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A B S T R A C T

Visible light communication (VLC) is a promising complement considering the rising radio frequency spec-
trum congestion. However, photodiode receivers degrade rapidly under high ambient light (> 200 W/m2).
Photovoltaic (PV) cells, designed for outdoor applications, offer an effective alternative. This work studies
the fundamental relationship between various LEDs and seven commercial crystalline silicon (c-Si) PV cell
architectures to assess simultaneous energy harvesting and communication. The results reveal that increased
PV output inversely affects bandwidth. The impact of PV cell architecture on bandwidth is mainly due to bulk
doping concentration and metallization design. Higher doping reduces bandwidth at short circuit but increases
it at higher operating voltages. At the transmitter end, higher irradiance levels enhance communication, but
this effect is minimal at the PV maximum power point (MPP). Additionally, LED color has a negligible impact
on PV cell bandwidth. The highest bandwidth is 215 kHz for Al-BSF(5’’) under short-circuit, while the lowest is
0.1 kHz for SHJ at MPP. Among the tested c-Si PV architectures, Al-BSF cells exhibit the best communication
stability – from 100 kHz to 10 kHz, while SHJ shows the worst – from 100 kHz to 0.1 kHz. TOPCon
demonstrates the optimal balance between energy harvesting and communication for Pareto optimality.
1. Introduction

Internet of Things (IoT) connected devices have been seamlessly
embedded into our daily lives, facilitated by the rapid development of
diverse wireless communication technologies. The connectivity of these
devices is dominated by means of wireless fidelity (WiFi), Bluetooth,
and cellular networks which predominately communicate information
through low radio frequency (RF) spectrum. A recent forecast suggests
that the number of IoT-connected devices will double the current count,
approaching thirty billion in 2030 [1]. Coupled with the rising user
density due to population expansion and urbanization, a shortage in
the available RF spectrum for communication is anticipated. Besides
the escalating RF communication traffic, the demand for high-speed
data transmission is another driving force that motivates researchers
to explore higher frequencies for wireless communication. The wider
bandwidth inherent in the higher frequency range significantly boosts
the transmission data rate. This enhancement is essential for appli-
cations like space-to-ground links where a massive amount of data
needs to be transmitted within a brief contact window [2]. From the
perspective of urban environments, the advancements in autonomous
vehicles and smart homes also necessitate high-speed communication
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to manage the immense data flows among IoT-connected devices in the
future smart cities [3].

Although higher frequencies provide a promising avenue for wire-
less communication, their implementation comes with technical chal-
lenges. Electromagnetic waves, by nature, experience energy density
reduction as they propagate due to medium-induced attenuation. This
effect is more prominent at higher frequencies, resulting in an increased
path loss. Using higher frequencies is also more susceptible to obstacles
including buildings and foliage in the urban environment, leading to
shadow zones where signals are significantly weakened or completely
absent [4]. To overcome these challenges, one approach suggests imple-
menting line-of-sight (LoS) paths where the information is beamformed
and directed along an unobstructed route between the receiver and
transmitter to mitigate attenuation and blockage [5]. Another more
widely acknowledged approach involves segmenting the communica-
tion into smaller cells so that stronger and more reliable signals are
ensured within those confined regions [6]. However, developing such
micro-communication units relies on the availability of widespread in-
frastructures. This requirement has prompted researchers to investigate
the potential of visible light communication (VLC) systems that could
https://doi.org/10.1016/j.energy.2024.133387
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Energy 311 (2024) 133387 
be integrated with existing lighting infrastructure dominated by light-
emitting diodes (LEDs), that is, leveraging their extensive deployment.
The additional communication channels introduced by the visible light
spectrum not only complement the current wireless communication
systems, effectively mitigating RF congestion, but also expand the
bandwidth, thereby offering high-speed data transmission [7].

Typically, a VLC system consists of a light source (LED or LASER)
s the transmitter and photodiodes (PDs) as the receiver [8]. During
ata transmission, the transmitter intensity is modulated at a high

frequency, which in turn modulates the output current of PDs as the
ight strikes them. This varying current is subsequently translated into
oltage signals with a trans-impedance amplifier and decoded to extract
he information. The modulation frequency employed is usually much

higher than the flicker fusion threshold, meaning that the primary
ighting function of the LED infrastructure remains unaffected after
ntegrating with the VLC systems, as the rapid flickering is imper-
eptible to human eyes [9]. In addition to its wider bandwidth and
apid deployment capabilities, VLC offers a few more advantages over
raditional RF communication: firstly, visible light is unlicensed, mak-
ng it freely available for broad development [10]; secondly, visible
ight cannot penetrate walls, providing high-security communication
y reducing the risks of eavesdropping [11]; lastly, LEDs are energy-

efficient, and their long lifespan contributes to a reduced maintenance
ost [12]. As a specific application of VLC technology, Light Fidelity
LiFi) facilitates high-speed data transmission by complementing WiFi.

The recent introduction of the IEEE 802.11bb standard helps accelerate
ts adoption, which sets the stage for enhanced interoperability in the
ireless communication society [13].

Nevertheless, the extensive implementation of such technology still
needs to resolve certain issues, and one of the bottlenecks is found
at the receiver end. Despite its fast response time, high sensitivity,
nd wide bandwidth for optical signals, the frequency response of PDs
eteriorates drastically when they are exposed to ambient light higher
han 200 W/m2 [14,15]. This limits its communication performance

in well-illuminated indoor environments and restrains its application
under outdoor conditions. At the same time, PDs must be reverse-biased
to function as light detectors, which necessitates a continuous external
power supply.

As an effective solution, PV cells are gaining recognition for self-
powered VLC receivers under high ambient light conditions. They
are primarily engineered for outdoor operation, and the harvested
energy can be utilized to power the entire communication system [16].
One of the first attempts of using commercial silicon PV cells for
both communication and energy production was carried out by Kim
et al. Their experiment successfully demonstrated VLC operation under
strong sunlight irradiance of 800 W/m2 [17]. Malik et al. developed
 mini self-powered VLC system, which offers a bandwidth of 50 kHz
nd a maximum error-free data rate of 8 kb/s [18]. In a related study,
ang et al. investigated the feasibility of using a PV panel as the

detector in an optical wireless communication (OWC) system. They
tested both on-off keying (OOK) and orthogonal frequency division
multiplexing (OFDM) modulated signals, achieving data transmission
rates of 1 Mb/s and 11.84 Mb/s, respectively, while generating 2 mW of
electricity [9,19]. By employing a self-reverse-biased circuit to the PV
anel, Shin et al. achieved an improved data rate of 17.05 Mb/s [20].

