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ABSTRACT

LED luminaries are now deployed densely in indoor areas to pro-
vide uniform illumination. Visible Light Communication (VLC)
can also benefit from this dense LED infrastructure. In this paper,
we propose DenseVLC, a cell-free massive MIMO system enabled
by densely distributed LEDs, that forms different beamspots to
serve multiple receivers simultaneously. Given a power budget for
communication, DenseVLC can optimize the system throughput
by properly assigning the power budget among the distributed
LEDs. We formulate an optimization problem to derive the optimal
policy for the power allocation. Our insights from the optimal poli-
cies allow us to simplify DenseVLC’s system design and propose
a heuristic algorithm that can reduce the complexity by 99.96%.
Besides, we propose a novel synchronization method using non-
line-of-sight VLC to synchronize all the transmitters that will form
a beamspot to serve the same receiver. We implement DenseVLC
with off-the-shelf devices, solve practical challenges in the system
design, and evaluate it with extensive and realistic experiments in
a system of 36 transmitters and 4 receivers in an area of 3 m X 3 m.
Our results show that DenseVLC can improve the average system
throughput by 45%, or improve the average power efficiency by 2.3
times, while maintaining the requirement for uniform illumination.
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1 INTRODUCTION

Artificial illumination consumes about 20% of the world’s electricity
and produces carbon emissions that are comparable to the global
automobile fleet [1]. To reduce this high energy consumption, tra-
ditional fluorescent and incandescent bulbs are being replaced by
energy-efficient LEDs [35]. Deploying LEDs is not only beneficial
for illumination, but also enables Visible Light Communication
(VLC) to piggyback on LED’s illumination [8, 14]. Yet, the primary
function of an LED remains illumination. To increase user com-
fort, uniform illumination has become an essential requirement
in advanced lighting systems. However, due to the well-known
Lambertian propagation property of LEDs, it is challenging to illu-
minate a large area uniformly and efficiently with a single LED [28].
To tackle this problem, deploying LEDs in arrays was proposed
in [16] and has been investigated extensively to obtain uniform
illumination [24, 31, 36].

With this dense-luminaries infrastructure, new techniques for
communication have been explored to exploit the LEDs’ spatial
diversity by enabling the Distributed Multiple-Input-Single-Output
(D-MISO) in VLC networks [7, 27, 33]. In these previous works, all
the LEDs are synchronized to increase the received signal strength
at the receiver. However, these works are highly energy inefficient.
As saving energy is the key reason for deploying LEDs for illu-
mination, it is essential that (1) VLC incurs limited extra power,
and (2) no power is wasted. The above works do not satisfy these
requirements, as all LEDs send the same data to a receiver and
consume the same amount of power, even if they do not contribute
equally to the performance improvement at the receiver. To im-
prove the power efficiency in D-MISO VLC, recent works have
proposed new precoding schemes to serve multiple users [29, 39].
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However, these past works are purely based on simulations, only
consider limited number of transmitters, static receivers and make
simplistic assumptions for the synchronization among the LEDs.

Recently, researchers in Bell Labs proposed the concept of Cell-
Free Massive MIMO (CFM-MIMO) in [18]. In CFM-MIMO, a large
number of distributed, low-cost, and low power access point anten-
nas are connected to a controller to serve a much smaller number
of users. The proposed system is not partitioned into cells anymore
and all the users are simultaneously served by all LEDs within
the receiver’s field of view. This facilitates mobility and improves
the dynamic performance, compared to the conventional small
cell-based design [13]. CFM-MIMO has now attracted increasing
attentions from the massive MIMO society, and has been proved to
improve greatly the system performance in terms of outage rate,
system throughput, and so on [19-22].

Inspired by this new concept, in this paper we propose, design
and implement DenseVLC, a practical CFM-MIMO system enabled
by densely distributed LED luminaries. With the intrinsic charac-
teristics of being low-cost, low power consumption, and densely
distributed, DenseVLC can enable adaptive and power-efficient
CFM-MIMO beamspots to serve multiple receivers simultaneously.
Given the measured link qualities between the LED transmitters
(TXs) and receivers (RXs), DenseVLC allocates dynamically the
power budget for communication among the LEDs such that the
total system throughput is maximized. DenseVLC also maintains
a constant and uniform illuminance level. Our contributions are
summarized as follows:

e We propose DenseVLC and design its system architecture. It
enables power-efficient and adaptive CFM-MIMO with VLC
to serve multiple RXs. We formulate the policy on adapt-
ing the CFM-MIMO beamspots to achieve the best system
throughput as an optimization problem and derive the solu-
tion (Sec. 3).

e We show that given a constraint on power budget, using all
the power budget does not necessarily mean the system will
operate in the most power-efficient state. We also show that
only two modes of operations for the LEDs are enough to
efficiently allocate the power budget, either only illumination
at the bias current or full swing in the LED communication
region. The latter allows us to simplify the hardware and
system design of DenseVLC (Sec. 4).

o Based on the insights obtained in Sec. 4, we further design a
heuristic algorithm that can reduce the complexity of find-
ing the optimal adaptation policy by 99.96%, at the cost of
sacrificing the system throughput only by 1.8%. This allows
DenseVLC to quickly react to users’ dynamics (movement,
etc.), which is important to maintain the optimum of the
system performance in mobile scenarios (Sec. 5).

e We propose a novel and practical synchronization method by
exploiting non-line-of-sight VLC to synchronize all the TXs
that serve the same RX. This synchronization method is more
fine-grained, scalable and flexible compared to traditional
methods (Sec. 6).

e We implement DenseVLC with off-the-shelf devices. We de-
sign and develop 36 TXs and 4 RXs from scratch to build a
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real CFM-MIMO system with VLC. We solve practical chal-
lenges in the system implementation, such as those related
to the proposed synchronization (Sec. 7).

e We evaluate DenseVLC in different scenarios, considering
limitations caused by real systems, and compare it with ex-
isting solutions. Our results show that DenseVLC improves
the average system throughput by 45%, or the average power
efficiency by 2.3 times, compared to existing solutions. These
improvements are obtained without affecting the uniformity
of illumination (Sec. 8).

