
1

Multi-User Visible Light Communications:
State-of-the-Art and Future Directions

Saad Al-Ahmadi, Omar Maraqa, Murat Uysal, (Senior Member, IEEE) and Sadiq M. Sait, (Senior Member, IEEE)

Abstract—Visible light communication (VLC) builds upon the
dual use of existing lighting infrastructure for wireless data trans-
mission. VLC has recently gained interest as cost-effective, secure,
and energy-efficient wireless access technology particularly for
user-dense environments. While initial studies in this area are
mainly limited to single-user point-to-point links, more recent
efforts have focused on multi-user VLC systems in an effort
to transform VLC into a scalable and fully networked wireless
technology. In this paper, we provide a comprehensive overview
of multi-user VLC systems discussing the recent advances on
multi-user precoding, multiple access, resource allocation, and
mobility management. We further provide possible directions of
future research in this emerging topic.

Index Terms—Visible light communication, multi-user com-
munications, MIMO, precoding, non-orthogonal multiple access
schemes, sum rate capacity, handover.

I. INTRODUCTION

In early 80’s and 90’s, the second generation (2G) cellular
systems such as GSM and IS-95 were introduced and operated
at frequency bands near 900 MHz and 1900 MHz with support
of only low data rate services such as voice and SMS. The
choice of the aforementioned bands was motivated by the
favorable propagation conditions at these bands that allow
reasonable coverage for outdoor to indoor communications.
The third generation (3G) and fourth generation (4G) stan-
dards operated at similar frequency bands below 6 GHz.
In these standards, advanced physical layer solutions such
as adaptive modulation, turbo coding, single-user and multi-
user multiple-input multiple-output (MIMO) transmission and
reception schemes, orthogonal frequency division multiplex-
ing (OFDM), coordinated multi-point (CoMP) transmission
schemes, and carrier aggregation [1], [2] were adopted to
support high date rates on the order of tens of Megabits per
second.

The recent surge in mobile data use and emerging new
applications in 5G networks require peak data rates on the
order of Gigabits per second. This motivated the move from
the current congested radio bands to millimeter wave (mm-
wave) band [3]. For example, the recently licensed 28 GHz and
38 GHz bands offer more than one GHz of bandwidth which
allows service providers to expand the transmission bandwidth
to more than the 20 MHz used in current 4G networks [3].
The effect of the higher path loss due to higher frequencies,
compared to the lower bands, is accommodated through the
deployment of dense small cells. The spectral efficiency in 5G

This work has been submitted to the IEEE for possible publication.
Copyright may be transferred without notice, after which this version may
no longer be accessible.

and beyond-5G networks will be further enhanced through the
use of large-scale or massive MIMO, adaptive beamforming,
and non-orthogonal multiple access (NOMA) schemes [4]–[6].

Further need for higher data rates, improved security, and
increased energy efficiency has geared attention towards the
optical spectrum which offers abundant unregulated band-
width, low interference, and secure and cost-effective com-
munication as compared to radio frequency (RF) bands [7].
This has spurred the interest in visible light communications
(VLC) as a potential candidate for complementing and off-
loading RF communication systems for various indoor user-
dense scenarios such as homes, office rooms, conference
and exhibition halls, airplanes and train cabins. VLC, also
referred as light-fidelity (LiFi), is based on the principle of
modulating light emitting diodes (LEDs) without any adverse
effects on the human eye and illumination levels. This gives an
opportunity to exploit the existing illumination infrastructure
for wireless communication purposes. According to a recent
market report [8], VLC market size is anticipated to reach 75
billion USD by 2023. In line with such an economic potential,
the international standardization efforts were already initiated
both by IEEE and ITU, see IEEE 802.15.13 Task Group [9],
IEEE 802.11.bb [10] and ITU-T G.vlc [11]. In parallel, the first
generation of VLC modems are already available from several
vendors such as Philips, PureLiFi, OledComm, Velmenni, and
VLNComm.

In the literature, there is a growing number of surveys and
monographs dedicated to the emerging area of VLC [7],
[12]–[18]. Most research efforts have however mostly focused
on point-to-point single-user scenarios so far. In an effort to
transform VLC into a multi-user, scalable, and fully networked
wireless technology, more recent efforts have addressed multi-
user VLC networking. Some initial survey papers on multiple
access in VLC systems have already appeared in [19]–[21].
The main objective of our paper is to provide a more compre-
hensive overview of multi-user VLC systems covering multi-
user MIMO (MU-MIMO) and beamforming, recent advances
in multiple access schemes particularly on NOMA, and mo-
bility management.

The structure of this paper is as follows: Section II sum-
marizes the related multi-user communication schemes and
the associated terminology in RF communications. In Section
III, we provide fundamentals on single-user VLC systems and
present a brief overview of latest advances. In Section IV we
turn our attention on multi-user VLC systems which is the
main focus of this paper. In Section V, we provide conclusions
and list some of the possible directions of future research in
multi-user VLC communications.
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II. BACKGROUND AND TERMINOLOGY

This section is intended to summarize the related multi-user
communication schemes and the associated terminology in RF
communications where we overview the relevant basics such
as orthogonal and non-orthogonal multiple access, multi-user
MIMO, and beamforming or precoding.

A. Multi-user MIMO in RF Systems

Multi-user MIMO systems have gained interest over the
last decade as one of the potential enablers of high-data rate
communications [22] and are already adopted as a downlink
transmission scheme in LTE-Advanced standard [1]. In gen-
eral, multi-user MIMO systems refer to the communication
among a set of wireless terminals that are equipped with mul-
tiple antennas. A common example is the uplink and downlink
transmissions in cellular networks where a multi-antenna base
station (BS) receives from or transmits to single-antenna or
multi-antenna user terminals. From an information theoretic
perspective, the MIMO uplink and downlink scenarios can be
modeled as a vector multiple-access channel (MAC) and a
vector broadcast channel (BC), respectively.

In the following, we present a summary of the main optimal
and sub-optimal communication schemes for MAC and BC
channels. Further elaboration on MU-MIMO schemes can
be found in [23]–[26]. It is well known that the sum-rate
capacity of a scalar Gaussian MAC channel can be achieved by
joint maximum likelihood detection or successive interference
cancellation (SIC) where the stronger user can decode and
subtract the signal of the weaker user(s) and then decode its
own signal. In a fading scenario with perfect channel state
information at the transmitter (CSIT), the sum-rate ergodic
capacity can be achieved by allocating all the power to the
strongest or best user at each channel state [23]. The sum-
rate capacity of additive white Gaussian noise (AWGN) vector
MAC channels can be also achieved by using SIC detection
and iterative water-filling [27]. This extends to MIMO MAC
fading channels with perfect CSIT with joint space and time
iterative water-filling [27] and the ergodic capacity can be
obtained by averaging over the channel stationary statistics.

On the other hand, the sum rate capacity of scalar Gaussian
BC channels can be achieved by the use of superposition
coding (SC) at the transmitter and SIC at the receivers [23].
However, a vector BC channel is no more a simple degraded
BC (i.e., the users may not be simply ranked by their channel
gains) and the capacity-achieving scheme is dirty paper coding
(DPC) [28]. In a fading scenario with perfect CSIT, the
sum-rate ergodic capacity for a scalar BC can be achieved
by transmitting to the strongest or best user at each time
(opportunistic user scheduling or multi-user diversity) while
the sum-rate capacity for vector BC channels can be achieved
also by DPC. The capacity of a vector BC with individual
(per-antenna) power and perfect CSIT was addressed by
Yu and Lan using the uplink-downlink duality and efficient
numerical optimization techniques to obtain the achievable rate
region [29]. The capacity of vector BC fading channels with
partial channel state information (CSI) is still an open problem.

