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Codebook Design for SCMA-Assisted Visible Light
Communication with Shot Noise
Yiming Gui, Zilong Liu, Qu Luo, Lisu Yu, Ziming He, and Pei Xiao

Abstract—This paper studies the codebook design for sparse
code multiple access (SCMA) based visible light communication
(VLC) impaired by shot noise. By focusing on the typical Rician
fading channels, we first derive a lower bound of the mutual
information of VLC with shot noise and present a design metric
called minimum normalized Euclidean distance (MNED). We
then propose a novel codebook design approach for VLC includ-
ing novel non-linear compensation (NLC) constellation and power
scheduling matrix under the non-negative and real constraint.
Simulation results demonstrate that our proposed codebook
design leads to a higher MNED and thus significantly improved
bit error performance over the existing SCMA codebooks for
VLC systems.

Index Terms—Sparse code multiple access (SCMA), visible
light communication (VLC), shot noise, minimum normalized
Euclidean distance (MNED).

I. INTRODUCTION

IN recent years, visible light communication (VLC) based
on light-emitting diode (LED) has received increasing

attention from both the academia and industry, thanks to its
unique features of safety, unlicensed spectrum, high data rates,
low power consumption, and no electromagnetic interference
[1], [2]. LED is mainly classified as phosphorous LED and
red-green-blue (RGB) LED. The phosphorous LED is most
widely used due to its low cost, yet it suffers from a limited
bandwidth. To tackle this problem, non-orthogonal multiple
access (NOMA) is proposed for offering higher throughput
and improved spectral efficiency for given frequency-time
resources [3].

NOMA is mainly categorized as power-domain NOMA
(PD-NOMA) and code-domain NOMA (CD-NOMA). PD-
NOMA aims to multiplex two or more users sharing the
same time and frequency resources by allocating them with
different levels of power [4]. By contrast, in code-domain
NOMA, multiple users are separated through non-orthogonal
codebooks/sequences. In this work, we consider a disrup-
tive CD-NOMA scheme, called sparse code multiple access
(SCMA), for improving the spectrum efficiency [5]–[8]. In
SCMA, the incoming message bits of every user are mapped
to a sparse codeword at the transmitter [9]. After passing
through a wireless channel, these message bits are efficiently
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detected by the message passing algorithm (MPA) at the
receiver [10], [11]. Legacy codebook design may not be
applicable to SCMA-assisted VLC transmissions primarily
due to two distinct characteristics of VLC: 1) the modulated
signals in VLC systems must be real and positive due to their
reliance on intensity modulation/direct detection (IM/DD); 2)
the detection of varying photon numbers results in fluctuating
currents, which introduce shot noise—a type of noise that
is inherently dependent on the incident optical signal [12],
[13]. Shot noise fundamentally differs from signal-independent
noise (SIDN), which does not vary with the signal strength. Al-
though asymmetrically clipped optical orthogonal frequency-
division multiple access OFDMA (ACO-OFDMA) and direct
current-biased optical OFDMA (DCO-OFDMA) are proposed
to transform complex signals to non-negative and real, such
techniques suffer from limited spectral efficiency [12].

The primary objective of this paper is to design enhanced
multi-dimensional constellations and sparse codebooks for
SCMA-VLC impaired by shot noise. To the best of our
knowledge, the effective codebook design criteria for SCMA
assisted VLC are largely open. With the aid of the Jensen
inequality, our first major contribution is the derivation of
a lower bound of mutual information in the presence of
shot noise. It is shown that such a lower bound is not only
related to the Euclidean distance of the codebooks but also
to the codebook magnitudes. In order to approach such a
lower bound, a novel minimum normalized Euclidean distance
(MNED) metric is introduced.

