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Abstract—Inter-cell interference (ICI) and inter-user interfer-
ence (IUI) constitute a major issue towards achieving the optimum
spectral efficiency (SE) and energy efficiency (EE) performance
in multi-cell visible light communication (VLC) networks. Hence,
advanced multiple access techniques need to be leveraged in order
to improve the provided service to the users of such interfer-
ing networks. To this end, the present contribution proposes the
integration of coordinated beamforming (CB) with rate-splitting
multiple access (RSMA) in multi-cell VLC systems. Specifically, we
consider the design of beamformers for the common and private
streams in a coordinated manner between different attocells, which
is shown to provide efficient mitigation of the incurred interfer-
ence. Additionally, the formulated optimization problem aims to
minimize the sum of the mean squared error across all attocells in
order to jointly determine the optimum receive filters and coordi-
nated transmit beamformers for RSMA streams. In this context,
we illustrate through extensive computer simulations, which are
carried out in a realistic setup that assumes noisy channel state
information acquisition, the distinct flexibility and robustness of
CB-based RSMA in mitigating the incurred interference. Finally,
the offered results demonstrate the superiority of CB-based RSMA
in terms of achievable SE and EE performance in multi-cell VLC
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networks compared to the conventional CB-based space division
multiple access counterpart.
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I. INTRODUCTION

MODERN large-scale infrastructures are usually equipped
with multiple illuminating devices, paving the way for

the conceptualization of optical attocells, and hence, facilitating
the deployment of low complexity visible light communication
(VLC) systems. In addition to this, the attocells concept has
been shown capable of providing ubiquitous indoor coverage in
large indoor VLC environments [1], [2]. In such a configuration,
each light emitting diode (LED) array in the attocell acts as a
VLC access point (AP), that serves multiple user equipment
(UE) devices within its coverage area. It is worth noting that the
issue of achieving the optimal design of LEDs deployment is an
important factor that guarantees both illumination and connec-
tivity requirements. This is because a large number of attocells
in a room is not preferable and can increase the interference
among neighboring attocells. On the contrary, a small number of
randomly deployed LED arrays may not satisfy the illumination
and coverage requirements. For instance, in [3] two approaches
were introduced, focusing on either minimizing the number of
LEDs to be used in order to provide service requirements or
maximizing the number of users to be served with a fixed number
of LEDs. On the other hand, the authors in [4] proposed an
LEDs arrangement design using 16 LED arrays in an indoor
VLC system, aiming to increase light uniformity and decrease
power and signal-to-noise ratio (SNR) fluctuations across the
room without increasing number of LED arrays.

In the context of multi-cell configurations, UEs located at
the cell-edge suffer from both inter-cell interference (ICI) and
inter-user interference (IUI). In this context and in order to
improve the performance of the cell-edge UEs, a variety of
time/frequency/power coordination schemes have been pro-
posed across the attocells [5]–[7]. More specifically, in [5], the
authors attempted to optimize different parameters including the
transmit power on carriers, precoders, and scheduling weights.
Likewise, the authors in [6] and [7] considered resource al-
location schemes for multi-cell cooperative/coordinated trans-
mission. Within the same context, the authors in [8] proposed
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interference graph-based scheduling approaches and a bipar-
tite graph-based scheduling approach to achieve higher user
signal-to-interference-plus-noise ratio (SINR) and better fair-
ness. Moreover, the authors in [9] investigated the optimization
problem of subchannel and power allocation to maximize energy
efficiency (EE) under transmit power and quality-of-service
constraints. Likewise, [10] proposed joint cell formation and
power allocation algorithms by formulating an optimization
problem that aims at maximizing the corresponding EE. On
the contrary, Zhou et al. proposed multi-color schemes for
frequency reuse [11], which despite its advantages it degrades
the illumination performance of the LEDs. This effect is also
widely known as color rendering.

It is recalled that the performance of multiple access schemes
has been also considered in VLC systems [12]–[18] and the
references therein. To this effect, the investigation of orthogonal
frequency division multiple-access (OFDMA) based on DC-
biased optical (DCO)-OFDM in multi-cell VLC networks was
considered in [19]. Similarly, a multi-carrier cooperating scheme
was proposed in [20], where neighboring APs jointly coordinate
their transmission using DCO-OFDM. Likewise, the authors
in [21], [22] reported a novel multi-carrier based cell partitioning
and frequency reuse scheme to mitigate ICI in VLC multi-cell
systems. In contrast, Chen et al. proposed an ICI mitigation
technique using optimized angle-diversity VLC receivers [23].
However, this approach requires major changes in the receiver’s
structure, which is complex to achieve in practice.

