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Photovoltaic Solar Cells for Outdoor LiFi
Communications

N. Lorriere, N. Bétrancourt, M. Pasquinelli, G. Chabriel, J. Barrere, L. Escoubas, J.-L. Wu, V. Bermudez, C. M.
Ruiz and J.-J. Simon

Index Terms—Visible Light Communication (VLC), LiFi, Solar
modules, Solar cells, DC biased Optical - Orthogonal Frequency
Division Multiplexing (DCO-OFDM), indoor/outdoor applica-
tions

Abstract—Increasing demand of wireless devices contributes to
radiofrequency (RF) congestion. Light Fidelity (LiFi) promises
to be an interesting alternative by using the visible part of the
electromagnetic spectrum instead of the RF part as nearly all
existing wireless transmission systems do.

A basic LiFi system is composed of one intensity-controlled light-
emitting diode (LED) and one receiver device sensitive to very
high-frequency (thus invisible to human sight) modulations of the
luminous intensity. In most cases, the photoreceptor is a silicon
photodiode of PIN (P-type intrinsic N-type) or APD (Avalanche
photodiode) conception. Recently, a few studies suggest that
photovoltaic (PV) modules could be used to implement outdoor
LiFi transmissions, i.e., under direct sunlight exposure.

In this paper, we propose to compare the behavior of a PV
module and a commercial APD-based photodetector (without any
optical lens or colored filter) for experimental LiFi transmissions
on both indoor and outdoor conditions. The performance of
the two solutions is quantified in terms of various frequency
responses like attenuation, signal-to-noise ratio, or bit-error rate.
The results show that, while the photodiode exhibits very good
performance in indoor conditions, its frequency response is
rapidly deteriorating when a sunlight exposure of more than
200W/m? is superimposed over the LiFi signal. We demonstrate
that a PV module in V,. (open-circuit voltage) condition still
operates a LiFi transmission under additional solar illumination.

I. INTRODUCTION

The rapid and massive demand-led growth for communica-
tion frequencies created by wireless devices (from a simple
remote control to automatic vehicles [1], through all coming
soon Internet of Things (IoT) and smartphones) is leading to
a Radio Frequency (RF) spectrum “bottleneck,” increasing the
difficulty of finding available bandwidth. At the same time,
blue Light Emitting Diode (LED) has gained a huge interest
since its discovery in 1972 until its intensity reached one

N. Lorriere, M. Pasquinelli, L. Escoubas, C. M. Ruiz, and J.-J. Si-
mon are with Aix Marseille Univ, Univ Toulon, CNRS, IM2NP, Mar-
seille, France (e-mail: nominoe.lorriere @im2np.fr; marcel.pasquinelli@univ-
amu.fr; ludovic.escoubas @univ-amu.fr; carmen.ruiz-herrero@im2np.fr; jean-
jacques.simon @univ-amu.fr).

N. Bétrancourt was in an internship at Aix Marseille Univ, Univ Toulon,
CNRS, IM2NP, Marseille, France (e-mail: nathan.betrancourt@etu.univ-
amu.fr).

G. Chabriel and J. Barrére are with Univ Toulon, Aix Marseille
Univ, CNRS, IM2NP, La Garde, France (e-mail: gilles.chabriel@im2np.fr;
jean.barrere @im2np.fr).

J.-L. Wu and V. Bermudez are with Atsugi Research Center, Solar Fron-
tier K.K., Atsugi, Kanagawa 243-0206, Japan (e-mail: jyh-lih.wu@solar-
frontier.com; vbermudezbenito@hbku.edu.qa).

candela in 1993 [2]. It will ultimately replace conventional
lighting systems over the coming years.

