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Abstract— We present an autonomous end-to-end 2.4GHz
RF energy harvesting and storage system. The system is
designed to collect ultra-low power RF input energy and
automatically store it into a battery. Previous work in this
area required a pushbutton switch for full functionality -- RF
energy is first stored in a capacitor and manually transferred
into a battery. In this work, in addition to the main harvester,
an auxiliary control system is developed to replace the
pushbutton and achieve fully autonomous energy harvesting
and storage. Two design approaches are proposed for the
control system. The tradeoffs of each technique will be
discussed. The designed control systems were integrated into
the main harvesting structure. Experimental results indicate
that the system autonomously stores 241!J into a NiMH
battery after 30 minutes with an incident power (at the
feedpoint of the antenna) of -21 dBm.
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L INTRODUCTION

With consistent achievements in “The Internet of
Things,” more devices than ever are being connected to
the Internet. Recent projections show that trillions of new
sensors will be needed for IOT applications [1]. There is
strong interest in developing ultra low-power consumption
sensors. For example, a low-power image sensor is
reported in [2] which detects motion with a continuous
power consumption of only 304nW. Other research
describes a fully self-contained wireless sensor that can
wake, measure, and transmit temperature measurements
every six minutes, consuming only 2 pJ [3]. Applying
sensors such as these in an IOT system application can
provide significant benefits to the consumer. For example,
additional research has shown that integrating temperature
sensors into a building heating, ventilation, and air
conditioning (HVAC) system resulted in a 24% energy
cost reduction, together with significantly improving
employee efficiency and comfort [4].

As the power consumption of sensors is reduced,
ambient energy harvesting offers a practical solution for
replacing conventional batteries while still providing a
reliable energy source. Typical energy sources include
photovoltaic, vibrational (piezo), thermal-electric, and RF
energy harvesting. Ambient RF energy does not vary with
time as the other options, so it may be used to provide
consistent power to ultra low-power sensors. Recent data
collected from a typical office environment shows that RF
energy in the 2.4GHz band is abundant, with peaks as high
as -20dBm in the office, though at low duty cycles, which
results in overall low average power levels [5]. Therefore,
special consideration must be given to the circuits
designed for ultra-low power RF harvesting.
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Most of the previous work in RF energy harvesting
focuses on receiving the energy with an antenna, rectifying
it to DC, and storing that energy into a capacitor [6-9].
This is the most straightforward method of RF energy
harvesting, because circuits are simpler and efficiencies
are higher without additional complexity. However, there
are two main drawbacks to this approach: first, capacitors
have a relatively high self-discharge rate as compared to
other energy storage technologies [10], and second, this
approach generally prohibits the ability to "log" sensor
data during periods of time where ambient RF energy is
unavailable or insufficient to power the sensor(s).

One method to overcome these limitations is using a
battery instead of a capacitor to store energy in bulk. The
energy storage element used in this work is a rechargeable
NiMH battery. The advantages of rechargeable NiMH
batteries in this application, compared to more common
LiPoly batteries are the significantly lower charge and
discharge voltages (1.5V for NiMH as opposed to 4.2V for
LiPoly). Additionally, NiMH batteries may be tricle-
charged indefinitely. A detailed explanation about these
tradeoffs can be found in [10].

Harvesting 2.4GHz RF energy into a battery was
presented in our previous work [10][11]. Reference [10]
shows that 150 pJ can be harvested into a rechargeable
NiMH battery in an hour, at only -25 dBm RF input power
measured at the feedpoint of the antenna. However, in that
work, the energy harvesting was not autonomous. A
pushbutton switch was inserted between the rectifier and
the boost converter. The push button needs to be manually
pressed, which allows rectified energy to build up before it
is boosted and charged into the battery.

This work advances upon our previous results by
performing 2.4GHz RF energy harvesting and storage
autonomously. The push button is replaced by a self-
governed auxiliary control system. Because some energy
is required to power the control system, this work is not as
sensitive at low power levels as the previous work, but
autonomous operation is enabled. In this work, 241puJ is
charged into a NiMH battery after 30 minutes, at an
incident 2.4GHz RF power level of -21 dBm as measured
at the feedpoint of the antenna.