Typically, in large-scale VLC networks, the AP is composed
of multiple interconnected LEDs to provide multiple-input
multiple-output (MIMO) communication. In such a communi-
cation scenario, multi-user precoding needs to be leveraged in
order to handle the incurred IUI and ICI [24]. To that end, an
advanced precoding based strategy has been proposed for multi-
cell MIMO VLC systems, known as coordinated multi-point
(CoMP) transmission [25]. In a CoMP transmission, the APs of
different attocells are connected through backbone links in order
to provide a certain level of coordination/cooperation among
them [26]. The simplest form of CoMP precoding is per-cell
coordination scheme, where only the precoder values are shared
between the attocells whilst the incurred ICI is treated as a noise.
Hence, the precoder design and its associated optimization at the
attocells is carried-out independently. Nevertheless, despite its
simplicity and overall usefulness, per-cell coordination does not
ultimately mitigate ICI [26]. Alternatively, joint transmission
(JT) scheme has been shown to have efficient capabilities in
mitigating inter-cell interference compared to per-cell coordi-
nated percoding design by sharing all users’ data and channel
state information (CSI) between all cells. Therefore, attocells’
boundaries are removed and the precoders design is carried-
out collaboratively among different cells [26]. Nevertheless,
JT faces several challenges, such as high complexity, AP-UEs
synchronization, and limited bandwidth of backhaul links. Ac-
cordingly, coordinated beamforming (CB) was proposed with
the aim to provide a compromised complexity and performance
compared to JT. The distinct characteristic of CB is that only CSI
is shared between attocells, whilst the precoders design at the
corresponding cells is performed in a coordinated manner [27],
[28]. It is worth noting that, the performance of CB-RSMA can

be improved through partial data sharing between the adjacent
attocells. More specifically, since the used LEDs have limited
coverage, interfering attocells are allowed to exchange the as-
sociated data streams of cell-edge users between the cell-edge
LEDs on the borders that contribute to the majority of the ICI.
Then, the set of the LEDs in the ith attocell can cooperate
with the cell-edge LEDs on the borders of the neighbouring
attocells, to jointly serve the cell-edge users in the ith attocell
by transmitting their messages from the cell-edge LEDs of the
interfering attocells in addition to the LEDs of the same attocell.
Although partial cooperation is less restricted compared to JT, it
still requires a little bit higher complexity and synchronization
between adjacent attocells compared to CB-RSMA.

In the context of multiple access schemes, rate-splitting mul-
tiple access (RSMA) has been identified recently as a highly-
reliable and spectrally-efficient scheme, which outperforms both
non-orthogonal multiple access (NOMA) and multi-user lin-
ear precoding, also known as space-division multiple access
(SDMA) [29]–[36]. In order to achieve a controlled level of
interference in RSMA systems, the transmitted signal of each
user is divided into one or several common parts, that are
multiplexed with each other, and to a private part that is de-
coded only by the corresponding user. RSMA relies on linearly
precoded rate-splitting along with the use of successive inter-
ference cancellation (SIC), in order to reliably decode part of
the interference embedded in the common message and treat the
remaining (other users’ private messages) as noise.

Inspired by the promising capabilities of RSMA in the radio
frequency (RF) domain, it is envisioned to bring several advan-
tages in multi-cell VLC systems. Nevertheless, its application
in the context of VLC is still in its infancy and only few
contributions have addressed the integration of RSMA into VLC
systems, such as [37]–[41]. However, the presented framework
in [37][39] are limited to single-cell VLC networks, where it was
demonstrated that RSMA outperforms both NOMA and SDMA
in terms of achievable spectral efficiency (SE) and EE. On the
other hand, the authors in [38] considered multi-cell RSMA in
centralized VLC systems, where all attocells were treated as a
single large cell. The presented RSMA framework in [38] has the
same limitations associated with the aforementioned JT scheme.
Recently, the authors in [40] have considered the integration
of RSMA with multi-cell VLC systems, wherein the inter-cell
interference was mitigated through zero-forcing (ZF) approach
for the inter-cell region. However, ZF precoding has relatively
degraded performance at low SNR regimes and when the number
of the transmitting LEDs it is less than the total number of users
of all the coordinated attocells.

To the best of the authors knowledge, no comprehensive
framework that investigates the integration of RSMA into multi-
cell VLC systems, while considering challenges pertaining to
interference mitigation and complexity reduction, has been re-
ported in the open technical literature. In this regard, motivated
by the advantages offered by RSMA in single-cell systems and
the capabilities of CB scheme to mitigate interference along
with its reduced complexity, we propose the integration of
CB with RSMA in multi-cell VLC networks. Our proposed
scheme is expected to bring additional benefits in mitigating
the incurred interference, while reducing the precoder design
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complexity compared to centralized precoder design for RSMA.
In specific, in this paper, we formulate an optimization prob-
lem that minimizes the sum of mean squared error (MSE)
across all users in a multi-cell VLC network. The formulated
problem aims to jointly find the optimum receive filters and
coordinated beamformers for the common-private messages.
This is carried out in a realistic setup where, in addition to
considering the involved ICI and IUI, we assume noisy CSI
acquisition, which is practically the case in realistic communi-
cation scenarios. Based on this and due to the non-convexity of
the formulated optimization problem, we use the sub-optimal
alternating optimization (AO) approach to solve it robustly and
efficiently.

