rate of the k-th user at the
relay LED-PD is given as

1+ A%h3gaipsr it
1+ A2hZpaip1psk’

Rsw = 3 log, (13)
where 1 = exp(1 + 2(y + 9))/(27), vy and ¢ can be calculated
based on the equation given in [34]. psg represents source LED
transmit SNR in the channel link SR, and it is calculated by
PSR = PST/UgR' Note that a; = Zfik «a; and &K-H =0.

For user terminals, the k-th user can decode the signal com-
ponent of the [-th, (V] < k) user. Thus, the achievable rate at the
k-th user to detect the signal s; is given by

1 log, 1+ A’hgy, ?ZPRU;CM
2 14+ A%hgy, Bir1pru,
where pry, represents relay LED-PD transmit SNR in the
channel link RUy, and it is calculated by pru, = Prr/ogy, -
Note that Bl = Z{ik_l [; and BK—H = 0. In order to guarantee

Rru,, = ; (14)
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QoS of the desired users, both relay LED-PD and the k-th user
must decode correctly the desired signal, otherwise, the system
occurs outage. Namely, the achievable rates of the k-th user
should be satisfied to Rsr > R, and gy, , > R, Where
R i and Ry, denote target rate threshold of the signal s, and
sy, respectively. Thus, based on (13) and (14), the OP of the k-th
user can be formulated as

PRl =1—-P (Rsp,x > Runk) P (Rru,, > Runy)

A — 1
=1-P(hZ > a -
( SR= A2psg (pévi — Apditr) >

€k

Mol ) (15)
A2 pru, (#Bl - Mﬂlﬂ)

m

x P (hfwk >

where 7 < k, | < k. The superscript DF represents the pro-
posed DF relay-aided VLC system with NOMA, which
is simplified as DF relaying system. P[] is the proba-
bility of event and A = 22wk ), = 22wt The OP can
be obtained based on the conditions of pa; > A;a;41 and
uﬁl > MBIH. To simplify, two new thresholds are de-
fined, namely, ¢} = min{max{e1, ..., &k, TSR min }, TSR, max }
and 7} = min{max{n1, ..., 7, TRU,,min |, TRU ,max } - Accord-
ing to (12) and (15), the closed-form OP expression of the k-th
user in the DF relaying system can be obtained as

PRF = 1P (h > ;) P (hRy, > 1))

2
m+3 2
_ Csr -t Hgg
— 1 _ 72 (Ek) mF+3 __ 72
re re
K = ‘
2 m+3
K HRU CR 1
k Uk- *\ T3
x| 1— E ( . X 2 2 (771) +3 +1
— 2 T e
2 K—1i
Cm+3 N H2
RUg *\ — RU
x S (R —. (16)
Te Te

For comparison, a DT NOMA VLC system is assumed as
a baseline scheme and is simplified as the DT system in this
paper. Specifically, the cell-edge users directly communicate
with source LED without a relay in the DT system. Moreover,
it is assumed that the channel gain follows the order with
hsy, < -+ < hsy, <--- < hsy, in the DT system. Similar to
(16), the closed-form OP expression of the k-th user in the DT
system can be given as

PRl =1-P (h§y, > )

C

2
K 2 ‘m+3
K\ [ Hsy, Cguy -1
() (B - e

2 K—i
Crn+3 . H2
S e (ORI CE)
TC TC
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TABLE I
SIMULATION PARAMETERS

Parameter name and symbol Value
Source transmit power Pst 2W
Peak amplitude of signal A 2V
DC bias offset Inc V6A
Linear current [Ir,, Iu] [0, 5]A
Source height Hg 3.5m
Source radiation radius Te 2.5m
Relay transmit SNR PRU,, (90, 110]dB
relay height Hp 2.0m
Horizonal distance from relay to source TR 1.5m
relay radiation radius Te 1.0m
LED emission semi-angle $1/2 600
Receiver FoV \J 600
PD detection area Aq lcm?
PD responsivity Rpp 0.54A /W
Refractive index n 1.5
Optical filter gain T(p) 1
Noise power o —98.82dBm
where superscript DT denotes the DT system. Sub-
script SUy denotes the channel link between source

