
Robust Transceivers Design for Multi-stream
Multi-user MIMO Visible Light Communication

Item Type Article

Authors Sifaou, Houssem; Kammoun, Abla; Park, Kihong; Alouini,
Mohamed-Slim

Citation Sifaou H, Kammoun A, Park K-H, Alouini M-S (2017) Robust
Transceivers Design for Multi-Stream Multi-User MIMO Visible
Light Communication. IEEE Access 5: 26387–26399. Available:
http://dx.doi.org/10.1109/ACCESS.2017.2777893.

Eprint version Publisher's Version/PDF

DOI 10.1109/ACCESS.2017.2777893

Publisher Institute of Electrical and Electronics Engineers (IEEE)

Journal IEEE Access

Rights This is under the Open Access.

Download date 23/05/2023 20:09:05

Item License http://www.ieee.org/publications_standards/publications/rights/
oa_author_choices.html

Link to Item http://hdl.handle.net/10754/626447

http://dx.doi.org/10.1109/ACCESS.2017.2777893
http://www.ieee.org/publications_standards/publications/rights/oa_author_choices.html
http://www.ieee.org/publications_standards/publications/rights/oa_author_choices.html
http://hdl.handle.net/10754/626447


SPECIAL SECTION ON OPTICAL WIRELESS TECHNOLOGIES FOR
5G COMMUNICATIONS AND BEYOND

Received October 2, 2017, accepted November 19, 2017, date of publication November 27, 2017,
date of current version December 22, 2017.

Digital Object Identifier 10.1109/ACCESS.2017.2777893

Robust Transceivers Design for Multi-Stream
Multi-User MIMO Visible Light Communication
HOUSSEM SIFAOU 1, (Student Member, IEEE), ABLA KAMMOUN2, (Member, IEEE),
KI-HONG PARK 2, (Member, IEEE), AND MOHAMED-SLIM ALOUINI2, (Fellow, IEEE)
1Physical Sciences and Engineering Division, King Abdullah University of Science and Technology, Jeddah 23955, Saudi Arabia
2King Abdullah University of Science and Technology, Jeddah 23955, Saudi Arabia

Corresponding author: Houssem Sifaou (houssem.sifaou@kaust.edu.sa)

ABSTRACT Visible light communication (VLC) is an emerging technique that uses light-emitting diodes
to combine communication and illumination. It is considered as a promising scheme for indoor wireless
communication that can be deployed at reduced costs, while offering high data rate performance. This
paper focuses on the design of precoding and receiving schemes for downlink multi-user multiple-input
multiple-output VLC systems using angle diversity receivers. Two major concerns need to be considered
while solving such a problem. The first one is related to the inter-user interference, basically inherent to our
consideration of a multi-user system, while the second results from the users’ mobility, causing imperfect
channel estimates. To address both concerns, we propose robust precoding and receiver that solve the
max-min SINR problem. The performance of the proposed VLC design is studied under different working
conditions, where a significant gain of the proposed robust transceivers over their non-robust counterparts
has been observed.

INDEX TERMS Visible light communication, multi-user multiple-input-multiple-output system, imperfect
CSI, robust precoding, robust receiver, max-min SINR.

I. INTRODUCTION
Due to the increasing demand for high data rate, radio fre-
quency (RF) communication is now facing a serious spectrum
shortage. One of the promising technologies that can be
deployed to complement RF communication is optical wire-
less communication (OWC), and particularly visible light
communication (VLC) for indoor environments. VLC is
an emerging technology that employs light-emitting diodes
(LEDs) that, aside from their initial role as illuminating
devices, are used for communication purposes [1], [2]. In the
long run, these LEDs are expected to substitute conventional
lighting devices used for indoor illumination due to their
reliability, low cost, and high power efficiency. High data rate
transmission can be performed using LEDs by modulating
the light intensity, which, at the receiver, is converted into an
electric signal by one or multiple receiving photo-detectors
(PDs). Such light intensity fluctuations are too fast to be
detected by the human eye, thus not disrupting the role of
LEDs as illuminating devices.

The use of multiple-input-multiple-output (MIMO) tech-
niques appears to be natural in VLC systems as illumination
usually requires the use of multiple LEDs. This excess in the

number of degrees of freedom offered by the availability of
multiple transmitters can be leveraged to ensure high data
rates [3]–[6]. Very recently, the use of multi-user multiple-
input-single-output (MU-MISO) techniques for VLC sys-
tems has been studied [5], [6], where the issue of mitigating
the inter-user interference has been addressed. Towards this
goal, linear precoding schemes aiming at minimizing the
mean square error (MSE) [6] or maximizing the signal-to-
interference-plus-noise ratio (SINR) [5] have been proposed.
However, using single unit receivers in VLC systems may
lead to coverage problems and degradation in system perfor-
mance. In fact, the receiving area of the photodetectors (PDs)
is limited by their field-of-view (FOV). As a solution, angle
diversity receivers have been proposed in [7]–[10] where the
receiver is equipped with multiple PDs arranged and oriented
in a well defined structure so as to improve coverage by
avoiding blocked signals and supporting full mobility. In [9],
the authors propose two simple and practical designs of angle
diversity receivers to decrease channel correlation. Moreover,
a series of works addressing the interference management
in MU-MIMO VLC systems [11]–[13], have studied the
performance of some state-of-the art precoding schemes such
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as dirty paper coding, block diagonalization and non linear
Tomlinson-Harashima precoding.

