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Abstract: The field of view (FOV) is an important parameter of a visible light communication (VLC)
receiver. A variable FOV can be useful to mitigate interference from neighboring cells in a multi-cell
VLC network. The existing works on dynamic FOV VLC receivers have used a mechanical iris to
control the receiver’s FOV, making the VLC receiver bulky, slow, and power-consuming. In this
article, an electronically controlled variable focus liquid lens is used to vary the FOV of the receiver
dynamically. A low-cost microcontroller-based feedback control system controls the effective FOV of
the receiver to reject signals from unwanted transmitters, thus maximizing the signal-to-interference
plus noise ratio (SINR) of the received signal. Experimental results show that the proposed technique
effectively improves SINR performance in a multi-cell VLC network. To the best of the authors’
knowledge, this is the first reported work to utilize an electronically controlled compact liquid lens
for designing a dynamic FOV VLC receiver.

Keywords: VLC network; optical wireless; Li-Fi; optical interference; interference mitigation; receiver
FOV; liquid lens

1. Introduction

Visible light communication (VLC) is an emerging wireless communication technology
that utilizes visible light as a data carrier. VLC can complement future wireless commu-
nication systems to address the spectrum crunch caused by the exponential growth of
data traffic [1-3]. Researchers have already achieved speed in the order of gigabits/s in
VLC systems [4-8]. However, one of the major drawbacks of VLC systems is their small
coverage and short range [8]. Multiple VLC transmitters are generally used to cover an
entire area due to the small communication coverage and line-of-sight nature of VLC
systems. In fact, this brings the advantage of high spatial density in VLC systems compared
to radio frequency communication systems. One of the key factors affecting multi-cell VLC
systems’ performance is the receiver’s field of view (FOV) [9]. FOV refers to the angle of
visibility between the transmitter and receiver from the receiver’s point of view. FOV is
a crucial parameter in VLC systems as it determines the number of transmitters ‘seen’ by
the receiver and the amount of light received by the receiver. A smaller FOV leads to a
higher outage probability. A larger FOV, on the other hand, increases the likelihood of
interference from nearby unwanted light sources, including neighboring VLC transmitters,
which can degrade the signal quality and reduce the data transmission rate. Therefore,
there is a trade-off between the outage probability and the data transmission rate. The issue
becomes more serious in dense VLC transmitter deployment scenarios. Therefore, the FOV
must be carefully considered when designing VLC systems to ensure optimal performance.
The importance of receiver FOV in VLC is depicted in Figure 1.
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Figure 1. Importance of receiver’s FOV in a VLC system: FOV of Receiver 1 (RX1) is aligned with
transmitter 1 (TX1) only. RX2 is not aligned with any transmitter due to a small FOV. RX3 receives
interfering signals from both TX2 and TX3.

To reduce unintended interference from neighboring transmitters in a multi-cell VLC
architecture, different optimization techniques are used at the transmitter end, including
optimization of individual transmitter’s time-scheduling, power allocation, and zero-
forcing precoding [10,11]. These techniques are sensitive to users’ density and locations [11].
At the receiver end, angular diversity receivers, proposed to mitigate interference are non-
planar and bulky [12-16]. The polarization of the optical signal has been exploited to
mitigate interference of unwanted signals [17]. A liquid crystal device (LCD) has been used
in front of the photo-diode (PD) to block signals from unwanted directions and improve
interference performance [18]. The optimization of the receiver’s field of view has also
been proposed [11]. Using simulation results, it has been shown that communication
performance can be improved significantly using a dynamic field-of-view receiver [9,19,20].
For hardware-level implementation, a mechanical iris has been used to dynamically change
the receiver’s field of view to improve communication performance in dense multi-cell
VLC networks [21]. A mechanical iris commonly found in digital cameras is a mechanical
system where the FOV of the sensor can be changed mechanically according to the need.
In VLC systems, the optimum FOV is mainly determined by the position of the receiver
with respect to different transmitters. A larger iris opening leading to a larger FOV allows
more signal to be detected by the receiver and a smaller iris opening leads to minimum
interference from neighboring cells. A particle swarm optimization of the receiver’s FOV
has been proposed using a similar mechanical setup [11]. However, a motor-controlled
mechanical iris is bulky, slow, and power-consuming, thus impractical for communication
systems, especially for compact handheld electronic devices. A non-mechanical, compact
system is necessary for the VLC receiver’s front end. In this paper, a variable focus liquid
lens is utilized to adapt the FOV of the high-speed VLC receiver to minimize inter-cell
interference of a VLC network and to maximize the signal-to-interference plus noise ratio
(SINR) of the received signal.