The potential of the underwater OWC system was demonstrated by
Kong et al. where they successfully transmitted information from a
laser diode through a 7-meter water tank to a solar panel at a rate
f 22.56 Mb/s [21]. In 2019, Das et al. built the world’s first OWC

system using off-the-shelf lasers and silicon PV panel, which harvested
5 W power while communicating at a data rate of 8 Mb/s [22]. The
mpact of sunlight on PVs as OWC receivers was further explored, and
 trade-off between energy harvesting and communication performance

was reported. This means that while the PV output increases with solar
irradiation, the data rate exhibits a contrary trend, decreasing as the

23].
solar irradiation intensifies [ B

2 
Fig. 1. The measured spectra of blue, green, and red LEDs used in this study. The
peak wavelengths are indicated in the legend, and show slight shifts from the values
he manufacturer specifies (Blue: 463 nm; Green: 523 nm; Red: 655 nm).

Other research investigated using different PV technologies in VLC
systems, where thin film amorphous silicon was demonstrated to sup-
ort weak light detection (down to 10 mW/m2), achieving a data rate

of 1.2 Mb/s [24]. Organic PV (OPV) is a relatively new field in VLC,
but it is gaining interest due to its ease of fabrication and tunable
properties [25]. The very first investigation in using OPV as a photo-
detector was carried out by Arredondo et al. where they demonstrated
a bandwidth of 790 kHz based on P3HT:PCBM [26]. Another work
one by Vega-Colado et al. realized a full-organic VLC system using off-
he-shelf components and achieved a bandwidth of 200 kHz at 2 V of
everse bias [27]. Salamandra et al. developed the inverted P3HT:PCBM

organic structure and achieved a bandwidth of 1.02 MHz at −1 V
ias [28]. Although various approaches are being explored to improve

the bandwidth, reverse biasing the OPV means the device is not gener-
ating power. One of the first studies of combining communication and
energy harvesting using OPV was conducted by Zhang et al. and they
revealed that using an OPV cell as the receiver enabled a data rate of
34.2 Mb/s and concurrently produced a power of 0.43 mW [29]. This
outcome has been overtaken by a recent work where a remarkable data
rate of 363 Mb/s was reached, with a 10.9 mW power output [30].
Mica et al. used a triple-cation perovskite PV cell as the photodetec-
tor and achieved a 56 Mb/s data rate under white LED [31]. One
of the best communication performances was reported by employing
gallium arsenide (GaAs) PV cells, where a maximum of 1 Gb/s data
rate was attained when the PV cell was operating under short-circuit
condition [32,33].

While most of the research focuses on enhancing the data trans-
mission speed, the fundamental relationship between the light source
and different PV cell architectures is not systematically explored in the
context of VLC. Therefore, the aim of this study is to fill this research
gap by systematically exploring the communication performance of
commercial PV cells with diverse architectures when they are utilized
as VLC receivers. Additionally, three representative LED colors within
the visible light spectrum are investigated in terms of their impact on
he communication performance of commercial PV cells. The objective
s to determine if a particular LED color demonstrates superior perfor-
ance, which could inform future color filter design for PV cells to

mprove communication. In this work, the frequency response under
arious light intensities is characterized for each LED color and further
onducted at different PV cell operating voltages to understand the
ynamics between energy harvesting and data communication. c-Si PV
ells are the primary focus due to their dominating position in the PV
ndustry. These include architectures such as 5-inch aluminum back
urface field (Al-BSF(5′′)), 6-inch Al-BSF (Al-BSF(6′′)), busbar-free Al-

SF (Al-BSF(BF)), passivated emitter rear contact (PERC), interdigitated
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Fig. 2. Photos of the commercial PV laminates used in this study.
back contact (IBC), silicon heterojunction (SHJ), and tunnel oxide pas-
sivated contact (TOPCon), covering from the oldest to the newest c-Si
PV technologies. It is worth mentioning that all the commercial PV cells
are maintained in their original dimension for this study. Certainly, cell
size plays a role in determining the capacitance and resistance of PV
cells, where a larger cell size generally leads to higher capacitance and
lower resistance [34]. But these parameters are also highly dependent
on other factors, including the bulk doping concentration, emitter
resistance, and the design of fingers and busbars [35]. This detailed
architectural information of commercial solar cells is not readily avail-
able and cannot be easily extracted from measurements. Additionally,
standardizing the cell size would require cutting all the commercial
solar cells down to half-size, potentially introducing unexpected edge
effects and leading to performance deviations [36]. To maintain the
integrity of our study, we retained the original dimensions of all PV
cells. This approach allows us to evaluate the energy harvesting and
communication performance of off-the-shelf PV cells within the context
of VLC without introducing unwanted performance degradation due to
cell cutting. Keeping the cells in their original size also ensures that our
results are directly applicable to consumer-grade products, providing
valuable insights for both researchers and industry professionals.

The rest of the paper is structured as follows: in Section 2, the
experimental setup is introduced, including the setup for I–V curve
measurement and bandwidth characterization; Section 3 elaborates
the methods for measurement data processing; Section 4 presents and
discusses the measurement results, analyzing the relationship between
bandwidth and PV operating voltages, LED intensities, LED colors, and
PV cell architectures; finally, the conclusions are drawn in Section 5.

2. Experimental setup

The PV cells are first laminated (hereafter referred to as PV lam-
inates), and the lamination structure comprises a stratified assembly
including, from top to bottom, a PV glass layer, an ethylene vinyl
acetate (EVA) encapsulant layer, the PV cell, another EVA layer, and a
white back sheet or a PV glass layer. These PV laminates are examined
under three representative LED colors across the visible light spectrum,
spanning from red to green and blue, with a maximum rated power
of 100 W. The spectral distributions of the LEDs are measured with
a spectrometer (SR-1901PT) and are presented in Fig. 1, with their
peak wavelength indicated in the legend [37]. The photos of the tested
3 
commercial PV laminates are shown in Fig. 2, and their architectural
information is detailed in Table 1. The characteristics of PV laminates
under standard test conditions (air mass 1.5 spectrum, 1000 W/m2

of irradiance, and cell temperature of 25 ◦C) are listed in Table 2.
For each LED color, the PV laminates are tested at three irradiance
levels: 100, 300, and 500 W/m2. As the output current of solar cells is
proportional to the incident light intensity, increasing the LED intensity
will generate more current that flows through the system and brings
up the temperature. The attached heat sink has a limited capacity to
dissipate only a certain amount of heat. This limits the maximum LED
intensity used in the measurement to prevent the components from
overheating damage. Therefore, the maximum irradiance intensity is
determined based on the heat dissipation capacity of the system’s heat
sink.

