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Abstract—Recently, visible light communication (VLC) has
been regarded as one promising candidate to complement
the conventional radio frequency communication in the future
communication systems. In this paper, a novel successive-
interference-cancellation-free non-orthogonal multiple access
(NOMA) scheme is proposed for indoor VLC systems, based
on the generalized spatial modulation technique. Different
from the conventional NOMA schemes, information bits for
users with diverse quality of service requirements are conveyed
through different domains of the transmitted signals. Therefore,
the intra-group interference among users is canceled and the
successive interference cancellation is avoided to reduce the
computational complexity at the receiver side. Theoretical anal-
ysis and simulation results are further provided to validate the
superior performance of the proposed scheme over conventional
orthogonal and non-orthogonal multiple access schemes.

Index Terms—Visible light communication, successive in-
terference cancellation, quality of service, generalized spatial
modulation, non-orthogonal multiple access.

I. INTRODUCTION

Visible light communication (VLC) has been emerging
as a compelling technology to supplement the traditional
radio frequency communication [1]. With the rapid growth
of electronic devices worldwide, the future wireless commu-
nication systems are required to accommodate users with
diverse quality of service (QoS) requirements [2]. In the
future VLC systems, the smart electronic devices with high
data rate requirements and sufficient computing resources,
and the massive Internet of Things (IoT) [3] devices with low
data rate requirements and limited computing capabilities are
two kinds of the widely considered user devices [4]. They
are also typical users for the enhanced mobile broadband
(eMBB) and massive machine type communication (mMTC)
scenarios in the 5G communication systems [5].

In the literature, non-orthogonal multiple access (NOMA)
has been proposed to improve system capacity and guarantee
massive connection [6], which also shows potentials for
accommodating users with diverse QoS requirements [2].
Different from the conventional orthogonal multiple ac-
cess (OMA) techniques, NOMA allocates non-orthogonal

resources to user devices to improve overall channel capacity.
In NOMA, successive interference cancellation (SIC) is
widely used at the receiver side to enable robust signal
detection [7]. However, the utilization of SIC involves high
computing complexity, which is not friendly to the IoT users
with limited computing capacities and power [8].

Recently, the multiple-input multiple-output (MIMO) tech-
nique has been introduced to VLC, which makes use of
multiple light emitting diodes (LEDs) to improve spectral
efficiencies. As an extension of the MIMO technique, the
generalized spatial modulation (GenSM) technique, which
maps the data information on both the spatial-domain sym-
bols and the constellation-domain symbols, has proven to be
more robust to the channel correlation in indoor VLC sys-
tems compared to conventional spatial multiplexing MIMO
technology [9]. As a result, GenSM has attracted numerous
research efforts in VLC, including constellation arrange-
ment [10], dimming control [11], and precoding design [12].

In our previous work [13], [14], we have proposed several
schemes for indoor VLC systems, where only one LED is
considered. In this paper, we focus on the multiple access
problem of the indoor multi-LED multi-user VLC systems.
The contributions of this paper are multifold. 1) A novel
SIC-free NOMA scheme is proposed for the indoor multi-
LED multi-user VLC systems to accommodate diverse QoS
requirements of the user devices, especially the smart elec-
tronic devices with high data rate demands and sufficient
computing resources, and the IoT devices with low data
rate requirements and limited computing capabilities. The
user devices are divided into groups according to their QoS
requirements. 2) With GenSM, the data information for the
users with different data rate requirements can be transmitted
through the spatial-domain symbols and the constellation-
domain symbols, respectively. Therefore, the intra-group
interference is canceled and the complicated SIC detector is
avoided at the receiver. 3) A closed form approximation of
the achievable rate is derived to provide efficient estimation
of the achievable rate of the proposed scheme. 4) Simulation
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Fig. 1. The geometry setup of the indoor multiuser VLC system with
multiple LEDs and multiple PDs.

results validate the superior achievable sum rate of the
proposed NOMA scheme over conventional multiple access
schemes.

