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Abstract. In this paper, relaying technique and non-orthogonal multi-
ple access (NOMA) are adopted to improve performance of visible light
communication (VLC) system. Due to the adoption of relay terminal, the
link reliability and communication coverage of VL.C system are boosted.
Besides, the utilization of NOMA can greatly increase spectral efficiency
and support massive connectivity. So, a cooperative NOMA-based DCO-
OFDM VLC system is proposed. All the optical transmission links use
DCO-OFDM to accomplish information transmission. The relay termi-
nal in the proposed system not only forwards the source signal but also
sends its own signal simultaneously. The signals over the links between
relay and two users are superposed based on NOMA. Under different
cases, the total throughput is analyzed and the optimal power allocation
factor is obtained. In addition, the OMA-based system is taken as the
benchmark system. The simulation results further verify the theoretical
results and the superiority that the proposed system has.
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1 Introduction

In recent days, the requirements for wireless communication achieve explosive
growth. As a result, the available spectrum resources are getting more and more
tense. Thus, communication techniques need to be innovated and improved. Vis-
ible light communication (VLC) has emerged as one of the promising solutions
for indoor high-speed transmission, which can realize illumination and communi-
cation simultaneously [1]. VLC has free and wide optical spectrum, high secrecy
and security, and low-cost implementation, so it has attracted significant inter-
ests. In VLC system, OFDM is one of the most commonly used technologies to
decrease the bit error rate (BER). There are some typical VLC schemes based on
OFDM have been put forward, such as DCO-OFDM, ACO-OFDM, PAM-DMT,
PM-OFDM, U-OFDM and ADO-OFDM [2—-4]. Compared with other systems,
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DCO-OFDM is easier to achieve and has lower cost. So, DCO-OFDM is used in
all the transmission links of our proposed system.

There are always some obstacles such as furniture and home appliances in
the application scenes of VLC network. The existence of these obstacles may
block the light. And then, the information transmission will be interrupted.
Besides, the signals will suffer great attenuation when the distance between the
light emitting diode (LED) and photodiode (PD) is too far. The application of
relaying technique in VLC system can compensate this weakness. Cooperative
VLC system has stronger link reliability and wider communication coverage than
traditional VLC system [5]. Therefore, it has attracted wide attention of many
scholars. [6] shows the performance improvement that amplify-and-forward (AF)
and decode-and-forward (DF) relay brought to VLC system. [7] demonstrates
the superiority of full-duplex (FD) relay-assisted VLC system over half-duplex
(HD) relay-assisted VLC system in BER performance.

Non-orthogonal multiple access (NOMA) technique is a promising candidate
for 5G multiple access techniques. Compared with orthogonal multiple access
(OMA), NOMA supports more users at the same time [8]. In the power-domain
NOMA method, more transmission power is allocated to the user with poorer
channel condition, while less power is allocated to the user with better channel
condition [9]. Then, the signals from various users are superposed together and
sent to receiver side. At receiver side, the superposed signals are de-multiplexed
by using serial interference cancellation (SIC) [10]. Nowadays, there are some
researches on the application of NOMA to VLC system. [11] proposes a NOMA-
DCO-OFDM system and shows its superiority over OMA-DCO-OFDM system.
[12] and [13] also make performance evaluation of NOMA in VLC system and
reveal its performance gain over OMA system.

However, there are few studies on the joint application of relaying technique
and NOMA in VLC system. Therefore, we propose a cooperative NOMA-based
DCO-OFDM VLC system. The system uses DF relay to forward the signal
from source terminal. By using NOMA, the relay terminal not only forwards
the source signal, but also transmits relay signal to corresponding destination
terminal. The optimal power allocation factor is obtained by maximizing the
system throughput. In addition, the superiority of NOMA-based system over
OMA-based system is also verified.

2 System Model

Consider a typical office space with one main light source (S) at the ceiling,
one relay terminal (R) at the desk, and two destination terminals (U and D)
closer to R. The cooperative NOMA-based DCO-OFDM VLC system is shown
in Fig.1. S and R are equipped with LED units to convert electrical signals to
optical signals and send them out, while R, U and D are equipped with PD
to convert optical signals to electrical signals for demodulation. There are two
independent time slots in the proposed system. As Fig.1 shows, the blue line
represents the first time slot, while the red lines represent the second time slot.
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Fig. 1. System model.

