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ABSTRACT Visible Light Communication (VLC) is a promising solution to meet the ever increasing
demand for indoor data connectivity with high bit rates. VLC uses the license-free bands and provides
high-speed connections unlike RF wireless communication. However; indoor VLC suffers from performance
degradation due to either co-channel interference (CCI) or inter-symbol interference (ISI). In this paper,
an interference management scheme is proposed for VLC Multi-Input Multi-Output (MIMO) based systems.
The scheme reduces the number of interfered signals by using a constrained field-of-view angular diversity
receiver CFOV-ADR and then uses least-square (LS) channel estimation with maximum-likelihood (ML)
equalizer to resolve the interfered signals. The proposed interference mitigation scheme using constrained-
FOV-ADR with channel estimation IM-CFOV-CE enables frequency reuse of one. The bit-error-rate (BER)
is calculated at various room positions with different receiver’s heights and rotation angles. The performance
evaluation results reveal that the proposed system can achieve a higher number of downlink channels and
superior BER performance than that of without CCI management. Also, the proposed scheme has been
compared with Time Division Multiple Access (TDMA) technique, and achieves enhanced performance at
all positions and orientations of the ADR.

INDEX TERMS Angular diversity receiver (ADR), co-channel interference (CCI), interference mitigation,

visible light communication (VLC).

I. INTRODUCTION

Communication revolution era with the explosive growth
of broadband applications, Internet services, and the rapid
increase of consumer demands for seamless mobile data
connectivity, given that the majority of wireless data traffic
is generated indoors, service providers are constantly look-
ing for innovative solutions to provide robust indoor wire-
less coverage [1]. Visible light communication VLC, in the
380-780 nm wavelength using light-emitting diodes, has
recently emerged as a promising solution to support and
complement indoor RF communication systems, due to its
capability to overcome the currently witnessed scarcity of the
radio spectrum resources. VLC has many advantages over
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traditional RF communications. It is license-free with huge
optical bandwidth, uses existing lighting infrastructure,
has no electromagnetic interference (EMI) and has no
interference from adjacent rooms [2]. On the other side,
VLC suffers from many challenges like short coverage, field
of view (FOV) alignment, up-link realizations, and dimming.
Also, non-line-of-sight (NLOS) propagation which comes
from multi-path reflections, can result in severe Inter-Symbol
Interference (ISI), especially for signals with high data rates.
Additionally, LEDs have limited transmission bandwidth
about (30-50 MHz) and it is vital to reuse the optical fre-
quency by neighbor LEDs to achieve higher capacities and
data rates. This, in turn, results in Co-Channel Interfer-
ence (CCI) between neighbors transmitters.

In VLC system, MIMO techniques can be used to over-
come CCI problems. Practically, this can be realized by
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using the existing multiple illumination LEDs. However;
the de-correlation of highly correlated MIMO-VLC chan-
nel matrix becomes the bottleneck [3], [4]. Recently, many
schemes have been proposed for reducing channel corre-
lation using different receivers. In [5]-[7], imaging and
non-imaging receivers were used to reduce the channel cor-
relation. Imaging receiver gives better performance than that
of non-imaging one but at much higher complexity and
extra optics. In [8], Angle-aided Mirror Diversity (AMDR)
uses mirror placement and variation of the rotation angle of
the photo-detector (PD) to reduce the channel correlation.
ADR which contains multiple PDs distributed with differ-
ent inclination angles to limit the range of captured rays
was addressed in [9]-[14]. ADR is used to reduce chan-
nel correlation in MIMO systems, improve the coverage of
optical wireless systems, increase signal-to-interference-ratio
(SINR) and system throughput. Also, the FOV of the ADR
can be adjusted to eliminate the CCI and reduce ISI by
receiving a maximum of one LOS signal on each PD [15].
Clearly, ADR has a compact receiver size and it does not
require hardware adjustment to enable receiver’s mobility in
contrast to other designs.

In downlink VLC system, MIMO techniques can imple-
ment parallel data transmission or spatial multiplexing to
achieve lower channels correlation. A precoded MIMO is
designed to decode independent streams that are transmitted
simultaneously from different transmitters [16]. Although
this technique achieves high spectral efficiency, it has high
implementation complexity especially when a large number
of LEDs are installed. In [4], [10], [11], [17] a comparison
between Repetition Coding (RC), Spatial Modulation (SM),
Spatial Multiplexing (SMP) was done. In RC, all transmitters
simultaneously emit the same signal. In SM, only one trans-
mitter is active for any symbol duration as a transmitter is
only activated when the random spatial symbol to be trans-
mitted matches the transmitter index. In SMP, independent
data streams are sent simultaneously from all transmitters
using the same optical frequency band. Clearly, SM gives
better spectral efficiency than that of RC and it is more robust
to high channel correlation compared to SMP. Obviously,
SMP gives the maximum spectral efficiency but it requires
perfect channel estimation to overcome the problem of CCI.
However, the optical MIMO channel matrix was assumed to
be perfectly known in most of the carried studies [4], [9]-[11],
[14], [16], [17].

In this paper, CCI is mitigated in SMP based MIMO-VLC
downlink channels by proposing efficient channel estimation
scheme. The scheme relies on limiting the number of inter-
fered LOS signals by implementing an upper bound on FOV
of ADR’s PDs. Also, the scheme exploits the reception of well
known periodical pilot signals to achieve accurate estimation.
Generally, two techniques are commonly used for channel
estimation which are Least Square Error (LS) and Minimum-
Mean-Square-Error (MMSE). In this paper, the LS is used as
MMSE is more complex and it requires noise distribution to
be known at the receiver [15], [18].
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After estimating MIMO channel gains, an equalizer is
used to decode the received signal. A comparison between
Zero-Forcing (ZF), Zero-Forcing with Successive Inter-
ference Cancellation (ZF-SIC), and MMSE-SIC equaliz-
ers were done in [19]. In [20], ZF is compared with
Maximum-Likelihood equalizer (ML). ML is the optimum
detection method compared to ZF which amplifies the system
noise. However, ML complexity grows exponentially with the
order of modulation. In this paper, LS and ML schemes are
used for channel estimation and signal detection, respectively.