In this context, Visible Light Communication (VLC), under
standardization since 2011 [3], would offer a novel alternative
to RF communications. For example, and as an application,
LiFi (Light Fidelity - a term coined by Harald Haas in
2011 [4]) technology would complement the WiFi systems to
remedy the lack of RF channels reusing the existing lighting
infrastructure. In the context of LiFi, light is emitted by a LED
and detected by a single photodetector which converts the light
intensity high-frequency variations (invisible to the human
eye) into an electrical signal. These kinds of systems are
referred to as Intensity-Modulated/Direct-Detection (IM/DD)
systems.

In IoT applications, a high data-rate is generally not required,
and the use of receivers with a bandwidth of some hundreds
of kHz to MHz is often sufficient [5]. In addition, the authors
in [6] claim that most applications in energy management,
health and security systems, only require a data rate of less
than 1 Mbps. In an other hand, low power consumption and
high reliability in indoor or outdoor conditions will also be
required for near future VLC applications like e.g., Vehicle-
to-Infrastructure (V2I) and Vehicle-to-Vehicle (V2V) [1]. We
propose here to compare the performance of two kinds of
LiFi photodetectors (photodiodes and PV modules) intended to
optical wireless communication systems in indoor and outdoor
environments.

The implementation of photodiodes (PD) as VLC
photoreceivers raises a major drawback: PD-based
photoreceivers face a problem of performance reduction
under sunlight exposure [7], [8]. Despite this, Islim et al. [9],
[10] showed that it was possible to establish communications
under solar irradiation by using a blue LED emitter, a blue
filtered APD receiver and an additional lens focusing the
LED light beam towards the APD.

On the other hand, PV cells are optimized for outdoors
energy harvesting, making them potential candidates for use
as VLC receivers in outdoor applications. This study thus
aims to check if PV modules can be used and outmatch
PD’s performance as VLC receivers in both indoor and
outdoor conditions. Moreover, the possibility to combine
energy harvesting and data communication has been already
demonstrated [11], [12], highlighting the interest of PV
modules for self-powered IoT device design.

Most of outdoors optical communications (called FSO for
Free-Space Optical communication) use laser-emitters, and



some of them use a PV receiver [13], [14], [15]. However,
to the best of our knowledge, only a few publications address
LED-based VLC with PV modules as receivers [16], [17],
[18], [19], [20], and none shows a data communication in
real outdoor conditions. This work compares experimental
performance obtained by a PV-based receiver and a PD-based
receiver with a large range of solar irradiation levels and
without any lens or color filter to improve the strength of the
information signal. The data are sent from a standard white
LED light source. Note that comparison with blue-LED/blue-
filter systems remains an open problem.

The remainder of the paper is structured into five sections:
the following section II puts in balance physical characteris-
tics of photodiodes and PV modules with the VLC receiver
requirements. The VLC experimental setup we developed is
presented in section III. Section IV compares, in indoor condi-
tions, the frequency bandwidth of a popular photodiode-based
photoreceiver (Hamamatsu APD module C12702-12) with that
of a high-efficiency CIGS?* based solar module provided by
Solar Frontier company. The APD and PV performance is
then evaluated in terms of gain, bandwidth, and BER in real
outdoor conditions. Finally, the last Section V gives a general
conclusion, including perspectives.

II. PHOTORECEIVERS ELECTRICAL MODELLING

To operate outdoors, a VLC receiver has to detect small
light variations broadcast by the emitting LED while being
subject to a dominant DC illumination due to sunlight. In what
follows, we review the pros and cons of using a photodiode
or a PV module for VLC.

A. VLC reception by a photodiode

Currently, all VLC commercial solutions use photodiode-
based devices as photoreceivers. PD are able to detect low-
level light variations. This performance is due to the high
quality of current microelectronics-grade silicon combined
with the use of a high gain transimpedance amplifier (TZ)
to obtain a voltage output ready for sampling (see Fig. 1).
In addition to the amplifying effect, the TZ is designed to
maintain the anode voltage at a constant level (a zero voltage
in the example in Fig. 1) to ideally shunt all photocurrent
Ipp through the feedback resistance Ry. The PD’s transient
capacitor, already reduced by the high reverse voltage, tends
to be bypassed, enhancing the cutoff frequency of the device,
which becomes (theoretically) only limited by that of the TZ.

