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Abstract

This paper studies multi-user multi-cell visible light communications networks in which each cell
is composed of multiple LED arrays. The use of multiple LED transmitters enables each cell to support
multiple users by means of precoding techniques. In such multi-user multi-cell networks, the signal
for each user can be severely interfered not only by the signals that are intended to other users in the
same cell, i.e., intra-cell interference, but also by the signals for users of the other cells, i.e., inter-
cell interference. While intra-cell interference can be handled by the underlaying precoding scheme, it
is hard to deal with the inter-cell one. The paper focuses on cell coordination/cooperation strategies
and their corresponding coordinated/cooperative precoder designs as the approaches to alleviate, or
possibly, to cancel out the inter-cell interference. We first derive a lower and upper bounds on the
capacity of Gaussian interference channels with amplitude constraints on the input and the interference.
Capitalizing on derived bounds and the zero-forcing scheme as the underlaying precoding technique,
optimal coordinated/cooperative precoding designs to maximize users’ sum-rate are investigated under
the non-negativity and amplitude-limited constraints on the channel inputs. Comprehensive numerical

results are presented to compare the performance of the considered coordination/cooperation strategies.
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I. INTRODUCTION

The exponentially increasing demand for high data-rate wireless communications has been
posing several challenges to the existing technologies. Moreover with the spectrum and power
scarcity problems in radio frequency (RF) communications, there is an urgent need for a new
wireless technology. The last decade has witnessed a tremendous research effort on visible light
communications (VLC), which is regarded as a promising candidate to address the aforemen-
tioned issues [1]-[4]. Capitalizing on the massive deployment of light emitting diodes (LEDs),
VLC is also expected to play an important role in the future of ubiquitous networks [5], [6]. To
open the road for commercialization, VLC has also been standardized for wireless personal area
networks (WPANSs) in IEEE 802.15.7 [7], [8]. The expected ubiquity of the future VLC means
that it should be able to support multiple users in large public areas, such as supermarkets,
stations or airports. Considering the fact that the illuminating coverage of LEDs is limited,
this requirement essentially makes multi-cell configuration an inevitable progression in the
development of future VLC networks.

Initial research on multi-cell VLC networks focused on the model composed of small optical
atto-cells, where each individual cell is illuminated by a LED array (LED luminaire) which is
also known as an optical Access Point (AP). Nevertheless, if the same frequency resources
are used across all cells, the inter-cell interference, which severely degrades the signal to
interference plus noise ratio (SINR) of cell-edge users, is inevitable. As a result, methods for
mitigating or eliminating the impact of inter-cell interference are of particular importance in
the design of multi-cell VLC networks. In fact, several approaches have been proposed to deal
with the problem. In [9], the concept of joint transmission (JT) in RF was adapted to the atto-
cell VLC networks. The proposed JT scheme was developed based on a specific structure of
the APs in which each AP was composed of multiple clusters with different beam directions.
Two transmission regions, namely: single point transmission region and multipoint transmission
region were then defined according to the position of the user. Users within the single point
transmission region were served by a cluster by means of Orthogonal Frequency Division
Multiplexing (OFDM). On the other hand, users in the multipoint transmission region were

served by multiple clusters from different APs and the traditional frequency-partitioning approach



was utilized to avoid the inter-cell interference. The same authors in [10] proposed a fractional
frequency reuse (FFR) strategy to avoid the inter-cell interference at the expense of reduced
bandwidth efficiency. Furthermore, the atto-cell configuration with FFR limits the mobility of
user since switching frequencies during user movement degrades the user experience, which is
a critical measure to some quality-sensitive services, such as video streaming and voice over IP
(VoIP) [11]. Aside from the frequency partition approach, several works focused on cooperative
transmission and signal design. Specifically, a cooperative transmission and reception based on
On-Off Keying (OOK) and Pulse Position Division Multiplexing (PPDM) have been proposed
[12]. While enabling a relatively simple transmission scheme, the proposed method required the
receiver to have some information about the transmitter, which increases the complexity of the
system. Efficient signal designs based on phase-shifted superposition and time superposition to
mitigate interference have also been recently explored in [13], [14]. These design, however, still
compromised the system bandwidth efficiency.

Due to the fact that commercial LEDs have limited modulation bandwidth (up to 20 MHz for
the popular phosphorescent LEDs), the unity frequency reuse (UFR) strategy is more favorable as
it allows users to make use of the full available spectrum. Advanced signal processing techniques
then can be employed at the transmitters to alleviate the impact of inter-cell interference together
with improving user mobility. The concept of transmit precoding, i.e., beamforming in multi-user
RF therefore has been recently adopted to multi-user VLC systems. This approach essentially
combines neighboring atto-cells into a larger mutli-AP cell, which is termed as coordinated
multipoint (CoMP) cell. Under specific constraints in VLC, a number of precoding techniques
were thoroughly studied for this single CoMP cell configuration under different performance of
interests [15]-[20].