The remainder of the paper is organized as follows. In Sec-
tion II, the system model of the indoor multiuser VLC system
with multiple LEDs and multiple photo-detectors (PDs) is
provided. Section III and Section IV focus on the principle
and the achievable rate analysis of the proposed scheme,
respectively. Numerical simulation results are provided in
Section V to show the performance of the proposed scheme.
Finally, the paper is concluded in Section VI.

II. SYSTEM MODEL

We consider an indoor multiuser VLC system with mul-
tiple LEDs and multiple PDs. There are Ny LEDs placed
on the ceiling pointing straight down, which are denoted as
L; (j=1,2,--- ,Ny). Kusers Uy (k=1,2,--- ,K) are
supported in the system and each user is equipped with Ny, .
PDs pointing straight up. The ¢-th PD equipped on the k-th
user is denoted as Dy ; (i = 1,2, -+, N,). The distance
between the j-th LED L; and the i-th PD on the k-th user
Dy, ; is denoted as dy; ;, and the corresponding angle of
irradiance and the angle of incidence are denoted as ¢y ; ;
and 0y, ; j, respectively.

An illustration of the geometry setup with N, = 4 LEDs
and K = 2 users is shown in Fig. 1. In the indoor VLC
system, the length, width, and height of the cubic room are
denoted as a, b, and c, respectively. Two user terminals, Uy
and U, are placed on the tables with height e above the
ground. U; and U, are equipped with Ny, = 4 PDs and
Ny, = 2 PDs pointing straight up to receive the optical
signals, respectively.

Mathematically, the received signals at the PDs of user Uy
can be modeled as

Yi = mHpx + wy, (D

where x = [xq,72, -+ ,2n,|" represents the transmitted
signals from the LEDs, yj = [y1, Y2, - - ,Yn,., ]  represents

the received signals at user Uy, and -y represents the respon-
sivity of the PDs at user Uy. wi = [wi,wg, -+ ,wy, . |"
denotes the noise at user U, which is the sum of the
ambient light shot noise and the thermal noise. It can be
modeled as real additive white Gaussian noise (AWGN)
N(0,0%wonIN, ) according to the central limit theo-
rem [10], [15]. Hy denotes the optical channel matrix at
Uk, which can be further given as

P hi1,2 Iy,
hi21 hi2.2 hi.2,N,
H, = . i . )
3 ' P '
PNyt PNy 2 b, Ny, N,

where Ay, ; ; denotes the optical channel gain from LED L; to
PD Dy, ;. We assume the reflections from the walls, ceiling,
and floors are not significant and only consider the line-
of-sight (LOS) channel in this paper [16], [17]. According
to [16], the optical channel gain is given as below

A
By — {2(?(}%) cos' (¢r.i.5) c08(0.ij), 0 < Or.ij < O1/2
2V

0, Or,i; > O1/2
3)
where A and O/, represent the area and the half-power
field-of-view (FOV) angle of the PDs, respectively. ! repre-
sents the Lambert’s mode number [ = —In2/In(cos &4 /5),
where @, is the half-power angle of the LEDs.

III. PROPOSED SIC-FREE NOMA SCHEME

In this section, the novel SIC-free NOMA scheme for
indoor VLC is proposed. The block diagram of the proposed
scheme is illustrated in Fig. 2.

At the transmitter, we divide the supported users into
groups of two users based on their QoS requirements. In each
group, one user is a smart electronic device with high data
rate demands, which is denoted as U;j; and the other is an
IoT device with low QoS requirements, which is denoted as
Us. We can implement the user grouping through many state-
of-the-art user grouping methods [18], [19]. Customized and
efficient user grouping needs future research efforts.

Non-orthogonal resource allocations are adopted within
each user group. Different from the conventional NOMA
schemes which utilize power-domain diversities to imple-
ment multiple access, we propose a novel GenSM-based
methods to cancel the intra-group interference and avoid the
use of SIC. We adopt orthogonal multiple access strategies
among user groups. For example, we can assign different
frequency ranges to different user groups. We can also
implement the orthogonal multiple access through careful
design of the FOVs of PDs and the half-power angle of
LEDs, so that each user group can be served by certain LEDs.