Capitalizing on the the above, the obtained results demon-
strate the distinct flexibility and robustness of CB-based RSMA
in mitigating the incurred interference. Additionally, CB-based
RSMA exhibits a superior performance in terms of the SE and
EE over conventional CB-based SDMA scheme for realistic
channel state conditions. Importantly, this is achieved by also
maintaining a reduced complexity compared to the centralized
design of RSMA in multi-cell networks. More specifically, the
contributions of the present work are summarized below:

1) We propose the integration of CB and RSMA for indoor
multi-cell VLC systems. The proposed framework is ex-
pected to enhance the achievable SE and EE for various
UEs’ deployments and networks load.

2) We formulate a joint optimization of the receiver filters and
transmit precoders with the aim to minimize the sum of
MSE (SMSE) of all UEs. Motivated by the compromised
performance and complexity offered by CB compared to
JT and per-cell coordination, we utilize it to design the
precoders of the common and private messages. Due to the
non-convexity of the formulated optimization problem, we
opt to use a sub-optimal AO algorithm to solve it robustly
and efficiently.

3) Through the adoption of a noisy CSI model, we quantify
the impact of the channel uncertainty on the CB design
of the common and private messages, and demonstrate its
importance in practical CB-based RSMA VLC network
configurations.

4) Finally, we evaluate through extensive computer
simulations the achievable performance of CB-based
RSMA in terms of SE and EE. Furthermore, we compare
the obtained results with baseline CB-based multiple
access techniques such as SDMA. The offered results
provide useful theoretical and practical insights that are
anticipated to be useful in the design and deployment of
efficient VLC networks.

The remainder of the paper is organized as follows: Section II
presents the considered system model and the problem formu-
lation, assuming imperfect CSI estimation. Then, Section III
demonstrates thoroughly the proposed solution to this problem.
The corresponding numerical and simulation results, along with
discussions, are presented in Section IV. Finally, Section V
concludes the paper with useful remarks.

Notations: Unless otherwise stated, boldface uppercase and
lowercase represent matrices and vectors, respectively. Also,

(·)T denotes the transpose operation, E(·) represents the statis-
tical expectation, || · || is the Euclidean norm, | · | is the absolute
value, and Trac(A) is the trace of a matrix A. Also, assuming
a vector z = [z1, . . . , zZ ] with length Z, L1(z) =

∑Z
i=1 |zi|

denotes the L1 norm. Finally, 1N×1 is the all-ones vector of
size N × 1, whereas I denotes the identity matrix.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider a downlink RSMA scheme in a multi-user multi-
cell VLC network, which comprises Nc attocells, where the ith

cell consists of Nl LED arrays and Ni single photo-detector
(PD) users, ∀i = 1, . . . , Nc. The LED arrays in each attocell are
connected to separate controllers in order to provide independent
modulation. Moreover, band-limited backbone links are used
for coordination purposes between the LED arrays of different
attocells. It is assumed in this work that the coverage area of
each attocell is determined by the union of the illumination of
all LED arrays within the same attocell. Based on that, initially,
the boundaries of the involved attocells are predetermined using
a central processing unit, which also associates users to each
attocell. Also, Uik is used to denote for the intended message
for the kth user in the ith attocell. In RSMA, the message Uik

is divided into a common part, U c
ik, and a private part, Up

ik. The
common messages of all users in the ith attocell are multiplexed
and encoded into a single common stream, denoted by dci , which
is decoded by all ith attocell users. On the other hand, Up

ik is
encoded as a private stream dki to be decoded only by the kth

user. For the sake of simplicity and without loss of generality, the
streams are assumed to be modulated using on-off keying (OOK)
modulation scheme [28], and are assumed to be statistically
independent with zero mean and unit variance.

