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Traditional orthogonal frequency division multiplexing (OFDM) based visible light communication (VLC) system is sus-

ceptible to high peak-to-average power ratio (PAPR), thus leading to low power efficiency. To address this issue, a sparse 

code multiple access (SCMA) codebook design method has been proposed to lower the PAPR of the clipping based 

OFDM-VLC system. Then, the codebooks of the high-dimension mother constellation (MC) and low-dimension MC are 

optimized, respectively. Specifically, for high-dimension MCs like T16-quadrature amplitude modulation (T16-QAM), 

the constellation points (CLPs) with higher transmit power are mapped to the CLPs with lower power. For low-dimension 

MCs like 4-pulse amplitude modulation (4-PAM), a contracted mapping method is proposed to reduce the power of the 

CLPs located on the real axis of the MC. Simulations show that the proposed method could achieve better PAPR per-

formance for any value of the clipping ratio with only a slight bit error rate (BER) performance loss compared to the 

original codebook design. Besides, the smaller clipping ratio would induce better PAPR performance but worse BER per-

formance. Moreover, the increasing number of iterations in the logarithm domain message passing algorithm (log-MPA) 

could improve the BER performance. This work will benefit the research and development of SCMA-OFDM-VLC sys-

tems. 
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Visible light communication (VLC) technology has gar-

nered significant attention as an important alternative to 

the existing radio frequency (RF) based wireless com-

munications, particularly in the indoor scenarios with 

short communication ranges[1,2]. In VLC system, the or-

thogonal frequency division multiplexing (OFDM) 

scheme has been widely adopted for its high spectral 

efficiency[3]. Besides, the sparse code multiple access 

(SCMA) technique, which utilizes various codebooks to 

distinguish different users, has been proposed as a prom-

ising multiple access technique for the fifth-generation 

(5G) and beyond[4]. Compared to the traditional or-

thogonal multiple access technologies, SCMA could 

provide up to 200% more connections with its superior 

codebook design[5,6]. To further exploit the limited spec-

trum resource of the light-emitting diode (LED), the 

SCMA scheme has been introduced into VLC systems by 

some groups[1,7]. Unfortunately, the SCMA-OFDM-VLC 

system suffers from the inherent high peak-to-average 

power ratio (PAPR) of OFDM signals, causing the 

high-power amplifier (HPA) of the transmitter to work at 

saturation, therefore producing both in-band and 

out-of-band distortion[8]. To solve this problem, the sim-

plest approach is to use the clipping technique[8-12]. 

Ref.[9] proposed a novel clipping-piecewise linear com-

panding scheme to address the high clipping noise and 

PAPR in the OFDM-VLC system. Ref.[11] presented the 

μ-law nonlinear companding transform (μ-NCT) with 

modified recoverable upper-clipping (μ-NCT+MoRoC) 

model to reduce the PAPR. Actually, from the perspective 

of codebook design, the PAPR could be reduced if the 

SCMA codebook is designed properly[13], which has not 

been reported up to now for the SCMA-OFDM-VLC 

system, to the best of our knowledge. To this end, a novel 

codebook design method has been proposed in this work 

to mitigate the PAPR of the clipping based 

SCMA-OFDM-VLC system. 

The contributions of this work could be summarized 

as follows. For the high-dimension mother constellation 

(MC), the constellation points (CLPs) with higher trans-

mit power are mapped into the points with lower power 

to reduce the number of the high-power CLPs. For the 

low-dimension MC, the contracted mapping factor is 

proposed to reduce the power of those CLPs located on 

the real axis and further suppress the PAPR. Furthermore, 

simulation results are presented to evaluate both PAPR 

and bit error rate (BER) performances, where the validity 

of the proposed SCMA codebook design method is
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effectively verified.  

The diagram of the downlink SCMA-OFDM-VLC 

system is presented in Fig.1. It is assumed that J=6 and 
K=4, which means the data of six users are transmitted 