The rest of the paper is organized as follows: Section 2 presents the simulation results,
Section 3 explains the working principle of the proposed receiver, Section 4 describes
the experiment process and discusses the experimental results, Section 5 discusses the
advantages and potential application scenarios of the proposed system, and finally, in
Section 6, conclusions are drawn.
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2. Simulation Results

To study the effect of the receiver’s FOV on communication performance, a multi-cell
VLC system is simulated in MATLAB®. An LED or a diffused laser diode (LD) can be
considered a Lambertian source, with an optical beam distribution as expressed below:

(m+1) .
~——~cos™(¢), f—n/2<p<7m/2
R(¢p) = 27 (9) ¢ 1)
0, elsewhere,
where ¢ and ¢ are irradiance and incidence angles, respectively. m; = _11172 is
¢ ¥ gies, resp y- = In(cos®q )

the Lambertian emission order, which is a function of the half-power semi-angle of the
transmitter, ® /5.
The line-of-sight channel gain can be expressed as:

A,cos my+1 .
Hj,s = - (21'[)72((12 l )Cosm’ ((P)Gleny if 0 < P < Yiax

0, elsewhere,
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where Gj,,s is the gain of the receiver lens; A, is the area of PD; and d is the Euclidean
distance between the transmitter and PD. In a room with multiple transmitters, the SINR
can be expressed as:

(deHlos P )2

SINR = ,
(Bw x INC)2 + ;o (RpqH;Py ;)2

®)

where R,;(A/W) is the detector responsivity; Bw(Hz) is the bandwidth of the VLC channel;
INC(A/Hz) denotes the input noise current of the PD.

A standard room size (5 m x 5m x 3 m) has been chosen. The transmitter power,
detector diameter, responsivity of PD, bandwidth of the system, and input noise current
are 10 W, 0.4 mm, 0.2 A/W, 20 MHz and 16 pA /+/Hz respectively. The half-power beam
width of each transmitter has been taken as 60° to simulate the lighting-grade LEDs. The
receiver is assumed to always face the roof perpendicularly, and the receiver plane is at
a height of 0.85 m above the floor. The signal from each transmitter is degraded by the
interference caused by the other three transmitters. The simulation result for the receiver’s
FOV of 45° is shown in Figure 2. The maximum SINR is achieved when the receiver is just
under the individual transmitters. The maximum simulated SINR for this case is 27 dB. The
simulation result for the receiver’s FOV of 30° is shown in Figure 3. It is found that the peak
SINR has improved by 6 dB compared to the previous case. However, due to reduced FOV,
the performance degrades when the receiver moves away from the transmitter. As a result,
the minimum SINR has dropped from —5 dB to —12 dB. The negative SINR indicates that
the interference from neighboring transmitters is greater than the desired received signal.
The drop in the minimum SINR means that the outage probability of the communication
system increases with a lower FOV of the receiver. The trade-off between communication
performance and FOV is very critical for VLC systems.

Next, the multi-cell VLC system is simulated with a variable FOV. All the other
simulation parameters remain the same except the FOV of the receiver. It is assumed that
the receiver’s FOV is dynamic and it can be adjusted with a resolution of 1° to maximize
the SINR performance. At each receiver position, the FOV is varied 0° to 90° with a
resolution of 1°, and the FOV corresponding to the maximum attainable SINR at that
point is considered as ideal. The simulation result for this case is shown in Figure 4. The
maximum and the average SINR have improved to 39.3 dB and 17.6 dB, respectively.