During the first time slot, the bit streams are encoded and modulated at S and
S sends the modulated signals to R. Then, R receives and decodes the bits that
S transmits. During the second time slot, the source signals decoded at R are
encoded again. The re-encoded signals are sent out by R with the relay signals
together. These two kinds of signals are superposed in power domain according
to NOMA and they use the same frequency band at the same time. U and D
receive the superposed signals and decode the signals to obtain the transmission
bit streams of S and R, respectively.

A cooperative OMA-based DCO-OFDM VLC system is taken as the bench-
mark system in this paper. Different from the transmission based on NOMA,
the re-encoded signals and relay signals in the benchmark system share the fre-
quency band and each of them uses half the bandwidth. The sub-bands they
used are orthogonal to each other. The comparison of throughput between these
two systems are discussed in the following sections.

3 Model Analysis

In the proposed system, the total transmission power of S and R is constrained
to P, and the transmission power of S and R are set to be the same, i.e. Pg =
Pr = 3P,. Because of the adoption of DCO-OFDM scheme in the four links,
we use the model of non-linear clipping operation in [11]. The signal sent from
transmitter to receiver is double-sided clipped. Then, DC bias is added to the
clipped signal to make the signal be positive signal. Supposing that the signal
transmitted by S is x, while the signal after non-linear clipping process is zcip.
x is a Gaussian random signal whose mean j, = 0 and variance 02 = Ps. In
this section, we first introduce the clipping model of S-to-R link. Then, the total
throughput of the signals received by U and D during the second time slot is
deduced. Finally, the comparison of the total throughput of U and D between
the NOMA-based and OMA-based systems is given.
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3.1 Clipping Model

The non-linear double-sided clipping operation of DCO-OFDM scheme is
defined as
N — B3 x>\ — Bj.
Cy(x) = T No<x< A\ (1)
N — B3 x< X\ - Bj.

where A7 and )\f are the upper and lower boundaries of the clipping opera-
tion at S, respectively. Bgc is the DC bias of the non-linear clipping operation
at S. According to Bussgang Theorem, ., can be divided into two parts as
follows [11].

Telip = asT + dg (2)

where ag and dg are the attenuation factor and clipping noise caused by the
non-linear clipping operation at S. According to Bussgang Theorem, ag can be

calculated by
1 ls 1 ms)
= — f - - - f 3
et (ﬁ) 2 (ﬂ )

\J—BS XS —BS . . :
where [g = =——1¢ and mg = “*——4¢. dg is usually a Gaussian random noise
x

with non-zero mean and it can be divided into two separate parts as
ds = ps + E[ds] (4)

where E [dg] means the operation to get the mean value of dg. pg is a zero-mean
random variable uncorrelated with x. According to (4), the power of clipping

noise Pgip =D|ds] = E [u%], where D [dg] is the operation to get the variance
of dg. By substituting (4) into (2), Pé’;ip is obtained as
2
Pgip =E [xilip] - G’ZE [xQ] —-E [ds] (5)

Therefore, the calculation of Pgip

of E[z2,,] and E[ds]. According to (1), the probability density function of i

is converted to be the calculation processes
can be obtained. So, the expressions of E[zZ, | and E[ds] can be obtained as
follows.

o3
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And E[2?] = 02, according to (3), (6) and (7), P35

olip Call be rewritten as

Pclzp
2
== {mzs + 2msg(ms) + (m% — l)erf(

5 S+ 1% — (12 — Derf(
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3.2 Throughput Analysis

The signal received by R during the first time slot is expressed as
21 = by * (zaip + Bg) +m (9)

According to DCO-OFDM, B3, only affects the DC signal, not the power of
useful signal. So, substituting (2) into (9), the signal-to-noise ratio (SNR) of z;
is expressed by
hi|” ado
L (10)
‘hl‘ (,llp + On

where o2 is variance of channel noise n1. In this paper, all channel noises are seen

as Gaussian random signals with zero-mean and variance 2. So, the throughput
of the signals transmitted from S to R during the first time slot is

