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Abstract—This paper presents a wireless optical communi-
cation scheme that uses solar cells to transmit information.
Transmission of information with a solar cell is possible by
exploiting the fact that high-efficiency solar cells are also good
at emitting light. These emissions, called luminescent emissions,
are a function of the voltage across the cell. Here, we take
advantage of this fact to modulate the luminescent emissions of
a GaAs solar cell to transmit information. We call devices that
use this type of communication Optical Frequency Identification
(OFID) devices. A circuit model of a solar cell that includes
luminescent emissions is presented along with a circuit that
modulates the photo-luminescent radiation emitted by a solar
cell while harvesting energy from it. An analysis of this circuit
is presented and employed to suggest different modulation
strategies. A prototype of the modulator was built and tested. Test
results show good agreement with the circuit analysis. It is also
shown how the proposed circuit can be used to implement Pulse
Amplitude Modulation and On-Off Keying (OOK) modulation.
Experimental results show that the proposed communication
system achieves a bit error rate of 1.6 x 10> at a rate of 10
kbps and at a distance of 50 cm.

Index Terms—luminescence, solar cells, energy harvesting,
optical communications.

I. INTRODUCTION

This work presents a communication scheme that uses
luminescent emissions of high-efficiency solar cells to transmit
information wirelessly. This scheme takes advantage of the fact
that, in order to achieve high efficiency, solar cells must also
be good emitters of light [1]. GaAs solar cells, for instance,
have strong luminescent emissions in the near infrared portion
of the electro-magnetic spectrum [2]. Moreover, the intensity
of the luminescent emissions from a solar cell is a function
of the cell’s voltage [3,4]. Hence, luminescent emissions can
be modulated to convey information by appropriately varying
the solar cell’s voltage. These modulated emissions can be
detected and decoded by a receiver, or reader, equipped
with a photo-detector and the corresponding amplification and
decoding circuits.

Solar cells can also receive information encoded optically,
by virtue of their photo-transduction property, and convert
radiant (light) energy into electrical energy (energy harvest-
ing), which is the intended function of a solar cell. Devices
employing this approach can be fully passive, being powered
only by their solar cells, yet able to transmit and receive in-
formation wirelessly. In this regard, the envisioned devices are
analogous to Radio Frequency Identification (RFID) devices.
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RFID devices can be fully passive, being energized only by
the electro-magnetic field generated by a nearby reader, and
are still able to transmit and receive information wirelessly.
Due to this analogy with RFID, we call devices based on the
proposed communication scheme, Optical Frequency Identifi-
cation (OFID) devices. As with RFID, OFID devices are not
just limited to the transmission of fixed identification codes but
can also be employed in sensing and monitoring applications
[5.6].

The concept of using solar cells for energy harvesting and
for receiving information encoded optically has been explored
before using organic [7] and inorganic solar cells [8,9]. In
this work, however, solar cells are also employed for the
transmission of information. Hence, a device based on the
proposed scheme can re-use its on-board solar cell for three
purposes, namely, data reception, data transmission and energy
harvesting, resulting in overall cost and size savings.

OFID devices can be employed in Internet-of-Things (IoT)
applications that require seamless integration of sensors and
electronic devices with everyday objects. To be truly seamless,
these devices must be able to communicate wirelessly to ease
their integration with objects. Moreover, they should be able
to harvest ambient energy to avoid frequent recharging or
periodic battery replacements. Given that radiant energy is
the most abundant and available source of energy, with power
densities ranging from 100 mW/cm? for outdoor scenarios and
0.1 mW/cm? for well-lit indoor spaces [10], OFID devices can
provide suitable solutions to many IoT applications.

Radio-based communication has been the dominant technol-
ogy for establishing wireless connectivity in IoT applications.
Most existing solutions rely on unlicensed radio bands for ease
of deployment and adoption [11,12]. However, these bands are
expected to become increasingly crowded as more IoT devices
are deployed resulting in higher interference levels and slower
throughputs. In this regard, OFID devices are appealing since
they can access an unlicensed and mostly unused part of the
electro-magnetic spectrum.

The OFID concept was briefly introduced in our previous
work [13]. Here, this concept is developed further by present-
ing a model for luminescent emissions from a solar cell and
an electronic circuit suitable for both the modulation of photo-
luminescent (PL) emissions and energy harvesting with a
GaAs solar cell. The rest of this paper is organized as follows:
Section II provides a model for the luminescence emissions
in solar cells, Section III describes in more detail the OFID
concept and lists potential applications. Section IV presents the
design and analysis of a PL modulation circuit while section
V presents results from a hardware implementation. Section
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VI concludes the paper.

II. LUMINESCENCE IN SOLAR CELLS

Luminescence is the emission of light from certain mate-
rials, such as semiconductors, under external excitation, and
which is not caused by an increase in temperature. PL occurs
when the external excitation is provided by light, whereas
electro-luminescence (EL) occurs when the external excitation
is provided by injected electrical charges. In semiconductors,
where there is a conduction band and a valence band separated
by an energy band gap, luminescence occurs when electrons
from the conduction band transition to the valence band
emitting a photon of energy equal to the electron’s excess
energy.

The PL process is depicted in Fig. 1 for a semiconductor
with band gap energy E. The energy of an absorbed photon
excites an electron from the valence band to the conduction
band. When an electron falls back to the valence band, a
photon with energy F, is emitted.
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Fig. 1. Photo-luminescence phenomenon in a semiconductor. Absorbed
photons create electron-hole pairs. When one of these electrons and holes
recombine, a photon with energy Ey is emitted.

Considering that the energy of a photon can be quantified by
E;h = he/ e, where h is Planck’s constant, ¢ is the speed of
light and A. is the wavelength, equating E7, to E4 allows us
to calculate the wavelength of the emitted photons. GaAs has a
band gap energy of 1.4 eV resulting in an emitted wavelength
of 886.3 nm.