In this paper, we consider the design of linear transceivers
in multi-user MIMO (MU-MIMO) VLC systems. Particu-
larly, we address the problem of designing linear transceivers
that solve the max-min SINR problem. Such a problem has
been investigated in RFMU-MIMO systems [14]–[16]. How-
ever, the results of these works could not be applied since they
do not take into consideration many practical aspects of VLC
systems. As a matter of fact, time-domain signals in VLC
are real-valued and positive, while RF systems use complex
signals. Moreover, a constraint on the average optical power
should be considered in VLC to satisfy the technical illumi-
nation requirements. To further increase the performance, we
investigate in this work the use of angle diversity receivers.
Every user equipment (UE) is thus assumed to be equipped
with multiple PDs arranged and oriented in a well defined
structure, which should allow better coverage and higher
channel diversity. Under this setting, we derive in this paper
the linear transceivers that solve the max-min SINR problem
in MU-MIMO VLC systems. The proposed precoding and
receiver schemes assume perfect channel state information
(CSI), which can be impractical in real scenarios because
of UEs mobility. To solve this issue, we propose in the
second part of this work precoding and receiving schemes
that are robust to imperfect knowledge of the channel. To
the best of our knowledge, the only work addressing the
design of robust precoding from sum MSE minimization
perspective for MU-MISO VLC systems is due to [17]. How-
ever, unlike our work, the precoding in [17] is conceived
to minimize the sum MSE. As SINR is directly related to
throughput, it is more pertinent, and as such our design might
be more relevant in practice than that in [17]. Moreover,
our design, encompasses the MU-MIMO VLC case as well
as the joint receiver and precoding robust design, which
has never been considered for VLC systems in the existing
literature.

The remainder of this paper is organized as follows. The
next section introduces the system model while section III
defines the angle diversity receivers used in this paper. In sec-
tions IV and V, the linear transceivers that solve the max-
min SINR problem are designed with perfect and imperfect
CSI. In section VI, the performance of the proposed schemes
is discussed using numerical simulations and section VII
concludes the paper.

A. NOTATIONS
Boldface lower case is used for denoting column vectors, x,
and upper case for matrices, X. XT denotes the transpose.
1N and 0N are used for denoting the all ones vector and all
zeros vector of size N respectively. en stands for the all zero
vector with n-th element equal to 1. Moreover, IN denotes the
N × N identity matrix and InN denotes the identity matrix of
size N having the (n, n)-th element equal to 0. The Kronecker
product is denoted by ⊗.

II. SYSTEM MODEL
We consider a multi-user MIMO VLC system whereM LED
transmitters communicate with K UEs. Each UE is endowed
with N receiving PDs. At the LED transmitters, the input
electric signal is converted into light intensity, and at the
receiver, the PDs convert the light intensity into electric sig-
nal. To comply with some technical considerations of VLC
systems, three constraints on the input electric signal have to
be considered. First, in order to satisfy a certain illumination
level, the expectation of the input electric signal yn at every
transmitter should be equal to a certain value InDC :

E(yn) = InDC .

Second, it is natural to impose the same brightness level at
every LED transmitter, which formally implies that:

InDC = IDC , ∀n.

This could be possible for instance by deploying LED trans-
mitters uniformly on the roof, thus allowing equal illumina-
tion level over the room area. Finally, it is important to ensure
that each LED operates in its linear dynamic range [6] by
requiring the input electric signal to satisfy:

IL ≤ yn ≤ IU ,

where IU > IL > 0 represent the upper and lower bounds of
the LED drive current in the linear range [6].

The main limitation in multi-user systems is the inter-user
interference, which is recognized to significantly degrade the
performance. To mitigate interference, the use of precoding
and receiving techniques at the transmit and receive sides has
been advocated as an efficient solution. Due to complexity
concerns, we assume that the transmitters, which are fully
coordinated, employ linear precoding and at every UE a
linear receiver is applied. We assume that L independent data
streams are transmitted simultaneously over the same time-
frequency resource where J = L/K streams are intended to
each UE.

Let s` be the symbol intended to stream `, assumed to be
drawn from a BPSK constellation. Denote by W = [wn,`] ∈
RM×L the precoding matrix. The precoded signal vector x ∈
RM×1 can be expressed as:

x =
L∑
`=1

s`w`, (1)

where w` the precoding vector associated with stream `.
In order to satisfy the constraint E(yn) = IDC , ∀n ∈
{1, · · · ,M}, a DC offset IDC should be added to xn:

yn = xn + IDC , (2)

In order to satisfy IL ≤ yn ≤ IU , the precoding matrix W
should be conceived so that:

L∑
`=1

|wn,`| ≤ Imin, n = 1, · · · ,M . (3)

where Imin = min(IDC − IL , IU − IDC ).

26388 VOLUME 5, 2017



H. Sifaou et al.: Robust Transceivers Design for Multi-Stream Multi-User MIMO Visible Light Communication

FIGURE 1. Emission and incident angles.

In indoor VLC systems, the line-of-sight (LOS) propaga-
tion prevails [4], [18]. Thus, the channel gain between the
n-th transmitter and the j-th PD of the k-th UE is modeled
as [4], [19]:

hn,k,j =


ρcA

d2n,k
R(φn,k,j) cos(θn,k,j), θn,k,j ≤ θc

0, θn,k,j > θc

(4)

where φn,k,j is the angle of emission with respect to the
n-th transmitter, θn,k,j is the incident angle, dn,k is the distance
between the n-th transmitter and the k-th UE, θc is the PD
filed of view (FOV), ρ is the PD responsivity, c is the LED
conversion factor and A is the collection area given by:

A =
q2

sin2(θc)
APD,

where q is the refractive index of optical concentrator andAPD
is the PD area. R(φn,k,j) is the Lambertian radiant intensity
defined as:

R(φn,k,j) =
(m+ 1) cosm(φn,k,j)

2π
,

where m is the order of the Lambertian emission mode num-
ber [4], [19]. At the receiver, the contribution of the DC offset
IDC , introduced at the transmitter, in the received signal is
removed. The useful received signal vector at the k-th UE is
thus given by:

rk = HT
k x+ zk , (5)

where Hk ∈ RM×N is the channel matrix between the
transmitters and the k-th UE, zk = [zk,1, · · · , zk,N ]T ∈ RN×1

is the additive noise vector. For VLC systems, zk is modeled
as a real valued Gaussian random vector with zero mean and
covariance 6k = diag(σ 2

k,1, . . . , σ
2
k,N ), where σ

2
k,j, the noise

variance at the j-th PD of UE k , is given by [18]:

σ 2
k,j = 2eB(I sk,j + IbgI2)+ Bi

2
amp,

e is the electronic charge, B is the system bandwidth, Ibg is
the background current, I2 is the noise bandwidth factor, iamp
is the preamplifier noise density and I sk,j is defined as:

I sk,j =
M∑
n=1

IDChn,k,j.