Fig. 3 presents the experimental setup for the measurements. The
measurement process can be divided into two primary stages. For each
LED color and intensity setting, the I–V behavior of PV laminates is
first characterized to identify their open-circuit voltage and maximum
power point. Following this initial characterization, the PV laminates
are biased at various operating voltages to perform the small-signal
bandwidth measurement. The selection of operating voltage ranges
and increments is guided by the outcomes of the I–V characterization.
The measurement details of these two stages are elaborated in the
subsequent two subsections.

2.1. I-V curve measurement of PV laminates

The I–V curves of PV laminates are measured in a 4-wire config-
uration with Keithley KickStart software and source meter (Keithley
2651A). A simplified diagram of this setup is depicted in Fig. 4a. The
light source consists of a matrix of LEDs. During the measurement, it is
fitted with a collimator lens and placed 10 cm above the PV laminates
to ensure a comprehensive and homogeneous illumination. By adjusting
the output power of the LED, the targeted irradiance level is achieved,
as indicated by the short-circuit current of PV laminates. This is due to
the linear correlation between the incident light intensity and the short-
circuit current produced by the PV laminates. The temperature of PV
laminates is monitored with a Pico logger connected to a thermocouple
attached to the rear side of the PV laminates. Once the temperature
stabilizes, the I–V sweep is performed. The resultant I–V curve is plotted
in Fig. 4b in blue, which represents the case for IBC PV laminate under
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Table 1
Architectural information of the c-Si PV laminates, with abbreviations: BB for busbar, SW for smart wire, and BC for back
contact. The bulk doping concentration of tested commercial c-Si solar cells was determined by using C-V measurement
[38].
PV laminate Cell size Area Doping concentration Front-side metal Back-side metal
[–] [–] [cm2] [atoms/cm3] [–] [–]

Al-BSF(5′′) Full-size 153.0 4.2 × 1014 2BB 2BB
Al-BSF(6′′) Full-size 244.3 1.1 × 1016 3BB 3BB
Al-BSF(BF) Full-size 244.3 1.0 × 1016 19SW 4BB
IBC Full-size 153.0 4.5 × 1014 – BC
PERC Half-cut 126.0 2.6 × 1016 9BB 9BB
SHJ Full-size 244.3 5.6 × 1015 22SW 22SW
TOPCon Half-cut 126.0 4.5 × 1015 9BB 9BB
Fig. 3. Experimental setup for I–V curve characterization and bandwidth measurement.
Fig. 4. (a) Diagram of the I–V characterization setup where the PV laminate is measured with a 4-wire configuration under different LED colors and intensities. The temperature
of the PV laminate is monitored with a thermocouple attached to the back of the laminate, and all I–V sweeps are conducted after the temperature is stabilized; (b) I–V and P–V
characteristics of the IBC PV laminate under blue LED at 300 W/m2 and 30 ◦C. Both the maximum power point and the open-circuit voltage are highlighted in the plot.
4 
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Fig. 5. Bandwidth characterization setup for the VLC system when c-Si PV laminates are used as the receiver. The bias circuit is developed to set the operating voltage of PV
laminates and it imposes a resistive load 𝑅𝑓 in the AC circuit system.
Fig. 6. The small-signal AC equivalent circuit of a PV laminate connected to a load resistance under illumination [41].
Table 2
Key parameters of the c-Si PV laminates under standard test conditions (STC) obtained
using a LOANA solar cell analysis system [39].

PV laminate [–] 𝑉𝑜𝑐 [V] 𝐼𝑠𝑐 [A] 𝑉𝑚𝑝𝑝 [V] 𝐼𝑚𝑝𝑝 [A] 𝑃𝑚𝑝𝑝 [W]

Al-BSF(5′′) 0.64 5.96 0.51 5.51 2.79
Al-BSF(6′′) 0.64 9.44 0.52 8.91 4.65
Al-BSF(BF) 0.64 9.44 0.51 8.86 4.48
IBC 0.68 6.46 0.56 5.98 3.39
PERC 0.69 4.94 0.59 4.71 2.76
SHJ 0.74 8.92 0.64 8.50 5.40
TOPCon 0.69 4.91 0.59 4.65 2.74

blue LED at 300 W/m2 and 30 ◦C. As the voltage increases, it can be
observed that the current decreases. The voltage at which the output
current of PV laminate is zero is known as the open-circuit voltage
(𝑉𝑜𝑐). Additionally, the power output of PV laminate as a function of
the operating voltage is also depicted by the red curve in Fig. 4b, where
the power output first increases with the voltage to a peak, then it
declines to zero. This peak represents the maximum power point (MPP),
and it is the optimal operating point when PV laminate is used as an
energy harvester. Measuring the I–V curve is an important step because
it not only characterizes the electrical properties of PV laminate but
the obtained 𝑉𝑜𝑐 and MPP are also essential to determine the operating
voltage range for the subsequent small-signal frequency sweep. It is
worth mentioning that the temperature effect is not considered in the
analysis due to the absence of temperature control components in
the setup. An increased temperature alters the I–V curve, leading to
higher short-circuit current and lower open-circuit voltage, eventually
reducing the solar cell’s power output [40].
5 
2.2. Bandwidth measurement of PV laminates

Fig. 5 shows the diagram of the bandwidth characterization setup
for the VLC system using c-Si PV laminates as the receiver. The trans-
mitter circuit consists of a function generator (Agilent 33250A), a
custom-made LED driver, and LEDs with a collimator lens. The receiver
circuit comprises PV laminates, a self-made bias driver, a multimeter
(Keithley 2000), and two lock-in amplifiers (EG&G 7260 and EG&G
7225). Both circuits are connected to a single laptop, which con-
trols and processes the signals using in-house developed measurement
software. It should be noted that all these setup components have
relatively high bandwidth, thus, their contribution to the bandwidth
measurement of PV laminates is negligible.

2.2.1. The transmitter circuit
The transmitter circuit essentially controls the operation of the

LED light source. The laptop sends the control signals, encompassing
both DC and AC components, to the function generator. The function
generator then relays the requisite composite waveform to the LED
driver, which modulates the LED to operate in the desired manner. In
this setup, the LED operates in a constant current (CC) mode, which is
a preferred approach for driving high-power LEDs to prevent thermal
runaway risks. By maintaining a constant current, the CC mode also
helps ensure a stable light output and reduce chromaticity shift [42].
As mentioned in Section 2.1, the DC component is set according to
the short-circuit current of PV laminates that changes linearly with
the incident irradiance level. Superimposed on this DC baseline is a
small sinusoidal AC signal with a peak-to-peak amplitude (𝑉𝑝𝑝) of 5 mV,
resulting in a light intensity change of around 1 W/m2. The frequency
variation ranges from 25 to 250 kHz, where the maximum frequency
of this range is determined by the input frequency limit of the lock-in
amplifier. It is worth mentioning that in the current setup, LEDs serve a
dual role as both a light source and a transmitter. In practical scenarios,
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Fig. 7. Voltage bandwidths of PV laminates with respect to the operating voltages
under blue LED at 100 W/m2.

the solar cells are exposed to ambient light for electricity generation.
articularly in outdoor applications, the PV modules are subject to the

solar spectrum, which can introduce unexpected noises during data
transmission. In future iterations of the setup, a solar simulator can be
incorporated to provide the PV laminates with consistent exposure to a
solar spectrum, while LEDs are exclusively used for data transmission.

