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Abstract: A SCMA ACO-OFDM downlink visible light communication
(VLC) system is proposed. Six users share four spectrum resources, four of
which are 4 primary color LED lights. ACO-OFDM technology is used to
convert the user’s sparse codebook mapped signal into a positive real value
signal that can be carried on the light wave, which can realize high-speed
parallel communication. Simulation verifies the feasibility of the system.
At the same time, the channel model of visible light communication is
constructed, and the signal-to-noise ratio(SNR) and channel gain of the
visible light channel are systematically analyzed. Finally, the theoretical bit
error rate formula using MPA decoding algorithm under different codebook
constellation mapping points is given. Through simulation, it is verified that
the theoretical bit error rate formula is basically consistent with the simulation
bit error rate formula.

Keywords: SCMA; ACO-OFDM; visible light communication; SNR; MPA;
bit error rate

1 Introduction

Visible light communication technology is increasingly favored by many researchers. It has the
advantages of high-speed communication, low interference effect compared with traditional RF
communication, high security and green environmental protection, and is expected to becomethe next-
generation technology for mobile communication [1-3]. Similarly, Non-Orthogonal multiple access
(NOMA) technology also has many advantages, such as being able to support a larger number of
users to achieve high-quality communication under the same spectrum resources. Compared with
orthogonal multiple access (OMA) technology, it is also expected to become the next generation
mobile communication technology [4,5]. Therefore, it is very meaningful to consider the combination
of visible light communication (VLC) technology and Non-Orthogonal multiple access (NOMA)
technology. Its advantages are mainly reflected in the following points: 1. VLC users can realize
high-quality communication in overloaded indoor scenes; 2. It can make the limited visible spectrum
resources achieve greater communication capacity; 3. In the visible light communication scene with
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high signal-to-noise ratio (SNR), Noam technology has better communication performance than
OMA technology, such as higher bit error rate and higher utilization of low-frequency spectrum [4].

In order to realize high-speed visible light communication, researchers have proposed to apply
OFDM technology to visible light communication, and OFDM technology has high frequency
band utilization, strong anti-fading ability, strong resistance to inter-symbol interference as well as
inter-symbol interference, and has the benefits of being suitable for high-speed data transmission.
ACO-OFDM technology is a hot technology now, One of the biggest advantages of ACO-OFDM
modulation is that in a typical visible light communication system, we can only use intensity
modulation/direct detection (IM/DD), and the data is carried under the intensity of the optical
signal, so it can only be a positive real value signal, while the baseband signal of OFDM is usually a
complex bipolar signal. According to the principle of IFFT transformation, if the frequency domain
vector before IFFT transformation meets Hermitical symmetry, we can get a real baseband signal.
The single polarization of the obtained real baseband signal can meet the requirements of intensity
modulation/direct detection (IM/DD). The earliest proposed method of single polarization OFDM is
DCO-OFDM. In DCO-OFDM, the negative signal is eliminated by adding DC bias, and a positive
real signal is obtained. However, because the large peak to average ratio of OFDM system will reduce
the efficiency of the power amplifier of the transmission system, the DC bias cannot be too large,
Moreover, even if the DC offset is large, some signals will still be negative, and further amplitude
limiting is needed, which not only increases the transmission power, but also leads to signal distortion,
which seriously affects the communication performance of the system. In order to avoid such limiting
noise and nonlinear distortion, researchers also proposed ACO-OFDM technology. In ACO-OFDM
system, unipolar signals are obtained by limiting the amplitude of bipolar signals. If only information is
sent on odd carriers, all limiting noise will be on even carriers, and the information sent on odd carriers
will not be affected, and the correct selection of carrier frequency at the receiving end, It can accurately
restore the original sent information. The OFDM system using this technology is significantly better
than on-off keying (OOK), pulse position modulation (PPM) and DCO-OFDM technology in terms
of optical power efficiency, so here we also use ACO-OFDM technology [6].

