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Abstract—This paper presents a circuit for simultaneous
reception of optical power and data using a solar cell. The
circuit employs a switched-inductor boost DC-DC converter for
energy harvesting and a low-power thresholding receiver for data
reception. The thresholding data receiver comprises a current-
sense resistor that monitors the current output of the solar cell, an
instrumentation amplifier, a band-pass filter and a comparator.
A system-level analysis of an optical communication system
employing the proposed circuit is presented along with a circuit-
level analysis and implementation. As a proof-of-concept, the
proposed circuit for simultaneous power and data reception is
implemented using off-the-shelf components and tested using a
custom-built test setup. Measurement results, including harvested
power, electronic noise and bit error rate (BER), are reported
for a GaAs solar cell and a red LED light source. Results show
that 223 W of power are harvested by the DC-DC converter
at a distance of 32.5 cm and a radiated power of 9.3 mW. At a
modulation depth of 50% and a transmission speed of 2.5 kbps,
a BER of 1.008 x 1072 is achieved. Measurement results reveal
that the proposed solution exhibits a trade-off between harvested
power, transmission speed and BER.

Index Terms—energy harvesting, solar cells, optical communi-
cations, visible light communications.

I. INTRODUCTION

N the Internet-of-Things (IoT) vision, everyday objects,

such as home appliances, furniture and wearable items,
seamlessly connect to the Internet to exchange information
with the ultimate goal of enhancing our lives by monitoring
and controlling the environment around us [1]. IoT solutions
are being deployed at a very fast pace. The number of
interconnected devices is expected to more than double from
9 billion in 2013 to more than 20 billion in 2020 [2]. This
growth will amount to a $1.3 trillion opportunity for health
care, automotive, utilities and consumer electronics markets
[1]. To be truly seamless, IoT devices must have a wireless
means of communication because untethered devices can be
easily integrated into everyday objects. In addition, IoT devices
should be able to harvest energy from their environment to
avoid frequent manual recharging or periodic battery changes.
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Given that radiant/luminous energy is the most ubiquitous
form of energy, these two conditions can be met if light is
employed to transmit data and energy [3]. Using light to
transmit data and energy benefits from the growing interest
in light-emitting diode (LED) based illumination [4]. Unlike
other light sources, the optical power of an LED can be
varied faster than the human eye can distinguish, according
to an information-bearing signal. Hence, LED lighting offers
an opportunity for data transmission in addition to energy-
efficient illumination [5,6].

IoT devices equipped with a solar cell would not only be
able to harvest ambient radiant energy from LED lights but
could also use their solar cells as photo-detectors to receive
information encoded optically [7]-[18]. In an approach dubbed
Optical Frequency Identification (OFID), GaAs solar cells
are used as infrared light sources and employed to transmit
information optically [19,20]. Hence, a bi-directional optical
communication system can be implemented using LED lights
and GaAs solar cells. Such as system would be useful in
indoor IoT sensing applications as shown conceptually in
Fig. 1. In the downlink direction (from the LED lights to
the optical wireless node), data is transmitted by the LED
light and received by the solar cell. In the uplink direction
(from the optical wireless node to the LED light), data is
transmitted by modulating the luminescent radiation of the
solar cell and received by a photo-detector next to the LED
light (not shown). The LED light can be used to acknowledge
a successful reception to the wireless node. When the solar cell
is not being used to receive or transmit data, it harvests radiant
energy from its environment to power itself up and/or recharge
its energy reservoir. Having fully self-powered wireless nodes
reduces network maintenance costs while reusing the solar cell
for multiple purposes decreases fabrication costs.

Solar cell-based optical receivers for visible light commu-
nications (VLC) have been explored before in [7]-[18]. In
[7,9,12,13] the authors demonstrate that a solar cell can work
as a photo-detector in an optical communication system but it
is not shown how energy harvesting and data reception could
be accomplished with the same solar cell. These solutions do
not demonstrate a self-powered receiver either. In [10,11,14] a
receiver architecture with two branches are used, one branch
for data reception and the other one for energy harvesting. A
capacitor is used in the data reception branch to block DC and
a choke inductor is used in the energy harvesting branch to
filter out the received signal. A drawback of this approach
is that a farily large choke inductor is needed (10 mH),
which takes occupies a relatively large space and precludes
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Fig. 1. Conceptual diagram of an indoor optical wireless network. A wireless
communication link is established between an LED light and an optical
wireless node. The wireless optical node incorporates a GaAs solar cell, which
functions as a photo-detector to receive data from the LED light (downlink)
and as an infrared light source to transmit data (uplink). The solar cell also
harvests radiant energy from its environment resulting in a fully self-powered
wireless sensor node.