In order to reduce interference, the linear precoder:

Pi = [pc
i ,p

1
i ,p

2
i , . . . ,p

Ni
i ] ∈ RNl×(Ni+1)

is designed at each attocell and multiplied by the streams vector
di = [dci , d

1
i , . . . , d

Ni
i ]T . In this work, the precoder matrices Pi

of each attocell are designed in coordinated manner, through
exchanging the CSI of all UEs between all attocells. Then, a
direct current (DC) bias vector:

IDC

i = IDC × 1Nl×1 ∈ RNl×1

is added to ensure that the signals are positive at the LEDs input
and also to set the illumination level in the room. To this end,
the ith attocell transmitted signal is written as follows

xi = Pidi + IDC

i , ∀i = 1, . . . , Nc. (1)

Based on the above, the received signal by the kth user in the
ith attocell is the summation of the transmitted signals from all
attocells, and can be expressed as

yik =
(
hi
ik

)T
Pi di +

Nc∑
j=1
j �=i

(
hj
ik

)T

Pj dj

+

Nc∑
j=1

(hj
ik)

T IDC

j + nik, (2)
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wherenik represents the additive white Gaussian noise (AWGN)
with zero mean and variance

σ2
ik = σ2

ik,sh + σ2
ik,th (3)

where σ2
ik,sh and σ2

ik,th denote the shot noise and thermal

noise variances, respectively. Also,hj
ik ∈ RNl×1 denotes the DC

channel gain vector between the LED arrays of the jth attocell
and the kth UE in the ith attocell. To this effect and assuming that
all utilized LED chips have the same specifications, the channel
coefficient hj

ik,n between the nth LED array of the jth attocell
and the kth user in the ith attocell can be expressed as follows
[42]:

hj
ik,n =⎧⎨

⎩
ςjnζ

i
kAikNb

(rjik,n)
2 Ro(ϕ

j
ik,n)Ts(φik)g(φik) cos(φik), 0�φik�φc,

0, otherwise,

(4)

where ςjn denotes the conversion factor of the nth LED in the
jth attocell, ζik is the responsivity of the kth UE’s PD in the ith

attocell, Aik represents the area of the PD, Nb is the number
of LED chips per LED array, and rjik,n is the distance between
the nth LED array of the jth attocell and the kth UE in the
ith attocell. Moreover, ϕj

ik,n is the transmission angle from the
nth LED in the jth attocell to the kth UE in the ith attocell,
φik denotes the incident angle with respect to the receiver, and
φc is the field of view (FoV) of the PD. Finally, Ts(φik) is the
gain of the optical filter, and g(φik) is the gain of the optical
concentrator, expressed as follows:

g(φik) =

{
n2

sin2(φc)
, 0 � φik � φc,

0, φik > φc,
(5)

where n is the refractive index and Ro(ϕ
j
ik,n) is the Lambertian

radiant intensity given by

Ro(ϕ
j
ik,n) =

m+ 1

2π

(
cos(ϕj

ik,n)
)m

, (6)

with m denoting the order of the Lambertian emission, written
as

m =
− ln (2)

ln
(
cos(ϕ1/2)

) , (7)

where ϕ1/2 represents the LED semi-angle at half power.
Note that the three first terms in (2) account for the useful

transmitted information, IUI, and corresponding ICI, respec-
tively. Due to the low mobility of indoor users in practical
scenarios, we assume that the channel gains are static during
the transmission. Moreover, we consider two scenarios, namely,
perfect and imperfect CSI in order to design the precoding
matrices Pi, ∀i = 1, . . . , Nc. At the receiver, the effect of the
involved DC signal is first eliminated from the received signal
through an alternating current (AC) coupler. Then, the remaining
part that carries the transmitted information is passed through a
detector for signal decoding.

B. RSMA Data Decoding and Problem Formulation

In practical scenarios, the VLC wireless channel may experi-
ence uncertainty, mainly due to the uplink and downlink noises,
as well as the mobility of users in the indoor environment. To
this effect and in order to align our work with real-environment
conditions, we characterize the incurred CSI uncertainties by
adopting the random error model [43]. Therefore, the estimated
channel coefficients can be represented by

ĥj
ik = hj

ik + ejik, (8)

where ĥj
ik is the channel estimate, and ejik is the estimation error

vector with each of its component drawn from a Gaussian distri-
bution with zero mean and variance σ2

e . In this work, we adopt
the minimum mean squared error (MMSE) linear precoding. The
reason is that MMSE-based precoding enjoys high performance,
especially at low SNR regimes, and is relatively less restrictive
in terms of required number of transmitting LEDs, compared to
other linear precoding techniques. Using RSMA, the kth user
in the ith attocell has to firstly decode the common stream dci .
Hence, the average of the MSE estimate of the common message
can be expressed as follows:

Ēc
ik = Eei

[Ec
ik] = (αc

ik)
2ρ̄cik − 2αc

ik

(
hi
ik

)T
pc
i + 1, (9)

given that

Ec
ik = E

(
‖d̂cik − dci‖2

)
, (10)

where Ec
ik denotes the instantaneous common message MSE

given that d̂cik = αc
ikỹik is the estimate of the stream dci at the kth

user. Also, ỹik denotes the received AC signal and αc
ik denotes

the receive filter of the stream dci at the kth user. Furthermore,
ρ̄cik is given by