Non orthogonal multiple access technology (NOMA) is a key technology of 5g communication
system physical layer architecture [7]. Now there are two well-developed NOMA technologies, namely
power domain non orthogonal multiple access (PD-NOMA) [¢] and code domain non orthogonal
multiple access, that is, sparse code multiple access (SCMA) [9]. NOMA technology puts forward
a new theoretical dimension, that is, in the power domain, different users share the same spectrum
resources, and the receiver uses serial interference cancellation (SIC) technology to eliminate the
interference between different users. SCMA technology is a code domain non orthogonal multiple
access technology proposed by Huawei. Compared with the previous low-density signature (LDS)
technology, SCMA technology has the advantages of lower complexity and better communication
performance [9,10]. In the SCMA communication system, the input bit information stream is
mapped into multi-dimensional code words by the SCMA codebook, and the message passing (MPA)
algorithm is used at the receiving end to eliminate the interference between users and decode the bit
information of each user [1 1]. Among them, the design of sparse codebook plays an important decisive
factor for the performance of SCMA system.

In previous studies, some researchers proposed a color domain SCMA non orthogonal multiple
access visible light communication system, and analyzed the theoretical BER upper bound of the
system [12]; Reference [13] proposed a visible light communication system combining PD-NOMA and
SCMA; The literature proposes a visible light communication system based on SCMA, and compares
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it with the bit error rate of OMA multiple access OFDMA technology [14,15]; The literature proposes
BER analysis of SCMA system based on Star QAM signal constellation codebook design [16].

Some of the above studies only put forward a system concept, and did not analyze the performance
of the system theoretically, such as theoretical error rate analysis. Some did error rate analysis, but the
theoretical analysis was not accurate enough. In this paper, we not only make the downlink system
model of ACO-OFDM visible light communication based on SCMA, but also analyze the channel
model and noise of the system, and give a more accurate bit error rate formula. The simulation results
show that our theoretical analysis and simulation results are consistent.

2 System Model

As shown in Fig. 1, assume a downlink multi-user SCMA visible light communication system,
where users share resources. Here, we assume that six users share four resources, four of which
represent four frequency points of four primary color LED lights. Here we use ACO-OFDM
modulation technology. Next, we will discuss it in three parts: sender, channel model and receiver.
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Figure 1: System model

2.1 Signal Transmitted

In SCMA, each user has a specific codebook, which contains constellation points of dimensions:
X {x,l, Xjy oo } among them, the steps of constellation mapping and sparse coding are
combmed and each user sends the transmitted bit data signal through codebook coding mapping
to obtain a 4-dimensional complex code words, in which the codebook is from literature [17], and
then performs parallel serial conversion on the code words combined by 6 users, The obtained serial
complex signal is modulated by ACO-OFDM to obtain a serial non negative real signal, and then the
serial non negative real signal is converted into a parallel four-way non negative real signal, which is
carried on the four primary color LEDs of R, G, B and Y. the signal is transmitted through four optical
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carriers. The number of subcarriers transmitted by OFDM is n, so the expression of the transmission
signal carried by each subcarrier in the frequency domain is [16]:

Xn = Z:jdiag (/F]) Xn,j (1)

Here, n represents the nth subcarrier, (n=1, ..., N), and Pj represents the signal power of the jth
user. The transmission signal after ACO-OFDM modulation is [6]:

Xt_ACO — OFDM =10, X,,0,X,,...,0,Xy,0,X;,0,X;_,...,0,X]" (2)
The signal sent through the four basic color light carrier is:
Xr = Xg+ X¢g+ X5+ Xy (3)

2.2 Channel Model

As shown in Figs. 2 and 3, the LED lamp carrying user information is fixed somewhere on the
ceiling. Each receiving user uses a photo detector (PD) to receive the signal light. The separation
between the plane of PD receiver and the LED lightis h. Here we assume that the radius of the receiver
is . After the user information is sent by the LED light, the optical signal received by the receiving
end can be expressed as [13]:

y:hx+n (4)

Here, /i denotesthe channel gain of the whole downlink, x represents the signal sent by the
LED, and n represents the additive Gaussian white noise (AWGN), which obeys the (O, 02) normal
distribution. The channel gain here / is the sum of direct channel (LoS) and indirect channel (NLoS).
Nevertheless, in the case of indoor visible light communication scenarios, the signal of NLoS is very
small compared with Los. Based on this, the expression of visible light channel gain here is as follows:

(m+ 1) n’ArxT, cos(¥r) 14
h — C m l o 5
27 sin(W)? cos (¢) d? ree v )
. —log(2)
Here m represents the Lambert radiation order, m = ———————, ¢, , represents the half power
log(cos(¢2))

angle emitted from the LED, Arx denotes the PDreceiving area, nc represents the refractive index of
receiving lens, W is the PD detector field of view, d is the direct link separation between the receiverand

the LED, v stands for the angle of incident of the light, rect (%) is the rectangular function among
[v, W], Ts is the gain coefficient of the filter, as illustrated in Fig. 1, cos (¢) = R d=+r+ H? so

_m+1D nArxT, g C08 (V) rect (W) (6)

h hdl
2 sin(W)? i + H2)<m2+2)

v

2.3 Signal Receiver

The driver color mixed signal transmitted through the visible light channel is received by PD after
passing through the filter. After parallel serial conversion, the signal received by the four parallel PD
is demodulated by ACO-OFDM, and the expression of the received signal is [1 3]

y= pyz;diag (h\/Fj) X +n (7
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Figure 2: Indoor visible light channel model
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Figure 3: LED transmitting and receiving model

Here, y is the responsiveness of PD detector and p is the photoelectric conversion factor; n
represents additive Gaussian white noise, n~CN (0, ojl)

After channel equalization of the received signal, the received signal after equalization at this
time is

F=> diag(VP))x+— ®)

n
oy
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Here, because we only consider the case of direct channel, there is no influence of multipath effect,
so the value of pyh is a fixed value, which is to say, —— is still subject to white noise of Gaussian

; pyh
distribution, let 7 = —, then i~CN (0, 021)
pyh
2.4 Signal to Noise Ratio Analysis
Optical power received by the receiver [18,19]
Pr = hPt )
Pt = PLED (10)
P 2
swrr = LYPr0) (1
o
total
Pr)?
SNRTY = L7 (12)
o

total
SNRr Is received signal-to-noise ratio and SNRTX is transmitted signal-to-noise ratio; Here, y
represents the responsiveness of PD detector and p represents the photoelectric conversion factor;

o’total = o’shot + o’ thermal + o*am (13)

o’shot represents the variance of shot noise,
o’shot = 2qy PrB + 2qy PbgI2B (14)

Here, ¢ represents the charge constant, B is the noise bandwidth, Pbg is the ambient noise power,
and 72 is the noise bandwidth factor of square wave pulse forming at the sending end [20]

87k TA 1672k TAT
A + 22 e (15)

Here TA4 denotes the absolute temperature of ambient environment, G is the gain of open-loop
voltage, n is the unit area capacitance of the PD detector, T is the channel noise coefficient of FET (field
effect transistor), g,, is the trans conductance of FET field effect transistor, I; is the noise bandwidth
factor formed by the completely boosted cosine equalization pulse, and k is the Boltzmann constant
[21,22]. o*am represents the noise bandwidth of the amplification circuit at the receiver

o’am =1, B, (16)

o*thermal =

iam represents the noise intensity of the amplifier and B, is the response bandwidth of the
amplifier;

Add signal to noise ratio of ambient noise

Pt
SNRTX = 2—+2 ")
O otal T Opg
Pi/a, SNR
Thel’l SNR/TX = /otr)ta[ [0

2 2 2 2 = 2
Gt()tcll/at()ful + Jbg/atl)[(ll 1 + Ong‘SVA]VRTX/P[
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2.5 SCMA Decoding and Bit Error Rate Performance Analysis

Here, we use MPA (message passing algorithm) as the decoding method. According to the
theoretical derivation in the literature, in the AWGN channel, the received signal expression and
theoretical bit error rate formula of SCMA system based on the codebook of star QAM constellation
points [16] is

vavow =y, diag (VB) x4+ (18)