Here we extend the equivalent circuit of a solar cell, as
shown in Fig. 2, to include the emitted luminescent radiation.
In the figure, ®;,, denotes the incident radiant flux, while ®;,,,,,
denotes the emitted luminescent radiant flux (with radiant
flux measured in Watts). In this equivalent circuit, the diode
modeling the “knee” in the current-vs-voltage (IV) curve of a
solar cell has been replaced by a light-emitting diode (LED)
emitting ®;,m. Ry, is the shunt resistance, C; is the junction
capacitance and R, is the series resistance of the solar cell.
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Fig. 2. Single-diode equivalent circuit of a solar cell including emitted
luminescent radiation ®;,,;,.
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In the equivalent circuit, I,,;, is the photo-generated current
of the solar cell. For monochromatic light, the value of I, is
given by:

L = q(1— R) QE(\) (@”) (1)

E;h
Pin

where, g is the electron’s charge, R is the fraction of the photo-
generated electrons that recombine inside the solar cell and do
not contribute to the current, QFE()\;) is the quantum efficiency
at the wavelength of the incident light \;, E;h = hc/\; is the
energy of an incident photon and ¢;, is the incident photon
flux. The current through the LED, I, is related to the implied
voltage, Vy, by the diode equation:

Iy = I (e¥a/mVr

1) ©)

where, n is the ideality factor of the diode, Vr is the thermal
voltage and I is the reverse saturation current.

The luminescent radiant flux emitted by the solar cell has
two components. The first component is due to the photo-
generated electrons that recombine radiatively and the second
component is due to the current /; that flows through the solar
cell:

(I)lum =Nk R QE()\L) q)in +n kK R E;h (I;> (3)
first component —
second component

where, 1 is the fraction of photons generated inside the
solar cell that escape the solar cell, i.e. do not get internally
reflected or re-absorbed and « is the fraction of the recombined
electrons that recombine radiatively, i.e. generate a photon
upon recombination. In the dark, ®;, = 0 and the emitted
luminescent radiant flux is only due to I, that is, due to
charges injected into the solar cell (EL).

For most solar cells, Rs,. ~ 0 and V3 =~ Vp. Combining (2)
and (3) and assuming V; ~ Vp yields:
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Equation (4) shows an exponential relationship between
Dy, and the external voltage Vp. This relationship is ex-
ploited in the OFID concept to modulate the luminescent
emissions of a solar cell to convey information.

Of particular interest is the luminescent radiant flux at
short circuit (SC), ®j¢ ., open circuit (OC) ®7¢ ~and at the

lum
maximum power point (MPP) ®,'”?_ From (3) we obtain:

lum *
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where, V. is the solar cell’s open circuit voltage and V,,,;,,
is the cell’s voltage at the MPP. Considering a large Ry, the
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following explicit solutions for V. and V;,,,, can be obtained

[14]:
Ly + I,
Voe = nVrlog (’T) (6)
Ly + I,
Vipp = nVT-W(l)hI—~_-e>—nVT

where, W (+) is the Lambert-W function [15].

Fig. 3 shows graphically the relationship between ®;,,,,, and
Vp described by (4) for n = 0.4, k = 0.8, R = 0.1, QF =
0.8, I, = 3.506 x 1077 A and ®;,, = 1.5 mW. Marked with
circles on the figure are the values of ®;,,, for SC, MPP and
OC as given by equations (6) and (7).

For Vp > V,., the net current flow is into the solar cell.
Hence, for this case, the excitation that stimulates lumines-
cence includes injected charges. In this scenario the solar
cell consumes energy instead of generating energy. However,
high levels of luminescent radiant flux can be achieved for
Vp > Vge. The region Vp < V. corresponds to PL. In this
region, the luminescent radiant flux ®;,,, can be modulated
using different strategies. For instance, the cell can be switched
between OC and MPP or OC and SC for On-Off Keying
(OOK) modulation. Notice that at the MPP the solar cell
harvests the maximum amount of energy. Hence, a modulation
scheme that includes the MPP might be preferable in terms of
energy harvesting. Pulse Amplitude Modulation (PAM) of the
PL radiant flux is also possible by operating the solar cell in
the region between OC and MPP or between OC and SC.
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Fig. 3. Luminescent radiant flux emitted by a solar cell, ®;,,,, as a function
of the voltage across the solar cell Vp as modeled by (4) for the case of
an illuminated solar cell and a dark solar cell. The points SC, MPP and
OC denote short-circuit, maximum power point and open-circuit conditions,
respectively.

The exponential relationship between ®;,,, and Vp was
verified experimentally using the setup shown in Fig. 4. In this
setup, a GaAs solar cell from Alta Devices [16] was placed at
a distance of 6.5 cm in front of a red (623 nm) LED flashlight
with emitted irradiance of 23.98 mW/cm?. An optical power
sensor (Thorlabs S120C), with an 850 nm long-pass optical
filter in front of it, was placed at the same distance from the
solar cell and recorded the radiant flux emitted by the solar
cell. This experimental setup was isolated from ambient light
to avoid unintended excitations.

optical power sensor

Fig. 4. Experimental setup used to measure the optical power of the
luminescent radiation emitted by a GaAs solar cell at a certain distance. A
red LED flashlight was employed to illuminate the solar cell.

Fig. 5 shows the measured optical power for an illuminated
GaAs solar cell (flashlight on) and for a dark solar cell
(flashlight off). The exponential relationship between Py,
and Vp given in (4) can be observed.
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Fig. 5. Measured optical power of the luminescent radiant flux emitted by a

GaAs solar cell when illuminated by a red flashlight and in the dark as the
voltage across the solar cell Vp is varied.