At the transmitter side, based on the principle of GenSM,
only N, LEDs are activated at the same time to transmit
optical signals. Thus, N. = (]J\\,[Z) spatial-domain symbols
U,, (m=1,2,---,N,) can be chosen to carry information.
We modulate the information bits intended for Us; on the
spatial-domain symbols. Therefore, Bo = |log, (]J\\,[;)J bits
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Fig. 2.

can be transmitted through each spatial-domain symbol. On
the other hand, we modulate the information bits intended
for U; on the constellation-domain symbols. The information
bits are split into [V, data streams and each stream is mod-
ulated according to an M-order modulation constellation.
Thus, By = N,log,(M) bits can be transmitted through
each constellation-domain symbol. Therefore, the transmitted
signal vectors with N, non-zero elements can be expressed
as

0], 4

, N,) denotes the position

x:[07... ,07%)1,0’...

where ¢, € [1,N¢] (¢ =1,2,---
of the activated LEDs.

At the receiver side, the users with different QoS require-
ments and computing capacities can utilize different kinds
of detectors. For the IoT device U, with limited computing
capacities, simple index detectors, such as maximum ratio
combining (MRC) can be adopted to estimate the required
spatial-domain information. For the smart electronic device
U with sufficient computing capacities, it is supposed to
apply a more complicated constellation detector to demod-
ulate the constellation-domain symbols. Different from the
conventional NOMA schemes, in the proposed SIC-free
NOMA scheme, the intra-group interference between the
users are canceled completely. Thus, there is no need to
apply SIC in the proposed scheme. In conventional NOMA
schemes, SIC requires the user with better channel conditions
to decode the information intended for the user with poorer
channel conditions first and subtract it from the received
signals, which involves a lot of computations and causes
error propagation. Therefore, the proposed scheme can sim-
plify the detectors and reduce the computational complexity,
which is more acceptable to the IoT devices with limited
computing capacities.

,0,(E¢2,‘-~ awaNa,aOa"'v

The block diagram of the proposed SIC-free NOMA scheme for VLC.

IV. ACHIEVABLE RATE ANALYSIS

In this section, we analyze the achievable rate of the pro-
posed SIC-free NOMA scheme in each user group. Firstly,
we analyze the mutual information of the proposed scheme.
Then, a closed form expression of the lower bound of the
achievable rate is derived based on the mutual information
analysis. At last, a closed form approximation of the achiev-
able rate is further derived to obtain a better description of
the achievable rate.

A. Mutual Information Analysis

Because of the chain rule of the mutual information [20],
the mutual information for the two users between the trans-
mitted signals and the received signals can be expressed as
“Syilx) +Z(x y), ©)

I(x;y1) = Z(x

and

Z(x;y2) “yalx') + (x5 y2), (6)

where x¢ and x' denote the constellation-domain signals and
the spatial-domain signals, respectively. Thus, the mutual
information for the users can be divided into two parts,
the spatial-domain mutual information Z(x!;y;) and the
constellation-domain mutual information Z(x¢;yy|x!).

In the proposed scheme, only the constellation-domain
information is intended for the first user U;. According
to [21], on condition that the spatial-domain symbol is
chosen, the constellation-domain mutual information can be
given as

=7I(x

ry mnpm’ﬂ
NoW ’
(7

I(x%yi|x' =0,

Z logo ( 1+ —F——

nev,,
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I(x'y2) =
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I
2~
iM:

Y2

Y

—Na, logy(me) — logy (|Xm]) / flyelx' = X10g2< Zf yalx' =0, >dy2>

Ne
(—Nz,rlogz(fre) — log,y (|2m|) —log, ( N Z/ Flyelx' = Un) x f(ya|x' =@ )) dyz)
N,