Building upon the well-established single CoMP cell configuration, our first aim in this paper
is to extend the concept to a multiple cell fashion to realize large-scale VLC networks. It should
be noted that the concept of multi-cell CoOMP in VLC was first introduced in [21] where the
cell (cluster) formation is dynamically constructed and adjusted based on the user-centric vector
transmission (UC-VT) principle (i.e., cell shapes are dependent upon user distribution). In this
work, we follow the network-centric approach where the cell formation is fixed independently
of user distribution. Similar to the previously studied single CoMP cell [16], the zero-forcing
(ZF) precoding technique is utilized to support multiple users in one cell. Due to the above

mentioned advantages of improved user mobility and enhanced bandwidth efficiency, the UFR



strategy is adopted across all CoMP cells. Consequently, desired signals for users in one cell
can be severely interfered by both intra-cell and inter-cell interferences. While the intra-cell
interference could be handled effectively by means of precoding techniques in much the same
way as in the case of single cell, it is challenging to deal with the inter-cell one. Different from
the widely used frequency partition approach in atto-cell networks, the underlaying precoding
scheme used in each CoMP cell introduces another way to overcome the challenge. That is by
allowing coordination and/or cooperation, e.g., coordinated/cooperative precoding design, among
cells, it is possible to jointly design their precoders. The inter-cell interference, therefore, can
be alleviated (or eliminated) by the coordinated/cooperative precoders.

To the best of our knowledge, our previous studies [22], [23] were the first works which
concerned the multi-cell configuration and its cooperative precoding design'. Specifically, we
considered a cooperative scheme in which cells are allowed to exchange user’s channel state
information (CSI) and data to each other. Based on a simple lower bound for user data-rate, the
optimal cooperative ZF precoding design to maximize users sum-rate was then formulated and
solved. Recently, a similar cell formation was also reported by [24]. Under the assumption
that users downlink CSI could be exchanged through a backbone network among cells, a
coordinated precoding scheme was proposed based on the weighted sum mean square error
(WSMSE) as the performance criterion. In this paper, we further examine different strategies of
cell coordination/cooperation and their corresponding coordinated/cooperative precoding designs
in multi-user multi-cell VLC, namely: per cell coordinated precoding, coordinated precoding,
and cooperative precoding with partial data sharing. Different from [24], the user sum-capacity
is adopted as the performance metric for the precoding designs. Moreover, compared to [23], a
comprehensive analysis of user date-rate will be provided as benchmarks for the optimal precoder
designs. It is known that the input signal of the LEDs is amplitude constrained. Therefore,
the classical Shannon capacity formula for complex and average power constrained signal is
not applicable in VLC. Additionally, in our considered multi-cell system, the VLC channel is
subjected to interference which is also amplitude constrained. In this work, we first derive a
lower and upper bound on the channel capacity of a scalar Gaussian interference channel in

which both input signal and interference are amplitude constrained. Capitalizing on the derived

'In this paper, we use the term multi-cell for referring to the multi-CoMP cell configuration.



bounds, the optimal ZF precoding design will be solved for each each coordinated/cooperative
strategy.

The remainder of the paper is organized as follows. In Section II, we examine the scalar
Gaussian interference channels with amplitude-constrained input signal and interferences. Simple
lower and upper bounds of the channel capacity are provided as benchmarks for the sub-
sequent coordinated/cooperative precoding designs. Section III describes the multi-cell VLC
system model along with the precoding transmission model. In Section IV, several cell coordin-
ation/cooperation strategies are investigated. The optimal coordinated/cooperative ZF precoder
design for each approach is then formulated as a convex optimization problem which can be
solved efficiently by off-the-shelf optimization packages. Numerical results and comparisons
among the considered coordinated/cooperative forms are given in Section V. Finally, we conclude
the paper in Section VI.

Notation: The following notations are used throughout the paper. R indicates the real number
set. Bold upper case letters denote matrices, e.g., A. The transpose of A is written as A7 while
A represents the k—th row vector of A. I(-;-) and h(-) denote the mutual information and the
differential entropy in nats, respectively. ||-||; and | - | are the L; norm and the absolute value
operators. E[] is the expected value and the natural logarithm log(-) are used. Finally, U denotes

the union operator.

II. CAPACITY BOUNDS OF AMPLITUDE CONSTRAINED INTERFERENCE CHANNELS

In this section, we present two simple closed-form capacity bounds for a scalar Gaussian
interference channel with amplitude constraints on the input signal and the interferences. Such

a Gaussian interference channel with K interference sources is characterized by

K
Y=X+)Y L+N, (1)

i=1
where X, I;, N, Y denote the channel input, the 7—th interference source, the noise, and channel
output, respectively. The input X and the interference I; are assumed to be constrained between
[—A, A] and [—B;, By, respectively, for some arbitrary positive values A, B;. The noise random
variable N is assumed to be Gaussian with zero mean and variance Nj. It is well known that
without the interference terms, i.e., scalar Gaussian channel with amplitude input signal constraint
only, the capacity-achieving distribution of X is unique and discrete with finite number of mass

points [28]. However, the characterization of the capacity-achieving distribution for the channel



in (1) still remains an open problem. In what follows, a simple lower and upper capacity bounds

are derived as benchmarks for optimal ZF precoder designs in the later part of the paper.