its integration on a chip or in a system-in-package (SiP)
solution. Moreover, in these approaches as well as the one
presented in [8], a resistor is employed to model the energy
harvesting load. While a resistor provides a good first-order
load approximation, it does not capture higher-order effects
such as switching noise and the input capacitance of a DC-
DC converter. In a more realistic implementation, the choke
inductor would have to be sized such that it filters out the
received signal as well as the switching noise from the DC-
DC converter but because in [8,10,11,14] only a resistor load
is used, this case is not considered limiting its applicability.
Moreover, a self-powered solution is not demonstrated. The
works reported in [15,17,18] are self powered but achieve
this condition using a solar panel, consisting of several solar
cells connected in series, instead of a single solar cell. For
instance, the solar panel in [17] contains 18 solar cells and has
a nominal output voltage of 9 V. Hence, there is no need for
a DC-DC boost converter as the solar panel generates enough
voltage to directly power the receiver circuit. However, this
direct connection results in the solar panel not operating at its
maximum power point. Having a DC-DC converter in between
the solar cell and the receiver (load) allows for maximum
power draw from the solar cell as well as voltage boosting.
In terms of modulation techniques, On-Off Keying (OOK)
offers the lowest complexity in terms of hardware implemen-
tation at the transmitter and receiver sides. A downlink bit rate
of 4.8 kbps was reported in [17] with OOK and a silicon solar
cell. Using a signal conditioning analog circuit, the authors
of [18] were able to improve the frequency response of a
silicon solar cell and achieved a bit rate of 8 kbps using
OOK. The work in [7] employed OOK and a pre-distortion
scheme at the transmitter side and obtained a bit rate of 400
kbps at a bit error rate (BER) of 107", Using more complex
modulation techniques such as quadrature amplitude modula-
tion (QAM) and orthogonal frequency-division multiplexing
(OFDM), higher bit rates are possible [9]-[13]. For instance,
a bit rate of 15.03 Mbps at a BER of 1.69 x 10~ is reported in
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[9] using 16-QAM OFDM and a silicon solar cell. In [10], a bit
rate of 11.84 Mbps at a BER of 1.6 x 10~3 was reported with
4-QAM OFDM and a silicon solar cell. Organic solar cells
seem to have a speed advantage over silicon cells. The work
in [11] reports a bit rate of 34.2 Mbps at a BER of 4.08 x 10~*
for 4-QAM OFDM using an organic PTB7:PC~; BM solar cell.

The speed advantages of QAM and OFDM over OOK
come at the cost of more complex transmitter and receiver
architectures. For instance, at the receiver side, the received
signal undergoes the following decoding process: synchro-
nization, matched filtering, downsampling, Fast Fourier Trans-
form (FFT), channel estimation, equalization and M-QAM
demodulation [10]. The implementation of an OFDM receiver
was reported in [9,10] using MATLAB and a personal com-
puter for convenience and flexibility. However, to achieve
the lowest power consumption, an OFDM receiver would
have to be implemented on a custom integrated circuit. An
OFDM application-specific integrated circuit (ASIC) receiver
fabricated in a 0.18 pym CMOS process and optimized for
low power consumption was reported in [21]. The receiver
consumes 32 mW of power while providing a data rate of
8 Mbps. This power consumption is still too high for a
small self-powered optical wireless node. For instance, our
measurements show that a 5 cm x 1.8 cm high-efficiency
GaAs solar cell is able to harvest around 400 W of power
from the ambient light of a typical office with an illuminance
of about 300 lux. Hence, for applications where fully self-
powered wireless devices are needed, such as the one shown in
Fig. 1, receiver architectures that with low power consumption
are needed.

This work presents the design and validation of a circuit
for simultaneous reception of power and data suitable for self-
powered optical wireless devices. It addresses the downlink
communication direction illustrated in Fig. 1. The proposed
circuit is based on a low-power thresholding receiver and
a switched-inductor boost DC-DC converter. It re-uses the
current-sense resistor (that is normally present in solar energy
harvesting systems) to pick up the received signal, which
is then amplified and filtered, thus voiding the need for a
choke inductor. Compared to previous work on solar cell-
based receivers our work considers the interplay between
the data receiver circuit and a DC-DC converter in terms of
bandwidth, power losses and noise. The work presented here is
an extension of our previous work [16] but here it is expanded
with an analytical analysis and more complete experimental
validation. The specific contributions of this work are: 1)
system-level analysis of a solar cell-based communications
link; 2) a circuit for simultaneous reception of optical power
and data; 3) circuit-level analysis of the proposed solution; 4)
hardware implementation and validation of a solar cell-based
communication system using discrete off-the-shelf electronic
components.

The rest of this paper is organized as follows: Section II
presents a system-level analysis of a solar cell-based optical
communications link. Section III describes the design of
the proposed circuit for simultaneous reception of data and
power. Section IV presents a discrete component hardware
implementation along with measurement and characterization
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Fig. 2. System-level diagram of an optical downlink in which a solar cell is
employed to receive both data and power from an LED light source.

results. Section V concludes the paper.