For each stream, a linear receiver v` is applied. Thus,
the signal-to-interference-plus-noise ratio (SINR) associated
with the `-th stream can be expressed as:

SINR` =
|vT`H

T
[`]w`|

2∑
i 6=` |v

T
`H

T
[`]wi|

2 + vT` 6[`]v`
, (6)

whereH[`] = Hk and6[`] = 6k , ∀ ` = (k−1)J+1, · · · , kJ .
For any scalar, vector or matrix x, the notation x[`] is used to
refer xk , when ` = (k − 1)J + 1, · · · , kJ . In the sequel, we
propose a joint precoding and receiver design that maximize
the minimum SINR.

III. ANGLE DIVERSITY RECEIVERS
It is well-known from many existing works in the literature
that, in a multi-user system, using more than one detector at
each UE can help increasing the data rate performance. This
gain, however, cannot be fully realized when the channels
experience high spatial correlation. Such a situation becomes
all the more problematic in traditional VLC indoor systems
with visible propagation paths, as they are known to present
highly correlated channels and to be sensitive to the orienta-
tion of the PDs in use.

To overcome this issue, various design methods aiming at
reducing the channel correlation for VLC systems have been
proposed in [7]–[9]. They have been shown in a series of
works to support mobility and avoid blocked signals [7]–[9].
Of interest in the present work are designs using angle diver-
sity receivers. The main idea underlying these designs lies
in using PDs with different orientation angles, which allows
a higher angle diversity. There are several designs of angle
diversity receivers proposed in literature, among which we
distinguish pyramid receivers (PR) and hemispheric receivers
(HR) [9]. In the sequel, we give an overview of these two
practical receiver designs which will be used in this paper for
simulation purposes.

A. HR DESIGN
In the HR design, the PDs are uniformly arranged on a circle
of radius r on the horizontal plane, where r is chosen small
so that the size of the receiver is small. Consequently, the
distances between the LEDs and the PDs of one UE are
approximately the same. The coordinates of the j-th PD of
the k-th UE are given by [9]:

(x j,kPD, y
j,k
PD, z

j,k
PD)

=

(
xk + r cos

2(j− 1)π
N

, yk + r sin
2(j− 1)π

N
, zk

)
(7)
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where (xk , yk , zk ) are the coordinates of UE k . Moreover,
every PD is characterized by its normal vector defined by
two angles (elevation and orientation angles) as illustrated in
Fig. 2.

FIGURE 2. Orientation and elevation angles of the PDs.

In the HR design, the elevation and the orientation
(azimuth) angles of the j-th PD of the k-th UE are respectively
given by [9]:

α
j,k
PD = arccos(sj), 1 ≤ j ≤ N ,

β
j,k
PD =

β j−1,kPD +
3.6√

2N (1− s2j )

 (mod 2π ), 2 ≤ j ≤ N ,

where β1,kPD = 0 and sj = 1 − 2(j − 1)/(2N − 1). Besides,
the whole orientation of the receiver βkR at UE k is chosen as
random in [0, 2π ). Thus, the resulting azimuth of PD j of UE
k is βkR + β

j,k
PD.

B. PR DESIGN
For the PR design, the PDs are positioned similarly to HR
as indicated in (7) but the orientation and elevation angles
are chosen differently. The azimuth (orientation) angles are
given by:

β
j,k
PD =

2(j− 1)π
N

, 1 ≤ j ≤ N ,

and the elevation angles are all equal to a parameter αPD that
can be optimized [9]. The optimal αPD in terms of channel
capacity depends on the position of the UE and the orientation
of the receiver and can be computed only by grid search.
However, as reported in [9], αPD = 50o is a good choice
regardless of the position of the UE. In this paper, we assume
that αPD is constant and equal to 50o. As for the HR design,
the whole orientation of the receiver βkR at UE k is chosen as
random in [0, 2π ) and the resulting azimuth of PD j of UE k
is βkR + β

j,k
PD.

IV. TRANSCEIVERS DESIGN UNDER PERFECT CSI
In this section, we assume that perfect CSI is available at the
transmit side.

A. MU-MISO CASE
As a first step, we consider in this section the case in which
each UE is equipped with a single receiving PD positioned
vertically, i.e., α1,kPD = 0. In this case, one stream per UE is
transmitted and only the precoding should be designed. More
formally, the max-min SINR optimization problem can be
written as:

P : max
{wk }

min
k

SINRk
γk

subject to
K∑
k=1

|wn,k | ≤ Imin, n = 1, · · · ,M

where {γk} are scalars reflecting the UEs priorities and SINRk
is the SINR of UE k given by:

SINRk =
|hTk wk |

2∑
j 6=k |h

T
k wj|

2 + σ 2
k

, (8)

where hk = HT
k ∈ RM×1 is the channel vector between the

transmitters and the k-th UE and σ 2
k = σ

2
k,1. Problem (P) can

be rewritten as

P1 : max
{wk },t

t

subject to
K∑
k=1

|wn,k | ≤ Imin, n = 1, · · · ,M

|hTk wk |
2∑

j 6=k |h
T
k wj|

2 + σ 2
k

≥ t, k = 1, · · · ,K .