1 1 |h1]? a%o?
T = ~log, (1 =1 14— 11
1= 5logy (1+m) 20g2< +|h1 fipes (11)

| clzp

To simplify the discussion, the relay terminal R is assumed to decode the
signal transmitted from S successfully. During the second time slot, the decoded
source signal and relay signal are superposed together in the power domain based
on NOMA. The signals transmitted by R to both D and U are consisted of two
independent parts: the decoded source signal y; and relay signal yo. y; and ys
are both Gaussian random signals whose mean values are zero and variances are
1. So, the transmitted superposed signal in R-to-U and R-to-D links is expressed

as follows
y=+/(1—0)Pry1 + /BPry2 (12)

where 3 is the power allocation factor between R-to-U and R-to-D links during
the second time slot. Denoting that the superposed signal transmitted by R after
clipping operation is y;p, the non-linear double-sided clipping operation at R
is given by
M= BiL y >\ = BJ}
Caly) = y A<y <A (13)
M= BE y <A\ = Bl
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where AF and A are the upper and lower boundaries of the double-sided clipping
operation at R, respectively. ng is the DC bias of the clipping operation at R.
According to Bussgang Theorem, y.;p can be modeled as

Yelip = ary + dr (14)

where ar and dr are the attenuation factor and clipping noise caused by the non-
linear clipping operation, respectively. Correspondingly, ag can be calculated by

1 lr 1 mR)
ap = —erf | —= | — —erf [ —= 15
T2 (ﬂ) 2 <\/§ (15)
AII?_B(I;: 0.2 — P» is th . £ Simil
oy 5 0y = Pris the variance of y. Similar to

dg, dr is a Gaussian random noise with non-zero mean and it can be divided
into two separate parts as

\E_BE
£t ——de and mp =
Oy

where [ =

dr = pir +E[dg] (16)

where E [dr] is the mean value of dg, g is a zero mean random variable uncor-

related with y. Thus, the power of the clipping noise yc;p is Pdw = DJ[dg] =
E [n%]. By substituting (16) into (14), Pclflp can be rewritten as
Pclzp E [M%%] =K [yglzp] - (L%E [yQ] -E [dR]z - 2G‘RE [y] E [dR] (17)
Similar to the calculation of Pfgw, the result of (17) can be obtained as
P(,lzp
= J—g {m2 + 2mprg(mg) + (Mg — l)erf( ) +15 — (% - l)erf(li) — 2le(lR)]
2 R R \/i R ™ 'R \/5
2
— {% {ZR +mg — lRerf(\l/Ri) + mperf( \/5) + 2g(mgr) — 2g(l3)} } — ajo,

(18)
The signals received by U and D during the second time slot are respectively
expressed as follows

= hy * (Yerip + Bi) + na

23 = h3 * (Yerip + BE) +n3

where hy and hg mean the channel gains of R-to-U and R-to-D links, respectively.

Yelip is the clipping signal transmitted from R to both U and D. ny and n3 are
the channel noises of R-to-U link and R-to-D link, respectively.

Supposing that hy > hg, based on the demodulation principle of NOMA, the
SNR of U and D are respectively calculated as

Iho|” a% (1 — ) Pr

(19)

‘h2| cl1p+02
hs|? a%,6P,
7= hal 2P : (21)
‘h3‘ cl1p+‘h3‘ (17/6)PR+0-7L
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The throughput of the signals transmitted from R to U during the second time
slot is expressed by

1 1 |ho|* a% (1 — B) P
Ty = -logy (1 +v2) = Zlogy, | 1 + 22
2= glogs (1 72) = glogs (14 g =25 (22)

Since DF relay is adopted in this system, the total throughput of the source
signal is
Ts = min (11, T3) (23)

In addition, the throughput of signal transmitted from R to D during the second
time slot is

1 1 hs|* a% 6P
T = 510g2 (1 -|—73) = 5108;2 (1 | 3| aRﬁ R )

bl PE, + hal” a3, (1L— 3) Pr+ o2
(24)
Moreover, as a benchmark, the SNR of the signals received by U and D during
the second time slot in the OMA-based system are expressed as