2.2.2. The receiver circuit
The receiver circuit essentially extracts the frequency response sig-

nal from the PV laminate outputs. This dynamic behavior of PV lami-
nates is modeled with a small-signal AC equivalent circuit, as shown in
Fig. 6, with a current source representing the dynamic photo-generated
urrent 𝑖𝑝ℎ at a certain time instance. The diode component in the

DC equivalent circuit of solar cells is translated into a combination
f capacitor and dynamic resistor, allowing for a detailed analysis of

the dynamic behavior of solar cells under small-signal AC conditions.
Besides the series resistance 𝑅𝑠 and shunt resistance 𝑅𝑠ℎ of the PV
laminates, an additional voltage-dependent internal dynamic resistance
𝑟𝑑 is included. The capacitance effect of the PV laminate is modeled
with a capacitor 𝐶, and the inductor 𝐿 represents the inductance due
to the PV cell’s metalization and its interconnection with the load
resistance 𝑅𝐿.

During the frequency sweep, the bias driver first sets the operating
voltage of the PV laminates to simulate various levels of power output.
The range for adjusting the operating points is determined from the
previous step of I–V measurement, and both the operating voltage
and illumination level are fixed at each frequency sweep, meaning
hat the bandwidth is characterized after the PV laminate has reached
harge distribution equilibrium [43,44]. At each operating voltage, the

frequency sweep is performed where the modulated LED illuminates the
V laminate. In response to the varying light intensity, the PV laminate
hifts its I–V characteristics accordingly. These shifts are relatively

subtle, as the amplitude of the AC signal is very small compared to
he DC baseline. Such tiny variations in the PV output are buried in

the system noises, therefore, lock-in amplifiers are employed to extract
his small-signal AC information. In this setup, both the AC PV voltage
nd current outputs are measured. The AC PV voltage is directly read
ith a voltage probe connected to one of the lock-in amplifiers, while

he AC PV current is first converted using a current probe (YOKOGAWA
DLM5038) before being fed into the other lock-in amplifier. For both
lock-in amplifiers, the peak-to-peak signal at low frequency (25 Hz) is
adopted as the reference signal (𝑋𝑟𝑒𝑓 ), and the signal gain at various

modulation frequencies 𝑓 is calculated by the following equation:

6 
Fig. 8. Capacitance of PV laminates with respect to the operating voltages under blue
LED at 100 W/m2.

𝐺 𝑎𝑖𝑛(𝑓 ) = 20𝑙 𝑜𝑔10
𝑋𝑜𝑢𝑡(𝑓 )
𝑋𝑟𝑒𝑓

(1)

where 𝑋𝑜𝑢𝑡(𝑓 ) is the peak-to-peak voltage or current signal at each
requency under a specific operating point. Since PV laminates act as
ow-pass filters for the received small light signals, the frequency at
3 db gain (also known as the cut-off frequency 𝑓𝑐) with respect to

the global peak is the bandwidth [38]. This measurement enables the
determination of bandwidth for all the PV laminates, which are biased
at different operating points and subject to various LED colors and
intensities.

3. Methodology

To evaluate the bandwidth accurately, it is important to process
nd compensate the measurement data. This adjustment addresses
wo primary sources of deviation in the results: the ballast resistance
ound in the bias driver and the inductance in the system that causes

resonance.

3.1. Offset the ballast resistance in bias driver

The bias driver acts as a resistive load to configure the operating
point of the PV laminate as introduced in Section 2.2.2. However, this
bias driver does not perform as an ideal variable resistor due to the
presence of a fixed one-ohm ballast resistance 𝑅𝑓 in series. While this
ballast resistance is essential to stabilize the PV output signal, enabling
a successful measurement, it also deviates the measured bandwidth
from the true values. For a clearer understanding, the bandwidth 𝑓𝑐
of an RC low-pass filter tailored for this specific scenario is shown in
the equations below:

𝑓𝑐 =
1

2𝜋 𝑅𝐶 (2)

where

𝑅 = (𝑟𝑑 ∥ 𝑅𝑠ℎ) ∥ (𝑅𝑠 + 𝑅𝐿 + 𝑅𝑓 ) (3)

When the PV laminate operates at high voltages, the load resistance
𝐿 dominates the bias driver resistance, meaning that the impact
f 𝑅𝑓 on the measured bandwidth is negligible. In contrast, at low
perating voltages, 𝑅𝑓 is comparable with 𝑅𝐿. Thus, its impact on
he measured bandwidth becomes significant, which leads to a reduced
andwidth according to Eq. (2). To offset the effect of the additional

ballast resistance, the measured bandwidth needs to be compensated
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Fig. 9. Voltage bandwidths of PV laminates obtained at low operating voltages and maximum power points under blue LED at 100 W/m2, represented by blue squares and colored
circles, respectively. The circle color indicates the magnitude of the power density the PV laminate delivers at the maximum power point.
Fig. 10. Voltage bandwidths of PERC laminate with respect to the operating voltages,
measured under blue LED at 100, 300, and 500 W/m2.

by considering the resistance 𝑅′ that excludes the contribution of 𝑅𝑓 .
The corrected bandwidth, denoted as 𝑓 ′

𝑐 , is calculated by the following
equation:

𝑓 ′
𝑐 =

1
2𝜋 𝑅′𝐶

(4)

Assuming the capacitance 𝐶 remains unchanged, this expression can be
refined by substituting Eq. (2) and becomes:

𝑓 ′
𝑐 =

𝑅
𝑅′ 𝑓𝑐 (5)

where

𝑅′ = (𝑟𝑑 ∥ 𝑅𝑠ℎ) ∥ (𝑅𝑠 + 𝑅𝐿) (6)

𝑅𝑠 is the series resistance of PV laminates extracted by fitting the
measured I–V curve with the double-diode model of PV cells [45]. 𝑅𝐿
is the imposed load resistance depending on the operating point. (𝑟𝑑 ∥
𝑅𝑠ℎ) can be obtained from the external dynamic resistance 𝑅𝐷 [46]:

𝑅𝐿 = 𝑉𝑜𝑝∕𝐼𝑜𝑝 (7)