A visual confirmation of PL and EL emissions was obtained
using a night-vision camera sensitive to infrared light. The
images captured by the camera are shown in Fig. 6. Fig. 6
(a) shows the solar cell illuminated by the flashlight and with
an open circuit between the solar cell terminals (OC PL). Fig.
6 (b) shows the solar cell illuminated by the flashlight while
the cell is biased at the MPP (MPP PL). Fig. 6 (c) shows
the solar cell illuminated by the flashlight with a short circuit
between the cell’s terminals (SC PL). Fig. 6 (d) shows the
solar cell with the flashlight off while an external voltage
of 1.0 V is applied to the cell (EL). From these photos,
a significant difference between the luminescent radiation
emitted by the solar cell at OC and at MPP or SC can be
observed. This observation qualitatively confirms the model
and measurements presented above. A strong EL emission
can also be observed suggesting that even in complete dark
environment, the solar cell can still be employed to transmit
information.

III. SYSTEM OVERVIEW

An OFID communication system is conceptually shown in
Fig. 7. Communication is between an OFID device and a
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whd
Images of a GaAs solar cell captured using a night-vision camera
for the following conditions: a) flashlight on and open circuit (OC PL); b)
flashlight on and cell biased at the MPP (MPP PL); c) flashlight on and

short circuit (SC PL) and d) flashlight off and 1.0 V applied to the solar cell
terminals (EL).

Fig. 6.

reader. The figure shows an active reader, that is, a reader
that illuminates the solar cell in the OFID device. The light
generated by the reader carries radiant energy from the reader
to the OFID device to energize and activate the device. To
transmit data to the device, the reader modulates the power of
the generated light. The reader is also equipped with a photo-
detector, an amplifier, focusing optics and an optical filter to
detect the luminescent radiation emitted by the solar cell.

received device optical filter i modulated luminescence
response solar cell emission
T
“- *
photo-detector :\/ 5 *
T L *
B LED i *
reader-to- L3 P received
device & * reader data
data 4 2 - \
active reader A

solar cell encray
reservoir,
OFID device-to-reader
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Fig. 7. Conceptual diagram of an OFID communication system consisting
of an active reader and an OFID device. The active reader illuminates the
solar cell to transmit both energy and data to the device. The OFID device
modulates the luminescent emissions of its solar cell to transmit data back to
the reader.

The main components of an OFID device are: 1) a data
receiver whose function is to demodulate variations in optical
power to recover data sent by the reader; 2) a luminescence
modulator which modulates the luminescent emissions (PL or
EL) of a solar cell to transmit data back to the reader and 3) an
energy harvester circuit whose function is to draw out energy
from the solar cell to either power up the OFID device directly
or to charge an energy reservoir. The energy harvester may
also boost and stabilize the output voltage of the cell in order
to provide a supply voltage suitable to power the electronic
circuits in the OFID device. The energy reservoir, which can
be a battery or a super-capacitor, is optional and would be
necessary if the OFID device is expected to work when an
active reader is not present or there is none or insufficient
ambient light to power the device up. Depending on the target

application, an OFID device may be outfitted with a sensor
interface, a processor, a timer or a serial communications port.

Another possible configuration of an OFID communication
system is depicted in Fig. 8. In this configuration a passive
reader is employed. A passive reader does not actively illu-
minate the solar cell of the OFID device, but instead relies
on ambient light to stimulate PL emissions from the solar
cell or to charge its energy reservoir. This configuration has
the advantage of simplifying the reader complexity, which
only needs to be equipped with a photo-detector and the
corresponding optics.
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Fig. 8. OFID communication system with passive reader. A passive reader
takes advantage of ambient light to generate a PL response. Alternatively,
ambient light can be used to charge an energy reservoir. Charges stored in the
energy reservoir can be used to stimulate EL emissions by forward biasing
the solar cell.

This configuration may be particularly suitable for outdoor
settings with direct solar radiation. A drawback of this config-
uration is that the reader is not able to transmit data to OFID
devices. Hence, a passive reader cannot interrogate OFID
devices or synchronize their transmissions. In these cases, the
devices may initiate a transmission based on events, such as a
sensor input crossing a threshold or the expiration of a timer.
In dark or not well-lit environments, an OFID device can still
transmit information to a passive reader by stimulating EL
emissions from its solar cell.

Comparison with RFID

OFID devices are analogous to passive RFID devices in that
both can be fully passive and get energized by the radiation
emitted by a reader. In both cases, the reader modulates its
emitted radiation to transmit data to the devices. However, us-
ing light instead of radio waves provides unique opportunities
to OFID devices.

For instance, OFID devices can harvest energy from ambient
light which is a prevalent source of energy in many environ-
ments. Hence, unlike RFID, OFID devices can function even
if they are not in close proximity to a reader, as long as they
are in an environment with sufficient ambient light. Another
advantage of OFID is that, light can be collimated in narrow
beams using lenses and mirrors. As a result an OFID reader
can have very large antenna gains since it can concentrate most
of its emitted energy in one direction. To get similar gains for
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1 GHz radio signals, for instance, would require an antenna
100 meters long [17].

Imaging receivers or cameras can be used to receive trans-
missions from multiple OFID devices simplifying the need
for collision avoidance mechanisms and dramatically reducing
background and mutual optical interference. A high-speed
video camera would allow communication at few hundred
or thousands of bits per second, which would be acceptable
for many identification and sensing applications. Moreover, a
camera can pinpoint the exact locations of the OFID devices
within its field of view, something that is more challenging to
accomplish with radio signals. OFID devices can be placed on
or near metallic surfaces without affecting their performance.
RFID tags require special mounts to avoid detuning when
mounted on metallic surfaces [18] increasing their cost and
size. OFID devices can still work inside transparent liquids or
underwater. Low-frequency RFID devices can still work un-
derwater but their read range is greatly diminished especially
in seawater [19].