II. SYSTEM-LEVEL ANALYSIS

A system-level diagram of an optical communication down-
link between an LED and a solar cell is shown in Fig. 2. The
transmitter (TX) has a power input, P;,,, and a data input (d;,,).
The transmitter modulates the optical power emitted by the
LED (P,) with the purpose of transmitting power and data
to a solar cell positioned at a distance r and angle 6 from
the LED. The receiver (RX) has two outputs, a power output,
P,.t, and data output d,,;. Due to conversion inefficiencies
and the broad radiation pattern of the LED, P,,; < F;,. Also,
due to noise, errors will be introduced in d,;.

The radiant power received by the solar cell is given by:

P.=E, x Aeff (D

where, I, is the irradiance at the solar cell and A.f; is
the effective light gathering area of the solar cell, which is
equal to Acos(f) with A being the area of the solar cell
and 3 the solar cell inclination angle. Also, by definition,
E, = d®/dA, where d® is the radiant flux falling onto a
surface element dA. Combining this result with (1) yields the
following relationship:

dd
P. = d—AAcos(ﬂ) 2)

The radiant intensity (or radiation pattern) of the LED is
defined as the radiant flux d® emitted per unit solid angle df2
in the 0 direction [22]:

dd
=70 3)
At a distance r, and assuming a point source, the solid angle
can be calculated as:

1(6)

dQ) = % (@)
r
Combining (3) and (4) yields:
dd
I(0) = —r?
)= 3 ©

A common radiation pattern used when modelling LEDs
is the Lambertian radiation pattern. The Lambertian radiation
pattern of mode number m having uniaxial symmetry is given
by [23]:

1
1(0) = m;; cos™ (0) P, ©6)
where, m = —In(2)/In(cos(ai/2)), a2 is the half-power

semi-angle [24] and P, is the total radiant flux (power) emitted
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by the LED. Combining (2), (5) and (6) results in the following
expression for the optical power received by the solar cell:

m+1

P =
" 272

cos™ (@) cos(B) - A- P, @)

We define the gain of the optical path G,, as:

P, 1
G, =L _mil

P = or2 cos™(0) cos(p) - A (8)

At the solar cell, absorbed photons generate electron-hole
pairs which contribute to the photo-generated current Ip; of
the solar cell. The photo-generated current is proportional to
the received optical power via the responsivity Ry as follows:

Ipn = RAP;. )
Combining (8) and (9) results in:

Ipp = Ry - Gop - Pe. (10)

Equation (10) shows that I, is directly proportional to
the power emitted by the LED P,.. Hence, any modulation
applied by the transmitter on P, can be detected by measuring
Ip,y,. Furthermore, this analysis provides an expression for
the gain of the optical path (G,,), a useful parameter when
measuring the end-to-end gain and frequency response of the
communication system.

To illustrate how the photo-current I, can be measured,
let us consider the equivalent circuit of a solar cell shown
in Fig. 3. In the figure, the solar cell is loaded with a load
(Cioad || Rioad)- This load is representative of a DC-DC
converter that will be used later on to boost and regulate
the solar cell’s output voltage. The diode in the equivalent
circuits models the “knee” in the current-vs-voltage (/—V")
curve and it is modelled with the Shockley diode equation:
I; = I (e¥+/"Vr — 1), where I, is the reverse saturation
current, n is the diode ideality factor and V7 is the thermal
voltage. The resistance Ry is a shunt resistance that models
the load presented to the current harvested near the edges of
the solar cell, R, is the solar cell’s series resistance due to
contacts and connections and C) is the solar cell’s junction
capacitance [25]. Although these parameters change with
frequency, here, they are assumed to be frequency independent
because of the relatively narrow frequency range of operation
of the proposed receiver. To simplify our analysis we will
assume that Ry, ~ 0. This assumption results in an error of
less than 0.01 dB in the estimation of the pass-band gain of the
receiver and less than 0.05% in the estimation of the energy
harvesting efficiency.

Our circuit analysis will first establish the DC operating
point and then it will proceed to linearize the diode around
the DC operating point in order to perform a small-signal AC
analysis. In this analysis, every voltage and current will be
assumed to have a DC component (denoted with a bar over the
variable name) and an AC component (denoted with lower case
letters). For instance, I,,;, will be written as I, = m + iph,
where I,Th is the DC component and i, is the AC component.
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Fig. 3. Equivalent circuit of a solar cell loaded with a resistor (R;,q4) and
a capacitor (Cjyqq) in parallel.
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Fig. 4. Equivalent DC circuit of loaded solar cell.