2 DESIGN SPACE AND BACKGROUND

2.1 Design space

Our goal in DenseVLC is to design and develop a practical CFM-
MIMO system that addresses the following challenges:

Interference. In DenseVLC, multiple RXs can be served simultane-
ously. Due to the existence of densely distributed LEDs in the system
and mobility of RXs, severe interference can arise and degrade the
performance of the system greatly. Thus, strong interference among
different beamspots must be avoided.

Power efficient. DenseVLC decides which LEDs of the array form
beamspots. This adaptive decision should be aware of the power
consumption for communication and the SINR at RXs, and should
always lead to the best system throughput within the allowed power
budget for communication, without affecting the illumination uni-
formity.

Fast adaptation. VLC links exhibit high dynamics when the TXs
and RXs are not static [38]. We are interested in mobile RXs which
are more practical in reality. Therefore, algorithms are required
that can quickly determine how to form the beamspots for the RXs.

Scalable and flexible synchronization. Synchronization plays an
important role in practical CFM-MIMO systems because TXs need
to send the same signal simultaneously. However, none of the exist-
ing related VLC systems have proposed a practical solution. As we
will show in Sec. 6.1, synchronization based on traditional methods
such as Network Time Protocol are neither flexible nor scalable
for dense deployments. Other methods such as GPS disciplined
oscillator (GPSDO) [15] cannot be applied, as denseVLC will be
typically deployed indoors.

Minimal circuitry to drive LEDs. The LEDs that form CFM-MIMO
beamspots are spatially distributed within the area-of-interest and
should have simple electronics and logics to transmit data. This
allows their integration into today’s infrastructure, retrofitting off-
the-shelf LEDs, and further reduce their power consumption for
communication.

2.2 Background

Channel propagation. In VLC, the intensity of light beam from an
LED is captured by the Lambertian propagation model. Denoting P;
as the optical power of the transmitter, the received optical power
P, at the receiver is given as:

Pr=H-P +n, 1)
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where n is the noise, which is modeled as additive white Gaussian
noise (AWGN), H is the line-of-sight path loss, and

(m+1)Apq

H= {W cos™($)g(y) cos(), 0 <y < ¥

0, otherwise

@)

~In(2) . , ) ) .
T(cos gujz) 15 the LED’s Lambertian order in which ¢,

denotes the half power semi-angle, A, the collection area of the
photodiode, d the distance between the transmitter and the receiver,
¢ and ¢ the irradiation angle and incidence angle, respectively, g(1/)
the concentrator and filter gain of the photodiode, and ¥, the field-
of-view of the receiver.

Operation mode of LEDs in VLC. In VLC systems, LEDs
can have two operating modes: illumination mode and illumina-
tion+communication mode:

where m =

o [llumination mode: The LED is solely used for illumination
in this mode, which can be achieved by applying a constant
current to the LED.

o [llumination+communication mode: In this mode, the light
intensity emitted from LEDs is modulated to transmit data.
To avoid flickering, the average brightness of LEDs must
remain the same as in illumination mode.

3 DENSEVLC DESIGN

We consider an indoor area with a grid of LEDs distributed on the
ceiling. The LEDs illuminate the area and act as TXs to communicate
with multiple RXs. The TXs are synchronized dynamically to enable
CFM-MIMO beamspots.

3.1 System architecture

The system architecture we propose for DenseVLC consists of a
controller, a grid of densely distributed TXs, and multiple RXs, as
shown in Fig. 1.

Controller. It orchestrates the CFM-MIMO beamspots, hosts the
decision logic and the MAC protocol, and guides the wireless syn-
chronization among the TXs.

TXs. Densely distributed TXs integrate simple electronics to
seamlessly switch between illumination mode and illumination+com-
munication mode. In the latter mode, relevant TXs send synchro-
nized signals to the RXs. This simple design of a TX facilitates its
implementation in today’s indoor environments. Synchronization
among the TXs is achieved through VLC, where synchronization sig-
nal piggybacking on visible light is sent by a leading TX, reflected
by the ground, then received and decoded by other TXs. This design
for the synchronization makes DenseVLC scalable and flexible.

Mobile RXs. They can move within the area-of-the-interest and
receive data from the TXs. A RX is able to measure the channel
qualities between the TXs and itself, and send this information
back to the controller for the orchestration of adaptive CFM-MIMO
beamspots. Note that DenseVLC only requires channel measure-
ments, and does not need to know the location of the RXs.

3.2 MAC protocol

The MAC protocol that can exploit the dynamic link qualities be-
tween the TXs and the RXs, due to the RXs’ mobility or environment
changes, works as follows:
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Figure 1: DenseVLC’s system architecture

o The controller sends pilot signals in a time-division scheme
to each LED of the array. Each RX measures the downlink
channel qualities between each TX and itself, and reports
these measurements to the controller.

e Based on the measured downlink channel qualities and the
allowed power budget for communication, the controller
implements a decision logic to allocate the communication
power among the TXs, with the goal to optimize the system
performance. Based on this allocation, TXs form CFM-MIMO
beamspots to serve multiple RXs.

e For each CFM-MIMO beamspot, a TX is appointed by the
controller as the leading TX that sends synchronization sig-
nals through VLC to synchronize all TXs that form the same
CFM-MIMO beamspot. The visible light carrying the syn-
chronization signal is reflected by the ground and then de-
tected by the TXs to perform synchronization.

e Synchronized TXs switch their LEDs to operate in illumi-
nation+communication mode (cf. Sec. 2.2), send synchro-
nized signals to the desired RX. If a TX is not assigned any
communication power, it’s LED operates in asynchronous
illumination mode to only provide illumination.

Next, we introduce our system model that will be used to derive
the controller’s policy on allocating the communication power
among the TXs that form CFM-MIMO beamspots.

3.3 System model

We consider an area with N LED transmitters deployed in a grid
on the ceiling. For simplicity, we assume that each TX uses a single
LED'. Each LED has two operating modes, as introduced in Sec. 2.2,
and can switch seamlessly among them. When an LED is in the
illumination mode, a constant current I, flows through the LED
to achieve the desired illumination. When it operates in the illumi-
nation+communication mode, the light intensity emitted from the
LED is modulated to transmit data using a modified On-Off-Keying

'In a more general case, a total of M LEDs can be used at each TX to satisfy the
illumination level where the power consumed by each TX increases linearly with M.
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(OOK) modulation, where variable swing levels Is,, around the bias
are adopted to represent the symbol HIGH and LOW. A large I,
can increase the received signal strength at the RX, but also con-
sumes more power and may generate more interference to other
RXs. A current I, = I}, + I, /2 is used to represent a HIGH symbol,
while a current I; = Ij, — I, /2 represents a LOW symbol. This
ensures that illumination mode and illumination+communication
mode generate the same brightness. The current I}, depends on the
desired illumination level. A graphical representation is given in
Fig. 2.