Based on the above discussion, we outline the contributions
of this paper are as follows:

« Increasing the overall capacity of the downlink VLC net-
work by reallocating the same optical spectrum among
neighboring transmitters (SMP MIMO with a frequency
reuse factor of one) in contrast to the existing MIMO and
multiplexing techniques.

o Constraining FOV of an ADR to manage CCI and
reduce the correlation between MIMO channels. The
FOV value is calculated under the condition that ADR
receives a limited number of LOS signals at all positions
and orientations.

« Proposing efficient and real-time channel estimation and
decoding schemes with ultimately low computational
complexities.

o The proposed interference mitigation scheme can func-
tion with any arbitrary layout of LED transmitters in
contrast to most of the existing MIMO schemes that
operate with predefined distributions.

o The proposed scheme considers the effect of non-
synchronized transmitters, i.e. the transmitting signals
from different LEDs are assumed to have random circuit
and switching delays.

o Guaranteeing user connectivity, and maximizing the
number of downlink channels received by each user at all
positions and orientations. This enables full user mobil-
ity and facilities handover between different LEDs.

This paper is organized as follows, Section II describes the
ADR channel in the VLC model. Section III describes
the proposed CCI management scheme. Section IV presents
the performance evaluation results. Finally, section V is
for the conclusion.

The notation (.)T, ®, and ||.| denote transpose, convolu-
tion, and the norm, respectively.

Il. VLC SYSTEM MODEL

Intensity modulation and direct detection are the simplest
and most commonly used modulation and demodulation tech-
nique used in VLC system. As shown in Fig. 1, a stream of
binary data is modulated with On-Off-Keying in the electrical
domain, then it is converted to an optical signal using LED.
The optical signal propagates through the channel and is
received by a photo-detector (PD). The PD converts optical
signal to an appropriate electric current. The generated cur-
rent is amplified and equalized, then demodulated to recover
the transmitted signal. In VLC system, many LED bulbs are
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FIGURE 1. Illustration of the proposed VLC system.

installed in the room to produce sufficient illumination levels.
Practically, a LED is modeled by a generalized Lambertian
radiant intensity [21]:

m+ 1
R(¢) = ——Pscos"(9), ey
2
where ¢ is the angle of emission relative to the optical axis
of the LED; m is the order of Lambertian emission given
—1In2

bym = 2
In(cos(P1,2))

power).

and @1/, is semi half-angle (at half

A. MIMO VLC CHANNEL MODEL
The proposed optical MIMO system has N; LEDs and ADR
with N, PDs, as shown in Fig. 2. The transmitted data are
carried out through two types of VLC links. One is Line-
of-sight (LOS) from point-to-point, and the other is Non-
line-of-sight (NLOS) due to reflections [21], [22]. In most
recent papers, the LOS link is only considered since it is
usually much stronger than the NLOS link [4], [9], [14], [16].
However, the NLOS propagation is considered in evaluating
the performance of the proposed scheme.

For a VLC MIMO system, the LOS channel response
from the transmitted LED j € {1,2,...,N;} tothe PD i €
{1,2,..., N} can be modeled by [21], [22]:

(m+ DAy
Td; cos" (D) cos(Oy))
RS (1) = d;j 2
7O = o - %, oy<v
c
0, @ij > 10

where Ay is the photo-detector active area, @;; is the angle
of irradiance at LED transmitter j with respect to PD i,
©; is the incident angle at PD i with respect to LED transmit-
ter j, d;j is the distance from the LED j to the PD i, v is the
photo-detector FOV, and c is the speed of light in free space
as indicated in Fig. 3a.

On the other hand, the NLOS channel model caused by
light reflections is calculated by dividing the room’s walls
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FIGURE 2. MIMO VLC system.

into small reflecting elements K with reflection coefficient p
and area AA, as shown in Fig. 3b. Each element k is
treated as a small LED transmitter that emits the light to
the PD i in Lambertian pattern of an attenuated version of
the received signals. Without loss of generality, only the
first order reflection is considered in the calculations as the
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FIGURE 3. Downlink VLC channel Model (a) LOS (b) NLOS.

higher order reflections have much less power and can be
neglected [21], [22]. The NLOS channel response from the
transmitted LED j to the PD i can be modeled by [21], [22]:

I
hi}/ OS(I)
K
DAz AA
Z w cos™ (@) cos(jk)
P 2m2dgdy
= ki
= dix + dix 3
x cos(Bix) cos(Ojx )3 (1 — ‘T), O <V
0, Ox>y

where dji is the distance from the LED j € (1,2,..., N/}
to the center of reflection point k € {1,2,...,K}, K is the
total number of the wall elements, ®j; is the angle of irradi-
ance at LED transmitter j with respect to reflecting point k,
ajc is the angle of incidence at reflecting element k with
respect to LED transmitter j, dj is the distance from the
center of reflection point k tothe PD i € {1, 2, ..., N,}, Bix is
the irradiance angle at reflecting element k& with respect to PD
i, and Oy is the incidence angle at PD i relative to reflecting
element k. Finally, the generated photo-currents y(z) = [y1(¢);
2(t);. .. ;yn, ()] for all PDs are given by [23]:

y(t) = RH (1) ® x(1) + n(1), “

where R is the PD responsivity, x(t) = [x1(¢); x2(¢);. . . ;xn, ()]
is the optical intensity modulated signal vector of all trans-
mitters, n(t) = [n1(t); na(1);...;nn, ()] is Additive White
Gaussian Noise (AWGN) added to the system with zero
mean, and variance anzzat%l —l—oszhm, where at%l is thermal noise
that results from receiver electronics, and oszh ¢ 1s the shot
noise that results from received ambient light [24], H(z) is
N, x Ny matrix summarized by the impulse responses between

all transmitters and PDs as:-

hi1(t) hin, (1)

H(r) = &)

hn,1(1) hn,N, (1)

where h;;(¢) is the sum of LOS and NLOS channel gain
between the j# LED and i PD and is defined by:

hij(t) = B (1) + hy (@), (6)
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(a)

FIGURE 4. (a) The top view of a ADR receiver for Ny = 4 at yg = 0. (b) The
proposed receiver with 4 PDs and their normal vectors.