A. DC Analysis

Opening C; and Cy4qq for DC analysis yields the equivalent
circuit show in Fig. 4. Solving this circuit for V. yields the
following result:

i UG (an
ko
where,
1
by = —
! TLVT
1
by —= ——
’ IR
I+ 1,
ks = LIS
o = L kkssks (12)
ko

Req = Rioad || Rsn and W(-) is the Lambert-W function.
The Lambert-W function provides an explicit solution to an
equation of the form: ze®” = z as * = W(z) [26]. From the
circuit in Fig. 4, I.. =V, /Rioadq- The DC power delivered
to the load is Poaq = Vie X Is. and is maximum at the
maximum power point (MPP). The output resistance of the
solar cell at the MPP is R, = Vinpp/ Iimpp- This DC analysis
is needed to obtain a value for the operating point of the solar
cell (VSC,E), which will be used to perform an AC analysis
to determine the frequency response and the bandwidth of the
solar cell.

B. AC Analysis

The AC analysis presented here will provide the insight
needed to select between a current-sense and a voltage-sense
receiver architectures. The current-sense architecture uses the
current generated by the solar cell as its input while the
voltage-sense architecture uses the voltage across the solar
cell as its input. Fig. 5 shows the small-signal equivalent
circuit of a loaded solar cell. The diode has been replaced by
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small-signal equivalent circuit of solar cell

Fig. 5. Equivalent AC circuit of loaded solar cell.

small-signal resistor r4. An expression for r4; was calculated
by applying the Taylor series to the Shockley diode equation
and then calculating the slope 91;/0V, at V.. The resulting
expression for ry is as follows:

nVr Vv
I

Solving the small-signal equivalent circuit in Fig. 5 yields
the following expressions for 7. and vg,:

rqd = (13)

. . Zq
lse = fIpp——o
P Za+ Zioad
Vse = Zload . isc (14)

where, Zg = rq || Rsn || 1/5C5, Zioad = Riocad || 1/5Ci0ad
and s = j2x f (with f being frequency in Hz). Using (14),
the transfer functions is./ip, and vs./ip, can be computed.
Fig. 6 shows a plot of the magnitude of these two transfer
functions for I,Th = 508 uA, Ry, = 138.8 k2, C; = 798 nF,
Rioad = Rmpp = 1.36 kQ and Cjpqq = 10 pF. The values
of I}Th and R, were estimated from a measured current-vs-
voltage (IV) curve of a 5 cm x 1.8 cm GaAs solar cell from
Alta Devices under typical office illumination (around 400
lux). The value of capacitance C; was estimated using the
time-domain technique described in [27]. Notably, the vy /ipn
transfer function has a relatively large DC trans-impedance
gain of 56 d), however, it has a corner frequency of only 40
Hz and exhibits a low-pass response. To efficiently utilize this
type of response, advanced encoding techniques such as bit
loading would be required [11] but at the expense of increasing
the complexity and power consumption of the receiver. On the
other hand, the i,./i,; transfer function exhibits a pass-band
with a wider frequency range (~ 700 kHz) but lower gain
(—0.6 dB). Due to the wide pass-band feature of the i,./%,p
transfer function, in this work, the output current of the solar
cell 75, will be used to estimate the photo-generated current
ipn (current-sense architecture).

To measure the output current of the solar cell, a current-
sense resistor (Rsense) 1S added in series with the solar cell
as shown in Fig. 7. The small-signal voltage vsen,se developed
across this resistance is proportional to the small-signal output
current of the solar cell 7.

Using the small-signal equivalent circuit of the solar cell
shown in Fig. 5, the following expression for the transfer
function Hyense = Usense/ipn can be derived:

ZdRsense
Zd + Rsr + Rsense + Zload

Hsense = (15)
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Fig. 6. Magnitude plots of transfer functions isc/ipp (top) and vse/ipn
(bottom).

ot
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Fig. 7. Schematic diagram of circuit employed to measure output current of
a solar cell. The small-signal voltage vsense across the current-sense resistor
Rsense 1s proportional to the small-signal current és..

The magnitude of this transfer function is plotted in Fig. 8
for different values of Rg.,s.. Notably, as the value of Rgsepse
increases, the pass-band gain of Hg.,s. also increases but at
the cost of reduced bandwidth. Thus, small values of Ry se
are preferred to keep a wide bandwidth. To boost the pass-
band gain, an amplifier will have to be used.

Another motivation for using small values for Rge,,s. comes
from the power dissipated across this resistance. Increasing
Rgense increases the power dissipated across it and lowers the
power delivered to the load. Fig. 9 shows the energy harvesting
efficiency defined as 7 = Poud/Pmpp x 100 %, where Poeq
is the power delivered to the load. This figure shows that to
maximize the power delivered to the load, small values of
Rgense should be used.