To avoid flickering and ensure equal probability of the HIGH and
LOW levels, Manchester encoding is employed where a transition
I} — Iy, denotes a binary 0 and a transition I, — I; denotes a
binary 1. As a result, the same brightness of the LED is realized in
the two operation modes.

Let Py = (Pl, Pf, ng)T denote the optical power of the TXs
for communication, and P, the received optical power at a RX, then
from Eq. (1) we have

Pr=H-Pi+n, 3)

where H = (Hj, Ha, ..., HN) is the line-of-sight path loss that can
be derived from Eq. (2).

Objective: Let SINR; be the received signal-to-interference-plus-
noise ratio at RX i, and Pc ;o; the total power consumption for
communication of all the TXs averaged over time. Pc ;o; can be
expressed as:

N
=i
Petor = ), Pes @)
Jj=1

where ?C is the power consumed by TX j for communication aver-
aged over time. Let Isy = (IL,,, 12, ..., IN,)T denote the swing level
of the TXs. Our objective in this work is to select the swings Igw
that optimize the sum log throughput, ensuring user proportional
fairness [11]:

M
max Z log (Blog, (SINR; + 1)) (5)
o=l
subject to
M i
OSZIé’w < Isw,max, j=1,...,N. (6)
k=1

N J.k
I
Pc,tot =Z ( SW) PC tot (7)
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where M denotes the number of RXSs, Isyw, max the maximal swing
of the LED and ﬁc, tot the total power budget for communication.
The inequality imposes both a minimum bound on the swing to
ensure non-negativity and a maximum bound to ensure to operate
in the communication region (derived further in Eq. (9)).

3.4 Analysis

To solve the optimization function (5) presented above, we need to
derive the expressions for Pc ;o; and SINR;.

3.4.1 Extra power consumption for communication. VLC consumes
extra power beyond that for pure illumination [30]. To quantify

the extra power I_DIC consumed by each LED transmitter i for com-
munication, we use the following equation that models the power
consumption of an LED as a function of the current I that flows
from the anode to the cathode:

I
Preg) =k V; In (I— + 1) I+R,I?%, (8)
S

where k is the diode ideality factor, V; the thermal voltage, I; the
reverse bias saturation current and R the series resistance of the
LED [26]. As the modulation is performed around the bias current
I, the Taylor expansion? of Eq. (8) around I, gives the following
expression:

Pled( Iy) led( Iy)

Preq(D) = Preq(Ip) + I-Ip)*, (9)

———
P] PC

(I-Ip) +

where the first term Pj,4(I) represents the power consumption for
illumination Py, and the second and third terms refer to the power
consumption P¢ for communication. Since we use Manchester
coding, the probabilities of symbol HIGH and symbol LOW in
the modulated data are equal. The average power consumed on
communication over time Z_JC is:

_ ~ kI_‘h/[ + 2R, 2 (Isw 2

Pc = B[Pe(t)] = ———E[(() ~ 1] = r (7) . (0
withr = ];T‘;‘ + R, the LED’s dynamic resistance at the bias working

point I,. A graphical representation is shown in Fig. 3. Note that
when the LED is used purely for illumination, the swing I, = 0 and

?Note that we consider the Taylor expansion up to the second-order term for the
approximation in Eq. (9), sufficient for small variations around Ip.



DenseVLC: A Cell-Free Massive MIMO System with Distributed LEDs

CoNEXT ’18, December 4-7, 2018, Heraklion, Greece

3 PTX31 TX32 TX33 TX34 TX35 TX30| 600 3 Txa1 P
E 251 1x X30) 500 E 251 1x25 TX26 TX27
S S o o
2 2fp 24 400 % 2 2
@ = &
£ 3 £

1 g 1

z 5 T 18| 300 g 2 5
£ E £
5 it o 200 = 5t
@ 2
S 05 100 205

0 0 0

0 1 2 3 0 05 1

position in x dimension [m]

Figure 5: Illumination distribution

Pc = 0, confirming our derivation. From Eq. (10), we can obtain the
total extra power consumption for communication in the channel:

N ; N Ii 2
= P = Sw
PC’tOt_ZPC_Zr( 2 ) . (11)
i=1 i=1

Notice that the Taylor expansion is valid for small excitations
around Ij,. However, since the LED I-V curve can be approximated
by a second order function, the approximation is also valid for
larger swing levels, as shown in Fig. 4. Using the maximum swing
level of I, = 900mA results in an error of only 0.45%, which is
acceptable.

3.4.2  Signal-to-interference-plus-noise ratio. The SINR at RX i is
computed as follows:

P 2
D4
(R’V S Hyi (55 )2)
SINR; = s (12)

2
i
No B+ (Rﬂr ZkM:1 Zjl\il Hj,i( 2 )2)
k#i

with R the responsitivity of the photodiode, n the wall-plug ef-
ficiency of the LED (i.e., the energy conversion efficiency from
electrical to optical power), Ny the single-sided spectral power
density and B the communication bandwidth.

Note that the bias current I}, is not included to calculate the SINR,
since it does not contribute to data transmission.

Since we have derived the expressions for Pc ;,; and SINR;, then
we can solve the optimization function (5) with nonlinear program-
ming tools, such as fmincon in Matlab. Note that inequality (7)
depends on the bias current I, necessary to guarantee the required
illuminance of the environment. Setting the bias I at the center
of the linear region of the LED allows us to use a larger Isw, max
(cf. Fig. 3). The opposite holds for a smaller or larger value of I}, as
the Taylor approximation will only be valid in a smaller region.

4 INSIGHTS INTO THE SYSTEM DESIGN

In this section, we provide an in-depth study of the system model
introduced in Sec. 3, and present the main insights that will drive
us in the design of a practical D-MISO system.

