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ABSTRACT

A novel adaptive Wavelength Division Multiple Access (WDMA)
scheme is presented in this paper, capable of contrasting the effect of
the Passband Shift (PS) phenomenon in an indoor densely deployed
LiFi network. After an overview on WDMA in an indoor Internet
of Things (IoT) setting, simulation work is defined and carried out.
Results show how in such settings, the loss of connection is reduced
to an average of 0.72 % compared to 31.25 % when using Adaptive
WDMA. Additionally, the users are served with higher average
speeds and better fairness.
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1 INTRODUCTION

Optical Wireless Communication (OWC) is drawing both academic
and industrial interest due to the free, vast and unregulated spec-
trum it is able to provide. Moreover, the IoT and its wide applications
seemingly form a good match with OWC [13] because of its speed,
inherent security and lack of cables that would be a hindrance in
massive deployments. The fact that OWC includes the use of visi-
ble light opens a range of possibilities in which a grid of lighting
fixtures, acting as Access Points (APs), can deliver both commu-
nication and illumination functionalities. Such a fully-networked
OWC system is termed LiFi [10], and is seen as an enabler for the
IoT [6]. However this comes with a number of challenges, two of
which consist of the random position and orientation that the users
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can take, along with their dense deployment. In fact, random posi-
tion and orientation of users can significantly lower the power of
the received signal, while increased User Equipment (UE) and AP
density can strongly favour interference. The random orientation
of users has been analysed in a number of studies ([1], [3], [4],
[5]), which describe the associated challenges as well as providing
various insights and potential solutions to cope with this issue.
Other studies ([7], [8], [9]) consider the problem of random orien-
tation from the wavelength division paradigm perspective, with
[7] offering a solution to optimise the design of the optical filters’
characteristics. This is an efficient way to mitigate the impact of
the Passband Shift (PS) phenomenon. It consists of an inherent
shift in the transmission characteristics of optical filters (passband
edges and central wavelength) with the varying Angle of Incidence
(Aol) of the impinging light. However, it should be noted that such
an approach is heavily dependent on the front-end design. This
can adversely impact the system’s adaptability to the wide spec-
trum of different devices that IoT includes. In fact, these range
from smartphones, smartwatches and laptop computers, to various
home appliances and industrial machinery pertaining to the con-
cepts of Smart Home and Industry 4.0. The goal of this paper is to
propose a Wavelength Division Multiple Access (WDMA) scheme
suitable for low-complexity and high-mobility devices, which is
able to contrast the combined effects of the PS phenomenon and
the random orientation of devices in an everyday use case. The
rest of this paper is organised as follows: in Section 2, the context
and challenges associated with WDMA, along with the differences
between Classic and Adaptive WDMA schemes, are explained. In
Section 3, the channel model and Simulation characteristics are
presented. In Section 4, the results of the simulations are presented
and discussed. In Section 5, conclusions are drawn.

2 CONTEXT AND CHALLENGES
2.1 Wavelength Division Multiple Access

This work considers indoor IoT in dense deployments. The conse-
quences of this are twofold: on one hand, there will be several kinds
of UEs, whose complexity and mobility needs can range from low
to high. Therefore, it is imperative to consider a constraint in terms
of versatility. On the other hand, one can expect to have a high
number of UEs competing for connection resources. It is intuitive
to realise that as both UEs and APs increase in number, the inter-
ference increases proportionally, and is bound to become a major
limitation for the system. This accounts for the main challenge that
this work tackles, which is interference mitigation.

To achieve this, it is important to consider channel separation.
In fact, properly separated channels will not interfere with one
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another, making it possible to deliver a better signal with less en-
ergy. WDMA offers channel separation by exploiting wavelength
selectivity. For this reason, a WDMA-enabled AP consists of up to
four coloured LEDs (typically Red, Green, Blue and Amber) while
the corresponding receiver has up to four colour-filtered elements.
Therefore, each UE will only have one of these elements active
at any given time, based on the colour it has been assigned to. In
this paper, a single coloured LED of a single AP will be referred
to as a Transmitter Element (TE), while one single colour-filtered
element at receiver side will be referred to as Receiver Element
(RE). The difference between state-of-the-art WDMA, henceforth
referred to as “Classic WDMA”, and Adaptive WDMA, lies in how
the channel assignment is managed. Classic WDMA employs a
fixed allocation, where every user is assigned to a colour matching
the TE-RE combination in a round-robin fashion. Thus, if 4 users
enter the network at subsequent times, the assignation will happen
in such a way that user 1 will receive the signal from the Blue TE
with the Blue RE, user 2 will receive the signal from the Green TE
with the Green RE, and so on.