Therefore, theoretically, it is established that a dynamic FOV of the VLC receiver can
reduce the inter-cell interference, thus improving the overall throughput of the multi-cell
VLC network. In this paper, a variable-focus liquid lens is utilized to implement the
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dynamic FOV of the high-speed VLC receiver to minimize the inter-cell interference of a
VLC network and to maximize the SINR of the received signal. The experimental details

and results are presented in the next sections.
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Figure 2. Simulated SINR distribution of a multi-cell VLC network for fixed receiver’s FOV of 45°;

maximum SINR is 27 dB and average SINR is 13.6.
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Figure 3. Simulated SINR distribution of a multi-cell VLC network for fixed receiver’s FOV of 30°;

maximum SINR is 33 dB and average SINR is 13.3.



Photonics 2024, 11, 506

50f 14

135
130
30 . -
@ . 20
g
- | Imll l 15
0 e ||u|| III , "Ill l”’ .
S J '"Maf uanM' |H|‘“

ll" ﬁ” ||||| ll“mwm W | 5
: |"h|| pﬁ r | 0

'.{J'l'{ ul'|||I|I | ” lW ﬁ
5 .ju 'F -5

Y (m) X (m)

Figure 4. Simulated SINR distribution of a multi-cell VLC network with dynamic receiver’s FOV;
maximum SINR is 39.3 dB and average SINR is 17.6.

3. System Description

The goal of this work is to optimize the receiver FOV at the hardware level at the
receiver front end. The intention is to receive the transmitted signal from one transmitter at
the minimum FOV of the receiver. A mechanical iris-based dynamic FOV receiver has been
proposed in the literature [19,21], as shown in Figure 5. In this work, it is implemented using
a dynamic FOV lens assembly. The lens assembly consists of two lenses: one variable-focus
liquid lens and the other, a fixed focus lens, as shown in Figure 6. The liquid lens (Corning
variable-focus lens A-25H0-D0-P10) has an electronically variable focal length starting
from —28 mm to +28 mm. The basic structure of a liquid lens consists of a small chamber
filled with a conductive liquid, typically water or oil, and separated from the surrounding
environment by a hydrophobic (water-repellent) coating. The liquid is typically contained
within a transparent glass or plastic membrane. The key principle behind the operation of
a liquid lens is electrowetting. Electrowetting refers to the phenomenon where the wetting
properties of a liquid on a solid surface can be modified by applying an electric field. In
the case of a liquid lens, an electric voltage is applied across electrodes placed on either
side of the liquid chamber. By varying the voltage across the electrodes, the curvature of
the liquid droplet can be controlled, thereby changing the focal length of the lens. The
fixed-focus aspheric lens (Thorlabs ACL1210U) has a focal length of 10.5 mm. The optical
signal enters the liquid lens from the free space channel and then passes through the fixed
focus lens. Finally, the optical signal is received by the high-speed photo-detector (New
Focus 1601FS-AC). The focal length of the liquid lens is varied electronically using a control
signal. Thus, the effective focal length of the lens assembly can be expressed [22] according
to Equation (4).

11 1 d

= + + 4
ferr friguia  frived  friquid - ffixed @)

where f, ¢ is the effective focal length of the lens assembly, fj;;,iq is the focal length of the
liquid lens, ffixq is the focal length of the fixed aspheric lens and d is the distance between
the liquid lens and the aspheric lens, as shown in Figure 6. The distance (d) between the
liquid lens and the fixed focus lens is kept at 3 mm. It is kept at the minimum possible
distance in the setup to minimize non-linearity in the control signal. The relationship
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between a lens’ focal length and its field of view is inversely proportional. In general, as the
focal length of a lens increases, the field of view decreases, and vice versa. It can be varied
according to Equation (5). Thus, the FOV of the lens assembly can be electronically varied.

S
FOV,;r =2tan ' —— 5
£f <2feff> ®)

where S is the size of the sensor, in this case, the diameter of the photo-diode. By varying
the control voltage of the liquid lens from 31 V to 64 V, the effective FOV of the lens
assembly can be varied from 6.1° to 16.5°, as shown in Figure 7, and it can be seen that the

relationship is practically linear.

Figure 5. A mechanical iris for changing the FOV dynamically, as proposed in the literature [19,21]:
(a) a smaller iris opening leading to smaller FOV and (b) a larger iris opening leading to larger FOV.