Linear precoding techniques, such as zero-forcing (ZF) and
block-diagonalization (BD) were introduced by Spencer et al.
and Peel et al. [30], [31]. In BD, the multi-user interference
is eliminated by selecting the beamforming vectors for the
desired user that lies in the null space of the matrix containing
the channel matrices of the other interfering users.

B. Multiple Access in RF Systems

In 2G cellular systems, conventional schemes such as time
division multiple access (TDMA) and frequency division mul-
tiple access (FDMA) were used to support multiple users.
The 3G cellular systems adopted code division multiple access
(CDMA) where the set of users employ spreading or signature
sequences to allow orthogonal multiple access while sharing
the same time and frequency. In CDMA systems, the detection
can be either based on single-user detection where the other
users interference is treated as additional noise or multi-
user detection where all the users data are jointly detected
using optimal ML detection or linear zero-forcing (ZF) or
minimum mean square error (MMSE) detection schemes. In
4G networks, orthogonal division multiple access (OFDMA)
was used where the sub-carriers are assigned to the users in
an interleaved or random manner.

5G networks and beyond need to guarantee services for
a large number of high data-rate users that share the same
resources. Non-orthogonal multiple access (NOMA) is a mul-
tiple access candidate scheme for beyond-5G networks [32]
which can be applied in both MAC and BC channels. In con-
trast to orthogonal multiple access schemes such as TDMA,
CDMA, FDMA, NOMA allows multiple users to allocate
same resources in the same frequency, time, and space dimen-
sions. There are three major versions of NOMA, namely, the
power-domain NOMA, the code-domain NOMA, and NOMA
multiplexing in multiple domains (i.e., the power domain,
the code domain, and the spatial domain) [33]. However, the
widely adopted one is the power domain NOMA where the
channel gain difference is exploited at the receiver to separate
the multiplexed users’ signals.

The advantages of NOMA schemes includes offering higher
cell-edge throughput, improving the spectral efficiency, achiev-
ing user fairness, and attaining low transmission latency. This
is at the cost of: (i) increasing the receiver implementation
complexity and (ii) increasing the mutual interference among
the users [34], [35]. User-pairing techniques are employed to
decrease the receiver implementation complexity (i.e., the first
disadvantage of NOMA schemes) and multi-user transmission-
reception techniques such as SC at the transmitter and SIC at
the receiver are employed to reduce the mutual interference
among the users (i.e., the second disadvantage of NOMA
schemes).

To explain the concept of the power-domain NOMA scheme
with an illustration, in Fig. 1, we consider a two-users down-
link NOMA scheme. User 1 (weak user) is farther away
from the BS with weak channel gain and User 2 (strong
user) is close to the BS with strong channel gain. At the
transmitter, both signals for the weak and the strong users are
superimposed upon each other with different power allocation
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for each user. Intuitively, the transmitter allocates more power
for the weak user as it has a larger path loss, as compared to the
strong user (observe the size of the rectangles for User 1 and
User 2 are different indicating the different power allocated
for each user). At the strong user, the signal of the weak user
has high signal to noise ratio (SNR) which implies that the
strong user can successfully decode and subtract the weak
user’s signal before decoding its own signal (i.e., performing
SIC). On the other hand, at the weak user, the strong user
signal is considered as noise as its transmission power is lower
than the weak user signal. Subsequently, the weak user can
decode its signal directly without SIC [33].

A taxonomy of NOMA schemes in RF communication
systems is provided in Fig. 2. The figure illustrates the work
available in the literature related to the three aforementioned
versions of NOMA. In power domain NOMA, the work
is divided based on the system model setup that includes
conventional NOMA, NOMA scheme with cooperative tech-
nology, and NOMA scheme with cognitive technology. Con-
ventional power domain NOMA is further classified based
on network topology that may contain two users or multiple
user, single cell or multiple cells, and, SISO or MIMO
transceivers. Code-domain NOMA assigns different codes to
different users to support multiple transmissions within the
same time-frequency resource block [60]. Existing solutions
for code-domain NOMA include LDS-CDMA, LDS-OFDM,
SCMA, MUSA, and SAMA. NOMA multiplexing in multiple
domains is proposed to support massive connectivity for 5G
networks [60]. Existing solutions for NOMA multiplexing
in multiple domains communication scheme include PDMA,
BOMA, and LPMA.

III. SINGLE-USER VLC SYSTEMS

In this section, we present an overview of single-user VLC
systems. In Fig. 3, a typical single-user VLC system is shown
where the transmitter typically consists of the channel encoder
and the modulator followed by the optical front end. The
electrical signal modulates the intensity of the optical carrier to
send the information over the optical channel. At the receiver,
a photodiode receives the optical signal and converts into an
electrical signal followed by the recovery of data.

The channel impulse response in indoor VLC systems
consists typically of a line-of-sight (LOS) component and
a non-LOS component (due to reflections from the room
surfaces). The LOS component is commonly assumed to be
dominant and the multipath fading is negligible since almost
no fading takes place in VLC channels due the large aperture
size of the optical front-end as compared to the wavelength of
the optical signal [63], [64].

In early VLC systems, single-carrier systems with intensity
modulation techniques such as on-off keying (OOK), M-
ary pulse-amplitude modulation (M-PAM), and M-ary pulse-
position modulation (M-PPM) intensity modulation schemes
were commonly used. Later, the demand for spectrally efficient
high data-rate communication motivated the introduction of
multiple-subcarrier modulation (MSM) schemes by Carruthers
and Khan [65]. Later optical OFDM [23] owing to its appeal-
ing performance over the dispersive communication channels

and low implementation complexity was proposed. Since the
modulating waveform has to be real-valued and non-negative
in intensity modulation and direct detection (IM/DD) systems,
several variants of optical OFDM were introduced in the
literature [66]–[70]. Two most popular ones are DC-biased
optical OFDM (DCO-OFDM), and asymmetrically clipped
OFDM (ACO-OFDM). In these optical OFDM systems, Her-
mitian symmetry is imposed on data signal to obtain real
valued signals as illustrated in Fig. 4. To make the signals
unipolar, a DC bias is added to shift the signal in DCO-
OFDM. For the same purpose, only odd carriers are modulated
in ACO-OFDM. This leads to a symmetry in time domain as
illustrated in [12, Fig.4.2] Therefore, negative parts can be
clipped without loss of information.

The upcoming VLC standards IEEE 802.15.13 and IEEE
802.11.bb target peak data rates of 10 Gbit/sec and are
expected to adopt DCO-OFDM. To reach such ambitious
data rates, other advanced physical layer techniques such as
adaptive transmission and MIMO techniques should be further
adopted in conjunction with DCO-OFDM. Since multiple
light sources typically exist in an indoor environment, MIMO
VLC systems are a natural high-rate solution. In [71], Fath
and Haas provided a comparative performance evaluation of
three MIMO techniques, namely repetition code (RC), spatial
multiplexing (SM) and spatial modulation (SMOD). In [72],
He et al. presented the performance analysis of a MIMO
VLC system with SM using sub-optimal detection techniques
such as zero-forcing (ZF) and minimum mean square error
(MMSE). In [73], Damen et al. considered the combination of
MIMO and OFDM and provided a performance comparison
among RC, SM and SMOD techniques for multi-carrier VLC
systems.

