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Abstract—Energy efficiency is one of the main benchmarks
of performance in visible light communication. Achieving high
energy efficiency in a link is a challenging task when high
data throughput is required. A promising approach to tackling
this challenge is using multiple-input-multiple-output (MIMO)
systems, which use the spatial domain for information encoding.
A novel modulation scheme called Flexible light emitting diode
(LED) index keying (FLIK) can harness high spectral efficiency
by utilising active and inactive LED states. The high spectral
efficiency, together with a straightforward encoding, makes FLIK
based design a promising candidate for high energy efficiency and
data throughput solutions. However, the system’s performance
based on FLIK depends heavily on beam selection participating in
the link, which can significantly vary with the channel conditions
subject to the user’s position and orientation. In a dynamic use
case scenario, a fast beam selection and selection re-adjustment
are vital for an optimal use case. This study examines the
performance of beam selection based on a maximal signal-
to-noise ratio (SNR) criterion in angle diversity hemispherical
transceiver systems. In this paper, a random orientation sys-
tem model for FLIK is considered. The simulations are then
performed considering maximal SNR and maximal Euclidean
distance criteria. The performance is evaluated in terms of
achievable data throughput. A selection method, based on the
maximal SNR, is compared to a method based on maximising
Euclidean distance. The numerical results show that for both the
fixed and random orientation cases, a beam selection based on
maximal SNR performs as well as the one based on Euclidean
distance. This observation is valid up to 25 degrees of beam half-
intensity angle, therefore, validating the use of maximal SNR
condition in such systems.

Index Terms—Visible light communication (VLC), Multiple-
input-multiple-output (MIMO) systems, LiFi, Flexible LED Index
Keying (FLIK), Beam selection, device orientation.

I. INTRODUCTION

The Ericsson mobile data traffic forecast has reported that
up to 49 EB (exabytes) of data traffic was generated monthly
at the end of 2020 and is projected to grow nearly 5-fold
to reach 237 EB per month in 2026 [1]. The ever increasing
data traffic is followed by growing energy consumption. It has
been estimated in [2] that ICT (information & communication
technology) accounts for 5-9% of global energy consumption
and 2% global CO2 emissions around the same amount as the
fuel emissions from the whole aviation industry [3].

This calls for further innovation in the field of wireless com-
munications. Visible light communication (VLC) has emerged
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as alternative source of new innovation to the contemporary
RF wireless technologies offering a vast and unregulated 300
THz available light spectrum [4]. A fully networked mobile
VLC bi-directional multi-user system is called LiFi (short for
light-fidelity) [5].

However, to fully emerge as a viable market alternative
to the next-generation of wireless technologies with ever
stringent energy-saving requirements, LiFi based technology
should adhere to green design principles requiring the devel-
opment of energy-efficient system designs that are at least as
efficient as the RF-based ones [6].

For high data rate solutions, meeting the energy efficiency
requirements becomes a challenging task. A promising method
to achieve energy efficiency while keeping a high data through-
put is to harness spatial multiplexing gains using (MIMO)
transmission techniques that utilise multiple transmitters and
receivers participating in the link [7].

MIMO systems based on the spatial/angle diversity mod-
ulation schemes (e.g., Spatial Modulation (SM) [8], Gener-
alised Space Shift Keying (GSSK) [9], Flexible LED Index
Modulation (FLIM) [10]) promise potentially more energy-
efficient and less computationally complex high data rate
design solutions compared to the solutions based on multi-
carrier modulation schemes.

Nevertheless, an appropriate, adaptive fast beam selection
method is required to properly implement and harness these
modulation schemes in a mobile use case scenario. Generally,
such methods can be based on optimal selection methods for
maximising the Euclidean distance between symbols [11] or
by selecting beams that maximise link SNR [12].

In this paper, we apply beam subset selection based on the
maximal SNR criterion for an angle diversity hemispherical
system using a special sub-type of FLIM called Flexible LED
index keying (FLIK). We compare the method’s performance
to one using the Euclidean distance method as a selection
criterion in a dynamic use case scenario where the user
equipment (UE) is free to have an arbitrary position and
orientation relative to the access point (AP).

The rest of the paper is organized as follows. Section II
describes the random orientation model for FLIK. Section III
presents the angle diversity hemispherical transceiver model
and gives optical test setup parameters for simulations. Section
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IV revolves around computer simulation results, and the paper
is drawn to the conclusion in Section V.