Liquid Lens ‘ ,'

(Aperture 2.5 mm) ) { 2.8mm

]
d \ ] Lens

Fixed Focus .‘ j "
Aspheric Lens W Assembly

Photo-diode

Figure 6. A schematic diagram of the proposed dynamic FOV lensing setup for selecting the desired

signal and avoiding unwanted interfering signals.
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Figure 7. The effective FOV of the lens assembly versus the applied control voltage (the linear
relationship between the effective FOV and the control voltage is beneficial for easy control of
the FOV).

The block diagram of the proposed variable FOV VLC receiver is shown in Figure 8.
The transmitted signals enter the receiver from the free-space channel through the liquid
lens. After passing through the liquid lens, the light passes through the fixed focus aspheric
lens and is collected by the photo-detector. The combination of these two lenses develops
an overall lens assembly with a controllable FOV. The photo-detector converts the optical
signal into an electrical signal. The output of the photo-detector module is passed through
a broadband power divider designed and fabricated in-house. One output of the power
divider goes to a digital oscilloscope for monitoring and the other output is connected to
a control unit. The control unit processes the signal and provides a control signal to the
liquid lens so that the FOV of the lens assembly can be optimized for minimum interference
from neighboring transmitters. In this system, two laser diodes have been used as two
transmitters. Both transmitters are blue laser diodes transmitting the same wavelength
(450 nm) of light and the same optical power. Both transmitters send different on—off-keying
(OOK) modulated signals sampled at a maximum of 1700 M Samples/s. One transmitter
acts as a noise source for the other transmitter. The control unit is implemented using a
low-cost Arduino Atmega 2560 microcontroller together with an IRF520N power MOSFET
module. The control unit detects both the OOK and the noise signal. If the interference
from the noise signal is high then the control unit sends a pulse-width-modulated signal to
the MOSFET module. The output of the power MOSFET module adjusts the focal length
of the liquid lens so that only the desired signal is detected by the photo-diode and the
interfering light goes out of the FOV of the photo-diode receiver.

Each frame of the transmitted signals from both transmitters consists of two parts:
(a) a unique identifier and (b) an actual modulated signal, as shown in Figure 9. The unique
identifier is a 10-bit sequence code and is different for two transmitters. The transmitters are
synchronized and the two identifier bit sequences from the two corresponding transmitters
are transmitted in time division multiplexed form. At the receiver side, the control unit
detects the identifier bit sequence to understand which signal is being received. The
algorithm running in the control unit is presented through a flow chart in Figure 10. If the
control unit cannot detect any identifier bit sequence, it sends a control signal to the liquid
lens to increase the FOV of the receiver. If the control unit detects identifier bit sequences
from both transmitters, it indicates that the receiver FOV is larger than necessary. It then
sends a lower control voltage to the IRF520N power MOSFET module to reduce the FOV.
Conversely, if the control unit identifies only one identifier bit sequence, then it indicates
that the receiver is receiving a signal from only one transmitter. In that case, there is no
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interference from neighboring transmitters. Therefore, no FOV modification is required.
For more than two transmitters, the number of identifier sequences needs to be increased.
As the length of the identifier bit sequence is significantly smaller compared to the actual
OOK signal, this does not degrade the communication speed.

Free Space
Channel

[}
1
1
[}
1
1
1
Optical domain | Liquid Lens
:
1
1
[}
: Fixed Focus Lens
1

Digital
Oscilloscope

Figure 8. The block diagram of the proposed dynamic FOV VLC receiver design.

10 bits 10 bits 1000 bits
Identifier . .
sequence of TX1 No Signal Actual modulated OOK Signal of TX1
No Signal Identifier Actual modulated OOK Signal of TX2
& sequence of TX2 g

Figure 9. Contents of the signal frames from two transmitters (above) transmitter 1 (below)

Decode unique
identifier bit sequence

transmitter 2.

ero identifier
sequence
detected?

Send control voltage
to increase FOV

>1 identifier
sequence
detected?