Adaptive transmission has been extensively studied in the
context of RF communications and recently applied to VLC
systems. Adaptive transmission is based on the principle of
selecting transmission parameters (e.g., modulation size, trans-
mit power, code rate etc.) according to the channel conditions.
OFDM-based adaptive VLC systems were explored in [74]–
[76] where bit and power loading are considered. In [77],
Wang et al. proposed a coded adaptive OFDM VLC system
where code rate and modulation order are chosen as adaptive
transmission parameters. In [78], Park et al. considered an
adaptive MIMO VLC system with SM technique and investi-
gated power and bit loading. In [79], bit and power loading
was studied for an OFDM MIMO VLC system. More recently,
in [80], Narmanlioglu et al. proposed an adaptive OFDM VLC
system which allows MIMO mode switching based on channel
conditions. Specifically, they devised a joint MIMO mode
selection and bit loading scheme to maximize the spectral
efficiency while satisfying a given bit error rate (BER) target.

IV. MULTI-USER VLC SYSTEMS

While the earlier literature on VLC has mainly focused on
single-user VLC systems, more recent research efforts have
targeted the design, analyis and optimization of multi-user
VLC systems. A generic model for a multi-user VLC system
is shown in Fig. 5 where a set of transmit LEDs communicate
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Decoding
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Fig. 1: Illustration of a two-user downlink power-domain NOMA scheme [6].

NOMA in RF 
Communications

Code Domain 
NOMA

NOMA Multiplexing 
in Multiple Domains

(Code + Power + Space)

Existing Solutions

 1- PDMA [58]

 2- BOMA [59]

 3- LPMA [59]

Existing Solutions

 1- LDS-CDMA [52]

 2- LDS-OFDM [53]

3- SCMA [54]

 4- MUSA [55,56]

Conventional 
NOMA

Power Domain 
NOMA

Cooperative 
NOMA

HD/FD Relaying 
[45]

Cognitive Radio 
NOMA (CR-NOMA)

CR-NOMA [49,50]

With Relaying [51]
With Energy 

Harvesting [46]

Two Users

SISO [36]

MIMO [37,38]

 5- SAMA [57]

Single Cell

Multi-Cell
SISO [39]

MIMO [40]

Multiple Users

SISO [36]

MIMO [41,42]
Single Cell

Multi-Cell
SISO [43]

MIMO [44]

With COMP [47,48]

Fig. 2: A taxonomy of existing NOMA schemes in the RF literature (”SISO”: ”single input single output”, ”LDS-CDMA”: ”low-
density spreading CDMA”, ”LDS-OFDM”: ”low-density spreading OFDM”, ”SCMA”:”sparse code multiple access”,
”MUSA”: ”multi-user sharing access”, ”SAMA”: ”successive interference cancellation amenable multiple access”,
”PDMA”: ”pattern division multiple access”, ”BOMA”: ”building block sparse-constellation based orthogonal multiple
access”, ”LPMA”: ”lattice partition multiple access”).

with a set of users. This a typical indoor downlink scenario
where the LEDs on the ceiling transmits the downlink data
to the VLC receivers equipped with photodetectors [81].
The field of view (FoV) of the LEDs and photodiodes are
designed to satisfy both the illumination and communication
requirements.

A. Precoding Techniques for multi-user VLC Systems
An initial work on the use of multi-user MIMO schemes

in VLC systems was conducted by Yu et al. [82] where

the performance of linear ZF and ZF-DPC techniques for
a multi-user multi-input single-output (MU-MISO) downlink
VLC system were compared through simulations. In a later
work on MISO downlink channels [83], a set of M LEDs
transmit precoded data to M users through the LOS channel.
The precoding matrix and the receive coefficients at the users
are optimized to minimize the minimum square error (MSE)
between the transmitted and received signals of the users
for the per-LED optical power constraints. Moreover, sub-
optimal ZF-based transmit precoding strategy for per-LED
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Fig. 4: Signalling structure for (a) DCO-OFDM (b)ACO-OFDM [61], [62].

optical power constraints was derived and it was shown that the
two proposed schemes outperform the conventional pseudo-
inverse ZF-based precoding in terms of the average MSE and
the BER. A similar set-up was considered by Shen et al. [84]
where the optimal ZF-based precoding matrix that maximizes
the sum rate of the downlink users was obtained using the
iterative concave-convex procedure. The optimization problem
considered therein differs from its RF counterpart due to the
constraint of maximal permissible current of each transmitting
LED. Shen et al. also demonstrated that their proposed beam-
forming scheme outperforms the conventional pseudo-inverse
ZF-based precoding in terms of the achievable users’ sum rate.

The design of the linear precoding to maximize the sum
rate without the ZF constraint was presented in [85]. The
sequential parametric convex approximation (SPCA) method
was utilized to obtain the optimal solution. The simulation
results have shown that the proposed scheme outperforms the
ZF-based scheme in [84] for low LED optical power or high
channel correlations. In [86], the BD transmission scheme is
implemented for a downlink VLC indoor system with two
users. It was observed that the performance of the BD scheme,

in terms of the BER, is limited by the high correlations at the
receivers of each user. Consequently, a scheme based on the
utilization of different FOV, for the same user, was proposed
to improve the BER performance.

In [87], a multi-user OFDM-MIMO indoor VLC system
where Nt LEDs serve Nr single-photodiode users whose
data are mapped onto N subcarriers and transmitted as
DCO-OFDM signals. The multi-user interference is mitigated
through transmit precoding per subcarriers using the ZF and
MMSE schemes. The simulations have shown a significant
increase in the achievable sum rate for the uncorrelated high
SNR scenarios. Also, the bandwidth-power efficiency trade-off
of both DCO-OFDM (with minimum DC bias and uniform
DC bias) and ACO-OFDM was investigated. The use of
linear precoding at both the transmitter and the receiver to
reduce the inter-user interference was carried out in [88]. The
aforementioned works on the precoding schemes for VLC
systems are summarized in Table 1.
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Fig. 5: A basic multi-user VLC system block diagram [14].

The Integration of NOMA Schemes in VLC 
Systems: Current Status

Code Domain 
NOMA
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1- SCMA [120]

Conventional 
NOMA

Power Domain 
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Two Users
SISO [61,109]

MIMO [116]
Single Cell

Multiple Users

SISO [104,107,112,114,115,117,118,119]

MIMO [113]
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SISO [108,121]

MIMO [106]

Three Users Multi-Cell SISO [105,110,111]

Fig. 6: A summary of the integration of NOMA schemes in VLC systems (Architecture Wise).

B. Multiple Access Schemes for VLC Systems

The conventional orthogonal multiple access schemes used
in VLC systems are TDMA (time division multiple access),
OCDMA (optical code division multiple access), WDMA
(wavelength division multiple access), and SDMA (space-
division multiple access). In TDMA, the different users are
assigned different time slots in an orthogonal manner that

removes interference due to the overlap of the coverage area
of the transmitting LDs or the LEDs [92]. However, TDMA
is not an attractive option for multi-user OWC systems due to
synchronization and transmit power limitations between the
transmitter and the receiver [93]–[95]. OCDMA is based on
the direct-sequence spread spectrum technique in a coherent
or non-coherent manner [96]. The commonly used spreading
codes are the one- dimensional codes such as Gold sequences,



7

TABLE I: Summary of precoding schemes for VLC systems.