To solve P1, we shall express differently the constraints.
As far the power constraints in (P1) are considered, they can
be rewritten as:

‖WT en‖1 ≤ Imin, n = 1, · · · ,M ,

where en is the all zero vector having the n-th element equal
to 1 andW = [w1, · · · ,wK ]. As for the L1 norm constraints,
they can be transformed into the following linear constraints:

−an ≤WT en ≤ an, 1TKan ≤ Imin, n = 1, · · · ,M , (9)

where an ∈ RK is a new optimization variable. In order to
further simplify the optimization problem, we introduce the
following vectors : w = vec(WT ) = [eT1W, · · · , e

T
MW]T

and a = [aT1 , · · · , a
T
M ]T . Using these notations, the power

constraints in (9) can be written as:

−a ≤ w ≤ a, Ua ≤ Imin1M ,

where U = IM ⊗ 1TK , IM being the identity matrix of size
M and ⊗ denoting the Kronecker product. It remains thus to
work out the SINR constraints in (P1):∑

j 6=k

|hTk wj|
2
+ σ 2

k ≤
1
γk t
|hTk wk |

2, ∀k,
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in view of expressing them in terms of vectorw. The left hand
side can be rewritten using L2 norm as: 1∥∥∥∥WT

k hk
σk

∥∥∥∥
2
≤

1
√
γk t

hTk wk , ∀k, (10)

where Wk is the matrix obtained from W by removing the
k-th column. Let IkK denote the matrix obtained from identity
matrix of sizeK by setting the (k, k)-th element to zero. Then:

WT
k hk = IkKW

Thk
= vec(IkKW

Thk )

= (hTk ⊗ IkK )w.

and

wk = vec(wT
k ) = vec(eTkW

T )

= (IM ⊗ eTk )vec(W
T ) = (IM ⊗ eTk )w.

Thus, the constraints in (10) can be reformulated as:

‖Bkw+ σ k‖2 ≤
1
√
γk t

hTk (IM ⊗ eTk )w, ∀k, (11)

with Bk ∈ R(K+1)×MK and σ k ∈ R(K+1) are given by:

Bk =
[
hTk ⊗ IkK
01×MK

]
, σ k = [0, · · · , 0, σk ]T . (12)

For fixed t , the reformulated SINR constraints in (11) are
second-order cone constraints which are convex [20]–[22].
Our optimization problem P1 turns out to be quasi-convex
and can be solved using the bisection algorithm [23]. Each
iteration of the bisection algorithm consists in fixing t and
solving for w the following feasibility problem:

find w

subject to ‖Bkw+ σ k‖2 ≤
1
√
γk t

hTk (IM ⊗ eTk )w, ∀k

−a ≤ w ≤ a, Ua ≤ Imin. (13)

Problem (13) turns out to be a second-order cone program
(SOCP) that can be efficiently solved using CVX [24]. The
optimal t corresponds thus to the maximum value for which it
exists w satisfying the constraints in (13). To sum up, solving
P1 can be performed using the following algorithm:

Algorithm 1 Iterative Algorithm for Solving P
Set tmin > 0 and tmax > 0 such that problem (13) is
infeasible when t = tmax and feasible when t = tmin.
Set a precision parameter ε.
while tmax − tmin > ε do

t = (tmin + tmax)/2
Solve the feasibility problem (13).
if the problem is feasible then tmmin = t
else tmax = t
end if

end while
The optimal precoding vector of the k-th UE isw?k = (IM⊗
eTk )w̃ where w̃ is the last feasible solution to (13).

1Without loss of optimality, we can assume that hTk wk ≥ 0 since the
objective function and the constraints are invariant to sign changes of wk .

Algorithm 1 converges in exactly log2[(tmax− tmin)/ε] iter-
ations. Thus, the initial choice of tmin and tmax is important to
reduce the computational complexity. This will be discussed
in section V-C.

B. MU-MIMO CASE
In this section, we consider the transmit and receive beam-
forming design for a MU-MIMO VLC system in which each
UE is equipped withN receiving PDs. Since multiple streams
are considered, there are, for each UE, as much as precoding
and receiving vectors as allocated streams.More formally, the
max-min SINR optimization problem can be written as:

P2 : max
{w`},{v`}

min
`

SINR`
γ[`]

subject to
L∑
`=1

|wn,`| ≤ Imin, n = 1, · · · ,M

where SINR` is given by:

SINR` =
|vT`H[`]w`|2∑

i 6=` |v
T
`H[`]wi|

2 + vT` 6[`]v`
, (14)

Since problem P2 is NP-hard, there does not exist a polyno-
mial time algorithm which can find its global solution [25].
To overcome this issue, we propose in the sequel an iterative
optimization algorithm that leverages the optimization in the
MISO scenario.

The main principle of the proposed algorithm relies on the
observation that if the optimal precoding vectors {w`} were
fixed, the optimal linear receiving vectors are nothing but the
well-known MMSE receivers:

v?` =

(∑
i 6=`H[`]wiwT

i H
T
[`] +6[`]

)−1
H[`]w`∥∥∥∥(∑i 6=`H[`]wiwT

i H
T
[`] +6[`]

)−1
H[`]w`

∥∥∥∥ . (15)

Similarly, if the receiving vectors {v`} were fixed, the
optimal precoding vectors can be obtained by solving the
following problem:

P3 : max
{w`}

min
`

SINR`
γ[`]

subject to
L∑
`=1

|wn,`| ≤ Imin n = 1, · · · ,M

It is easy to notice thatP3 is equivalent to problemP1 studied
in the previous section, with HT

[`]v` and vT` 6[`]v` playing
respectively the role of h` and σ 2

` in Problem P1.
A natural heuristic way to provide a sub-optimal solution

for (P2) consists in first, setting vectors w` to some initial
values, and second, alternating between optimizing over {v`}
and {w`}. When selecting the initial values of the precoding
vectors {w(0)