ρ̄cik =

Nc∑
j=1

‖
(
hj
ik

)T

Pj‖2 + σ2
eTrac(PT

j Pj) + σ2
ik. (11)

In what follows, we first recall that the common stream of
the ith attocell is decoded by all users within the same cell.
Thereofore, in order to guarantee a successful decoding of the
common stream by all users, we aim to evaluate the worst case
scenario for which the common stream MSE is chosen as the
maximum value among all users as follows:

Ec
i = max

k∈{1,2,...Ni}
Ēc

ik. (12)

After successful decoding of dci , the effect of the common
message is removed from ỹik by utilizing SIC. Then, the kth

UE in the ith attocell decodes its corresponding private stream
dki assuming all remaining streams as a noise. Hence, the average
of the MSE estimate of the private stream is given by

Ēk
i = Eei

[Ek
i ] = (αk

i )
2ρ̄ki − 2αk

i

(
hi
ik

)T
pk
i + 1, (13)

given that

Ek
i = E

(
‖d̂ki − dki ‖2

)
, (14)
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where Ek
i is the instantaneous private message MSE given that

d̂ki = αk
i

(
ỹik −

(
hi
ik

)T
pc
id

c
i

)
, (15)

which denotes for the estimate of the stream dki and αk
i denotes

the receive filter for the stream dki . Also, ρ̄ki is expressed as
follows:

ρ̄ki =

Ni∑
�=1

∣∣∣(hi
ik

)T
p�
i

∣∣∣2 + σ2
e‖p�

i‖2

+

Nc∑
j=1,j �=i

‖
(
hj
ik

)T

Pj‖2 + σ2
eTrac(PT

j Pj) + σ2
ik.

(16)

Similar to [28], we design the precoders for the common and
private streams by formulating a SMSE minimization problem
while taking into account imperfect CSI at the transmitters and
assuming that the attocells coordinate with each other. Hence,
utilizing the stochastic error model in (8), we aim at optimizing
the average performance over the error vector, which guarantees
a system performance averaged over multiple error realizations.
The CB-based RSMA optimization problem can be formulated
as

min
Pi,E

c
i ,

αk
i ,α

c
ik

Eei
(SMSE) (P1)

s.t. Ēc
ik ≤ Ec

i , ∀k,∀i (P1.a)

L1(p
�
i) � min

(
IDC − Imin, Imax − IDC

)
1Nl×1, ∀


(P1.b)

where

SMSE =

Nc∑
i=1

Ec
i +

Nc∑
i=1

Ni∑
k=1

Ēk
i . (18)

In (P1),p�
i denotes for the 
th row of the matrixPi. Constraint

(P1.b) accounts for the optical power constraints at each LED.
It is worth highlighting that (P1) is different from the proposed
formulation problem of RSMA-based multi-cell VLC in [38].
There, all attocells were considered as a single large cell to
jointly serve all users in the network. However, in the currently
proposed optimization framework we consider the design of the
common/private precoders of different attocells in a coordinated
manner, with the aim to reduce experienced interference and
complexity by combining CB and RSMA. It is worth noting
that, (P1) is non-convex in terms of all variables. Hence, its
solution is non-trivial and rather difficult. In the next section,
we propose an effective suboptimal solution to (P1) using an
AO-based method.

III. PROPOSED SOLUTION

In order to solve the joint optimization problem (P1), we
utilize a low-complexity sub-optimal iterative algorithm, based
on the AO, where the algorithm iterates between updating the
receive filters and precoders until convergence. Assuming that
the precoding matrices Pi and common MSE variables Ec

i are

Algorithm 1: AO Algorithm.
1: Initialize t←− 0, P[t]

i Ec[t]

i , ∀i
2: repeat
3: t←− t+ 1; P[t−1]

i ←− Pi

4: Update the MMSE receive filter coefficients
αc
ik ←− αc

ik(Pi
[t−1]) and αk

i ←− αk
i (Pi

[t−1])
5: Solve (P1) for optimized (αc

ik, α
k
i ), then update

(Pi, Ec
i )

6: until |SMSE[t] − SMSE[t−1]| ≤ δ or Nmax is reached.

fixed, a closed-form solution for the optimum receive filter
coefficients for the common and the private messages can be
obtained as

(αc

ik)
∗ =

(
hi
ik

)T
pc
i

ρ̄cik
, (19)

and

(αk

i )
∗ =

(
hi
ik

)T
pk
i

ρ̄ki
, (20)

respectively. On the contrary, by fixing the receive filter co-
efficients values, the joint optimization problem of the pre-
coders and common MSEs becomes a quadratically constrained
quadratic programming (QCCP) problem. As a result, it can be
solved using the MOSEK solver of CVX tool [44]. Subsequently,
a sub-optimal solution for (P1) is obtained through AO, as
illustrated in Algorithm 1. At the tth iteration of Algorithm
1, the receive filter coefficients are updated using the precoder
values of all attocells, obtained in the (t− 1)th iteration using
(19) and (20). Then, the precoder values and the common MSEs
are updated by solving (P1) with the optimized receive filter
coefficients. Finally, this procedure is iteratively repeated until
convergence, i.e., difference of the SMSEs is below a predefined
threshold δ, or the maximum number of iterations Nmax is
reached.