OFID devices operating outdoors can use readily-available
solar radiation to power themselves up and stimulate PL
emissions from their solar cells and modulate them with
information. Since light does not generate electromagnetic
interference, OFID devices can be used in places, such as
hospitals, airplanes and some industrial settings, where elec-
tromagnetic interference is of concern.

Like other optical communication systems, an OFID system
requires line of sight between the reader and an OFID device
for optimal performance. However, non-line-of-sight optical
communications are still possible for short ranges using re-
flected or diffuse light [20].

At present, system-level costs of OFID are higher than
RFID. The current cost of a high-efficiency GaAs solar cell
with an area of 5 cm x 1.7 cm is around $20. This cost is much
higher than RFID antennas, which can be fabricated for few
cents using printing techniques [21,22]. The electronic circuits
of an OFID device can be integrated in a single microchip,
which is expected to cost as much as an RFID transponder
microchip when mass produced. Depending on the application,
smaller solar cells could be used to reduce costs. It is expected
that the cost of GaAs solar cell will decrease if GaAs cells
become more popular or find niche applications such as OFID
communications. Costs can also be reduced if OFID devices
are reused and not discarded after a single use. The solar cells
can be recycled for new devices or other purposes.

At the reader side, high-power LEDs or laser diodes,
coupled to low-cost non-imaging optics for beam focusing,
can be used as light sources for an active OFID reader. On
the other hand, the cost of an RFID reader antenna varies
depending on its power rating, frequency of operation and
reading range and can, in some cases, be more expensive than
a high-power LED or a laser diode. The cost of an LED or
laser diode driver can be assumed to be similar to that of an RF
amplifier. Thus, we expect the cost of an active OFID reader
to be comparable to that of an RFID reader and the cost of
a passive OFID reader to be lower than that of an RFID reader.

Possible Applications

Fig. 9 shows some potential applications of an OFID
communication system. OFID devices can be employed for
environmental monitoring (Fig. 9 (a)) if they are equipped
with sensors to monitor environmental variables such as water
or air contaminants. In this application, solar energy can
be used for both powering the sensor and for stimulating
PL radiation from the solar cells. An unmanned air vehicle
equipped with a passive imaging receiver (high-speed infrared
camera) can detect the modulated PL emissions of the solar
cells. A camera will be able to receive and spatially separate
several transmissions simultaneously. Furthermore, the camera
will be able to locate the position of the sensors and determine
their location relative to the surroundings.
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Fig. 9. Possible applications of OFID devices: a) environmental monitoring;
b) identification and monitoring of perishable goods; ¢) smart home monitor-
ing; d) long-range identification of metallic shipping containers.

Another possible application of the OFID devices is tracking
and monitoring of perishable goods, such as food or vaccines,
throughout the supply chain (Fig. 9 (b)). As a package moves
through the supply chain, its presence at different points in
the supply chain can be detected by optically interrogating
the device. Moreover, the device can be equipped with a
temperature sensor to determine if the goods have been kept
under recommended conditions. The on-board solar cell would
allow the OFID device to stay active and record temperature
even when it is not within range of a reader by harvesting
ambient light energy.

In a smart home environment OFID devices could monitor
variables such as temperature, noise, light intensity or human
presence while their on-board solar cells harvested energy
from ambient light (Fig. 9 (c)). The PL emissions of the solar
cell can be modulated according to the sensed variables. If the
room is dark or not well lit, the cell’s EL emissions can be
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modulated instead. A passive reader equipped with an imaging
receiver can be employed to receive multiple transmissions and
pinpoint their locations within the room.

OFID devices could be used to identify and track large
objects such as shipping containers as they move through a
port (Fig. 9 (d)). An active reader with a high-power collimated
light beam, possibly from a laser source, could be used to
interrogate the tag from a long distance. These OFID devices
would not require active power from batteries, supporting
their long-term and sustainable usage on objects used for
transportation of goods such as shipping, trucking or railway
containers.

IV. PHOTO-LUMINESCENCE MODULATOR CIRCUIT

We present and analyze a circuit that can both modulate PL
emissions from a solar cell and harvest energy while boosting
the voltage generated by the solar cell. Fig. 10 shows a system-
level diagram of how this circuit (PL modulator & EH circuit)
interfaces with a solar cell and a load ([R;,.¢). The device-to-
reader input is a bit stream with data to be transmitted to a
reader.

PL modulator &

+
EH circuit RioaaZ V,,,

Ty

solar cell

device-to-reader
data

Fig. 10. System-level diagram of proof-of-concept circuit (PL modulator &
EH circuit). This circuit is able to both modulate the PL emissions from a
solar cell and harvest energy by transferring energy from the solar cell to the
load Rload-

The PL modulator & EH circuits modulates PL emissions
by varying the value of a resistance (R.,) connected to the
solar cell as shown in Fig. 11. Varying R., varies Vp and
consequentially ®,,,,,. Variations in ., are made according
to the transmitted data.

solar cell

Fig. 11. Basic PL modulation principle. A variable resistor Req is connected
to the solar cell. Varying Req varies Vp and consequentially @y, .

From the circuit in Fig. 11 we can write:
IseVD(RS”*RW)/("VTR”) + (7)

Rsr + Req + Rsh Vv
Requh P

Iph-i-fs =

Equation (7) was solved numerically for I,;, = 20 mA and
its solution is shown graphically in Fig. 12 along with the
relationship between Vp and R.,. In the figure, the conditions
Vb = Voe and Reqg = Rynpp, Where Ripp = Vinpp/ Linpp 18

the impedance of the solar cell at the MPP are highlighted.
For this result, the following explicit expression for I,,,,, was
employed [14]:

I, =1, + 1, — _elpn +15) (8)
mpp ph s W e(Iph,JrIS)
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Fig. 12. Plot of the voltage across the solar cell Vp and the PL radiant flux
Dyyum as a function of Req. The conditions Vp = Voo and Req = Rmpp
are highlighted.