𝑅𝐷 = 𝛥𝑉 ∕𝛥𝐼 = (𝑟𝑑 ∥ 𝑅𝑠ℎ) + 𝑅𝑠 (8)

where 𝑉𝑜𝑝 and 𝐼𝑜𝑝 are the voltage and current of the PV laminate at the
operating point. 𝛥𝑉 ∕𝛥𝐼 is the inverse of the slope of the measured I–V
curve at the given operating point.
7 
3.2. Include the inductance-induced resonance

The bandwidth obtained by removing the ballast resistance does
not account for the effect of inductance. This inductance mainly comes
from the metallization and interconnections of PV laminates, with the
former playing a dominant role. Its presence can make the system
oscillate, and the frequency at which this oscillation happens is the
resonant frequency, which can be calculated by the following equation:

𝑓𝑟 =
1

2𝜋
√

𝐿𝐶
(9)

Given that the bandwidth is the first frequency at which the gain
drops below −3 dB, it is important to identify whether this reduction
is attributed to the resonant frequency or the cut-off frequency that
occurs first. Failure to identify the actual scenario could lead to an
overestimation of the system bandwidth, especially at low PV operating
voltages where the influence of inductance is significant. Under such
conditions, the system bandwidth could be dictated by the resonant fre-
quency, which typically falls below the corresponding RC circuit cut-off
frequency. To adjust for this and determine the bandwidth accurately,
the correction after considering the inductance-induced resonance is
mainly performed by comparing the bandwidths derived from Eq. (4)
for the cut-off frequency and Eq. (9) for the resonant frequency, where
the lower of these two values is selected as the true bandwidth of the
PV laminate. This condition can be exclusively expressed in terms of
the damping ratio:

𝜁 < 1
2

(10)

Upon determining the inductance, the damping ratio is examined
for each frequency sweep measurement result, and the bandwidth
is corrected for the instances that satisfy the condition. Here, the
inductance is considered as independent of the operating voltages, as
the change caused by which is negligible [38]. For more information
regarding the determination of the damping ratio condition and the
inductance, please refer to Appendix.

4. Results and discussion

In this section, the bandwidths of PV laminates under different
measurement conditions are presented, focusing on the interplay be-
tween two key parameters of the PV laminates: the operating voltage,
indicative of the energy harvesting ability, and the bandwidth, which
reflects the communication performance. The bandwidth can be mea-
sured for both PV current and PV voltage. Here, the voltage bandwidth
is primarily explored due to two considerations: first, the voltage band-
width mirrors the behavior of the current bandwidth, showing close
bandwidth results across the measurements; second, using voltage mod-
ulation is aligned with practical application, bypassing the additional
conversion step from current to voltage [47].
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Fig. 11. (a) The capacitance of PERC laminate changing with the operating voltage under blue LED at 100, 300, and 500 W/m2; (b) The resistance 𝑅′ of PERC laminate changing
with the operating voltage under blue LED at 100, 300, and 500 W/m2.
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4.1. Bandwidth vs. PV operating voltages

Fig. 7 shows the voltage bandwidths of PV laminates with respect
o various operating voltages (from short-circuit to open-circuit) under
lue LED at 100 W/m2. As the operating voltage increases, a consistent
ecrease in the bandwidth is observed across all PV laminates, and
wo distinct variation regions are identified. In the low operating volt-
ge range (<350 mV), the bandwidth declines gently with increasing
perating voltages, while it ramps down exponentially in the high
perating voltage range. Such behavior is observed under all measure-
ent conditions, and it can be primarily attributed to the change in

he internal capacitance of PV laminates. Fig. 8 illustrates the change
f PV capacitance in response to the operating voltage increase. It is

evident that in the low operating voltage range, the PV capacitance
exhibits minimal change, indicating a dominant influence of deple-
ion capacitance. As the operating voltage continues to increase, the

diffusion capacitance becomes the primary driver and determines the
exponential increase of the overall capacitance of PV laminates [38,43].
This result indicates that the higher PV output power is achieved at
the expense of communication bandwidth. Therefore, a trade-off exists
between energy harvesting and communication when PV cells are used
as VLC receivers.

Fig. 9 shows a comparative summary of the voltage bandwidths of
the individual PV laminates. This comparison includes the bandwidths
obtained at the low operating voltage range (marked by blue squares)
nd at the maximum power point (indicated by colored circles). Ad-

ditionally, the power density that PV laminates deliver at maximum
power point is represented through a color scale with a corresponding
color bar. It can be observed that all PV laminates exhibit a notably
higher bandwidth at low operating voltages, with their values falling
within a comparable range (30 kHz to 200 kHz). Particularly, Al-
BSF(5′′), IBC, and TOPCon PV laminates present slightly higher overall
bandwidth, meaning that they are more advantageous in communica-
tion when working at low operating voltages. In contrast, when the PV
laminates are optimized for energy harvesting, the bandwidths at the
maximum power point scatter across a broad spectrum. Specifically, Al-

SF(6′′) and Al-BSF(BF) laminates demonstrate the highest bandwidths
9.8 kHz and 11.7 kHz, respectively) but are subject to lower power
utput. Conversely, with a higher power density, the SHJ PV laminate
hows the least favorable communication performance, with the band-
idth limited to only 0.2 kHz. The PERC laminate outperforms others

n power generation while maintaining a reasonable communication
andwidth. Meanwhile, it can also be concluded that the bandwidth
ariation range of both Al-BSF(6′′) and Al-BSF(BF) laminates is nar-
ower than that of others in response to the operating voltage increase.
his suggests that they can achieve higher output power with less
8 
compromise in communication performance. The underlying cause of
this behavior can be attributed to the differences in cell architecture
and material properties, such as wafer dopant concentration, which
dictate the dynamic response of PV laminates [38].