The output current at each PD i is calculated as:

N;
Yilt) = R hyi(t) ® x;(1) + n(t).
Jj=1

N
=R (W& + By (1)) @ xi(t) + (). (7)
j=1

B. ADR RECEIVER DESCRIPTION
In the considered VLC MIMO system, ADR with N, PDs is
used to construct the multiple outputs. The PDs are arranged
uniformly on a circle with radius » on a small horizontal
plane as shown in Fig. 4a to form an ADR. The main idea
of the ADR design is to vary the normal vector of each PD
such that the incident angles from the same LED are differ-
ent. Obviously, there are many ways for arranging the PDs,
which change the orientation of normal vectors. In this paper,
the pyramid shape is considered for the proposed scheme.
Also, as the ADR has a small size, the distance between the
same LED and all PDs are assumed nearly the same. The
ADR parameters can be summarized by [9], [25], [26]:

e For 1 <i < N,, the coordinates of PD i in the pyramid

receiver (PR) are given by:

(XED» y;)D’ Z;’D)
2i— ) C2i—
= (x, + ros = yr + rsin——- ——, 7)),

®)

where (x,,y,,z) are the coordinates of the center of
the PD body and they can be varied by x, € [0, L],
vr € [0, Lyl and z, € [0, L;], where Ly, Ly and L, are the
length, width, and height of the room, respectively.

« The elevation angle, the angle from positive z-axis due
to the vertical rotation, can be varied in the range [0, 7 ].
Hence, the total resulting elevation angle of i PD
8}D can be expressed as 8;,D=5r + 84y € [0, ], i €
{1, ..., N} where &, is the tilt angle of N, PDs.

o The Azimuth angle of PD i (the angle from the positive
Xx-axis) is given by:

Vep = —— T W& ©))
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where, yr € [0, 2n] is the whole receiver horizontal
orientations angle.

o The coordinates (x, y, z) of normal vector n; associated
with PD i can be calculated from the elevation and
azimuth angle by [25]:

cos(y,) sin(85p)
ni = | sin(y})sin(8pp) | - (10)
cos(S;,D)
The LOS and NLOS channel impulse response for the
link between the LED j and the PD i can be calculated
from (2) (3), respectively.

Ill. PROPOSED INTERFERENCE MITIGATION SCHEME
BASED ON CONSTRAINED FOV WITH CHANNEL
ESTIMATION
The objective here is to increase the VLC’s downlink capacity
by allocating the whole optical bandwidth to each trans-
mitted LED, i.e. frequency reuse of one. However, in this
approach, the transmitted signals from neighbor LEDs can
result in severe CCI unless an efficient interference manage-
ment scheme is adapted to recover the interfered signals.
Towards that the number of interfered LOS signals on the
ADR is limited by reducing the FOV angle of the PDs at
all positions and orientations. The proposed ADR is called
a Constrained-FOV-ADR (CFOV-ADR) in which the FOV
angle is optimized so that the ADR receives a maximum of N,
LOS signals from N; LEDs at all positions and orientations.
After limiting the number of interfered signals, an efficient
channel estimation scheme is proposed based on pilot trans-
mission and least square (LS) method optimization. Finally,
Maximum-Likelihood (ML) detection is used to resolve the
interfered data streams while reducing their bit-error-rates
(BER). Hence, the proposed scheme is called interference
mitigation based on constrained FOV with channel estimation
IM-CFOV-CE scheme.

A. CONSTRAINED FOV-ADR

The PDs of constrained FOV-ADR have FOV angle that
limits the number of interfered LOS signals and reduces
the effect of ISI. However, to realize channel estimation,
the number of receiving antennas must be larger than or equal
to the number of transmitters so that the channel gain matrix
is not rank deficient [27]. Therefore, to estimate the LOS
channel gains between different V; transmitting LEDs and N,
PDs, the number of LOS signal received on these PDs Ny,
has to be less than or equal to N,, i.e. N, > Njy. In other
words, the CCI could be efficiently mitigated and resolved if
the number of LOS interfered signals is less than or equal to
the number of used PDs. To satisfy this important condition,
the FOV angle i (constant for all PDs) is optimized to get
the optimum field of view angle v, (maximum value) which
limits the number of received LOS signals Ny, at all positions
and orientations to N, signals. However, to ensure proper
operation of CFOV-ADR, we assume that the receiver has
a gravity adjustment mechanism, so it would always point
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upwards with §, = 0°. Generally, for VLC system consists
of N; LEDs and N, PDs, the N, x N; LOS channel gain matrix
between all LED transmitters and PDs is given by:

Hios

hllols(-xra yra Zra )’r’ 1//) hll(;@t(xr’ yr’ Zr’ yr’ w)

El

RS (s Y 2 Vs W) o B (o Y 20 s )

(1D
where hf/’.’s(x,, Yr» Zr» Yr, ¥) represents the LOS channel gain
between the LED j and PD i at the ADR position, orientation
and FOV angle. Furthermore, an indicator /; is used to show
that the ADR receives a LOS signal from LED number j at

each position, orientation and FOV angle (x,, y», zr, ¥», ¥)
as:

Ij(xr,)’ryzr’ Vrs ¥)
N,

0, if th]qs(xr, Yro 2 Ve W) =0,
i=1
Vie{l,2,...,N:}.