A. Complexity Analysis of Algorithm 1

In Algorithm 1, the complexity of solving problem (P1)
resides mainly in the complexity of solving the QCCP of the
precoding vectors for fixed receive filter coefficients. It is worth
noting that for fixed receive filters, problem (P1) comprises

Y1 = N�Nc +

Nc∑
i=1

Ni (21)

constraints and

Y2 = Nc(N� + 1) +N�

Nc∑
i=1

Ni (22)

scalar variables. Thus, if the interior-point method is used, the
worst-case computational complexity of solving the QCCP is

O
(
(Y1Y

2
2 + Y 3

2 )
√
Y1 log(1/δ)

)

for a given solution accuracy δ [45], [46].



7329910 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 3, JUNE 2022

Fig. 1. Complexity of the CB-RSMA and CB-SDMA schemes in terms of the
overall number of streams in the network.

B. Complexity of RSMA in Multi-Cell Configurations

In the proposed framework, although RSMA scheme is more
efficient and outperforms SDMA for different network loads and
users deployments, it comes at the expense of slightly increased
encoder complexity. That is for RSMA in multi-cell setup, a total
of

∑Nc

i=1 Ni + 1 messages need to be encoded in the network,
whilst

∑Nc

i=1 Ni messages are encoded in case of using SDMA.
Fig. 1 illustrates the overall number of streams for both RSMA
and SDMA in two cells network as a function of the number of
user in each cell Ni. It is clear from the figure that CB-RSMA
has a slightly higher number of encoded streams compared to
CB-SDMA.

Besides the slightly increased encoder complexity, using
RSMA would also increase the decoder complexity, which is
attributed to the need for one SIC operation at each user in order
to decode the common stream and subtract it to enhance the
detection of the private stream. In contrast, SDMA scheme does
not require any SIC operation at the receiver side and each user
decodes its intended stream directly assuming any interference
of other users’ messages as noise. Additionally, in practice, the
uncertainty in the CSI is inevitable in multi-cell RSMA VLC
networks, which may lead to a scenario that the interference
of the common streams can not be completely removed during
the SIC operation at the receiver side. Consequently, this makes
RSMA subjected to error propagation leading to a degradation in
the error rate performance. On the contrary, as SDMA users do
not require any SIC layer at the receive side, error propagation
does not occur as in RSMA, hence, SDMA is less susceptible
to error rate degradation. However, in overloaded setups, where
the number of users in each cell exceeds the number of available
LED arrays, SDMA users suffer from high interference from
other users’ messages due to the reduced spatial multiplexing
gain. Thus, RSMA enjoys better error rate performance in
overloaded setups, thanks to its ability to handle the network’s
interference through messages splitting.

C. Performance Metrics

Here, we use the SE and EE as key performance indica-
tors to compare the performance of RSMA and the recent
multiple access scheme SDMA1 when combined with CB, for
different users scenarios. Based on the well-known Shannon’s
capacity theorem, the achievable data rates for decoding the
common/private messages are written as [38]2

Rc
ik = B log2(1 + γc

ik), (23)

and

Rk
i = B log2(1 + γk

i ), ∀i, ∀k, (24)

respectively, where B denotes the bandwidth. Also, γc
ik and γk

i

are the corresponding received SINRs of the common and private
streams at the kth user of the ith attocell, and are expressed,
respectively as

γc
ik =

((
(hi

ik)
Tpc

i

)2
+ σ2

e‖pc
i‖2

)
ρ̄ki

(25)

and

γk
i =

(
(hi

ik)
Tpk

i

)2
+ σ2

e‖pk
i ‖2

ρ̄ki −
∣∣∣(hi

ik

)T
pk
i

∣∣∣2 − σ2
e‖pk

i ‖2
. (26)

To successfully decode the common stream at all users, the
common rate in attocell i should satisfy the following condition

Rc
i = min(Rc

i1, R
c
i2, . . ., R

c
iNi

). (27)

Consequently, the corresponding system SE and EE are de-
fined as [47], [48]

ηSE =
1

B

Nc∑
i=1

[
Rc

i +

Ni∑
k=1

Rk
i

]
(28)

and

ηEE =
ηSE

BPT
, (29)

respectively, where PT is the total power consumption of the
system [49] given as follows:

PT = N2
b

Nc∑
i=1

E
(‖xi‖2

)
(30)

It would be mentioned that for the case of perfect CSI, all
derived equations and optimization problem (P1) are still valid
by setting σ2

e = 0.