Our second major contribution is the proposed codebook de-
sign scheme based on the derived MNED. By taking advantage
of the proposed non-linear compensation (NLC) constellation,
piecewise linear (PwL) function and power scheduling matrix
(PSM), we show that the MNED can be efficiently maxi-
mized by a bare bones particle swarm optimization (BBPSO)
algorithm. Compared to traditional unipolar pulse amplitude
modulation (UPAM) and square root (SQR) constellations,
we show by simulations that the proposed PwL-NLC scheme
can significantly improve the system flexibility and robustness
against shot noise and channel fading. We further show that
the resulting codebooks lead to improved bit error rate (BER)
performance by increasing dimensional differences while di-
versifying the multiplexing points as much as possible.

II. SYSTEM MODEL

A. System Model

We consider an SCMA system with K resource elements
and J users, thus the overloading factor is calculated as
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λ = J/K > 1 [14]. At the transmitter, every SCMA encoder
maps log2 M bits into a K-dimensional codeword wj with
N non-zero elements selected from a dedicated codebook of
size M . Codewords from different users are multiplexed to
drive the LED light. Thermal, amplifier and shot noises are
the three prominent sources of noise in VLC. Thermal noise
and amplifier noise belong to SIDN, which can be modeled
by Gaussian distribution.

However, shot noise is dependent on the signal itself whose
variance can be written as

σ2
sh = 2qxRB + 2qIBI2B, (1)

where x denotes the intensity of incident optical signal, q the
electronic charge, B the effective bandwidth of the optical
receiver, IB the background noise current, R responsivity and
I2 the noise-bandwidth factor.

The received signal y can be written as

y = diag(h)
J∑

j=1

wj +

√√√√diag(h)
J∑

j=1

wjz
d + zi, (2)

where h = [h1, h2, · · · , hK ] ∈ RK×1
+ denotes Rician fading

channel vector between the base station (BS) and users. The
probability density function of the normalized Rician random
variable is given by [8]

fhk
(x) = 2x(1 + κ) exp

(
−κ− x2 (1 + κ)

)
× I0

(
2x
√

κ(1 + κ)
)
,

(3)

where κ denotes the ratio of average power in the line-of-sight
(LOS) path over that in the Non-Line-of-Sight (NLOS) path.
I0(·) is the first order modified Bessel function of the first
kind. wj = [w1,j , w2,j , · · · , wK,j ] ∈ RK×1

+ denotes the trans-
mitting codeword for the j-th user. zd = [zd1 , z

d
2 , · · · , zdK ]T

denotes input-dependent real Gaussian noise vector, where
zdk ∼ N(0, ς2σ2). zi = [zi1, z

i
2, · · · , ziK ]T denotes input-

independent real Gaussian noise vector, where zik ∼ N(0, σ2).
zd and zi are independent with each other and ς2 denotes the
ratio of variance of zd to that of zi, where ς2 varies from 1
to 10 [13].

B. Detection Algorithm

Benefiting from the sparsity of SCMA, the transmit code-
words and thus the incoming message bits can be decoded
by MPA with low complexity. MPA is an iterative algorithm
by recursively passing the extrinsic information between the
resource nodes (RNs) and variable nodes (VNs) until the max-
imum number of iterations is reached. The prior probability of
each codeword is ηtk→j = 1/M . The update process for RN
can be expressed as

ηtk→j(wj)=
∑
∼wj

1√
2πρ

exp

−

(
yk −

∑
j∈εk

wk,j

)2
2ρ2


×

∏
r∈εk\{j}

ηt−1
r→k(wr),

(4)

where ρ2 = σ2(1 + ς2
∑

j∈εk
wj). ηtk→j denotes the belief

message passing from RN k to VN j in iteration t. εk \ {j}
denotes all the VNs in RN k except VN j.

The update process for VN can be written as

ηtj→k(wj) =
∏

r∈ζj\{k}

ηt−1
r→j , (5)

where ηtj→k denotes the belief message passing from VN j
to RN k in iteration t. ζj \ {k} denotes all the RNs in VN j
except RN k.

The complexity of MPA is dominated by the mes-
sage updating at the RN, which can be approximated as
O
(
NiterKMdf

)
. Niter denotes the number of iterations and

df denotes the number of users that collide over the RN.