Currently, two types of photodiodes are used for VLC

applications:

e silicon PIN photodiodes: an intrinsic region is inserted
between the two doped regions increasing the volume
where an incident photon can generate electron-hole
pairs,

« silicon avalanche photodiodes APD: a high reverse bias
is applied to increase the electric field and therefore the
velocity of carriers responsible for the avalanche effect.

2CIGS: Copper Indium Gallium Selenide - A thin-film technology of solar
cells.
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Fig. 1. PD - TZ basic circuit (photoconductive mode)

Due to the avalanche phenomenon, APD exhibits a higher pho-
tosensibility compared to a PIN photodiode. As the TZ gain
decreases with decreased feedback resistor Ry (see Fig.1), a
lower value of Ry conducts to a higher bandwidth®, APD
is then expected to give a higher bandwidth rather than PIN
photodiodes [21].
In the literature, due to its superior quantum efficiency, one can
often read that using an APD is more effective in improving
the SNR than PIN diodes (see e.g. [7]), particularly at low
optical powers (see [22], p.70). But it seems that this may not
always be the case for high optical powers [23].

Note that the very small active areas of standard photodiodes
can lead to light halo mismatch or shading effects.

One can then outline the following “benefits vs. drawbacks”
for the use of a PD-based device as VLC receiver (compared
to PV modules):

o Benefits:

— high bandwidth,

— the output voltage has a linear variation with the
illumination (Voy proportional to Ipg, see Fig. 1),

— the avalanche phenomenon improves detection of small
light intensity variations.

o Drawbacks:

— small detection surface,

— the need for a very high performance amplifier circuit
(high cost) i.e. low noise and high gain-bandwidth
product.

B. VLC reception by an open-circuit PV module

Usually, PV cells are connected in series to make modules
whose the open-circuit output voltage (V,.) can be directly
used to detect light modulations without any transimpedance
amplifier or additional power supply.

1) Solar cell: The conventional one-diode electrical equiv-
alent model of a PV [24] presented in Fig. 2 is suitable only
for static (DC) signals.

The different elements of the equivalent circuit are as
follows:

bgain-bandwidth product conservation.
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Fig. 2. Equivalent electrical circuit of a PV cell (DC) [24]

 photocurrent generator Ipy: the electron-hole pairs gen-
erated by light are swept away by drift in the depletion
region, then collected by diffusion from the undepleted
regions,

o diode D: the dark current Ip mainly corresponds to dif-
fusion phenomena inside the forward-biased p-n junction,

« shunt resistance Rgj: a resistance which corresponds to
leakage currents due to metallic impurities in the junction,
cristal lattice defaults [25], and potential current leakages
on the module edges. The corresponding resistance is
generally high (several k()

o lumped series resistance R,: a resistance due to busbars,
contact interfaces, and semiconductors conductivity.

In the ideal case R, is taken to be near infinite then
the current through Ry, approaches zero and consequently
Ip =~ Ipp. From the Shockley diode equation, it comes, at
low frequency:

I
Voo = nViyln ( PH | 1) , (1)

I

where:

o n is the ideality factor of the junction,

o V7 is the thermal voltage (proportional to absolute tem-
perature 7T),

e I, is the reverse saturation current.

Let us consider now that the photocurrent Ipz; involves a DC
component (I,;) and AC small variations (i), with 7, <
I,;. To represent the AC behavior of the receiver, one can
replace the forward-biased diode D by its dynamic model. It
embeds a dynamic resistance:

nVT
ra= @)
d Ion
and a dynamic capacity (diffusion capacity):
Int T
Cyg="2" = — 3
T Ve T (3)

where the parameter 7 represents the effective minority-carrier
lifetime.