A. Lower Bound

The channel capacity of (1) is defined as

C =max [(X;Y)
fx (x)

=max h(Y)— h(Y|X)
fx ()

K K
Using the Entropy Power Inequality (EPI) and the inequality h(Q) < %log 271'60'(22 for a random
variable () with its variance aé, a lower bound of C' is given by
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According to the maximum entropy probability distribution, the uniform distribution is the

maximum entropy probability distribution for a random variable under no constraint other than
it is contained in the distribution’s support [29]. In order to make the bound as tight as possible,
it is reasonable to assume that X and I; are uniformly distributed over [—A, A] and [—B;, B;],
resulting in
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It is straightforward to see that, without interferences, the above bound reduces to a lower

bound [16, Eq. (3)] as
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B. Upper Bound

Using the above mentioned entropy inequalities, an upper bound of C' can be obtained from

(2) by

K K
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Similar to the case of the lower bound, assume that X and I; are uniformly distributed over

[—A, A] and [—B;, B;], respectively. As a result, Cy; is given by

1 A2 K B2 1 K
Cy = 5 log 27e (L + NO> — —log (42 Bi2 + 2meNy
i=1
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Without interference, the above upper bound reduces to
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C. Numerical Example and Asymptotic Behaviors

Figure 1 shows the lower and upper capacity bounds of the amplitude constrained interference
channels for K = 2 with different levels of interference power. It can be seen that the gap between
the lower and upper bounds is relatively small in the case of no interference. Specifically, it is

straightforward to see that

lim (Cf — C3) =0, ©)
—NT)—>O
and
1
lim (C% — C%) = ~ log (ff) ~ 0.1765 nats. (10)
LTOAOO 2 6

In general, let us assume that the interferences are proportional to the input power, i.e., B; = o; A
for some «; > 0. This assumption is generally valid in multi-user broadcast systems, where the
interferences seen by a user are the transmitted signals for other users. Therefore, we can prove

following asymptotic properties

lim (Cy — Cyp) =0, (11)
LTO%O
and,
. e
lim (Cy —Cp) = log (—) ~ 0.353 nats, (12)
o 6

which are constant regardless of the interference power.
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Figure 1: Lower and upper capacity bounds of amplitude constrained interference channels.

III. MULTI-CELL VLC NETWORK MODEL

We consider multi-user multi-cell CoMP VLC broadcast networks consisting of M cells (M >
1) whose the primary purpose is the illumination of large areas. Each cell is formed by Ny LED
arrays, which jointly serve K users > simultaneously by means of precoding techniques; and
it is assumed that all signal processing is done by a central processing unit (CPU). Fig. 2a
illustrates a 4-cell VLC network, where N = 4 and LED arrays are arranged in a rectangular
shape. Wired connections, such as Ethernet, fiber or power-line communications, can be used
between CPUs for inter-cell cooperation as well as cells to/from gateway transmissions. As the
primary purpose of the system is illumination, a proper lighting design is required to provide an
uniform illumination over the target plane. Therefore, it is inevitable that there are overlapping
illuminated areas, which are referred as inter-cell interference areas, at the edges of each cell as
shown in Fig. 2b.

We assume that each user is equipped with a single-photodiode (PD) receiver. Therefore, each
cell can be essentially regarded as a multi-user (MU) MISO broadcast system. In such a multi-
user broadcast system, the dominant performance-limiting factor is the multi-user interference

(also known as intra-cell interference in the context of multi-cell networks). To alleviate the

2For mathematical descriptions, it is assumed that the number of users is the same for every cell. For numerical simulations,

however, we also examine the case that cells have different numbers of users.
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Figure 2: Multi-user multi-cell VLC network and illumination area.

impact of the intra-cell interference, different linear precoding schemes were considered and
optimally solved under the unique constraints of visible light signal [15]-[17]. This paper, as we
mentioned, deals with the multi-cell configuration, where, in addition to the intra-cell interference,
the desired signals for users in one cell are also affected by by the signals for users of the
adjacent cells, i.e., inter-cell interference. For the sake of notation, throughout the paper, we
denote N, = {N.1, Ne2a,..., N ny} be the set of Ny LED arrays which belong to the c—th cell
and U. = {U.1,U.p,...,U.k} be the set of K users located in this cell. It is also assumed that
Np > K.

A. VLC Channel Model

In case of indoor VLC, light signals from LED transmitters reach the receiver through multiple
propagation paths due to reflection off the walls. As a consequence, the channel response is a
summation of the light-of-sight (LoS) component and multiple non-light-of-sight (NLoS) ones.
As pointed out in [25], the LoS component is dominant over the NLoS ones as it accounts for
more than 95% of the total received optical power at the receiver. Moreover, even the strongest
NLoS component is still at least 7 dB lower than the strongest LoS one [27]. To simplify the
analyses, we thus consider the LoS channel only in this paper. Let h.; ; be the LoS channel
coefficient between the ¢:—th LED array NV.; of the c—th cell and the j—th user U} ; of the £—th

cell. In practice, most LED sources have Lambertian beam distribution, where the emission



intensity is given by

[+1

5 008 (6e), (13)