Lo i) e, i 2, ven ¥) 2 0,
i=1

Vie(l,2,....N).

Then, the number of LOS received signals Ny, at each (x;,
Yr, Zrs Vr» W) is calculated as:

Nl()S(xrv )’ra Zr, ]/r, w)

N
£ le(xr, Vrs Zrs Vrs W),

Jj=1
S~t'05xr§L)mO§yr§Ly, OSZrSLZ,
T
yr€10,27], ¢ €0, E]' (13)

Although decreasing the value of the FOV angle reduces the
number of received LOS signals, it decreases their received
powers and associated signal to noise ratios. Therefore, there
is an optimal FOV angle v,,, which is the maximum FOV
angle that limits the number of received LOS signals at all
positions and orientations to N, as:

I/fopl =

max v,
XrsYrsZrsVr

S.t. Nios(Xr, Yrs Zrs Vs ) < Ny (14)

Clearly, if v is higher than v,,,, the ADR will receive from
more than N, transmitters at some positions or orientations.
In this situation, the channel gain matrix becomes rank defi-
cient and its estimation will not be accurate. Consequently,
the interfered signals will not be efficiently resolved, and
CCI could not be mitigated. On the other side, if ¥ is less
than /., the LOS channel gains will be decreased resulting
in lower signal-to-noise (SNR) ratios and system capacity.
Practically, it is not possible to obtain one optimal FOV
value that operates efficiently for several LED layouts.
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This is because using fixed FOV angle value, the layouts with
optimal FOV greater than this value will face a reduction in
received SNRs and even having cut-off LOS links at some
positions and orientations, while layouts with optimal FOV
greater than this value will suffer from unresolved CCI. Thus,
no sign for statistical averaging could be realized for all LED
layouts. Therefore, we proposed to use an ADR with an adap-
tive FOV angle for its PDs. In this way, the designed ADR
with an adaptive FOV angle is flexible and the performance
could be enhanced for any LED layout.

Generally, the value of v, depends on both the room
geometry and the LEDs layout. Obviously, it is hard to obtain
a closed form for ), and instead, an exhaustive search is
used to compute it offline. The computed value is stored at
the transmitter’s controller which sends it periodically in the
downlink transmission. The existing ADRs use the received
value to adjust the FOV angle of their PDs. This could
be practically realized using mechanical iris, liquid crystal
micro-lenses, micro-electronic-mechanical systems (MEMS)
and adaptive optics [28]-[32].

After determination of v, which limits the number of
received LOS signals to a maximum of N, signals at all
positions and orientations, the room with N; LEDs is divided
into L disjoint regions. In each region, the ADR receives LOS
signals from certain N, LEDs only. For each region [, [ €
{1,2,...,L}, the associated N, LED indices are summarized
in set A;. Hence, all possible (non-repeated) combinations of
received LED indices at all positions and orientations can be
represented as a set of sets:

A=1{AL Ay .. AL ...
stA; ¢ (A—A)),

VALY,
le{l,2,...,L}. (15)

where L is the total number of possible non-repeated
sets of received indices at all positions and orientations
and it depends on room geometry and LED distributions.
Clearly, at each position and orientation (x,,y,, Zr, ¥r)s
the indices of received N, LOS signals are summarized in set
A(xr, yr, zr, vr) € A

Example 1: From the simulation of VLC downlink channel
with 4 PDs ADR, indicated in Fig. 2, the optimal FOV
angle ¥,p; = 31° and the channel gain matrix at position
(2.5, 4, 0.8) with y, = 0° is given by:

Hjps = 1.0e — 05

0 O 0 0 0 0 0 O

. 0 0 04584 0 0 0 0 O

0 O 0 0 0 0 0 O

0 0 0 04584 0 0 O O
(16)

The ADR receives a LOS signal from LEDs 3 and 4 only
because the other LEDs are out of the ADR’s FOV. It is
worth noting that LEDs 1, 2,5 and 6 have equal distances
and directions to the ADR and v, is selected to prevent the
reception of these interfered signals. Also, at any position and
orientation, the ADR can receive LOS signals from one of
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the following sets: A1 = (1,2,3,4),A, = (2,3,4,6) and
Az =(1,3,4,5).

Example 2: From the simulation of VLC downlink chan-
nel, indicated in Fig. 2, The channel gain matrix for an ADR
at position (2.5, 2.5, 0.8) with y, = 0° and ¥y, = 31°is
given by:

Hjps = 1.0e — 05

0 0 02311 02292 0 0 0 O
0.2292 0 0.2311 0 0000
0.2292 0.2231 O 0 0000O

0 02231 0 022920000

7)

The indices set A(2.5,2.5,0.8,0°) = A; = {1,2,3,4}
and the ADR receives four LOS signals from LEDs 1, 2, 3
and 4. The other LEDs 5, 6, 7 and 8 are out of ADR’s FOV.
Furthermore, each PD receives two interfered LOS signals
with nearly the same channel gain values. To resolve the
CCI and recover the interfered signals, channel estimation
is required to predict the channel gains associated with
these signals. However, before estimating the channel gains,
the indices of N, transmitters (out of N;) associated with
the received LOS signals have to be determined first. More-
over, the estimated channel gains are used by a maximum-
likelihood equalizer to decode the interfered signals. Obvi-
ously, increasing the number of decoded LOS signals for
some users can easily duplicate their downlink channel
capacities.

