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Abstract—In the modern day, there is a serious spectrum
crunch in the legacy radio frequency (RF) band, for which visible
light communication (VLC) can be a promising option. VLC is
a short-range wireless communication variant which uses the
visible light spectrum. In this paper, we are using a VLC-based
architecture for providing scalable communications to Internet-of-
Things (IoT) devices where a multi-element hemispherical bulb is
used that can transmit data streams from multiple light emitting
diode (LED) boards. The essence of this architecture is that it uses
a Line-of-Sight (LoS) alignment protocol that handles the hand-
off issue created by the movement of receivers inside a room. We
start by proposing an optimization problem aiming to minimize
the total consumed energy emitted by each LED taking into
consideration the LEDs’ power budget, users’ perceived quality-
of-service, LED-user associations, and illumination uniformity
constraints. Then, because of the non-convexity of the problem,
we propose to solve it in two stages: (1) We design an efficient
algorithm for LED-user association for fixed LED powers, and (2)
using the LED-user association, we find an approximate solution
based on Taylor series to optimize the LEDs’ power. We devise
a heuristic solution based on this approach. Finally, we illustrate
the performance of our method via simulations.

Index Terms—Visible Light Communication; Illumination Uni-
formity; Joint Optimization;

I. INTRODUCTION

VLC is a newly emerging technology that has a noteworthy
potential of providing complementary wireless access at high
speeds [1]. The significant increase in the number of Internet-
of-Things (IoT) devices and the need for more aggregate
wireless access capacity are calling for VLC solutions as
legacy RF bands are getting saturated [2]. Nowadays, multi-
element architectures in VLC systems are gaining attention by
optical wireless communications researchers [3]-[6]. These
VLC networks can increase the aggregate throughput via
simultaneous wireless links, which is how they may attain
higher spatial reuse. The efficiency of the downlink data
transmission can be improved remarkably by multi-element
VLC modules using the directionality of the light beam where
each LED transmitter is modulated using a different data stream.
There is a serious need for higher spatial reuse in wireless
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access because of the increasing number of devices that are
present in a room or a building. These IoT devices in future 5G
networks may require very high aggregate download speeds
at tens of gigabit-per-seconds and WiFi alone is incapable of
providing such high speed data rates to all these devices. In
this paper, in a VLC system composed of multiple LEDs and
mobile IoT receiver devices, we are trying to optimize the
power required for each LED by minimizing the power to such
extent that constraints on both illumination (e.g., uniformity of
the lighting in the room) and communication (e.g., throughput
per receiver) efficiency are maintained, and also keeping in
mind that each LED can be associated with at most one IoT
receiver at a given time.

There have been significant amount of research concerning
the constellation design for LED-based VLC in [7]-[11]. The
main objective of optimization in these techniques is to find
a set of constellation points for LEDs’ placement so as to
maximize the minimum distance to receivers in the room,
given the lighting constraint and corresponding transmission
power constraint.

The challenge of improving data rate has been addressed
in works relating to VLC architecture. In [12], the authors
proposed transmitter diversity and sub-carrier reuse techniques
to improve the VLC data rate in a multi-user environment, but
illumination uniformity was not considered. The problem of
maximizing the transmission rate for both broadcast and point-
to-point communication system was addressed in [13], where
several convex optimization problems were derived and the best
performance was found using an optimal symbol modulation
power allocation scheme. [14] focused on providing uniform
illumination levels under minimum Bit Error Rate (BER)
and illumination constraints by developing a novel algorithm
known as harmony annealing (HA), which was claimed to be
performing better than the conventional search algorithms.

The concept of using VLC in an IoT environment has also
been researched. In [15], a VLC communication system named
‘Retro-VLC’ has been proposed which can provide duplex
communication via a device without needing a battery which
can be merged in mobile IoT devices like sensor nodes. In [16],
a VLC system over UART suitable for IoT networks has been
proposed and demonstrated which can monitor temperature,
humidity, and illuminance in real time utilizing the suggested
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VLC link. In another work [17], the performance of a smart
IoT indoor lighting system is examined that uses time-slotted
coordinated communications and binary Manchester coding
to encode information, where a method is introduced to
approximate optical channels gain and daylight at each lighting
structure.