Notation: Italic symbols denote scalar values, matrices and
column vectors are denoted with bold uppercase and lowercase
letters respectively. We use ()T for transpose. In this study
index j will refer to the AP elements (LED cells), while
to the UE elements (receiver cells). |-|r is Frobenius norm.
Real Gaussian distribution with a mean j and variance o2
is symoblized by N (j, c?). Dot product, argument maximum
and minimum, rectangular function, a set and its cardinality
is given as follows: -, argmax, argmin, rec(-), A, |A|.

II. RANDOM ORIENTATION IN FLIK

In the following, we will briefly outline FLIK and introduce
a random orientation system model in an angle diversity
hemispherical transceiver system. We will briefly describe
beam selection criteria.

A. FLIK

FLIK is a spatial modulation scheme where each constel-
lation point in the spatial domain corresponds to a particular
combination of active LEDs. The number of activated LEDs,
in general, is not fixed compared to space shift keying (SSK).
A more general case of FLIK is called Flexible LED index
modulation (FLIM) proposed in [10], where symbols can be
encoded both in the spatial and signal domains.

Generally, the performance of a system based on FLIK
strongly depends on the distinguishability of various active
beam combinations. Each combination of active LED beams
can be mapped to a corresponding irradiance incident at the
receiver (in the case of a single receiver) or a combination of
irradiances (in the case of multiple receivers). In this case, a
pairwise Euclidean distance between two different active LED
beam combinations corresponds to their mutual irradiance
difference.

When a system consisting of many LED beams is con-
sidered, the selection of engaged beams (i.e. beams that can
be activated during the symbol transmission) becomes a key
determiner of the link performance. A fast beam selection
method is required for optimal link performance in a dynamic
use case scenario where the UE position and orientation can
change rapidly. A good selection criterion for such a method
is the maximal SNR criterion [12] as it only requires the
estimation of individual channel SNR for each transmitter and
receiver pair, evading the necessity of explicitly calculating the
Euclidean distances for all symbols of all potential engaged
beam combinations.

B. Rotational Geometry

It is well known that any arbitrary rotation in R® space can
be achieved by 3 successive elementary rotations about the

cos a.cosy — sin asin B siny
cos asin sin 7y + sin . cos -y
—cos Bsiny

R(a,B,7) =

axes of the coordinate system. Mathematically this is described
by the multiplication of 3 elementary rotation matrices each
around its respective axis [13]. The coordinate system about
which the rotation is performed can be chosen to be local or
global. We denote local coordinate system with zyz and the
global with XYZ labels.

It is important to remember that the matrix multiplication is
non-commutative; therefore, the order of elementary rotations
is important; this leads to 6 different possible choices on the
order of rotations for Euler angles. In this study, we will
follow the world wide web consortium (WC3) specification
[14]. Here, intrinsic rotation orders are (z — ' — y”)
here x'y’2’ and z”y”z" are the local co-ordinate systems
after rotation about z-axis followed by rotation about z'-
axis. The elementary rotation angles in degrees are yaw
« € [0,360) corresponding to the rotation around z-axis, pitch
B € [-180,180) corresponding to the rotation around z-axis
and roll v € [—90,90) corresponding to the rotation around
y-axis. The rotations are shown in Figure 1.

Using Euler’s rotation theorem we can write any arbitrary
rotation matrix as [13] R(«, §,7) = RoRsR,. We denote a
single i-th receiver (or j-th LED) normal vector aligned to the
global co-ordinate system as n; = [n ;, N2, N3], the rotated
normal vector is given as n'; = [n} ;,n5;,n3;]. From the
Euler’s theorem the rotated normal vector can be expressed
as: n’; = R(a, 8,7)n; = RoRgRyn;. The explicit form of
the rotation matrix is given by (1). In this study we assume
a fixed orientation of the AP. For the further convenience
we will denote a general orientation as @ = {«, 3,7} and
R(a, 8,7) = R(Q).

C. FLIK System Description

A binary permutation vector b =
[bo, bl, ...bNEfégD(r)Q),ﬂT S IB(I‘7 Q) and b@k € {0, 1}
is mapped one-to-one to a spatial domain symbol
Xk = [0, 1, T yene (e y—1]" € X(r, Q),

x;r € {0,P} using a locally compiled mapping function
Jx@,o) by € B(r,Q) — x; € X(r,2) and corresponding
to a combination of activated LEDs. B(r, 2) and X(r, §2) are
the set of binary permutation vectors and the symbol alphabet
respectively, N5 (r, ) - number of engaged LEDs, P -
irradiated optical power from a single LED cell.

We note here that both the symbol alphabet, permutation
vector set and mapping between them are functions of both
position r and orientation €2 that can vary rapidly with user
movement.