Simulation setup. We consider an indoor area of 3m x3mx2.8m
consisting of a grid of N = 36 TXs and M = 4 RXs. The TXs are
aligned in a 6 X 6 array with an inter-node distance of 0.5 m. They

position in x dimension [m]

Figure 6: 100 random instances
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Table 1: System parameters for simulations

Parameter Notation Value
General
Single-sided spectral power density No 7.02 X 10723 A2 /Hz
Communication bandwidth B 1 MHz
LED
Half power semi-angle B1/2 15°
Reverse bias saturation current I 1.44x 10718 A
Ideality factor, series resistance k, Rs 2.68, 0.19 Q
Bias current, wall-plug efficiency Iy, n 450 mA, 0.4
Maximum swing current Isw, max 900 mA
Wall-plug efficiency n 0.40
Receiver
Field of view, collection area ¥, Apd 90°, 1.1 mm?
Responsitivity R 0.40 A/W

are attached at a height of 2.8 m from the ground, facing downwards.
The 4 RXs are located at a table of height 0.8m, facing upwards to
the ceiling. The LED data is based on the off-the-shelf CREE XT-E
LED [3], which is also used in our experimental validation in Sec. 8.
Table 1 lists additional relevant system parameters.

Illuminance distribution. Fig. 5 shows the spatial illuminance
distribution. According to the ISO 8995-1 illumination standard for
indoor office premises [5], the average illuminance should not fall
below 500 lux and the illuminance uniformity (the ratio between
the minimum illuminance and the average illuminance) shall not
be less than 70%. We define an area of interest of 2.2 m X 2.2 m
(i.e. excluding the boundary), positioned in the center of the room.
In this area, the average illuminance is 564 lux and the uniformity
equals 74%, satisfying the illumination requirements.

4.1 Throughput vs. power consumption

Without loss of generality, we assume that the 4 RXs are located
around certain TXs in the XY-plane, as shown in Fig. 6. For each
RX, we generate 100 random positions around these TXs. We grad-
ually increase the power budget f’c,m, for communication, and
derive the optimal swings that lead to the maximal sum log through-
put, by solving the optimization problem in Eq. (5). The results of
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the system throughput and each RX’s throughput, both with 95%
confidence interval, are depicted in Fig. 8.

We can observe that either the system or the individual’s through-
put increases in accordance with chy tot- Since we optimize the sum
log throughput, the throughput of the RXs is balanced independent
of ﬁc,m,, ensuring user fairness. When ﬁC,tot is large, RX3 and
RX4 achieve better performance than RX1 and RX2, due to the
availability of more non-interfering TXs. However, we should note
that the power efficiency on communication decreases when Fﬁc, tot
exceeds a certain threshold. For instance, we can notice in Fig. 8
that the system throughput increases more slowly with the same
extra power consumption when FC, tor exceeds 1.2 W.

4.2 Optimal swing levels

To show the results clearly, we consider a random instance of the
RXs’ positions used in the previous section. For this instance, the
positions of the four RXs are shown in Fig. 7. The optimal swing
levels leading to the maximized system throughput under different
power budget ﬁC,tot are shown in Fig. 9. Due the space limita-
tion, we only show the results related to RX1 and RX2. We can
observe that with the increase of Fﬁc,tat, TX8 and TX10 are as-
signed first to RX1 and RX2, respectively, i.e. the swing level of
a TX that poses the best channel increases first. When TX8 and
TX10 reach the maximal allowed swing, the consumed commu-

. . IS\V max 2
nication power equals Pc tx. max = (T) = 74.42 mW,

where r denotes the dynamic resistance. Increasing ﬁc, tot further,
more TXs start sequentially from zero-swing to operate at full-
swing. For example to serve RX1, a group of TXs, forming the
same CFM-MIMO beamspot, operate at full swing in the order of
TX8—>TX14—-TX7->TX2—->TX1-TX13.

Notice that the transition of a TX’s optimal swing level from zero-
swing to full-swing is fast. As shown in Fig. 9, with the increase of
ﬁc, tot» the occurrence of the gray areas (representing that the TXs
are operating at neither zero-swing nor full-swing) is negligible
compared to the occurrence of the black (representing zero-swing)
and white (representing full-swing) areas. This phenomenon applies
to the 100 instances shown in Fig. 6.

For four representing TXs (TX3, TX5, TX10, and TX15), we depict
the empirical CDF in Fig. 10 for five randomly selected instances>.
TX10 has a very steep edge in the CDF at the maximum swing

3For better visualization, we only show the results for five instances.
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Figure 10: Empirical CDF vs. swing levels of RX2

level. This means that TX10 mostly operates at full-swing because
it possess the best channel to RX2 among all the TXs. A similar
trend is observed for TX5, although it is assigned later because it is
farther from RX2 compared to TX10. Therefore, we see an offset in
the CDF with respect to TX10.

An interesting observation in Fig. 10 is the empirical CDF for
TX3. Instead of being a step function, the CDF of the optimal swing
level of TX3 increases more smoothly and does not reach always
the maximal swing, meaning that optimally it operates more often
than other TXs at neither zero-swing nor full-swing. However,
discretizing TX3’s swing level to either zero or maximum results
in a little loss with respect to the optimal swing level. The gain
contributed by TX3 to the total system throughput is rather limited:
if it is not used, the average loss in the total system throughput is
only 0.48%. Finally, TX15 is not used at all because it would generate
too much interference to the RXs.

Based on the above presented characteristics of the optimal
swing levels, we have the following three insights:

Insight 1: Given a power budget for communication, for each
RX, the optimal solution always assigns the available power sequen-
tially to its preferred TXs. This means that the optimal solution
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starts to assign the remaining communication power to the next
preferred TX, only after the swing level of the RX’s first preferred
TX reaches the full-swing.

Insight 2: With the increase of the power budget, the transition
of a TX’s optimal swing level from zero-swing to full-swing is fast.
That is, the probability of a TX operating at at neither zero-swing
nor full-swing are negligible compared to the probability of oper-
ating at either zero-swing or full-swing. Therefore, to achieve a
near-optimal throughput in practice, it is sufficient for each TX to
either use (i) Is4, =0 if operating in illumination mode, or (ii) the max-
imum swing Isy, max if operating in illumination+communication
mode.

