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ABSTRACT

Internet of Things is bringing multiple domains and multiple av-
enues to connect anything and everything. It mainly uses RF con-
nectivity. However, recently visible light communication (VLC) is
also being explored. VLC has the properties that are unique with
respect to the privacy and security that it provides. Though the
transmission is of broadcast in nature the receiver needs to be in
the vicinity of the transmitter, thus providing secure communica-
tions. Further, when low power receivers need to be constructed,
it is important to harness energy from transmission itself. In this
article we propose a novel design for a receiver to be used in VLC
for embedded systems. The setup works, using a small solar panel
(2mm x 2mm) as a medium to simultaneously harvest incident light
energy and receive data bit streams. The LED source was modulated
using On-Off Keying. The receiver works for close range commu-
nications. The results in this paper show experimental evaluation
of the system. We could detect the signals from the source using
harvested energy from the same transmission.
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1 INTRODUCTION

While several spectral efficiency mechanisms attempt to improve
the spectrum usage of present day cellular networks, there contin-
ues to be a constant shortage in spectrum availability due to the
proliferation of IoT devices. Optical Wireless Communication in the
Infra-Red and visible light regions is the best solution to meet the
increasing requirements for bandwidth by users. The visible light
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spectrum is 10,000 times larger than RF spectrum. In particular, this
spectrum is found to be attractive in line of sight and close proxim-
ity communication between source and destination. Further, these
systems cause no electromagnetic interference (EMI), thus allowing
access to communicate in locations where RF communication is
restricted and sometimes infeasible. [1-4]

Compared to RF technology, VLC is highly energy efficient, as
illumination and data transmission are done simultaneously. The
data sent by a VLC transmitter is received by a VLC receiver with
a typical distance of a few centimetres. This finds application in
several scenarios. For instance, untethered localized communica-
tion might be required in assembly and production environments.
Drug concentration levels can be programmed for a batch. Similar
examples can be envisaged for fortification. Here, a dosifier dis-
penses a premix to a beverage to obtain the necessary nutrients
personalized for a patient. A light source from the dispenser powers
the transceiver that contains information of the premix. This data
is relayed back to the dosifier. Accordingly, the system actuators
on the dosifier dispense the premix.

A conventional VLC system consists of a commercially available
LED as a transmitter. The receiver is typically a photodiode in re-
verse bias. These systems rely on the light’s amplitude to encode
data as the actual phase of the light cannot be changed. The sim-
plest of them all is On-Off Keying, where the rapid blinking of an
LED is exploited to transmit a 1 (on) or a 0 (off). This is detected
by the photodiode and communication is established. Since the
eye perceives sources blinking above 60Hz to be constant sources,
there is no strain on the retina due to VLC. Such a receiver system,
however, demands external power supply. In our proposed system,
we use a miniature solar panel as the VLC receiver as well as an
energy harvester. There are many applications for such harvest
& communication systems. While the dual purpose is a welcome
measure since it helps in miniaturization of receivers. For example,
an air Marshall on a plane could be contacted directly using his
reading light, which is highly secure and no others could snoop the
transmission since it is almost a directed light source (and trans-
mission). The system we propose here has lowest form factor of
(2mm x 2 mm) solar cell and a board of size (6 mm x 10 mm ); thus
it could be hidden in a wearable device.

This paper deals with the building of such a miniaturized VLC
system with harvesting. We provide complete design and experi-
mental results of such a system in this article. We propose a zero
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energy VLC receiver that can interpret the data and harvest en-
ergy from the received data using a photovoltaic panel. We provide
the characteristics, system and measurements with respect to the
datarate that could be achieved. In the following sections, we de-
scribe the characterization of the panel and the design of the energy
harvesting receiver circuit. The paper also lists some experiments
which were carried out to assess the performance of the receiver.

2 RELATED WORKS

The efficiency of solar cell is continuously increasing by the efforts
of many researchers [5]. This implies that for a solar panel of a
given size, the power harvested is significantly high. Hence small
and miniature solar panels can power dense circuits. Due to the
awareness and usage of green technology in all domains, solar
cells are widely being used in many devices to generate electrical
energy from the external incident light. Recent studies have shown
solar cells are versatile for communication, being used as broadband
receivers [6]. With the growing efficiency of solar cells, small panels
can support large data rates. The work done by Sung-Man Kim et
al. [7], proposes a VLC system which uses the solar cell to receive
data and harvest energy from the sunlight. They have successfully
demonstrated that stable communication is possible even in the
presence of interference of sunlight without loss of information.