L(ch,i) =

with ¢.; is the angle of irradiance and [ is the order of Lambertian emission determined by

log(2)

the semi-angle for half illuminance of the LED ®;/,5 as | = ~Tog(@, /)" For the most considered

light-of-sight (LOS) link, h.; ; is given [25]

A L(Gei) Ts (V1) 9 (Vi) OS(WVesigg) > 0<thein; <V,

¢,k j

hc,i,k,j = ; (14)
0 s Yeing >V,

where A, and 7., ; are the active area of the PD and the distance from the LED array to the

user, respectively. ¥ denotes the optical FOV of the PD, 1., ; is the angle of incidence and
T,(1y ;) is the gain of the optical filter whereas g(t).; ;) is the gain of the optical concentrator

and given by

2

=75 > 0 <Veir; <V,
9(¢c,i,k,j) = (15)
0 ’ ¢c,i,k,j > \Ij,

where k is the refractive index of the concentrator.

B. Precoding Model and Broadcast Transmission

In this study, we assume the use of pulse amplitude modulation (PAM) and let d.; € R be the
PAM data symbol that is intended to user U, ;, d, = [ch dep ... d K} ' € RE*1 be the data
vector for all users of the c—th cell. Suppose that d,.; is zero mean and normalized to the range
of [—1,1]. At the LED array NN, ;, the broadcast signal s.; for users of U, is generated from a
linear combination of the data vector and the matrix V.; = [wc%l Weio . Wei K} € RIXK

as
Sci = Vc,idc' (16)

Since s.; can take on a negative value, which is not valid for the intensity modulation/direct
detection (IM/DD) used in optical communications, a DC-bias [Bf should be added to s.; to

ensure the non-negativity of the input signal, i.e.,

Tei = Sei + o5 > 0. (17)



As E[d.] = 0, the signal s.; does not effect the average illumination level of the LEDs. Instead,
T

it is uniquely determined by the DC-bias IDr. If we define P% = | pPs, €

5’2 oo CstT
RN7x1 ig the transmitted power vector for the LED arrays of the c—th cell whose element
P, = nx.; is the transmitted optical power of the k—th LED array with 1 being the LED

conversion factor, the received optical signal at user U, can be written as
i T
7= [Hiow Hoo ... Hyo [P1 Py .. Py (18)

where H; ., = [hilck higer - hi NTC,C} € R™N7T s the channel matrices between N
and U, .

T
If we denote x. = [ﬂﬁc,l Teo ... xc,NT} € RN*1 as the transmitted signal vector and

T
IP€ = [ -721C 1 EQC R | NT:| € RN71 a5 the aggregated DC bias vector for users at the c—th

C

cell, the received electrical signal at user U, , after the optical-electrical conversion, is given by

T
Ye,k :’YPTCJf + Ne ke = YN |:H1’C’k HQ’C’]{; R HM,c,k:i| |:X1 Xo ... XM] + Ne k

=N Hccchkdck+Hcck Z Wczdcz+ZZHc CkWC]dcj+ZHZCkIDC

1€UiFk ’#c JEU,
~ TV
intra-cell interference inter-cell interference DC current
+ ek, (19)
r Npx1
with 7 being the PD responsivity and W, = |:wc,1 ko Weak ... W NT’,{;} € RY7*" being the

precoder for user U, . As seen from Eq. (19), the first term H. ., W 1d,; is the desired signal,
the second and the third terms H, . ;, Ziel/{c,i 2k W d., ZC,# > jeu, H. W, ;d ; represent
the intra-cell and inter-cell interferences, respectively. Zi‘il HiVC’kI?C is the DC current that
carries no data, n. denotes the receiver noise, which is assumed to be additive white Gaussian

noise (AWGN) with zero mean and variance aik, given by [26], [27]

(Tik = QVGEB + 47e A,y Xamp (1 — cos (V) B + iz, B, (20)

amp
where e is the elementary charge, B denotes the system bandwidth and m = E[P,] =

n (Zf‘il Hmkl?c) is the average received optical power at user U, . iamp is the pre-amplifier

noise current density, which comprises thermal noise and shot noise. X.mp 1S the ambient light



photocurrent. After removing the DC current by AC coupling, the received signal can be written

by

Ye, ko = YN <Hc,c,kwc,kdc,k + Hc,c,k Z Wc,idc,i + Z Z Hc’,c,kwc’,jdc’,j) + Ne k- (21)

1€UciF#k c'#c jeU,

C. ZF Precoding and Optical Power Constraint

As seen from Eq. (21), the desired signal of user U, can be greatly degraded by the inter-cell
and the intra-cell interferences where the latter is generally more severe since it comes from
the signals intended to users in the same cell which are stronger than that from the other cells.
The intra-cell interference, however, can be effectively suppressed by utilizing ZF precoding
technique whose idea is to construct the precoder W, in such a way that it is orthogonal to

Hc7c,k’ i.e.,
H, . W, =0Vicl,ik (22)

T
If we define H. = |H” H? | andW.=|W,.;, W., ... W_g/|,the ZF

c,c,1

HT

c,c,2

constraint in (22) implies that

HW., Vi = diag{\/q.}, (23)

T
where ,/q. = [\/am \/5672 . \/GC,K] whose ¢—th element represents the channel gain of
user U .

