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Abstract—This paper presents an approach and associated circuitry for harvesting near maximum output power from electromagnetic waves in the RF/microwave region of the spectrum with
variable incident power densities in the range of tens of W/cm2 .
It is shown that open loop resistor emulation at the input port of a
power converter is a suitable solution for tracking the peak power
point of a low-power rectifying antenna source over a wide range
of incident RF power densities. A boost converter with a simple
low-power control approach for resistor emulation is presented. A
hardware design example with detailed efficiency analysis is given
using commercially available discrete circuitry. Experimental results are presented for a system harvesting 420 W to 8 W from
a 6 cm 6 cm rectifying antenna with incident RF power ranging
from 70 W/cm2 to 30 W/cm2 , respectively. The results demonstrate that resistor emulation is a simple and practical approach to
energy harvesting with variable low-power radiative RF sources.
Index Terms—DC–DC, low power, maximum power point
tracking, resistor emulation, RF energy harvesting.

I. INTRODUCTION

T

HERE is significant interest in technologies that allow
miniature low power wireless devices to operate with
low maintenance for extended periods of time [1]–[3]. One
approach is to harvest energy from a variety of power sources
for extended battery life or battery-less operation [3]. The
available power for miniature devices is often very low with
variable source output power and impedance due to changes in
the environment and mobility of the receiving device. Efficient
power management circuits can be used to provide a buffer
between the harvesting device and electronic applications. A
primary challenge for power management is in maintaining
maximum output power from the source over a wide range of
operating conditions.
Many techniques are well known for maximum power point
tracking (MPPT) and are commonly used in high-power photovoltaic and wind power systems [4]–[16]. Common techniques
include perturbation and observation method (P&O) [4]–[7],
ripple correlation control (RCC) [8], incremental conductance
method (InCond) [9], [10], and fuzzy logic control [11]–[14].
Although the P&O method is among the simplest of the MPPT
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Fig. 1. Radiative RF energy harvesting system block diagram. The antenna or
antenna array is integrated with rectifying elements. An incident power density
of the electromagnetic waves is absorbed by an effective area of the antenna,
and the received power is rectified with some efficiency. The output dc power
P
is delivered to the energy storage element as P
through an efficient power management circuit.

techniques, it still requires continuous operation of analog and
digital hardware to perform calculation of the power level and
track the maximum power point (MPP). At the submilliwatt
power levels of interest in this paper, very little control overhead
is allowable despite a requirement to track the MPP at the rate of
anticipated environmental and mobility-related changes in order
to harvest appropriate power for device operation. In such low
power applications, sources are often connected directly to a
battery with shunt and series protection. This approach requires
the power source to output a sufficiently high voltage and only
results in near peak power operation over a narrow range of input
power levels [17]. Boost type switching converters can be used
to step-up the output voltage from low voltage power sources.
However, traditional output voltage or charge controllers neglect
the characteristics of the power source and likely force operation well below the MPP due to the negative input resistance of
a voltage regulator.
This paper presents an approach and associated circuitry
for harvesting near maximum energy from variable low-power
radiative RF sources. The RF sources are known RF power
transmitters in a controlled environment whose distances and
orientation to the harvesting system can vary. At very low
power levels, typical MPPT techniques are not suitable due
to the high-power overhead of complex control circuitry. The
proposed approach is based on an antenna integrated with
rectifying devices, referred to as a rectennas, that achieve
by appropriate design [18]–[20], maximum dc output power,
, over a wide range of RF incident power densities,
, when loaded with a constant resistance. A power
converter is realized to act as a constant positive resistance at
its input port with minimal control overhead while transferring
energy to an output capacitor or battery at voltages appropriate
for the sensor load application. The system block diagram is
summarized in Fig. 1. The converter operates to match the
rectenna characteristics such that
over a wide range of power density
. By emulating a constant resistance matched to the characteristics of the rectenna,
the converter does not need to constantly search for the MPP.
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Emphasis in this paper is placed on achieving high converter
by simplifying control strategies and
efficiency at very low
optimizing the power stage design. Details of the RF rectifying
antenna characteristics and energy harvesting requirements
are presented in Section II. Analysis of the boost converter
as a resistor emulator in the energy harvesting application is
given Section III, followed by a converter design example in
Section IV. Experimental results are presented in Section V
for a complete system harvesting 420 W to 8 W from
a 6 cm 6 cm rectifying antenna with incident RF power
ranging from 70 W/cm to 30 W/cm , respectively.