Our hardware implementation employs a 1 € resistor for
Rsense because it results in a small drop in energy harvesting
efficiency (~ 0.3 %) while maintaining a wide bandwidth.
Current-sense resistors are commonly employed in solar en-
ergy harvesting systems to monitor the solar cell’s output
current and adjust the operation of a DC-DC converter in order
to maximize the power drawn from the solar cell. Reusing the
current-sense resistor for data reception purposes would lead
to savings in circuit complexity.

III. CIRCUIT-LEVEL DESIGN

The main constraint in the design of a circuit for the
envisioned application is the amount of harvestable ambient
power. Fig. 10 shows the measured IV curve of a 5 cm x 1.8
cm GaAs solar cell in an office setting with an illumination of
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Fig. 8. Magnitude of transfer function Hsense = Vsense /iph for different
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Fig. 9. Energy harvesting efficiency 7 = Pjoqd/Pmpp X 100 % for different
values of current-sense resistor Rsense-

around 400 lux. The maximum power delivered by this solar
cell under these conditions is 347 W. Hence, any data receiver
and energy harvesting circuit will have to consume less than
this amount to enable continuous self-powered operation.
Furthermore, the solar cell’s output voltage at the MPP is 0.74
V. This voltage will have to be stepped up to a higher level in
order to power other electronic circuits and/or charge a battery.

Fig. 11 shows a diagram of the proposed circuit for simul-
taneous reception of power (energy harvesting) and data using
a solar cell as the transducer. The proposed circuit consists of
a solar cell, a current-sense resistor, a boost DC-DC converter
and a data receiver. The function of the boost DC-DC converter
is to draw power from the solar cell while boosting the
relatively low output voltage of a solar cell (between 0.6 to 1.0
V depending on illumination conditions) to a higher voltage
that is compatible with most electronic loads. This converter
uses inductor L and MOSFET switch M; to transfer charge
from the solar cell to the load. It works in two phases. In Phase
I, when the clock signal ¢ is high, M; closes and the inductor
gets charged by the solar cell and capacitor C'p. In Phase II,
when ¢ is low, M; opens and the inductor discharges into the
load while the solar cell charges capacitor Cp. The Schottky
diode D prevents charges from moving from capacitor C7, to
the inductor. The input impedance of this DC-DC converter is
a function of the duty cycle of the clock signal ¢. At a certain
duty cycle value, the input impedance matches the output
impedance of the solar cell resulting in maximum power drawn
from the solar cell. Adjusting the clock’s duty cycle is the
function of an MPP tracker (MPPT). The load connected to the
DC-DC converter includes a voltage regulation and possibly
a battery charging stages.

The data receiver consists of an instrumentation amplifier
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Fig. 10. Measured IV curve of a GaAs solar cell in an indoor office
environment. The MPP is marked with a circle.

Viense
L

data receiver

Fig. 11. Schematic diagram of proposed circuit for simultaneous reception
of power and data using a solar cell.

(INA), a band-pass filter and a comparator (COMP). The INA
amplifies the voltage across Rg.nse and, due to its high input
impedance, it isolates the solar cell and the DC-DC converter
from the rest of receiver circuitry. The INA’s gain is set by
resistors Ry and Ry. The band-pass filter filters out DC and
low frequency noise (60 Hz) and high frequency noise due
to the switching action of the DC-DC converter and high-
frequency ambient noise from fluorescent lamps. Finally, the
comparator generates a fully digital signal.

A hardware implementation using discrete off-the-shelf
components for rapid prototyping is considered here. Although
our results will be specific to the implemented circuit, the
overall design methodology is still applicable to integrated
solutions. Our design must consider the interplay of several
factors, some of which have conflicting requirements. For
instance, to maximize the capacity of the data receiver, its
bandwidth should be maximized and its noise floor should
be minimized. However, maximizing the bandwidth and mini-
mizing noise requires higher power consumption. In addition,
to minimize the effects of the switching noise from the DC-
DC converter into the data receiver, we could lower the
upper cutoff frequency of the band-pass filter or increase the
switching frequency. If the upper cutoff frequency is reduced,
the bandwidth and therefore the capacity of the receiver will
be reduced. On the other hand, if the switching frequency is
increased, the efficiency of the DC-DC converter will decrease
due to parasitic capacitances of the switch.

This rich design space will be approached using the fol-
lowing heuristic approach: 1) set power budget, receiver gain
and the switching frequency of the DC-DC converter; 2) select
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the upper cutoff frequency of the band-pass filter to achieve at
least A;; dB of attenuation of the switching noise; 3) find a set
of amplifiers that can deliver the desired gain and bandwidth;
4) estimate power consumption; 5) if power consumption
exceeds the power budget, reduce the receiver gain or relax
Ay and repeat the process.