However, the problem of minimizing the transmit power of
each LED to optimize the overall power of a VLC system while
taking both acceptable level of illumination and satisfactory
data rate in to consideration has not been addressed before and
this is what we propose to do in this paper. The main aim of
this paper is to build a framework of the transmission power
and rate optimization based on certain lighting constraints.
We provide an LED-based VLC transceiver system model,
with the power, association and data rate constraints. We aim
to minimize the total transmission power subject to certain
transmission rate and lighting constraints for all receivers across
the room.

The main contributions are summarized as follows:

« Investigating a hemispherical multi-element bulb architec-
ture for downlink VLC transmission, where each LED
can be assigned to a receiver for data transmission and/or
used for increasing the uniformity of illumination.

o Formulating an optimization problem aiming to minimize
the total consumed energy taking into consideration, LEDs’
transmit peak power, users’ quality-of-service (QoS), LED-
user associations, and illumination uniformity constraints.

o Due to the non-convexity of the problem, we solve it in
two stages. Firstly, we propose an efficient algorithm to
solve LED-user association for given LEDs’ power. Then,
given the LED-user association, we find an approximation
solution based on Taylor series to find the optimal LEDs’
power allocation. We use this approach in our proposed
heuristic solution and analyze our results.

II. SYSTEM MODEL

We consider a single hemispherical bulb for an indoor VLC
system consisting of M LEDs serving U users using power of

Fig. 2. Transmitters and Receivers in a VLC channel

Fig. 3. Nearest User Assignment Ap-
proach in case of interference for an
LED on the bulb.

P, Watt, Vm = 1,.., M. The bulb is a hemispherical structure
with two functions: illumination of the room and wireless data
download to mobile users. First, it acts as an access point
for the room. It consists of multiple transmitters (LEDs) to
facilitate simultaneous downloads to multiple receivers (users)
as shown in Fig. 1. These LEDs are attached to the surface of
the bulb in several layers pointing towards different directions
so that they can illuminate different parts of the room. Second,
the LEDs are intended to provide light coverage and facilitate
communication in the room.

We consider mobile users which are equipped with a single
photo-detector (PD) or a collection of PDs, whichever is
appropriate. These users also use legacy RF transmitters so that
they can upload to their corresponding LEDs. They receive the
download data from the LED(s) with which they are in LOS
alignment.

A. Assumptions
We make the following assumptions in this study:

e Inside the room, each mobile user can have one PD
receiver and one RF transmitter, and this user is able to
extricate the desired signal from the optical transmitters.

o Locations of the mobile users are known.

o There are N fixed sensors uniformly distributed inside
the room. These are not equipped with decoders and are
only used for measuring the illumination uniformity in
the room. The light intensity received at these sensors
determine how uniform the lighting is inside the room. It
is possible to place these sensors at a place of interest,
however, we assume that they are uniformly distributed,
in a lattice placement pattern, to the room floor.

B. LED-User Association

We propose to use a binary variable ¢,,, that indicates the
association between LED m and user u which is given as
follows:

(D

S 1,if LED m is associated with user u.
™% 7710, otherwise.
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Here we assume that user u can be associated to many
LEDs at the same time. In contrary, an LED is not allowed to
associate with more than one user simultaneously as implied
in (2).

C. Channel Model

In our channel model, the multi-path propagation due to
the reflections are neglected and only LOS channel model is
considered. So, the downlink communication channel model
between LED m and user u can be expressed as [18]:
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where A,, is the user PD area and d,,,,, is the distance between
LED m and user u. @,,, and ¢,,, are the irradiance and
incidence angles respectively (shown in Fig. 2). ¢. is the FOV

angle of the PD. We have assumed that no optical filter is used.