Notably, there is a rapid increase in @y, for Req > Rpypp
with ®;,,, reaching 99.5% of its maximum OC value at
Rey = 10* Q. Based on this result, OOK modulation can
be accomplished as follows: to transmit a logic high, set
Reqy = R,,pp and to transmit a logic low, set R., > 10* Q.
Since R.q = Rppp results in the maximum amount of energy
drawn from the solar cell, when data is not being transmitted,
R, should be set to R,,,,. PAM can be accomplished by
varying ., in discrete steps in the range between R,,,, and
10% Q.

Proposed Circuit:

Fig. 13 shows an implementation of the PL modulator &
EH circuit. This circuit is based on a boost DC-DC converter.
Transistor M7 works as a switch and is driven by clock signal
¢ of frequency fs,, and duty cycle p. The circuit works in two
phases: Phase 1 when ¢ is logic high and Phase 2 when ¢ is
logic low. During Phase 1, M; closes connecting inductor L
in parallel with the solar cell, charging the inductor. In Phase
2, M; opens and the inductor discharges through the Schottky
diode Dy into the load R;,qq. During Phase 1 capacitor C7,
feeds the load. The pulse width modulator generates a clock
signal with duty cycle proportional to its input V4. diy, 1s @
digital signal encoding the data being transmitted.

Fig. 13 shows d;, controlling V,,,q and, therefore, the
duty cycle of the DC-DC converter. The input impedance
R;,, of the DC-DC converter is a function of the duty cycle
p. The duty cycle plays an important role in the operation
of the DC-DC converter. The proper value of p enables the
maximum energy transfer from the solar cell to the load.

Circuit Analysis:
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Fig. 13. Schematic diagram of proposed PL modulator & EH circuit. The
circuit is based on a boost DC-DC converter and is able to both modulate
the PL radiant flux ®;,,,, and transfer energy from the solar cell to the load
Rjoaq while boosting the voltage of the solar cell. d;y, is a digital signal
encoding the data being transmitted.

An analysis of the proposed PL modulator & EH circuit is
carried out here to gain a deeper insight of its operation and
to guide its optimization. To simplify the analysis, the diode
in the solar cell equivalent circuit of Fig. 2 is linearized using
the first two Taylor series terms of its current-vs-voltage
curve. The linearized solar cell equivalent circuit using this
approach is shown in Fig. 14:

linearized diode vy Ip

R +

L 1/ g2 R % G Vb

Fig. 14. Solar cell equivalent circuit with linearized diode.

where,
I n
g = el ©)
g2 — IS(eVd'm/"VT _ 1) _ VdmIS eVdnL/nVT

TLVT

and Vy,,, is the solar cell’s DC operating point. Replacing the
solar cell with its linearized equivalent in the PL. modulator &
EH circuit of Fig. 13 for Phase 1 (¢ =high) of its operation
yields the circuit shown in Fig. 15.
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Fig. 15. Equivalent circuit of proposed circuit with linearized diode for Phase
1 (¢ =high).
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In the figure, Rp = Rsp//(1/91), Rs; is the series resistance
of the inductor and R,,, is the on resistance of M;. An analysis
of this circuit yields the following set of differential equations:
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An equivalent linear circuit for Phase 2 (¢ =low) can be
found in a similar manner. For Phase 2, we need to consider
two different modes: Continuous Current Mode (CCM) and
Discontinuous Current Mode (DCM). In CCM, the inductor
L doesn’t get fully discharged during Phase 2, i.e. the current
through the inductor, I;, remains greater than zero (I; > 0).
Fig. 16 shows the equivalent circuit during Phase 2 for CCM.
Vion, models the voltage drop across the Schottky diode.

i
Va Ve

W Vout
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Fig. 16. Equivalent circuit of proposed circuit for Phase 2 and CCM (¢ =low
and I; > 0).

An analysis of the circuit in Fig. 16 yields the following
set of differential equations:

% _ _é(;+%)vd+ (11)
G }er Vet IphC_y “

d;tc B cleSTVd cleSTVC OLPIZ

dV(ilIti i _;VC_iV{m_ Vj.j” o

i = Cr" RipnaCr '™

In DCM, the inductor gets fully discharged at some point
during Phase 2. When this happens the diode Dg stops
conducting isolating the load from the rest of circuit and
preventing C, from discharging through the inductor. Fig. 17
shows the equivalent circuit during Phase 2 for DCM.

An analysis of the circuit in Fig. 17 yields the following
set of differential equations:
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Fig. 17. Equivalent circuit of proposed circuit for Phase 2 in DCM (¢ =low
and I; = 0).
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Equations (11) to (13) were solved numerically using the
Runge-Kutta method implemented in the ode45() function of
MATLAB®. These equations were solved iteratively following
the procedure shown in Fig. 18. In the figure, i.c. stands
for initial conditions, £ . c. stands for final conditions, 1, =
1/ fsw> Th = pTsw, To = (1 — p)Tsw- Tsim is the simulation
time.

set circuit parameters
set i.c. for (10)

solve (10)
in [OA, T|]

v

seti.c. for(11)=
f.c. of (10)

v

solve (11)
in [U, TQ]

solve (11)
in [t, T3]

Fig. 18. Flow diagram showing iterative procedure employed to find the
solutions for Vy, Ve, I; and Voyt.