To get a sense of how much gain is needed in the data
receiver, consider the scenario depicted in Fig. 1 with an
LED light with a radiated power of 5 W and a half-power
semi-angle of 30°. Using (10), the photo-current generated
in a5 cm x 1.8 cm GaAs solar cell at a distance of 2 m
is 476 pA. Approximating the solar cell’s output current at
the MPP as I,,,,,, = 0.85 x I, and considering a minimum
modulation depth of 10%, a receiver gain (including the gain
of the INA and the band-pass filter) of 60 dB will yield an
overdrive voltage at the comparator’s input of ~20 mV, which
is sufficient to trigger a low-power comparator.

Let us set the power budget for the data receiver to 174 uW
or 50% of the maximum power generated by a 5 cm x 1.8
cm GaAs solar cell under the illumination of a typical office
(400 lux). The receiver gain is set to 60 dB and the switching
frequency of the DC-DC converter to 100 kHz. Using a
second-order band-pass filter and an upper cutoff frequency
of 10 kHz yields a 40 dB attenuation for the switching noise.
The low-power INA322 instrumentation amplifier [28] and the
TLV2379 operational amplifier [29] have just enough gain-
bandwidth product to deliver a combined gain of 60 dB (40
dB from the instrumentation amplifier and 10 dB for each stage
of the second-order band-pass filter) up to a frequency of 10
kHz. At a 3.0 V supply voltage, the INA322 consumes 120 pW
and the TLV2379 consumes 24 W, resulting in a total power
consumption for the data receiver of 174 uW (including the
power consumption of the voltage reference and the low-power
comparator TLV7011 [30]). A fractional open circuit MPPT
requires three opamps (including the oscillator) [32] and if it is
implemented using low-power discrete components, a power
consumption of 40 W can be achieved. Integrated MPPT
solutions can achieve even lower power consumption [33]-
[35]. Therefore, the proposed receiver can be fully powered
by energy harvested from indoor ambient light.

Noise is another limiting factor of the data receiver and
it negatively impacts its performance. Internal noise sources,
such as electronic device noise and switching noise, are inher-
ent to the circuit operation and, although they are unavoidable,
their impact can be minimized. External or ambient noise
depends on the receiver’s surroundings and can range from
low-frequency noise from sunlight or incandescent bulbs to
high-frequency from fluorescent or LED lights. In this work
a band-pass active filter is employed to remove low and high-
frequency noise is employed.

IV. HARDWARE IMPLEMENTATION AND RESULTS

This section reports the results of several measurements
aimed at characterizing different aspects, such as frequency
response, energy harvesting and bit error rate (BER), of the
proposed power and data receiver circuit. To this end, the test
setup shown in Fig. 12 was built. The test setup consists of an
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Fig. 12. Test setup. (a) photograph; (b) schematic diagram.

LED driver, a GaAs solar cell from Alta Devices, the power
and data receiver circuit, and electronic test equipment such
as oscilloscope, power supply and waveform generators. The
test setup was placed inside a light enclosure to block ambient
noise during frequency response measurements. For all other
measurements this box was kept open. The receiver circuit
was placed inside an aluminum box to reduce electro-magnetic
interference.

The LED driver consists of a voltage-to-current converter,
which sets the current through the LED, I;.4, proportional to
the modulating input V,,,,q4 as follows:

Vmod
Rp
For the results reported here, the DC component of the

Tjcq = (16)
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modulating input is set to V,,,q = 120 mV resulting in a
radiated power of 9.3 mW. At a distance r = 32.5 cm, a
maximum power of 340 uW is generated by the solar cell,
which is equivalent to the power generated in an office setting
with an illumination of around 400 lux. The amplifiers in
the receiver circuit are powered by a Li-ion battery and a
low-power voltage regulator that regulates the battery output
voltage to 3.0 V. The LED is a high-power red LED (LXMS5-
PDO1 LUXEON Rebel) outfitted with a Fraen 9° lens with
85% transmittance. The radiant flux emitted by the LED is
proportional to its current [36]. Hence, we can write:

Pe = Tlens ' Gled . Iled (17)

where, P, is the radiant flux emitted by the LED assembly,
Tjens is the transmittance of the LED lens and G4 is a factor
that relates the LED current with its optical power and has a
value of 0.88 W/A for the chosen LED [36].

Combining (16), (17) and (10) yields:

R)\ . Gop . Crlens . Gled
REg

Iph = Vmod~ (18)

Go

Equation (18) shows that the photo-generated current I,
is directly proportional to the modulating input V,,,q. This
linear relationship allows us to measure the frequency response
of the entire optical communication system. The frequency
response of the communication system can also be analytically
modelled as follows:

pr

= GO “Hgense  Hina pr (19)

Umod
where, H;,, and Hy, are the frequency responses of the INA
and the band-pass filter, respectively. Expressions for these
frequency responses are derived in Appendices A and B.