4.2. Bandwidth vs. irradiance levels

Fig. 10 shows the voltage bandwidth of PERC laminate as a function
of the operating voltages under blue LED at 100, 300, and 500 W/m2. A
distinct operating voltage window with a notable bandwidth difference
can be identified where the PERC laminate exhibits higher bandwidths
under higher irradiance levels. Beyond this specified window, the
bandwidths present a marginal difference. This pattern appears to
be minimally influenced by the capacitance, as depicted in Fig. 11a,
where the laminate capacitance shows only a slightly higher response
under higher irradiance levels. The primary determining factor can be
attributed to the larger resistance 𝑅′ of the laminate under low light
conditions [48]. As demonstrated in Fig. 11b, the resistance under low
irradiance levels remains constantly higher across the entire operating
voltage range, and its impact on the bandwidth is more pronounced at
low operating voltages where depletion capacitance dominates over dif-
usion capacitance. Meanwhile, the increased resistance under low-light
onditions leads to an overdamped system, resulting in a bandwidth
ecline at lower operating voltages. For instance, the bandwidth of
ERC laminate begins to decrease at 150 mV under 100 W/m2, in

contrast to 300 mV under 300 W/m2. Therefore, it can be concluded
that the irradiance level has minimal impact on the communication
performance when the solar laminate is working at the maximum
power point for optimized energy harvesting, but a higher irradiance
level is preferred when the solar laminate is operating at voltages
below the MPP yet distant from the short-circuit condition due to better
communication performance. Fig. 12 presents the voltage bandwidth
of the remaining PV laminates changing with the operating voltages
under different irradiance levels, and a similar trend is observed. It is
worth noting that Al-BSF(6′′), Al-BSF(BF), and SHJ PV laminates are
only measured up to 300 W/m2 due to the heat dissipation capacity of
the bias driver. Similar conclusions can be drawn for other LED colors
under the same measurement conditions, suggesting that the impact of
light intensity on the communication performance of solar laminates
under test is independent of the LED colors.

4.3. Bandwidth vs. LED colors

In fact, the effect of LED color on the communication performance
of PV laminates is found to be minimal, as depicted in Fig. 13 where
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Fig. 12. Voltage bandwidth of the remaining PV laminates as a function of operating voltage under blue LED at 100, 300, and 500 W/m2.
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the voltage bandwidth of PERC laminate presents a consistent re-
sponse across the entire operating voltage range under blue, green,
and red LEDs configured at 100 and 300 W/m2. Although the blue
LED marginally outperforms the red LED in the low operating voltage
range under 100 W/m2 illumination, the variance is relatively minor.
At the maximum power point, the bandwidths are nearly the same with
negligible difference. Moreover, as the irradiance level increases, the
difference in bandwidth becomes even more insignificant. This trend
is consistently observed for all the other PV laminates, as shown in
Fig. 14. Therefore, from the receiver’s perspective, the color of the
light source appears to have a limited impact on the communication
performance. This uniformity can be advantageous to the integration
9 
of wavelength division multiplexing (WDM) with LEDs, ensuring that
one of the channels will become a bottleneck. The consistent band-

width performance across the RGB colors also simplifies the color
ilter design when multiple PV cells are used for signal separation and
emodulation [49]. However, when considering the efficiency of LEDs,
sing blue LEDs is found to be more advantageous due to their higher
nergy efficiency [50]. In other words, blue LEDs in a PV-based VLC

system would consume less energy than red LEDs to achieve com-
arable levels of communication performance and energy harvesting.

Red LED, by contrast, is preferred in the system where relatively long-
distance communication is required due to less atmospheric attenuation
while traveling [51].
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Fig. 13. Voltage bandwidth of PERC PV laminate under blue, green, and red LEDs at 100 and 300 W/m2.
s
h
M
c
M
o
m
p
r
b
i
t
m

a
r
o
t
e
o
i
i
t
f
i

s

t
m
a
b

4.4. Bandwidth vs. architecture of commercial c-Si PV cells

The architectural impact of PV cells on bandwidth can be inves-
tigated through the bulk doping concentration and the metallization
esign. These properties are crucial in determining the capacitance

and resistance of tested PV cells, particularly given that their available
nformation is limited. Fig. 15 shows the voltage bandwidth of PV

laminates at both the short-circuit condition and the maximum power
point under blue LED at 300 W/m2. The PV laminates along the X axis
are reorganized to incorporate the magnitude of doping concentration,
where from left to right, it increases from the lowest (Al-BSF(5′′)) to the
highest (PERC). Under the short-circuit condition (indicated by blue cir-
cles), higher doping concentrations tend to result in lower bandwidths.
This effect is primarily attributed to the increased depletion capacitance
associated with heavier doping profiles. Notably, two outliers are ob-
served, where PV laminates IBC and Al-BSF(BF) exhibit significantly
higher or lower bandwidths compared to adjacent cases. This behavior
can result from the difference in series resistance as shown in Fig. 16.
With nearly identical doping concentrations, the series resistance of IBC
aminate is half that of the Al-BSF(5′′) laminate owing to its optimized
etallization layout, which leads to a higher bandwidth. Although the

series resistance of TOPCon is even lower than that of IBC laminate,
its doping concentration is one order of magnitude higher than that
of the latter, resulting in a higher depletion capacitance and thereby
bringing down the bandwidth. This mechanism also applies to SHJ, Al-
BSF(BF), and Al-BSF(6′′) PV laminates. Therefore, for VLC applications
under short-circuit conditions, it is preferred to use PV laminates with
lower doping concentration and lower series resistance achieved from
an optimal metallization design.

The bandwidths at the MPP of each PV laminate (indicated by red
exagrams) do not show a clear trend as the doping concentration
ncreases. This variability happens because the PV laminates are biased
t their own MPP voltage, which differs from cell to cell. These varying

voltages can significantly alter the diffusion capacitance and overall
resistance, leading to irregular bandwidth results observed in Fig. 15.
To provide a more insightful comparison among PV laminates, Fig. 17
plots the bandwidths of PV laminates with each color bar representing
the bandwidths at operating voltages from 450 to 550 mV displayed
from top to bottom. The bandwidths at 475 mV are connected by a
black line. Unlike the results at MPP, the bandwidths of PV laminates
under the same bias voltages present a more obvious pattern. Within
he high operating voltage range, the bandwidth tends to be higher
or the PV laminates with higher doping concentrations. This effect is
ainly due to the lower diffusion capacitance of the PV laminates with
igher doping concentrations. Opposite to the short-circuit conditions
here higher doping concentration results in increased depletion ca-
acitance, the diffusion capacitance under high operating voltage range
s reversely associated with the doping concentration; in other words,

38].
igher doping concentration leads to lower diffusion capacitance [

10 
Notably, TOPCon PV laminate shows higher bandwidth because its
series resistance is much lower than that of SHJ despite having a close
doping concentration. Therefore, for VLC applications around MPP, it
is preferable to use PV laminates with high doping concentration and
low series resistance.

Based on the above observations, optimizing the metallization de-
ign for a lower series resistance is clearly beneficial for both energy
arvesting and communication. Since PV cells typically operate at
PP to maximize their energy production, increasing the doping con-

entration is advantageous to achieve a higher bandwidth around
PP, provided it does not adversely affect the conversion efficiency

f PV cells. In theory, PV modules composed of these PV cells should
aintain the same bandwidth because connecting the cells in series
roportionally reduces the overall capacitance and increases the overall
esistance, which effectively cancels out their individual impact on the
andwidth. However, the additional metallization required for the cell
nterconnection and the junction box can introduce extra resistance to
he system, which could eventually lead to a lower bandwidth at the
odule level.