Using the method described above, the equations describing
the DC-DC converter were solved for three different values of

Ipp, (10, 15 and 20 mA) and for L = 68 pH, Rs;; = 1.0 Q,
Cp =10 uF, Ry, = 0.3 Q, far = 40 kHz, Vo, = 0.3V,
Ry =19, C; = 550 nF, Rjpqq = 5 k2 and T, = 200
ms. Fig. 19 shows the resulting average output voltage V .
as the duty cycle p is varied. Notably, the duty cycle at which
the output voltage peaks, i.e. maximum power is transferred
to the load, varies with the photo-current I,,;,. Setting the duty
cycle such that maximum power is transferred to the load is
the function of an MPP controller.

I, = 10 mA

———-I,;, =15 mA
8r ———I;, =20 mA| |

10 20 30 40 50 60 70 80 90
p (%)

Fig. 19. Average output voltage of DC-DC converter, V out, as a function of
the duty cycle p.

We will approximate the input impedance of the DC-DC
converter, R;,, in the following manner:

V.
(#)

where, V. is the average V. voltage and (; is the charge drawn
by the inductor in one clock cycle. Assuming a linear profile
for the inductor current during Phase 1 (inductor charging) and
letting [;; and [;5 be the inductor currents at the beginning of
phases 1 and 2, respectively, we can write:

Rin = 13)

= Iip — I - Ty
Qi_/o (1“+T)dt_ T+ 5 (L= In) (14)

Replacing (14) in (13) and using the values of V., I;» and
I;; obtained from solving the equation describing the DC-DC
converter, yields the relationship between R;,, and p shown
in Fig. 20. In the figure, the impedance of the solar cell at
the MPP, R,,,,, is marked for I,;, = 10, 15 and 20 mA.
Notably, an input impedance greater than 10* € is achieved
for p < 2.5%.

Finally, combining the ®;,,, vs. R., and the R;, vs. p
relationships given in Figs. 12 and 20, yields the relationship
D1y vs. p shown in Fig. 21. This figure shows that the PL
radiant flux of a solar cell can be modulated by varying the
duty cycle of the DC-DC converter.

The efficiency of the boost DC-DC converter can be im-
proved by replacing the Schottky diode with an active diode
circuit in order to reduce the losses due to the voltage drop
across the Schottky diode. An active diode circuit consists of a
MOSFET and a voltage comparator [24]. The comparator turns
off the MOSFET when its drain-to-source voltage becomes
negative. Although the comparator consumes additional power,
an on-chip low-power implementation of a DC-DC converter
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Fig. 20. Relationship between the input impedance of the DC-DC converter,
Ry, and the duty cycle of the clock signal p. The impedance of the solar
cell at the MPP, Ry,pp, is marked for I,;, = 10, 15 and 20 mA

—— I, =10 mA| |
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Fig. 21. Relationship between the luminescent radiant flux of a solar cell,
Pyum, and the duty cycle of the DC-DC converter, p, for different values of
the photo-current I,p,.

with an active diode is more efficient than an implementation
with discrete components [25].

We have observed that GaN blue and green LEDs have a
strong PL response when illuminated with violet light (405
nm). This PL response is also a function of the impedance
across the LED. Hence, the proposed PL modulator & EH
circuit can be used to modulate the PL emissions of GaN
blue and green LEDs. Typically, LEDs have much smaller
active areas and higher cost (per unit area) than solar cells.
Thus, using LEDs for OFID devices would make sense in
applications where highly directed and concentrated light
beams can be used.

V. RESULTS

The PL modulator & EH circuit was built and tested
to verify its functionality and the validity of the analytical
model presented in Section IV. Fig 22(a) shows the schematic
diagram of the test setup that was employed for these tests.
Fig. 22(a) shows a photograph of the test setup. A GaAs solar
cell from Alta Devices was placed in front of a flashlight with
a red (623 nm) LED at a distance d = 12 cm. The current
through the LED was adjusted such that the photo-generated
current in the solar cell, 1,5, was 20 mA.

A second flashlight, modified to hold a photo-diode and an
amplifier instead of an LED, was also placed in front of the

receiver

ErYe)

ooo e

MAX291
| 0O O 0 o

low-pass | Vil | ® @ @ @
Vout

filter w

PL modulator & EH

modified
flashlight

NTS4409 ?HF

LTC6992
MOD]

8
longpass filter

flashlight

lens

power supply

(a)

PL modulator & EH

receiver

(b)

Fig. 22. Experimental setup employed to test the functionality of the proposed
circuit and the validity of the developed analytical model. (a) Schematic
diagram; (b) Photograph of entire system. The insets show a closeup view
of the fabricated circuits.

solar cell. The photo-diode’s current, I,q, is converted to a
voltage by a trans-impedance amplifier and further amplified
to produce the voltage V,;, which is proportional to I,4. An
oscilloscope was employed to record the Vi, V00 and Vi,
waveforms. The photo-diode’s current is a function of the
solar cell’s luminescent radiant flux at distance d, @y, (d),
as follows:

Ipd = de (I)lum(d) (15)

where, ), is the responsivity of the photo-diode in A/W.
Given that @y, (d) o< @y, we conclude that Vi, o¢ $pyypny.
Hence, the V), waveforms recorded by the oscilloscope are
proportional to the luminescent radiant flux emitted by the
solar cell.

The clock signal for the PL modulator & EH circuit is
provided by a voltage-controlled pulse width modulator circuit
(LTC6992 from Linear Technology). The duty cycle of the
clock signal generated by this circuit is a linear function of
the voltage V¢ With V0 = 95 mV corresponding to
p = 0% duty cycle and V,,,q = 900 mV corresponding to
p = 100% duty cycle. The switching frequency was set to 40
kHz. The receiver circuit (at the reader side) consists of a trans-
impedance amplifier (TTA), two inverting amplification stages
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and a low-pass filter. The low-pass filter removes the ripple
noise caused by the switching action of the DC-DC converter.
This filter was implemented with an 8" order Butterworth low-
pass filter (MAX291 from Maxim Integrated) with a cutoff
frequency set to 20 kHz. Other parameters of the receiver
were set as follows: Ry = 100 k2, C; = 11 pF, Ry = 10
kQ, Cg = 62 pF, R3 =1 MQ, R4 =938 kQ, R5 = 9.8 k2
and Viep = 1.5 V.