One obtains the linearized equivalent circuit [26] in Fig. 3
modeling the small variations of the open-circuit voltage (v,c)
as a function of the small variations of the photocurrent (7).
Note that this model does not take into account the possible
existence of trapped charge carriers in the material structure.
In [16], the wire connections are more accurately modeled

by adding a small inductance (typically a few tens of nH)
in the output branch of the model, ie., in series with the
resistance Rs. When the PV module is highly loaded, this
slightly inductive effect introduces a HF additional pole in the
transfer function. It can be ignored here, given the small loads
and the small bandwidths we consider in this study.

® 5 = 3

R
VVVN—>
UOC
7;Ph Td Cd Rsh

Fig. 3. Equivalent electrical circuit of a PV cell (AC small-signal linearization)
[26]

With ry < Rgp and rqCy = 7 (see (2) and (3)), the fol-
lowing frequency transimpedance response 77 (f) is obtained
for a PV cell on open-circuit conditions:

A Ufc(f) Td Td K

th(f) T 1+4j2mrgCaf  L+j2nTf 1+j%7
4)

Ti(f)

where the superscript .¥ denotes the Fourier transform.

The corresponding transfer function is then equivalent
to that of a first-order lowpass filter whose static gain is
K = rg, and the -3dB cutoff frequency is f. = ﬁ Equation
(2) shows that the gain tends to decrease with increased
DC illumination and to increase with the temperature. The
bandwidth is also expected to be, to a lesser extent, both
temperature and injection level dependent since it is fully
determined by the lifetime 7 [27].

This latter result calls the following important comment:
since the efficiency of a solar cell (in terms of energy
harvesting) increases with the minority-carrier lifetime [28],
one cannot expect to obtain a high bandwidth photoreceiver
from an efficient PV cell operating in open-circuit conditions.

2) Solar module: A solar module generally corresponds to
several solar cells connected in series in order to get higher
output voltage.

Figure 4 represents, in the frequency domain, the small-
signal equivalent circuit of a PV module built from NV identical
cells. To simplify, each cell is here assumed to be subjected
to the same illumination. Moreover, the complex impedance
Zeq(f) is equivalent to that of the two dynamic parameters (r¢
and Cy) of one cell connected in parallel: Z.q(f) = rq/(1+
i2rTf).

Considering that v}.(f) = NZy(f)ik,(f), the Voc fre-
quency response T (f) of a N cells PV module is given by:

N’I“d

Tn(f) = NZy(f) = TS onrf

(&)
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Fig. 4. Equivalent electrical circuit of a PV module (AC small-signal
linearisation)

Equation (5) is similar to that of a single solar cell (same
order and same cutoff frequency) except for the static gain,
which is multiplied by the number N of cells.

As a conclusion, an analysis of the “benefits vs. drawbacks”
for the use of a PV-based device as VLC passive receiver can
be summed up as follows.

« Benefits:

— self-powered (neutral energy) LiFi receiver, allowing
both energy harvesting and LiFi signals detection,

— wide detection surface, allowing both to resist to a
partial shading and to get an angular acceptance wider
than with photodiodes.

o Drawbacks:

— low bandwidth, due to the time constant 7 = r3Cy
which is not bypassed here (V,. condition) as in the
case for photodiodes by means of a TZ,

— limited range of the received light variations: according
to the logarithmic variation of V¢ as a function of the
illumination (equation 1), the received light variations
ipn Must remain reasonably low to maintain a near-
linear relation with the output voltage variation v,.

III. EXPERIMENTAL SETUP DESCRIPTION
A. LiFi test bench

The LiFi test bench developed at IM2NP is presented in Fig.
5. All indoor LiFi characterizations are performed in a dark
Faraday cage protecting the measurements from perturbing
lights or RF radiations.

