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Abstract—This study discusses the design process of a novel
fully autonomous ultra-low power hybrid RF/photovoltaic energy
harvesting system. As a result of the simulated and measured
relationship between the output voltage of the rectifier and
the load resistance value, the optimal rectifier topology and
the charge tank capacitor value are analytically determined.
One proof-of-concept designed and fabricated rectifier prototype
exhibits the peak and average RF-dc conversion efficiency of
24.0% and 17.6% while charging a charge tank capacitor with
-20 dBm of RF power. Similarly, a photovoltaic powered dc-
dc converter circuit which requires the minimum power of
59 nW and operates under the low light irradiation of 3 Ix
(440 nW/cmz) is designed and features the capability of
successfully charging the output capacitor up to more than 2.4
V with the output power of 643 nW from -20 dBm of RF input
power. The proposed system can generate net positive output
power from -25.0 dBm of RF input power.

Index Terms—Energy harvesting, RF, IoT, hybrid system, solar,
organic, photovoltaic, inkjet printing, sensor, power management

I. INTRODUCTION

These days, the desire for a smart society that utilizes
technologies such as large-scale sensor networks and the
Internet of Things (IoT) is strengthening. One of the most
pressing issues is the lack of sustainable power supplies that
could enable the autonomous operation of these sensors and
devices (mote). Conventional autonomous devices heavily rely
on primary batteries which need replacement after a while,
and the cost of replacing batteries increases significantly
as the number of sensor devices increases. To avoid this
maintenance cost issue and achieve completely self-sustainable
low-cost ubiquitous systems for the IoT and smart cities,
research communities have devoted a considerable interest in
ambient energy harvesting technologies. Among the ambient
energy sources, RF energy is a highly attractive energy source
because of its almost ubiquitous availability, especially in
urban areas, and the low cost and size of transducers [1].
However, compared to the energy density of other energy
sources, that of RF energy is typically very low, so RF
energy harvesters cannot directly drive devices that require
relatively high power and voltage such as micro-controllers,
especially from a cold-start condition. Since low energy den-
sity also causes low RF-dc conversion efficiency, RF energy
harvesting is even more challenging to be practically exploited.
To overcome these challenges, Gudan et al. have reported
an ultra-low required power energy harvesting and charging
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system utilizing long-term duty cycling and self-resonance
type Armstrong oscillator [2] minimizing the required power
and voltage for the effective operation of autonomous systems.
However, the dc-dc conversion efficiency is still relatively low
because of inevitable loss associated with the use of Armstrong
oscillators. The bottleneck to use more efficient oscillators for
the dc-dc converters is the operation voltage of the oscillator
ICs, which is typically more than 1V that RF-dc converter
circuits cannot generate with RF input power below —20 dBm,
which is a typical value for ambient RF energy harvesting,
especially at operation frequencies more than 1 GHz. However,
this challenge can be easily addressed by combining other
ambient energy sources such as photovoltaic (PV) even under
room light or darkroom irradiation conditions. Several works
have reported the use of hybrid RF/solar energy harvesters
in a system. As an example, Niotaki et al. have reported on
a hybrid RF/solar energy harvester, which can significantly
increase the total available power in a system [3]. However,
for ambient RF energy harvesting applications, a typical off-
the-shelf solar cell can easily generate more than -10 dBm
of dc power even under relatively low room light irradiation
condition (100 uW - cm~2) and dominates the total dc power
generation in the hybrid RF/solar energy harvesting system
[3]. Although, with even lower irradiance levels such as
the ones found in darkroom (ca. below 10uW - cm™2), the
energy conversion efficiency of a photovoltaic device becomes
limited by increased power losses that arise as the value
of the devices shunt resistance becomes comparable to that
of the characteristic resistance of the cell. The available dc
power from a solar cell linearly decreases with respect to the
light intensity. On the other hand, open voltage of a solar
cell decreases linearly with respect to the logarithmic scale
reduction of the light intensity [4], [S]. These imply that a solar
cell can provide sufficiently high voltage while output power
is very limited under a low-light level operation. Therefore, a
solar cell is better to be used as a voltage source to operate
a extremely low-power-required power management circuit to
convert the energy from an RF-dc conversion circuit, which is
a main energy source in the system, into high voltage usable
form increasing the RF sensitivity of the system. Also, both
RF and solar energy harvesters as well as fundamental circuit
components such as antenna are well compatible with inkjet
printing technology, which is the key enabler of low-cost IoT
device fabrication [6]—[8].



In this paper, an ultra-low power hybrid RF solar energy
harvesting system utilizing Texas Instruments TPL5100 nano-
timer and Silicon Labs TS3001 oscillator ICs. The PV-powered
timer, which consumes power below 50nW, generates short
duration pulse signals with operation frequency below 0.1 Hz
to trigger the operation of a relatively high-power and fre-
quency (1 to 5uW at 5 to 90kHz oscillation frequency)
oscillator to minimize the power consumption of entire system.
This low required energy allows the operation of the system
even under extremely low light irradiation condition without
having the issue of cold start. Fig. 1 depicts the block diagram
of the system. Expected RF input power level is —20 dBm at
2.4 GHz ISM band.
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Fig. 1. Block diagram of the proposed hybrid RF/PV powered energy
harvesting system.