Insight 3: If the assignment of a TX to serve an intended RX
generates much interference to other RXs, then that TX should
be given lower priority in the sequence for power allocation. This
means the TX will be assigned later, or not at all.

5 HEURISTIC ALGORITHM

Solving the optimization problem in Eq. (5) takes 165 seconds in
Matlab, under the setup of 36 TXs and 4 RXs as presented in Sec. 4.
This is not acceptable for a practical communication system. To
reduce this complexity and facilitate a practical D-MISO system, in
this section, we propose a ranking-based heuristic inspired by the
insights gained in Sec. 4.

The key in our proposed heuristic is the custom-defined Signal-
to-jamming Ratio (SJR). Its definition is inspired by Insight 3. Let
the N X M matrix SJR denote the SJRs of all combinations of TXs
and RXs:

SIRy,1 e SJRy, m
SJR = e SJIRy. m e , (13)
SIRN,1 SIRN, M
where SJR; j of the TX i to the RX j is defined as:
K
SR = — (19

M g
Zj':1 Hiy

with k a parameter that can be used to tune the weight of the desired
channel to RX j with respect to the interference generated at other
RXs. The higher the , the more weight is given to channel of TX i
to RX j, and the less attention is paid to the interference generated
by TX i to other RXs.

The proposed heuristic is outlined in Algorithm 1. It works as
follows: after calculating all the SJRs, i.e. obtaining the SJR (line 1
to line 3), the heuristic searches sequentially for the TX having the
maximum SJR (line 5). The tuple < i*, j* > that correspond to the
maximum S]R is recorded and added to the ranking list RankedTX
(line 6), which is a 1 X N vector where its kth element RankedTX}.
isatuple < i,j>,andi € N,j € M. Afterwards, the entire ith row
of SJR is removed from the search space (line 7), since the ith TX
is already assigned to a RX. This process is repeated until all TXs
are added to ranking list RankedTX, i.e. when the search space of
SJR is empty.

The proper value of the parameter x depends on the system
setup, such as the density of the TXs and the positions of the RXs.
To verify the performance of our proposed heuristic, we set k to
different values and present the result of the ranking algorithm in
Fig. 11. For a lower «, i.e. k = 1.0, the TXs give higher priority to
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Algorithm 1: Proposed ranking-based heuristic

Input :x; Hjj
Output:RankedTX: a1 X N vector
1 fori < 1to N do
2 for j «— 1to M do

K

H;
3 SIR; j — =t —
=111, j

for k «— 1to N do
i*, ") « arg max; ; SJR
RankedTX[k] « (i*,j*)
SJR — SJR \ SJR,;.

4
5
6
7

avoid generating interference to other unintended RXs, therefore,
resulting a low system throughput when the power budget is low.
For a larger value of k, e.g. k = 1.5, the TXs prefer to serve the
intended RXs, which generates more interference when the budget
is large, also resulting in a lower throughput. k = 1.2 and x = 1.3
show a good balance between the channel quality and generated
interference. Compared to the optimal system throughput gained
by solving the optimizing problem, the average throughputs with
k = 1.0, k = 1.2, k = 1.3, k = 1.5 are decreased by 40.3%, 2.4%,
1.8%, 2.6%, respectively. The histogram of average loss in system
throughput with different x for the 100 random instances (cf. Fig. 6)
is further shown in Fig. 11. So in this setup, k = 1.3 is the best
choice.

Note that our proposed ranking-based heuristic only takes 0.07
seconds, i.e. reducing the complexity by 99.96% compared to the
optimal solution presented before, at the cost of scarifying only
1.8% of the system throughput. Besides, our heuristic can be easily
implemented in a micro controller.

6 SYNCHRONIZATION

For each CFM-MIMO beamspot in DenseVLC, there is a varying
number of TXs that are dynamically synchronized to send the same
information signal to an RX. Thus, fine-grained, flexible and scalable
synchronization among the TXs is very important. In this section,
we first state the problems of using existing protocols in DenseVLC,
then propose a novel and practical synchronization method based
on non-line-of-sight (NLOS) VLC.

6.1 Synchronization with NTP/PTP

We first test two synchronization protocols together in DenseVLC:
Network Time Protocol (NTP) [6] and Precision Time Protocol
(PTP) [4]. NTP is used to coarsely synchronize the controller’s time
to the time of an external server, while PTP is in charge for a finer
time synchronization among VLC TXs. In addition, in this test, the
frame structure of DenseVLC (cf. Table 3) is modified such that each
TX will start transmission at the absolute time specified in ps in
the Sync field, appended to the frame. Knowing this absolute time
to transmit, each TX waits until the specified absolute time after
which they transmit the data simultaneously.

We implement the above approach and measure the synchroniza-
tion delay between two received signals transmitted simultaneously
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by two TXs. The time difference of each two ‘synchronized” sym-
bols from the two TXs is computed, and the median delay over an
entire frame is derived. This process is repeated 10 times (for 10
different frames) and we average out the 10 median delays as the
final synchronization delay. We measure the synchronization delay
at several different symbol rates, for which the results are shown
in Fig. 12. We observe that the NTP/PTP-based synchronization
method significantly improves the delay, by at least a factor of two
between two VLC TXs. If the maximum acceptable overlap between
‘synchronized’” symbols is 10% of the symbol width, then the maxi-
mum symbol rate at which we can transmit with two synchronized
TXs is 14.28 Ksymbols/s.

Therefore, this approach has a fundamental limitation in sym-
bol rate. The TXs cannot be synchronized with a higher accuracy
than the one showed above, because it relies on external libraries
running on top of an operating system. This approach could work
for low transmission rates, but is unreliable for faster communica-
tion. Moreover, it requires CPU time and synchronization messages
through Ethernet, which can further degrade the synchronization
accuracy when the network workload is higher.