Adaptive WDMA (described in detail in section 2.3) employs a
dynamic allocation, in which every user is assigned a TE-RE com-
bination without the necessity of colour matching. This guarantees
a higher number of options when forming a channel, and enables
the system to redistribute the available resources according to the
actual orientation of the UEs. The added flexibility allows the un-
wanted effects of the PS phenomenon to be avoided, by using a RE
whose spectral shift makes it more favourable to collect the signal
at that particular orientation.

This process makes use of Channel State Information (CSI) to
estimate the Signal-to-Interference-plus-Noise Ratio (SINR) of all
possible TE-RE combinations, and then selects the one that max-
imises the aggregate SINR. The key aspect of this solution is that
it effectively exploits the users’ separation in terms of orientation
to offer improved channel separation. Having more combinations
that require SINR estimation, Adaptive WDMA comes at the cost
of increased overheads. However, it should also be noted that it
does not introduce a higher complexity for the UEs as the process
can be implemented at a higher level. Moreover, this solution is not
related to the specific front-end design, and while improvements
on this aspect can certainly yield better performances, the choice of
LEDs and optical filters does not directly impact its effectiveness.

Finally, it has to be noted that WDMA contemplates the use of
individually addressable transmitters emitting at different wave-
lengths. This allows for the use of colour mixing schemes to provide
smart lighting features. In an indoor IoT setting this is an advan-
tage, as readings from different sensors can be used by the system
to gather information on user behaviour and adjust the lighting
settings according to the tasks that are to be carried out in a specific
area.

2.2 The problem of Passband Shift

2.2.1  Random Orientation. As previously stated, it is crucial in a
LiFi indoor IoT setting to account for the complexity and mobility
needs of the devices that populate the environment. In terms of
mobility, it is clear that the biggest challenge is posed by highly
portable UEs such as smartphones and wearables. The impact of

Martena, et al.

x10°1® Received Electrical Power VS Angle of Incidence

35

Avg Received Electrical Power [W]

0 . . . Y ° °®

0 10 20 30 40 50 60
Angle of Incidence [deg]

Figure 1: Average received electrical power vs angle of inci-
dence. The received electrical power is averaged over four
RGBA LEDs transmitting to four RGBA-filtered receivers.
Due to the PS phenomenon, said power decreases substan-
tially while increasing the Aol.

mobility and random orientation in OWC and LiFi has recently
drawn rising attention, and has been studied in [3] - [12]. In [12],
measurements have been carried out to gain insight on the orienta-
tion in space for such devices both in walking and sitting activities,
in terms of azimuth and elevation angles. Results show that for
walking activities, the azimuth angle can be represented with a
uniform distribution ranging from 0° to 360°, while the elevation
angle approaches a Gaussian distribution, with a mean of 30° and
a standard deviation of less than 9°.

2.2.2  Passband Shift. The PS phenomenon for thin-film optical
filters has been described in detail in [2]. It consists of a shift towards
shorter wavelengths of the relative transmission spectra of such
optical filters, with a dependence on the Aol of the impinging light.
The shifted wavelength of an optical filter characteristic, Aop(¢),
dependent from the Aol, is then given as:

in?
Aor(¥) = Aory=04|1 — : 2(1#) (1

e

Where Agf y=o is the non-shifted wavelength of the considered
transmission characteristic (namely, passband edges and central
wavelength), i is the Aol of the impinging light, and n. is the
effective refractive index of the specific optical filter employed. It
can be seen that for the values that ¢ will likely take in an everyday
use case, as described in sub-section 2.2.1, this phenomenon can
become another important limitation to the channel separation
capabilities of WDMA.

Figure 1 shows how this phenomenon can impact the perfor-
mances of the system. It should be noted that the shape of the curve
is heavily dependent on the front-end design, and more specifically
on how well the LEDs’ emission spectra and the optical filters’



Adaptive WDMA: improving the data rate of a densely deployed LiFi network

Adaptive WDMA: improving the data rate of a densely deployed LiFi network

transmission spectra overlap. This figure is obtained with the same
LEDs and optical filters used throughout the rest of the paper. As
it can be seen, the received electrical power decays substantially
with relatively small modifications to the Aol

2.3 Adaptive WDMA Algorithm

In this section, the Adaptive WDMA Algorithm is explained in
detail. As previously stated, it aims to maximise the aggregate SINR
over all UEs. This is achieved by increasing the number of TE-RE
combinations available to each user to up to 7, and by selecting the
best combination to serve each user. These combinations are:

Blue TE and Blue RE
Blue TE and Green RE
Green TE and Green RE
Green TE and Amber RE
Amber TE and Amber RE
Amber TE and Red RE
Red TE and Red RE

These take into account that, with the contribution of the PS phe-
nomenon, certain user orientations could make it difficult to collect
the signal with the RE and the same colour TE, and thus allow for
increased flexibility. The algorithm requires that CSI is collected,
and therefore it will be assumed that such information is available
for the network. This knowledge makes it possible, even if two or
more users are under the same AP, to compute the aggregate SINRs
from which the highest will be selected. When dealing with the
case of two or more users under the same AP, this computation
encompasses two aspects: on one hand, it is necessary to evaluate
the possible TE-UE assignations (e.g. Amber TE-UE 1 and Green
TE-UE 2 VS Amber TE-UE 2 and Green TE-UE 1). On the other hand,
for every TE-UE combination, there is the need to evaluate it if the
signal has to be collected with the matching or non-matching RE. It
should be noted that these computations can be carried out at the
network level, and therefore will also be suitable for low-complexity
UEs. This algorithm can be detailed as follows:

forUE=1,2,...do
Assign Central AP to UE based on highest Signal

Strength;

end

for AP=1,2,...do

if AP is Central for exactly 1 UE then

Compute SINR for each TE-RE combination;

Assign that UE to the TE-RE combination that
maximises SINR;

end

if AP is Central for 2 or more UEs then
Compute aggregate SINR for each TE-UE-RE

combination;
Assign UEs to TE-RE combinations that maximise
aggregate SINR;
end
end

Algorithm 1: Adaptive WDMA
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3 CHANNEL AND SIMULATIONS

3.1 Channel Model

As it is common in the field of OWC, it is possible to employ a line
of sight channel model, and use the channel DC gain to describe
the optical power loss from the moment the light beam leaves the
transmitter surface, until it hits the receiver. This is well described
in literature (such as [11]), and it is given as follows:

D cos (9" AW @

Where m is the Lambertian emission order of the emitted light
beam, d is the distance between the transmitter and the receiver, ¢
and ¢ are the transmitter emission angle and receiver Aol respec-
tively, and A(Y)ef is the effective active area of the receiver. It is
possible to define the Lambertian emission order:

o2 6

" Incos P1/2

H(0)pc =

Where ¢/, is the half emission angle of the transmitter. The
receiver effective area can be defined as:

A(Y)eft = AgetGoc cos ()rect(y)) 4)

In this case, A4et is the detector area, Goc is the gain of an optical
concentrator and rect(¢/) is a rectangular function that allows to
factor the effect of its Field of View (FOV). It is defined as:

1 ify < ¢rov
0 in all other cases

rect(y) = { (5)

Where roy is the concentrator FOV. At this point, it is possible
to write the equation that allows the amount of optical power that
hits the external layer of the optical filter put in front of the receiver,

P to be calculated:

rx »

t t
PP = PP H(0)pe (6)

tx

Where Ptoxpt is the optical power coming from the transmitter,
and H(0)pc is the optical path loss, calculated in Equation 2. From
here, in order to calculate the electrical power generated after the
receiver, it is possible to write:

B
pelec _ (popt f See () Top(DR(A)AN? )

4

Moreover, Six(4) is the transmitter emission spectrum, Top(A)
is the transmission characteristic of the optical filter before the
receiver, while R(A) is the responsivity of the receiver. @ and f
are the upper and lower limit of the considered wavelength range,
which are @ = 400 nm and = 700 nm in this paper. It also has
to be noted that each receiver is simultaneously hit by the light
beams coming from every TE in range, and this results in an in-
terference component in the generated electrical signal. If PseilgeC is

i i elec
the electrical power generated by the signal component and P ©

the one generated from the interference, it is possible to write the
expression of the electrical SINR for the receiver:
Pe}ec
sig
Y= e ®)

2 elec
on + Pint

Where o2 is the noise power spectral density of the system.
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Table 1: LEDs and optical filters spectral parameters.

Central Wavelength [nm] | FWHM [nm]

LED Filter LED | Filter
Blue 460 452 26 45
Green 523 525 35 50
Amber | 590 590 21 20
Red 623 632 19 22

Table 2: Simulation parameters.