, over a narrow range of incident RF power
MPP,
, thus requiring frequent monitoring and control to
levels
with variable
. The same problem arises
track
if the rectenna is connected directly to a battery. The situation is
even worse if the rectenna is connected directly to a large capacitor for energy storage due to a time varying capacitor voltage
that has no inherent correlation to the MPP. The purpose of the
power converter is to match the optimal load resistance of the
rectenna at the converter input port and efficiently transfer the
energy to its output port based on the voltage and charge characteristics of the energy storage device.

II. RF RECTIFYING CHARACTERISTICS AND ENERGY
HARVESTING REQUIREMENTS

III. BOOST CONVERTER AS A RESISTOR EMULATOR

Harvesting of radiative RF energy in the system of Fig. 1 can
be achieved using rectennas and accompanying power management circuitry, where the goal for power management is to optimally load the rectenna at the dc output to achieve maximum
. The appropriate and easily measurharvested power,
able efficiencies within the harvesting system are defined as
follows:
Optimal RF-to-DC conversion efficiency
(1)
where
, and
as the geometric area of the rectenna:
Tracking circuit efficiency

is defined

(2)
Converter efficiency
(3)
and System efficiency
(4)
Results

demonstrating high efficiency rectification
at low incident RF power densities,
,
have been published for both broadband and narrowband transmission with circular and dual linear polarization rectennas
in [18]–[20]. An example of a 2.4 GHz dual polarized patch
rectenna is shown in Fig. 2(a). Measured rectenna output
,
characteristics are shown in Fig. 2(b) as a function of
indicating that the rectenna is capable of delivering a wide
range of output dc currents and voltages. The power curves
show that the rectenna peak power point,
, over
various input power levels can be reached with a constant
positive resistance as its load. For the rectenna of Fig. 2(a),
this resistance is in the range of 700 –800 . A number of
different rectenna types that show similar load behavior have
been demonstrated, including a 4 4 broadband dual-circularly
polarized spiral array shown in Fig. 2(c) with dc power output
characteristics shown in Fig. 2(d) measured at 2.11 GHz over a
range of incident power densities.
The two sets of curves in Fig. 2(b) and (d) show that constant
voltage or current control can only result in operation near the

The technique applied here is to operate a boost converter as
an open-loop resistor emulator, thus allowing the converter to
, with very little
naturally track the rectenna MPP,
control overhead. As seen in Fig. 2(b), once the converter has
been tuned to match the optimal load resistance for the rectenna,
maximum power can be harvested
over a wide range of incident RF power densities
without
modifying the converter behavior. The initial tuning operation to
set the converter emulated resistance could be performed once
in the manufacturing process or as an infrequent recalibration
procedure.
Resistor emulation techniques have been used previously,
most commonly in power-factor correction (PFC) applications. Some approaches for PFC at lower current levels are
based on converters with natural resistor emulation at the
input port (without current feedback), including boost type
converters in critical conduction mode (CRM) and buck-boost
type converters in discontinuous conduction mode (DCM)
[21]. At higher current levels, most PFC circuits operate in
continuous conduction mode (CCM) with more advanced
current and voltage feedback control [21]. The natural emulation techniques and approximations to them are used in this
work to achieve resistor emulation with low power, essentially
open-loop, control circuitry.
A boost topology is selected, as shown in Fig. 3(a), due to
the low output voltage of the rectenna source (input voltage,
, to converter). The inductor current waveform is shown in
and
Fig. 3(b) when operated in DCM with an on-time, , of
constant frequency,
. The converter is run in a pulsed mode
with a low frequency pulse duty cycle, , and period, . The
majority of the control circuitry is completely shut down when
the converter is not active in order to reduce control losses. A
diode rectifier is used as opposed to a synchronous rectifier to
reduce control losses by removing the need for an amplifier to
detect inductor current zero-crossings or for self-excitation as
in [22] and [23]. Given this mode of operation, the converter
parameters are:
, and . By averaging over , the lowfrequency emulated resistance at the input port of the converter
is given by
where
(5)
Note that (5) includes a term with the converter conversion ratio
. This is undesirable since the emulated resistance should ideally be independent of
and . However, if the converter has
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Fig. 2. (a) Photograph of a 2.4-GHz dual-polarized patch rectenna backed by a ground plane. Two Schottky diodes rectify independently the two linear orthogonal
wave polarizations, and the RF null of the patch antenna is used to place the metallized via which is the dc output. (b) Measured power curves of the patch rectenna
over a range of incident power densities. (c) Photograph of a broadband (2–18 GHz) dual circularly polarized spiral rectenna array fabricated on a flexible substrate
with no ground plane. (d) Measured dc power curves of the spiral rectenna array show very similar load characteristics to the patch rectenna.