B. TRANSMITTERS DETERMINATION

Using proposed CFOV-ADR, the number of interfered LOS
signals on ADR is less than or equal to the number of PDs
N, . Clearly, to resolve these interfered signals, their channel
gains have to be first predicted using estimation techniques.
In most studies, the optical MIMO VLC channel matrix was
assumed to be perfectly known [4], [9]-[11], [14], [16], [17].
However; perfect channel estimation is not always available
due to the nature of optical wireless channels. In the proposed
IM-CFOV-CE scheme, before making the channel estima-
tion, the N, transmitters associated with received N, signals
have to be first determined. In other words, at each position
and orientation (x,, y,, Zr, ¥r), the indices of received N,
LOS signals summarized in A(x,, yr, zr, ¥r) are first deter-
mined. Toward determination of associated N, transmitters
at each position and orientation of the ADR, different well
known N; pilot signals are periodically transmitted from
different transmitters. In other words, each LED transmits
periodical unique well-known pilot pattern. Clearly, training
sequence (TS) based channel estimation is one of the best
known techniques. It works by sending different pilot signals
from different LEDs [15]. OOK pilot training modulated
sequence vector P/(t) = [Py(t), Pa(t), ..., P,(®)], is peri-
odically sent from LED j € {1,2,...,N;} with length of
q bits. These pilots are used to cope with any channel vari-
ations or user movement. Generally, VLC channel faces slow
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variations. Therefore, resending period must not be short and
small transmission overhead is generated. Also, small circuit
switching delays are assumed between the transmitted pilot
signals. The received signal for these pilots at PD i is given
as:
J=N;
Sir) = Z hi(t) ® P(t), Vi€ {1,2,...,N;}, (18)
j=1
where, ;;(t) is the channel gain between LED j and PD i. The
received signals from N, PDs can be represented by the N, x g
matrix S = [S1(1), S%(2), ..., SN (1)]T. At the receiver side,
perfect clock recovery is assumed to estimate delays between
the received patterns. For each set of LEDs indices A;, [ €
{1,2,..., L}, an estimated pilot pattern N, X g matrix Stis
generated with the estimated delays as:

St=[P1)],befA)}, 1e{l,2,...,L}. (19)

In order to determine the LEDs indices from which the ADR
receives LOS signals, correlation is used. Specifically, for
each set of possible LEDs indices A;, the correlation coef-
ficient C; is measured between the generated pilot patterns
matrix S' and the received signal matrix S. The correlation
coefficient measures the strength and direction of a linear
relationship between two matrices [33]. The value of C; lies
between [1, —1] and is calculated as [33], [34]:

N, g N
Z Z(Smn - Ms)(S,lnn - Hgl)

Cl _ m=1n=1 ’ (20)
Nr q Nr q A
\/( Z Z (Spn — ,ux)z)( Z Z (S,lnn - MS*I)Z)
m=1n=1 m=1 n=1

where S,,, and S’,Znn are the elements of matrices S and S/,
respectively. Also, s and g, are the means of these matrices,
respectively. Clearly, the set A+ with the maximum | C; |
is selected to give the indices of N, LEDs from which the
ADR receives LOS signals. The index of selected set [* can
be obtained by:

S =argmax | C;|, Vle{l,2,....L}. (21)
St

The selected set of LEDs indices A+ is then used in channel
estimation to determine the channel gains associated with
these LEDs.

C. CHANNEL ESTIMATION

Two common methods are extensively used for channel esti-
mation which are Least Square Error (LS) and Minimum
Mean Square Error (MMSE) methods. Generally, MMSE
achieves better performance but it requires good prior infor-
mation about the channel. Also, it depends on the channel
covariance matrix and the noise variance. Thus, suitable
schemes must be found to estimate these parameters, or even
assuming that estimates are available [15], [27], [35]. In the
proposed IM-CFOV-CE scheme, the LS method is used for
its simplicity; while MMSE can be used in future work.
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Least square Error (LS): Here, the scheme aims to find
the optimal values of channel coefficients that minimize the
square error [27]. In the proposed scheme, the sum of square
error for channel estimation is given by:

e(H) = |S—HS"|> = (S—HS")T(s—-HS"), (22)
The optimization criterion can be defined as:

His = arg min e(H), (23)

By differentiating and setting derivative to zero i.e.,

a AL .

a—H(S—HS’ Y Ss—HS") =0, (24)

The estimated channel gain matrix is then given by:
Hys = ()87 EMs, (25)

Example 3: From the simulation of VLC downlink chan-
nel, indicated in Fig. 2, the estimated channel gain matrix at
position (2.5, 2.5, 0.8), ¥,p; = 31° and azimuth angle 0° is
given by:

Hig = 1.0e — 05

0.0007 0.0006 0.2316 0.2309
0.2308 0.0008 0.2317  0.0005 26)
0.2315 0.2311  0.0006  0.0004
0.0006 0.2311 0.0006 0.2312

Comparing the estimated channel gain matrix to the exact one
given in (17), small errors less 0.1 percent occur in some
estimated LOS gains and the proposed scheme efficiently
estimates all the channel gains. After estimating the LOS
channel gain Hyg, it is exploited to resolve the interfered
signals using Maximum-Likelihood (ML) detection.

D. MAXIMUM LIKELIHOOD DETECTION

Upon getting the channel gains associated with the interfered
signal, proper channel equalization is carried to decode these
signals. Among many exiting equalization techniques, Maxi-
mum Likelihood (ML) and Zero-Forcing equalizers (ZF) are
the most common ones [36], [37]. However, ZF equalizer
amplifies system noise by multiplying it with the inverse of
the channel gain matrix. The amplification occurs for systems
with small channel gain values and this represents a major
drawback of ZF equalizer. As indicated in (17), the con-
sidered system has channel gains with small values and
ZF equalizer is not recommended in this case. There-
fore, maximum likelihood equalizer is used to decode the
interfered signals in the proposed IM-CFOV-CE scheme.
Although ML detection implies optimal detection, it requires
complex calculations.