II. SELECTION OF RECTIFIER TOPOLOGY AND CHARGE
TANK CAPACITOR VALUE

There are several rectifier topologies available which exhibit
different maximum RF-dc conversion efficiency, optimum load
resistance, and open voltage values. This research compares
the performance of a series rectifier, a one-stage and a two-
stage voltage multiplier to select the optimal RF-dc conversion
circuit topology, which exhibits the highest RF-dc conversion
efficiency, and charge tank capacitor value for long-term
duty cycling through simulation and analytical estimation.
In the proof-of-concept simulation with Keysight Advanced
Design System (ADS), Avago HSMS285 Schottky diode and
0.5mm thick Rogers RO4003 substrate were utilized. For
impedance matching, a radial stub with optimized length (S}),
distance from the anode of the diode (Sp), and the stub
angle (S4) was utilized. The microstrip line width and the
width of stub input line is 1.15 mm making the characteristic
impedance of the lines to be 502. Table I summarizes
the results of simulation. As a clear trend, the peak RF-dc
conversion efficiency decreases and the open voltage increases
as the number of diodes increases. To maximize the energy
available in a capacitor within a specific time period, the
transient behavior of the charging of the capacitor needs to
be simulated. However, since the RF-dc conversion circuit
is a load resistance dependent power supply, the charging of
the capacitor, which changes its equivalent impedance value
continuously while charging, cannot be simply modeled with
well known capacitor charging models with a perfect voltage
or current source. Similarly, in ADS transient simulation, from
Shannon’s sampling theorem, the time step needs to be at
least 0.2ns to express 2.5 GHz signals making practically

impossible to simulate the behavior of the capacitor for a
time period more than 1s because of the simulation time
and the memory requirement, especially with a varied charge
tank capacitance value. On the other hand, the steady state
voltage at each given load resistance value can be immediately
simulated from harmonic balance simulation in ADS. From
Ohm’s law and the definition of current in a capacitor, the
capacitor impedance variation over the time can be expressed
as shown in equation (1) where V' (t), Z(t), and C are the
output voltage, load resistance, and charge tank capacitance,
respectively. From the relationship between the output voltage
and the load resistance, the slope of voltage for each given load
resistance (%) can be easily calculated. If the output voltage,
load resistance and the slope of the voltage at ¢ = 0 are
given as initial conditions, the capacitor impedance and voltage
variation over the time can be numerically calculated utilizing
equation (1). Once the output voltage at each time step is
determined, the energy stored in the capacitor (F = %CVQ)
can be also easily calculated. Practically, the output voltage
of the rectifier cannot be measured continuously changing
load resistance, and the relationship is typically calculated at
discrete data points. Therefore, without loss of generality, the
measured output voltage and its relationship with the load is
approximately expressed as closed form equations shown as
equation (2) where p1, po, and ¢, are arbitrary constant terms
derived through MATLAB polynomial fitting function. Fig. 2
shows the average RF-dc conversion efficiency (1qvg = g)
for every rectifier topology with varied capacitance value at
selectable operation time period (¢,) of TPL5100 timer; 16,
32, and 64s. From Fig. 2, the series type rectifier exhibits
the highest average conversion efficiency with the optimal
capacitance. Regarding the timer operation time periods and
capacitance value, the use of long time periods, which requires
larger capacitance to maximize the efficiency, reduces the
power consumption of the oscillator. However, the use of larger
capacitor causes a higher leakage current loss. Therefore, this
research adopted ¢, of 16s and a 2mI capacitor to minimize
capacitor leakage loss.

TABLE I
RECTIFIER PERFORMANCE COMPARISON

Topology | No. of diodes ‘ Peak eff (%) ‘ Avg eff (%) ‘ Open voltage (V)
Series 1 21.9 17.3 0.21
One 2 16.7 133 0.29
Two 4 10.2 8.2 0.35
V. dV  _dvdZ dZ V() 1
=72=%4=%za a~z20cZzw
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Based on the analysis, a series type rectifier was fabricated
as depicted in Fig. 3(a). For this prototype, Sz, Sp, and S4 are
17.6 mm, 13.2mm, and 80.3°, respectively. Fig. 3 (b) shows
simulated and measured output voltage with respect to load
resistance, and the curve fitting from the measurement is also
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Fig. 2. Comparison of average RF-dc conversion efficiency with respect to
the charge tank capacitance values and different timer operation periods with
a series rectifier, a one-, and a two-stage voltage multiplier.

depicted, and they have a good agreement. Fig. 3 (c) is the
measured and estimated 2 mF capacitor voltage with at each
time while charging with the fabricated rectifier prototype with
—20dBm RF input power. The measurement and estimation
exhibits a good agreement proving the accuracy of the estima-
tion model. The peak and average RF-dc conversion efficiency
are 24.0 % and 17.6 % with 2 mF capacitor and ¢, of 16 s from
the measurements of the rectifier prototype.