III. PROPOSED SCMA CODEBOOK DESIGN

A. Proposed Design Criteria

Since there are J users where every user is assigned
with a codebook with size of M , one needs to deal with a
superimposed constellation with size of MJ , denoted by ΦMJ .
Let x =

∑J
j=1 wj be a superimposed codeword of ΦMJ . By

assuming an equal probability of multiplexing codewords, the
entropy can be written as

H(X) = −
MJ∑
s=1

P(xs) log2 P(xs) = J log2 M, (6)

where xs denotes the s-th superimposed codeword in ΦMJ .
The conditional entropy can be written as

H(X|Y ,h)=−
MJ∑
s=1

∫ +∞

−∞
f(xs,y) log2

f(xs,y)∑MJ

t=1 f(xt,y)
dy

=
1

MJ

MJ∑
s=1

−
∫ +∞

−∞
f(y|xs) log2 f(y|xs)dy︸ ︷︷ ︸

≜I1

+

∫ +∞

−∞
f(y|xs) log2

MJ∑
t=1

f(y|xt)dy︸ ︷︷ ︸
≜I2

.

(7)

For I1 in (7), we have

I1 = −
K∑

k=1

∫ +∞

−∞

exp
{
− (yk−hkxk,s)

2

2(1+hkxk,sς2)σ2

}
√
2π(1 + hkxk,sς2)σ2

× log2

exp
{
− (yk−hkxk,s)

2

2(1+hkxk,sς2)σ2

}
√
2π(1 + hkxk,sς2)σ2

dy

=
K

2
log2 e+

K∑
k=1

1

2
log2 2π(1 + hkxk,sς

2)σ2,

(8)

where xk,s and xk,t denote the k-th element of K-dimensional
superimposed codeword xs and xt, respectively. yk denotes
the k-th element of receive signal y.
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For I2 in (7), we have

I2 ≤ log2

MJ∑
t=1

∫ +∞

−∞
f(y|xs)f(y|xt)dy = log2

MJ∑
t=1

K∏
k=1∫ +∞

−∞

exp
{(

− (yk−hkxk,s)
2

2(1+hkxk,sς2)σ2 − (yk−hkxk,t)
2

2(1+hkxk,tς2)σ2

)}
2πσ2

√
(1 + hkxk,sς2)(1 + hkxk,tς2)

dy

= log2

MJ∑
t=1

exp
{
−
∑K

k=1
h2
k(xk,t−xk,s)

2

4σ2(1+hk(xk,t+xk,s)ς2/2)

}
∏K

k=1

√
2πσ2(2 + hk(xk

t + xk
s)ς

2)
,

(9)

where the first inequality can be obtained by the Jensen
inequality.

Then, the lower bound for mutual information can be
obtained as
I(X;Y |h) = H(X)−H(X|Y ,h)

≥ J log2(M)− K

2
log2 e+

K

2

− 1

MJ

MJ∑
s=1

log2

MJ∑
t=1

K∏
k=1

( √
1 + hkxk,sς2√

1 + hk(xk,t + xk,s)ς2/2

× exp

{
− h2

k(xk,t − xk,s)
2

4σ2(1 + hk(xk,t + xk,s)ς2/2)

})
= IL(X;Y |h).

(10)

To maximize the IL(X;Y |h), one can approximate it by
minimizing the subsequent formula

IpL(X;Y |h)= 1

MJ

MJ∑
s=1

log2

MJ∑
t=1

K∏
k=1

exp {−hkdk,t,s} , (11)

where dk,t,s =
(xk,t−xk,s)

2

4σ2(1+(xk,t+xk,s)ς2/2)
. Then, by taking expec-

tation with respect to h on both sides of (11), we have

IpL(X;Y ) =
1

MJ

MJ∑
s=1

log2

MJ∑
t=1

∆xs→xt
, (12)

with

∆xs→xt
=

K∏
k=1

3∑
i=1

ai(1 + κ)

1 + κ+ bid2k,t,s
exp

{
−κbid

2
k,t,s

1 + κ+ bid2k,t,s

}
,

(13)
where ai and bi are fitting parameters of the following
exponential approximation

e−dh =

3∑
i=1

aie
−bid

2h2

, (14)

where a1 = 0.3595, a2 = 0.4305, a3 = 0.2048, b1 = 8.8260,
b2=0.7691 and b3=0.1518.

