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Abstract— We describe a radio frequency (RF) energy
harvester and power management circuit that trickle charges a
battery from incident power levels as low as -20dBm. We
designed the harvester for the 2.4 GHz RF band to leverage the
ubiquity of energy that is produced by Wi-Fi, Bluetooth, and
other devices. This paper reports on the design and current
status of the harvester and compares our performance to other
published results. In this incident power regime, rectified
voltages are low, so power management circuit operation in the
100mV regime is critical. This paper describes a novel
rectenna design, boost converter, and battery charger for RF
energy harvesting specifically tuned to this low-power regime.
At -20dBm RF input power, the harvesting system (rectenna,
boost converter, and battery charger) sources 5.8µJ into a
rechargeable battery after 1 hour.
Keywords—RF Energy Harvesting, Rectenna, Low-Power,
Boost Converter, Low-Power Battery Charger

I.
INTRODUCTION
The Internet of Things is an application area with large
commercial potential as well as significant technical
challenges. A recent estimate is that trillions of new sensors
will be needed by 2020 [1]. An example application is the
monitoring and control of heating, ventilating and air
conditioning (HVAC) systems at the level of individual
workers.
In one case, continuous capture and
communication of temperature, light level and humidity
allowed for fine control of environmental conditions that
improved worker comfort and efficiency and reduced energy
costs by 24% [2]. Fully deploying this approach for every
office worker would require hundreds of millions of sensors.
Providing power to wireless sensors is typically
addressed with onboard batteries. This is acceptable for
small scale deployments where a handful of sensors can be
regularly serviced by a technician. However, for large
commercial applications in retail stores, for which there
might be hundreds of sensors per location, this maintenance
quickly becomes untenable. Energy harvesting is an obvious
solution.
We are investigating the harvesting of RF energy from
the 2.4 GHz industrial, scientific and medical (ISM) band in
which IEEE 802.11 Wi-Fi operates. Recent work has shown
that Wi-Fi energy is abundant in a typical office
environment, although at low power levels, e.g. yielding
below -20dBm at the feedpoint of a half-wavelength, 6dBi
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gain patch antenna [3]. Harvesting energy from ambient WiFi has been the subject of several recent investigations [4-7].
The typical solution includes rectification of the RF power
incident on an antenna into DC charge on a capacitor.
Provided that power can be harvested at a rate greater than
the leakage of the capacitor, eventually enough energy will
be accumulated to do useful work. A particular challenge of
harvesting at low power levels is the fact that the rectified
energy is both power limited as well as voltage limited. This
voltage limitation is significant because there is typically
some minimum start-up voltage exceeding 700-800mV for
running meaningful digital circuitry, with typical commercial
microprocessors requiring as much as 1.8V. An added
challenge in the WiFi harvesting case is the bursty nature of
Wi-Fi transmissions. While a typical transmission may
include millisecond-duration high energy pulses at some
interval that can be stored in a capacitor, the stored energy
may be consumed by circuit leakage in between bursts.
We present an approach for storing RF energy into a
battery by adding a boost converter and battery charging
circuit to the output of an RF rectifier optimized for input
power levels below -20dBm, where rectified voltages from a
typical Schottky voltage doubler are below 100mV. The
battery is slowly trickle charged by transferring the charge in
the capacitor to a rechargeable battery. Since the battery has
a much lower self-discharge rate than a capacitor, it can
provide energy for sensor computation and wireless
communication on a duty cycle commensurate with the rate
at which the energy is harvested. In many cases, such as
temperature readings for monitoring HVAC performance,
one sensor reading and wireless transmission every few
minutes is more than enough for applications like
individualized HVAC control.
The technical challenges in our design are in three areas:
(1) rectifying the incident RF power into DC current to
charge a capacitor, (2) boosting the voltage stored on the
capacitor from the sub-100mV range to a useable level, and
(3) transferring that energy into a rechargeable battery. The
performance of the initial rectification step determines the
overall utility of the system. The lower the power level we
can harvest, the more commercial applications we can
enable. The results in this paper that show we can source
5.8µJ into a rechargeable battery after one hour with only 20dBm RF input power.
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II. OVERVIEW OF AN RF ENERGY HARVESTING SYSTEM
The proposed RF energy harvesting system may be
thought of in terms of four key blocks, as shown in Fig. 1.
The antenna and RF rectifier are often combined together to
form a rectenna. A critical feature of the third component,
the boost converter, is cold startup at ultra-low input
voltages, while maintaining high efficiency at useful output
voltages (potentially a high boost factor). Finally, an energy
reservoir such as a battery, large capacitor, or supercapacitor
is needed to accumulate energy from the incoming RF
sources until enough energy is available to run a meaningful
load.
A. Rectenna Design
The antenna, RF matching network, and rectifier are codesigned such that as much of the ambient RF energy as
possible is captured by the rectenna and converted to DC
energy. The antenna design used for this research is a duallinear polarized wideband probe fed air dielectric circular
patch antenna. It is composed of two layers of double-sided
printed circuit substrate. The front PCB carries the circular
patch itself, implemented on the top and bottom layers of the
front PCB. The back PCB serves as the ground plane for the
patch antenna and also carries dual RF rectifiers, one for
each polarization. The back PCB also carries the DC power
management circuitry. The circular patch itself is 59mm
diameter on a 100mm2 board. The boards are separated by
5mm aluminum spacers, which serve as probe feeds to the
air dielectric patch. An advantage of this antenna design is
that both horizontal and vertical polarized energy is captured
by a single antenna and made available to two rectifiers
without the power combining loss typical of a single
feedpoint, circularly polarized antenna. Another advantage
of the probe-fed design is that the center of the patch is at
DC ground to minimize electrostatic discharge (ESD)
damage to the fragile RF diodes. The antenna was designed
using AWR® Microwave Office® software and fabricated on
0.031" thick, double sided Rogers 4003™ substrate material.
The matching circuits and rectifier schematic design is
shown in Fig. 2.
The other key portion of the rectenna is the rectifying
diodes. The Avago™ HSMS-286C RF detector diodes were
selected for this key component because of their low junction
capacitance and relatively low video resistance, yielding
better efficiency than other diodes we considered. The
diodes were employed in the single stage voltage doubler
configuration, with separate rectifiers on each of the two
feedpoints of the antenna. Microstrip matching networks
were employed instead of lumped L- and C-elements to
maximize element Q. A picture of the rectenna, and the
complete energy harvesting design, is shown in Fig. 3.