4.5. Trade-off between energy harvesting and communication

To get a better insight into the trade-off between energy harvesting
nd communication in a PV-based VLC system, Fig. 18 illustrates the
elationship between the bandwidth of PV laminates and their power
utput under the given illumination conditions. This reaffirms that
he improvement in communication performance often comes at the
xpense of reduced power output. Notably, the bandwidth response
f Al-BSF(6′′) and Al-BSF(BF) PV laminates is more resilient to the
ncrease in output power, implying that achieving comparable increases
n the ratio of output power requires relatively smaller sacrifice in
he bandwidth. In contrast, the SHJ PV laminate exhibits the least
avorable bandwidth response against the output power. As compared
n Fig. 19, the SHJ PV laminate experiences a significant power de-

crease to achieve a bandwidth of 70 kHz, losing 40% of its maximum
power output. Meanwhile, Al-BSF(5′′) and Al-BSF(BF) PV laminates
are able to retain nearly 80% of their maximum power output when
operating under similar bandwidth. This makes them the most suitable
c-Si PV cell architecture in the VLC system in terms of individual trade-
off between energy harvesting and communication, that is, when the
ystem is optimized for its overall communication stability.

Given the tradeoff between energy harvesting and communication,
hat is, maximizing energy harvesting comes at the expense of com-
unication performance and vice versa, the Pareto optimality emerges

s a compelling indicator to assess the overall performance of PV-
ased VLC systems [52]. This concept provides valuable insights into

the solution that represents the best possible compromise between
conflicting objectives, where in the context of a PV-based VLC system,
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Fig. 14. Voltage bandwidths of the remaining PV laminates as a function of the operating voltage under blue, green, and red LEDs at 100 W/m2. The outlier in SHJ PV laminate
at 600 mV could result from measurement error.
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Table 3
Bandwidth and power density of all PV laminates at Pareto optimality, along with their
normalized power density (nPD) and normalized bandwidth (nB).

PV laminate Bandwidth Power density nB nPD
[–] [kHz] [mW/cm2] [–] [–]

Al-BSF(5′′) 132.5 3.5 0.51 0.55
Al-BSF(6′′) 97.9 3.5 0.38 0.56
Al-BSF(BF) 91.4 3.5 0.35 0.55
IBC 180.6 2.5 0.69 0.40
PERC 103.0 2.9 0.39 0.46
SHJ 112.7 2.7 0.43 0.43
TOPCon 148.2 4.1 0.56 0.65
o

11 
this solution reveals the optimal tradeoffs. A novel parameter, Energy-
Communication Efficiency (EnCE), is introduced to identify the Pareto
ptimality. This parameter essentially is the product of normalized

power density (nPD) and normalized bandwidth (nB), each calculated
against the maximum power density (6.3 mW/cm2) and bandwidth
(261 kHz) recorded among all PV laminates. Fig. 20 shows the EnCE
of the PV laminates, with their nPD denoted by the color bar and
nB indicated by the size of the circles. Clearly, the tradeoff between
energy harvesting and communication is evident, where lighter colors
re accompanied by smaller circle sizes. Higher EnCEs are typically
bserved at moderate levels of nPD and nB. Among all the tested
V technologies, the TOPCon PV laminate outperforms by delivering
he best EnCE, followed by the Al-BSF(5′′) and IBC laminates with a
omparable overall performance. This finding signifies that TOPCon

ffers the most balanced solution between the competing objectives



Y. Zhou et al.

c

c

o
l

Energy 311 (2024) 133387 
Fig. 15. Voltage bandwidth of PV laminates at short-circuit condition (blue circles) and maximum power point (red hexagrams) under blue LED at 300 W/m2. The doping
oncentration of PV laminates increases from left to right, where Al-BSF(5′′) has the lowest doping concentration and PERC has the highest.
Fig. 16. Series resistance and doping concentration of PV laminates, where the series resistance is extracted from the I–V measurement under blue LED at 300 W/m2. The doping
oncentration of PV laminates increases from left to right, where Al-BSF(5′′) has the lowest doping concentration and PERC has the highest.
Fig. 17. Bandwidths of PV laminates with each color bar representing the bandwidths at operating voltages from 450 to 550 mV displayed from top to bottom. The bandwidths
at 475 mV are connected by a black line, and it shows an ascending trend as the doping concentration increases from left to right, where Al-BSF(5′′) has the lowest doping
concentration and PERC has the highest.
within a PV-based VLC system, making it the most preferred choice
among all available alternatives when the system is designed for Pareto
ptimality. The absolute power density and bandwidth for each PV
aminate at the Pareto optimality are listed in Table 3.
 S

12 
5. Conclusions

In this work, the dynamic performance of seven commercial c-
i PV laminates used as receivers in the VLC link is investigated.
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Fig. 18. Voltage bandwidths of PV laminates versus their power output under blue
ED at 300 W/m2.

Fig. 19. Voltage bandwidths of Al-BSF(5′′), Al-BSF(BF), and SHJ PV laminates versus
heir normalized power output under blue LED at 300 W/m2. To achieve the same
andwidth, SHJ loses 40% of its output power, whereas the other two laminates can
till deliver 80% of their maximum power.

These laminates include various architectures: Al-BSF(5′′), Al-BSF(6′′),
l-BSF(BF), IBC, PERC, SHJ, and TOPCon. The measurements are con-
ucted under three LED colors (blue, green, and red) configured at
hree different irradiance levels (100, 300, and 500 W/m2). For each

lighting condition, the PV laminate is biased at various operating
voltages spanning from short-circuit to open-circuit. At each operating
voltage, the frequency sweep is performed by superimposing a small AC
signal (ranging from 25 to 250 kHz) onto the constant DC signal of the
LED light source to characterize the bandwidth of each PV laminate.

The measurement results indicate that the operating voltage of PV
aminates significantly impacts their bandwidth. Increasing the operat-
ng voltage leads to decreased bandwidth, and two distinct variation
anges are identified. In the low operating voltage range, where the
epletion capacitance is the controlling factor, the bandwidth decreases
radually with increasing voltage. Conversely, in the high operating
oltage range, the bandwidth variation is primarily dominated by the
iffusion capacitance, which changes exponentially with rising voltage.
 i

13 
Given that the operating voltage also determines the output power of
the PV laminate, it becomes apparent that achieving high bandwidth
and maximizing power production are conflicting objectives. Therefore,
a trade-off exists between energy harvesting and data transmission
when PV cells are used as VLC receivers.