Z:'m,
Z 10g2 <Z ‘Z7|n + ‘Zt

flyalx' = W)
f(y2) ) avz

f(y2|xi =) x log, f(y2|xi = Up)dy2 — / f(y2|xi = U,,) x log, f(y2)dy2)
v2

13)

t=17Y2

1 1
—Na,r logy (me) —logy (|Em]) + Na,r log, () — log, (N Z M))

)

where o, ,, represents the n-th singular value of the activated
sub-channel matrix with the spatial-domain symbol V,,
P, » represents the electrical power allocated to the n-th
sub-channel in ¥,,. Ny and W denote the power density
and bandwidth of the AWGN, respectively. Supposing the
input bits are selected arbitrarily, the spatial-domain symbols
are selected with equal probability. Therefore, the mutual
information for U; can be expressed as

I ,y1|X ZPI‘X =¥, XI( 7y1|Xi:\I/m)
: i 1 <1+720’”" m")
= 082
¢ m=1 new,, NOW
(®)
where V,,, represents the m-th spatial-domain symbol.

On the other hand, only the spatial-domain information is
intended for the second user Us. The spatial-domain mutual
information can be expressed as

X Y2 Z PI‘ X = m / f(Y2|Xi = \Ijm)x
Y2

=0,
s, ( (yalx )) iy
N,

f(y2)
1
:ng/f(

=17¥y2

f(Y2|Xi = qjm)) dyg,
y2)

ya|x' = ¥,;,) xlog,y ( A

€))
where f(y2) and f(ya|x' = U,,) represent the probability
density function (PDF) of y» and the conditional PDF of ys,
respectively. According to the total probability theorem, the
PDF of y, can be given as

1 Qe

= N Z f(}’2‘xi =Up).

c

(10)

m=1

And the conditional PDF can be further given as

flyalx = 0,,) = f@&ﬁiimx (11)

a2 |33,

where ¥, represents the covariance matrix of y, when the
spatial-domain symbol x' = W,,.

B. Lower Bound of the Achievable Rate

In this subsection, we further derive the lower bound of
the achievable rate. The achievable rate of the first user U;
can be expressed as

Ry

W .
= 7 X I(XC;YHXI)

NOW ’

Since the derived mutual information for the second user
U in (9) has no closed form expression, we utilize the
Jensen’s inequality [22] to derive a lower bound of the
achievable rate of Us, which is shown in (13). Therefore,

the lower bound of the achievable rate of the second user Us
is expressed as

2N

¢ m=1 new,,

|Em|
m+ )
(14)

m=1

C. Approximation of the Achievable Rate

In order to obtain a better description of the achiev-
able rate, an approximation is further derived. It can
be calculated that the lower bound of the achievable
rate of U in (14) approaches —N,,W log,(e/2)/2 and
W logy(Nc:)/2 — No W logy(e/2)/2 in the low and high
signal to noise ratio (SNR) regions. There exists a constant
gap between the lower bound and the true value in the low
and high SNR regions, since the true value is supposed to
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TABLE I
SIMULATION PARAMETERS

Parameters Values

5.00 m X 5.00 m x 3.00 m
2.00 m, 2.00 m, 3.00 m
2.00 m, 3.00 m, 3.00 m
3.00 m, 2.00 m, 3.00 m
3.00 m, 3.00 m, 3.00 m

( )
( )
( )
( )
Location of the PDs of Uy (2.50 m, 2.50 m, 0.70 m)
( )
( )
( )
( )
( )

Room Size

Location of the LEDs

2.50 m,2.55 m,0.70 m
2.55 m,2.50 m,0.70 m
2.55 m,2.55 m,0.70 m

1.50 m, 1.50 m,0.70 m
1.50 m, 1.55 m, 0.70 m

Location of the PDs of Uz

Lambert’s mode number of the LEDs =1
Area of the PDs AR =1 cm?
FOV of the PDs ©4/9 = 60°
Responsivity of the PDs v=0.25A/W
Noise power density at the PDs Ng = —180 dBm [23]
Modulation Bandwidth W =20 MHz

be 0 and Wlogy(N.)/2. Thus, we apply a constant shift
of Ny ,Wlog,(e/2)/2 to derive an approximation of the
achievable rate of Us, which is

m + 2t

w
R2%210g2<2N27) 2N, ZIOgQ Z
s)