In the high SNR regime, IpL(X;Y ) can be improved by
minimizing the maximum distance of ∆xs→xt among all pairs.
Hence, the MNED can be given as

ℑmin = min
xs ̸=xt

{ 1
K
√
∆xs→xt

|∀xs,xs ∈ ΦMJ , s ̸= t}. (15)

1) When κ → ∞ for AWGN channel, (15) reduces to

ℑmin = min
xs ̸=xt

{
K∑

k=1

dk,t,s|∀xs,xs ∈ ΦMJ , s ̸= t

}
. (16)

2) When κ = 0 for Rayleigh channel, (15) reduces to

ℑmin= min
xs ̸=xt

 K

√√√√ K∏
k=1

dk,t,s|∀xs,xs ∈ ΦMJ , s ̸= t

 . (17)

B. Proposed Codebook Design

When there is only thermal noise, one-dimensional UPAM
constellations given below can achieve the best BER perfor-
mance, i.e.,

CUPAM
1×M =

[
0, 1, · · · , M − 1

]
. (18)

Different from traditional wireless communications, the
shot noise makes the equivalent noise variance larger as
the signal amplitude increases. Instead of using the uniform
design of UPAM, intuitively the distance between neighboring
constellation points should increase with the amplitude to meet
the same BER performance requirements. To compensate the
detrimental impact of the shot noise, the SQR constellation is
proposed as

CSQR
1×M =

[
s0, s1, · · · sM−1

]
, (19)

where
√
si −

√
si−1 = 1 and s0 = 0.

To fully exploit the advantages of the UPAM constellation
and SQR constellation, we introduce a novel NLC constella-
tion as follows:

CNLC
M×1 =

[
c0, c1, · · · cM−1

]T
, (20)

where cm = m + αmβ+1 with m and αmβ+1 denote the
linear and nonlinear items, respectively. α > 0 serves as a
multiplicative factor and β > 0 acts as an exponential factor,
thus enabling fine control over the nonlinear compensation. α
and β are determined by maximizing the MNED of the NLC.
Note that the distance between two adjacent constellation point
is given by δm=cm − cm−1=1+ α

(
mβ+1 − (m− 1)β+1

)
,

which increases as the increase of the m.
Based on the above analysis, we present below a class

of multi-dimensional mother constellation (MC) which can
be obtained by interleaving the one-dimensional constellation
C1×M . The steps to design the proposed MC are briefly
summarized as follows:

Step 1: Design a one-dimensional vector as:

t−i,k = [tM−i, tM−i−k, · · · , tmax(0,M−i−k⌈M
k ⌉)], (21)

where ti = cτm+γ⌊m
q ⌋, q =

⌈
N
√
M
⌉

. τ and γ denote the
slope and intercept parameters of the PwL function τm +

γ
⌊
m
q

⌋
, respectively. ⌊·⌋ and ⌈·⌉ represent the floor and ceiling

operations, respectively.
Step 2: Based on the one-dimensional vector obtained in

Step 1, the nth dimension constellation is generated as:

gn=

{
[t0, t1, · · · , tM−1] , n is odd[
t−1,q, t

−
2,q, · · · , t−q,q

]
, n is even

. (22)

Step 3: Then, the N–dimensional MC with size M can be
given by

CN×M = [gT
1 , g

T
2 , · · · , gT

N ]T . (23)
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For example, for M = 4, N = 2, the MC is given by

C2×4=

[
c0, cτ , c2τ+γ , c3τ+γ

c3τ+γ , cτ , c2τ+γ , c0

]
. (24)

When τ = 1 and γ = 1, (24) reduces to

C2×4=

[
0, 0, 1 + α, 1 + α
0, 1 + α, 0, 1 + α

]
. (25)

In addition, MCs with M = 8 and M = 16 are given in
(26) and (27) at the bottom of the page, respectively.