Qo(¢mu) is the Lambertian radiant intensity and expressed as

Qolpmn) = L cost (o), @

where ¢ = —In(2)/In(cos(¢1/2)) is the order of Lambertian

emission and ¢ /o is the transmitter semi-angle at half’ power.

D. Signal-to-Interference and Noise Ratio (SINR) Calculation

We assume that each LED is either associated with one user
or used for lighting only. Therefore, SINR at user v can be
expressed as [19]
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received by user 7 from its assigned LEDs, the communication
bandwidth and the spectral density of the Additive White
Gaussian Noise (AWGN), respectively.

where 3; =

E. Illumination Uniformity

An important factor to be considered in VLC is illumination
intensity distribution across the room floor. Specifically, the
illumination uniformity, ¢, can be defined as the ratio between
the minimum and the average illumination intensity among all
N sensors and is given as [20]

min(oy,)
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where 0, = Y. agPpnhmy is the received total power at

m=1
sensor n. oy is the luminous efficiency that depends on the

LED color wavelength, e.g. oy = 60 lumen/watt for white
LED [21]. min(.) is the minimum function.

III. PROBLEM FORMULATION

We formulate an optimization problem aiming to minimize
the total energy consumption of LEDs while satisfying a certain
rate threshold for users and taking into consideration the
association and illumination uniformity constraints. So, the
optimization problem can be written as:

M
(PO): mipimize ., D P 2
subject to (2) and:
P, <P, VYm, ®)
¥ > Inin, )

Blogy (14+T,) > Ry, Vu. (10)

where (2) and (8) represent the LEDs’ power budget and asso-
ciation constraints. (9) represents the illumination uniformity
constraint, where I,,,;,, is defined as the minimum acceptable
illumination uniformity threshold which we set to be 0.7 [20].
Finally, (10) represents the minimum rate QoS, where R, is
the minimum rate expected for each IoT device.

IV. PROBLEM SOLUTION

The formulated optimization problem given in (7)-(10)
is a non-convex and mixed-integer non-linear programming
problem. So, we propose a low complexity two stages heuristic
solution. In the first stage, we propose a ’Nearest User
Assignment’ approach to determine the value of €,,,,. Then,
given the LED-user associations, we optimize the LEDs’ power
allocations in the second stage.

A. Low Complexity Two-Stage Solution (TSS)

Optimizing €,,, and P,, at the same time makes our problem
really complex specially for IoT scenarios where we have large
number of users U and large number of LEDs M. In a practical
scenario, IoT devices or users will be moving in the room
and every time users’ locations change the optimization will
need to be re-performed. Therefore, we propose a Two-Stage
Solution (TSS) as a practical and efficient solution with less
complexity.

In order to simplify the problem P0, we propose to optimize
€mu, VM, u first, then use €, values to optimize P,,. To
do this, we firstly propose to use a heuristic ‘Nearest User
Assignment’ approach to determine the value of ¢,,,. We then
optimize P,,,Vm by applying a Taylor series approximation
to convert the problem into convex one. Finally, Successive
Convex Approximation (SCA) approach is used to find the
best approximation.

1) LED-User Association: In our ’Nearest User Assignment’
for obtaining the value of LED-User association matrix €.,
we propose to find the user which is most aligned for each
LED m. That is, for each LED m into consideration, we firstly,
find the light cone of LED m (Fig. 3). After that, knowing the
coordinate of each user, we can determine which user is the
closest to the center of light cone of LED m. Let us assume



Algorithm 1 Algorithm for TSS

1: Let €y =0 form =1..M and v = 1..U.
2: Letd — 0,dmin — 0, n — 0
3: for m =1 to M do

4: for u =1 to U do

5: if user w is inside the cone of LED m then

6: if d == 0 then

7: d — distance between center of the cone and user u
8: dmin — d

9: n—u

10: end if

11: else

12: d — distance between center of the cone and user u
13: if d < d.,in then

14: dmin — d

15: n-—u

16: end if

17: end if

18: end for
19: if n! =0 then

20: €Emn — 1

21: n—0

22:  end if

23: end for

24: Select feasible initial values P\,

25: repeat

26:  r=l.