No action
needed

Send control voltage
to reduce FOV

Figure 10. The flow chart of the control unit algorithm used to optimize the FOV of the receiver.
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4. Experiments and Results

The experiments were performed in the laboratory with the optical components placed
on an optical table for proper alignment. Two 450 nm blue laser diodes (Thorlabs PL450B)
are used as transmitters: one acting as a desired transmitter and the other as an interfering
signal source. The transmitter laser outputs are diffused and then directed towards the
receiver, as shown in Figure 11.

- -Tmns ttel

ATransmlttel 1 ‘J'

Figure 11. The transmitter side of the experimental platform on the optical table: two laser diode
transmitters, one acting as a desired transmitter and the other as an interfering source.

The receiver side of the setup is shown in Figure 12 with the main blocks marked. The
lens assembly is shown in detail in Figure 13. The distance between the transmitter and the
receiver is 1.25 m. The two transmitters were placed with varying distances between them,
starting from 5 cm up to 50 cm. For each position, the system performance was evaluated
in terms of received SINR. It was found that the receiver can mitigate the interference with
two transmitters at as close proximity as 10 cm. In practical scenarios, however, indoor
lights are not installed so closely. Therefore, the performance evaluation of the proposed
system was performed for the two transmitters placed at a 50 cm distance while keeping
practical scenarios in mind. The SINR performance of a fixed FOV lens and our proposed
dynamic FOV lens assembly are compared.

The SINR is calculated by measuring the received desired signal power, the interfering
signal power, and the system noise power by turning off each transmitter at a time at
each position of taking the reading. On the optical table, the receiver’s position was kept
fixed because the manual alignment of the lens assembly and the photo-detector is difficult
and time-consuming, and it is easier to change the positions of the transmitters. One at
a time, two LD transmitters were placed at a distance of 50 cm along the perpendicular
axis of the communication direction. The two LD transmitter’s positions were shifted,
with one transmitter’s position starting from 0 cm up to 50 cm at 5 cm intervals without
changing the distance between them. The receiver considers the nearer transmitter as the
desired one and the further one as interference. This method was adopted to replicate
the situation as if the transmitters are at fixed positions and the receiver is moving, as
happens in practical scenarios. The distance between the two transmitters was kept at
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50 cm as practical indoor lights are generally not installed at any closer intervals than 50 cm.
Effectively, the measured SINR at different receiver positions is plotted in Figure 14 for both
the dynamic FOV receiver and fixed FOV receiver. It can be seen that the dynamic FOV
receiver performs better at all positions, and the improvement is more significant when the
receiver is nearer the middle of both transmitters. On average, the SINR improvement is
more than 8 dB. The improvements are less significant when the receiver is either at the
edge or in the middle of the two transmitters. At the edges, the interference is already
insignificant, thus the improvement is minimal. In the middle, the interference is too severe
to be mitigated. Apart from these two extreme positions, the SINR improvements are
significant. Thus, a dynamic FOV receiver can be useful for interference mitigation in
multi-cell VLC networks, especially in dense deployments. As the lenses and the PD are all
circular and thus symmetrical, the one-dimensional receiver position shifting is enough to
validate the effectiveness of the proposed system.

Figure 12. The receiver side of the experimental platform on the optical table.

Model 1601 :
Visible 1 GHz Low Noise Photorecelver — control sie

-
v

Photo-diode .

~

‘ 3

< Fixed focus lens

[l LT —"

Variable focus lens

Figure 13. The lens assembly of the VLC receiver.
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Figure 14. SINR plots at different receiver positions both for the proposed dynamic FOV receiver and
the fixed FOV receiver.

Communication Performance

The communication performance at each point is evaluated and shown in Figure 15.
For a fair evaluation, the maximum possible error-free data rate has been considered. The
OOK modulation scheme was used for its simplicity. The sampling rate is varied and
the maximum possible sample rate with no bit error is 1700 MHz, corresponding to a
1700 Mbps data rate, ignoring the identifier sequence. When the receiver was moved away
from the transmitter, the interference increased. Thus, the data rate degrades gradually.
However, the data rate fell sharply when the FOV of the receiver was fixed. On the other
hand, for liquid lens-based dynamic FOV, the data rate was more stable. Except for exactly
in the middle of the two transmitters, the data rate is higher than 400 Mbps. At all points,
the dynamic FOV receiver performs better.