Parameter Numeric Value
LEDs peak emitted power 0.69 W
Concentrator gain 3.5
Concentrator FOV 120 deg
Single receiver area 8 mm?
Modulation bandwidth 40 MHz

3.2 Simulations

Tables 1 and 2 summarise the LEDs and optical filters’ characteris-
tics, and the simulation parameters, respectively. Three simulations
have been set up and conducted by means of custom code. In all
these, a room with length, width and height of respectively 10 m,
10 m, and 3 m is considered. The ceiling hosts 25 densely deployed
LiFi APs, each made up by an array of 4 individually addressable
LEDs. The resulting network is thus made up of 100 TEs, and each
user can be assigned to one of them. The room is then populated
with 4 users whose mobility behaviour and use of Classic or Adap-
tive WDMA depend on the simulation phase. The considered mod-
ulation scheme is On-Off Keying (OOK). Each simulation will now
be described in detail.

3.2.1 Simulation 1. The first simulation investigates the impact of
the PS phenomenon. A total of 4 users, with their devices’ receivers
always pointing upwards and using the Classic WDMA scheme,
sweep every available position in the room. Then, they provide
an estimation of the average Achievable Data Rate (ADR), a figure
showing the spatial distribution of the ADR, and the Connection
Loss (CL) rate. The CL is defined here as the probability of achieving
SINR less than -6 dB. This simulation is repeated twice: the first
time the effects of the PS phenomenon are included, while in the
second they are taken out of the computation. This will help to
understand the impact of this phenomenon.

3.2.2  Simulation 2. The second simulation is similar to Simulation
1, the only difference being that the employed scheme is the Adap-
tive WDMA. This will only be repeated once, while including the
PS phenomenon, with the objective of showing how the Adaptive
WDMA scheme can contrast such undesired effect.

3.2.3 Simulation 3. Simulation 3 is designed to show the perfor-
mance gain of the Adaptive WDMA in an everyday use scenario.
It consists of 10.000 iterations, and in each iteration, every user is
assigned a random position and orientation. The position within
the room is described by the x and y coordinates, while the orien-
tation is described by the two angles, azimuth and elevation. The
position and the azimuth angle follow a uniform distribution. The
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Figure 2: Achievable data rate distribution in a 10x10x3 m
room for 4 users employing Classic WDMA without the con-
tribution of the PS phenomenon. The assigned channel is
fixed for each user.
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Figure 3: Achievable data rate distribution in a 10x10x3 m
room for 4 users employing Classic WDMA including the
contribution of the PS. The assigned channel is fixed for
each user.

elevation angle follows a Gaussian distribution, with a mean of 30°
and a standard deviation of 8.9°, as in [12] for walking activities.
The simulation is repeated two times, the first while employing the
Classic WDMA scheme, while Adaptive WDMA is used in the sec-
ond. For each simulation repetition and each user, the Cumulative
Density Function (CDF) of the ADR, the average ADR across all
users, and the CL rate will be evaluated. These are averaged over
10.000 iterations.
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room for 4 users employing Adaptive WDMA including the
contribution of the PS phenomenon. The assigned channel
is determined for each user by maximising the aggregate
SINR.
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Figure 5: CDF of data rate comparison for 4 users employ-
ing Classic VS Adaptive WDMA. Each CDF is obtained over
10.000 iterations in which each user has a random position
and orientation.

4 RESULTS

In this section, the simulation results will be reported and discussed.
These are also summarised in Tables 3-5.

As it can be seen by comparing Figures 2-3, the PS phenomenon
introduces a detriment to the performances. In fact, when this
aspect is not taken into account, the ADR goes from 77.7 to 128.0
Mbps, depending on the user, and the average is 105.82 Mbps across
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all 4 users. The performance spread of the users can be explained
with the different overlaps in the emission and transmission spectra
of coupled LEDs and optical filters, and they relate to this particular
aspect in the design of the front-end. In these conditions, the users
experience no CL. When the simulation is repeated while including
the PS, it can be seen from Figure 3 that the network’s performances
suffer a degradation. In fact, the ADR now ranges from 67.9 to 124.3
Mbps, and the average across all users is 95.47 Mbps. The CL rate
figure in this case ranges from 5.7 to 9.3 %, meaning that even when
the receivers are pointing upwards, the PS is causing outages. The
average CL rate across all users is 7.12 % in this case. It has to be
stressed that in these two figures, the remarkable differences in
the individual users’ performances, are due to how the front-end is
designed. More specifically, they are dependent on how well the
LEDs’ emission spectra and the optical filters’ transmission spectra
overlap.