Fig. 2. Rectifier matching circuits and schematic design

Dickson charge-pump and other styles of voltage
mulitplying diode ladder circuits are sometimes used in
rectennas to produce higher output voltage levels from the
RF-DC rectification [6,8,9]. The concept is straightforward:
using capacitors and diodes aligned together, the voltage is
multiplied with each "rung" of the ladder. Unfortunately in
reality those capacitors and diodes are not ideal circuit
elements. The diode capacitance tends to shunt out the
incremental rectified voltage, particularly at microwave
frequencies such as the 2.4GHz we are targeting. Also, the
diodes have non-ideal IV curves that include limited oncurrent near the threshold voltage. The end result is that
rectifier efficiency is a nonlinear function of the applied RF
input power. While harvester efficiency of over 80% may be
obtained in the 2.4GHz band at high input power (e.g. over
0dBm), efficiencies in the low input power regime,
particularly below -20dBm input power, are typically in the
single digits.

(a)

(b)

(c)
Fig. 3. (a) Dual-linear polarized antenna used in this research. (b) Energy
harvesting circuits on backside of antenna, including the rectifier, DC-DC
boost converter, and battery charger. (c) Side view of the assembly.

Fig. 1. Block Diagram of an RF Energy Harvesting System
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Fig. 5. Example Boost Converter Schematic

The DC-DC boost converter in this paper improves upon
previous work in JFET-based boost converters [12] by
applying a negative voltage into the booster, and switching
the current through the transformer via a p-channel JFET.
This results in a positively-biased boosted voltage output. A
schematic is shown in Fig. 5.
Fig. 4. Simulated power vs. output voltage for multiple rectifier stages