With the constraint in (22), the received signal at U, is rewritten as

Ye,o =N (Hc,c,kwc,kdc,k + Z Z Hc',c,kwc’,jdc’,j> + Neks (24)

e jeUy
which contains the inter-cell interference term only. In addition to the ZF constraint in (22),
one always must take the transmit power constraint into consideration when formulating optimal
precoding designs. Fundamentally different from RF, the input current signal of the LEDs is
non-negative and is amplitude constrained to a certain threshold, i.e., 0 < z.; < Iia With T

being the maximum input current for the LEDs to maintain their linear operating range. Since



d.; is assumed to be normalized within [—1, 1], these two constraints lead to the following

constraint on the precoder design

< A (25)
1

K
>l
k=1

where A.; = min (IDF, I — 12F) [16].

In the following section, we investigate different cell coordination/cooperation strategies to
mitigate the impact of the inter-cell interference. With respect to the derived lower and upper
capacity bounds in Section II, the optimal coordinated/cooperative ZF precoding to maximize

the users’ sum-rate is then designed for each strategy accordingly.

IV. CELL COORDINATION/COOPERATION STRATEGIES
A. Per-Cell Coordinated Precoding

We first examine the simplest cell coordination level where all signal processing are performed
on a per-cell basis. Nonetheless, cell coordination by sharing precoding designs are allowed. That
is each cell deigns its own precoders taking into account the precoders of other cells. Following

(4) and (7), the lower and upper capacity bounds of user U, are respectively given by

1| 200 (BecaWe) 4 Do S, (HocaWe)') + el
ek — 5 0g

(26)
2 )
2 e ((777)2 Zc/;ﬁc Z]EZ/‘;C/ (Hclall,kw‘llvj) + O‘ik)

and

(’777)2 ((Hc,c,kwc,k)g‘l“zc/#c EjEZ/{ , (HC/YC,]CWC/J)Q) 2
3 3 + O-C,k)

[
Cop = 5 log 27

200m)% > ze Zjeu{:/ (HC/VC’kWC/,j)Q +meo?,

In this coordinated scheme, the goal is to design precoders, i.e., W, to maximize the lower
and upper sum-rate (sum-capacity) of all users in the c—th cell. Moreover, it is straightforward

to see that the optimal precoders to the problem of maximizing the lower sum-rate is the same



with that of the upper bound. Therefore, finding the optimal solution to maximize the lower

sum-rate is sufficient.
P1 :

K
maximize cr
W, 1 ; c,k
B (28)
subject to H..,W., =0 VEk # 1,

K
>l
k=1

It is important to note that, different from the single-cell setting, the choice of precoders at each

S Ac,i'
1

cell affects the inter-cell interference at the neighboring cells, and that, in turn also affects their
precoding design. As a result, the optimal solution to P1 needs to be found in an iterative manner
until the sum-rate of each cell achieves its maximal value. Specifically for the c—th cell, at each
iteration, we solve P1 to find W, while all other (M — 1)K precoders W ; are fixed, i.e., the
inter-cell interference term >-...> " q,, (Ho W, ;)* is constant. However, even fixing the
inter-cell interference, it can be seen that P1 is not a convex optimization problem due to the
non-convexity of the objective function. Thus, it is generally difficult to find its optimal solution.

In our previous study, we developed an iterative algorithm based on the convex-concave
procedure (CCCP) to find a local optimal solution to a problem which has the same form with
P1. We redescribe the algorithm here for the sake of convenience. First, let us denote 0. =
ZC, £e > jeu, (Hc/,QkWC/J-)Q. By introducing a slack variable \.; and expressing H. ;W_; =
V/4ek> P1 is then rewritten as

P2

Ll 2(y1)” (e + i) + ez,
maximize — E log 5
Wc,k’an,k7)\c,k 2 k=1 me <% + 0-2]{:)

subject to H.W,. = diag { [\/ﬁ Viez - \/qc_K} } )

K (29)
Z ” [Wc,kL ‘ < Aqiv

k=1
qe,k Z )\c,lm

qe,k Z 0.



The objective function of P2 is now concave, yet the first constraint is not convex since

H.W. is affine while diag { [\/qc_1 Viez - \/qC_K}} is concave. The CCCP involves an
iterative process to find a local maximal of P2 by, at the i—th iteration of the procedure,
approximately linearizing the concave term \/qg,)c by its Taylor expansion as 4/ qgl,l R quk_ Y

(i) (i-1) (i—1)
2\/7? (qc,k — ek ) where 4k

proximation, P2 is transformed to a convex optimization problem which can be solved efficiently

is the obtained from the previous iteration. From this ap-

by using standard optimization packages. Capitalizing on the process for solving P2, we are

now able to develop an iterative algorithm for solving P1 as follows

Algorithm 1 Iterative algorithm for solving problem P1

1: Initialization
1) Estimate channel matrices H, ., and noise variances o2 ,.