System Precoding scheme Comments
A multi-user
MISO VLC
system

ZF-based linear
precoding to minimize
MSE [83]

The proposed
scheme outperforms
conventional pseudo-
inverse ZF-based
precoding; however,
performance is limited
by receivers correlations.

A multi-user
MISO VLC
system

ZF-based linear precod-
ing [84], [89] and linear
preoding without the ZF
constraint [85] to maxi-
mize the sum rate

The proposed schemes
outperform conventional
pseudo-inverse ZF-
based precoding;
however, the scheme
in [85] outperforms
the one [84] for high
channel correlations.

A multi-user
MIMO VLC
system [86]

Block diagonalization
(BD) precoding

The performance is lim-
ited by receive correla-
tions per user.

A multi-
user OFDM-
MISO VLC
system [87]

Conventional pseudo-
inverse ZF-based and
MMSE

The performance is very
limited by the users’ cor-
relations.

Multi-user
MIMO (MU-
MIMO) VLC
system [88]

Linear precoding at
both the transmitter and
receiver for the max-min
signal to interference
plus noise ratio (SINR)
optimization

The proposed MU-
MIMO system has
a significant gain
compared to the MU-
MISO case.

A CoMP
multi-user
MISO VLC
system

Linear precoding to min-
imize the sum-MSE of
the users [90] or the
WSMSE [91]

Significant SINR gain
due to coordination;
however, the SINR may
saturate with partial
cooperation.

optical orthogonal codes and prime codes and the two-
dimensional orthogonal optical codes. The two-dimensional
codes spread in both time and wavelength domain. OCDMA-
based VLC systems were investigated in [97]–[100].

The other common multiple access scheme that was adopted
in VLC systems is optical OFDMA [101]. The early work
in [102] has considered the OFDMA-like discrete multi-
tone based VLC system where a heuristic algorithm for the
subcarriers and allocation was proposed and the performance
gain as compared with a conventional DMT scheme was
demonstrated. Later, the joint design of the DC-bias level,
power and sub-carrier allocation in a DCO-OFDMA LiFi
system was considered in [103] where algorithms for the bias
optimization (for a given power and subcarrier allocation),
power and subcarrier allocation, and the joint optimization
were proposed and simulations to compare the achievable sum
rates of the different algorithms were carried out.

NOMA is a recent promising multiple access scheme whose
details were discussed in Subsection II-B. The adoption of
NOMA in VLC systems was motivated by (i) the typically
small number of users in indoor VLC systems which reduces
the transmission-reception schemes complexity, (ii) the de-
terministic nature of the propagation channel that acquires
the channel gains for subsequent power allocation, and (iii)
the typically high SNR conditions in short-range indoor
communications where it well-known that NOMA schemes
outperform the OMA schemes in that SNR region. This has
led to introduction of NOMA in VLC systems [61], [104]. The
first analytical work that studied the performance of NOMA

in multi-user VLC systems have been proposed by Yin et
al. [104]. The proposed downlink VLC system maximizes the
system coverage probability by finding the optimum power
allocation coefficients set. The analytical results show that the
capacity of VLC-NOMA system outperforms the capacity of
VLC-TDMA system by choosing LEDs with proper semi-
angle. Thereafter, in [61], Kizilirmak et al. have proposed
a novel DCO-OFDM based power-domain NOMA scheme.
The numerical results in their work have demonstrated the
capacity of the NOMA scheme and quantified the effect of the
cancellation error in the SIC receiver compered with OFDMA
scheme.

Most of the existing work in the literature about the adoption
of NOMA schemes in multi cell VLC networks has focused
on developing power allocation (PA) techniques as well as on
proposing inter-cell interference (ICI) mitigation techniques.
For the PA techniques, researchers have investigated the fixed
PA [61], the exhaustive search PA [104], the gain ratio
PA [105], the normalized gain difference PA [106], the sum
rate maximization PA [107], the sum rate maximization under
quality of service (QoS) constraints PA [108], and the max-
min fairness with sum-rate maximization PA [109]. While
for the ICI mitigation techniques, researchers have proposed
cell zooming technique [105], location based user grouping
technique [108], and a technique for handling the users in the
overlapping VLC cells [110]. A summary of the integration
of NOMA schemes in VLC systems (architecture wise) is
illustrated in Fig. 6. In this figure, the multi-cell three users’
setup is for the studies that investigate the ICI mitigation
techniques where the third user is located in the common area
between two APs. Moreover, research has been done on BER
and symbol error rate (SER) performance metrics by Huang
et al., Marshoud et al., Mitra and Bhatia [111]–[113].

[114]–[121]

C. Resource Allocation and Mobility Management in VLC
Networks

The research work on VLC beyond the single-cell downlink
systems has led to two proposals: Integration of VLC in wire-
less networks as (i) hybrid or heterogeneous RF/VLC [122]–
[124] and (ii) visible light networks (VLNs) in [125], [126].
This motivated the research on interference management,
resource allocation, mobility management, and multi-user
scheduling techniques for these networks. This section is
intended to overview these techniques from the physical layer
perspective.

Similar to the concept of CoMP in RF systems [127], [128],
where a set of cells coordinate their transmissions to reduce
the network interference, the interference in VLC attocells
(where each LED acts as an optical access point (AP) to serve
multiple users within its coverage) [129] which occurs due to
uniform illumination of the LEDs is accommodated through
the introduction of the cooperation among multiple VLC atto-
cells using power line communications [90]. In this scheme,
Nt LEDs cooperate to broadcast information to Nr single-
photodiode users using linear precoding that is optimized
to minimize the sum-MSE under illumination constraints or
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to minimize the illumination level for a given set of MSE
thresholds for all users. The first optimization problem, to
minimize the sum-MSE, is solved using iterative optimization
as proposed by Li et al. [83]. While the second was solved
using semi-definite relaxation method. They demonstrated via
numerical results that there is a significant SINR increase
when full coordination is implemented. Further work [91], by
the same authors, has considered weighted sum mean square
error (WSMSE)-based coordinated beamforming to minimize
the inter-attocell interference where only the downlink CSI
is exchanged among the cooperating attocells as compared to
the joint transmission scheme proposed by Ma et al. [90]. It
was shown that coordinated beamforming has a comparable
performance to joint transmission for some user distributions.
There are three additional approaches to reduce the network
interference in VLC networks. The first approach depends on
fractional frequency reuse concept [124], [130], the second
approach provides a dynamic scheduling for VLC network
resources based on users location [131]–[134], and the third
approach achieves a dynamic pairing between the VLC users
and the VLC APs [135]–[137].

Early work on resource allocation in VLC-RF networks
by Rahaim et al. [122] considered an indoor combined VLC
attocell and RF femtocell system. They proposed decentralized
algorithms for optimal resource allocation for different types
of mobile terminals. Later, Kashef et al. [138] investigated the
optimization of bandwidth and power allocation to maximize
the energy efficiency of heterogeneous VLC-RF networks and
has shown that hybrid VLC-RF networks outperform RF-only
networks for practical ranges of transmit power. The spectrum
and power allocation for an RF system that complements a
VLC system to improve coverage for randomly distributed
users was considered by Basnayaka and Hass [139]. They
demonstrated that the per user rate outage probability improves
as dynamic resource allocation is adopted.