In this set-up, the emitting LED sends a sequence of OFDM
(orthogonal frequency division multiplexing) symbols. OFDM
signals are widely used in wireless digital transmissions due
to their optimal spectral efficiency and their ability to deal
with non-flat transmission channels (as is the case here).
For optical systems, several OFDM versions exist [29], [30].
The light intensity modulation chosen in this work is a DC
biased optical (DCO) OFDM, with a cyclic prefix (CP). CP
duration has to be chosen greater than or equal to the channel
impulse response duration in order to guarantee steady-state
channel measurements (e.g., about 3.37 for a PV module).
These CP-DCO-OFDM signals have here a dual function:

they allow the estimation of various spectral characteristics
(gain, SNR, noise PSD...) of the receiver and, therefore, to
simultaneously evaluate the transmission performance e.g.
in term of bit-error rate (BER). Moreover, the very short
measurement duration (40 milliseconds), is here particularly
suitable for outdoor experiments, ensuring that the sunlight
exposure remains at an almost constant level.

In this study, data are broadcast by a 24 blue LED module
overcoated with a large phosphor layer. This module is
referenced as Philips Lumileds Luxeon CoB Core Range
G3 L2C5-40901202E0900 and we have measured a cutoff
frequency of 1.03 MHz. At the receiving end, the APD
Hamamatsu photodetector is directly connected by a
coax cable to the digital oscilloscope for analog-to-digital
conversion (ADC) while high-frequency point probes are
used with the Solar Frontier PV module (Fig. 5 and Fig. 12).

A complete description of the bench (hardware and signals)
can be found in [31].

B. Description of the transmission parameters

The transmission parameters used to compare the perfor-
mance of the two receivers are given in Table I, where a)
summarizes the CP-DCO-OFDM signal characteristics, and
b) gives the hardware parameters. Note that the maximum
frequency F),., of the outdoor use signal is chosen lower
than the indoor use one because of the noise.

TABLE I
TRANSMISSION PARAMETERS

a) CP-DCO-OFDM signal parameters

Number of sent symbols N 96
Oversampling factor 10
Number of payload subcarriers N, 255

Guard interval size (Sgr)
Complex data constellation map
Minimum frequency Flin 4.88 kHz out / 195 kHz in
Maximum frequency Fraz 1.25 MHz out / 5 MHz in
b) Hardware parameters

1 OFDM symbol
4-QAM (M = 4)

T/R distance 23 cm
Luminous intensity of LED polarization 5080 lux
Maximum luminous modulation 3135 lux
AC Generator 10 Vpp

DC Generator 200 mA

With these parameters, the (maximum) data rate (DR) is
given by

Fmam IOgQ(M)

DR =
(1+ Sear)

(6)
where M represents the modulation order and Sy a fraction
of the OFDM symbol duration. DR reaches 1.25 Mbps in
outdoor conditions (5 Mbps indoor).

In what follows, the estimation of the photoreceivers spec-
tral response H (see [31] for mathematical expression), and
the BER (given by the number of wrong bits over the whole
number of bits sent) will be measured under different irradia-
tion levels.
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Fig. 5. IM2NP’s LiFi test bench (indoor condition)

The frequency BER function (i.e. BER(f)) is here defined
as the ratio between the number of wrong bits N, (the num-
ber of misallocated bits) received at frequency f, and the cor-
responding number of transferred bits N;,. The BER(f) fre-
quency resolution is the lowest quantifiable value of BER(f),
which is to say corresponding to a single misallocated bit
(Nw» = 1). The BER(f) frequency resolution is given by
= m. It is equal to gz = 5.107% for our
measurements. For the chosen modulation, better resolutions
and smoother frequency BER functions could be reached by
increasing the number of symbols Ny (i.e., the measurement
duration). Here we decided to set the measurement duration to
40 ms (40ms = (1 + SGI)Nan;}n where Sqr,Ng and F;n
values are taken from table I) ensuring the solar irradiation
stability.

