11354

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 12, DECEMBER 2018

Joint Precoder and Equalizer Design for Multi-User
Multi-Cell MIMO VLC Systems

Helin Yang

, Student Member, IEEE, Chen Chen

, Wen-De Zhong, Senior Member; IEEE,

and Arokiaswami Alphones, Senior Member, IEEE

Abstract—In multi-user multi-cell multiple-input multiple-
output (MIMO) visible light communication (VLC) systems, inter-
cell interference (ICI) and inter-user interference (IUI) are the two
key factors that could severely degrade the system performance.
In this paper, for the first time, a novel joint precoder and equal-
izer design based on interference alignment is proposed to mitigate
both IUI and ICI in multi-user multi-cell MIMO VLC systems
under imperfect channel state information (CSI). The proposed
approach aims to choose proper precoder and receiving equal-
izer to minimize the mean square error (MSE) under the unique
optical power constraints in VLC. Furthermore, we consider opti-
cal channel estimation error in our formulated joint optimization
problem when designing the joint precoder and receiving equalizer
in multi-user multi-cell MIMO VLC systems. Numerical results
show that the proposed design achieves a better performance un-
der different users locations, channel estimation errors, and trans-
mitter/receiver spacing, compared to the existing minimum mean
square error (MMSE) and max-rate designs. Especially, when the
transmit optical power is 12 W per light emitting diode (LED)
lamp, our proposed design achieves a sum rate improvement of
up to 18.2% and 28.7% as compared with the MMSE and max-
rate designs, respectively. In addition, the proposed design can save
about 1.4 and 4.3 W optical power per LED lamp as compared with
the MMSE and max-rate designs, respectively, at a target bit error
rate (BER) of 103,

Index Terms—Visible light communication, multi-user multi-
cell MIMO, transceiver design, interference alignment, imperfect
channel state information.

I. INTRODUCTION

emitting diodes (LEDs) has been emerging as a promis-
ing technology for indoor wireless communications, due to its
many distinct advantages such as low cost, abundant bandwidth
and free from electromagnetic interference [1]. However, the

V ISIBLE light communication (VLC) based on white light
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capacity of VLC systems is greatly limited by the small mod-
ulation bandwidth of LEDs. So far, various techniques have
been proposed to enhance the system capacity, such as multiple-
input multiple-output (MIMO) transmission [2], [3], frequency
domain equalization (FDE) techniques [4], spectral-efficient
modulation schemes such as orthogonal frequency division mul-
tiplexing (OFDM) [5]-[7], and so on.

Recently, the concept of optical attocells has been introduced
in practical VLC systems, where each of the LED lamps creates
an optical attocell configuration [8]-[10] and serves multiple
users within its illuminated area. Such a cellular indoor VLC
system is referred to as a multi-cell VLC system [11], and the
respective illumination areas of the adjacent cells are inevitably
overlapped with each other. When the users are located in the
overlapped area, their performance may be greatly degraded due
to the severe inter-cell interference (ICI) [8]-[11]. Various ap-
proaches have been proposed to mitigate ICI in multi-cell VLC
systems, including color-shift-keying (CSK) modulation [12],
digitally filtering signal bands before reception [13], or optical
differential detection [14]. However, all the above approaches
[10]-[12] require special designs at transmitters or receivers.
For example, the CSK modulation should need the use of red,
green and blue LEDs, which limits its applications. As an ef-
fective way to eliminate ICI, precoding has also been applied in
multi-cell VLC systems [11], [15]-[18]. Two linear precoders
based on the minimum mean square error (MMSE) method were
proposed to minimize the mean-square error (MSE) in multi-
ple coordinated VLC attocells under imperfect channel state
information (CSI) [15], [16], where all the LED transmitters are
assumed to be coordinated through an optical power line com-
munication (PLC) link. In [17], the authors have studied several
forms of cell cooperation in multi-user multi-cell VLC systems,
and designed an optimal zero forcing (ZF) precoder to maximize
the achievable sum capacity of users. Moreover, two centralized
and decentralized transmit power allocation approaches based
on optical code division multiple- access technique were devel-
oped to support multiple users in multi-cell VLC systems [18],
and the MMSE filter at the receiver was designed to diminish
ICI effectively.

In indoor MIMO VLC systems, each cell in a multi-cell VLC
system is expected to simultaneously support multiple users
and each user may receive signals that are broadcasted from the
LED transmitters but intended to other users within the same
cell. This kind of interference is referred to as the inter-user
interference (IUI) [19], which is another critical issue that can
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greatly degrade the system performance in multi-user VLC sys-
tems. In [19]-[23], the transmitter precoding was proposed to
mitigate TUT in multi-user VLC systems. In [20], transmitter
precoding design was achieved by solving the sum rate maxi-
mization problem subject to the optical power constraints. The
work in [21] reported a MIMO OFDM technique in multi- user
VLC systems, and investigated the system capacity. In [22], an
optical adaptive precoder was proposed to enhance the signal-to-
interference-plus-noise ratio (SINR) performance in multi-user
MIMO VLC systems. However, the precoders in [19]-[23] were
only proposed for single-cell VLC systems where only the IUI
was considered while the ICI was neglected. In practical ap-
plications, both ICI and IUI should be taken into consideration
when implementing an indoor multi-user multi- cell MIMO
VLC system. In recent years, the interference alignment (IA)
technique has been proposed to efficiently separate the desired
signal from the interference in wireless radio frequency (RF)
communication systems [24]-[27], which has also been applied
in VLC systems. In [28], [29], IA was explored in a multi-user
VLC system by assuming perfect CSI. However, the CSI is not
always perfectly available at LED transmitters [30], [31], and
the assumption of perfect CSI is not practical for VLC sys-
tems. Hence, a blind IA scheme was proposed to achieve the
system capacity without CSI at the transmitter in multi-user
MIMO VLC systems [32]. However, the works in [23], [32]
only considered a single cell, and did not extend the framework
to multi-cell VLC systems where the ICI mitigation is a key
challenge. As a result, how to design the precoder or equalizer
to mitigate both ICI and IUI for indoor multi-user multi-cell
MIMO VLC systems is still a key challenge.