The work reported in Joice Sariol Ramos et.al [8] is mainly used
to generate a wake up call for a mote class device. The wake-up
receiver has an energy harvesting circuit for powering an OOK
demodulator and for recognition of the node ID. Since there is
no data transmission, the circuit has limitations with respect to
achievable data rates.

A novel LED based energy harvesting system is proposed by
Xiaozhe Fan et. al [9]. However, the control circuitry to place the
LEDs in harvesting region consumes significant power.

In the work reported by Bilal Malik et. al [10], the authors pro-
pose a signal conditioning unit to shape the output from the solar
panel. However, there is no mention of the circuit and the duration
over which the system can sustain when the input data stream
contains continuous 0s. The results have been reported for 50%
duty cycle square waves.

2.1 DC Characterization of the Solar Cell
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Figure 1: Equivalent DC model of the solar panel

The DC model of a photovoltaic cell, shown in Fig 1 has been
studied and well established in [11-13]. The voltage and current
of the solar panel have a nonlinear relationship. This is modelled
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by a diode connected in parallel to photocurrent I,;. The voltage
loss due to cell interconnections, is modelled by a series resistor R
and the leakage current is modelled by a shunt resistor Ry, Using
the above equivalent circuit, the I-V characteristics of the panel is
obtained as,

14 ; IR (1)
sh

where V is the voltage seen across the load resistor and Ip is the cur-

rent through the diode. From semiconductor physics, this current

is given by

I=1ly~Ip-

V + IR; ) @
nvr

where Ij is the reverse saturation current of the diode, 7 is the
diode ideality factor, and V7 is the thermal voltage that is taken to
be 0.0257 V in our calculations.

A simple I-V characteristic experiment was performed by noting
the voltage V and current I at various loads. A potentiometer was
used for changing the load. Following this procedure, an optimiza-
tion algorithm was used as described in [13] to estimate the values
of 1, Rs and Rgp,. The algorithm follows a regression method to
estimate the parameters. It utilizes the measured values of I and V'
to optimize a theoretical current I, which is given by :

Ip = Iyexp(

Voc = Vexp - Iexp-Rs _

Iip =
Rsp
Rs v, Voe—Vexp—lexp-R
[Lse(1 + A) = Fou ] (exp(- Toeexplexp=le) _g)
1 — Isc~Rs_Voc (3)
)

The objective function is constructed to minimize the error be-
tween the theoretical and experimental values of current.

J = exp = Inl? )

The results for the two panels is summarized in Table 1. The

I-V and P-V curves of the panels at their respective intensities are
shown in Fig. 2 and Fig. 3.

Table 1: Results of DC Characterization

| Panel | CPC1824 SP4.2-37
Intensity (LUX) 3000 6150
Ry in MQ 83.7 102.3
Ry inQ 1.69 0.069

2.2 Frequency Response of the Solar Panel

In order to read intensity modulated data, the solar panel must
be capable of producing similar alternating voltages at the same
frequency as the input. This calls for the AC modeling of the panel
which analyses its performance for communication purposes.

The AC equivalent circuit of the panel is obtained by modifying
the equivalent circuit of Fig.1. The diode is replaced by its small-
signal equivalent resistor r, and a capacitor C is introduced parallel
to Ry, to account for the internal capacitive effects of the panel. It
is important to note here that irrespective of the input, the panel
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Figure 3: DC Characteristics of SP4.2-37 at 6150LUX

cannot produce a negative voltage. Hence, there is a DC part to
every output of the panel. To accommodate this, a capacitor Cy is
added in series to the load resistor to create a high pass filter. This
ensures the DC component of the signal is blocked. The final circuit
is shown below in Fig. 4. Applying KVL on the circuit in Fig. 4, we
get a transfer function as follows,