C. Receiver devices description

The avalanche photodiode (APD) tested here is a "Hama-
matsu APD Module C12702-12". As shown in Fig. 6, the
emission spectrum of the LED is fully covered by the spectral
sensitivity range of the Hamamatsu APD [32]. The emission
spectra of the LED (continuous blue line®) and sun (dashed
green line?) correspond to the integral of their spectral irradi-
ance on the APD active surface. The flat spectral response
Happ for the light intensity modulation between 10kHz
and 20MHz of this APD [32] allows the calibration of the
transmitting device (LED and BiasT).

“measurement obtained from a VISO BaseSpion goniophotometer.

dAM1.5 for Air Mass 1.5 is the most common standard of solar spectral
irradiance utilized to quantify the performance of solar cells on earth. It is
roughly valid for mid-latitude positions on earth. The ASTM G-173 standard
[33] defines it.
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Fig. 6. Hamamatsu APD spectral response (DataSheet [32]) compared to flux
received by the photodiode, provided by the LED (IM2NP measurement) and
the sun.

A first measurement of the transfer function H.,(f) for the
whole bench, including LED, Bias-T and Hamamatsu APD
is performed indoor (in a darkroom), for frequencies f taken
between 40 kHz and 5 MHz:

Heoi(f) = Hoep(f)HBiasT(f)HapPD

In these conditions, the shape of H.q(f) is due to the LED
and the BiasT. H.q(f) can then be used to compensate
for the LED and BiasT offset in the raw transfer function
measurement of any other photoreceivers H,.q., (f). Thus, the
calibrated transfer function of any receivers H,..(f) is given
by

Hreel ) = 2507
or  Hpe. [dB] (f) = H,qw [dB] (f) — Hea [aB] (f)’



with Hygp) = 20logo(H) and 40kHz < f < 5MH 2.

The PV module (provided by Solar Frontier company) is
composed of 13 CIGS cells with an anti-reflecting coating.
The I(V) curve on AMI1.5 condition is represented in Fig. 7.
Other intrinsic characteristics and useful static parameters are
listed in Table II.
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Fig. 7. Solar Frontier PV module I(V) curve (measurements from Solar

Frontier company)

TABLE II
SOLAR FRONTIER PV MODULE CHARACTERISTICS
Number of cells 13
Short circuit current (mA) 80.5
Open circuit voltage (V) 7.82
Fill Factor (%) 70.96
Area (cm?) 26.05
Current density at short circuit (mA/cm?) 3.09
Series resistance (£2) 12.51
Shunt resistance (£2) 3694.70
Efficiency (%) 17.15

Similar to the APD device, Fig. 8 shows that both LED
and solar spectrum are within the spectral sensibility range
of the Solar Frontier PV module. The scale differences of
the blue curves in Fig. 6 and Fig. 8 are due, first, to the
differences between the receiver’s active areas, and also, to
the inhomogeneity of the LED radiation pattern. The sun
power irradiation received on a photoreceiver varies as a direct
function of its area. Due to the directivity of its radiation
pattern, it is not true for the LED: the PV photoreceiver
having a large surface, the power received from the LED
is concentrated in its central area (halo) while it remains
homogeneously distributed over the small area of the APD.
It follows that the PV module receives 14.6% of the LED
power on 26.05 cm? since the APD receives 1.7% of the LED
power on 7.1 mm? ©. Thus, for the same power emitted from
the LED, the power received per unit area is 48 times higher
for the APD than for the PV. Considering that the solar power
received per unit area is the same for both receivers, the LED-
power to the sun-power ratio (could be interpreted as some
kind of SNR) confers an advantage to the APD.

these values are deducted from the LED radiation pattern obtained with
our VISO BaseSpion goniophotometer.
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Fig. 8. Solar Frontier PV module spectral response (IM2NP measurement)
compared to flux received by the PV module, provided by the LED and the
sun.