In this paper, we firstly propose a novel joint precoder and
equalizer design based on IA to mitigate both ICI and IUI for
multi-user multi-cell MIMO VLC systems in the presence of
imperfect CSI. To achieve the optimal transmit precoder and re-
ceiving equalizer, we formulate the joint optimization problem
through minimizing the mean-squared error (MSE) under the
unique optical power constraints (real-valued and non-negative
transmitted signals and the output optical power of each LED
transmitter should be controlled in the limited linear range [16],
[19],[30]) in VLC, which is different from the transceiver design
in RF communication systems [33], [34]. The proposed design
aims to mitigate both the IUT and ICI effectively, as well as main-
tain the bit error rate (BER) at the lowest level. Furthermore, we
take into account the channel estimation error in our formulated
joint optimization problem when designing the optimal precoder
and receiving equalizer in multi-user multi-cell MIMO-VLC
systems. We investigate the impact of different users locations,
channel estimation errors and LED/photodetector (PD) spacing
levels on the system capacity and BER performance. Numerical
results show that the proposed design achieves higher system ca-
pacity and BER improvements under imperfect CSI, compared
with the existing MMSE and max-rate designs.

The rest of this paper is organized as follows. In Section II, we
describe the model of a multi-user multi-cell MIMO-VLC sys-
tem. Section III presents the joint precoder and equalizer design
based on IA, and the solution to the optimization problem is also
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Fig. 1. An indoor four-cell MIMO VLC system with the overlapped areas.

provided. The analysis in terms of the behavior of the proposed
design is presented in Section IV. Section V provides the simu-
lation results and discussions. Finally, Section VI concludes the
paper.

Notation: Iy denotes an identity matrix. E[-] is the expec-
tation operator. RV *M denotes the set of N x M dimensional
real-valued numbers, RX M represents the set of N x M -
dimensional non-negative real-valued numbers. (-)* , Tr{-}
and (-)~! denote the transpose, the trace and the inverse of a
matrix/vector, respectively. || - ||z denotes the Frobenius norm,
| - ]|; denotes the I-norm, vec(-) is the vectorization operator,
and ® denotes the Kronecker product. abs(-) denotes an element-
wise absolute operator and 1 denotes a vector whose elements
are all 1.

II. SYSTEM MODEL

In practical indoor environments, multiple LED lamps are
usually installed to set up a VLC system to satisfy lighting and
communication requirements of users, as shown in Fig. 1. As
in [16], we assume that these LED lamps fully cooperate with
each other through a PLC backbone network to broadcast in-
formation to multiple users simultaneously, and exchange the
users information (such as the channel gains) with each LED
lamp through the PLC controller in the VLC system. There are
multiple LED lamps establishing optical attocells to communi-
cate with multiple users within its illuminated area, where each
cell has multiple LED lamps and each user is equipped with
multiple PDs [8]-[10]. Such a cellular indoor VLC system is
referred to as a multi-user multi-cell MIMO VLC system in this

paper.

A. Transmitter Model

In the multi-user multi-cell MIMO-VLC system, some users
suffer from ICI when they are located in the overlapped areas in
addition to the IUI. Especially, the users who are located in the
completely overlapped area may suffer from severe ICI, leading
to the drastic performance degradation. We assume that the
VLC system has B cells and broadcasts information to K users
with each user being equipped with Nr PDs. Each cell has Nt
down-facing LEDs as transmitters. The k-th user in cell b is
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denoted as the user . In this paper, we consider the on-off
keying (OOK) modulation as it is typically applied in VLC
systems, and s; ; € define as the data stream transmitted to
the user (k,b). s;, is assumed to be a non-return-to-zero
(NRZ) OOK signal which has a zero mean (i.e., E{sj ;} = 0)
. Since VLC systems employ the intensity modulation/direct
detection (IM/DD) technique, the transmitted signal should be
real-valued and non-negative. This means that a direct current
(DC) component should be added to make sure the transmitted
data is non-negative. In addition, LEDs have a limited linear
drive current range where the output optical power linearly
increases with the drive current [35].