Therefore, the approximation of the sum rate of the users
U; and Us can be expressed as

X

R:R1+R2
7 mann
N—Z Z logy | 1+ —F—
m=1nev,, NOW
W N, ‘EM‘
ons () ~ e 32 o (35 el

(16)
V. SIMULATION RESULTS

We consider a cubic room with N; = 4 LEDs located at
the center of the ceiling. Two user devices, U; with Ny, =
4 PDs and U, with Ny, = 2 PDs are supported in the
indoor VLC system. U; is a smart electronic device with
high data rate demands, and Us is an IoT device with low
QoS requirements. The detailed simulation parameters are
provided in Table I. Although only the results of the one-
user-group scenario is provided in this section, it can easily
extended to the multi-user-group scenarios since orthogonal
resource allocation is adopted among user groups.

Firstly, the accuracy and the efficiency of the proposed
approximations of the SIC-free NOMA scheme is evaluated.
In Fig. 3, the exact values through Monte-Carlo methods, the
proposed approximations, and the derived lower bounds of
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R
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80/ —g-Lower bound, N, =2
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Fig. 3. The exact values, the proposed approximations, and the derived

lower bounds of the achievable sum rates with different numbers of activated
LEDs and total transmit electrical power.
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Fig. 4. Comparisons of the achievable sum rates of the proposed SIC-free
NOMA scheme and conventional multiple access schemes.

the achievable sum rates are illustrated as solid lines, dotted
lines, and dash-dotted lines, respectively. It can be seen that
the lower bounds can track the trends of the exact values with
constant gaps. And the further proposed approximations of
the sum achievable rates are very close to the exact values
under all the simulated situations, which shows the proposed
approximation can provide an efficient calculation of the
achievable sum rate with high accuracy.

Then, we compare the achievable sum rate of the proposed
scheme with the state-of-the-art multiple access schemes.
The achievable sum rates of the conventional NOMA
scheme [24] and OMA scheme are illustrated as benchmarks.
In the conventional NOMA scheme, the signals for different
users are allocated with different power levels and are
superimposed on top of each other. SIC detectors are utilized
at the receivers to decode the signals for different users.
Specifically, o P is allocated to U; and (1 — «) P is allocated
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to Us, respectively. In the OMA scheme, different users are
allocated with different frequency ranges. In the simulated
OMA scheme, we allocate 0.8 P power and 0.8 bandwidth
to Uy, and 0.2P power and 0.2W bandwidth to Us. In
the proposed NOMA scheme, we activate N, = 3 LEDs
to transmit information at the same time. We assume the
channel state information of the users are not known at the
transmitter. Thus, no extra precoding is applied. It can be
seen from Fig. 4 that the proposed SIC-free NOMA scheme
enjoys the highest achievable sum rate in all the simulated
scenarios. The proposed scheme achieves better performance
than the OMA scheme mainly because of the non-orthogonal
resource allocations. The proposed scheme outperforms the
conventional NOMA schemes because in the conventional
NOMA scheme, more power is allocated to the IoT user
U, with poor channel condition to achieve successful signal
detection at Us, which is more than what it actually needs
and causes less power allocation for U;. Moreover, the intra-
group interference are canceled completely and the SIC is
avoided in the proposed scheme to reduce signal detection
complexity.

VI. CONCLUSION

In this paper, a novel SIC-free NOMA scheme has been
proposed for users with diverse QoS requirements in the
indoor VLC systems, especially the smart electronic devices
with high data rate demands and IoT devices with low
data rate requirements. The information bits intended for the
users in the same group are conveyed through spatial-domain
symbols and constellation-domain symbols, respectively, to
cancel the intra-group interference and avoid the complicated
SIC at receivers. A closed form approximation of the achiev-
able rate has been derived to provide efficient estimation of
the achievable rate of the proposed scheme. The benefits of
the proposed scheme has been validated through theoretical
analyses and simulations.
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