The PV module spectral response presented in Fig. 8 is
provided by our homemade testbench. The spectral response
is measured only over a surface area of about 1mm?, leading
to an arbitrary unit scale.

Solar Frontier PV module is used as a passive receptor, and
its response is obtained from the V,,. variations measurements.
The amplitude of input variations is bounded such that the
small-signal linearized model of Fig. 3 is still valid, allowing
us to extract the linear response between the CP-DCO-OFDM
input signal and the output of the PV module. Within the
illumination range considered, it can be verified in Fig. 9, the
linear relation between the illumination level of our Arbitrary
Function Generator (AFG) and the v,. of the module.
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Fig. 9. Linear relation between the AFG illumination level and the PV module
Voe fluctuation

IV. INDOOR AND OUTDOOR RESULTS
A. Indoor measurements
The first result in Fig. 10 is a comparison of the Bode
diagrams obtained for both PV and APD modules'.
Since the output gain depends on various parameters
(received light intensity, surface of the receiver, Hamamatsu
module TZ gain...), only the relative voltage values of

fAIl frequency responses (gain) are obtained using the calibration step as
described in section III-C.
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the output are relevant. One can see in Fig. 10 that the
photodiode presents a flat response (due to the pre-processing
calibration step) while the PV module exhibits a decreasing
slope of -20dB/dec in the 50kHz-5MHz frequency range.
This behavior is typical of a first-order low pass filter and can
be modeled by the RC electrical equivalent circuit given on
Fig. 3, and for which the measured frequency range exceeds
the -3dB cutoff frequency.

Fig. 11 presents the BER of our LiFi communication using
the PV module then the photodiode. According to [9] and
[34], the maximum admissible value for a raw BER ensur-
ing an error-free communication (after using error correction
codes) is given by 1073. As indicated in subsection III-B,
a single misallocated bit leads to BER(f) = 5.1073 close
to the admissible maximum value 1.10~3. Consequently, the
maximum frequency for an error-free communication will be
deduced from the null BER(f) frequency range.
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Fig. 11. BER evolution of the PV module for frequencies until 5 MHz

The data received by the Hamamatsu APD are fully recov-
ered on the frequency range® of Fig. 11 while the green dots
show that with the Solar Frontier module, errors occur from
3.3 MHz, whose the number increases with the frequency.
This is due to the gain-loss previously observed for high
frequencies.

B. Outdoor measurements
The outdoor measurements were performed in front of
the IM2NP laboratory premises in the city of Marseille

gfor higher frequencies, the measurements show that the cutoff frequency
of the LED is less than that of the APD.

Fig. 12. Outdoor experimental setting

in France (see Fig. 12). They were performed with the
parameters defined in Table I under direct sunlight exposure
(without any optical system as lenses, color filters...) with
different intensities according to sun elevation and ranging
from 125W/m? to 950W/m?, close to AM1.5 solar intensity
(1000W/m?). Note that all the exposure measurements are
given with an uncertainty of £20 W/m?2.

1) Results with the APD as receiver for LiFi transmission:
The frequency responses of the Hamamatsu APD obtained for
various solar irradiation levels (from 125W/m? to 900W/m?)
and in indoor conditions (as reference) are plotted in Fig. 13.
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Fig. 13. APD frequency response as a function of sunlight exposure

This figure shows distinct behaviors of the APD between
outdoor and indoor measurements: even under low sunlight
intensities (125W/m?), the obtained transfer function is very
different from that of the Hamamatsu datasheet. A frequency
cutoff appears, slightly decreasing from 0.4 to 0.2 MHz, while
the gain strongly decreases, with increased sunlight intensity.
According to [7], [8], this behavior could be assigned to the
space charge effect (screening effect) occurring when too
many free carriers are created by the solar irradiation into
the semiconductor and oppose the electrical field induced by
inverse applied bias voltage and the ionized dopants of the
diode. This internal electric field reduction might explain both
the gain reduction (reduction of the avalanche phenomenon)
and the bandwidth reduction (reduction of the carrier drift
speed).