by four physical resource blocks[14]. At the transmitter 

side, 1 2[ , ,..., ]NX X X�X  denotes the fre-

quency-domain (FD) signal. N depicts the number of 

subcarriers. Through the N-point inverse fast Fourier 

transform (IFFT), the FD signal is converted to the 

time-domain (TD) signal, denoted by 
1 2,[ , ,..., ]Nx x x�x  

in the diagram. To mitigate the high PAPR, clipping 

technology is adopted here. Then the real and imaginary 

parts of the complex TD signal are directly separated 

after the IFFT processing. The signals with direct-current 

(DC) bias are expressed as �Re[ ]x  and �Im[ ]x , which  

are then rearranged alternately in the form of serial 

stream � � � � �
1 1 2 2Re[ ], [ ], Re[ Im Im[ ], [ ],..., Re[ ],�� Nx x x x xx  

�Im[ ]].Nx  The VLC channels are assumed to be unit 

vectors for simplicity, and the extension to the general 

VLC values is straightforward[4,15]. The additive white 

Gaussian noise (AWGN) is denoted by n with zero mean 

and variance 2

W� . The received real signal is represented 

by 1 2 2[ , ,..., ]Ny y y�� � � �y , which is subsequently rearranged 

to the complex signal stream ˆ,y  
where 1 2 3 4 2 1 2

ˆ [ i , i ,..., i ].N Ny y y y y y�� � � �� � � � � �y  With the 

N-point FFT operation, the corresponding FD signal is 

obtained. To distinguish different users’ signals, the loga-

rithm domain message passing algorithm (log-MPA) is 

adopted to perform multi-user detection[16,17]. 

 

Fig.1 SCMA-OFDM-VLC system model 

The N-point IFFT TD signal nx can be given by 
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As a result, the PAPR can be expressed as 
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where Pp and Pa represent the peak power and average 

power, respectively. E[ ]�  and max[ ]�  denote the mean 

and maximum operations, respectively. 

Generally, to describe the probability that the PAPR 

achieves a higher value than a certain threshold, the 

complementary cumulative distribution function (CCDF) 

can be used and given by 

   �0 0( ) ,CCDF PAPR P PAPR PAPR� �  (3) 

where 0PAPR  represents the threshold. 

The soft envelope limiter clipping model is consid-

ered[8], in which the clipped signal nx  is given by 
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where A represents the clipping threshold. Consequently, 

the clipping ratio �  can be defined as 
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The overall noise at the receiver consists of two parts, 

the clipping noise and the AWGN. The variance of the 

overall noise can be given by[8] 
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where 
π

1 e erfc( ),
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� �  is the attenuation 

factor. 
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x
� �� � � �  depicts the complemen-

tary error function. 2

c

2 2(1 e ) x
�� � ��� � � is the variance 

of the clipping noise, where 2

x�  represents the variance 

of the signal without clipping. 

The SCMA encoding operation of the jth user can be 

expressed as 
1 2

( ) , , ,j j j j Njf x x x� 	� � 
 �…X b  where jb  

and jX  are the binary bit stream and SCMA codewords 

of jth user. f is the mapping relation between jb  and 
jX , which can be written as 2log: ,Mf � �B  where 

K� � C  with the cardinality .M�� B  and C  rep-

resent the sets of binary and complex numbers, respec-

tively. The superimposed complex codeword can be 

given by
1

J

j
j�

� �X X . 

Based on the above analysis, it can be known that the 

PAPR is significantly affected by the power of the CLPs 

in the MC. To this end, an SCMA codebook design 

method is presented to decrease the power of the CLPs 

with  slight  BER  performance  loss.  For  the 

high-dimension MC, the CLPs located in the corners are 
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mapped into other points with less power. For the 

low-dimension MC, the power of those CLPs located on 

the real axis of the MC is reduced. Without loss of gen-

erality, T16-quadrature amplitude modulation 

(T16-QAM) and 4-pulse amplitude modulation (4-PAM) 

are adopted to illustrate the high-dimension MC and 

low-dimension MC cases, respectively.  

Fig.2 shows the projections on these two complex di-

mensions, which come from the MC of T16-QAM sig-

naling, and each dimension corresponds to one certain 

resource block. In the projection of the dimension 1 

(D1), there are four CLPs out of the unit circle corre-

sponding to four codewords, i.e., 1100, 0000, 0011, and 

1111, which have the largest amplitude among all the 

codewords. Similarly, in the projection of the dimension 

2 (D2), there are also four CLPs out of the unit circle 

corresponding to four codewords, i.e., 1001, 0101, 0110, 

and 1010, which are allocated the highest power. Recall 

that high PAPR mainly results from those codewords 

with more power, and thus it is quite necessary to reduce 

the power of these codewords (corresponding to the red 

dots shown in Fig.2). To this end, for T16-QAM signal-

ing constellation, the red CLPs are deleted from the MC 

and the corresponding codewords are mapped into other 

CLPs located inside the unit circle. The mapping trans-

formation is characterized in Fig.3. It can be observed 

that there are four CLPs containing two different code-

words in D1, i.e., {0110, 1100}, {1010, 0000}, {1001, 

0011}, and {0101, 1111}. Similarly, there are also four 

CLPs containing two different codewords in D2, i.e., 

{1100, 1001}, {0000, 0101}, {0011, 0110}, and {1111, 

1010}. According to the detecting policy of the 

log-MPA, the non-double-overlapping principle (NDOP) 

is presented that the overlapping codewords in a certain 

dimension should not be mapped into the same CLP in 

another dimension to avoid the detecting errors. Obvi-

ously, the designed constellation could satisfy the NDOP. 