. E, sin’ 8

7— 16T n—- _—

1 /2 T - N, 1IM —12
0

2 o 1 — cos i cos i + ¢
1M —12 1M —12

Comparing the received signals y in the visible light channel, we can find that the types of y
and y,uey are consistent, so the theoretical average bit error rate in the visible light channel can be
directly used in the theoretical bit error rate formula in the AWGN channel. In this way, we obtain the
theoretical BER formula for 6 users and 4 resource blocks in the visible light channel as

d¢ (19)

pb—AWGN =

16 2 sin’ _ 8T
1 [ mi "N TIM — 12
Pone = %/ . 9P S 8 a9 (20)
1 —
O Tm—12 Cos(nM— 12 +‘/’)
Here, we use the complex codebook of 4-dimensional columns, where, M = 2" M =
2n{n: 152535”'}
E,
. SNR — 10log,, (3) dB (21)
0

3 Simulation Results and Analysis
3.1 Parameters
The Channel parameters and SNR parameters are shown in Tables 1 and 2, respectively.

Table 1: Channel parameters

Parameter Value
Height of LED from PD receiving plane H ~ 2.15

PD receiving area Arx 1 cm?

PD responsiveness y 0.54 A/W
PD field angle ¥ 60°

LED half power angle ¢, , 60°
Refractive index of condensing lens nc 1.5

Incident angle of LED signal light to PD ¢  60°
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3.2 SNR Parameters

Table 2: SNR parameters

JIOT, 2022, vol.4, no.4

Parameter Value
PLED 0.1W
LED photoelectric conversion factor p 0.7w/A
Noise bandwidth B 50 MHz
Ambient noise power Pbg 0.19272mW
Noise bandwidth factor 72 0.562
Noise bandwidth factor I, 0.868
Absolute temperature of surrounding environment 74 300k
Open loop voltage gain G 10

PD cxapacitance per unit area n 1.12uF/m?
FET channel noise coefficient I" 1.5

FET trans conductance g, 30mS
Amplifier noise intensity iam 5pA/+v/Hz
Response bandwidth of amplifier B, 50 MHz

3.3 Simulation Results and Analysis

From the Fig. 4, we can see that the simulation results of = 4,8,16 of codebook are roughly
consistent with the theoretical analysis results without adding environmental noise, and we can see
that m =8 is that the simulation results are basically consistent with the theoretical analysis, which
shows that the codebook we use is indeed feasible in visible light communication, and we have found
the aco-ofd of SCMA using this codebook.

10°

BER

—#— SCMA_Simulation_4point
—&— SCMA_Analysis_dpoint
10 b | SCMA_Simulation_8point
—— SCMA_Analysis_8point
SCMA_Simulation_16point
~—— SCMA_Analysis_16point

100 105 110 115 120 125 130
SNR(dB)

Figure 4: m =4, §, 16; theoretical and simulated bit error rate curve at 4, 8, 16 (without environmental
noise)
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Figs. 5-7 are the comparison of the theoretical bit error rate and the simulation bit error rate
with and without environmental noise at different m values, that is, under the constellation points
of the codebook mapping that are not used. From the comparison results, with low transmission
SNR, the theoretical BERand the simulation bit error rate with and without environmental noise
are consistent. With the continuous increase of the transmission signal-to-noise ratio, The bit error
rate with ambient noise is significantly lower than that without ambient noise. And we can see from
the signal-to-noise ratio formula added with environmental noise that when the transmission signal-
to-noise ratio increases to a certain extent, its simulation and theoretical bit error rate will tend to be
stable, which also shows that we cannot onlyincrease the SNR to decrease the system’s error rate, but
also must find other ways to improve the anti noise performance of the system.
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Figure 5: m =4 comparison diagram of adding environmental noise and not adding environmental
noise
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Figure 6: m =8 comparison diagram of adding environmental noise and not adding environmental
noise
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Figure 7: m = 16 comparison diagram of adding environmental noise and not adding environmental
noise

4 Conclusion

In this paper, we propose an QACO-OFDM visible light communication system based on SCMA.
In this system, we consider the sparse codebook based on Star QAM constellation point mapping
to map the bit information flow of multiple users, and its overload rate is j/k = 150%. ACO-OFDM
technology can be used to achieve high-speed visible light communication. The simulation results show
that the simulation results are basically consistent with the theoretical analysis results after considering
the actual system noise. The research of this paper provides a solid theoretical basis for the application
of NOMA technology to the field of next-generation mobile communication.
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