6.2 Synchronization with NLOS VLC

In DenseVLC, we propose a novel synchronization method by ex-
ploiting NLOS VLC. For each RX, the controller appoints a leading
TX from those that will jointly serve the RX. The leading TX trans-
mits the pilot signal to synchronize the rest of the TXs. Then they
jointly send synchronized signal to the RX. This method can re-
duce synchronization delay and does not rely on external libraries
running on top of an operating system. It uses relative time instead
of absolute time, and therefore, does not need to connect to an
external time server. The proposed method works as follows:

Figure 14: The proposed method that exploits NLOS VLC for
wireless synchronization

e For each RX, the controller sends data to the desired TXs
(resulting from our heuristic) and appoints one of them as
the leading TX. The leading TX, e.g. TX2 as illustrated in
Fig. 14, first transmits the pilot signal for synchronization
and its own ID, then transmits the real frame (Preamble +
MAC frame). The symbol rate at TX2 is denoted as fix.

o The non-leading TXs, e.g. TX1 and TX3 in Fig. 14, listen for
the synchronization signal with a sampling rate of fix that
is much higher than fix. The higher the fix compared to fiy,
the better synchronization we can achieve.

o After detecting the pilot signal and the leading TX’s ID, RXs
compare the ID to their desired one. If matched, they starts
sending synchronously the preamble and MAC frame after
a short pre-defined guard period.

The proposed synchronization method is scalable in terms of the
number of TXs and RXs because the synchronization is performed
only by listening to the pilot signal from nearby leading TXs. The
synchronization method is also flexible since we relay on wireless
visible light communications and do not need to wire each two TXs
physically to achieve good synchronization.

7 SYSTEM IMPLEMENTATION

In this section we present the implementation of DenseVLC, includ-
ing both the hardware and software implementations.
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Figure 15: Design of the TX front-end

7.1 Hardware

We use the Beaglebone Black (BBB) as embedded computer in our
design. The controller has a dedicated BBB to orchestrate the CFM-
MIMO beamspots and run the VLC MAC. Each TX has a front-end
for transmission, and a receiving front-end for synchronization.
The VLC PHY of four TXs is managed by 1 BBB, so 9 BBBs are
used in total for the 36 TXs. For each RX, its front-end is mounted
on a dedicated BBB Wireless. Next, we present the two front-end
designs.

TX front-end: We use the high performance LED CREE XT-E,
covered by a lens to limit the field of view of the LED. We design
a circuit to emit light with three different intensity levels (symbol
LOW, illumination, symbol HIGH), instead of two levels (light and
no light) as done in typical low-end VLC systems [32]. In our design,
the LED emits no light when transmitting the symbol LOW. For
illumination and symbol HIGH, we use two parallel branches, con-
taining a power transistor and a resistor in series, to drive the LED.
The two resistor values are tuned such that the average luminous
flux from the LED does not change when going from illumination
mode to 50% duty cycled communication mode and vice versa. The
average measured electrical power consumption is 2.51W for illu-
mination and 3.04W for 50% duty cycled communication. The TX
front-end supports a transmission rate up to 2MHz. The developed
PCB board and block diagram of the TX front-end are presented in
Fig. 15.

RX front-end: We design a three stage analog RX front-end to
amplify the signal with minimal noise. In the first stage, the photodi-
ode current is amplified to a voltage by a low noise Transimpedance
amplifier (TIA). The second stage contains an AC coupled amplifier,
which filters out low frequency ambient light and amplifies the
signal further, and thus enables the detection of a very weak signal,
e.g., a reflected pilot signal. In the third stage, the high frequency
noise components are removed by a 7th order passive low pass But-
terworth filter, to avoid aliasing in the subsequent analog-to-digital
converter (ADC). The ADC digitizes the signal at 1 Msamples/s and
sends it via SPI to the Programmable Real-Time Unit (PRU) of the
BBB Wireless. The developed BBB cape and the block diagram of
the RX front-end are presented in Fig. 16. Note that this front-end
is used for both the receiver on the ground and the transmitter on
the ceiling, but with different software; the former to receive data
packets, and the latter to receive synchronization pilot signals.

7.2 Software

The DenseVLC software is developed partly based on the OpenVLC
platform [10]. The source codes of DenseVLC have been made public
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Figure 16: Design of the RX front-end

Table 2: Hardware components

[ X | rx
LED CREE XT-E Photodiode S5971
Lens TINA FA10645 || TIA/ AC Amp | OPA659 / OPA355
Power transistor | NTR4501 ADC ADS7883

and can be found on https://github.com/jonabeysens/CoNEXT18_
DenseVLC.*

Data communication from controller to TXs. After encap-
sulating the data with an Ethernet header, the frames are sent from
the controller via Ethernet multicast to the TXs. A high level il-
lustration of the frame structure is shown in Table 3. This header
is decapsulated once it reaches the VLC TX. The start of the VLC
PHY header contains an 8 bytes field specifying the IDs of the TXs
that should transmit the data. Each TX checks this field and acts
upon it accordingly. The RX receives the data and if the frame is
decoded successfully, sends a MAC acknowledgement frame back
to the controller using WiFi [17]. We have taken advantage of the
fact that BBB wireless has WiFi connectivity already integrated.
As such, the system has full mobility. Note that uplink packets are
usually smaller in quantity and size compared to downlink packets.
Therefore, the WiFi link is not easily congested.

Channel measurements. The controller selects the optimal
operation mode of the VLC TXs based on periodic channel mea-
surements. In order to quantify the channel quality, each TX sends
sequentially a predefined bit stream to the RX. The RX measures
received signal strength and sends this information to the controller.
To minimize the resulting signaling overhead, this response is fit in
a frame with minimal length and sent when the channel is idle. To
estimate the SNR from the experimental data, the M2M4 estimator
is used since (1) it shows good performance for AWGN channels
and (2) it can use symbols of the frame after the ADC, without the
need for estimating the channel before communication [23]. As the
noise can differ during the reception (depending on the circuitry of
the RX and the photodiode’s negative bias), the latter property is
useful to better characterize the SNR.

Decision logic. Once the controller has received the channel
updates for all the links from the TXs to the RXs, it selects I, =

“This repository is also made available at https://github.com/openvle/CoNEXT18_
DenseVLC.


https://github.com/jonabeysens/CoNEXT18_DenseVLC
https://github.com/jonabeysens/CoNEXT18_DenseVLC
https://github.com/openvlc/CoNEXT18_DenseVLC
https://github.com/openvlc/CoNEXT18_DenseVLC
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Table 3: Frame structure (Controller to VLC TXs; B: bytes)

‘ ETH PHY + MAC header | TXID | Pilot sig. Preamble

SFD | Length | Dst | Src | Protocol | Payload | Reed-Solomon

8B 32 symbols | 32 symbols

2B 2B | 2B 2B xB [x/200] 16B

{0, Isw, max} for each VLC TX based on our ranking algorithm
presented in Sec. 5.