With the transmitter precoding strategy and the DC compo-
nent addition, the signal vector transmitted by the LED lamps
in cell b can be expressed as

K

Xy = Vs +pp = ka,bsk,b + Py (1)
k=1

where Vi = [vip,..., Vi, ..., Vi ] is the precoding matrix
incellband v, € RY' x 1is the precoding vector for the user
(k,b);Sp = [S1.by- -+, Sk.by---5 Sk  is the real-valued source
symbol vector; and p, = [p1p, ... ,pth]T € Rf’ *1' denotes
the DC offset optical power vector which is used to guarantee
the non-negativity of the transmitted signal and adjust the illu-
mination level in the room. The signal z,, ; transmitted by the
n-th LED lamp in cell b can be given by

K

Typ = E Vn ke, bSk,b + Dnb ()
k=1

where v, 1 ; is the element of V) in the n-th row and k-th
column. From (1) and (2), the non-negative transmitted signal
in VLC systems imposes the optical constraints on the precoding
matrix Vj in each cell. Since we choose the OOK modulation
with s;;, € {£1}, the data signal before adding the DC offset
at the n-th LED lamp in cell b satisfies

K K K
—Z [vn 1] < Zvn,k,bsk,b < Z [Un kb 3)
k=1 =1 k=1

In order to ensure that LED lamps can operate in the limited
liner optical power range, the data signal transmitted at each
LED lamp satisfies

K K
- Z |Un,kt,b| +pn,b S Tn,b S Z ‘Un,,k,,b‘ +pnb (4)
k=1 k=1

To ensure that the LED lamp drive optical power in the lin-
ear region of [Pmin, Pmax), Where pyin and pnay denote the
minimum and maximum values of the optical power. Then,
combining (2), (3) and (4), we have

Pnb — Zle |Un,k:,b| Z Pmin
. Q)
Pnp + Zkzl |'Un¢k‘b| < Pmax
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Rearranging the inequalities in (5), we can get the constraint
of each precoding element of V;

K
Z |vn,k,b| - ||Vn,b||1
k=1

< min {pn,b — Pmin, Pmax — pn,b}v VTL, Vb (6)

where v, ;, is the n-th row vector of V. The constraint in
(6) enables to select available precoding matrix V; in practical
indoor environments.

B. Receiver Model

At the receiver, the received signal is detected by the PDs of
each user and converted back to a digital signal. Then, for the
user (k,b), the received signal after the direct detection can be
given by

B K
b b’ b’
Yeb= Hkr,bvkr,bSk,b + g Pk.b g Hk:7])v771,‘b,$777,,b/
%/_/ b 4D =1
desired signal 7 m
ICI
K B
+ H v, + |H v HY
kb VLS by Py T Prp g Py
=104k bZb
1UI DChbias
+ 1y (7

where p! , denotes a set of binary variables, i.e., p} , € {0, 1},
which indicates whether the user (k,b) receives ICI from the
adjacent cell ¥/ or not. If the user (k, b) receives ICI from the cell
V', then pl,:_b = 1; otherwise pl,;:b =0. HZ: b € Rf" *Nt denotes
the optical channel matrix from the LED lamps in cell b’ to the
user (k,b). In (7), we can see that the received signal consists
of five terms. The first term is the desired signal, the second and
third terms are the ICI and IUI, respectively, the fourth term is the
DC offset, and the last one is the additive Gaussian noise vector
with zero-mean and variance of 5,%’ »» which consists of the shot

noise and thermal noise in VLC systems [15]. We define h,zlb "
as the optical channel gain from the j-th LED lamp in cell b’ to
the i-th PD of the user (k, b), and 1y}, ;, is one of the elements of
HZ: b - z/f,i’ib_’b, and 1), denote the angle of incidence and the half-
angle field-of-view (FOV) of the receiver, respectively. When
0 <4, <4, byt can be expressed as

) g o )

b = R T i g ) st
kb, b

®)

where AZ,’fb’b, is the active area of the PD, qbi"fb’ , 18 the angle of
irradiance, d;’;, ;, denotes the distance and T (¢, ;) is opti-
cal filter gain. g(z/;i,fb’b,) is the optical concentrator gain. If 0 <
ULy < Ven gL ) = n/sin’t.; otherwise, g(¢, ;) =0,
where 7 is the refractive index. Assuming that the LEDs ra-
diation pattern is modelled as the Lambertian pattern, the
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radiant intensity Ro(gbfjb ,) can be expressed as: Ro(ﬁbi’fb“ y) =
(9 + 1)cos” ( {;’f’bib,)/Zw, where ¥ = In2/(In cos ¢, ,) denotes
the order of Lambertian emission with ¢;,, being the LEDs
semi-angle at half power.

Applying the linear equalizers at receivers, the user (k,b)
achieves its own desired signal by equalizing the received signal
through multiplying a receiving equalizer vector uy, , € R *1.
Then, the signal for the user (k,b) after DC removal can be
expressed as

B K

- YA T
Yip = E E Prp W p Hy y Vi b Sy + 0y (9)
V=1m=1

From (9), the system aims to properly mitigate the interfer-
ence (IUI and ICI) and recover the desired signal for each user
successfully. As multiple LED lamps are cooperating with each
other based on a PLC controller, different cells can exchange
information (channel state information, precoders and DC off-
set) to perform the proposed design based on IA, which will be
discussed in the next section.