The cardinality of the local symbol alphabet in FLIK is:

eng(r,2)

‘X(I‘, Q)| = |B(I‘, Q)l = 2Meep 2
—sinacos 8 sinasin B cosy + cos asin vy
cosacosB  sinasiny — cosasin 5 cos-y (1)
sin 3 cos 3 cosy



Beam selection in angle diversity MIMO systems for optical wireless systems

Fig. 1: Orientations of a hemisphere: a) aligned to global axes,
b) yaw rotation with angle «, ¢) pitch rotation with angle g,
d) roll rotation with angle

While in some cases it is possible that the number of
engaged beams will be equal to all the LED cells in an AP, for
a sufficiently large amount of beams the number of engaged
beams Ny (r, ©2) = |E(r, Q)| will be typically smaller than
the number of avaialble ones Nfydlable(r Q) = |A(r, Q).
The sets of engaged n; an available m; LEDs are given
as: E(r, ) = {no,n1,...,nyens v 0y-1} n; and A(r, ) =
{mo,ma, ... myavaiavie(r )1 f and E(r, Q) C A(r, ©2).

While so far we only discussed the selection transmitting
side of the link, a similar problem applies for the receiver end
when more than one receiver cell is considered.

The transmission over the MIMO channel for the selected
beams is described by a N.(r, Q) x N;gh(r, Q) dimension
optical DC channel gain matrix [14]:

hll(l‘, Q) thE::gD(r,Q) (I‘, Q)
H(r, Q) = : :

by, r.0)1(r, €2) AN, (e ) N5 (r.02)

Here each matrix element h;;(r, €2) corresponds to an optical
channel DC gain between engaged j*" LED and i*" receiver
cells. The number of active receivers is N, (r, ). The received

signal vector is given by y(r) = [yo,y1,--Yn,(r)-1]" €
R yene(r0)x1, Where y is expressed from:
y(r,2) = H(r, Q)x; + n(r, Q) 4)

Additive white Gaussian noise (AWGN) is described by
Ry, (r,0)x1 dimension vector n(r), the elements of the vector
are distributed by N(0,02(r,€2)), and o?(r,Q)) with the
variance given as:

o?(r,Q) = Ny ,i(r,Q)B (5)

Here Ny ;;j(r,Q) is the single sided noise power spectral
density, which is generally dependent on the UE location and
orientation and B - denotes the one-sided spectral modulation
bandwidth of the signal.

For the detection at the UE end the Maximum-Likelihood
(ML) algorithm is used, the estimated data symbol X, is then
given as:

X =arg max _ py(y(r, Q)|H(r, Q)xy)

x, €X(r,Q2)
ly(r, Q) — H(r, )x;[# (6)

= ar min
& x €X(r,Q)
The method based on the maximal SNR criterion where
beam selector selects a set E(r, Q) C A(r, £2) that maximises
the average electrical SNR + of the link:

1 [E(x, )|
T = == ¥ij (1, ) @)
e |E<r,n>|j@%m ’

Compared to a more optimal method where the selection
is based on maximising the total Euclidean distance of the D
set.

[X(r, )] IX(if:?)l
k'=1 k=1
[X(r,02)] [X(r,©)]
= > Y HEoAxx.lF O

k'=1 k=1

Dy o) = 3

(xk,x5,)

Here d(xy, x},) - mutual Euclidean distance between symbol
vectors and Axk,xk, is defined as:

(10)

Axk,xk/ = X — Xg/

III. ANGLE DIVERSITY HEMISPHERICAL TRANSCEIVER
MODEL

This section describes the design of an angle diversity
hemispherical transceiver; an optical DC channel model will
be given for a random position and orientation of the UE. The
optical test setup and parameters will also be given in this
section.

A. Hemispherical Transceiver MIMO-VLC Channel

The signal transmission over the LoS AWGN VLC channel
for a given UE location r and orientation €2 in the room is
modelled by N, (r)x N g, (r) dimension optical direct-current
(DC) channel gain matrix H(r,€2). Each matrix element
hi;(r) corresponds to the mutual DC channel gain between
it" UE receiver cell and j** AP LED cell and is given by
[14]:

Miens + 1

2m d2( )

X cos™ee (3 (r) cos (1iy(r, 2)

(252

hij (I‘, Q/\)

(11
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We have assumed that user orientation has a negligible effect
on the distance d;;(r) between the AP and UE cells. Here
1;;(r, Q) and @;; are given by the following expressions [15]:

n'; - d;; (r))
dij(r)

n; - dz‘j(ﬂ)
dij(r)