` }(k−1)J+1≤`≤kJ associated with UE k , it appears
natural to make sure that i) they are linear independent
in order to avoid experiencing high levels of inter-stream
interference, ii) Vectors {w(0)

` }(k−1)J+1≤`≤kJ are in the space
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spanned by Hk , the channel matrix of the corresponding UE,
so that to ensure a sufficiently high signal energy. To meet
both requirements, we choose as initial values for the precod-
ing vectors {w(0)

` }(k−1)J+1≤`≤kJ , the J principal eigenvectors
of HT

k Hk . This is obviously only possible if the rank of the
channel matrix is greater than J . As a result, the number of
streams per UE J is limited by the rank of the correspond-
ing channel matrix Hk . These steps are summarized on the
following algorithm:

Algorithm 2 Iterative Algorithm for Solving (P2)

Initialize the J precoding vectors {w(0)
` }(k−1)J+1≤`≤kJ as

the J eigenvectors of HT
k Hk corresponding to the J largest

eigenvalues. Normalize {w(0)
` } such that the power con-

straint in (P) is satisfied.
1) Update the receiving vectors as:

v(n+1)` =

(∑
i 6=`H[`]w

(n)
i w(n)T

i HT
[`] +6`

)−1
H`w

(n)
`∥∥∥∥(∑i 6=`H[`]w

(n)
i w(n)T

i HT
[`] +6`

)−1
H`w

(n)
`

∥∥∥∥ .
2) Given {v(n+1)` } solve problem (P3) to determine
{w(n+1)

` }.

Remark 1: Steps 1 and 2 of Algorithm 2 should be
repeated till convergence. As observed in our simulations,
Algorithm 2 converges within few iterations (≤ 10). It
is also worth pointing out that the optimization of the
precoding and receiving vectors needs to be applied only
when the channel matrix changes. Since in VLC systems,
channels do not change at a fast pace, UEs have fixed posi-
tions and orientations over a long time window, complex-
ity of the beamforming design does not constitute a major
concern.
Remark 2: The convergence of Algorithm 2 is guaran-

teed [25]. Unfortunately, optimality is not guaranteed and
depends heavily on the initialization. However, as will be
illustrated in the simulations, the proposed initialization turns
out to exhibit good performance.
Remark 3: As seen from Algorithm 2, the optimization

of the precoding and receiving beamforming vectors is
jointly performed. In practice, this assumes that they are
computed by a central processor unit, directly connected
to the transmitters, which have to send to every UEs its
corresponding receive beamforming vector. Once again,
as channels in VLC system are slow varying, the feedback
overhead for reporting the receive beamforming vectors is
limited.

V. TRANSCEIVERS DESIGN UNDER IMPERFECT CSI
In this section, robust transceivers design, taking into account
imperfect CSI caused mainly by the mobility of the UEs,
is proposed. Prior to presenting our design, we shall first
introduce the channel uncertainty model that will be adopted
in this work.

A. CHANNEL UNCERTAINTY MODEL
The model considered in this paper is the outdated CSI model
[17], [26]. The true channel matrix Hk of the k-th UE is
expressed as the sum of the channel matrix estimate Ĥk and
an error matrix 1k that represents CSI uncertainty:

Hk = Ĥk +1k , (16)

where 1k satisfies:

‖1k‖F ≤ δk . (17)

δk being an upper bound on the Frobenius norm of the channel
error matrix assumed to be known at the transmit side. Such
a model is suitable to account for the mobility of the UEs
in VLC systems where the channel error results from the
discrepancy in the actual UE position. To determine δk , we
assume that between two CSI updates, the UE may travel a
maximal distance D from its initial position p1. The uncer-
tainty region is thus represented by the disk of radius D
and center p1. With these assumptions at hand, δk associated
with position p1 is computed by generating many candidate
UE positions uniformly at random in the uncertainty region
and taking the maximum Frobenius norm of the obtained
error matrices 1k . This results in the following uncertainty
region:

U(δk ) = {Hk |Hk = Ĥk +1k , ‖1k‖F ≤ δk}. (18)

For the sake of illustration, we represent in Fig. 3 the error
bounds δk across the room area.

B. MU-MISO CASE
In this section, we consider a MU-MISO system in which
every UE is equipped with a single PD and is allocated
a unique stream. For this system, we propose a robust
precoding design that solves the following max-min SINR
problem:

P4 : max
W

min
k,hk∈U (δk )

SINRk
γk

C :
K∑
k=1

|wn,k | ≤ Imin, ∀n

where SINRk is given by (8) and {γk} are scalars reflecting
the priority given to the UEs. ProblemP4 can be rewritten as:

P̃4 : max
W,t

t

C1 :

K∑
k=1

|wn,k | ≤ Imin, ∀n

C2 :
SINRk
γk

≥ t, hk ∈ U(δk ), ∀k

where we use the notation hk to denote the channel
vector.

As in section IV-A, problem P̃4 can be thus solved using
a bisection search method. Starting from a feasible value tmin
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FIGURE 3. Error bounds obtained by simulation for D = 0.25 and D = 0.5
when N = 1. VLC system settings used are described in section VI. (a)
D = 0.25. (a) D = 0.5.

and an unfeasible tmax , the bisection algorithm looks for the
largest feasible t for which there exists a precoding matrixW
that satisfies C1 and C2. This amounts to solving, at every
iteration, the following feasibility problem:

find w

C1 : ‖Bkw+ σ k‖2 ≤
hTk (IM ⊗ eTk )w
√
γk t

, hk ∈ U(δk ),

∀k

C2 : − a ≤ w ≤ a

C3 : Ua ≤ Imin1M (19)

with Bk ∈ R(K+1)×MK and σ k ∈ R(K+1) are given
in (12).