III. TA BASED JOINT PRECODER AND EQUALIZER DESIGN

In this section, we propose a novel joint precoder and re-
ceiving equalizer design based on IA for multi-user multi-cell
MIMO VLC systems. As each user aims to recover its own de-
sired signal successfully, the interference (IUI and ICI) should
be aligned into the subspace that is orthogonal to the receiving
equalizer uy, ; , and the dimension of the signal space of the de-
sired signal needs to be equal to the number of the data streams.
Therefore, the conditions for the ideal IA under perfect CSI are
given as follows [24]-[27]

ul 1Y vy, =0, VE#k (10a)
wl JHY vy =0, VO #b,Vm (10b)
rank {uf ,H} v} =d, Vb (10c)
Vi Vis = Lo, ug yugy =1 (10d)

where d is the number of transmitted data streams, and we set
d = 1 in this paper. In addition, (10a) and (10b) imply that
both IUI and ICT are perfectly mitigated, and (10c) satisfies the
number of the transmitted data streams per user. The goal of
the IA scheme in multi-user multi-cell MIMO VLC systems
is to design optimal precoders and receiving equalizers as in
(102)—(10c) to align the unwanted IUT and ICI without suppress-
ing the desired signal at each receiver. In addition, the subjection
in (10d) shows the precoder vy, ;, and receiving equalizer uy ;
being orthogonal, which has the same goal with the conditions in
(10a), (10b) and (10c) when we apply the IA scheme [24]-[27].

However, the standard IA schemes are sensitive to the chan-
nel estimation error [24]-[27], [36]. Under the practical channel
conditions, both IUI and ICI cannot be perfectly mitigated, re-
sulting in the performance degradation in VLC systems. There-
fore, in the following subsection, we will consider the channel
estimation error in our proposed design.
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A. Channel Uncertainty Model

In practical MIMO VLC systems, the CSI is not perfectly
available, and hence the channel estirpation error should be
taken into account. We set HZ’7 , and HZ , as the perfect CSI

and estimated CSI, respectively, and AH? , is the channel es-
timation uncertainty which is assumed as the Gaussian model
with zero mean and covariance matrix { AI:IZ’_ bAI:IZ: L =61,
[16]. We assume that Aﬂg, , 1s independent of ﬂg: , [16]. For
simplicity, we assume all channel uncertainties {AI:IZC » } have
an equal variance 47 .

Then, considering the estimation inaccuracy, the channel ma-
trix HY', and the norm-bounded channel uncertainty AHY', can
be given by [16] '

HZb = fIZ,b + AHY,

v 14 b AT
o, = { AR, Te{ARY, AR T <) an
where ¢ is the radius of the channel uncertainty region. For
simplicity, we assume that the channel uncertainty regions of all
channel gains are the same.

B. MMSE

In order to recover the data from the received signal, we
design the optimal precoder and receiving equalizer based on
the MMSE criterion, i.e., minimizing the MSE of each user in
the VLC system. Then, the MSE between the recovered data
and the transmitted data of the user (k, b) can be expressed as

DyisE kb = [Hu{bym - SkaH

= [Tr{(ukT-,bYk,b - Sk:,b) (u;f‘,b}’k‘,b - Sk,b)TH

B K
2 T b S
puTr E E w;  Hy v v vy, o Hy pug

V=1m=1

T qb'T T yb’
- Vlc‘ka.,buk,b - uk.ka,ka,b

} +u7 (12)

In (12), we assume the transmitted data {sj S, } =0,
k # ¢ and ¥ #b , and the noise vector ny, ;, are independent
of s, and Hl,; » [26], [30]. denotes the covariance of 1.

The objectivé function ®yrsE, 1, in (12) doesn’t consider the
channel estimation error. Taking the channel uncertainty (11)
into account, the function in (12) can be modified as

B K
- 2 T 2 :2 : s T HYT
[0 S 1% Tr uk.b H];.bVTrL,b/Vm,b’Hk‘,b
MSE,k,b B P

B K
+ Z Z ETr {Vin Vo, 4 } IN,.‘| ug

bV=1m=1

T, - H) 2 )
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From (12) and (13), our goal is to design the optimal trans-
mit precoder vy, ;, and receiving equalizer uy, ;, based on IA to
minimize the MSE for the multi-user multi-cell VLC system
while satisfying the optical power constraints (6). Then, the
optimization problem can be formulated as

B K
min E E DMSE, kb
Vi b, vk, Vb

(14a)

b=1 k=1
S Ve Vi = 14,V Vb (14b)
w e = 14, Vk, Vb (14c)
Vo ll; <min{p, s — Pmin, Pmax — Pup},Vn, Vo (14d)

C. Solution for Joint Precoder and Equalizer Design

As we can see, the problem in (14) is a joint optimization
problem since the transmit precoders and receiving equalizers
are involved and the optimization problem in (14) is not convex
with these variables, which is hard to solve in general. Here, we
divide it into two subproblems and solve them individually, and
then optimize the precoder and equalizer iteratively by applying
an iteration scheme.