1It has been demonstrated in [31], [34] that RSMA has reduced complexity and
superior performance compared to NOMA in MIMO systems, which is attributed
to the latter’s inefficient use of spatial dimensions. Hence, the comparison
between CB-based NOMA and CB-based RSMA is not carried-out in our study.

2It is noted here that Shannon’s capacity equations can still be used for
VLC systems if the transmitted signal is frequency-upshifted. Wherein, the
real-valued baseband transmission signal model for VLC can be converted
into a complex-valued baseband channel by applying a frequency-upshift to an
intermediate frequency (IF), which has a slightly higher center frequency than
half the bandwidth of the transmitted signal before applying the bias current.



NASER et al.: COORDINATED BEAMFORMING DESIGN FOR MULTI-USER MULTI-CELL MIMO VLC NETWORKS 7329910

Fig. 2. Multi-cell illuminance distribution of the considered setup.

TABLE I
SIMULATION PARAMETERS

TABLE II
USERS’ LOCATIONS (Ni = 2)

IV. NUMERICAL RESULTS

This section capitalizes on the offered results in the previous
sections to thoroughly quantify the achievable performance of
the considered multi-cell multi-user VLC system. To this end, we
demonstrate different scenarios for integrating CB-based RSMA
in multi-user multi-cell VLC systems. The corresponding per-
formance in each case is evaluated in terms of the SE and EE,
as expressed in (28)–(29). In addition, the achievable perfor-
mance for each case is compared to that of the corresponding
CB-based SDMA scheme. We assume an indoor environment
with dimensions 10× 5× 3 m3, whilst Nc = 2, Nl = 2, and
Ni = 2, ∀i = 1, . . . , Nc. Also, the illuminance distribution in
the considered cells is shown in Fig. 2. Without loss of generality,
we further assume that ς = 1W/A and ζ = 1A/W. Additionally,
the remaining parameters, without loss of generality, are selected
according to [50] and as listed in Table I. Different scenarios
have been defined with different locations for users and LED
arrays which are presented in Tables II and III, respectively.
For convenience, the considered scenarios and the illuminance
distribution for the two attocells are illustrated in Fig. 2.

TABLE III
LED ARRAYS’ LOCATIONS

Fig. 3. SE vs. DC bias in case of perfect CSI (different scenarios, Ni=2).

Fig. 4. EE vs. DC bias in case of perfect CSI (different scenarios, Ni = 2).

In Fig. 3 we compare the achievable SE performance of both
CB-based RSMA and CB-based SDMA schemes as functions
of the DC bias at the LEDs input, given the scenarios I to
III. Also, we plot their averaged SE over randomized locations
scenarios. It is noted that, as IDC increases, SE enhances rapidly
up to IDC = 420 mA, and then slowly reaches its maximum
value at IDC = 500 mA. However, for scenarios where users
experience high ICI, the SE saturates rapidly. Finally, it is
shown that CB-based RSMA outperforms CB-based SDMA in
terms of average achievable SE due to its interference reduction
capabilities through messages splitting that allows each user to
decode part of the interference and treat the remaining part as
noise. Additionally, Fig. 4 illustrates the corresponding EE as
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Fig. 5. Impact of the CSI uncertainty on SE performance (scenario I,Ni = 2).

Fig. 6. SE vs. ϕ1/2 (CB RSMA, different scenarios).

a function of the DC bias. For all scenarios, it is shown that
as IDC increases up-to 420 mA, the EE is enhanced due to the
achieved high SE compared to power consumption. Then, as the
DC current exceeds 420 mA, the EE begins to decrease, since
more power is consumed in this region, but a small additional SE
gain is achieved. As in Fig. 3, CB-based RSMA provides better
EE performance compared to CB-based SDMA in all scenarios.