At the same time, the BER also increases strongly with the
solar intensity: as shown in Fig. 14, the frequency range



allowing error-free communications fades out for intensities
between 160W/m? and 275W/m?2. Note that the three peaks
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Fig. 14. APD frequency BER for two solar irradiation levels

detected around 0.06, 0.2 and 0.3 MHz in Fig. 14, are not
specific to the APD but are due to intense RF perturbations
as suggested by the power spectral density (PSD) of the
noise estimated from the bench measurements" and plotted in
Fig. 15. These perturbations reflect a lack of electromagnetic
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Fig. 15. APD noise power spectral density in outdoor conditions
shielding, particularly around the oscilloscope input wires.

2) Results with the solar module as receiver for LiFi
transmission: The frequency responses for the PV module
under different sunlight exposures are provided in Fig. 16.
We can see that the gain decreases with the solar intensity, as
predicted by the equation (5) where the dynamic resistance
rq is inversely related to the DC photocurrent I,;, (2), and
thus to the solar intensity. As for the APD, Fig.17 gives the
frequency bit-error rate for two solar intensities (654W/m?
and 946W/m?). Null BER are obtained for lower intensities
ensuring error-free LiFi communications. Here again, the
peaks in the frequency BER curves (around 0.23MHz and
0.75MHz) betray the presence of RF perturbations. One can
notice that an error-free communication is still possible until
400kHz under a very high solar illumination level (946W/m?).

"The product of the emitted data and the estimation of the transfer function
gives an estimate of the data received at the PV module. This represents the
signal part of the measurement. The noise part is then obtained by a simple
subtraction.
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Fig. 16. PV module frequency response as a function of sunlight exposure
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3) Comparison of APD and PV module performance as LiFi
receiver in outdoor conditions: The evolution of the total BER
for the APD and the PV module as a function of sunlight
intensity can be seen in Fig.18.
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Fig. 18. Total BER as a function of sunlight exposure

In addition, since for both the solar module and the
APD, the BER increases with the frequency, we define
the so-called error-free maximum frequency (EFMF) to
compare their suitable bandwidth for LiFi reception. Fig. 19
represents the EFMF obtained for both APD Hamamatsu
and Solar Frontier PV module under different solar intensities.

These two last figures confirm the ability of the solar
module to outdoor detect LiFi signals: the APD-based
photodetector fails before a 200W/m? solar intensity level
while the PV module still allows LiFi communications even
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Fig. 19. Comparison of the error free maximum frequency between the
hamamatsu APD and the solar module

at full sunlight exposure.

V. CONCLUSION AND PERSPECTIVES

By means of an experimental LiFi test bench, we have
compared the behavior of a PV module and a commercial
APD-based photodetector for white LED LiFi transmissions
in both indoor and outdoor conditions. The performance of
the two solutions has been quantified in terms of frequency
responses, signal-to-noise ratio and bit-error rate. Finally, the
so-called error-free maximum frequency (EFMF) is introduced
to quantify the limiting effect of the direct sunlight exposure
on data communications. We have shown that the Hamamatsu
APD-based photodetector exhibits excellent performance in in-
door conditions which decreases significantly when a sunlight
exposure of more than 200W/m? is superimposed over the LiFi
signal. This behavior could be explained by a screening effect
which might be confirmed by additional measurements using
other photodiode-based photodetectors (APD or PIN). On the
contrary, it has been demonstrated for the first time that a
PV module in V. condition still operates a LiFi transmission
until around 800W/m? which corresponds to classic outdoor
lighting conditions. This shows that solar panels, as they are
currently installed in solar farms, can be used as LiFi receivers.
In addition, such interesting results can be extended for indoor
conditions when direct or indirect sunlight illuminations are
not negligible, as in the case of a system operating near a
window [35].
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