8 PERFORMANCE EVALUATION

In this section we evaluate the performance of DenseVLC.

Experimental setup. We evaluate the performance of DenseVLC
in a system of 36 VLC TXs and 4 RXs. The TXs are deployed 6 X 6
within an area of 3m X 3m, with 0.5 m inter-TX distance, and a
height of 2 m from the floor. The 4 RXs are placed on the floor,
controlled by 4 OpenBuilds ACRO System [2] and can be moved to
any position within the 3m X 3m area. The experimental setup is
depicted in Fig. 17.

Illuminance distribution. DenseVLC provides an average illumi-
nation of 530 lux and an uniformity of 81%. The measurements
were performed with the HS1010 lux meter.

8.1 Synchronization evaluation

The synchronization between TXs is one of the key enablers in
DenseVLC. To evaluate the proposed method that exploits NLOS
VLC for synchronization, we first randomly choose two neighbor-
ing TXs, TX2 and TX3. TX2 is appointed as the leading TX to send
the pilot signal for synchronization. The symbol rate fix at TX2
and the sampling rate frx at TX3 are set to 100 Ksymbols/s and 1
Msamples/s, respectively. We connect the anodes of the LEDs at
TX2 and TX3 to an oscilloscope (RIGOL MSO1104) to capture the
transmitted signals. The delay between the corresponding symbol
edges of the two signals are measured. As in Sec. 6.1, we calculate
the median of the synchronization delay and compare it to those
from the method based on NTP/PTP and to the one without syn-
chronization. The results are shown in Table 4. We can see that the
median synchronization delay of our method with NLOS VLC is
only 0.575 ps, improving the synchronization granularity by nearly
an order of magnitude compared to the one using NTP/PTP. Note

Figure 17: Experimental setup

Table 4: Evaluation of the proposed synchronization

No Synchronization | NTP/PTP | NLOS VLC
10.040 ps 4.565 pus 0.575 ps

Median error

Table 5: Experimental result using iperf

‘ Scenario ‘ Throughput [Kbit/s] ‘ PER [%] ‘
2TXs 33.9 0.19
4 TXs (no sync) 0 100
4 TXs (with our sync) 33.8 0.55

that with advanced devices supporting a higher sampling rate of
frx, the synchronization granularity supported by our NLOS VLC
based method can be further improved.

To test the synchronization performance, we perform iperf mea-
surements for 100 seconds under three different scenarios. For all
scenarios, there is one RX, located in the center of TX2, TX3, TX8
and TX9. The results are shown in Table 5. In the first scenario, only
TX2 and TX8 serve the RX. Since TX2 and TX8 are managed by the
same BBB, no synchronisation is required. The packet error rate
(PER) is low, due to the strong signal strength and low noise at the
RX. The achieved throughput is lower than the used symbol rate
of 100 Ksymbols/s, due to Manchester encoding, PHY and MAC
layer overhead and Reed-Solomon error correcting. In the second
scenario, TX3 and TX9, managed by another BBB, also serve the RX.
However, no synchronization is enabled. No packets are received,
due to improper alignment of the frames in time. In the last scenario,
synchronization is added. Very low packet loss is observed again,
showing that our NLOS VLC based synchronization works.

8.2 Heuristic evaluation

To evaluate our proposed ranking algorithm in DenseVLC, we carry
out experiments under three representing scenarios, for which the
RX positions are listed in Table 6:

e Scenario 1: interference-free; no dominating TX.
e Scenario 2: with interference; no dominating TX.
e Scenario 3: with interference; with dominating TX.

First, we perform experimental channel measurements from the
36 TXs to the 4 RXs. Afterwards, the path loss is computed as the
received swing level at the RX and reported to the controller. Using
the path loss data, the controller runs the ranking-based heuristic
as presented in Algorithm 1 for different values of k. We assign the
TXs from the ranked list one by one (i.e. increasing the allowed
power budget on communication step by step) to the corresponding
RXs, and calculate the SINR based on Eq. (12) with the experimental
data. The system throughput is obtained based on Eq. 5.
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Figure 18: Experimental results for Scenario 1

Scenario 1: In this scenario, the inter-RX distance is 2 m. The
result of the ranking algorithm is shown in Fig. 18. When we grad-
ually increase the Pc ;o; by assigning more and more TXs, we
observe that assigning a TX to one RX results in no throughput
drop to the other RXs, which means the interference is limited. The
system throughput for the different x values is similar, although
k = 1.0 performs a little bit worse because with a smaller , a little
bit of interference could prevent using more TXs for a RX.

Scenario 2: The RX positions are now identical to the simulation
setup presented in Fig. 7. We observe that the experimental results
show a similar trend for the system throughput as the simulations,
presented in Fig. 11. As in the simulations, k = 1.3 also shows good
performance here. Further, we can observe from Fig. 19 that in the
beginning the throughput of all the RXs increases at the same rate,
but afterwards RX1 achieves a lower throughput than the other RXs.
This is because RX1 is positioned closer to the TXs that generate
most interference compared to the other RXs. Next, assigning a
TX to one RX has more influence on the throughput of the other
RXs than in Scenario 1, especially at higher Pc ;0. Finally, k = 1.0
pays too much attention to interference at low Pc ;o;, resulting in
a lower system throughput.

Scenario 3: The inter-RX distance in this scenario is 1 m, and
every RX is located exactly under 1 TX. From Fig. 20, we observe
similar results as in Scenario 2. However, RX1 achieves now com-
parable throughput to the other RXs. Further, due to slightly more
interference as in Scenario 2, the system throughput drops when
assigning many TXs.

8.3 Power efficiency

In order to benchmark the performance of our method, we compare
DenseVLC with following two techniques:

o Nearest-TX communicating (SISO): only the nearest TX to
the RX is used for communication, resulting in 4 assigned
TXs in total. The others are used solely for illumination.