Mobility management is another important issue in VLC
networks where the handover process needs to be optimally
carried out. There are two types of handover schemes in
VLC networks, namely: vertical (inter-systems) handover and
horizontal (intra-system) handover [140]. The former takes
place between different access technologies such as the vertical
handover in the hybrid RF/VLC systems, while the latter
allows the mobile user to transfer from one LED to another
seamlessly while moving. Vertical handover (VHO) is usually
invoked in order to maintain a smooth QoS for users in hybrid
RF/VLC systems. VHO procedures occur either when an RF
user receives a stronger VLC signal than its own RF signal, or
when a VLC user loses the LOS transmission with the VLC
AP or it moves to the cell edge [17]. Rahaim et al. [141]
proposed a VHO criteria for a hybrid RF/VLC systems that
integrates an omnidirectional RF channel with directional
broadcast VLC channels. The proposed criteria improves both
the total throughput and the service quality of the system.
Later, Bao et al. [142] proposed a hybrid OFDMA/VLC
system which includes VLC APs for downlink transmission
only and one OFDMA AP for both uplink and downlink
transmission. The proposed system supports the horizontal
and the vertical handover mechanisms for mobile users and

achieves large improvements in the capacity performance as
compared to an equivalent OFDMA system.

Horizontal handover can be further divided into soft or
hard [143]. In the soft handover, the connection to the
neighbour LED is made before breaking the connection with
the current LED which is known as a ”make-before-break”
method. While in the hard handover, the connection to the
neighbour LED is made after breaking the connection with the
current LED which is known as ”break-before-make” method.
The horizontal handover has been discussed in the context
of VLC networks by Vegni and Little, Rahaim and Little,
Pergoloni et al., and Demir et al. [144]–[147] where there
are four main proposed approaches to achieve the horizontal
handover. (i) The first approach exploits the analogy between
the received signal strength (RSS) parameter in the RF domain
and the received signal intensity (RSI) parameter in the optical
domain in order to develop an RSI-based handover mechanism
for mobile VLC users [144]. (ii) The second approach depends
on changing the coverage region of the VLC cells dynamically
while maintaining the desired illuminance in the environment
[145]. (iii) The third approach relies on finding an optimal
LED footprint mapping while considering various practical
parameters such as the number of users in the network, the
number of handovers, and user mobility [146]. Finally, (iv) the
fourth approach is based on the CoMP transmission scheme
[147].

While the horizontal handover is mainly deployed in VLC
networks to reduce the effect of ICI, multi-user scheduling is
of comparable importance to reduce the effect of the inter-
user interference. Tao et al. [148] proposed a low complexity
multi-user scheduling scheme to coordinate the inter-user
interference for indoor multi-user VLC system. The proposed
scheme aims to maximize the sum capacity of the system
while taking into account user fairness. A novel anticipatory
design based on predicted users’ future locations and their
predicted traffic dynamics has been proposed by Zhang et
al. [149] as a beneficial design for user-to-AP associations.
The proposed design provides an insight on the performance
trade-off between the average system delay and the average
per-user throughput in dynamic indoor VLC networks.

V. CONCLUSION AND DIRECTIONS FOR FUTURE
RESEARCH

The emergence of VLC systems as high-data rate, secure,
and energy efficient downlink transmission technology has
fueled research on the enabling communication schemes for
these systems. In this paper, after review of some background
on the multi-user communications in RF systems, we dis-
cussed the current state-of-the-art integration of the emerg-
ing multi-user MIMO, non-orthogonal multiple access, and
interference mitigation multi-user schemes in VLC systems.
In the following, we highlight some of the possible directions
of future research on multi-user VLC systems.

A. MU-MIMO Precoding Schemes

The current works on precoding schemes for VLC systems
have mainly built on the known linear precoding schemes
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in the RF literature. However, the optimal linear precoding
schemes for a general MU-MIMO VLC system for the differ-
ent performance metrics such as the max-min rate and the sum
rate are still open problems for research. On the other hand, the
design and performance of non-linear precoding schemes such
as vector perturbation [150], [151] and Tomlinson-Harashima
precoding [152], [153] might be of interest to enhance the
spectral efficiency. A recent work by Tagliaferri et al. [154] has
already considered the use of Tomlinson-Harashima precoding
to mitigate the multi-user interference in a MU-MISO VLC
system. These open research problems can be also extended to
massive MIMO VLC systems (i.e., large arrays of transmitting
LEDs and/or receiving photodiodes) [155], [156]. A recent
work by Jain et al. [157] has proposed a singular value
decomposition-based precoding scheme to improve the BER
that is degraded by the high condition number of the channel
matrix.

Another interesting line of research is the utilization of
the interference alignment (IA) technique. IA was originally
proposed as a high-SNR optimal transmission scheme for in-
terference channel. In AI, each sender encodes its signals over
multiple dimensions of the signal space to align interference
from other transmitters in the least possible dimension sub-
space at each receiver and provide the remaining dimensions
for the desired signal [158]. Later, this technique was adopted
for other wireless systems and networks [159]. In [160], the
blind interference alignment scheme, which relaxes the full
CSI requirement at the transmitter [161], was considered for
an MU-MISO indoor DCO-OFDM-based VLC system where
it was shown that it outperforms orthogonal multiple access
schemes in terms of spectral efficiency and achievable BER.
The implementation of BIA using a re-configurable photode-
tector at the each user receiver was investigated in [162].
This choice is motivated by the less stringent CSI availability,
transmit cooperation, and channel correlation constraints as
compared to conventional linear pre-coding schemes.

B. Further Issues on NOMA VLC
As discussed in Subsection IV-B, the adoption of NOMA

schemes in VLC systems and networks has attracted a lot
of research. Nevertheless, this area of research is still in its
infancy as different aspects of the NOMA schemes are not
yet well understood in VLC systems. In the following, we
highlight some challenges and open areas of research that
need to be addressed in the future: i) VLC networks suffer
from several challenges, such as the broadcast nature of the
illumination sources, the limited VLC coverage within an
opaque space, and the fact that VLC receiver should be facing
the VLC AP. In order to overcome these limitations, combined
use of VLC and RF networks is typically preferred where
VLC is used for data off-loading purposes as complementary
technology. While there is a growing literature on hybrid
RF/VLC network, hybrid RF/VLC NOMA schemes were not
yet studied. ii) While downlink has been intensively studied,
uplink VLC NOMA needs further investigation. As of now,
only one study [115] has touched the BER performance in
the uplink VLC based NOMA-OFDMA system. iii) Relay-
assisted VLC systems were introduced in the literature [163]

where secondary lights (such as task lights, desk lamps)
assist the ceiling lights acting as major data sources. Relay-
assisted NOMA VLC is worthy of study particularly for
improved coverage of cell-edge users. iv) As mentioned in
Subsection II-B, there are three major versions of NOMAs,
namely, power-domain NOMA, code-domain NOMA, and
NOMA multiplexing in multiple domains. As seen in Fig. 6,
most of the research has focused on power domain NOMA in
VLC systems and only one work [120] has investigated SCMA
scheme in code domain NOMA. Hence, further detailed inves-
tigations on adopting other code domain NOMA solutions and
the solutions of NOMA multiplexing in multiple domains (see
Fig. 2) might be of interest to increase the capacity of NOMA
VLC systems.