1) Transmit Precoder Selection: Without loss of generality,
we aim to achieve the optimal precoder of each cell by solving
the problem in (14) when the receiving equalizer set {uy, ; } of
all users in all cells are given. However, it is hard to implement
the traditional optimization algorithms with the relaxations due
to the element-wise absolute operator in the constraint (14d).
Hence, we apply a matrix analysis to transform the optimization
problem into a convex linearly constrained quadratic program
(LCQP) [37]. According to the matrix analysis [37], we have the
properties that Tr{ABAT} = vec(A)(B ® I)vec(A)T and
Tr{AB} = Tr{BA}. In the VLC system, the matrixes and
vectors are all real values, hence the first part of the objective
function in (13) is rewritten as

T b’
Tr {uk,ka,b Vm,b/Vm b’Hk b Uk, b}

= U@C(V;;_b/) (ﬂ Uk buk [)H]\ b ® I[\ ) vec (V;I,;/’b/)
15)

The above term is quadratic and hence other parts in (13)
are linear or constant. For the above analysis, we can transform
the optimization problem in (14) into a convex LCQP problem.
And a Matlab software package is used to solve convex LCQP
problems based on the semi-definite programming (SDP) (called
CVX [38]), which can effectively achieve the optimal precoder
V,;, of each cell by solving the transformed problem when the
receiving equalizer set {uy j } of all users in all cells are given.

2) Receiving Equalizer Selection: Since the constraint (14d)
has nothing to do with the equalizer at each receiver, when
the precoder V;, of each cell is given, the corresponding op-
timization problem under the channel estimation error can be

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 12, DECEMBER 2018

Algorithm 1: Iterative Scheme for the Joint Design of vy,
and uy, 5.

Initialization:

1: Set the optical power level p; for each cell;

2: Initialize the unitary precoder matrix vy, 5, Vk, Vb and
satisfy the constraint (14d)

3: Set the desired accuracy ¢ and the maximum number of
iterations N™* letn = 1;

Repeat:

4: Given the precoder set {V;,}2_,, compute uy, , based on
(18);

5: With all the receiving equalizer uy, 5, V&, Vb, update vy,
by using the CVX software;
6: n:=n+1;

7: Until £ 30, [V (n) —
go to the next step;

Output: vy, and uy 4, Yk, Vb.

Vi (n)|]> < (orn > Nmax,

expressed as

(16a)

B K
min E E DMSE, k)b
uy,p,vk, Vb

b=1 k=1

s.tougyuy, = I, Vk, Vb (16b)

In order to achieve the receiving equalizer uy, ;, we differen-

tiate ®dnisg k,p With respect to uy, , [22], and get the following
equation

O®MSE kb
6uk1b

+ Z Z eTr {V"L b’ m b’} IN ) - I:I}/;:rll:

b'=1m=1

B K
_ T 1314 T T
=Wy kb Vm o'V oy

V=1m=1

A7)

Then, we set 8&)MSE7;€J, /Ouy, , equal to zero, the optimal
receiving equalizer for the user (k, b) can be obtained by

B K
w, = (Z Z Hk bVm, b’Vm b’H
-1
) (18)

b'=1m=1

3) Iterative Algorithm: We apply an iterative method to up-
date the precoder vy ; and receiving equalizer uy , for all
users in all cells iteratively, which is concisely presented in
Algorithm 1. The objective function in (14a) are reduced iter-
atively through adjusting and updating v}, ; and uy;; at each
iteration. Hence, we can achieve the optimal precoder and re-
ceiving equalizer iteratively, and terminates when it converges.
After solving the optimization of the transmit precoder and re-
ceiving equalizer in the PLC controller, the LED transmitters
will send the information of the equalizer to each user [16], [19],

B K
+ Z Z 5Tr {V7n,b/vrr1n‘,.b/} IN"

b'=1m=1
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[13], [30]. In addition, we will give the convergence analysis in
the next section.

IV. PERFORMANCE ANALYSIS
A. Data Rate Loss

In this subsection, we analyze the data rate loss performance
of the proposed design. The data rate of the user (k, b) under
the channel estimation error is given by Ry, , = log, (1 + k1),
and 1y, 5, is the received SINR, which can be given by

N “ 2
Hu;g,b(HZI;,b + AHz,b)Vk,bH
Iy + 5,%71)

Ve = (19)

where I ; is the total interference of IUI and ICI to
K 5 b B
the user Iy =73/ IIHE,b(Hﬁ,b + AH;«,I))V/?,bHZ + D s

! K LN LN
pz,b m=1 ||u;cr,b(HZ',b +AHZ,b)Vm.,b’||2-

Firstly, we define the rate loss of the user as (k,b) as ARy, ;,
which is the difference between the ideal data rate ?;, ;, of the
user (k,b) with the ideal joint precoder and equalizer design
(where full CSI is known in advance) and the data rate Ry, ;
with our proposed design. Then, the rate loss of the user (k,b)
is expressed as

ARk_b = Rk,b - Rk,b
= [tz (38 -+ L 11250 )]
—E {logz (5?;, + Iy + HUE,Z)HZf;VMHz)}

— Ea [logy (64)] + E [logy (Ies +63,)]  (20)

where Vv, and 1, denote the ideal precoder and receiving
equalizer for the user (k,b). Since Ij; > 0, and log(-) is a
strictly monotonically increasing function, we can obtain