In ML detection, each possible combination of transmit-
ted signal vector X is multiplied by the estimated channel
gain matrix I:ILS and the result is compared to the received
signal vector Y. Then, the scheme chooses the transmitted
signal X, wi that achieves the least Euclidean distance between
received and the recovered transmitted signal as [37], [38]:

Xyr, = arg min [[¥ — HisX . (27)
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Table height
a4
} Lx=5m }

FIGURE 5. Room architecture.

IV. PERFORMANCE EVALUATION

The optimization problem of constrained field of view ADR
scheme is solved, and the optimum field of view angle ¥,
is obtained for existing LED distribution. Then, the perfor-
mance of the proposed IM-CFOV-CE scheme is compared
with that of CFOV-ADR without CCI management scheme
in terms of BER. The comparison is carried at different
ADRSs’ positions, rotation angles, and heights. Clearly, for
CFOV-ADR without CCI management, the detected signal on
each PD is the one with highest received SINR while the other
signals are considered as interfered signals. The SINR in this
case is calculated from (28) as shown at the bottom of this
page [39], where IV is the desired LED for which the SINR
at PD; is calculated. Obviously, all received NLOS signals are
considered as interfered signals as they arrive with different
delays from decoded LOS signals.

A. SIMULATION PARAMETERS

The simulated room dimensions are Sm x 10m x 3m with
eight LED transmitters (N; = 8) installed at the ceiling
(z = 3m). Only half of room is considered in the simulations
due to the existing symmetry as indicated in Fig. 5. All
LEDs are pointing straight down with elevation of 180°,
and they transmit the same average optical power of Pr.
A CFOV-ADR receiver with N, = 4 PDs is used to receive
data signals from all transmitted LEDs located within ADR’s
FOV. Let the ADR height be denoted by z,-, the Azimuth angle
by v, and the elevation angle of all PDs by 8;,D. Additional
simulation parameters are given in Table 1. The performance
of the proposed IM-CFOV-CE scheme is investigated at four
different positions as indicated in Fig. 6. These positions are
the room center, the center between two LEDs, below a LED
and at room corner.

LED 4 LED 3
Position @
(2.5,2.5)
(2.5,1) (4,1)
LED 1
FIGURE 6. Different evaluation positions.
TABLE 1. Simulation parameters.
Room parameters Values
Room dimensions (L, Ly, Lz) 5m x 10m x 3m
Table height (z) 0.8m ,1.2m
Wall reflection coefficient (py,) 0.8
Reflective area of wall (AA) 1em?
Transmitters parameters Values
Number of LEDs N¢ 4
LEDs coordinates (x¢, yt) (4,1),(1,1),(4,4),(1,4)
LEDs elevation angle 180°
LEDs azimuth angle 0°
Semi half angle ®1 /2 45°
Sampling period (7’s) 0.5ns
ADR receiver parameters Values
Area of PD A 1 em?
Number of PDs N, 4
PDs Responsivity R 1A/W
PDs optimal FOV angle vop¢ 31°
Radius of receiver array (r) 0.5cm

B. OPTIMIZATION OF TILT ANGLE

Generally, the optimal FOV angle ,,; depends on aspects
and locations of LED bulbs along with the geometry
of ADRs. This is because the values of channel gains depend
on angles and distances between LEDs and ADRs as indi-
cated in equation 2. One of the main parameters of the ADR’s
geometry that affect the overall system performance is the
PDs’ tilt angle 8,;;. With each value of §;;, there is an optimal
FOV angle that satisfies the condition of equation (14) and
it is obtained using dedicated exhaustive search. However,
among all values of &, € [0, 7/2] there is an optimal tilt
angle that gives the highest performance in terms of the
average BER.

(RIS 5y yr. 210 7))

SINR;(Xr, Yr, 2ry Vr) =
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ol + Zg;D,(Rhf;S(xr, Ves 2 VD) + 0 (RIS (e v, 21, 7))

(28)
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FIGURE 7. Optimum FOV angle versus ADR's tilt angle.

1) OPTIMUM FOV ANGLE

Figure 7 shows the optimal FOV angle v, for each tilt
angle &;;. The largest FOV angle is required at &, = 0°
(horizontal PDs) because; the ADR at position 2 has to collect
LOS signals from LEDs 1 and 2. By increasing the tilt angle
from 0° to 55°, the PDs become more directed toward the
LEDs resulting in lower optimum FOV angles. However,
increasing the tilt angle over 55° requires increasing the FOV
angles again to maintain the reception of LOS signals from
the two LEDs.

2) BER PERFORMANCE

Figure 8 indicates the BER performance of the proposed
IM-CFOV-ADR scheme versus receiver’s azimuth angle y,
at different positions, heights and tilt angles. The simulated
tilt angles are 30°,45° and 60°. At the four positions and
for all values of the azimuth angle, the lowest BER occurs
with §;;; = 30°. However, for §;;; = 45° and 60°, Receiving
LOS signals occurs at some azimuth angles. This is frequently
observed with &;;; = 60° because its associated optimal FOV
angle is narrow and equal to 22°. Obviously, the optimal
tilt angle that gives the highest performance in terms of the
average BER is near 30°. Therefore, the considered tilt angle
in the rest of the simulations is &;;; = 30° with associated
Vopr = 31°.