II.  PREVIOUS WORK IN RF ENERGY HARVESTING

As shown in Fig. 1, the basic architecture of the main
RF energy harvesting system is comprised of four blocks,
main antenna, rectifier, boost converter, and energy
reservoir. Key contributions for 2.4GHz RF energy
harvesting were described for each block in [10]. A high
gain wideband antenna array was designed to maximize
the RF energy into the harvester without requiring
excessive transmitter power or unreasonable short
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distances. The transmitter output power goal for this work
is approximately that of a "typical" access point (+23dBm
EIRP), and the energy harvesting distance target is Sm.

An efficient ultra low-power rectifier with a single
stage rectifying diode (more efficient than multiple stage
rectifiers at incident power below -25dBm, as shown in
[12]) converts the RF energy into DC. An optimized JFET
boost converter boosts the rectifier voltage output to a
voltage suitable for charging into a battery. Finally,
improvements were defined for a battery charging circuit,
designed to continually trickle charge a NiMH battery.
This system accumulates 150 pJ of energy into a
rechargeable battery in one hour, with -25 dBm incident
RF power as measured at the feedpoint of the antenna.

A push button switch was used in the previous work
[10]. It was found that when the boost converter
continually loads the rectifier output, energy is drained
through the booster and the booster never self-starts,
preventing charge pulses from developing. Instead, if the
circuit was opened between the rectifier output capacitor
and the boost converter, energy builds up in the capacitor.
When sufficient energy is present, the circuit can be closed
(with the switch), the boost converter starts up
automatically and the energy is charged into the battery.
Fig. 1 (a) shows the location of this switch in the system
diagram.

This paper builds upon the prior work by proposing an
auxiliary control system to replace the pushbutton switch
and make the 2.4GHz RF energy harvesting and storage
system fully autonomous. A detailed description of the
antenna and rectifier design can be found in [10] and [11],
where simulation and actual results are compared. The
DC portion of this system was simulated to validate circuit
topologies, but the models, including input and output load
impedances, were designed for qualitative functional
verification as opposed to detailed circuit accuracy.

III. AuTtoNOMOUS RF ENERGY HARVESTING DESIGN

In this work, the autonomous energy harvesting and
storing system is realized by incorporating an auxiliary
control system. No push button is required. The harvested
energy is stored in a capacitor and automatically
transferred into a battery through a boost converter and
battery charger. Two approaches were investigated to
achieve the self-governed energy storing structure.

As shown in Fig. 1 (b), the auxiliary control system
consists of an auxiliary antenna, a rectifier and an
autonomous harvesting circuit.  The control system
provides a biased voltage to a transistor which is located in
between the rectifier and the boost converter of the main
harvesting system. A MOSFET or BJT can be used to
replace the pushbutton. When the transistor switch is "off",
the drain/source resistance is very high (open circuit), and
when "on", the drain/source resistance is very low (short
circuit).

This approach uses two separate rectifiers for the
system (main and auxiliary). As implemented, both
rectifiers are of identical design. It is possible to
separately fine-tune the matching circuits to the unique
load characteristics of the main harvester boost converter,
and the auxiliary harvesting circuit, for efficiency
improvements.  Also, the requirement of the second
antenna in the system (for the auxiliary control system)

does present a size and functional burden for this current
solution, but ongoing research hopes to combine both the
main and aux antennas into a single solution in the future.

A simple circuit, as shown in Fig. 2 could be
considered in place of the pushbutton. However, this
presents several challenges. For example, the transistor
base needs to be at least 0.5V, if not higher, for switch
operation, whereas typical voltages from the rectifier are
<0.3V. Furthermore, the base voltage needs to be less than
the collector voltage, so a pull-down resistor is required on
the base of Q1, which increases base current. Finally, this
approach assumes positive voltages, but the main
harvesting input voltage is negative, because the boost
converter reverses the sign of the boosted output as it
boosts. None of this eliminates the feasibility of using a
transistor, but highlights the need for careful consideration
in the design.

First, it is important to select an appropriate MOSFET
to replace the pushbutton switch. Key parameters to
consider are Rds(on) must be as small as possible (e.g., 0.1
ohms), while off resistance should be as large as possible
(e.g., IM ohm). Vgs(th) should be as low as possible (e.g.,
700mV or less) to put less strain on gate control voltages.
And switching speeds should be fast (e.g., less than 10
nanoseconds) to minimize leakage during slowly changing
gate control signals. Based on these criteria, SI2302CDS
from Vishay was chosen.