1.8 T T T T T T T T T
* —&—Fixed FOV -]
— % —Dynamic FOV *

1.6

= = =
w - pa =

Data rate (Gigabits/s)
o
=]

0.4

0 I I ok $’ ok £l 1 I
-25 -20 -15 -10 -5 0 5 10 15 20 25

Distance from receiver from center axis (cm)

Figure 15. Error-free data rates at different receiver positions both for the proposed dynamic FOV
receiver and the fixed FOV receiver.
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5. Discussion and Potential Applications

In the literature, most works [12-16] have used angular diversity receivers to reduce in-
terference in a VLC network. These receivers are non-planar and they consume more power
due to multiple PDs involved. Mechanical iris-based dynamic FOV receivers [11,19,21]
can mitigate interference using a single PD. However, they are bulky and more power-
consuming (a few hundred mW) due to their mechanical operation and the involvement of
an additional mechanical motor. Mechanical iris can also be noisy, which is not desired.
The liquid lens-based receiver proposed in this paper is electronically controllable, compact
(2.8mm thickness), silent, and less power-consuming (14 mW to be precise). As a result, the
proposed receiver can be more suitable for hand-held devices. A comparison between this
work and the related literature is presented in Table 1.

Table 1. Comparison with recent works on receiver design for interference mitigation in VLC systems

Ref. Mechanism Size/Shape No of PDs Power Consumption
Aneular diversit Higher due to multiple
[12-16] & . y Non-planar and bulky 4 or more PDs (4 times compared
receiver '
to single PD systems)
Higher due to
[11,19,21] Mechanical iris Planar but large 1 mechanical iris and
(few cm) motor (few
hundred mW)
. L Planar and compact
This work Liquid lens 1 Lower (14 mW)

(few mm)

The maximum power consumption of the liquid lens is 14 mW. There is no measurable
power loss for the liquid lens compared to a solid glass-based lens. The power divider is a
10:90 divider. Therefore, only 10% of the received signal is used to control the liquid lens.
The remaining 90% of the signal is processed for calculating the SINR. Therefore, the noise
added by the passive power divider circuit is included in the measured SINR.

The method will work irrespective of LED or LD. The size of the light source should be
smaller for better performance. The proposed method is more suitable for high-speed VLC
systems where the transmitters are generally laser diodes (smaller size even after including
the diffuser).

In indoor conditions, this proposed system can reduce interference without the risk
of a signal outage. For PD-based receivers, photo-diode saturation is another issue that
degrades the received signal quality in outdoor conditions. Within the photo-diode FOV,
if there is any unwanted bright light source, such as the Sun or headlights from other
cars, then the photo-diode becomes saturated. Optical filters, to some extent, can prevent
saturation by blocking unwanted wavelengths of incident light but they degrade the signal
power too. A variable FOV using a variable focus lens at the receiver can help avoid PD
saturation by dynamically adjusting the FOV depending on the outdoor conditions.

Dynamic FOV receivers can also be very useful for visible light positioning systems.
One of the issues of VLP systems is the small field of view VLC receivers and the require-
ment of dense lighting installation because of that. A wide FOV receiver, on the other hand,
is affected by higher short noise, more interference, and distorted images in the case of
image sensor receivers. A wide FOV lens for an image sensor may not be perfect for a front-
faced camera in a smartphone with the primary purpose of photography. A variable FOV
receiver can adjust the FOV depending on the channel conditions and application scenario.

6. Conclusions

The FOV of a receiver is a critical parameter in a multi-cell VLC system. An electroni-
cally controlled variable FOV receiver can be a solution for maintaining an LOS connection
with the strongest signal intensity as well as reducing interference from unwanted sources.
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In this work, an electronically controllable variable focus liquid lens is utilized to design a
dynamic FOV VLC receiver for mitigating interference from neighboring cells. Experimen-
tal results show that the proposed dynamic FOV receiver significantly improves the SINR
compared to a fixed FOV receiver. The proposed solution is compact, faster, and consumes
less power compared to existing mechanical iris-based solutions. In addition to multi-cell
VLC systems, the proposed solution has potential applications in indoor positioning and
intelligent transport systems.
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