Rloud 2
o) | _ “Rx )
iph(®) P Ty e
P r Ry Rsp J

Where,

1
Rx =Rs + —— + Rjpaa
joC
We measured v(w) with an oscilloscope. However, experimen-

tally measuring i, (w) might pose a problem as its value will be
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Figure 4: Equivalent Circuit model for AC signals

extremely small from the panels chosen. To measure this, we take
the voltage v(w) across a very small resistance. Then the AC peak
to peak value is taken and divided by the resistance. We assume this
to be approximately the right value because according to the DC
characteristics of a PV panel, the current is constant over a large
range of voltage, and is equal to I,;,. So, when a small resistance is
kept as the load, the current is approximately equal to I,

The results of the frequency response on the two panels are
summarized in Table. 2. The operating frequency is selected based
on how fast the comparator used in the next section, is able to
respond to the changes in the input. The comparator demands a
certain swing in voltage to exist in the input waveform to accurately
produce the output. This value was selected as 200mV peak to peak.
The responses are recorded in Fig. 5 and Fig. 6.

Table 2: Results obtained from the frequency response of the
panels

| Panel | CPC1824 SP4.2-37
rin Q 213.00 623.62
CinnF 64 4.32
Preferable Bandwidth of operation in Hz 4700 15000

Normalised Gain (dB)
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Figure 5: Frequency Response of CPC1824 for a Cy value of
1uF
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Figure 6: Frequency Response of SP4.2-37 for a Cy value of
1uF

The frequency response was found to be better for higher values
of Rjpqq- However, the 3-dB point retreats, resulting in a more
‘peaky’ response. Higher values of the capacitor Cy means that the
DC filtering efficiency is much better at lower frequencies. However,
the response deteriorates at higher frequencies, making the panel
unsuitable to work under higher frequencies [6].

3 DESIGN OF THE RECEIVER

The receiver we have designed is applicable for close-range em-
bedded applications. This being said size was the primary criterion
which we tried to satisfy. CPC1824 is 16 pin SOIC, which measures
10 mm x 6 mm. SP4.2-37 is a flexible amorphous silicon solar panel
which measures 84 mm x 36.5 mm. For this reason, CPC1824 was
used to design the panel, though SP4.2-37 shows a larger bandwidth.
A distance of 21mm was maintained between the source and the
panels for all our experiments. There were two main parts to the
receiver design. (i) To extract the data accurately. The solar panel
does not produce negative voltage like conventional antennae. This
meant that we should be capable of handling the offset that was
produced in the panel. (ii) To make this data readable by conven-
tional systems, like microcontrollers. Due to the low power output
of the panels, it was seen that the data was of a very low voltage and
susceptible to noise. In order to abate these problems, we proposed
a comparator design for the amplification.

3.1 Extraction of AC data

The input signal is given to a 1 W High Power LED using an arbi-
trary waveform generator (AWG 3021). The input signal is a square
wave with peak-to-peak 8 V having a positive DC offset of 6 V. The
values of the DC offset and peak-to-peak voltage are chosen because
the solar panel can only produce positive voltage.

The source was implemented using OOK. For this reason, a
square wave input was provided to the panel. However, the panel
cannot produce a negative voltage, though it does follow the input
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Figure 7: High pass filter and peak detector cascaded with
the panels

that has a value greater than zero. For this purpose, a high pass
filter was selected to extract the data accurately. The high pass
filter uses a capacitor of 1 yF and a resistor of 10kQ. This gives a
theoretical cutoff (3 dB) frequency of about 16 Hz. Hence, the DC
component is effectively removed.
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Figure 8: Receiver with the comparator connected

3.2 Amplification of Data and Energy
Harvesting

The signal obtained from the high pass filter has a maximum peak
to peak voltage of 120 mV. This is not sufficient to be read by any
standard microcontrollers which require a minimum level of 1.8V
to 2V to read the data. The signal has to be amplified. Our system
aims to harvest energy from the incident intensity modulated light.
A circuit is required to extract voltage from the output of the solar
panel.