~ _ |ho[*af (1-B) Pr

25

,‘)/2 ‘hQ‘ZPCIl{ZpJ’-U% ( )
_ hs|® a% 3P,

5y = |hs|” akBPr (26)

|hs|* PR+ 02

Then, the total throughput of source signal in the benchmark system is given as
follows

~ /1 1 _
T's = min <210g2 (14+m), 1oz 1+ 72)) (27)

The throughput of signal transmitted from R to D during the second time slot is

(28)

~ 1 _ 1 hs|® a% 3P,
Tr = Jlogy (1473) = Jlogy <1+ s 3P )

2
|ha|” Py, + 0%

4 Simulations and Discussions

In the previous sections, the throughput performance of the system have been
theoretically analyzed. According to the theoretical deduction, we analyze the
throughput with different parameters by simulation in this section. Some param-
eters used in the simulation are set as follows, the total power of S and R
P, = 26 W, the transmission power of S and R Ps = Pr = 13W, A\ = 7V,
AP =5V, A = AF =0V and power of noise P, = 02 = 1 W.

Figure 2 shows the total throughput of signals transmitted to both U and D
during the second time slot with varying power allocation factor (. It is seen that
Ts + Tgr first increases and then decreases with the increase of 3. When Bfe is
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too small, the clipping noise is too big. So Ts + T is small at the beginning and
increases with B(lfc. However, when B(ﬁ reaches to a certain value, it will waste
many power. Correspondingly, the useful power will get smaller, so Ts+Tg stops
increasing and begins to decrease with the increase of ch. There is an optimal
Bffc to maximize Ts 4+ Tr no matter what g is. Figure2 also shows that the
performance is the same when the sum of two 3 equals to 1. In this section, we
set hg = 0.9,hg = 0.6 when hy > hs and hy = 0.6,hg = 0.9 when hy < hs.
Therefore, the theoretical expressions are symmetric and the throughput results
are the same when the sum of two 3 equals to 1.

0.7

—4—$=0.1,0.9

T +T(bpsiHz)

B§C(V)

Fig. 2. The total throughput of U and D during the second time slot with varying BX.

Figure 3 shows the throughput performance with varying 3. It can be seen
that Tg + T first increases and then decreases, and it reaches its maximum at
6 = 0.5. When 8 < 0.5, the increase of 3 means the increase of power allocated to
D with better channel condition. As well, when 8 > 0.5, the increase of 3 means
the decrease of power allocated to U with better channel condition. Therefore,
Ts + Tk increases with the increase of 8 when 8 < 0.5. On the other hand,
Ts + TR decreases with the increase of g when 5 > 0.5, i.e., when the power
allocated to the user with better channel condition increases, the throughput
performance gets better. So, when 3 = 0.5, the power allocated to the user with
better channel gets its maximum value and the throughput performance reaches
its maximum value.

Figure 4 shows the comparison of the throughput performance between the
proposed NOMA-based system and the benchmark system based on OMA. It can
be seen that with the increase of 3, the trend of the throughput curve of OMA-
based system is the same as the one of NOMA-based system. Furthermore, the
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Fig. 3. The throughput performance with varying 8 during the second time slot.
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Fig. 4. The comparison of throughput performance with varying 5 between NOMA-
based and OMA-based system.

introduction of NOMA improves the system throughput performance in general.
Because the spectrum efficiency of OMA-based system is almost half of that in
NOMA-based system. The total throughput of NOMA-based system is almost
twice the throughput of the benchmark system based on OMA.
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5 Conclusion

In this paper, a cooperative NOMA-based DCO-OFDM VLC system is proposed
and analyzed. In the proposed system, all the transmission links use DCO-OFDM
scheme to transmit signal. The DF relay terminal forwards the source signal
and transmits relay signal to corresponding destination terminals at the same
time. These two kinds of signals are superposed in the power domain based on
NOMA. The clipping noise and total throughput are modeled and analyzed. The
simulation results show that when the power allocated to the user with better
channel condition increases during the second time slot, the total throughput
increases. So, the selection of appropriate value of the power allocation factor
is necessary for the system performance. Besides, the comparison between the
proposed system based on NOMA and the benchmark system based on OMA
reveals the performance gain that NOMA brings to the system.
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