Essentially, the auxiliary control system provides a
biased voltage to the gate of the MOSFET when the
capacitor is fully charged. There are two major challenges
in designing the autonomous harvesting circuit. The first
challenge is to provide a sufficiently high voltage to turn
on the MOSFET. Vgs(th) of the SI2302 is 400mV (min)
but typically 650mV on average, so a voltage bias is
required to exceed this threshold to turn on the MOSFET.
The second challenge is to control the timing of the biased
voltage. This voltage should only be applied when the
capacitor is fully or near fully charged. Two approaches
are proposed here to address these challenges: (1) loop
back energy from the battery-to-be-charged (autonomous
circuit A); (2) harvest the bias energy from RF with an
additional harvester (autonomous circuit B).  Each
technique has its own tradeoffs as will be discussed in the
following sections.
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Fig. 1. Block diagram of the RF energy harvesting system. (a) A push
button was used in the previous work [10]. (b) This work employs
an auxiliary control system to replace the push button..
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Fig. 2. A simple approach to autonomous operation.

A. Autonomous Circuit A: Loopback Energy from the
Battery-to-be-Charged

In autonomous circuit A, bias voltage for the MOSFET
gate control is sourced from the battery-to-be-charged.
Fig. 1 (b) shows the architecture of this system. The RF
energy from the auxiliary antenna and rectifier is designed
to match the status of the energy in the main RF energy
harvesting path. The autonomous circuit is a detector and
timing circuit, triggered by the current state of the
auxiliary RF input. The main harvesting antenna is a high
gain antenna (in this case, 11.4dBi) connected to a rectifier
with a large capacitance (in this case, 660uF) on the
output. The auxiliary antenna need only approximate the
same voltage rise time but need not have the same RF
characteristics. In this case, a single antenna element with
a 4.3dBi gain and 10uF capacitance works well. The
auxiliary and main antennas are shown together in Fig. 3.

The autonomous harvesting circuit uses Vgs(th) of a
MOSFET to detect when there is enough energy in the
input capacitor to store the energy into a battery.
Whenever the rectified voltage from the auxiliary
antenna/rectifier is less than Vgs(th) of the detector
MOSFET, the main switch control is not asserted, and
more energy can be collected in the input capacitor. As
soon as the auxiliary antenna/rectifier voltage reaches
Vgs(th) of the detector MOSFET, the main switch is
asserted, and energy collected in the main harvester is
boosted and stored in the battery. The autonomous
harvesting circuit controls the timing of the pulses via R/C
delays, and then resets itself to store up energy for the next
cycle.

Active loads are used in this circuit to reduce steady-
state power consumption, which is critical because bias
voltages are sourced from the battery-to-be-charged.
Often, energy to turn-on a MOSFET gate is sourced by a
pullup resistor connected to a power rail. However, even a
IMQ resistor can draw 1pA of current just to turn one
transistor on. This multiplies when several transistors are
needed, and negatively impacts the amount of energy that
can be charged. An alternative solution is to use a current
source instead of a voltage source to control the MOSFET
gates. This technique is called mirror currents, or an active
load circuit. During simulation, the measured current for
all the pullup resistors in autonomous circuit A was
measured to be 2.5p1A typical, with peaks as high as 4pA.
When active loads were used to replace the pullup
resistors, the simulated current consumption was
dramatically reduced to 450nA, with no peaks. An
example circuit diagram is shown in Fig. 4. Table 1 shows
actual measurements as active load circuits are added into
autonomous circuit A. Note that the total measured

average current reduced from 1590nA to 75nA when
active loads optimized for this circuit were used.

Fig. 5 shows an updated schematic of the battery
charger used during this testing (the booster circuit from
[10] was unchanged).

Fig. 3. Photograph of main harvesting antenna array (left) and auxiliary
antenna (right).

Fig. 4. Active Load Schematic.

Table 1. Current Reduction by Use of Active Loads

Test Condition Min Max Avg
Current Current Current
(nA) (nA) (nA)
Autonomous
Circuit A (no 249 3600 1590
active loads)
one active load 41 2340 797
two active 54 2300 483
loads
four active 0 365 410
loads
final version 0 475 75
SD187KS
N
W1 ypar
Active IRF7484
ALl Load

Circuit SJ_ i J_D
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YbstOut RL NMH 169l
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Fig. 5. Battery charger schematic used during testing. The J-FET
booster circuit from [10] was not modified.
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Fig. 6. Autonomous RF energy harvesting circuit A with active loads. Each "active load" box includes the schematic from Fig. 4.