For codebook generation, we also need certain properly
selected PSMs. Denote K × J by the SCMA setting. In this
paper, 4 × 6 and 5 × 10 SCMA settings with overloading
given by 150% and 200% are considered, where the PSMs
are respectively given as follows:

PS4×6 =


p1 0 p2 0 p3 0
0 p1 p2 0 0 p3
p3 0 0 p2 0 p1
0 p3 0 p2 p1 0

 . (28)

PS5×10=


p1 p2 p3 p4 0 0 0 0 0 0
p4 0 0 0 p1 p2 p3 0 0 0
0 p3 0 0 p4 0 0 p1 p2 0
0 0 p2 0 0 p3 0 p4 0 p1
0 0 0 p1 0 0 p2 0 p3 p4

 . (29)

Due to the real and non-negative constraints in the VLC
system, phase rotation is not allowed for codebook generation.
Therefore, we can only distinguish different users by their
magnitude. In addition, the power imbalance in different
dimensions can facilitate MPA decoding, thus leading to im-
proved BER performance. The corresponding mapping matrix
for PS4×6 can be written as

V1=


p1 0
0 0
0 p3
0 0

 , V2=


0 0
p1 0
0 0
0 p3

 , V3=


p2 0
0 p2
0 0
0 0

 ,

V4=


0 0
0 0
p2 0
0 p2

 , V5=


p3 0
0 0
0 0
0 p1

 , V6=


0 0
p3 0
0 p1
0 0

 ,

(30)

where Vj = ezc (diag (PSj)), PSj denotes the j-th column
of PS. diag(·) stands for the vector diagonalization and
ezc(·) denotes the resultant matrix after removing the all-zero
columns. The mapping matrix Vj maps the N -dimensional
vector to a K-dimensional sparse SCMA codeword.

Therefore, the proposed PwL-NLC codebook of user j can
be obtained by

CBj = VjC. (31)

Based on the derived MNED, an SCMA codebook opti-
mization problem can be formulated as

max
p,α,β

ℑmin(CB)

s.t. ∥CB∥22 =
NMJ

df
,

p ≥ 0,

α ≥ 0, β ≥ 0,

(32)

where p denotes the parameter vector in PSM and 0 denotes
the zero vector with the same length as p. For example, the
parameter vectors for PS4×6 and PS5×10 can be expressed
as p = [p1, p2, p3] and p = [p1, p2, p3, p4], respectively.

Algorithm 1 The BBPSO Algorithm for Maximizing the
MNED
Input: Ns: the size of the swarm. D: the number of param-

eters. It: the number of iterations.
1: Initialization: Randomly initialize particle qi,j , where

i ∈ {1, · · · , Ns} and j ∈ {1, · · · , D}. pi(0) =
{qi,1, · · · , qi,1}. g(0) = argmax

pi(0)

ℑmin(pi(0)).

2: for t = 0 : It − 1 do
3: for i = 1 : Ns do
4: for j = 1 : D do
5: ui,j = (pi,j(t) + gj(t))/2
6: σi,j = |pi,j(t)− gj(t))|
7: qi,j(t+ 1) = ui,j + σi,j ·N(0, 1)
8: end for
9: end for

10: for i = 1 : Ns do
11: if ℑmin(qi(t+ 1)) > ℑmin(pi(t)) then
12: pi(t+ 1) = qi(t+ 1)
13: else
14: pi(t+ 1) = pi(t)
15: end if
16: end for
17: g(t+ 1) = argmax

pi(t+1)

ℑmin(pi(t+ 1))

18: end for
Output: Optimal results g(It)