2) Initialize W((,f))k to satisfy the constraint in (25).

2: Iteration: At the i—th iteration
1) Given WS;), solve P2 using CCCP to find the optimal W%, denoted as W:(,?.
2) Use the obtained W:(,? to solve P2 for other cells.
3) i=1i+ 1.

3: Termination: terminate the iteration when
1) (W — W] < ¢, where e = 107 is a predefined threshold, or

2) ¢ = L, where L = 10 is the predefined maximum number of iterations.

B. Coordinated Precoding

As can be seen from (24), the inter-cell interference can be problematic, especially for cell-
edge users and in the case of populous cells. In the per-cell coordinated scheme, each cell
designs precoders for its own users considering the interferences from other cells. The inter-cell
interference, therefore, is minimized but not completely eliminated. From this observation, a
natural way to cancel out the inter-cell interference is to extend the ZF precoder design in such
a way that it takes into account the channels of users in other cells. This requires, for every

cell, the availability of out-of-cell users’ CSI through CSI sharing among cells. Different from



the per-cell coordinated scheme, once the inter-cell interference is eliminated, maximizing the
sum-rate of users in all cells reduces to maximizing the sum-rate of users in each individual
cell. With respect to the lower bound capacity from (5), the optimal precoding design is then
formulated as

P3:

maximize E log

Wek = Teal,

- (1 . 2<vn)2Hc7c,ch,kW£kH§c,k)
subject to H.. W., =0 VEk #i{k,i} €U. (30)
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K
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Although the second ZF constraint in 73 reduces the degrees of freedom on designing W, it
essentially removes the inter-cell interference introducing to users in other cells, thus significantly
improve the overall sum-rate performance. Similar to problem P1, the above problem can be

solved using the CCCP.

_ T

It should be noted that P3 is not always feasible. To see this, let H, = [HT , k} and
SR el e Vkeld s
T ) C

H. . = |HI_, H!,,, Hl ,., --- HI K} . A non-zero solution for the precoder

N T
of U,y requires that the null space of [HCTk HCT} has a dimension greater than 0, which is

- _m7T
satisfied when Np > rank ([ka HCT} . Thus, the feasibility of P3 is equivalent to the
~ AT
condition that Ny > max {rank ([HCTk Hﬂ )} . This, however, is not always possible
’ Ve, k

when [I:I(Tk ﬁﬂT is full row rank and the number of its row is larger than or equal to Np.
As a consequence, to ensure the feasibility of P3, every cell should accommodate at most N
users. Since the first ZF constraint always needs to be satisfied as the intra-cell interference
is generally more severe than the inter-cell one, the number of out-of-cell users being taken
into account for the precoder design of one cell is then (N7 — K). The problem now is how
to select those (N — K) out-of-cell users to maximize the overall sum-rate performance. One
can immediately realize that those users should be selected from different cells as their channel
are more spatially uncorrelated. In this paper, as we consider the simplest 2-cell configuration
for numerical results, out-of-cell users are chosen randomly for the sake of simplicity. Once

the set of out-of-cell users is determined for every cell, the optimal precode design problem is



essentially the same as P1 with an additional ZF constraint for the selected out-of-cell users.

The optimal solution can then be found by an iteration algorithm.

C. Partial Cooperative Precoding with Data Sharing

Despite the previous coordinated precoding design helps to overcome the problem of inter-
cell interference, one can further improve the sum-rate performance by allowing data sharing
among cells to enhance users’ SNR. With this assumption, one can immediately think of a
full cooperation among all cells, i.e., cells act as a large single cell. This type of cooperation is
essentially equivalent to the MU-MISO VLC broadcast systems with M Ny LED arrays and M K
users discussed in [33]-[35]. In the context of RF communications, this full cell cooperation is
sometimes referred as multi-cell processing (MCP). The MCP imposes further signal processing
constraints on the precoding design, especially when there are more cells and large number of
users and in case of multi-cell VLC systems it is not always effective. That is because of the
following two reasons. Firstly, with a proper lighting design, the inter-cell interference at a given
cell can only come from its neighboring cells. Consequently, data symbols for users in one cell
should only be shared to the neighboring cells. Secondly, due to the limited FOV of the LEDs,
the inter-cell interference is mainly caused by the cell-edge LED arrays of the neighboring cells.
Therefore, sharing data to all LED arrays of the neighboring cells might not help to improve
the performance much. From these two observations, in this work, we thus consider a partial
cooperation strategy, which requires relatively lower complexity compared to the full cooperation
approach. In this scheme, the data symbols for users in N, is only shared to the cell-edge LED
arrays of the neighboring cells, which contribute the majority of the inter-cell interference. Those
selected LED arrays in the neighboring cells cooperate with N, to form a new set of LED arrays
denoted as Az, which now transmits signal to the users in the c—th cell. Hence, there are possibly
several LED arrays which serve users in different cells. For mathematical convenience, let us
denote
1 N . be the set of the cell-edge LED arrays of the ¢’—th cell, which borders to the c—th
cell. As a result, Nz = N, U, N

2) N. = Uve N . be the set of the cell-edge LED arrays of all adjacent cells of the c—th
cell.