The first test conducted involved sweeping Vi,,q from 95
mV to 900 mV to observe the effects of duty cycle change on
Vi and on the output of the DC-DC converter, V. Fig. 23
shows the recorded V04, Vi and V,,; waveforms.

The inset shows a closeup view of the ripple noise in
Vpi. This noise is due to the switching action of the DC-
DC converter. The dotted line is the low-pass version of Vj;
with the ripple removed. Notably, V,,;, which is proportional
to ®;um, achieves its maximum for p = 0% or V00 = 95
mV (OC) and its minimum for p = 100% or V,;,,q = 900 mV
(SC). The MPP, which is the point at which V,,,,; is maximum
is achieved for V0 = 355 mV or p = 32.7% duty cycle.
The location of the MPP and the overall behavior of V,,; with
respect to p is in good agreement with the results presented
in Fig. 19.

The V},; waveform (after ripple noise was removed) is also
in good agreement with the relationship between ®,,,, and
the duty cycle p presented in Fig. 21. At the MPP, V,,; =
8 V, resulting in 11.9 mW of power delivered to the load.
Considering that for I, = 20 mA, Vp, X Liypp = 17.7 mW,
the efficiency of the DC-DC converter, at the MPP, is 67%.
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Fig. 23. Recorded waveforms (Vi 04, Vpi and Vout) from the experimental
setup. As Vi04 is swept from 95 mV to 900 mV, the duty cycle, p, varies
linearly from 0% to 100%. At p = 32.7% (Vinoq = 355 mV), Vot achieves
its maximum value (MPP). The inset shows a closeup of the ripple noise in
Vpi- The dotted line is a low-pass version of V,,; with the ripple removed. The
open circuit (p = 0%) and the short circuit (p = 100%) points are marked
with OC and SC, respectively

A second test that consisted in varying the amplitude of
the emitted PL radiant flux in discrete steps was carried out.
This test shows the possibility of using PAM to transmit
digital information with PL emissions of a solar cell. To this
end, V,,,q was varied in 8 discrete levels (with each level
corresponding to a digital symbol) ranging from 95 mV (OC)
to 355 mV (MPP). Due to the non-linear relationship between
®,.,m and p, these levels were not equally spaced. Table I lists
the V;,0,q voltage values and the corresponding duty cycles
assigned to each symbol.

TABLE I
Vinod AND p VALUES FOR TRANSMITTED SYMBOLS

SymbOl Vmod (mV) P (%)
000 95 0
001 165 8.7
010 210 14.7
011 240 18.7
100 260 21.3
101 285 244
110 315 28.1
111 355 32.7

Fig. 24 shows the Vi,04, Vi and V,,; waveforms recorded
by the oscilloscope for this test. The inset shows a closeup
view of the ripple noise in V},;. At the receiver side this noise
is removed by the low-pass filter for reliable reception of the
transmitted symbols.
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=
i
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Fig. 24. Recorded waveforms when V,,,,q is varied in 8 discrete levels
ranging from V54 = 95 mV (OC) to V04 = 355 mV (MPP). The inset
shows a closeup view of the ripple noise on V,;.

Fig. 25 shows the output of the low-pass filter ‘N/pl. A cleaner
signal with the 8 discrete levels clearly distinguishable can
be seen. In this test, the duration of each symbol was set
to 0.625 ms, which would result in a transmission speed of
4.8 kbps. Fig. 24 also shows that the output of the DC-DC
converter dropped to 5.99 V (as a result of the modulation)
resulting in 6.54 mW of power delivered to the load. This
drop is due to the fact that, in order to modulate the PL
emissions of the solar cell by varying the input impedance of
the DC-DC converter, the DC-DC converter does not always
operate at the MPP. This result illustrates an inherent trade-
off in the proposed PL modulator & EH circuit, namely, the
ability of harvesting maximum power is traded with the ability
of transmitting information. Depending on the requirements of
the target application, either power harvesting or information
transmission may be maximized. For instance, to maximize
power harvesting while transmitting information, the varia-
tions in duty cycle should be kept close to the MPP. This
would mean that either: 1) fewer discrete levels (symbols) are
transmitted per unit time or 2) the spacing between each level
is reduced. In either case the transmission of information is
hindered by a reduction of the transmission rate or a reduction
of the signal-to-noise ratio.

Another test was carried out to demonstrate the performance
of OOK modulation. In this test the PL radiant flux was
modulated by flipping V.04 between 95 mV (OC) and 355
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Fig. 25. Output of the 8" order low-pass filter. The ripple noise in Vj; is
effectively removed by low-pass filter yielding a cleaner signal in which the
8 discrete transmitted levels are distinguishable.

mV (MPP). Fig. 26 shows the recorded V},; waveforms for
three different modulation frequencies: 1 kHz (top row), 5
kHz (middle row) and 10 kHz (bottom row).
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Fig. 26. Recorded V},; waveforms for OOK modulation for three modulating
frequencies: 1 kHz (top row), 5 kHz (middle row) and 10 kHz (bottom row).

As the modulation frequency increases, the amplitude of
Vi decreases. This decrease in amplitude is due to capacitor
Cp which limits how fast the DC-DC converter can reach
its steady state after a change in the duty cycle. This is
another trade-off in the PL modulator & EH circuit. On one
hand, the value of Cp should be increased to maximize the
output voltage of the DC-DC converter. For instance, at a
modulating frequency of 5 kHz, the average output voltage
of the DC-DC converter is 6.20 V for Cp = 10 uF, 557 V
for Cp = 0 puF and 6.59 V for Cp = 470 pF. Depending
on the requirements of the target applications, the value of
Cp should be set to either maximize harvested power or the
transmission bandwidth.