Fig. 6 shows a schematic of autonomous circuit A with
active loads. The battery loopback voltage is provided by
the "Vec" input in the top-left. The auxiliary input is the
lower-left input, and the main harvester input is on the
lower-right. The MOSFET acting as a pushbutton is Q6
on the right, and the remaining circuitry controls that
transistor. The comparator MOSFET, which determines
when sufficient harvesting energy has been stored, is Q1
on the left. Initially, an ALD110902, a precision n-
channel MOSFET with Vgs(th) = 0.2V was used as the
detector; however, as the auxiliary input voltage reached
Vgs(th) of the ALDI110902, too much current leaked
through to ground and consumed too much power. The
S12302 has much lower leakage as Vgs(th) is approached.
The following MOSFET stages toggle in succession to add
several seconds of time delay through capacitors C1 - C4,
pulse-shape a clean gate transition at Q4 (small R4), and
avoid reaching stability in spite of slowly transitioning
gate controls. Q5 resets the auxiliary voltage input to
allow the cycle to repeat itself autonomously.

Fig. 7 shows the charge pulse into the battery using
autonomous circuit A, from an end-to-end system test. An
ADC logger was used to measure current and voltage into
the battery. Current and voltage are then multiplied to get
power, as shown in Fig. 7. The power can be integrated to
compute energy, and this particular charge pulse
represents 5.1uJ being charged into the battery.

This circuit is not as sensitive to low RF input power as
previous work [10], because the transistor Q6 is not an
ideal pushbutton switch (which has zero leakage current
when open). The minimum RF input power level for the
auxiliary antenna is -22dBm, and the minimum RF input
power level for the main antenna is -13dBm, in order to
charge positive energy into the battery over time. Under
these conditions, a 5.1uJ energy pulse is autonomously
stored into the battery every 6 seconds, and during long-
term testing, the average battery voltage grew 8.2mV after
46hrs.

By cabling the auxiliary and main rectifiers to separate
signal generators, it is possible to fix one RF input while
varying the other, to determine an optimal operating point
for the circuit. Fig. 8 shows the impact of changing
auxiliary RF input power on change in battery voltage

(Vbatt Gain) after 15 minutes of charging. When the
auxiliary RF input power is very low, the charging time
period is very long. While this allows the main harvesting
input to store up a significant amount of energy for a large
charging pulse, it also allows the self-discharge of the
autonomous circuit to drain the battery longer. On the
other hand, when the auxiliary RF input power is very
high, the charging time period is very short. This doesn't
allow the main harvester to build up very much energy, but
it also doesn't allow the autonomous circuit load to
significantly discharge the battery. The charge pulse
timing circuits could be adjusted to improve efficiency in
cases of higher RF input power, but this work focused on
low input power sensitivity. Looking at Fig. 8, one can
see a type of "bell curve," where there is an optimal trade-
off between the energy in the charge pulse and the
discharge load of the autonomous circuitry at -21.4dBm.

If the auxiliary input timing remains fixed but the main
harvesting input is changed, the impact on charged battery
voltage gain after 15 minutes of charging (Vbatt Gain) is
shown in Fig. 9. Of course, the more input energy to the
main antenna, the more energy is charged into the battery.
But this figure shows a nearly linear relationship between
RF input power and charged energy.

Watts into battery

Watts, uW

i l.E}S 1'1 l.'lS 1'2 l.%S 1‘3 1%5 1'4 IIIOS 1'5 1;5 1'6 léi ll7
Time, sec

Fig. 7. ADC log of an end-to-end system test showing the power

charged into the battery for autonomous circuit A.
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Fig. 8. Autonomous RF energy harvesting circuit A, showing how
Vbatt gain changes with auxiliary RF input power.
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Fig. 9. Autonomous RF energy harvesting circuit A, showing the
relationship between main RF input power and Vbatt gain.

B. Autonomous Circuit B: Harvest Additional RF
Energy

In autonomous circuit B, the auxiliary input RF power
is first boosted, and this boosted voltage provides the
transistor bias voltage, without loading the battery-to-be-
charged. While this circuit does not provide a negative
load on the battery, it does face the challenges of a self-
starting boost converter.

A good solution for a self-starting boost converter in
this low-power regime is the Armstrong oscillator [13].
The Armstrong oscillator has a similar topology to the
JFET booster, but replaces the JFET with a zero-voltage
threshold NMOS transistor, in this case, an ALD110900
precision transistor.

As stated before, this booster is not as sensitive to low
RF input power, nor does the boosted output match the
JFET booster used in the main harvester. But the
Armstrong oscillator does completely self-start. This
booster oscillates at a minimum of -21dBm incident RF
power measured at the feedpoint of the antenna, consumes
3.5uA at the lowest voltage level, and 100pA at higher
voltage levels.