3) Hg. be the channel matrix from Az to user U, .

4) W¢g i, be the precoder for user U, .



With these notations, the received signal at user U, can then be written as

Ye ko = N (Hc,c,kwc,c,kdc,k + HE,c,k Z WE,c,idc,i + Z Z Hc’,c,kwc/,c,jdclaj> + T,k

€U, i#k ¢ £ci€U

(3D
Since each LED array can transmit data to users of different cells, the power constraint in (25)
needs to be reformulated. Assume that the LED array N, in the c—th cell is indexed as Ny .,
in the neighboring ¢’ —th cell. The LED power constraint is then written as

Z H [Wz,c,z‘]h: L + Z Z H [W?ﬁ,i]kc/,:

i€U, o icU,

< Ac e (32)

1

Assume also that the data sharing process is done through a backhaul link connecting cells with
unlimited capacity and no delay constraints, the optimal ZF precoder design problem for this
cooperative form is given by

M 2 T T
2 H; . W Wi  HI,
maximize E E log (1 i (vn) ok YVTek VWG otz k)

2
W, Teo
cek e=1 kel. ek

subject to H:.,Wz.;=0Vk ie€U.,k+#1,
ubj A 7 #1 (33)
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It should be noted that selecting all LED arrays in A, which have LOS link to U, ; may not be
optimum since a certain selection of LED arrays in A, will affect the precoder design for users
in this cell. It, in turn, has an impact on the sum-rate performance. For the sake of conciseness,

we leave the problem of optimally selecting LED arrays for a future investigation.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, numerical results are presented to demonstrate the effectiveness of different cell
cooperation strategies. For the sake of illustration, we consider a two-cell CoMP VLC network
with two users in each cell as depicted in Fig. 3. Additionally, a Cartesian coordinate system
whose origin is in the center of the ceiling is used for specifying the positions of users and the
LED arrays. We assume that all users are placed on the same receive plane, which is 0.6 m
above the floor. Unless otherwise noted, the parameters of the room, LED arrays and optical

receivers are given in Table 1.



Table I: Multi-Cell VLC System Parameters

Parameter

Value

Room and LED configurations

Room Dimension

(Length x Width x Height)

12 (m) x 6 (m) x 3 (m)

Number of LED arrays, M

8

LED array size

0.1 (m) x 0.1 (m)

Number of LED chips per array

36

LED array posistions

Array 1: (-4, -1.5,0)  Array 2: (-2, -1.5, 0)
Array 3: (-2, 1.5, 0)  Array 4: (-4, 1.5, 0)
Array 5: (2,-1.5,0)  Array 6: (4, -1.5, 0)
Array 7: (4, 1.5, 0) Array 8: (2, 1.5, 0)

LED bandwidth, B 20 MHz
LED beam angle, ¢ 120°
(LED Lambertian order is 1)

LED conversion factor, n 0.44 W/A

Receiver photodetectors

2

PD active area, A, 1 cm

PD responsivity, v 0.54 A/W
PD field of view (FOV), ¥ 60°
Optical filter gain, T (1)) 1
Refractive index of the concentrator, x 1.5

Other parameters

Ambient light photocurrent, Xamp

10.93 A/(m? - Sr)

Preamplifier noise current density, %Zamp

5 pA/Hz1/?

Firstly, the benefit of cell coordination/cooperation in reducing the impact of inter-cell inter-

ference is illustrated. To do this, we examine the performance of each coordination/cooperation

strategy with respect to a user’s position while fixing other users’ positions. Specifically, we fix
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Figure 3: Geometrical configuration of a multi-user multi-cell MU-MISO VLC systems with 8

LEDs arrays.

the positions of User 1, 2, and 3 as follows
« User 1: UT1 = (=32, ~18, 24)
. User 2: UT2 — (_0.5, 12, 2.4)
.+ User 3: UT3 = (35, —1.5, 2.4)

and let User 4 moves within Cell 2. Fig. 4 shows the lower bound maximum sum-rate perform-
ances of the considered schemes in accordance with User 4’s position. The transmitted LED
array power Py is set to 35 dBm. The X-Y sweep resolution is 0.2(m) x 0.2(m). As clearly seen
from the figure, the per-cell coordinated precoding suffers from poor performance especially
when User 4 is in cell-edge area, i.e., the inter-cell interference area. On the other hand, the
coordinated and partial cooperative schemes generally perform well as the inter-cell interference
is effectively eliminated. Moreover, we also observe that the partial cooperative precoding offer
a slightly better performance than the coordinated one does, especially when User 4 is close
to either User 2 or User 3. That is because when users are close to each other, their channels
become more correlated. The partial cooperative precoding with data sharing helps to improve
users’ received signal quality, thus reduce the impact of channel correlation.