ARy, < E {logz (51%,17 + ||ﬁg,bH%,ka»bH2>]
-F {10g2 (5/%71) + Hu;sz,thsz)}
tE {1og2 (1 + g—)}
k.b

Note  Eflog,(1 + Hﬁg,le/;,b{/k,sz)] = Ellog, (1 + ||U;Fb
Hj ,vi5||*)], based on the Theorem 1 in [39]. Using the
Jensens inequality, the upper bound of the data rate loss of the
user is

ARy, < E[logy (14 1.,,/6%)] <log, (1+ E [I;4] /0 5)
(22)

21

From (20)—(22), we can comprehend that one of the key
effects on the data rate loss is determined by the power of the
interference leakage, such as IUI and ICI. Therefore, the design
of the precoder vy, ;, and receiving equalizer uy, ; is important
in the multi-user multi-cell MIMO VLC systems. Hence, this
paper proposes the joint precoder and equalizer design based on
IA for ICI and IUI mitigation in multi-user multi-cell MIMO
VLC systems.
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B. Convergence of the Proposed Design

For the optimization problem in (14), we can observe that the
proposed design based on IA aims to minimize the objective
function in (14a) by using the iterative method to update the

precoder vy, , and receiving equalizer uy , k= 1,..., K,b =
1,..., B. Firstly, we minimize the objective function (14a) by
fixing the set of the variables u;, 4, k =,..., K, b=,..., B, so

that the optimization problem in (14) reduces to a convex func-
tion of the variables vy ;,, k=1,..., K, b=1,..., B, which
can be solved by using the CVX tool. Then, by giving a set
of the precoder variables v, ;, k=1,...,K, b=1,...,B,
we obtain the receiving equalizer variables u;, ,, k = 1,..., K,
b =, ..., B by minimizing the objective function (14a). The ob-
jective function is nonnegative, and it is reduced by adjusting
the set of precoder and receiving equalizer variables at each it-
eration. As a result, the convergence of the proposed design can
be achieved [26].

C. Comparison With Existing Popular Designs

Generally, the MMSE design [15], [16], [30] and the sum-rate
maximization design [20] are the two existing popular designs
applied to improve the system performance in VLC systems.
However, the works in [15], [16], [30] only investigated the
system performance in single-cell VLC systems without con-
sidering ICI mitigation or in multi-cell VLC systems without
considering IUI mitigation. Hence, when applying these two
designs in multi-user multi-cell MIMO VLC system, the opti-
mization problems can be expressed as follows:

i) The joint precoder and receiving equalizer design based
on MMSE [15], [16], [19], [30] (denoted as the MMSE
design):

min

v, i 1w ,yke — sell7]

S.t. ||Vn,,b||1 <min {pn,b — Pmin, Pmax — pn‘b}a Vn, Vb
(23)

As the solution of the optimization problem in (23) is
similar to that in [30], we do not give the details of the
solution process.

ii) The joint precoder and receiving equalizer design based
on the sum-rate maximization design [20] (denoted as the
max-rate design):

max
Vi, Uk b v w

K
Zlog(l + V,b)
k=1

St Ve = Ve, Vk

an.bH1 S min {pn,b — Pmins Pmax _pn,b}a vny Vb
(24)

Since the solution of the optimization problem in (24) is
similar to that in [20], we do not give the details of the
solution process.
From the above two optimization problem formulations of
the MMSE and max-rate designs, we can observe that these



11360

two designs still fail to consider both ICI and IUI mitigations
simultaneously in multi-user multi-cell VLC systems, resulting
in the transmission rate loss according to the rate loss analysis
in Section IV-A. Hence, this motivates us to propose the joint
precoder and equalizer design based on IA in multi-user multi-
cell MIMO VLC systems.

D. Computational Complexity Analysis

Here, we analyze the computational complexity of the pro-
posed design and compare it with the MMSE and max-
rate designs. For our proposed design, in order to up-
date the receiving equalizer wuy, for the user (k,b), it
requires the following computational operations: (i) com-
puting 35y Son _ HY v, yvE  HYT in ORBKN,N, +
BKN?), (i) computing the inversion in O(N?), and (iii) the
matrix multiplications of commuting HZ’ y Vi in O(NyN,.).
Then, the total computational complexity of updating the receiv-
ing equalizersu,, k =1,...,K,b=1,..., Bforall users in
all cells is O(BK(2BKN;N, + BKN? + N;N, + N}})). In
order to get the precoder vy ;, we directly solve the trans-
formed optimization problem (14) using the CVX software
package, and the complexity for the precoder calculation in
the problem (14) is O(B(N; + N, K)?1log(1/¢)) [40], where
¢ is the accuracy target. Then, the overall complexity of the
proposed design is O(L(BK (BKN; N, + BKN}? + N;N, +
N3 4+ B(N; + N, K)? -log(1/¢))), where L denotes the
number of the iterations until the convergence of the proposed
design. When applying the MMSE design, the total complex-
ity of this design is O(L(BK(BKN; N, + BKN}? + N;N, +
N? + B(N; + N, K)°?1og(1/¢))). Through the above com-
plexity analysis of the two existing designs, our proposed design
has the similar complexity as the MMSE design. It is necessary
to note that the proposed design and the MMSE design have a
higher computational complexity than that of the max-rate de-
sign in multi-user multi-cell MIMO VLC systems, but they can
provide a better performance than the max-rate design, and we
will give the performance analysis in the next section.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we evaluate the performance of our proposed
joint precoder and equalizer design and compare it with the
MMSE design and the max-rate design. In order to make the
fair performance comparison, the channel estimation error is
considered in both the MMSE and max-rate designs.