Table 6: RX positions in the experiments (in meter)

Scenario | RX1 RX2 RX3 RX4

1 (0.50,0.50) | (2.50,0.50) | (0.50,2.50) | (2.50,2.50)
2 (0.92,0.92) | (1.65,0.65) | (0.72,1.93) | (1.99,1.69)
3 (0.75,0.75) | (1.75,0.75) | (0.75,1.75) | (1.75,1.75)
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Figure 19: Experimental results for Scenario 2
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Figure 20: Experimental results for Scenario 3

o All-TXs communicating (D-MISO): all TXs are used for com-
munication, independent of the position of the receivers. For
this setup, this means that each RX is assigned 9 surrounding
TXs.

Fig. 21 depicts the system throughput in Scenario 2 for Den-
seVLC with k¥ = 1.3, SISO and D-MISO. The markers denote the
operating point of SISO and D-MISO, and a horizontal line is added
to facilitate the comparison. We observe that the operating point
of SISO crosses with DenseVLC, meaning that it achieves the same
power efficiency, i.e. throughput versus power. The power con-
sumption is 298mW, for a normalized throughput of 0.63. However,
as opposed to SISO, DenseVLC can provide more throughput by
adding extra TXs. By adding more TXs, the gap between DenseVLC
and D-MISO reduces. At Pc ;o; = 1.19W, DenseVLC achieves the
same normalized throughput of 0.94 as D-MISO. However, D-MISO
would require power consumption of 2.68W to achieve the same
result. Therefore, DenseVLC can improve the power efficiency by
2.3 times. The gain in throughput with respect to SISO for this
operating point equals 45%. Due to space limitations, we only show
the result for Scenario 3, but the conclusion is also valid for the
other scenarios.

9 LIMITATIONS AND DISCUSSIONS

We discuss current limitations of DenseVLC in this section.
Personalized and adaptive k. In the heuristic presented in Sec. 5,
we use the same k for all the TXs when calculating the signal-to-
jamming ratio. In a real cell-free massive MIMO system, TXs will
cause different interference to unintended RXs, depending on RXs’
positions and the surroundings. Therefore, properly personalized
and adaptive xs can boost the system performance towards the
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Figure 21: DenseVLC vs. SISO and D-MISO

optimal result obtained from solving the optimizing problem in
Eq. (7).

Advanced hardware. One of the limitations in DenseVLC is the
low-cost PRU/BBB used for sampling. With advanced dedicated
hardware such as FPGA, we can perform the sampling much faster
and as such achieve better synchronization granularity, as well as
to exploit advanced modulation schemes such as OFDM in VLC.

Blockage. In traditional VLC, blockage can degrade the system
performance greatly because it can break visible light communica-
tion links. In cell-free massive MIMO systems with VLC, however,
blockage could bring benefit to the system since it can reduce the
interference from other TXs. We will investigate this in DenseVLC
in the near future.

TX and RX density. Ideally, a user is served by a transmitter which
is as close as possible, because then the received desired signal is the
highest, and the interference the lowest. The lower the TX density,
the less degrees of freedom we have to serve the users. This results
in a both a lower system throughput and user fairness. Next to this,
also the impact of the number of users on the system performance.
We will evaluate the impact of TX and RX density in the future
work.

RX orientation. Although receiver orientation has an impact on
the receiver’s SINR, this is not studied here since it is not the focus of
this work. Both the optimization problem and the heuristic are not
limited to facing up receivers, and work for all receiver orientation.

NLOS synchronization. The proposed NLOS synchronization ap-
proach relies on the reflected pilot signals from the floor. From the
preliminary study on the performance for different floor materials,
we observe that the pilot signal can also be detected with less reflec-
tive floor materials. Further, the evaluation is done without human
motion. However, we notice that even when a person is walking by,
the pilot signals are still received and as such this does not harm
the synchronization significantly. An extensive evaluation has been
planned for future work.

10 RELATED WORK

We summarize the most relevant works in this section.
MIMO/(MU-)MISO in VLC. There is many research done on
general MIMO schemes in VLC networks. Here, we only cover
those that are most related to our work. In [34], the authors con-
sider a MIMO system where each TX has multiple independent
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LEDs. They design an algorithm that can select the best subset of
the LEDs of each TX based on the channel qualities, to optimize the
system capacity, while satisfying the required uniform illumination.
In [37], the authors design precoders to improve SNR performance
of a non-distributed MIMO system with constraint on the LED-
dependent swing. They show that the larger the swing, the lower
the achieved BER. The authors in [25] target at maximizing the
SNR with the constraint on power consumption. The problem is
formulated as a non-linear optimization and solved numerically.
However, it cannot provide stable illumination. In [13], they intro-
duce a cell-free VLC system that can achieve proportional fairness
with three transmitters. Compared to the above work, we study a
scenario with massive VLC TXs and multiple RXs, allowing us to
build a real CFM-MIMO system. We design the system architecture,
optimize throughput, design and build a testbed to evaluate the per-
formance. We also propose a novel method to synchronize multiple
distributed TXs with NLOS VLC. None of the above work consider
the practical synchronization, and none of them has a complete
system design and experimental evaluation.

Power-efficient VLC. VLC consumes extra power beyond illu-
mination. The authors in [30] show that this extra power consump-
tion depends on the LED, the illumination pattern, and the driver
circuit. To have a power-efficient VLC system, these aspects can
be exploited. For example, [9] exploits the illumination patterns to
achieve an energy efficient system while the authors in [12] design
an energy-efficient LED driver for VLC. In this work, our analysis
on the extra power consumption for communication is inspired
by [30] and our analytical results and findings guide us to design
the system components of DenseVLC and build a real system.

11 CONCLUSION

Motivated by the dense-luminaries infrastructure and the concept of
Cell-Free Massive MIMO, we proposed DenseVLC, a novel massive
VLC system enabled by densely distributed LEDs and visible light
communications. DenseVLC adapts the beamspots based on system
dynamics to serve multiple users simultaneously. We designed a
heuristic to reduce the complexity on adaptation and proposed to
synchronize distributed TXs with NLOS VLC. We implemented
DenseVLC with off-the-shelf devices and evaluated its performance
in extensive experiments. Our results demonstrated the feasibility of
building a practical CFM-MIMO system with VLC. Going forward,
we envision that DenseVLC can inspire follow-up system research
towards this promising direction.
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