Next, we present the averaged maximum sum-rate performance versus the average LED array
transmitted power for the considered cooperative schemes with different numbers of users. All the

results are obtained through 10,000 different channel realizations, i.e., 10,000 different positions
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Figure 4: Maximum sum-rate distribution for different cooperative schemes.

of users uniformly located in their cell. First, we examine the case of having 4 users in total
which corresponds to two different configurations: 2-by-2 (2 users in each cell) and 1-by-3 (1
users in the first cell and 3 users in the second cell). Figures 9 and 6 show the two cases of 2-
by-2 and 1-by-3, respectively. The average LED array power ranges from 20 to 40 dBm, which
corresponds from (0.1 to 10Watt. In both cases of user configuration, we observe significant
performance improvements of the coordinated and partial cooperative precoding schemes over
the per-cell coordinated one. Additionally, as the inter-cell interference is proportional to the
LED transmitted power, these improvements increase in accordance with an increase in the LED
transmitted power as well. Particularly, for both configuration at 40 dBm transmitted power,
the performance gains of the coordinated and partial cooperative schemes are 5 and 6.2 nats,

respectively. It is interesting to note that the partial cooperative precoding does not outperform the
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Figure 5: Average maximum sum-rate versus average LED array transmitted power: 2-by-2.
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Figure 6: Average maximum sum-rate versus average LED array transmitted power:1-by-3.

coordinated scheme much, thus revealing that cell coordination without data sharing is sufficient
enough to reduce the impact of inter-cell interference. Additionally, it is seen that the overall
performance of the 2-by-2 configuration is slightly better than the 1-by-3 one. That is because
with a relatively small number of LED arrays per cell, i.e., 4, the performance loss, on average,

due to channel correlation in the 3-user-cell over the 2-user-cell is higher than that of 2-user-cell



23

30 T T
—&— Per-cell Coordinated Precoding - Lower Boun:
—O~ Per-cell Coordinated Precoding - Upper Bound
—©— Coordinated Precoding - Lower Bound

—O~ Coordinated Precoding - Upper Bound

—O— Partial Cooperative Precoding - Lower Bound
—O~ Partial Cooperative Precoding - Upper Bound

N
(6]
T

-t N
(6] o

Maximum Sum-rate (nats/s/Hz)
IS

&)
Prose

0 | | |
20 25 30 35 40

Average Transmitted LED Array Power (dBm)

Figure 7: Average maximum sum-rate versus average LED array transmitted power: 3-by-3.

30 T T
—&— Per-cell Coordinated Precoding - Lower Boun:
—0 Per-cell Coordinated Precoding - Upper Bound
—&— Coordinated Precoding - Lower Bound g
[ |—0O- Coordinated Precoding - Upper Bound

—O— Partial Cooperative Precoding - Lower Bound
—O~ Partial Cooperative Precoding - Upper Bound

N
(6]

N
o

—_
(&3]

—_
o

Maximum Sum-rate (nats/s/Hz)

0 | | |
20 25 30 35 40

Average Transmitted LED Array Power (dBm)

Figure 8: Average maximum sum-rate versus average LED array transmitted power: 2-by-4.

over the 1-user-cell.

In the case of more users per cell, Figs. 10 and 8 illustrate performances of 3-by-3 and 2-
by-4 configurations, respectively. Compared to from the previous scenarios, the improvements
of the coordinated precoding and partial cooperative precoding over the per-cell coordinated

scheme are lower. At 40 dBm transmitted power, these improvements are 2.5, 4.2 nat in the
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Figure 10: Convergence behavior of Algorithm 1: 3-by-3.

3-by-3 configuration and 3.3, 5.6 nat in the 2-by-4 one. Even at lower transmitted power, we
observe that the per-cell coordinated scheme performs better than the two coordinated/cooperative
schemes. The reason is when more users are involved in the coordinated/cooperative precoder
designs (the number of uses per cell is large compared to the number of LED arrays per
cell), the impact of channel correlation gets larger, i.e., there are less dimensions available

for interference cancelation. Therefore, when the transmitted power is low the impact of the the
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inter-cell interference, which is weak, is not as high as that of the channel correlation.

In Figs. 9 and 10, the convergence behaviors of Algorithm 1 for 2-by-2 and 3-by-3 scenarios
are presented, respectively. The average LED array transmit power is set to 35 dBm. It should be
noted that Algorithm 1 involves two iterative procedures, namely: an inner iterative loop to solve
P2 using CCCP and an outer iterative loop of the algorithm itself. In both cases, it is observed
that at a target convergence error (i.e., convergence of the users’ sum-rate) €convergence = 1073,
the algorithm requires on average 5 inner and 2 outer iterations, thus 10 iterations in total. As
the speed of user’s movement is typically slow in indoor scenarios, this low complexity of the

algorithm confirms its practicality in case of time-varying VLC channels .

VI. CONCLUSIONS

In this paper, we have investigated several strategies of cell coordination/cooperation for a
multi-user multi-cell CoMP VLC network. The optimal ZF precoder was designed to maximize
the achievable sum-rate of users for each strategy. Numerical results showed that the partial
cooperative precoding scheme, due to data sharing among cells, generally achieved the best
performance while the coordinated precoding with less signal processing overhead also performed
relative well. Interestingly, in the case when the number of users per cell is large compared to
the number of LED arrays, the coordinated and partial cooperative precoding did not outperform
much the per-cell coordinated precoding which even obtained better performance at lower

transmitted power region.
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