In this work, the codebooks set (CS) corresponding to 

the original T16-QAM constellation is denoted by 

CS1-1, and the corresponding T16-QAM constellation is 

represented by MC1-1. Similarly, the CS corresponding 

to the proposed inward mapping 12-point constellation is 

expressed by CS1-2, and the corresponding 12-point 

constellation is denoted by MC1-2. 

 

Fig.2 Projections on two complex dimensions of 
T16-QAM signaling constellation 

 
Fig.3 Inward mapping transformation of T16-QAM 
signaling constellation 

Moreover, on the basis of the above mapping method, 

another strategy is proposed to improve the original MC 

(MC1-1). Fig.4 shows the detailed mapping strategy 

clearly, in which the codewords signed by red dots are 

mapped counterclockwise to the adjacent CLPs. The 

designed constellation also satisfies the NDOP. The CS 

corresponding to this 12-point constellation is repre-

sented by CS1-3, and the corresponding 12-point con-

stellation is represented by MC1-3. 

 
Fig.4 Counterclockwise mapping transformation of 
T16-QAM signaling constellation 
 

For the low-dimension MC like 4-PAM, the delete op-

eration is unrealistic due to the limited number of CLPs. 

Therefore, a contracted mapping method is proposed. 

Specifically, 
� Generate the MC. 

� Determine the sparse matrix Vj of jth user according 

to the factor matrix F. 

� Determine the operating matrix Δj and the final 

codebook Cj of jth user, on the basis of the relation-

ship MC( )j j j�C V C�� . 

The MC of 4-PAM signals are depicted in Fig.5, 

which could be further expressed as 

  1 2 2 1
MC

2 1 1 2

,
R R R R

R R R R
� �� 	� � �� �
 �

C  (6) 

where 1R OA� , 2R OB� . 

The factor matrix F for six users and four physical re-

source blocks can be given by[11] 

0 1 1 0 1 0
1 0 1 0 0 1

.
0 1 0 1 0 1
1 0 0 1 1 0

� 	
� �� � �
� �
 �

F  (7) 

Meanwhile,  on  the  basis  of  the factor matrix 

and T T T

1 1 2 2= diag( ),diag( ), ,diag( )J J� 	
 ��F VV V V V V , it is 

explicitly to obtain the sparse matrix for each user. 
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Fig.5 4-PAM constellation 

The specific operating matrix Δj proposed in this work 

can be expressed as 
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where ε  represents the contracted mapping factor sat-

isfying 0 1� �ε . 1 4—� �  are the rotation angles. By 

utilizing the contracted mapping factor, the points lo-

cated on the real axis of the MC could be mapped into 

the points located nearer the center of the circle. The CS 

corresponding to the original 4-PAM constellation is 

denoted by CS2-1, and the CS corresponding to the pro-

posed constellation is represented by CS2-2. 

Moreover, the computational complexity of this work 

is analyzed as follows. The OFDM-VLC system with 

SCMA technology contains N/K SCMA symbols in a 

frame, thus the decoding process of the 

SCMA-OFDM-VLC system requires 
f 2

f iter f 2/ *(3 2 ) 2 logdN K M Kd N MKd N N� �  additions, 

f

f iter f 2/ *(3 4 ) logdN K M Kd N MKd N N� � multiplications, 

and f

f iter v f iter/ *[ ( 2) ]dN K M Kd N N MKd N� � compari-

sons, respectively, when the log-MPA is adopted for effi-

cient decoding. M is the size of the user codebook, df 

denotes the degree of the function nodes, and Nv repre-

sents the degree of the variable nodes[17]. 
In this paper, the number of subcarriers and OFDM 

symbols are set to 512 and 53 10 , respectively. The 

CCDF curves of the PAPR for the original T16-QAM CS 

and the proposed CSs with different clipping ratios are 

presented in Fig.6. It is evident that for any value of the 

clipping ratio, both proposed strategies exhibit better 

PAPR performance compared to the original scheme. 

However, as the clipping ratio increases, the enhance-

ment in PAPR performance becomes limited due to the 

reduced differences between the clipped and original TD 

signals. 

Fig.7 demonstrates the BER performance of the sys-

tem operating under the original T16-QAM CS and our 

proposed CSs. Expectedly, the BER values would de-

crease with the increasing signal-to-noise ratio (SNR). 

The schemes with the proposed CSs show worse BER 

performances compared to the CS1-1 (the original 

T16-QAM CS) for any value of the clipping ratio. This is 

because after inward mapping or counterclockwise map-

ping operations, the minimum Euclidean distance of 

MC1-2 and MC1-3 would become smaller than that of 

MC1-1, which may cause unexpected detecting error. 