The system parameters used in this paper are listed in Ta-
ble I. The receiving plane is 2.15 m below the room ceiling.
For the channel estimation error, we use the normalized error
standard deviation: o = 8, /(|[vec(H? ,)||/N;N,.) [16]. The
spacing between two adjacent LED lamps in the same cell and
the spacing between two PDs of each user are denoted by L,
and L,, respectively. The four LED lamps in each cell are in-
stalled at the center of ceiling. Without loss of generality, the
optical power p,, ; of each LED lamp is set to be identical as
Dnp =D, Vn, Vb, and the limited dynamic range of the optical
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TABLE I
SIMULATION PARAMETERS

Parameters Values Parameters Values
Room size (length | 8 mx 8 m PD concentrator 15
x width x height ) x3m refractive index )
Number of cells 4 PD area 0.5 cm?
Number of LED 2 Gain of optical 1.0
lamps per cell filter ]
Number of users 2 PD responsivity 0.5 A/W
per cell
Number of PDs 5 PD full-angle 120°
per user FOV
LED half-angle 60° System bandwidth | 20 MHz
FOV
LED Lambertian 1
emission order

SINR(dB) SINR(dB)
4 0 4 40

30 3

SINR(dB)

H 40 4
4

Fig. 2. The SINR distribution. (a) Without any design. (b) With our proposed
design. (c) With the MMSE design. (d) With the max-rate design.

0 1 2 3

power p per LED lamp can be varied from 4 to 22 W (note: pyin
=4 W, prax =22 W) [41].

A. Received SINR Distribution

Fig. 2 shows the SINR distributions of one cell (i.e. a quarter
of the room) for different designs, where the spacing of LED
lamps is L; = 0.7 m and the optical power per LED lamp is 12
W. From Fig. 2, we can observe that the SINR values on the
boundaries of adjacent cells are low, especially for the original
SINR distribution without any design in Fig. 2(a). However, our
proposed joint precoder and equalizer design based on IA signif-
icantly outperforms other designs in terms of the average SINR
performance on the boundaries of adjacent cells, because our
proposed design aims to choose optimal precoders and receiv-
ing equalizers based on the IA technique, which can effectively
minimize the ICI. Therefore, our proposed design based on TA
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Fig. 3. Three cases of users’ locations for the four-cell VLC system.

TABLE I
LOCATIONS OF THE IN THE CELL 1 (UNIT: M)

PDs of User 1 PDs of User 2
Casel [0.6, 1.0, 0.85] [1.0, 1.0, 0.85]
[0.7, 1.0, 0.85] [1.1,1.0,0.85]
Case I [2.8, 1.0, 0.85] [3.2, 1.0, 0.85]
[2.9, 1.0, 0.85] [3.3, 1.0, 0.85]
Case III [2.8,3.0,0.85] [3.2,3.0,0.85]
[2.9, 3.0, 0.85] [3.3,3.0,0.85]

has the advantage of the ICI suppression in multi-cell VLC
systems.

B. Sum Rate and BER Performance

In this subsection, we evaluate the performance with the three
cases of the users locations. Firstly, we give the following three
cases of users’ locations when the spacing of LED lamps and
PDs are L; = 0.7 m and L, = 0.07 m, receptively. The three
cases of users locations are shown in Fig. 3. Here, we only give
parameters with one quadrant (i.e. Cell 1) of the indoor room
in Table II, due to the geometric symmetry of the locations
of four cells in the room. Case I: users locate in the totally
overlapped area, where they suffer ICI from other three adjacent
cells. Case II: users locate in the partially overlapped area, where
they suffer ICI only from one adjacent cell. Case III: users locate
in the non-overlapped area, where they do not suffer ICI from
adjacent cells. All users in the above three cases receive IUI in
its own cell.

Figs. 4 and 5 show the throughput and BER performance
of the three designs with the different optical power levels and
three cases of users locations, when the channel estimation error
is 0 = 0.025. We can see that all the three designs enhance the
system performance as the optical power increases when p is
less than paye = (Pmin + Pmax)/2 = 16 W, but the performance
degrades when p exceeds p.ye. This is because the constraint
in (14d) determines the available set of precoding matrix. The
feasible range of precoding matrix becomes large as p increases
when p < p.ve, hence a better solution can be obtained in the
system with this broader range of precoding matrix. In contrast,
the feasible range of the precoding matrix becomes limited with
the increase of p when p > pa.ve, Which degrades the system
performance under this situation.

From Figs. 4 and 5, we can observe that the performance of
the Case III is better than that of the Cases I and II. This is
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Fig. 4. Average throughput per cell vs. optical power per LED lamp.
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Fig. 5. Average BER performance vs. optical power per LED lamp.

because that the users in last two cases suffer ICI from adjacent
cells, which degrades the system performance, especially the
users in Case I suffer serious ICI due to their locations in the
totally overlapped area.