Here n’; - UE receiver cell normal vector and n; - AP LED

cell vector. The LoS condition for the UE and AP cells is
modelled as [15]:

rec(W) =1

rec(W) =0

¥, (r, Q) = arccos (

©i;(r) = arccos (

ij(r, Q) < W,
’(/Jij (I’7 Q) > \I/C

Here V. is the acceptance angle of the compound parabolic
concentrator (CPC). G?]ltcr(r, Q) - gain from the optical
bandpass filter at the UE receiver cell, which is given as [16]:

Gl (r, ) = Thiger (AL (r, 2))

The filter transmissivity Tﬁlter()\;@ (r,€2)) is given at the angle
of the beam incidence v against the surface normal vector
of the filter. ij(r,ﬂ) corresponds to the shifted central
wavelength of the transmission passband [16]:

A(r, ) = /\\/(1 — (0 )2 5in2 4y (x, )
Nfilter

Here ng - refractive index of the medium external to filter (we
assume ng = 1). The refractive index of the optical bandpass
filter is najer and A is the shifted central wavelength of the
passband. The photodetector’s active area of a UE receiver cell
is App. In this study we will consider avalanche photodiodes
for photodetectors. Lambertian order for the LEDs at the AP

cell mygp is given as [15]:
In2
In (cos (®1/2))

Where @/, - half intensity angle of LEDs in the cell. The
gain Geop is [14]:

MLED =

n2

sin® W,
Where n — refractive index of the UE receiver cell CPC.
The photocurrent generated by a UE cell by the irradiance
from the j*" AP LED cell for a given UE location and
orientation can be written as [17]:
Iij (I‘, Q) = Plcns (B)ht_] (I', Q)R(/\7 B)M

opt

Gcon =

12)

With avalanche photo-diode responsivity R(\, B) and multi-
plication factor M. The optical power P\%*(B) is given at
the output surface from condenser lens of the APC cell [18]:

(mrep + 1) Dy T

lens
P (B) = 8d'2

len P(B) (13)

Where D), is the condenser lens diameter and d - distance
between array of micro-LEDs and the condenser lens. The
transmissivity of the lens is given as: Tjens(A). The half
intensity angle of the condenser lens is given as [18]:

Dygp

2d’
Here D1gp - diameter of the LED array. The Lambertian order
of the beam at the output surface of the lens then can be simply
expressed as:

lens __
q)1/2 -

In2

In (cos (<I>lle/n2$)

Miens = —

Which is then used in (11):
After the opto-electrical conversion, the received electrical
power is [17]:

I? (r)GZTIA

elec _ Ty
P (r) = (14)

RLoad
G1a - is the transimpedance amplifier (TIA) gain and Rpoaq
- the receiver’s load resistance.

The electrical signal-to-noise (SNR) for the signal incident
at i*h UE receiver cell from j*® AP cell 7;; can be expressed
as [17]:

elec 131_‘3_16(3 (I‘)

'Vij (I‘) = O_i2j (I‘)

15)

In a well lit use case scenario, the primary source of the
noise can be assumed to be due to the background illumination
shot noise, which can be expressed as [17]:

GQ
o3;(r, Q) = 2qM?FR(\, B)Blpg(r, Q) App— 2 (16)
Ryoad
Here I - excess noise factor of an APD and Iy, - irradiance
incident at the i*" UE cell from the background source.

B. Optical Test Setup

The use case scenario is a well lit a 4 x 4 x 3m? office, with
the AP fixed on the centre of the ceiling. The UE is considered
to be near the floor and is free to move around the xy-plane
of the room as well and have random orientation against
the global XY Z axes. In this paper, we assume a dynamic
walking scenario with the Gaussian orientation statistics from
[19] shown in Table I.

The receiver cells and LED cells are uniformly distributed
around their respective hemispheres. On the AP end, there
are 41 LED cells. Each cell consists of a blue GaN micro-
LED array from [20]. The maximum optical power of a single
array Parray = 10 mW and half-intensity angle ®;,, = 60°.
Each LED cell consists of ten of these arrays; the arrays are

TABLE I: UE Orientation Statistics In Degrees from [19]

Angle Mean | Standard deviation
Yaw o -90 10

Pitch 8 | 28.81 3.26

Roll v | —1.35 5.42
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Fig. 2: Mean data throughput for fast beam selection method (denoted as sub-optimal) and Euclidean distance based beam
selection (denoted as optimal) for various tbllc/nzs with a) fixed UE orientation, b) random UE orientation. The error bars indicate

the standard deviation of the data throughput.

considered to be connected in parallel. A condenser lens is
placed and aligned on the optical axis of the cell at a distance
d. We leave the selection of the parameters of the condenser
lens as variable, so that the intensity and FOV can be adjusted
to explore the effect of various FOVs, furthermore, we set
Plws(B)/P(B) = 10. We assume that all micro-LED arrays
are biased to produce the maximum output optical power.