LED and the cell-edge user in the DT system. (j =
min{max{(1, ...,k TSUs,min }» TSUz,max }»  Where (i =
()‘-k — 1)/[./42/)SU,C (/Jééi - )\-idi-',-l)}’ TSUj,,min = CgUk/(rg +
HZy )™+ and 75y, max = C3y, HSQI(JZLH). psu, denotes the
source LED transmit SNR in the channel link SU, and it can

be calculated by psy, = Pst/o %Uk-

IV. SIMULATION RESULTS AND DISCUSSION

In this section, numerical simulation results are presented to
validate the accuracy of the derived theoretical expression and
evaluate the effectiveness of the DF relay-aided VLC system
with NOMA in improving the system outage performance.
Moreover, the impact factors of the OP are analyzed from
relay LED-PD transmit semi-angle, relay LED-PD deployment
height, relay LED-PD radiation radius and power allocation
coefficient. To simplify, in the simulation result legend, the DF
relaying system and DT system are simply written as DF and DT,
respectively. Simulation and theoretical analysis result curves
are simplified as sim and ana, respectively.

In the simulation, the corresponding parameters settings are as
follows. It is assumed that there are a source LED, a relay LED-
PD and three desired cell-edge users (K = 3) in the considered
relaying system. In the three-user scenario, the power allocation
factors of source LED and relay LED-PD are respectively set as
a = [0.65,0.30,0.05] and 8 = [0.65,0.25,0.10], and the target
rate thresholds of three users are all set as 0.55bits/s/Hz.
Similar to the work in [34] and if not specified, the parameters
used for the simulation setup are summarized in Table I.

Fig. 2 shows the system OP versus transmit SNR in the
three-user scenario for the DF relaying system and the DT sys-
tem, respectively. Note that, for comparing the OP with the DT
system, the power allocation factors from the source LED and
the relay LED-PD are set as the same value, namely, o = § =
[0.65,0.25,0.10]. It can be observed that the theoretical analysis
results of the system OP are consistent with the simulation results
in both the DF relaying system and the DT system. It verifies
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Fig. 2. System OP versus transmit SNR for the DF relaying system and the
DT system with « = 8 = [0.65, 0.25,0.10].
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Fig.3. System OP versus relay LED-PD transmit semi-angles in DF relaying

system with pry, = 102dB.

the accuracy of the derived theoretical expression. Moreover, the
OPs of three users follow the order of PYF < PPF < PDF for the
DF relaying system and PYT < PET < PPT for the DT system,
respectively. This is owing to the channel gains of three users
with hRU3 > hRU2 > hRU1 and hSU3 > hSU2 > hSUl’ respec-
tively. The system OP decreases with transmit SNR increase,
because the achievable rate of the k-th user increases with the
transmit SNR. More importantly, the DF relaying system can
obtain 15 dB transmission SNR gains in 10~3 OP level over the
DT system. It demonstrates that relay LED-PD can effectively
improve the system outage performance. In other words, the
channel transmission quality between the source transmitter and
the target receiver is improved.

Fig. 3 shows the system OP versus relay LED-PD transmit
semi-angles in the DF relaying system with pry, = 102dB.
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system with pry, = 102 dB.

It can be seen that the system OP firstly decreases and then
increases with the increased relay LED-PD transmit semi-angle.
It can be concluded that there is an optimal relay LED-PD
semi-angle to achieve the optimal system outage performance.
During the decreasing phase of the OP, the cell-edge users
can obtain more LoS link light of the relay LED-PD with the
increased relay LED-PD transmit semi-angle, and the corre-
sponding channel gain is improved. However, the LoS link
light from relay LED-PD is become more divergent with the
further increase of relay LED-PD transmit semi-angle, then the
light energy obtained by the user’s PD will be reduced and the
channel quality becomes poor. Thus, an optimal relay LED-PD
transmit semi-angle should be chosen to improve the system
outage performance in the cooperative relay LED-PD design.