Specifically, the CS1-3 could provide better BER per-

formance than that of CS1-2. Moreover, as the clipping 

ratio increases, the BER performance of this system 

would get better for these three CSs. 

 

 

Fig.6 PAPR performance of the SCMA-OFDM-VLC 
system for T16-QAM with different values of the clip-
ping ratio: (a) γ=4; (b) γ=5; (c) γ=6; (d) γ=7 

 
Fig.7 BER performance of the SCMA-OFDM-VLC sys-
tem for T16-QAM with different values of the clipping 
ratio: (a) γ=4; (b) γ=5; (c) γ=6; (d) γ=7 

The CCDF curves of the PAPR for the original 4-PAM 

CS and the proposed CSs with different clipping ratios 

and contracted mapping factors are illustrated in Fig.8. It 

can be observed that for any value of the clipping ratio, 

the proposed MC mapping scheme could significantly 

enhance the PAPR performance of this system compared 

to CS2-1. Specifically, the PAPR would become smaller 
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with the decreasing contracted mapping factors. More-

over, with the increase of the clipping ratio, the PAPR 

performance would get worse as expected. 

 

Fig.8 PAPR performance of the SCMA-OFDM-VLC 
system for 4-PAM with different values of the clipping 
ratio: (a) γ=1; (b) γ=2; (c) γ=3; (d) γ=4  

Fig.9 shows the BER performance of this 

SCMA-OFDM-VLC system operating under the original 

4-PAM CS and the proposed CSs with different clipping 

ratios and contracted mapping factors. It is evident that 

the BER would increase as the contracted mapping factor 

decreases. Recall that the PAPR performance could be 

efficiently enhanced with the contracted mapping factor 

being smaller as demonstrated in Fig.8. Therefore, there 

exists a trade-off between the PAPR and BER perform-

ances when choosing an appropriate contracted mapping 

factor. It is observed that the BER sharply increases when 

the contracted mapping factor decreases from 0.4 to 0.2. 

Besides, the BER performance would become better with 

the increasing clipping ratios. 

 

Fig.9 BER performance of the SCMA-OFDM-VLC sys-
tem for 4-PAM with different values of the clipping 
ratio: (a) γ=1; (b) γ=2; (c) γ=3; (d) γ=4 

The BER performance of this SCMA-OFDM-VLC 

system with T16-QAM and 4-PAM versus the number of 

iterations for log-MPA is depicted in Fig.10. For 

T16-QAM, the clipping ratio is 6 and the CS1-3 is 

adopted. As can be observed, the BER values would de-

crease with the increasing number of iterations in 

log-MPA. However, the improvement of the BER per-

formance would not be obvious if the number of itera-

tions for log-MPA is beyond 4, which means that there 

exists a potential bottleneck. For 4-PAM scheme, the 

clipping ratio is set to 3, and the contracted mapping 

factor for CS2-2 is set to 0.4. Similarly, the BER per-

formance can be significantly improved as the number of 

iterations increases. Nevertheless, the BER performance 

improvement would not be pronounced if the number of 

iterations is larger than 3, which means that there also 

exists a potential bottleneck in improving the BER per-

formance by increasing the number of iterations. 

 

Fig.10 BER performance of the SCMA-OFDM-VLC 
system for (a) T16-QAM (CS1-3, γ=6) and (b) 4-PAM 
(CS2-2, ε = 0.4 , γ=3) with different numbers of itera-
tions for log-MPA decoding operation  

In this work, an SCMA codebook design method was 

proposed to reduce the PAPR of the clipping based 

SCMA-OFDM-VLC system. Different mapping strate-

gies were presented for the high-dimension MC and 

low-dimension MC, respectively. Particularly, for the 

high-dimension MCs like T16-QAM, the CLPs with 

higher power in the original MC were mapped inward or 

counterclockwise to other CLPs with lower power. For 

the low-dimension MCs like 4-PAM, a contracted map-

ping method was proposed to reduce the power of the 

CLPs located on the real axis, thereby decreasing the 

overall PAPR. The effects of different CSs along with 

diverse parameters on the PAPR and BER performances 

of this SCMA-OFDM-VLC system were then simulated 

and compared. Results showed that the proposed SCMA 

codebook design method could significantly improve the 

PAPR performance with only a slight increase in BER. 

Meanwhile, with the growing of the clipping ratio, the 

PAPR performance would be degraded and the BER per-

formance would be improved. Furthermore, the BER 

performance could be efficiently improved with the in-

creasing number of iterations in the log-MPA decoding 

operation, while for a given SNR, the BER value would 

keep almost a constant as the number of iterations in-

creases. 
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