For the purpose of amplification of the data, we have used a
nano-power comparator TLV 3691. The comparator operates with
input supply voltage ranging from 0.9V to 6.5 V. In order to power
this comparator, we propose a peak detector circuit to harvest the
peak voltage of the input waveform. This is more advantageous
than extracting the dc part of the signal from the high pass filter
as a peak detector will obtain more DC voltage. This paves a path
for shorter bit lengths. For example, at a 20% duty cycle, the DC
component of the OOK waveform is very less. This cannot power
the comparator. However, a peak detector will yield a voltage 4
times greater. A schottky diode is used rather than a regular diode
to reduce the voltage drop incurred. This further helps in harvesting
maximum energy from the panels.
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Figure 9: Final Design of the Receiver

The value of the capacitor used is 1 uF . For proper peak detection
to take place we need to use a capacitor whose capacitance value is
large enough that it does not discharge greatly during the down
period(when the signal is consecutively low and the LED is turned
off). ADC voltage of 4 V was obtained from the peak detector which
can be used to provide energy to other loads. The combined circuit
of the high pass filter and the peak detector is shown in Fig.7.

The circuit diagram with the connected comparator is shown in
Fig. 8. Note that the positive rail of the comparator is connected to
the output of the peak detector and the negative rail is connected
to the circuit ground thus allowing the output to range from +4V
toOV.

3.3 Gating Circuit

One of the problems faced in the proposed approach above was
that, due to the loading effect of the comparator the peak detector
capacitor would not be charged at all. Most of the current was being
drained by the comparator supply rail and the comparator was not
being supplied enough voltage. It was required then to evolve a
technique such that the comparator somehow was isolated from
the rest of the circuit while the capacitor charges to the required
level. This would prevent the comparator from draining all the
current from the capacitor during periods of low power input. The

solution proposed here is to use of gating circuits using MOSFETs.

An added advantage provided by such a circuit is that its parasitic
capacitance falls in parallel to the capacitor Cy. This increases the
storage capacity of the harvesting circuit, thus allowing a greater
length of 0s to be transmitted after charging. A series of designs
were considered and we provide here the final implemented circuit
shown in Fig. 9. A picture of the setup is shown in Fig. 10.

Arbitrary fun(ft(on generator
genrating a bit stream
of 0101101010

LED Transmitter

Oscilloscope recording the output
of the Zero energy receiver. e
Bit stream is accurately detected and decoded -

Zero Energy Receiver

Figure 10: A view of the receiver decoding a random bit
stream
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4 EXPERIMENTS AND RESULTS

The square wave output from the comparator was obtained for a
range of frequencies from 50 Hz to 3 kHz. Above 3 khz there was
a high error in duty ratio until about 5 kHz where the comparator
gave no input. This is a limitation of the selected comparator. It
can only respond up to frequencies of about 5 kHz. This is a trade-
off which had to be made considering the extremely small power
consumption of the comparator. Further, the comparator introduces
a constant delay of about 150us between the input and the output.
A set of simple experiments were conducted on the receiver and we
report the following results through our exhaustive experiments.

4.1 Effect of incident wavelength on the Panel
Response

To understand the effect of using light at different frequencies we
tried to characterize the IV curve of the panel using different colour
LEDs. The experiment was performed using LED of colours: White
, Blue, Green and Red by giving the same input voltage to each of
them individually. The results are as shown in Fig. 11. The current
generated by the solar panel is proportional to the intensity of
the incident light. The intensity of light directly depends on its
wavelength. Blue which has the least wavelength generates the
least current while red generates the greatest current for a single
wavelength light.

25 T T T T T T T
—e— White Light
—6— Red Light
20.7 - —&6— Green Light
- - —+— Blue Light
2 g
3 15¢ R
€
9 4 VN A
=T b4 v 1
8)
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0 1 1 1 1 3 = § 1 1
0 05 1 15 2 25 3 35 4 45 5 55

Voltage (V)

Figure 11: I-V Curves for different wavelengths of incident
light

4.2 Necessary Bit Length

In order to estimate the minimum bit length necessary for trans-
mission, bit error rate measures for various inputs were recorded.
Observations were made over a period of 100 ms, 50 ms and 25 ms
and a sequence of random bits was used to modulate the LED. Tek-
tronix AFG3021C was used to generate this input stream. A dual
channel oscilloscope TBS 1062 was used to obtain the data values.
Fig. 12 shows a regressed curve obtained on measuring the bit er-
ror rate against bit length. Readings with error rates greater than
15% were ignored as ‘unreadable’ data streams. Moreover, it was
found that when short stream of ‘0s’is between long streams of
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Figure 12: Bit error rate versus bit length

Figure 13: Charging time for a DC input. This dictates the
preamble necessary at an input DC voltage of 3V, when the
source and panel are apart by a distance of 21mm.