Experimental results obtained for a single- and multistage rectifiers suggest that at input RF power level below 25dBm, the single stage rectifier produces the greatest output
voltage (see Fig. 4). Hence, we have selected a single-stage
rectifier specifically to target the greatest efficiency in the
lowest power domain.
The output capacitor of the rectifier circuit is of critical
importance, and a corresponding capacitor selection
procedure is explained in [10]. If the capacitor is too small,
then potential energy is wasted, while if the capacitor is too
large, then capacitor leakage current will dominate and the
capacitor's terminal voltage will not rise to the harvester's
open circuit voltage as expected.
B. DC-DC Boost Converter Design
A common design approach to the boost converter is the
non-resonant inductor-based boost converter shown in [11].
In this type of DC-DC converter, a switched node draws
current into the inductor from the rectifier, so that when the
switch opens, voltage builds in the inductor, forward-biases a
diode, and is stored at a higher voltage in the output
capacitor. In this design, high efficiency can be achieved if
low loss diodes and switching transistors are available, and if
the inductor size and switching frequency are carefully
selected based on the amount of incoming energy. A major
liability of this approach is the control signal for driving the
switching transistor (in that case, the gate node of a
MOSFET). In [11], the power for the MOSFET gate drive
comes from an external power supply, not the rectified RF,
so it is not a fully self-powered system.
An alternative approach is described in [12]. This
approach uses a self-resonant transformer based DC-DC
converter driven via a JFET. This booster is both selfstarting and self-oscillating, and does not require externally
supplied oscillator power supply as in [11]. Because JFETs
can be chosen to have significant conductance near 0V VDS,
JFET based boost converters can cold start at voltages on the
order of 40-50mV.

Our design uses the Coilcraft LPR6235 transformer with
1:20 turns ratio, and the MMBF5462 p-channel JFET. The
input capacitor shown in Fig. 4 is connected in parallel with
the rectenna's DC output. The output capacitor shown can
also serve as the charger input capacitor. The relative values
of the capacitors need to be selected so that conservation of
energy holds, because too small an output capacitor will lose
energy, but a too large one will result in limited boosted
voltage output. A 1000:1 ratio of capacitances is a good
"rule of thumb" to apply in the case where the voltage
multiplication factor is around 33 (40mV input yields 1.3V
output). In order to start the boost converter, it is necessary
to allow at least 40-50mV to build up across the input
capacitor before adding the boost converter load. A
pushbutton switch is an easy, though inelegant way, of
meeting this need. In future work a dedicated circuit element
will be added to replace the pushbutton.
C. Battery Charger Design
As stated in Section I, long term energy storage is
essential for bridging the quiescent energy input periods a
wirelessly powered device is likely to encounter with bursty
RF signals. The long term energy storage device can be a
very low self-discharge capacitor, rechargeable battery, or
some other energy storage device. The purpose here is to
accumulate low levels of input energy into the long-term
storage element, build up a sufficient supply of energy for
sensing, as well as to store enough energy to carry on sensing
during the inevitable "dark" periods (lack of input RF
energy). For the purposes of this work, we have chosen a
rechargeable battery.
There are multiple chemistries of rechargeable batteries
to choose from. Because of their high energy density, the
most common for electronic components is a variant of
lithium-polymer or lithium-ion. However, lithium batteries
require a 4.2V charging voltage and discharge between 3.64.0V. In the targeted energy regime of this paper, where
voltages are commonly less than 2V, lithium batteries are not
ideal, because energy is lost both on boosting up to their
terminal voltage, as well as regulating back down (assuming
the sensor electronics are running at a nominal 1.8V or even
lower) for the load. Instead, this paper focuses on the NiMH
rechargeable battery chemistry. NiMH batteries discharge at
1.5V, and can be trickle-charged indefinitely, without
concern for overcurrent or overcharging, at around 2.3V. A
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charging system designed for NiMH batteries is therefore
more efficient than lithium under these low-power operating
conditions.
Because of the special needs of this circuit, the battery
charger can be a simplified, custom design. We assume that
our input energy is limited (WiFi harvesting), so that the
battery is not at risk of charging at a rate greater than one
tenth of its capacity in mAh (called the C/10 rate). With a
small 1.8mAh button-cell-like battery, this means our
charging current must always be less than 180uA/hour,
which will always be the case. So an array of transistors are
employed to allow for the boost converter to build up the
voltage to the charging circuit, then gate that energy into the
battery, and cycle it all over again. A sample schematic is
shown in Fig. 6.
The pair of diodes into the first transistor can be sized to
ensure an appropriate voltage buildup after the boost
converter. The diode in series with the charging path
prevents back current from the battery into the chargedetection circuitry. The final MOSFET connects the battery
ground to the charger ground, thus allowing current flow into
the battery.
III.