In order to solve this feasibility problem, we should resort
to techniques from robust convex optimization [27]. Apply-
ing the results of [27], the K second-order cone constraints
C1 in problem (13) are equivalent to the following 2K semi-
definite programming (SDP) constraints:

8k � 0, 9k � 0, ∀k = 1, · · · ,K

where

8k =



ĥTk wk
√
γk t
− λk

δkwk,1
√
γk t

. . .
δkwk,M
√
γk t

δkwk,1
√
γk t

ĥTk wk
√
γk t
− λk . . . 0

...
...

. . .
...

δkwk,M
√
γk t

0 . . .
ĥTk wk
√
γk t
− λk


,

and

9k =



λk − µk 0 . . . 0 [A0
kw+ σk]

T

0 µk [A1
kw]

T

...
. . .

...

0 µk [AM
k w]T

A0
kw+ σk A1

kw . . . AM
k w λkI


,

with {λk} and {µk} are newly introduced optimization vari-
ables and Aj

k ∈ R(K+1)×MK are defined as:

A0
k =

[
ĥTk ⊗ IkK
01×MK

]
, Aj

k =

[
δkeTj ⊗ IkK
01×MK

]
, 1 ≤ j ≤ M .

Thus, the feasibility problem in (19) can be reformulated as:

find w

C1 : 8k � 0, ∀k

C2 : 9k � 0, ∀k

C3 : − a ≤ w ≤ a

C4 : Ua ≤ Imin1M (20)

which turns out to be an SDP problem that can be efficiently
solved using CVX [24]. All these steps are summarized in
Algorithm 3.

Algorithm 3 Bisection algorithm for solving P4

Set tmin > 0 and tmax > 0 such as tmin is feasible and tmax
is unfeasible.
Set a precision level ε.
while tmax − tmin > ε do

t = (tmin + tmax)/2
Solve the feasibility problem (20).
if the problem is feasible then

tmin = t
topt = t
Store w? obtained

else tmax = t
end if

end while
The robust precoding vector of the k-th UE is w?k = (IM ⊗
eTk )w

? where w? is the last feasible solution to (20).
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C. MU-MIMO CASE
In this section, we extend the previous robust design
to the more involved MU-MIMO scenario. We assume
that every UE is equipped with N PDs and is allocated
J ≤ N streams and we consider the joint precoding and
receiver design that solve the following max-min SINR
problem:

P5 : max
W,V

min
k,H[`]∈U (δ[`])

SINR`
γ[`]

C :
L∑
`=1

|wn,`| ≤ Imin, ∀n

where SINR` is given by (6). Problem (P5) can be rewritten
as:

P̃5 : max
W,V,t

t

C1 :

K∑
`=1

|wn,`| ≤ min(IDC − IL , IU − IDC ), ∀n

C2 :
SINR`
γ[`]

≥ t, H[`] ∈ U(δ[`]), ∀`

To solve P̃5, we resort again to an alternating optimiza-
tion [28] approach in which we alternatively optimize the pre-
coding vectors and the receiving filters. Such an approach is
known to be convergent and consists in solving problem (P5)
sequentially for fixed receiver and fixed precoding. For fixed
receiver, the optimization problem writes as:

P6 : max
w,t

t

C1 : ‖G`w+ b`‖2 ≤
vT`H

T
[`](IM ⊗ eT` )w
√
γ[`]t

,

H[`] ∈ U(δ[`]), ∀`

C2 : − a ≤ w ≤ a

C3 : Ua ≤ Imin1M

with G` ∈ R(L+1)×ML and b` ∈ R(L+1) are given by:

G` =
[
(vT`H

T
[`])⊗ I`L

01×ML

]
, b` = [0, · · · , 0, vT` 6[`]v`]T .

The L second order cone constraints C1 in P3 are equivalent
to the following 2L SDP constraints:

8` � 0, 9` � 0, ∀` = 1, · · · ,L

where 8` and 9`, shown at the bottom of the next page and
with {λ`} and {µ`} being slack optimization variables and
Ai,j
` ∈ R(L+1)×ML defined as:

A0,0
` =

[
(vT` Ĥ

T
[`])⊗ I`L

01×ML

]
,

Ai,j
` =

[
δ[`](vT` E

T
i,j)⊗ I`L

01×ML

]
, 1 ≤ i ≤ M , 1 ≤ j ≤ N .

Thus, P6 is equivalent to:

P̃6 : max
W,t

t

C1 : 8` � 0, ∀`

C2 : 9` � 0, ∀`

C3 : − a ≤ w ≤ a

C4 : Ua ≤ Imin1M

As in the case of MU-MISO case, P̃6 can be solved via
bisection algorithm over t; at every iteration algorithm t is
fixed and the following feasibility problem is solved:

find w

C1 : 8` � 0, ∀`

C2 : 9` � 0, ∀`

C3 : −a ≤ w ≤ a

C4 : Ua ≤ Imin1M (21)

For fixed beamforming W, the optimization problem
writes as:

P7 : max
V,t

t

C1 : ‖F`v`‖2 ≤
[We`]TH[`]v`
√
γ[`]t

, H[`] ∈ U(δ[`]), ∀`

with F` ∈ R(M+N )×N is given by:

F` =

[
[WI`L]

TH[`]

6
1
2
[`]

]
,

The L second order cone constraints C1 in P7 are equivalent
to the following 2L SDP constraints:

2` � 0, 3` � 0, ∀` = 1, · · · ,L

where2` = 8` and 3` is given by:

3` =


λ` − µ` 0 . . . 0 [B0,0

` v`]T

0 µ` [B1,1
` v`]T

...
. . .

...

0 µ` [BM ,N` v`]T

B0,0
` v` B1,1

` v` . . . BM ,N` v` λ`I

,

with {λ`} and {µ`} being slack optimization variables and
Bi,j` ∈ R(M+N )×N defined as:

B0,0
` =

[
[WI`L]

T Ĥ[`]

6
1
2
[`]

]
,

Bi,j` =
[
[WI`L]

TEi,j
0N×N

]
, 1 ≤ i ≤ M , 1 ≤ j ≤ N .