Unfortunately, the optimization problem in (32) is still hard
to solve due to the non-convex objective function. In this
paper, we propose to use the BBPSO algorithm to obtain good
codebooks with maximum MNED, as shown in Algorithm
1. The BBPSO is modeled as a swarm of vectors whose
trajectories oscillate around a field defined by the previous best
value of each individual and the best values of all particles.
However, as M and J increase, the computational complexity
for calculating MNED becomes prohibitively high. A novel

C2×8=

[
c0, cτ , c2τ , c3τ+γ , c4τ+γ , c5τ+γ , c6τ+2γ , c7τ+2γ

c7τ+2γ , c4τ+γ , cτ , c6τ+2γ , c3τ+γ , c0, c5τ+γ , c2τ

]
. (26)

C2×16=

[
c0, cτ , c2τ , c3τ , c4τ+γ , c5τ+γ , c6τ+γ , c7τ+γ , c8τ+2γ , c9τ+2γ , c10τ+2γ , c11τ+2γ , c12τ+3γ , c13τ+3γ , c14τ+3γ , c15τ+3γ

c15τ+3γ , c11τ+2γ , c7τ+γ , c3τ , c14τ+3γ , c10τ+2γ , c6τ+γ , c2τ , c13τ+3γ , c9τ+2γ , c5τ+γ , c1τ , c12τ+3γ , c8τ+2γ , c4τ+γ , c0

]
.

(27)
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spatial partitioning approach is employed to alleviate this
problem. Firstly, the superimposed constellation points are
sorted according to their spatial locations and partitioned into
Z blocks. Secondly, the MNED of the MJ/Z superimposed
points in each block is calculated. Finally, the minimum
MNED of all the blocks is calculated to approximate the
MNED of the whole constellation. This approach has demon-
strated excellent performance and significantly reduced the
complexity from O(M2J) to O(M2J/Z).

IV. NUMERICAL RESULTS

In this section, we perform numerical evaluations of the
proposed PwL-NLC codebooks for the (4 × 6) and (5 × 10)
SCMA systems characterized by (28) and (29), respectively.
These two systems give rise to overloading factors of λ =
150% and λ = 200%, respectively. Let us set κ = 10 and
ς2 = 4 for the optimization of the proposed codebooks. Given
that the SNR in the research of codebook design for VLC
systems typically falls within the range of 30 dB to 50 dB
[13], we consider SNR=40 dB which is sufficiently large in
VLC systems. The proposed codebooks are all available at our
GitHub project1. The main codebook for comparison with the
proposed ones is the logsumexp codebook in [13].

To support multiple access in VLC, conventional complex-
valued SCMA codebooks should not be employed, as VLC
has the requirement of real and positive signal transmission.
Consequently, the positive signals possess amplitude but lack
phase, and the variance of the shot noise is solely depen-
dent on the amplitude of the signal. Fig. 1 illustrates the
constellations of the UPAM, SQR and proposed NLC with
M ∈ {4, 8, 16, 32}. We can see that UPAM constellation
keeps the same spacing between adjacent constellation points.
Conversely, the spacing in the proposed and SQR constel-
lations grows as the signal amplitude increases. As far as
the shot noise is concerned, one can see that the UPAM
constellation is too conservative, while the SQR constellation
is too sensitive. The proposed NLC constellation is optimized
for MNED, striking a delicate balance and hence achieving
better performance.

In Fig. 2, we evaluate the BER performances of the
UPAM, SQR, and NLC constellations with ς2 = 4 and
M ∈ {4, 8, 16, 32}. κ → ∞ is the typical value for VLC
system. As shown in Fig. 2, the proposed NLC constellation
always achieves the best performance compared to the UPAM
and SQR constellations due to the higher MNED. Although
the SQR constellation slightly outperforms the UPAM constel-
lation at low signal-to-noise ratios (SNRs), it performs poorly
in the medium and high SNR regimes, especially when M is
large. Specifically, the proposed constellation achieves about
3 dB and 9 dB gains over the UPAM and SQR constellations
at BER=10−5 with M = 8, respectively.