‘1s’, then the 0 is not detected if the bit length is insufficient. For
efficient reception, we infer that a minimum bit length of 0.625 ms
is necessary.

4.3 Charging time before the comparator
becomes operational

The peak detector capacitor cannot be instantaneously charged
to its maximum value of 4 V. Thus before transmission of data a
preamble consisting of only 1s must be sent for a period of time to
charge the comparator. The amount of time required to charge was
recorded for different frequencies of incident light. Experiments
have shown that data for a period of 600 ms is rendered pointless if
a DC preamble is not provided. A plot recording the charging time
is shown in Fig. 13.

The panel was irradiated with white light of different intensities
and the required preamble length was observed and plotted in
Fig. 14. The result is as expected - more intensity would mean more
current is generated and hence the charging of the capacitor would
be faster.
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Figure 14: Dependence of preamble length on light intensity
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Figure 15: Response of the system when a continuous stream
of Os are transmitted. A maximum duration of 640ms can be
tolerated by the system. This is independent of the bitlength

4.4 Detecting a Continuous Stream of Zeroes

This experiment was conducted to estimate the longest duration
for which the transmitter can be turned off while the comparator
decodes it as a 0. Here, a sufficiently long preamble was provided
followed by a square wave of a set frequency. The LED was then
turned off and the duration for which the output is 0 was recorded
in the oscilloscope. After a duration of 640ms, the capacitor under-
goes discharge, as shown in Fig. 15. This duration was invariant
to the input bit length of data. The cold start for the zero energy
receiver was evaluated to be about 1.4s in subsection C. Since the
energy in the capacitor can sustain for 640ms before a discharge,
we evaluated the time required to revert to full charge to about
300ms. This system has the ability to handle several input bit pat-
terns including 0s for about 640ms. Furthermore, if the supported
bit rate is enhanced, then the system would offer improved data
input pattern versatility.

Further, the source bit sequence could be scrambled so that the
bit consecutive ‘0 bits are reduced.
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4.5 Improving the Data Rate

In the results obtained in subsection B of this section, it can be
inferred that there exists a trade-off between the data rate and the
accuracy of decoding. In this subsection, we propose a method that
can be implemented so as to increase data rates while ensuring a
high decoding accuracy. This method exploits the parasitics of the
solar panel. To demonstrate this feature, a bit stream of 0101101010
was transmitted with a bit length of 0.20ms.

It is seen from Fig. 16 that the length of the decoded 1 bit is longer
than 0.20ms while the length of the 0 bit is of a shorter duration,
especially when it is sandwiched between 1s. In order to accurately
obtain the data, a duty cycle approach can be conducted. Since the
bit length is specified, the duty cycle of the pulse for the duration
of bit can be observed. If the value is 100%, then a 1 is read. For any
value below 100%, a 0 is read. Using this method, the receiver can
process data rates from 2.5 to 10 kbps.

The work presented in this article provides a proof of concept of
harvest-detect decode simultaneously.

5 CONCLUSION

In the context of Internet of Things (IoT), VLC has unique position
such as privacy and security with respect to the intended recipients
of a transmission. With miniaturization, the energy requirement
has also been one of the important aspects of IoT devices. This
work explores VLC based system that also harvests the energy
while the transmission is ongoing. We demonstrated such a system
through implementation. We proposed VLC receiver circuit that
is implemented with great success in indoor environments. It is
observed that as long as ambient light whose intensity is not far
greater than the switching LED intensity, the receiver can operate
without discrepancy. Hence, the receiver is useful close range opti-
cal wireless communications. Almost any LED can be modulated
to transmit the data. This is an exciting prospect for the proposed
receiver system. One of the compelling features of this receiver is
its non-requirement for an external energy source. Coupled with
the extremely small size of the components, the receiver is highly
portable and can be used in a wide variety of applications, being
able to support data rates as high as 10kbps.
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