The second key observation reveals that the irradiance level also
nfluences the bandwidth of PV laminates, where the dominant mech-
nism is the larger resistance 𝑅′ of the PV laminate under low-light
onditions. This effect is more noticeable in the low operating voltage
ange, where the impact of depletion capacitance on the bandwidth

is relatively minor compared to the increased resistance under low-
ight conditions. However, at higher operating voltages, the bandwidth
s predominantly determined by the diffusion capacitance, and the
ffect of increased resistance under low-light conditions becomes less
ignificant. Therefore, higher irradiance levels are more beneficial for
ommunication when the PV laminate is operating at lower voltages.
n contrast, when the PV laminate is working at its maximum power
oint, the impact of irradiance level on the communication perfor-
ance is minor. It is worth noting that in this study, the LED light

ource was used for both energy harvesting and communication. Future
investigations into the impact of irradiance levels on communication
performance in an outdoor environment could be conducted by using
a system with individual light sources, where one only serves as the
ackground light for energy production, and the other one is dedicated

to communication. The LED color has a marginal influence on the
andwidth of PV laminates across the entire operating voltage range

and irradiance levels. This consistent bandwidth performance is ad-
vantageous to the WDM integration with LEDs and simplifies the color
filter design for signal separation and demodulation with multiple PV
ells. Depending on the application-specific requirements, using blue

LED is more energy-efficient, while choosing red LED enables relatively
longer-distance communication.

Among the various tested PV laminates, Al-BSF(5′′) and Al-BSF(BF)
demonstrate the least bandwidth fluctuation as the output power in-
creases to the MPP in a VLC system, while TOPCon PV laminate
emerges as the best candidate when the system is designed for the
Pareto optimality between energy harvesting and communication. The
impact of the architecture of the commercial c-Si PV laminates can
be mainly attributed to the bulk doping concentration and the met-
allization design. Optimizing the metallization design to reduce the
resistance benefits both energy production and communication. Higher
doping concentration increases the depletion capacitance, leading to
a lower bandwidth when the PV laminates are biased at low operat-
ing voltages. However, at higher operating voltages, including those
around MPP, the diffusion capacitance that decreases with increased
doping concentration dictates, resulting in a higher bandwidth. There-
fore, a higher bulk doping concentration is preferred as long as it
does not adversely affect the conversion efficiency of PV cells, since
hey are expected to operate at MPP to maximize energy harvesting.
uture studies could focus on the optimization of parameters of doping
oncentration and metallization design to enhance both energy harvest-
ng and communication. At the module level, the individual impact of
apacitance and resistance on the bandwidth due to the interconnection
f cells should be balanced out, but the additional metallization and
he junction box can introduce unwanted extra resistance, potentially
egrading communication performance. Future studies could inves-
igate the influence of module fabrication on bandwidth to address
hese potential issues. Moreover, PV modules under operation are often
ubject to non-uniform illumination such as partial shading, leading
o cells working at different operating points. Future studies could
nvestigate this intra-module non-uniformity on the bandwidth of PV
odules and explore novel approaches to deal with this issue such as
nnovative design of module circuit.
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Fig. 20. The EnCE for tested PV laminates under blue LED at 300 W/m2. The color bar denotes the scale of power density, and the size of the circle represents the scale of
normalized bandwidth.
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Appendix. Determination of damping ratio condition and induc-
tance

The equation for resonant frequency calculation is given in Eq. (9).
At lower operating voltages, the capacitance of the PV laminate is
primarily determined by the depletion capacitance, which is relatively
small in magnitude compared to the diffusion capacitance encountered
at higher operating voltages. Therefore, the inductance effect becomes
more pronounced at these lower PV operating voltages, leading to an
underdamped system. As the PV operating voltage increases, both the
capacitance and load resistance of the PV laminate system increase,
leading to a higher damping ratio given by Eq. (A.1):

𝜁 = 𝑅′

2

√

𝐶
𝐿

(A.1)

Fig. A.21 exemplifies this behavior, showcasing the system with
constant inductance (𝐿 = 10 nH) but subject to different resistance and
capacitance. The blue curve depicts an underdamped system when the
PV laminate is working at low voltages (𝑅′ = 5 mΩ, 𝐶 = 1 μF), while the
red curve shows the case of an overdamped system at elevated PV volt-
ages (𝑅′ = 20 mΩ, 𝐶 = 100 μF). With resistance and capacitance being
14 
Fig. A.21. The logarithmically scaled frequency response of an equivalent RLC low-
pass filter circuit, illustrating scenarios with low and high PV operating voltages. The
responses are depicted by the blue curve (low PV voltage) and the red curve (high
PV voltage), respectively. The increased resistance and capacitance at high PV voltages
overdamped the system, and the frequency response of this system can be effectively
modeled by an equivalent RC circuit.

the dominant components, the system transitions from underdamped
(𝜁 < 1) to overdamped (𝜁 > 1) as the PV voltage increases, and the
oscillatory response diminishes. Consequently, the frequency response
closely resembles an RC low-pass filter, and the system bandwidth
decreases from 0.5 MHz to 0.1 MHz. This phenomenon suggests that
the RLC frequency response of the PV laminate, particularly under high
operating voltages, can be effectively approximated by an equivalent
RC circuit, and its bandwidth can be readily determined using Eq. (5).

The correction after considering the inductance-induced resonance
is mainly performed by comparing the bandwidths derived from equa-
tions for the cut-off frequency and for the resonant frequency, where
the lower of these two values is selected as the true bandwidth of the
PV laminate:

1

2𝜋
√

𝐿𝐶
< 1

2𝜋 𝑅′𝐶
(A.2)

This condition can be further refined and becomes:

𝑅′ <
√

𝐿
𝐶

(A.3)

where the capacitance 𝐶 is obtained from Eqs. (2) and (3), and the
resistance 𝑅′ is calculated from Eq. (6). By incorporating Eq. (A.1), the
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condition can be exclusively expressed in terms of the damping ratio:

𝜁 < 1
2

(A.4)

To determine the inductance 𝐿, the PV laminate is first short-circuited
with a wire on which the voltage drop 𝑉𝑤𝑖𝑟𝑒 is measured. The fre-
quency sweep is then performed, and the resonant frequency 𝑓𝑠ℎ𝑜𝑟𝑡 is
extracted. After that, the PV laminate is disconnected from the wire and
reconnected to the bias driver, which is adjusted to replicate the same
voltage drop 𝑉𝑤𝑖𝑟𝑒 across the PV laminate. A second frequency sweep is
then performed to extract the cut-off frequency, which is used to obtain
the capacitance 𝐶𝑠ℎ𝑜𝑟𝑡. Assuming a constant capacitance and inductance
across both measurements, the inductance can be derived by:

𝐿 = 1
4𝜋2𝑓 2

𝑠ℎ𝑜𝑟𝑡𝐶𝑠ℎ𝑜𝑟𝑡
(A.5)

Data availability

Data will be made available on request.
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