C. NUMBER OF DOWNLINK VLC CHANNELS

The proposed receiver design ensures downlink connectivity
from different LEDs at most positions and orientations of
the receiver. This enables smoother handover and full user
mobility. Obviously, as the user moves away from the con-
nected LEDs, it becomes closer to other LEDs at which the
connections could be switched. Fig. 9 indicates the num-
ber of received LOS signals at each position in the room
for receiver height of 0.8m, rotation angle of 0°, and tilt
angle of 30°. Obviously, the proposed IM-CFOV-CE scheme
enables receiving of more than one LOS signal over most
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(d) Position 4 for Vopt, TTpower = Swatt and 6, = 0°
FIGURE 8. BER performance for different positions at different tilt angles.
positions. The green area represents the location where the
proposed scheme can resolve four downlink VLC chan-

nels (signals). The red areas indicate the location where the
scheme can resolve three signals. Moreover, the blue color
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FIGURE 9. Number of resolved LOS signals using IM-CFOV-CE scheme
through the room at Yo = 31°, yr = 0°, &4y = 30° and zr = 0.8m.
Green, red, blue and black colors indicate four, three, two and one
receiving signals, respectively.

shows the areas of receiving two downlink channels, while
the areas with one downlink channel represented by the black
color. Clearly, the proposed scheme can provide multiple
downlink channels for each user at most of the room positions
resulting in significant enhancement of downlink capacity per
user.

D. BER PERFORMANCE

The BER performance of the proposed IM-CFOV-CE scheme
is investigated at four different positions as indicated in Fig. 6.
The evaluations of BER performance at optimum tilting angle
81y = 30° with optimum FOV ,,, = 31° are considered
against average transmitted power and rotation angle y, at
various receiver heights z, in the following subsections.

1) BER PERFORMANCE VERSUS AVERAGE TRANSMITTED
POWER

Fig. 10 indicates the BER performance of the proposed
IM-CFOV-CE scheme versus the average transmitted power
at different room positions and receiver heights. The per-
formance is compared with that of CFOV-ADR without
CCI management. Generally, at all room positions the
CFOV-ADR without CCI management performs worth than
the proposed IM-CFOV-CE scheme in terms of achieved
BER. As indicated in Fig. 10 (a), it can be noticed that at
room center along with y, = 0°, the CFOV-ADR’s PDs are
approximately at the same distances and directions from the
four transmitted LEDs 1, 2, 3, and 4 which results in severe
CCI. For CFOV-ADR without CCI management, the BER is
high and approximately the same for the two heights. This
is because the interfered signals and the main signal have
equal channel gains. In other words; CFOV-ADR has low
SINR at this position. However, the BER performance of
IM-CFOV-CE scheme is better, and these four interfered
signals are detected with the same BERs. Additionally, at
position 2 with y, = 0° as shown in Figure 10 (b), the BER
is the same for the two schemes. This is because one of
the four PDs receives one LOS signal from LED 1 and
another PD receives one LOS signal from LED 2. The other
two PDs do not receive any LOS signals as their FOVs
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FIGURE 10. BER performance at different receiver positions and heights.

are constrained with condition of (14). In other words, no
co-channel interference occurs at this position and orienta-
tion. Hence, both actual and estimated channel gains have a
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slight difference resulting in near the same performance for
both schemes. Moreover, at low transmitted powers, rising up
the receiver increases the amount of received power resulting
in less BER. However, at high transmitted power, increasing
the receiver height has a negligible effect on the obtained BER
because the received power becomes much larger than the
system noise. For positions 3, and 4 with y, = 0° as shown
in Fig. 10 (c, d), the BER associated with nearest LED is
lower than the BERs of other received LEDs. However, using
proposed IM-CFOV-CE scheme, the BERs of other received
LEDs decrease significantly by increasing the amount of
transmitted power. Also, at position 3 the BER associated
with LED 1 is the same for the two schemes because the ADR
lies under the LED and high SINR is received at this position.
However, using IM-CFOV-CE scheme, the interfered signals
from LEDs 2 and 3 could be effectively detected. At position
4, the proposed IM-CFOV-CE scheme achieves lower BER
for LED 2 than that of CFOV-ADR without IM due to the
generated interferences from LEDs 1 and 4. Additionally,
it’s noticed that for position 2, 3, 4 by increasing the receiver
height, the BER of the nearest LED decreased while the BERs
of other LEDs increased. Clearly, decreasing receiver height
will decrease the distance between the ADR and nearest LED
which in turn increases the channel gain according to (2).
Furthermore, increasing the receiver height will decrease the
viewing angles between the ADR and far LEDs which in turn
decreases their channel gains. However, for position 1 (center
of the room), all LEDs have equal distances to the ADR and
the channel gains are decreased by increasing the receiver
height. This occurs because the decreasing of viewing angles
between the ADR and all LEDs. Clearly, using proposed
IM-CFOV-CE scheme, the number of received downlink
channels could be significantly increased at most of room
positions. Precisely, at positions 3 and 4, the proposed scheme
enables the receiving from three different LEDs while the
CFOV-ADR without IM can decode only one LOS signal.
Moreover, IM-CFOV-CE scheme helps in increasing VLC
downlink channel capacity with acceptable BER at position 1
where the most CCI occurs.

2) BER PERFORMANCE VERSUS ADR ROTATION

Here, the BER is calculated for the mentioned positions at
different orientation angles y, from zero to 90° as the per-
formance is repeated every 90°. Moreover, a performance
symmetry exists around y, = 45°. Fig. 11 shows BER
performance versus rotation angle y, at different heights z,
and fixed transmitted power Txpoer = 5 watt and fixed
tilting angle 8;; = 30°. For position 1 at receiver height
of 1.2 m as indicated in Fig. 11 (a), the lowest and highest
BER values are 107 and 10~* which occur at y, = 45°
and y, = 0°, respectively. Clearly, at y, = 45°, each
PD receives only one LOS signal without CCI resulting
in the lowest BER value and maximum number of estab-
lished downlink channels. Also, at this rotation angle both
IM-CFOV-CE and CFOV-ADR without IM schemes achieve
the same performance. Moreover, for y, = 4° to 10°, the BER
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FIGURE 11. BER performance for different positions at different rotation
angles.

of IM-CFOV-CE scheme decreases by increasing the receiver
height due to deceasing FOV angles for interfered signals.
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However, out of this range, the interfered signals become out
of ADR’s FOV and increasing receiver height decreases the
LOS channel gains and consequently increases BER.