The autonomous RF energy harvesting circuit
schematic based on the Armstrong oscillator booster for
transistor bias voltage is shown in Fig. 10. A complete
Armstrong booster schematic is shown in Fig. 11. It is
common to add a single rectifier stage to the output of
such a booster, but experimentation showed that a second
stage could be added to provide additional output voltage
boost. The frequency of the Armstrong oscillator as
implemented is 193KHz.

VBoostOut from Fig. 11 is used in Fig. 10 in the
upper-left corner (VinAux) and sources voltage for the
pullup resistors in the circuit. The MOSFET Q4 in Fig. 10
performs both detection and switching. By connecting
opposite polarity harvesters to the MOSFET (the negative-
going main harvester voltage is connected to the source,
and the positive-going booster output is connected to the
gate), the MOSFET Q4 turns on with a lower booster
output voltage (more efficient because less voltage boost is
required), because Vgs is referenced with respect to the
harvesting input (negative) rather than ground. The
remaining transistors provide the R/C time delays, and
reset the Armstrong booster to repeat the cycle
indefinitely. Active loads were applied to the circuit
shown in Fig. 10, but due to the decreased currents
through those sources, the timing delays enforced by the
capacitors were very different, and autonomous charging
stopped. Future work to implement active loads may prove
marginally beneficial.

Fig. 12 shows a charge pulse from a complete end-to-
end system test of this circuit. This data was taken with -
21dBm incident RF power measured at the feedpoint of
the antenna. Both the auxiliary and main antennas are
identical 2x2 array antennas as described in [10]. Current
and voltage were measured by an ADC logger, and
multiplied to compute the power shown Fig. 12.
Integrating the power provides the energy stored into the
battery during this trace (approximately 2.01 pJ) with -
21dBm RF power input. These pulses occur
approximately every 15 seconds, so this circuit charges
approximately 241puJ every 30 minutes into the battery.
After 60 hours, the battery charge voltage rose 3.4mV
using this circuit autonomously.
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Fig. 10. Autonomous RF energy harvesting circuit B, which uses an Armstrong oscillator booster for bias voltage control.

to appear, IEEE RFID Technology and Applications (RFID-TA), Tokyo, Japan, Sept. 16-18, 2015.



Coiloraft 1:20
LPR6235-253PMR
VAuxIn >

T 7
From Auxiliary Rectifier
2

a

m 8.47uF
Te

C31)
5 )
1INS711 INS?711 0. 47uF INS?711
,[_AcoiTevee o4
I e ot c2) D2 23| e
2 r

INS?11
i} UBoost(
0. 1uF 0. 1uF J_cs

L
NDSTUF@

N

DNL onzfe
st2 S

IS

Fig. 11. Armstrong oscillator booster schematic with two-stage rectifier
output.

Watts into battery

Watts, uW

Time, sec

Fig. 12. ADC log of an end-to-end system test showing the power
charged into the battery for autonomous circuit B.

IV. CONCLUSION

Two different approaches to designing an autonomous
RF energy harvesting system were designed, built, and
tested. While actual WiFi signals could be used as the RF
input power source, CW signals were used for
measurement repeatability and reliability. From the point
of view of the power harvester, WiFi signals are a duty-
cycled version of CW. Fig. 13 shows the complete system
as built. The transmitting antenna is one of the squares in
the upper left corner of the picture. The harvesting and
auxiliary antennas are facing the transmitting antenna and
are not visible in the photo. The autonomous circuit
control board, booster, and charger circuits are shown
toward the front of the photograph. Note that the third
board (on the right) is an amplifier for the ADC unit, and is
not part of the harvesting system.

Fig. 13. The complete autonomous energy harvesting system.

Of the two solutions for autonomous harvesting
proposed in this work, one uses the incoming RF energy
to determine when to switch RF power to the JFET
booster and uses energy from the battery-to-be-charged to
bias control signals. The other boosts additional RF input
power to bias the control signals without looping back
energy from the battery-to-be-charged. = The latter
approach is more sensitive to incident RF power (it can
charge the battery in lower power conditions than the
former), and so is the preferential approach of the two.
When boosting the RF power into the bias controls, this
system can autonomously charge 241uJ of energy into a
NiMH rechargeable battery every 30 minutes with -
21dBm RF input power as measured at the feedpoint of
the antenna.
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