III. DC-DC CONVERSION CIRCUIT DESIGN AND
CHARACTERIZATION

Since the output voltage from the rectifier is too low to
directly drive practical ICs, a dc-dc boost converter circuit
is required. From preliminary measurements, the TPL5100
timer requires 1.5V, which is the highest required voltage in
the system, to start the operation. Therefore, the goal of this
study is to generate more than 1.5V from a dc-dc converter.
Fig. 4 shows a typical dc-dc converter circuit topology, which
is composed of a charge tank capacitor (C}), an inductor (L),
an N-MOSFET (@), a Schottky diode (D;), and an output
capacitor (Cy,;). The gate terminal of the FET is triggered by
the TS3001 oscillator. The selection of each component and
of the oscillation frequency is very important to maximize dc-
dc conversion efficiency. The aggregated power loss (Pjyss)
in the circuit is the summation of the control (P,.;;), con-
duction (P.onq), and switching (Ps,,) losses [9]. Therefore,
P,, = Prpgc — Pioss where P,, is available power from
the system and Prpg. is the average power of the RF-dc
conversion circuit. The control loss, which is the minimum
required power to operate the system, is associated with the
power consumption of the timer and the oscillator ICs. To min-
imize the oscillator power consumption without degrading the
performance of the dc-dc converter, the operation frequency
was selected to be 10 kHz [9]. Table II summarizes measured
current consumption and operation time of each IC with in
t, of 16s. TPL5100 timer IC has the fixed MOSFET switch
drive time of 31.25ms which limits the operation time of the
oscillator. However, a decoupling capacitor (C) connected to
the Vdd of the oscillator circuit can extends the operation
time of the oscillator. With the datasheet recommended value
of 0.1 uF sustain the operation of the oscillator for extra 30 ms
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Fig. 3. (a) Series rectifier prototype. (b) Measured, simulated, and curve fitted
output voltage of the recfier with a varied load resistance. (¢) Measured and
estimated 2mF capacitor voltage while charging with respect to time.
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Fig. 4. Circuit schematic of a dc-dc boost converter.

making the total operation time to be about 60 ms with 1.5V
input voltage. The minimum P,;,; is 59nW, which is an
ultra low value that is another goal that needs to be achieved
to realize positive available power. Regarding other compo-
nents, Avago HSMS282 Schottky diode, Vishay Si2302CDS
N-MOSFET, and Murata 19R104C (100 uF) inductor were
chosen to minimize P.,,q and Ps,,.



TABLE 1T
COMPONENTS OF DC-DC CONVERTER

Component | Part no. [ Operation time [ Current
Continuous
Timer | TPL5100 (31.25ms palnderiy
MOSFET drive time) : ’
1.34uA @1.0V
Oscillator TS3001 60ms @1.5V 1.8uA @1.5V
2.4pA @1.8V
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Fig. 5. (a) Operation test of the dc-dc converter prototype in a darkroom. (b)

Measured output voltage from the dc-dc converter, the rectifier, the timer, and
the PV during operation test.

IV. SELECTION OF PV CELL AND OPERATION TEST

Since the control system requires only 59nW of power
to operate, the output voltage, instead of the output power,
under low light irradiation is a key factor of the selection
of a PV cell. Therefore, Panasonic AM-5610CAR 25 mm by
20 mm amorphous silicon solar cell which exhibits 5.1 V open
voltage under 1 sun irradiation was selected. As depicted in
Fig. 5 (b) the PV cell, which can be mounted on a 2.4 GHz
patch antenna, exhibits 1.9V of open voltage which supports
the operation of the system under 3lx = 440nW - cm 2
irradiation, which is 102 and 10* times weaker than office
lighting and direct sunlight, respectively. 3.41x is dark limit
of civil twilight under a clear sky, so 31x light irradiation is
considered as night time. Fig. 5 (c) shows the output voltage
from the dc-dc converter, the rectifier, the timer, and the
PV cell during operation under these darkroom irradiation
conditions for —20dBm ambient RF input power. The dc-
dc converter successfully charges 100 uEF capacitor to more
than 2.4V within 450s with the dc-dc conversion efficiency
of 38 % and the maximum output voltage reaches to 3 V. The
average system output power is 643 nW which is 10.9 times
higher than the minimum required system power.

V. CONCLUSION

In this paper, the design process of a novel fully autonomous
ultra-low power hybrid RF/PV energy harvesting system was
discussed. Based on the simulated and the measured rela-
tionship between the output voltage of the rectifier and the
load resistance value, the optimal rectifier topology and the
charge tank capacitor value were analytically determined. The
rectifier exhibited the peak and average RF-dc conversion
efficiency value of 24.0% and 17.6 % for a 2mF capacitor
and t, of 16s from the measurements. Similarly, the PV
powered dc-dc converter circuit which requires a minimum
of 59nW and operates effectively even under the extremely
low light irradiation of 31x was designed and capable to
successfully charge the output capacitor, and the net positive
output power with output voltage of 1.5V was confirmed from
-25.0 dBm of RF input power which is 4 dB and 9.4 dB lower
than state-of-the-art autonomous RF energy harvester [2] and
hybrid RF/solar energy harvester [10], respectively. This can
be applied for such as autonomous indoor structural health
monitoring.
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