27:  Solve the optimization problem with calculated €, using

the interior-point method to determine the new approximated
solution P,
28: until Convergence (|x" ™ — x| < ¢).

this nearest user to be u, where the user « is in the LOS of
LED m, then LED m gets assigned to user u (that is, we let
ému = 1) and €, = 0,Yu' # u. In this way, no LED is
assigned to more than one user. Finally, we use this LED-User
association matrix value while optimizing the LEDs’ power,
which is discussed in the next subsection.

2) Power Optimization: For given LED-user association,
the optimization problem P0Q (with some term arrangements)
that optimizes LEDs’ power can be written as:

M
(P1): minimize ZPm (11)

m

m=1

subject to (8), (9) and (10).

Notice that in P1, the objective function is a convex function
and all constraints are convex functions except (10). This
constraint is neither concave nor convex with respect to the LED
transmit power P,,. Hence, the goal is to convert constraint (10)

into a convex one in order to solve the problem efficiently.

Therefore, constraint (10) can be re-written as

U
Cu | NoB+ > B | <Bu (12)

k=1

k#u
where C,, = 2(Ru/B) _ 1 It can be seen that the RHS of (12)
is a linear function, thus we only need to approximate the
LHS. Therefore, we propose to use same first order Taylor

expansion approximation in order to convert the LHS of (12)
into a convex one as the following:

U
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where B (1) = > €mihmiPm(r). After the approximation,

the optimizationmﬁéblem P1 becomes a convex optimization
problem and it can be solved using standard convex optimiza-
tion techniques. Finally, we propose to use SCA approach
to find the best Taylor series approximation (in the end of
Algorithm 1).

V. SIMULATION RESULTS

In order to understand the performance of our heuristics,
we perform extensive simulations in MATLAB. Table I shows
the default input parameters used in our simulation setup. The
room size corresponds to a small size conference room or a
large office with a 6 m x 6 m floor and 3 m of height. We
consider a hemispherical bulb with radius R = 40 cm and the
total number of LEDs used is 65 in 6 layers where my. g =
[11 14 17 10 7 5] and 1 LED exactly at the center point of the
bulb. We assume the radius of the LED boards to be r;=1.5
cm and the radius of the photo-detector receiver at the users
to be r,.=3.75 cm.

We assume 20 MHz of bandwidth, which is very conservative
for VLC bands and operational limitations since LEDs and
PDs can work with much larger bandwidth than this. Finally, in
terms of target illumination and communication efficiency, we
target a minimum uniformity of I,in = 0.7 [20] and minimum
data rate per user of R, = 1 Mbps.

To gain confidence in the results, we run the simulations at
least 100 times with randomly chosen user locations within
the room. For seeding the random number generator in our
simulations, we used the prime numbers starting with 11. We
show the results with 95% confidence intervals.

A. Effect on Total Power Consumption of the System

We observe the effect on total power consumption of the
system, which is the objective function in our optimization
problem, with increasing number of users. The plots for total
power consumed by the bulb and average transmit power spent
for each user versus the total number of users in the room for
different divergence angles are shown in Figure 4(a) and 4(b),
respectively. As we can see, the total power consumption of
the bulb is increasing with the number of users, though not
too much. This indicates that, as more users are admitted to
the room, the LED-user associations are tuned to maintain the
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minimum data rate a user gets and the illumination uniformity
constraint.