Figure 4 shows the results of Simulation 2. In this setting, the
ADR ranges from 90.4 to 92.4 Mbps and the average is 91.62 Mbps.
The CL rate ranges from 0.4 to 0.6 %, with an average of 0.52 %.
It can be seen that the Adaptive WDMA is able to reduce the CL
considerably with respect to the Classic scheme. This is because
of the added flexibility in the choice of the RE, that gives UEs
the option of using the one that is more favourable, regardless of
their assigned TE. This reduces the CL figure by enabling more
connections to be established, even if in these cases the resulting
speed is lower than the average and contributes towards sensibly
lowering the ADR figure.

As the combined effects of random position and orientation
and PS are taken into account in Simulation 3, the Classic WDMA
scheme suffers a considerable performance loss. On the contrary,
the Adaptive WDMA scheme shows its full potential, achieving
a significant improvement. Figure 5 shows the CDF of the Data
Rate for each of the 4 users in the conditions described in sub-
section 3.2.3, when the Classic WDMA scheme is employed. In
this situation, the ADRs (averaged for each user over the 10.000
iterations) range between 53.0 and 98.0 Mbps and the CL rate is
between 23 and 43 %. The average across all users is 76.7 Mbps, and
the average CL rate is 31.25 %. If the simulation is repeated while
using the Adaptive WDMA scheme (users’ CDFs shown in Figure
5), there is a substantial improvement in the performances. Notably,
the ADR has a very tight range in this setting, between 105 and
106 Mbps, with an average of 105.7 Mbps. The CL rate is also much
lower, ranging from 0.7 to 0.8 % with an average of 0.72 %.

By comparing these figures, one can realise that the advantages
of Adaptive WDMA in this use case are twofold: the users are served
better, and with higher fairness.

5 CONCLUSIONS

In this paper a novel WDMA channel allocation scheme has been
presented, based on exploiting the channel separation offered by the
combined effects of the PS phenomenon and random orientation.
In fact, simulation results demonstrate that this is a limitation,
preventing the network to establish a reliable communication when
using a fixed channel allocation scheme (such as a state-of-the-art
Classic WDMA).
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Table 3: Results for Simulation 1. The Passband Shift phenomenon has the effect of decreasing both the number of reliable
connections established, and the Average Data Rate when a connection occurs.

User 1 User 2 User 3 User 4 Average
Average Data Rate, with PS | 67.9 Mbps | 94.9 Mbps | 94.8 Mbps | 124.3 Mbps | 95.47 Mbps
Connection Loss, with PS 7.8 % 5.7 % 93 % 57 % 712 %
Average Data Rate, no PS 77.7 Mbps | 110.1 Mbps | 128.0 Mbps | 107.5 Mbps | 105.82 Mbps
Connection Loss, no PS 0.0 % 0.0 % 0.0 % 0.0 % 0.0 %

Table 4: Results for Simulation 2. When all UEs’ receivers point upwards, the Adaptive WDMA scheme offers a more reliable

connection.

User 1 User 2 User 3 User 4 Average
Average Data Rate, with PS | 90.4 Mbps | 92.4 Mbps | 91.5 Mbps | 92.2 Mbps | 91.62 Mbps
Connection Loss, with PS 0.6 % 05% 0.6% 0.4 % 0.52 %

Table 5: Results for Simulation 3. The Adaptive WDMA scheme brings a significant improvement for the system’s perfor-
mances when the combined effects of PS and random position and orientation are taken into account.

User 1 User 2 User 3 User 4 Average
Average Data Rate, Classic 53.0 Mbps | 73.0 Mbps | 83.0 Mbps | 98.0 Mbps | 76.75 Mbps
Connection Loss, Classic 29.0 % 23.0 % 43.0 % 30.0 % 31.25 %
Average Data Rate, Adaptive | 106.0 Mbps | 106.0 Mbps | 105.0 Mbps | 106.0 Mbps | 105.75 Mbps
Connection Loss, Adaptive 0.7 % 0.7 % 0.8 % 0.7 % 0.72 %

Adaptive WDMA can contrast this effect, by adaptively selecting
the best TE-RE combination that maximises the aggregate SINR. In
fact, simulation results show that when the random position and
orientation of the users is taken into account, the Adaptive WDMA
scheme is able to improve the ADR, serve users with better fairness,
and reduce connection losses to 0.7-0.8 % while the Classic WDMA
only achieves 23-43 %, depending on the channel employed and
the front-end design choices of LEDs and optical filters’ spectral
characteristics.

On the other hand, results show that if the orientation is fixed
and pointing upwards, the improvement over the Classic WDMA
scheme is smaller. In fact, if the users share the same position and
orientation at all times, the system can only reap the benefits of
the added flexibility in choosing the RE. The TE-user assignation
does not matter in this situation, as without separation in position
and orientation between the UEs, there is no benefit in preferring
one particular pairing over another.
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