Table I compares the MNEDs of the proposed PwL-NLC
codebooks and logsumexp codebook [13] with overloading
factors λ = 150% and λ = 200%, respectively. In addition,
since the minimum Euclidean distance (MED) is widely used
as a performance metric [7], we also present the MEDs of

1https://github.com/Guixiaoming/SCMACodebook/tree/main/VLC
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Fig. 1: Plots of UPAM, SQR, and proposed constellation with
M ∈ {4, 8, 16, 32}.
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Fig. 2: BER comparison of the UPAM, SQR, and proposed
constellation with ς2 = 4 and κ → ∞.
TABLE I: Comparison of different codebooks in terms of
MED and MNED with ς2 = 4 and κ = 10.

System setting
(M,λ) Codebooks MED MNED

(4,150%) Logsumexp [13] 0.0540 1.1582
(4,150%) PwL-NLC 0.1734 10.0733
(8,150%) PwL-NLC 0.0216 1.2161

(16,150%) PwL-NLC 0.0051 1.0070
(4,200%) PwL-NLC 0.0270 1.2061
(8,200%) PwL-NLC 0.0163 1.1091
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Fig. 3: Uncoded BER performance of different codebooks with
M = 4 and λ = 150% (SNR = 35 dB).

different codebooks. Clearly, the proposed PwL-NLC code-
book achieves larger MED and MNED values compared to
the logsumexp codebook.
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Fig. 4: Uncoded BER performance of different codebooks with
M ∈ {4, 8, 16} and λ ∈ {150%, 200%}.
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Fig. 5: LDPC coded BLER performance of different code-
books with M = 4 and λ = 150%.

In Fig. 3, we evaluate the uncoded BER of the proposed
PwL-NLC codebook and logsumexp codebook with M = 4
and λ = 150% at SNR = 35 dB. Fig. 3(a) compares the BER
performance across different channel models with ς2 ∈ {4, 8}.
With the increasing of κ, the communication quality of Ri-
cian channel progressively improves, leading to a significant
enhancement in the BER performance. The proposed PwL-
NLC codebook demonstrates a marked superiority over the
logsumexp codebook. In addition, we are interested in BER
performance comparison with shot noise, which is shown in
Fig. 3(b). One can see that the proposed PwL-NLC codebook
outperforms the logsumexp codebooks significantly.

Moreover, we extend our codebook design to higher mod-
ulation orders with M ∈ {8, 16} and a larger overloading
factor with λ = 200%. In Fig. 4, we compare the uncoded
BER performance with λ = 150% at different ς2. On can see
that the proposed PwL-NLC codebook with ς2 = 1 achieves
about 7 dB gain over that with ς2 = 10 at BER=10−4.

Finally, we evaluate the coded BER of the proposed PwL-
NLC codebook and logsumexp codebook with M = 4 and
λ = 150%. We use the 5G NR LDPC code with rate of
0.8462 and block length of 260 [15]. In Fig. 5(a), the proposed
PwL-NLC codebook exhibits improved error performance than
that of the logsumexp codebook for ς2 = 4 with different
channel fading. In particular, the proposed PwL-NLC code-
book outperforms the logsumexp codebook by 2 dB gains
at BER=10−3. When there exists shot noise, as expected,
the error performance of the proposed PwL-NLC codebook
deteriorates. In particular, the PwL-NLC achieves about 2 dB
gains over the logsumexp codebook at BER=10−3.

V. CONCLUSIONS

In this paper, we have introduced a novel class of SCMA
codebooks which can achieve excellent BER performance
for downlink VLC system with shot noise. We have derived
a lower bound of mutual information under a generalized
Rician fading channel model and proposed a novel codebook
design criteria. In addition, we have introduced an efficient
codebook design method through the proposed PwL-NCL
constellation, PSM and parameter optimization. Numerical
results demonstrated the superiority of the proposed codebook
in terms of uncoded BER performance and LDPC coded
BLER performance improvements in different VLC system.
In particular, the proposed codebooks with λ = 150% and
λ = 200% achieve significant performance improvements for
typical κ and ς2 in VLC systems.
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