Thus, P4 is equivalent to:

P̃4 : max
V,t

t

C1 : 2` � 0, ∀`

C2 : 3` � 0, ∀`
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Again P̃7 can be solved via bisection algorithm over t; at
every iteration algorithm t is fixed and the following feasi-
bility problem is solved:

find : V

C1 : 2` � 0, ∀`

C2 : 3` � 0, ∀`

C3 :
[We`]T Ĥ[`]v`
√
γ[`]t

= 1, ∀` (22)

where V = [v1, · · · , vL] is the matrix collecting all the
receiving vectors. Note that the constraint C3 in (22) is added
to avoid the trivial solution v` 6= 0,∀`. This constraint has
no effect on optimality since the SINR associated with each
stream ` is independent of the norm of v` as long as v` 6= 0.
For the sake of clarity, all these steps are summarized in
Algorithm 4. The initial choice of tmin and tmax is a major
factor in the computational cost of Algorithm 2. Obviously,
the smallest is the difference tmax − tmin, the less computa-
tional complexity would require the algorithm. Recalling that
tmin and tmax need to be chosen so that they lie respectively
in the feasibility and unfeasibility region, one can set tmax to
the following value, corresponding to an upper bound on all
SINRs:

tmax = min
`
{
2MI2min
γ[`]

‖6
−

1
2

[`] Ĥ
T
[`]‖

2
2}, (23)

where Imin = min(IDC − IL , IU − IDC ). In fact, we have ∀`:

SINR`
γ[`]

≤
1
γ[`]

max
v`

vT`H
T
[`]w`w

T
`H[`]v`

vT` 6[`]v`
(24)

≤
1
γ[`]
‖6
−

1
2

[`] H
T
[`]w`‖

2
2 (25)

≤
1
γ[`]
‖6
−

1
2

[`] H
T
[`]‖

2
2 ‖w`‖

2
2 (26)

Algorithm 4 Iterative Algorithm for Solving P5

Set tmin > 0, tmax > 0 such as tmin is feasible and tmax is
unfeasible..
Set a precision level ε.
Initialize the J receiving vectors {v(0)` }(k−1)J+1≤`≤kJ as the
J eigenvectors of HT

k Hk corresponding to the J largest
eigenvalues.
Set t0opt = tmin,t

(−1)
opt = tmin − 2ε and n = 0.

while tnopt − t
n−1
opt > ε do

n = n+ 1
tn−1opt = tnopt , t

(1)
max = tmax , t

(1)
min = tnopt

while t (1)max − t
(1)
min > ε do

t (1) = (t (1)max + t
(1)
min)/2

Solve the feasibility problem (21) using t = t (1)

if the problem is feasible then
t (1)min = t (1), StoreW and tnopt = t (1).

else t (1)max = t (1)

end if
end while
UpdateW(n)

=W
t (2)max = tmax , t

(2)
min = tnopt

while t (2)max − t
(2)
min > ε do

t (2) = (t (2)max + t
(2)
min)/2

Solve the feasibility problem (22) using t = t (2).
if the problem is feasible then

t (2)min = t (2), Store V and tnopt = t (2).

else t (2)max = t (2)

end if
end while
Update V(n)

= V
end while

≤
2MI2min
γ[`]

[
‖6
−

1
2

[`] Ĥ
T
[`]‖

2
2 + δ

2
[`]‖6

−
1
2

[`] ‖
2
2

]
(27)

8` =



vT` Ĥ
T
[`]w`

√
γ[`]t

− λ`
δ[`]v`,1w`,1
√
γ[`]t

. . .
δ[`]v`,Nw`,M
√
γ[`]t

δ[`]v`,1w`,1
√
γ[`]t

vT` Ĥ
T
[`]w`

√
γ[`]t

− λ` . . . 0

...
...

. . .
...

δ[`]v`,Nw`,M
√
γ[`]t

0 . . .
vT` Ĥ

T
[`]w`

√
γ[`]t

− λ`


,

9` =


λ` − µ` 0 . . . 0 [A0,0

` w+ b`]T

0 µ` [A1,1
` w]T

...
. . .

...

0 µ` [AM ,N
` w]T

A0,0
` w+ b` A1,1

` w . . . AM ,N
` w λ`I

,
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FIGURE 4. Positions of the LED arrays on the roof.

where (24) is obtained by removing the interference term,
(25) follows from a Rayleigh quotient maximization, (26) is
an operator norm property and (27) is obtained by observing
that |w`,i| ≤ Imin ∀`, ∀i and that:

‖6
−

1
2

[`] H
T
[`]‖

2
2 ≤ 2

[
‖6
−

1
2

[`] Ĥ
T
[`]‖

2
2 + ‖6

−
1
2

[`] 1
T
[`]‖

2
2

]
(28)

≤ 2
[
‖6
−

1
2

[`] Ĥ
T
[`]‖

2
2 + δ

2
[`]‖6

−
1
2

[`] ‖
2
2

]
, ∀`.

(29)

As for tmin, one can set it to any small value in the feasibility
region.

VI. NUMERICAL RESULTS
In this section, the performance of the proposed precoding
and receiver design is studied using numerical simulations.
To this end, we consider a VLC system composed of nine
LED arrays installed on the ceiling of the room of size 6 m×
6m × 3m at height z = 3. Each LED array is composed of
36 LEDs and is viewed as a single transmitter. The positions
of the LED arrays are described in Fig. 4. In all simulations,
the positions of the UEs are randomly chosen in the plane
at height z = 0.8. The UEs coordinates take thus the form
(x, y, 0.8) for some random x and y. In all simulations, the
UEs priorities {γk} are randomly chosen in the interval [1, 2]
and for all Monte Carlo simulations 5000 different channel
realizations are used. Table 1 is presented to help the reader
keep track of the different system parameters.