Fig. 7. S11 plot of the rectenna relative to frequency at -20dBm input
power level.

RESULTS

A. Rectenna
The rectenna was tuned to about 2.42GHz (Fig. 7), and
performance results are shown in Fig. 8. For our initial tests,
the transmitting energy source is a continuous wave RF
signal at 2420MHz adjusted between -25dBm and -5dBm.
The transmit antenna is an omni-directional monopole
ground-plane antenna. The rectenna under test is 550mm
away from the transmit antenna. Because the environment
contains significant multipath reflections, the free space
(Friis) model does not accurately predict the available energy
at any given point in the environment. Instead, a separate Lcom® RE09P +8dBi patch antenna was connected to a
spectrum analyzer for the RF input power measurement and
substituted for the rectenna to measure the available power at
each power setting. The transmitting antenna and rectenna
receiver were aligned on boresight.

Fig. 8. Open circuit voltage results of the rectenna at 2420MHz. RF input
power is measured with a separate antenna feeding a spectrum analyzer,
substituted for the rectenna at each input power level.

Fig. 9 shows a comparison of the rectenna performance of
this work compared with the results of other research
harvesters in the 2.4GHz frequency band. Note that in
particular, this research focuses on the lower, more
challenging, RF input energy levels. Higher rectenna output
voltage based on lower RF input levels is preferred, to
simplify the role of the booster, which sets up the energy into
the charger.

Fig. 6. Example Battery Charger Schematic
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Fig. 9. Rectenna performance comparison with other work at 2.4GHz.

B. DC-DC Boost Converter
Boost converter results are shown in Fig. 10. Boost
regulator data from [12] is shown in the same figure for a
comparison. This data was taken using a precision DC input
power source, not from the RF harvester. Boost results from
RF are somewhat lower because of the higher impedance
input source. Boosting input voltage from less than 200mV
to over 2V is ideal for the battery charging stage.
C. Battery Charger
The results of testing the battery charger are shown in
Table I after approximately 1 minute of harvesting.

Fig. 11. Logged traces of the battery charger working under RF energy
harvesting. Each pulse is about 10msec in duration. About 2µJ of energy
is stored in this capture.

To measure the battery charging efficiency, the input
energy, charger control voltage, and the actual battery levels
were digitized and logged using a National Instruments™
9223 high speed ADC. Fig. 11 shows a sample test log. The
top trace is the battery voltage, and charge pulses can easily
be seen. The second trace is the gate control to the first
transistor. The third trace is a measure of voltage into a
current sense resistor. The final trace is a measure of the
power driven into the battery; the peaks are about 10msec in
duration, and are summed to account for total stored energy
(2µJ are stored in this particular capture). A SciLab script,
run on the ADC log data, was used to compute these values.

Fig. 10. Boost converter results with DC input for this work, compared
against [12].

BATTERY CHARGER RESULTS

TABLE I.

Charger Input
Energy (nJ)

Energy Charged
into Battery (nJ)
over 1 minute

Battery
Charging
Efficiency %

150

97

65

-19.1

569

421

74

-17.1

640

460

72

RF Input Energy
(dBm)

-20.4

IV. FUTURE WORK
The next step for this research is to design, simulate and
implement an automatic circuit that will replace the
pushbutton required to start the booster. After that, further
optimization will be performed to improve overall harvester
efficiency. This will enable us to take greater advantage of
lower input energies. We will also investigate alternative
antenna designs to improve the omni-directional response of
the harvester when compared to the circular patch antenna
we have employed here.
V. CONCLUSION
This paper introduces an optimized approach to RF
energy harvesting from low available power (e.g. below 20dBm at the antenna feedpoint) in the 2.4GHz (WiFi)
frequency band. The energy harvester captures the input RF
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energy, rectifies it to DC, boosts the DC to a higher voltage,
and ultimately stores that energy into a long-term energy
storage unit (NiMH battery in this case). The rectenna
design is optimized for the expected RF power levels
available from ambient WiFi signals in a typical office
environment. The DC-DC boost converter has a cold-start
voltage of less than 100mV and is optimized to support the
battery charger from the extremely small input voltages
provided by the rectenna. The novel charger design is
optimized to the needs of a NiMH charging system, enabling
trickle-charging without requiring a complex charge
management system as is typical for lithium or lithium
polymer batteries.
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