TABLE I

SIMULATION PARAMETERS
Parameter Value
Room Size 6mx6mx3m
Radius of the transmitter, r¢ 1.5 cm
Radius of the receiver, 7, 3.75 cm
Divergence angle of the LEDs, 64 40°
No. of users, U 2-40

No. of sensors, N 100

AWGN spectral density, No 25x 10720 W / Hz
Modulation bandwidth, B 20 MHz

Minimum uniformity, Tin 0.7

The average transmit power spent for each user (Figure
4(b)) significantly decreases for large number of users in the
system. This reveals that more LEDs could be assigned to a
user when there are few users in the room, but, as the number
of users increases, the LEDs available for a user reduces which
causes the aggregate transmit power spent for a user to reduce
significantly. So, overall, our algorithm is able to keep the total
power consumption to a satisfactory level which is the main
objective of this work, and the cost-effectiveness is improved
significantly for a very high number of users, as the amount
of average transmit power spent for each user becomes very
low while satisfying the minimum data rate and illumination
uniformity constraints.

For a stronger analysis on the decays of average transmit
powers per user with increasing number of users, we plot
the % function along with them for the cases of 6; = 20°
and 6; = 80° in log scale. Although in both cases the power
decays are slower than their respective % functions, the decay
for #; = 80° is much slower than the decay for 6; = 20°
(Figure 6). As we know, the possibility of interference is much
higher for wider divergence angles as there is more possibility
of having more than one user in an LED’s beam. To counter this
extra interference, more transmit power is needed to increase
the signal portion of SINR and the average transmit power
needed is also higher as a result.

B. Effect on Data Rate

Another important goal of our optimization problem is to
provide a minimum data rate to each user of the system to
maintain a good QoS, and for that we analyze the minimum and
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Fig. 5. Effect on User Data Rate of the System.

average throughput of the system with respect to the number
of users, which is demonstrated in Figure 5(a) and 5(b). From
these plots, we can see that our approach can maintain a very
good data rate, both average and minimum, even for a large
number of users, though both of these rates drop with increasing
number of users, which is expected.

Interestingly, we can observe a clear trade-off between the
interference caused by large divergence angles and the high data
rate opportunities when the number of users is low. We observe
that 80° provides notably higher minimum and average data
rates for up to 20 users, but it cannot maintain a good data rate
for more users. On the other hand, narrower divergence angles
offer lower data rates for few-users cases but can maintain a
good data rate even though the number of users increases.

C. System Analysis for different LED Divergence Angles

We also look at different divergence angles of the LEDs to
see the effect on total power consumption, and minimum and
average data rates. We look at this case for U = 5,10 and 20 to
compare the data rate for different number of users and obtain
total power consumption, minimum rate and average rate for
04 from 20° to 120° in 10° intervals which is shown in Figure
7. We observe that after a certain point (with divergence angle
60°), less power is needed for maintaining the required data
rate for the users. Also, the average data rate is increasing with
angles more than 40°, more specifically at 70°. That indicates
the improvement of the overall system performance if the
system is designed with LEDs having divergence angle more
than 60°. However, with divergence angle greater than 90°,
the system performance reduces signifying that our algorithm
works best with divergence angle in the range 60° to 90°.

VI. SUMMARY AND FUTURE WORK

In this paper, we have proposed an optimization problem
that successfully minimizes the total energy consumed by each
LED bulb considering the LED’s power budget maintaining
certain illumination uniformity constraints, considering the
users’ QoS and the LED-user association and used the Taylor
series approximation to optimize the total power of the LEDs.
We have successfully built a framework in this paper which
corresponds to transmission power and rate optimization based
on a certain lighting constraints. The main contributions that
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are addressed in this paper include the use of each LED for
transmission of data to a receiver as well as for increasing the
illumination uniformity and formulation of the optimization
problem that successfully minimized the total energy consumed
while taking some important constraints into consideration.

For future works, one should consider scenarios such as
larger room size with users (as in airports or hospitals) and
compare them. There is room for improving our heuristic
algorithm to get closer to the optimum system performance.
The changes in the behavior of our algorithm with changed
system parameters, such as the size of the room, a very large
number of users in the room and radius of transmitters and
receivers are also worth exploring. Also, it will be interesting
to see whether these parameters are related to each other and,
if so, how. Since visible light communication is getting more
attention and is in demand, our work will prove to be more
fruitful in the designing of multi-element VLC architecture in
the future.
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