Fig. 4 shows the system OP versus relay LED-PD deployment
height in the DF relaying system with pry, = 102dB. It can be
observed that the system OP firstly decreases and then increases
with relay LED-PD deployment height. There exists an optimal
relay LED-PD deployment height in achieving the minimum
OP. There are mainly two reasons. On one hand, the cell-edge
users can obtain more LoS link light from relay LED-PD with the
increased relay LED-PD deployment height and the channel gain
is improved. Note that the increment of channel gain achieved
by the LoS link light from relay LED-PD can compensate for
the decrease of channel gain caused by the increased distance
between relay LED-PD and the cell-edge users. On the other
hand, with the further increased relay LED-PD deployment
height, the channel gain attenuation caused by increasing dis-
tance dominates the trend of channel gain, and the corresponding
OP is increased. Thus, relay LED-PD should be designed with
an optimal deployed height to enhance the forwarding capability
of relay LED-PD.

Fig. 5 presents system OP versus relay LED-PD radiation
radius in the DF relaying system with pry, = 102dB. It can
be seen that the system OP increases with the relay LED-PD
radiation radius. The main reason is that the probability that the
user is farther away from relay LED-PD increases with relay
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Fig. 5. System OP versus relay LED-PD radiation radius in the DF relaying
system with pry, = 102 dB.

LED-PD radiation radius, and the OP in the considered scenario
increases.

Fig. 6 shows system OP versus power allocation coefficient
oy of the far user from the source LED and power allocation
coefficient 3y of the far user from the relay LED-PD in the
two-user scenario. Note that a two-user scenario is considered
for focusing on the impact of the power allocation factors on
the OP. In the two-user scenario, power allocation coefficients
of the far user U; and the near user U, are set as «v1, o at the
source LED and 3, 32 at the relay LED-PD, respectively, i.e.,
a = |ay, az, B = [B1, Ba].

Fig. 6(a) shows system OP versus power allocation coefficient
ay of far user from the source for DF relaying system with
B8 =10.70,0.30], pru, = 100dB and Ry, = 0.55bits/s/Hz.
Note that when 0 < a7 < 0.6, the far user occurs outage in the
channel link SR. When «; = 1, both the far user and the near
user occur outage in the channel link SR. Thus, a; € [0.6,0.95]
is considered. It can been seen from Fig. 6(a) that when «; €
[0.6,0.95], namely, the channel link SR is connected, the power
allocation coefficient « of the source LED has no impact on the
system OP. This is mainly because the relay LED-PD decodes
signal and then reconstructs the signal by employing power
allocation coefficient 8 after receiving the transmitted signal
by source LED.

Fig. 6(b) shows system OP versus power allocation coefficient
By of far user from the relay for DF relaying system with pry, =
95dB and pry, = 100dB in the two-use scenario, where the
target rate threshold Ry, ;, = 0.55bits/s/Hz. It can be observed
from Fig. 6(b) that the OP of the far user decreases and the
OP of the near user increases with the increased ;. Because
the achievable rates of the far user and the near user increase
and decrease with 3 increase, respectively. Moreover, it can be
seen that the far user and the near user achieve the same OP
when [ is set as a specific value. And the relay transmit SNR
is higher, the system outage performance is better. It illustrates
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Fig. 6. System OP versus (a) power allocation coefficient o1 of the far user
from the source LED and (b) power allocation coefficient 31 of the far user from
the relay LED-PD in the two-user scenario.

that we should set reasonable power allocation coefficients and
the relay transmit SNR for obtaining the optimal system outage
performance.

V. CONCLUSION

In this paper, a DF relay-aided VLC system with NOMA
is proposed to improve the system outage performance of the
cell-edge users. Moreover, interference among NOMA users
and the constraints on the peak amplitude and average power are
considered in the proposed system. In order to accurately analyze
the system outage performance, a statistical probability method
is employed and the closed-form expression of the OP is derived.
Simulation results verify the accuracy of the theoretical expres-
sion and illustrate that the proposed DF relaying system can
improve the communication robustness of the cell-edge users.
It can obtain 15dB transmission SNR gains in 10~ OP level
compared with the DT system. Furthermore, by investigating
the impact factors of the OP, the optimal relay LED-PD transmit
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semi-angle and relay LED-PD deployment height are obtained
to achieve the optimal system outage performance.
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