Generally, the PDs’ FOV is optimized so that the ADR
doesn’t receive from more than N, LEDs at any rotation
angles. Hence, as shown in Fig. 11 (b) for position 2 and
at any rotation angle, the BER is same for the two schemes
because at this position the ADR receives LOS signals from
LEDs 1 and 2 only without CCI. Also, it is worth noting that
the BER is increased from y, = 0° to y, = 30°, because the
channel gains decrease. Then the BER is decreased from y, =
30° to y, = 45°, and the BER reach its minimum (maximum
channel gains) at y, = 45°. Moreover, increasing receiver
height leads to increase the channel gains and decrease
the BER.

Additionally, at positions 3 and 4 as shown in Figs. 11
(¢ and d), the BER of the nearest LED is the same for the
two schemes and it decreases by increasing rotation angle y;
from 0° to 45°. In contrast, using proposed IM-CFOV-CE
scheme, the ADR can resolve the interfered LOS signals
from other two LEDs with low BERs specially at rotation
angles less than 30°. Also, at these positions, increasing ADR
height increases the channel gains for the nearest LEDs while
decreasing the gains for far ones.

In summary, the proposed IM-CFOV-CE scheme enable
efficient decoding of interfered LOS signals at most positions
and orientations of the ADR which significantly increases the
downlink capacity for each user and facilities the handover
and user mobility in VLC systems.

E. COMPARISON WITH TIME DIVISION MULTIPLE ACCESS
(TDMA)
Time division multiple access TDMA and frequency division
multiple access FDMA are the most common channeliza-
tion techniques that could be used to solve CCI problems.
Generally, FDMA is realized in downlink VLC channel by
assigning different wavelengths to adjacent LED transmitters
and then use optical filter at the receiver side to separate the
received wavelengths. While in TDMA, different operating
time slots are assigned to adjacent LEDs to avoid the CCL.
In this subsection, a performance comparison between the
proposed IM-CFOV-ADR scheme and TDMA is performed
and a similar one could be carried for FDMA case.
Generally, to keep a constant illumination level in the
room, each LED has to transmit the same average optical
power in the two schemes. This means that in TDMA scheme
and during each operating slot, one LED transmits data while
its adjacent LEDs transmit DC light. In the case of IM-CFOV-
ADR system, all LEDs are sending data simultaneously, and
the transmitted power is used for both data and illumination.
However, to fairly compare the performance, in terms of
the BER, of the proposed IM-CFOV-ADR scheme to that
of TDMA scheme at position 1 in the simulated system,
the received data rates have to be the same for both schemes.
Clearly, at this position the IM-CFOV-ADR scheme can
resolve the interference of four different data streams from
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FIGURE 12. Comparison between IM-CFOV-ADR and TDMA schemes.
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FIGURE 13. BER Comparison between IM-CFOV-ADR and TDMA at
position 1.

four transmitters. Hence, each transmitter in IM-CFOV-ADR
scheme is assumed to operate with quarter the transmission
rate of TDMA case as indicated in Fig. 12. Clearly, this will
increase the bit duration in IM-CFOV-ADR scheme. Conse-
quently, for a fix transmitted power, the energy per bit in IM-
CFOV-ADR scheme is higher than that in FDMA scheme
resulting in lower BERs. Moreover, the same CFOV-ADRs
that have PDs with the same FOV angle values are used in
evaluating the two schemes. The OOK modulation is consid-
ered in the carried comparison with BER given in terms of
SNR by [40]

1 1
BEROOK = Eerfc(E\/ SNR) (28)

For a user located at position 1, Fig.13 indicates the BER
performance of the two schemes versus the receiver’s azimuth
angle at two different receiver heights. Clearly, for small
rotation angles less than 4 degrees, the TDMA achieves
lower BERs levels than that of the proposed IM-CFOV-
ADR scheme. This occurs because at these small rota-
tion angles the proposed scheme faces high CCI levels.
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However, increasing the receiver rotation angle decreases
the CCI which in turn improves the performance of
IM-CFOV-ADR scheme. In contrast, increasing the azimuth
angle for TDMA scheme reduces the SNR of different PDs
resulting in higher BERs. Moreover, the BER performance
gap is increased by increasing azimuth angle and its maxi-
mum value occurs at y, = 45° with a value of one order
of magnitude. In summary, at most receiver positions and
rotation angles, the BER performance and the number of
received channels for IM-CFOV-ADR are better than that of
TDMA schemes. In addition, the IM-CFOV-ADR scheme
exploits the entire available optical and time spectrum to
significant increase the downlink capacity over that of the
traditional TDMA scheme.

V. CONCLUSION

The paper aims to increase number of VLC downlink chan-
nels for each user and to mitigate CCI resulting from imple-
menting frequency reuse of one. The goals are achieved
by designing an ADR with a limited field-of-view angle to
reduce number of interfered LOS signals. Then, least-square
channel estimation along with maximum-likelihood detec-
tion are used to resolve the interfered signals. The pro-
posed scheme could effectively exploit co-channel interfer-
ence from neighbor LEDs to increase downlink channel
capacity. In addition, the proposed scheme is applicable for
any LEDs layouts, provides flexibility, and facilitates the han-
dover between LEDs. Simulation results reveal the superior
performance of the proposed scheme over the one without
interference management in terms of downlink capacity and
BER at most receiver positions and orientations. The perfor-
mance gap is maximized at room center where maximum
CCI occurs. Also the proposed scheme is compared with
TDMA and achieve higher performance than it at most
receiver positions and rotation angles.
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