In order to demonstrate the impact of the involved channel
uncertainty, we investigate the SE performance of the proposed
scheme for different values of the parameter σ2

e in Fig. 5. We no-
tice that asσ2

e grows, even with small values, the SE performance
is significantly degraded. Nevertheless, the proposed CB-based
RSMA demonstrates higher robustness to channel uncertainty
compared to CB-based SDMA. For instance, the percentage
drop in the SE for CB-based RSMA is about 51.6% while it
reaches 73.85% for CB-based SDMA, given that σ2

e = 10−7.
Hence, it becomes evident that channel estimation errors should
not be neglected in practical communication scenarios. In Fig. 6,

Fig. 7. SE vs. DC bias for perfect CSI (scenario I, different FoVs).

we evaluate the impact of the LED semi-angle at half power,
ϕ1/2, on the SE of the CB-based RSMA scheme. The best SE
performance is achieved for low ϕ1/2 values as a small ϕ1/2

(close to 0◦) leads to an increased Lambertian radiant intensity,
which in turn improves the quality of the communication chan-
nel, while reducing its correlation. In contrast, a highϕ1/2 (close
to 90 ◦) degrades the quality of the channel and hence decreases
the corresponding SE. The effect of PDs’ FoV is quantified in
Fig. 7, where it is observed that as the FoV increases from
50◦ to 60◦, the corresponding SE degrades slightly. However,
when the FoV is set at 70◦, the degradation becomes more
significant i.e. close to 60%. On the one hand, using PDs with
high FoV angle would increase the collective area, but causes
a significant ICI that degrades the communication quality. On
the other hand, PDs with a small FoV have low-range collective
areas but they generate a small ICI that significantly improves the
achievable SE.

Subsequently, in Fig. 8 we study the convergence in terms
of SMSE, of the AO algorithm for the cases of perfect and
imperfect CSI, when the DC bias is 500 mA. For perfect CSI, the
algorithm converges to the best performance after approximately
10 iterations in all scenarios. Conversely, it converges in less
than 4 iterations when the system experiences the detrimental
effects of CSI uncertainty. Indeed, CSI uncertainty introduces
an additional noise component, as seen in (11) and (16), which
limits the optimization search space, and hence provides a faster
result. In any case, it is noted that imperfect CSI provides highly
degraded performances compared to perfect CSI.

Differently from the previous results, Fig. 9 demonstrates the
SE performance of the CB-based RSMA and CB-based SDMA
versus the DC bias for overloaded regime, i.e., the number of
users Ni is larger than the available LEDs in each attocell Nl,
where the number of users per cell is fixed to Ni = 3 rather
than Ni = 2. The considered scenarios are defined as follows:
Scenario I and II are identical to the ones presented in Table II,
to which we added two new users at different locations, namely
User 5 [1,1,0.85] and User 6 [−1,−1,0.85] for Scenario I, and
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Fig. 8. AO algorithm convergence (IDC = 500 mA, different scenarios).

Fig. 9. SE vs. DC bias (Ni=3, different scenarios).

User 5 [3,3,0.85] and User 6 [−3,−3,0.85] for Scenario II. For
Scenario III, we considered the following users locations: User
1 [1,1,0.85], User 2 [1,−1,0.85], User 3 [0.5,0.5,0.85], User 4
[−1,1,0.85], User 5 [−1,−1,0.85], and User 6 [−0.5,−0.5,0.85].
Similarly to Fig. 3, the achievable SE appears to improve quickly
up to IDC = 420 mA, and then grows slower to its maximum
at IDC = 500 mA. Hence, Ni has no impact on the best IDC

values. Moreover, we notice that the achievable SE performance
for Ni = 3 is overall below that of Ni = 2 (Fig. 3), and the
performance gap between the two schemes becomes larger as
the number of users exceeds the available LEDs in each attocell.
Indeed, as the number of users to be served increases, coordi-
nation becomes more complex and less-efficient in the presence
of higher incurred ICI. Finally, CB-based RSMA turns out to be
superior to CB-based SDMA in all scenarios, thus validating its
usefulness for higher-scale systems.

V. CONCLUSION

In this paper we investigated multiple access for multi-cell
MISO VLC systems. In order to tackle the high ICI issue for
cell-edge users, coordination between VLC cells is required.
And even though joint transmission multiple access achieves
the best performance, it is not very practical due to its increased
communication costs. Therefore, we proposed CB-based RSMA
scheme, that brings extra benefits in terms of interference mitiga-
tion and complexity. Through extensive computer simulations,
we compared the efficiency of our proposed CB-based RSMA
method with the conventional CB-based SDMA, in terms of
SE, and EE. Moreover, the impact of several parameters on
the overall system performance has been investigated, allowing
to draw the following insights: 1) Imperfect CSI significantly
degrades the CB-based RSMA performances, however, our pro-
posed scheme was more robust to the imperfect CSI compared
to CB-based SDMA; 2) DC bias value has to be set to maximum
in order to achieve the best SE performance, while kept at the
critical value of 420 mA for the best EE performance, which is
independent of the number of users in the system; 3) low values
for the LED semi-angle at half power and the FoV achieve the
best SE performances. The offered results and the developed
insights are anticipated to be particularly useful in the successful
design and deployment of future multi-user multi-cell VLC
systems.
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