Receiver Circuit

An analysis of the receiver circuit shown in Fig. 22 is
presented here to provide an insight into its performance. The
transfer function of the receiver, H,.,, can be expressed as
the product of the transfer function of the amplification stages

and the low-pass filter as follows:
Hyeo(s) = Hi(s) x Ha(s) x Hs(s) x Hy(s) (16)

where, Hy, Hy, Hz and H;, are the transfer functions of
the TIA, the inverting amplifiers and the low-pass filter,

respectively. From the circuit diagram in Fig. 22(a) we can

write:
v R A(s)
Hi(s) = ij - (1+s]1%1C1)(1+A(s)) 17
H (S) _ 1}72 _ —R3A(8)
? v1  Ra(1+ A(s))(1+ sRyCs) + Ry
Hy(s) = 2= —Bsdle)

Vo R4(1+A(S)>+R5

where, 4,4, v1, v2 and vy, are the small signal components
of I,q, Vi, Vo and V), respectively. A(s) is the open-loop
transfer function of the opamps, which will be approximated
with a first-order transfer function as follows:

A
A(S) = 1+Oi

(18)

where, A is the DC gain and wy is the corner frequency of the
opamps. The transfer function of the low-pass filter is given
by:

1

- (2)

where, n is the filter order and w, is the corner frequency.

Replacing (17), (18) and (19) in (16) and setting s = jw,
Ap = 120 dB, wy = 188.5 rad/s (30 Hz), n = 8, and w, =
1.25 x 10° rad/s (20 kHz) yields the frequency response of
the receiver circuit. Fig. 27 (top) shows the magnitude of the
frequency response of the receiver.

Hip(s) = 19)

= 150 E
8 100
= 50¢
= o
103 10* 10° 108
J (Hz)
1
f05
0 -

0 20 40 60 80 100
t (ps)

Fig. 27. Magnitude of the frequency response of receiver circuit (top) and
impulse response of receiver circuit (bottom).

The impulse response, h,..,,, of the receiver can be obtained
by computing the inverse Fourier transform of the frequency
response. The normalized impulse response is shown in Fig.
27 (bottom). Notably, the impulse response goes down to
zero after approximately 80 us. Hence, to avoid inter-symbol
interference (ISI), the maximum bit rate that can be achieved
with this receiver is around 12.5 kbps. The low-pass filter
contributes with the dominant pole of the frequency response.
Since the corner frequency of the low-pass filter should not he
higher than the switching frequency of the DC-DC converter,
to increase the speed of the receiver, the switching frequency
of the DC-DC converter will have to be increased. How-
ever, the switching frequency cannot be increased indefinitely.
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At very high frequencies, power losses due to circuit non-
idealities such as the MOSFET’s non-zero switching time,
parasitic capacitances and the frequency-dependent power
dissipation of the clock generator will outweigh the power
generated by the DC-DC converter.

Communication Performance

The bit error rate (BER) achieved with the PL modulator
for OOK modulation was measured to assess the performance
of the overall OFID communication system. For these mea-
surements the output of the low-pass filter, V,,;, was fed to a
comparator to generate back a fully digital signal. An FPGA
was employed to implement a pseudo random bit generator
(PRBG) and the clock signal of 40 kHz with variable duty
cycle needed to control the DC-DC converter. The duty cycle
of this clock signal was set to the duty cycle corresponding
to the MPP if the output of the PRGB was logic high and
0% (OC) if the output of the PRGB was logic low. The BER
was calculated as the ratio between the number of times the
outputs of the PRGB and the comparator were different over
the total number of generated bits, which was set to 106 bits.
The BER and the power delivered to the load, Pj,qq, Were
recorded for different distances d. The bit rate was set to 10
kbps, which is right below the maximum bit rate for ISI-free
communications. The gain of the third amplification stage of
the receiver was set to 10.

Fig. 28 shows the measurement results. At d = 50 cm the
BER is 1.6 x 1073, well within the limits of forward error
correction [23]. However, at distances greater than 50 cm the
BER increases rapidly. The power delivered to the load at
12 cm is 7.15 mW and at 50 cm is 5.22 mW resulting in
an end-to-end power harvesting efficiency of 40% and 29%,
respectively.
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Fig. 28. Measured BER and Pj,,q as a function of distance between the
reader and the solar cell.

VI. CONCLUSION

An optical communication scheme that employs solar cells
to transmit information has been presented. In this scheme,
the luminescence emissions of high-efficiency solar cells,
such as GaAs solar cells, are modulated with information.
A device equipped with this type of solar cells can use

it, not only to harvest ambient energy, but also to transmit
and receive information. This scheme was compared with
RFID technology and possible applications were described.
A circuit suitable for modulating the PL emissions of a solar
cell was proposed and analyzed. Test results from a hardware
implementation of this circuit showed that it can be used to
implement PAM and OOK modulation. It was shown that
a trade-off exists in this circuit between energy harvesting
and information transmission. Harvested energy is maximized
when no information is transmitted, whereas, information
transmission comes at a cost of a drop in harvested energy.
The target application will ultimately dictate how to balance
this trade-off.

Future work in the area of OFID includes: finding optimum
modulation and encoding schemes, establishing the radiated
power level and wavelength (from the reader) that maximize
reading distance, developing low-power integrated circuits
that integrate most or all the functionalities of an OFID
device, designing optical systems for the reader that maximize
reading distances while minimizing the reader size and the
implementation of imaging receivers and decoders.
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