On the UE end, and is the same for the AP case, there are
41 receiver cells. Each cell contains 25 x 25 array of Si-APDs
(Hamamatsu Si APD S12023), the array is positioned at the
output surface of the CPC (4.34 mm Output dia Compound
parabolic concentrator (Edmundoptics)), while a blue band-
pass filter (450 nm CWL, 25 mm dia. hard-coated OD 4.0 50
nm bandpass filter (Edmundoptics)) is placed at the input of
the CPC.

We  model the  background illumination by
assuming a 250 lux illumination, which is generated
by 4 light sources at the positions {z,y,z} =

{-1,-1,3} m,{-1,1,3} m,{1,-1,3} m,{1,1,3} m.
Each light source produces a luminous flux of 1000 lumens
with 3000 K colour illumination temperature. The spectrum
is taken from [21]. The selection of the illumination and
colour temperatures are selected in compliance with the office
work conditions set out in [22]. We note that the background
illumination far exceeds the signal in terms of luminous
flux, which even at peak number of active LEDs would have
contribution in order of tens of lumens rendering the effect
of varying number of on-state LEDs marginal to the overall
illumination of the office.

The spectral efficiency of the link at the UE position r and
orientation €2 is given as:

n(r, Q) = log, [X(r, Q)| = Nih (r, Q). n(r. Q) €N (17)

To calculate the achievable data throughput we assume
forward error correction coding (FEC) at bit error ratio (BER)
threshold of 3.8 x 103 and 7% [23] overhead, the maximum
locally achievable data throughput for a given bandwidth B
is:

Cpeak(ervB) = 18677(1‘79)3 (13)
IV. COMPUTER SIMULATION RESULTS AND ANALYSIS

In the following section, we present the mean peak achiev-
able data throughput for a random user orientation following
the statistics from Table 1. The Monte-Carlo simulations are
performed for 107 realisations of random UE orientation and
position. The comparison between the maximal SNR and
Euclidean distance criterion is shown in Figures 2a and 2b
for various LED cell FOVs. The results are compared to the
special fixed orientation case in Figure 2a where both AP and
UE hemisphere normal vectors at the nadir and zenith are
aligned with the global z-axis.

As can be seen from Figure 2b, for narrow enough half-
intensity angles of AP cells, the achievable data throughput
difference between the two methods is negligible. Further-
more, while the introduction of random orientation causes a
decrease in the achievable mean data throughput compared
to the fixed orientation case, it does not significantly affect
the relative performance in terms of achievable mean data
throughput between the two criteria.

In Figure 3 the difference between the two methods is given
as:

B(CE o) — B(CEES
_ ( ddta,Euch;ls:E) ( datd,SNR) . 100% (19)
E(Cdata,Euclidean)

We note here that the relative difference between the two
methods increases with the increasing half-intensity angle for
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Fig. 3: Relative difference of mean data throughput between
two methods various <I>11'9/“2S for fixed and random UE orienta-
tion.

both fixed and random orientations. However, the difference
between methods in the case of random orientation reaches its
peak value at significantly lower angles and smaller values.
This can be attributed to an overall worse selection perfor-
mance when random angles are considered, leading to smaller
selected sets bridging the gap between two methods (there is
no difference between two criteria when only one beam is
considered for selection).

V. CONCLUSION AND OUTLOOK

In this paper, the performance of beam selection based
on the maximal SNR criterion was investigated in an angle
diversity hemispherical transceiver system using FLIK. The
selection was compared to the method based on the maximal
Euclidean distance selection. It was found that for beams
that are narrow enough, the performance in the achievable
data throughput is nearly identical between both criteria in
such systems. However, the SNR based selection would only
require N, x N@ailable GNR estimations while the beam

selection based on the Eulcidean distance would require to
Navailable

estimate symbol distances for ("%R, ) beam combinations.

Therefore, the SNR based selection method in angle diversity
MIMO systems using FLIK require significantly less estima-
tion operations while providing a comparable data throughput
to the method based on the Euclidean distance. These results
motivate further research of such MIMO systems for mobile
use case scenarios where fast channel estimation can enable
the use and development of more energy efficient allocation
and handover methods of locally available pool of transmitters
and receivers at a given time instant.
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