A. NON-ROBUST DESIGN
We begin by comparing the proposed precoding in
MU-MISO case with the classical ZF precoding [5] with
optimized power allocations in terms of max-min fairness [5].
The performance here is measured in terms of the per UE rate

TABLE 1. VLC system parameters.

FIGURE 5. Rate per UE vs. DC offset IDC when N = 1 and J = 1.
Comparison between ZF preceding and the proposed precoding under
perfect CSI.

defined as:

R =
1
K

L∑
`=1

log2(1+ SINR`) (30)

Particularly, we plot in Fig. 5 the average per UE rate vs. the
DC offset IDC when K = 2, 4 UEs, randomly chosen in the
room and equipped with one PD. As seen, the performance of
the proposed scheme is significantly better than the classical
ZF precoding.

As observed in all our simulations of the MU-MIMO case,
the performance of the PR and HR designs with our proposed
transceivers is almost the same. Thus, in the sequel only the
performance of HR design is reported. In Fig. 6 the impact of
the number of receiving PDs is investigatedwhere the average
per UE rate vs. the DC offset IDC is plotted when K = 2 UEs
equipped with N = 4, 3, 1 PDs and J = 2, 1, 1 respectively.
As seen, the gain of the proposed MU-MIMO system is
significant compared to the MU-MISO case. Moreover, as
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FIGURE 6. Rate per UE vs. DC offset IDC when K = 2. Comparison of
MU-MISO and MU-MIMO under perfect CSI.

expected, increasing N and J tend to increase significantly
the UEs rates.

B. ROBUST DESIGN
We begin by investigating the performance of the proposed
max-min SINR robust precoding in the case of a MU-MISO
system. To this end, we start from the assumed UEs positions
fromwhich we obtain the channel vector estimate ĥk of UE k .
Then, given a distance bound D, the corresponding uncer-
tainty error bound δk is computed as explained in section V-A.
With ĥk and δk on hand, the precoding matrix W is obtained
by solving problemP4 through a bisection iterative approach.
To assess the performance of the proposed robust design, true
channel gain vectors hk representing the actual channel vector
of UE k and their corresponding SINRs are obtained by plac-
ing many UEs uniformly at random into the corresponding
uncertainty region, defined as the disc of radius D centered
at the UE initial position during channel estimation. The
performance of the proposed robust design is assessed in
terms of the minimum SINR over these realizations of hk .

Fig. 7 reports the performance of the proposed robust pre-
coding that solves the max-min SINR problem. In particular,
we plot the minimum SINR vs. the DC offset IDC for different
values of the distance bound D. As expected, the perfor-
mance of the proposed design decreases with the distance
boundD and increases with the DC offset IDC up to the value
(IL + IU )/2. However, if IDC exceeds (IL + IU )/2, lower
performances are obtained. This principally comes from the
per-transmitter constraint

∑n
k=1

∣∣wn,k ∣∣ ≤ min(IDC−IL , IU−
IDC ), which becomes the less stringent when IDC = (IL +
IU )/2. Over the range (IDC = (IL + IU )/2, IU − IDC ), which
is in passing not represented in Fig. 6, the average SINR curve
will decrease, presenting a symmetric curve with respect to
the vertical axis IDC = (IL + IU )/2.
As a second investigation, we study the advantages of the

robust precoding design over the non-robust one that wrongly
assumes that ĥk coincides with the actual channel vector. The

FIGURE 7. Minimum SINR vs. DC offset IDC for D = 0.1,0.25 and 0.5m.
Max-min SINR problem with robust design.

FIGURE 8. Minimum SINR vs. distance bound D. Comparison between
robust and non-robust designs in a MU-MISO system.

non-robust design is obtained by solving problemP1 in which
ĥk is used in place of hk in the expression of the SINR. Fig. 8
plots the minimum SINR vs. the distance bound D for both
robust and non-robust designs. As seen, the robust design
clearly outperforms the non-robust one with a gap that gets
larger as D increases. Moreover, it is worth mentioning that
above a certain value ofD, the non-robust design performance
does not necessarily improve when IDC increases in the range
[0, (IL + IU )/2]. Thus, increasing IDC results in an important
energy-efficiency loss when D is large. This must be com-
pared with the robust-design, the performance of which, even
though approaching a certain limit value for largeD, is always
increasing with IDC in the range (0, (IL + IU )/2). As the
gain becomes small with D sufficiently large, we deduce that
increasing the power may not be an energy efficient option as
it does not lead to a significant gain in performance.

We consider now theMU-MIMO scenario. Particularly, we
investigate the performance of the proposed robust precoding
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FIGURE 9. Sum-rate vs. DC offset IDC when D = 0.1m and K = 2 UEs.
Comparison between MU-MISO and MU-MIMO systems.

and receiver and compare the obtained results with the MU-
MISO case. In particular, we plot in Fig. 9 the rate per UE
of both systems versus the DC offset IDC for K = 2 UEs.
It is observed that even for a small increase of the number of
receiving PDs and transmitted streams per UE, a significant
gain is obtained.

VII. CONCLUSION
This work addressed the design of precoding and receiver
techniques for MU-MIMO VLC systems that maximize the
minimum SINR among all UEs under the cases of perfect
channel knowledge and imperfect channel state of informa-
tion. This latter case is motivated by scenarios in which the
mobility of UEs is considered. An outdated CSImodel, which
is suitable for indoor VLC channels, was adopted. Using this
model, a robust design of the precoding and receiver scheme
was proposed. Numerical simulations have been presented in
order to illustrate the gain of the robust design over its non-
robust counterpart, as well as to highlight the benefits of using
MU-MIMO instead of MU-MISO for VLC systems.
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