From Figs. 4 and 5, our proposed design achieves much higher
throughput and better BER performance than other two designs.
Especially, the advantage becomes more significant in the high
optical power region (from 8 to 22 W). This is because the in-
terference is one of the key factors on the data rate loss as the
background noise is no longer dominant. Our proposed joint
precoder and equalizer design based on IA mitigates both TUI
and ICI effectively, and hence the performance is improved
compared with other two designs. As shown in Fig. 4, when
the optical power is 12 W per LED lamp, our proposed de-
sign achieves a throughput improvement of up to 18.2% and
28.7% compared with the MMSE design and the max-rate de-
sign under Case I, respectively. As shown in Fig. 5, our pro-
posed design can save about 1.4 and 4.3 W transmit optical
power per LED lamp as compared with the MMSE design and
the max-rate design at a target BER of 10~ under Case I,
respectively.
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Average BER
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Fig.6. (a) Average throughput per cell. (b) Average BER vs. different numbers

of users per cell.

C. Impact of Different Numbers of Users Per cell

Figs. 6(a) and (b) show the average throughput per cell and
average BER performance under different numbers of users per
cell when the optical power per LED is p = 12 W and the chan-
nel estimation error is o = 0.025. (Note: We run the simulation
500 times with random user locations and obtain the average
statistics). We can observe that both the average throughput per
cell and the average BER increase with the increased number of
users per cell. When there are more users within a cell, the inter-
user interference becomes higher, which has a negative effect
on the throughput improvement and the BER performance. That
is why the throughput improvement is not obviously when the
number of users is large in VLC systems. However, compared
with the other designs, the proposed design based on IA has
the better performance by effectively suppressing both the TUI
and ICI. Moreover, the gap of the performances obtained by the
proposed design and the other two designs becomes larger with
the increased number of users, which indicates that the proposed
design is more suitable for VLC systems with a large number
of users.

D. Impact of Channel Uncertainty and LED/PD Spacing

In Figs. 7(a) and (b), we show the throughput and BER perfor-
mance for all the three designs under different levels of channel
estimation error (we take the Case I as an example), when the
optical power per LED is p = 12 W, and the spacing of LED
lamps and spacing of PDs are L, = 0.7 m and L, = 0.07 m,
respectively. It can be observed that the performance of all three
approaches degrades as the increase of channel estimation error
value. This is because under a relatively high channel estima-
tion error value, the optimal design of precoders and receiving
equalizers is unable to cancel IUI and ICI perfectly, and hence
the degradation of the system performance at the high chan-
nel estimation error value becomes obviously. However, among
the three designs, the max-rate design is most sensitive to the
channel estimation error, while our proposed design based on
IA achieves the better performance than other two designs over
all the channel estimation error values.
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Fig. 8. (a) Average throughput per cell. (b) Average BER vs. the spacing of
LEDs/PDs.

Figs. 8(a) and (b) depict the throughput and BER performance
for all the three designs with different LED/PD spacing (L;, L,)
in cm (we take the Case I as an example), when the optical power
per LED lamp is p = 12 W and the channel estimation error is
o = 0.025. We can see that a smaller LED/PD spacing results in
a considerable throughput reduction. This is because the smaller
LED/PD spacing leads to a higher channel correlation in the
MIMO VLC system, resulting in the noise enhancement at the
receivers. However, our proposed design still achieves the best
throughput and BER performance among the three designs.

In short, our proposed design achieves the better throughput
and BER performance than the other two designs under the
different channel estimation error and small LED/PD spacing
in multi-user multi-cell MIMO VLC systems.

E. Convergence of the Three Designs

Fig. 9 presents the performance convergence of the achievable
throughput per cell for the three designs when the transmit
optical power is 12 W per LED lamp, the channel estimation
error is 0 = 0.025 as well as the spacing of LEDs/PDs are L; =
0.7m and L, = 0.07 m. We can see that the proposed design has
almost the same convergence rate as the other two designs, and
the throughput converges after about 22 iterations. Moreover,
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Fig. 9. Convergence for the three designs.

the proposed design achieves the higher throughput than other
two designs.

VI. CONCLUSION

In this paper, we have proposed a novel joint precoder and
receiving equalizer design based on IA for multi-user multi-cell
MIMO VLC systems under imperfect CSI, in order to effectively
mitigate both IUI and ICI. Specifically, we formulate the joint
optimization problem by minimizing the system MSE under the
unique optical power constraints in VLC. Furthermore, we take
into account the channel estimation error in our formulated op-
timization problem when designing the optimal precoders and
receiving equalizers in multi-user multi-cell MIMO VLC sys-
tems. Numerical results show that the proposed design achieves
a better system capacity and BER performance as compared
with the MMSE and max-rate designs. When the optical power
is 12 W per LED lamp, our proposed scheme achieves a through-
put improvement of up to 18.2% and 28.7% as compared with
the MMSE and max-rate designs, respectively. In addition, the
proposed design saves about 1.4 and 4.3 W optical power per
LED lamp as compared with the MMSE and max-rate designs,
respectively, at a targeted BER of 10~ 3. In our future work, we
will apply this design in integrated visible light communication
and positioning (VLCP) systems [42].
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