Fig. 13 shows the modelled and the measured frequency
responses of the optical communication system for r = 32.5
cm, 6 = 0° B = 0° Rx = 0457 A/W, ay/5 = 9° and
A =5 cm x 1.8 cm. The frequency response was measured
by applying a frequency sweep to the input V,,,,4 of the LED
driver and observing the output of the band-pass filter Vj,.
Notably, the modelled and the measured frequency responses
agree fairly well demonstrating the validity of the derived
analytical model. To assess the effectiveness of the band-pass
filter at removing switching and ambient noise, the power
spectral density (PSD) at the output of the filter was measured.
For comparison, the PSD was measured with and without the
capacitors in the filter. The measured PSDs for fs, = 50
kHz and for constant illumination are shown in Fig. 14. From
the measured PSDs, the root mean square (RMS) values of
the noise at the output of the filter were calculated to be
7.769 mV,.,,,s (with the filter’s capacitors) and 15.892 mV,.,,,s
(without the filter’s capacitors). Hence, the filter is effective at
removing switching and ambient noise.

To characterize the energy harvesting performance of the
proposed circuit, the output voltage of the DC-DC converter
Vour was measured while the duty cycle (p) of the clock
signal ¢ was varied. This procedure was repeated for different
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Fig. 13. Modelled and measured frequency response of the optical commu-
nication system.
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Fig. 14. Measured PSD at the output of the band-pass filter (AC coupled).
The PSD was measured with the Agilent 35670A signal analyzer.

frequencies of the clock signal. Fig. 15 shows the results
of this characterization. As it can be seen from the figure,
lowering the clock’s frequency results in a higher output
voltage and hence a higher power delivered to the load. The
conversion efficiency of the DC-DC converter, defined as the
maximum power delivered to the load over the maximum
power generated by the solar cell, is 67% for fg,, = 50 kHz,
56.4% for fs, = 100 kHz and 42% for fs, = 200 kHz.
The conversion efficiency decreases as the clock frequency
increases due to frequency-dependent losses in the MOSFET
switch. The efficiency of the DC-DC converter can be further
improved by using an active diode [37] instead of the Schottky
diode and decreasing the size of the current-sense resistor.
Finally, a measurement to characterize the BER of an
optical communication system using the proposed solar cell-
based receiver was carried out. For this experiment, a 20-
tap linear feedback register was employed to generate a long
pseudo-random bit sequence. Each bit of this sequence was
Manchester encoded such that a logic 1 bit was encoded with
a low-to-high transition and a logic 0 bit was encoded with
a high-to-low transition. This ensures periodical transitions
in the signal, preventing the receiver from miss-identifying
a long string of identical bits with a DC offset. The resulting
waveform was scaled to match the input range of the LED
driver and loaded to the waveform generator whose output is
connected to the modulating input, V,,,,4, of the LED driver.
At the receiver end, the output of the band-pass filter, V;,,
and the output of the comparator, V,,,, were recorded with
an oscilloscope. Fig. 16 shows a portion of these waveforms.
The recorded V;,,q and V,,, waveforms were compared
using a personal computer to determine the BER. The BER
was measured for 105 transmitted bits and for different values
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Fig. 15. Measured output voltage of DC-DC converter as a function of the
clock’s frequency and duty cycle p.
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Fig. 16. Measured waveforms when the LED optical output power is
modulated with a pseudo-random bit sequence encoded with a Manchester
code. Vi0q is the modulating input, Vy,;, is the output of the band-pass filter
(AC coupled) and Vimyp is the output of the comparator.

of the clock frequency fs,, the bit duration T3;; and the
modulation depth m. The modulation depth is defined here
as the ratio between the amplitude of the transmitted bits and
the modulating input when no bits are transmitted (V;,,04). For
instance, the bit amplitude of the transmitted waveform in Fig.
16 is 40 mV, thus, it has a modulation depth of 33%. Fig. 17
shows the measured BER for T3;; = 100 us (17(a)) and for
Tyie = 400 ps (17(b)). Notably, the BER is reduced as fs,,
increases due to the switching noise filtering action of the
band-pass filter. For instance, for 73;; = 100 us (equivalent
to a transmission speed of 10 kbps), fs,w = 200 kHz and
m = 33%, a BER of 5.066 x 1072 is achieved. If T};; is
increased to 400 us (equivalent to a transmission speed of 2.5
kbps), this BER decreases to 3.445 x 1073, which is within
the reach of error-correcting codes [38]. On the other hand, if
m is increased to 50%, the BER falls to 1.008 x 10~3. This
result shows that to improve the BER, the transmission speed
should be reduced (73;; increased) or the modulation depth
should be increased.