C. Optimized Resource Allocation for Multi-User VLC Net-
works

In a conventional VLC network, each LED acts as an access
point connected to each other through electrical grid and
data backbone. These VLC-enabled LEDs consist of baseband
unit (BBU) followed by the optical front-end. In a recent
work [164], so-called Centralized Light Access Network (C-
LiAN) was proposed that aggregates all BBU computational
resources into a central pool that is managed by a centralized
controller. Unlike the distributed architecture where each LED
is supposed to perform both baseband processing and optical
transmission/reception, ”dummy” LEDs (with only optical
front-ends) can be employed in the centralized architecture.
Such an architecture enables joint processing of signals from
different access points. In such centralized networks where the
BBUs are physically/virtually are placed close to each other
and can easily share the channel state information and other
signalling information, investigation of enhanced coordinated
transmission techniques and handover management techniques
remain as open research problems.

D. Cognitive radio

The cognitive radio technology where the unlicensed (sec-
ondary) users (SUs) are allowed to share the spectrum with
the licensed (primary) users (PUs) according to a certain
protocol has attracted research in wireless systems for better
spectrum utilization. In a recent work [165], an OFDMA-
based VLC network is considered where the coverage area
of each access point is divided into two zones serving the
primary and secondary users, respectively. The maximization
of the area spectral efficiency while satisfying the illumination,
mobility, and handover requirements was carried out through
the proper zone radius and the sub-carrier allocation. Another
CR-motivated multi-cell VLC system in [166] where the users
with stringent delay constraint and service requirements are set
to be the PUs while the users with less stringent requirements
are set to be the SUs. The SUs share the subchannels of PUs
through the overlay and underlay spectrum access protocols
using dynamic subchannel and power allocation. The sum
rate improvement as compared to non-cognitive multi-cell
VLC system was demonstrated. Future work may consider
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the design and performance of CR schemes in VLN and RF-
VLC networks as well as relay-enabled CR schemes for these
networks for the MISO and MIMO scenarios.

E. Physical Layer Security

Physical layer security has recently emerged as an additional
less computation-intensive and flexible level of security com-
pared to the existing security measures at other layers in RF
networks [167]. This has motivated the research on physical
layer security for the more secure but yet vulnerable to
security threats OWC channels, which are mainly amplitude-
constrained channels, in [168], [169], where lower and upper
bounds on the capacity of single-input single-output (SISO)
Gaussian wiretap channels were derived. A recent work on
the multi-user scenario appeared in [170] where a lower bound
on the average secrecy sum-rate of the users for both cases of
known and unknown eavesdroppers’ CSI at the transmitter for
ZF precoding. Clearly, there are open research problems on the
physical layer security for the different VLC-based and hybrid
RF/VLC (with different security requirements) multiuser sys-
tems for the different precoding schemes and availability of
CSI constraints. In addition to MIMO precoding, cooperative
anti-jamming and relay-assisted security techniques are also of
interest in VLC-based and hybrid RF/VLC networks. Another
important topic is the security of VLC-NOMA systems in the
presence of both single and multiple eavesdroppers [171] and
for the different network architectures.

REFERENCES

[1] M. Rumney et al., LTE and the evolution to 4G wireless: Design and
measurement challenges. John Wiley & Sons, 2013.

[2] M. L. Roberts, M. A. Temple, R. F. Mills, and R. A. Raines, “Evolution
of the air interface of cellular communications systems toward 4g
realization,” IEEE Communications Surveys Tutorials, vol. 8, no. 1,
pp. 2–23, 2006.

[3] T. S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. Wang, G. N.
Wong, J. K. Schulz, M. Samimi, and F. Gutierrez, “Millimeter wave
mobile communications for 5g cellular: It will work!” IEEE Access,
vol. 1, pp. 335–349, 2013.

[4] A. Gupta and R. K. Jha, “A survey of 5g network: Architecture and
emerging technologies,” IEEE Access, vol. 3, pp. 1206–1232, 2015.

[5] M. Shafi, A. F. Molisch, P. J. Smith, T. Haustein, P. Zhu, P. D.
Silva, F. Tufvesson, A. Benjebbour, and G. Wunder, “5g: A tutorial
overview of standards, trials, challenges, deployment, and practice,”
IEEE Journal on Selected Areas in Communications, vol. 35, no. 6,
pp. 1201–1221, 2017.

[6] Z. Ding, X. Lei, G. K. Karagiannidis, R. Schober, J. Yuan, and
V. K. Bhargava, “A survey on non-orthogonal multiple access for 5g
networks: research challenges and future trends,” IEEE Journal on
Selected Areas in Communications, vol. 35, no. 10, pp. 2181–2195,
2017.

[7] M. Uysal, C. Capsoni, Z. Ghassemlooy, A. Boucouvalas, and E. Ud-
vary, Optical wireless communications: an emerging technology.
Springer, 2016.

[8] “Li-fi market size forecast worth $75.5 billion by 2023.” [Online].
Available: https://www.gminsights.com/pressrelease/LiFi-market

[9] “Ieee 802.15 wpan task group 13 (tg13) multi-gigabit/s optical
wireless communications.” [Online]. Available: http://www.ieee802.
org/15/pub/TG13.html

[10] “Ieee project 802.11bb - standard for information technology–
telecommunications and information exchange between systems local
and metropolitan area networks–specific requirements - part 11:
Wireless lan medium access control (mac) and physical layer
(phy) specifications amendment: Light communications.” [Online].
Available: https://standards.ieee.org/develop/project/802.11bb.html

[11] “Draft new recommendation itu-t g.vlc ”high speed indoor visible
light communication transceiver - system architecture, physical
layer and data link layer specification”.” [Online]. Available:
https://www.itu.int/md/T13-SG15-160919-TD-WP1-0811/en

[12] Z. Wang, Q. Wang, Z. Xu, and W. Huang, Visible Light Communica-
tions: Modulation and Signal Processing. John Wiley & Sons, 2017.

[13] T. Koonen, “Indoor optical wireless systems: Technology, trends and
applications,” Journal of Lightwave Technology, vol. PP, no. 99, pp.
1–1, 2017.

[14] M. Z. Chowdhury, M. T. Hossan, A. Islam, and Y. M. Jang, “A
comparative survey of optical wireless technologies: Architectures and
applications,” IEEE Access, vol. PP, no. 99, pp. 1–1, 2018.

[15] Z. Zeng, S. Fu, H. Zhang, Y. Dong, and J. Cheng, “A survey of
underwater optical wireless communications,” IEEE Communications
Surveys Tutorials, vol. 19, no. 1, pp. 204–238, 2017.

[16] P. H. Pathak, X. Feng, P. Hu, and P. Mohapatra, “Visible light commu-
nication, networking, and sensing: A survey, potential and challenges,”
IEEE Communications Surveys Tutorials, vol. 17, no. 4, pp. 2047–
2077, 2015.

[17] X. Li, R. Zhang, and L. Hanzo, “Optimization of visible-light optical
wireless systems: Network-centric versus user-centric designs,” IEEE
Communications Surveys Tutorials, vol. PP, no. 99, pp. 1–1, 2018.

[18] Y. Zhuang, L. Hua, L. Qi, J. Yang, P. Cao, Y. Cao, Y. Wu, J. Thompson,
and H. Haas, “A survey of positioning systems using visible led lights,”
IEEE Communications Surveys Tutorials, vol. PP, no. 99, pp. 1–1, 2018.

[19] H. Marshoud, P. C. Sofotasios, S. Muhaidat, and G. K. Karagiannidis,
“Multi-user techniques in visible light communications: A survey,” in
2016 International Conference on Advanced Communication Systems
and Information Security (ACOSIS), Oct. 2016, pp. 1–6.