As the modulation depth is increased, the average optical
power transmitted to the solar cell and the average power
delivered to the load decreases. The measured average output
voltage of the DC-DC converter for different clock frequencies
is shown in Fig. 18. This result highlights another trade-off in
the proposed power and data receiver circuit, namely, BER
performance is traded with how much power is delivered to
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Fig. 17. Measured BER for different values of modulation depth and
switching frequency. (a) Tp;¢ = 100 ws; (b) Tp;+ = 400 us.

the load. If the target application cannot tolerate a decrease
in harvested power, the BER can still be improved by de-
creasing the transmission speed (increasing Tp;;). It is worth
noting that the speed performance of the proposed receiver is
fundamentally limited by the low-power constraint imposed
by the target environment, a typical office of home scenario
where only a few hundred W can be harvested. Due to their
low-power consumption, the amplifiers employed also have
low gain-bandwidth products and are not able to amplify fast-
changing signals.
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Fig. 18. Measured output voltage of the DC-DC converter as a function of
the modulation depth and the clock frequency.

To increase the transmission speed, the bandwidth of the
band-pass filter has to be increased. For Manchester coding,
the upper cut-off frequency of the filter, fz7, should be selected
as 1.5 x (bit rate) [39]. Furthermore, to achieve sufficient
attenuation of the switching noise: fg = fsw/5. Hence,
bit rate = fs,,/7.5. On the other hand, as fy, increases, the
maximum output voltage of the DC-DC converter, V,,; (and
consequently its output power P,,; = Vfut /Rioaq) decreases
(see Fig. 15). The trade-off between the maximum harvested
power, Pyt (max), and transmission speed is illustrated in Fig.
19, where P,y; (maz) Was measured for fg,, ranging from 10
kHz to 300 kHz.
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Fig. 19. Illustration of trade-off between the maximum harvested power and
transmission speed (bit rate).

The figure also shows the following fitted model:

Pout (maz) = p1(logo(bit ra‘te))2 + pa logy o (bit rate) + p3

(20
where, p1 = —7.972 x 107°, p, = 5.171 x 107* and
p3 = —5.826 x 10~*. This model shows that decreasing the bit
rate below 3 kpbs does not result in a significant improvement
of the maximum harvested power. It should be noted that in
order to increase the bit rate above approximately 13 kbps,
opamps with larger gain-bandwidth products and consequently
higher power consumption, such as the TLV9042, will be
needed to implement the band-pass filter. This opamp change
would increase the power consumption of the receiver by
approximately 36 pW.

V. CONCLUSION

A circuit solution for simultaneous reception of optical
power and data using a solar cell has been presented. This
solution employs a switched-inductor boost DC-DC converter
for power harvesting and a thresholding receiver for data
reception. It was shown that if a solar cell is loaded with a DC-
DC converter, the cell’s output current has a wider frequency
response than its voltage. Hence, in the proposed received
a current-sense resistor was used to monitor the output cur-
rent of the solar cell. A system-level analysis of an optical
communication system employing the solar cell receiver was
also presented along with a circuit-level design methodology
and analysis. A prototype of the proposed solution was built
using off-the-shelf discrete components for rapid prototyping.
The prototype employed a GaAs solar cell and an LED light
source and was used to assess the performance of the proposed
power and data receiver circuit. Performance was assessed
for harvested power, electronic noise and BER. Measurement
results revealed that the proposed solution exhibits a trade-off
between harvested power, transmission speed and BER. For
instance, to optimize harvested power, low clock frequencies
and low modulation depths must be employed. However,
low clock frequencies and low modulation depths result in
low signal-to-noise ratios and therefore in increased BER.
Ultimately, it is the target application that will dictate which
performance aspects should be maximized.
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APPENDIX A
INSTRUMENTATION AMPLIFIER

The INA322 is a three-opamp instrumentation amplifier as
shown in Fig. 20 [28].

Ry Ry

160 ket 40 ke 40 ket

Vout
vin Ai(s)

Vin+
Fig. 20. Small-signal equivalent circuit of instrumentation amplifier.

From this circuit, the following transfer function H;,, =
Vout/ (Vin+ — Vin—) can be derived:

2(5 + 4Ai(s)) (5 + AZ(S)) Ri+ Ry + RlAi(S)

2D
where, A;(s) is the transfer function of the internal opamps.
For the INA322, these opamps are estimated to have a DC
gain and a gain-bandwidth product of 100 dB and 700 kHz,
respectively.

Hina =

APPENDIX B
BAND-PASS FILTER

The filter employed in this work is an active continuous-
time second-order filter as shown in Fig. 21.

Hyp Hypo
A Al

Uout

Fig. 21. Small-signal equivalent circuit of the second-order active band-pass
filter.

The transfer function of this filter is Hy, = Hy,1 X Hpypo,
where Hy,; and Hy,o are the transfer functions of each filter
stage and are given by:

—As(s)(Bip || 1/5Cp)

prl = pr2 =

Here, A (s) is the transfer function of the opamps employed
to build the band-pass filter. For the TLV379 opamp, the DC
gain is 120 dB and the gain-bandwidth product is 100 kHz
[29].

(1+ Af<s)>(th + 1/Schp) + Rip [ 1/?202%1
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