[20] H. Marshoud, S. Muhaidat, P. C. Sofotasios, S. Hussain, M. A. Imran,
and B. S. Sharif, “Optical non-orthogonal multiple access for visible
light communication,” IEEE Wireless Communications, vol. 25, no. 2,
pp. 82–88, Apr. 2018.

[21] S. S. Bawazir, P. C. Sofotasios, S. Muhaidat, Y. Al-Hammadi, and
G. K. Karagiannidis, “Multiple access for visible light communications:
Research challenges and future trends,” IEEE Access, vol. 6, pp.
26 167–26 174, 2018.

[22] D. Gesbert, M. Kountouris, R. W. Heath, C. b. Chae, and T. Salzer,
“Shifting the mimo paradigm,” IEEE Signal Processing Magazine,
vol. 24, no. 5, pp. 36–46, 2007.

[23] D. Tse and P. Viswanath, Fundamentals of wireless communication.
Cambridge university press, 2005.

[24] A. Goldsmith, Wireless communications. Cambridge university press,
2005.

[25] A. Goldsmith, S. A. Jafar, N. Jindal, and S. Vishwanath, “Capacity
limits of mimo channels,” IEEE Journal on Selected Areas in Commu-
nications, vol. 21, no. 5, pp. 684–702, 2003.

[26] E. Castaeda, A. Silva, A. Gameiro, and M. Kountouris, “An overview
on resource allocation techniques for multi-user mimo systems,” IEEE
Communications Surveys Tutorials, vol. 19, no. 1, pp. 239–284, 2017.

[27] W. Yu, W. Rhee, S. Boyd, and J. M. Cioffi, “Iterative water-filling
for gaussian vector multiple-access channels,” IEEE Transactions on
Information Theory, vol. 50, no. 1, pp. 145–152, 2004.

[28] G. Caire and S. Shamai, “On the achievable throughput of a multi-
antenna gaussian broadcast channel,” IEEE Transactions on Informa-
tion Theory, vol. 49, no. 7, pp. 1691–1706, 2003.

[29] W. Yu and T. Lan, “Transmitter optimization for the multi-antenna
downlink with per-antenna power constraints,” IEEE Transactions on
Signal Processing, vol. 55, no. 6, pp. 2646–2660, 2007.

[30] Q. H. Spencer, A. L. Swindlehurst, and M. Haardt, “Zero-forcing meth-
ods for downlink spatial multiplexing in multi-user mimo channels,”
IEEE Transactions on Signal Processing, vol. 52, no. 2, pp. 461–471,
2004.

[31] C. B. Peel, B. M. Hochwald, and A. L. Swindlehurst, “A
vector-perturbation technique for near-capacity multiantenna multiuser
communication-part i: channel inversion and regularization,” IEEE
Transactions on Communications, vol. 53, no. 1, pp. 195–202, 2005.

[32] Z. Ding, M. Peng, and H. V. Poor, “Cooperative non-orthogonal
multiple access in 5g systems,” IEEE Communications Letters, vol. 19,
no. 8, pp. 1462–1465, 2015.

[33] J. Choi, “Noma: Principles and recent results,” in 2017 International
Symposium on Wireless Communication Systems (ISWCS), Aug. 2017,
pp. 349–354.

[34] L. Dai, B. Wang, Y. Yuan, S. Han, I. Chih-Lin, and Z. Wang, “Non-
orthogonal multiple access for 5g: solutions, challenges, opportunities,
and future research trends,” IEEE Communications Magazine, vol. 53,
no. 9, pp. 74–81, 2015.

https://www.gminsights.com/pressrelease/LiFi-market
http://www.ieee802.org/15/pub/TG13.html
http://www.ieee802.org/15/pub/TG13.html
https://standards.ieee.org/develop/project/802.11bb.html
https://www.itu.int/md/T13-SG15-160919-TD-WP1-0811/en


11

[35] S. R. Islam, N. Avazov, O. A. Dobre, and K.-S. Kwak, “Power-domain
non-orthogonal multiple access (noma) in 5g systems: Potentials and
challenges,” IEEE Communications Surveys & Tutorials, vol. 19, no. 2,
pp. 721–742, 2017.

[36] W. Shin, M. Vaezi, B. Lee, D. J. Love, J. Lee, and H. V. Poor,
“Non-orthogonal multiple access in multi-cell networks: Theory, per-
formance, and practical challenges,” IEEE Communications Magazine,
vol. 55, no. 10, pp. 176–183, Oct. 2017.

[37] X. Chen, A. Benjebbour, Y. Lan, A. Li, and H. Jiang, “Impact of rank
optimization on downlink non-orthogonal multiple access (noma) with
su-mimo,” in 2014 IEEE International Conference on Communication
Systems, Nov. 2014, pp. 233–237.

[38] Y. Lan, A. Benjebboiu, X. Chen, A. Li, and H. Jiang, “Considerations
on downlink non-orthogonal multiple access (noma) combined with
closed-loop su-mimo,” in 2014 8th International Conference on Signal
Processing and Communication Systems (ICSPCS), Dec. 2014, pp. 1–5.

[39] S. Han, I. Chih-Lin, Z. Xu, and Q. Sun, “Energy efficiency and
spectrum efficiency co-design: From noma to network noma,” IEEE
COMSOC MMTC E-Letter, vol. 9, no. 5, 2014.

[40] V. D. Nguyen, H. D. Tuan, T. Q. Duong, H. V. Poor, and O. S. Shin,
“Precoder design for signal superposition in mimo-noma multicell net-
works,” IEEE Journal on Selected Areas in Communications, vol. 35,
no. 12, pp. 2681–2695, Dec. 2017.

[41] Y. Hayashi, Y. Kishiyama, and K. Higuchi, “Investigations on power
allocation among beams in non-orthogonal access with random beam-
forming and intra-beam sic for cellular mimo downlink,” in 2013 IEEE
78th Vehicular Technology Conference (VTC Fall), Sep. 2013, pp. 1–5.

[42] Z. Ding, F. Adachi, and H. V. Poor, “The application of mimo
to non-orthogonal multiple access,” IEEE Transactions on Wireless
Communications, vol. 15, no. 1, pp. 537–552, Jan. 2016.

[43] Z. Yang, C. Pan, W. Xu, Y. Pan, M. Chen, and M. Elkashlan, “Power
control for multi-cell networks with non-orthogonal multiple access,”
IEEE Transactions on Wireless Communications, vol. 17, no. 2, pp.
927–942, Feb. 2018.

[44] S. Ali, E. Hossain, and D. I. Kim, “Non-orthogonal multiple access
(noma) for downlink multiuser mimo systems: User clustering, beam-
forming, and power allocation,” IEEE Access, vol. 5, pp. 565–577,
2017.

[45] G. Liu, X. Chen, Z. Ding, Z. Ma, and F. R. Yu, “Hybrid half-
duplex/full-duplex cooperative non-orthogonal multiple access with
transmit power adaptation,” IEEE Transactions on Wireless Commu-
nications, vol. 17, no. 1, pp. 506–519, Jan. 2018.

[46] Y. Liu, Z. Ding, M. Elkashlan, and H. V. Poor, “Cooperative non-
orthogonal multiple access with simultaneous wireless information and
power transfer,” IEEE Journal on Selected Areas in Communications,
vol. 34, no. 4, pp. 938–953, Apr. 2016.

[47] W. Shin, M. Vaezi, B. Lee, D. J. Love, J. Lee, and H. V. Poor, “Coordi-
nated beamforming for multi-cell mimo-noma,” IEEE Communications
Letters, vol. 21, no. 1, pp. 84–87, Jan. 2017.

[48] M. S. Ali, E. Hossain, and D. I. Kim, “Coordinated multipoint
transmission in downlink multi-cell noma systems: Models and spectral
efficiency performance,” IEEE Wireless Communications, vol. 25,
no. 2, pp. 24–31, Apr. 2018.

[49] Y. Liu, Z. Ding, M. Elkashlan, and J. Yuan, “Nonorthogonal multiple
access in large-scale underlay cognitive radio networks,” IEEE Trans-
actions on Vehicular Technology, vol. 65, no. 12, pp. 10 152–10 157,
Dec. 2016.

[50] M. Zeng, G. I. Tsiropoulos, O. A. Dobre, and M. H. Ahmed, “Power
allocation for cognitive radio networks employing non-orthogonal
multiple access,” in 2016 IEEE Global Communications Conference
(GLOBECOM), Dec. 2016, pp. 1–5.

[51] M. Mohammadi, B. K. Chalise, A. Hakimi, H. A. Suraweera, and
Z. Ding, “Joint beamforming design and power allocation for full-
duplex noma cognitive relay systems,” in GLOBECOM 2017 - 2017
IEEE Global Communications Conference, Dec. 2017, pp. 1–6.

[52] R. Hoshyar, F. P. Wathan, and R. Tafazolli, “Novel low-density
signature for synchronous cdma systems over awgn channel,” IEEE
Transactions on Signal Processing, vol. 56, no. 4, pp. 1616–1626, Apr.
2008.

[53] M. Al-Imari, P. Xiao, M. A. Imran, and R. Tafazolli, “Uplink non-
orthogonal multiple access for 5g wireless networks,” in 2014 11th In-
ternational Symposium on Wireless Communications Systems (ISWCS),
Aug. 2014, pp. 781–785.

[54] H. Nikopour and H. Baligh, “Sparse code multiple access,” in 2013
IEEE 24th Annual International Symposium on Personal, Indoor, and
Mobile Radio Communications (PIMRC), Sep. 2013, pp. 332–336.

[55] 3GPP, Discussion on multiple access for new radio interface,
https://portal.3gpp.org/ngppapp/CreateTdoc.aspx?mode=view&
contributionId=692999, Apr. 2016.

[56] Z. Yuan, G. Yu, W. Li, Y. Yuan, X. Wang, and J. Xu, “Multi-user shared
access for internet of things,” in 2016 IEEE 83rd Vehicular Technology
Conference (VTC Spring), May 2016, pp. 1–5.

[57] X. Dai, S. Chen, S. Sun, S. Kang, Y. Wang, Z. Shen, and J. Xu,
“Successive interference cancelation amenable multiple access (sama)
for future wireless communications,” in 2014 IEEE International
Conference on Communication Systems, Nov. 2014, pp. 222–226.

[58] S. Chen, B. Ren, Q. Gao, S. Kang, S. Sun, and K. Niu, “Pattern
division multiple access (pdma) a novel non-orthogonal multiple access
for fifth-generation radio networks,” IEEE Transactions on Vehicular
Technology, vol. 66, no. 4, pp. 3185–3196, Apr. 2017.

[59] D. Fang, Y. C. Huang, Z. Ding, G. Geraci, S. L. Shieh, and H. Claussen,
“Lattice partition multiple access: A new method of downlink non-
orthogonal multiuser transmissions,” in 2016 IEEE Global Communi-
cations Conference (GLOBECOM), Dec. 2016, pp. 1–6.

[60] Y. Cai, Z. Qin, F. Cui, G. Y. Li, and J. A. McCann, “Modulation
and multiple access for 5g networks,” IEEE Communications Surveys
Tutorials, vol. 20, no. 1, pp. 629–646, Firstquarter 2018.

[61] R. C. Kizilirmak, C. R. Rowell, and M. Uysal, “Non-orthogonal
multiple access (noma) for indoor visible light communications,” in
2015 4th International Workshop on Optical Wireless Communications
(IWOW), 2015, pp. 98–101.

[62] O. Saied, Z. Ghassemlooy, X. Tang, X. Dai, H. Le Minh, and B. Lin,
“Position encoded asymmetrically clipped optical orthogonal frequency
division multiplexing in visible light communications,” Journal of
Communications and Information Networks, vol. 2, no. 4, pp. 1–10,
2017.

[63] L. Cheng, W. Viriyasitavat, M. Boban, and H. M. Tsai, “Comparison
of radio frequency and visible light propagation channels for vehicular
communications,” IEEE Access, vol. 6, pp. 2634–2644, 2018.

[64] B. Lin, X. Tang, Z. Ghassemlooy, C. Lin, and Y. Li, “Experimental
demonstration of an indoor vlc positioning system based on ofdma,”
IEEE Photonics Journal, vol. 9, no. 2, pp. 1–9, Apr. 2017.

[65] J. B. Carruthers and J. M. Kahn, “Multiple-subcarrier modulation
for nondirected wireless infrared communication,” IEEE Journal on
Selected Areas in Communications, vol. 14, no. 3, pp. 538–546, Apr.
1996.

[66] J. Armstrong, “Ofdm for optical communications,” Journal of Light-
wave Technology, vol. 27, no. 3, pp. 189–204, 2009.

[67] W. Shieh and I. Djordjevic, OFDM for optical communications. Aca-
demic Press, 2009.

[68] S. D. Dissanayake and J. Armstrong, “Comparison of aco-ofdm,
dco-ofdm and ado-ofdm in im/dd systems,” Journal of Lightwave
Technology, vol. 31, no. 7, pp. 1063–1072, 2013.

[69] C. Chen, W. D. Zhong, and D. Wu, “Non-hermitian symmetry or-
thogonal frequency division multiplexing for multiple-input multiple-
output visible light communications,” IEEE/OSA Journal of Optical
Communications and Networking, vol. 9, no. 1, pp. 36–44, Jan. 2017.

[70] E. Giacoumidis, A. Tsokanos, C. Mouchos, G. Zardas, C. Alves, J. L.
Wei, J. M. Tang, C. Gosset, Y. Jaoun, and I. Tomkos, “Extensive com-
parisons of optical fast-ofdm and conventional optical ofdm for local
and access networks,” IEEE/OSA Journal of Optical Communications
and Networking, vol. 4, no. 10, pp. 724–733, Oct. 2012.

[71] T. Fath and H. Haas, “Performance comparison of mimo techniques
for optical wireless communications in indoor environments,” IEEE
Transactions on Communications, vol. 61, no. 2, pp. 733–742, Feb.
2013.

[72] C. He, T. Q. Wang, and J. Armstrong, “Performance of optical receivers
using photodetectors with different fields of view in a mimo aco-ofdm
system,” Journal of Lightwave Technology, vol. 33, no. 23, pp. 4957–
4967, 2015.

[73] M. O. Damen, O. Narmanlioglu, and M. Uysal, “Comparative perfor-
mance evaluation of mimo visible light communication systems,” in
2016 24th Signal Processing and Communication Application Confer-
ence (SIU), May 2016, pp. 525–528.

[74] L. Wu, Z. Zhang, J. Dang, and H. Liu, “Adaptive modulation schemes
for visible light communications,” Journal of Lightwave Technology,
vol. 33, no. 1, pp. 117–125, 2015.
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