a large step-up conversion ratio
, then the correction factor,
, is approximately unity, and the
equation reduces to an equation that does not depend on
or
. Similar relationships are given in [24] for operation in variable frequency CRM to achieve resistor emulation with no dependence on
at the expense of additional control circuitry.
Suitable control approaches are also given in [24] for buck and
buck-boost type converters. An example of using a buck converter in constant duty cycle DCM for piezoelectric energy harvesting applications is given in [25], which also exhibits resistor
emulation for high step down ratios as shown in [24]. A similar
example using a buck-boost converter is given in [26].
For design optimization of the boost converter, equations predicting converter power losses are first derived. These equations
are then used to find the optimum values of
and that
maximize converter efficiency while limiting the required input
capacitance. The power losses are grouped into control, conduction and switching losses, as shown below

(6)

(7)
(8)
where the RMS, average, and peak currents and high-frequency
period are defined as

(9)
Within the control losses,
is the power consumption of
the control circuitry that is constantly operating (e.g., the lowfrequency oscillator controlling the pulsing duty cycle ). The
power loss included in
is the power consumption of the
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Fig. 3. (a) Boost converter topology. (b) Inductor current waveform in fixedand
are the high- and low-frequency periods, respecfrequency DCM.
tively.
is the duration of the pulsed operation.
and
are the primary
and secondary switch intervals, respectively.

kT

T

T

t

t

control circuitry that is enabled and disabled as the converter is
pulsed. Therefore,
is multiplied by
. The
term is the time required for the pulsed control circuitry
to settle after it has been enabled. The conduction and switching
losses are also multiplied by as the converter is only in operation during
.
is the inductor series resistance. The
switching losses associated with the MOSFET gate-to-drain capacitance
are neglected since the off-state drain voltage
is typically only a few hundred millivolts. Due to the simple
open-loop operation, low power control circuitry can be used to
achieve the primary functions of a high-frequency (HF) oscillator to drive the MOSFET and a low-frequency (LF) oscillator
to set .
IV. ENERGY HARVESTER DESIGN EXAMPLE
The choice of parameter settings for the given converter is
based on the expected range of input power levels, desired emulated resistance, and output voltage. A power converter design example is given here together with details on each of
the major design steps for providing an interface between the
patch rectenna of Fig. 2(a) with output characteristics shown
in Fig. 2(b) and a 4.2-V thin-film battery. The schematic for
the boost converter built with commercially available components is shown in Fig. 4 along with the experimental meter configuration used in gathering experimental results presented in
Section V. Details on the components used in the design are
given in Table I.
A. Selection of Control Components
To control the converter, an HF oscillator and an LF oscillator
are used with emphasis on the selection of components with
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Fig. 4. Schematic of discrete transistor-diode boost converter. Control circuitry
consists of a LF oscillator that directly powers the HF oscillator. The HF oscil.
lator output drives the N-Channel MOSFET

Q

TABLE I
COMPONENTS USED IN BOOST DESIGN

the lowest power consumption. The HF resistor-set oscillator
(LTC6906) has a fixed duty cycle (50%). This duty cycle en. When powered on at the
sures DCM operation for
bebeginning of each LF period, there is a settling time
fore the output of the oscillator is enabled. This output drives the
MOSFET in the converter. Therefore, adjusting the frequency,
, changes the value of
and thus the emulated
resistance seen by the input source. The power consumption of
in the
the LTC6906 HF oscillator is the value used as
power loss calculations in (6). To perform the pulsing operation of the converter, a LF oscillator is built around a low power
comparator (LMC7215). This oscillator has an adjustable posthat affects the parameter (5). The HF
itive duty cycle
oscillator is directly powered from the LF oscillator output. The
.
boost converter is in operation during
B. Selection of L
Given a converter input power level
, changes in
power loss are calculated from (6) to (9) as and are swept
over a range of values and is solved for so that the approximate
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Fig. 5. Simulations at multiple converter input power levels, P
as a function of t with fixed L = 220 H.
(b) estimated 

for: (a) maximum possible converter efficiency 

as a function of L, and

desired
is achieved. In (7),
is a function of
inductance value following Table I. After these simulations are
,
run at different power levels, the converter efficiency,
is analyzed as a function of and . Fig. 5(a) shows a plot of
the maximum achievable efficiency as a function of , with
solved at each point to achieve maximum efficiency. The family
of plots in Fig. 5(a) show that an inductance value in the range
of 100 H to 200 H is optimal. Therefore, an inductance of
= 220 H is selected for this converter design (based on available discrete components).
C. Selection of

and

Next, the calculations are rerun with the fixed to select the
appropriate , as shown in Fig. 5(b). The value of is then de. The selection is optimized for the
termined by the desired
lower power levels due to the emphasis of this work on demon. Parameters
strating RF energy harvesting at very low
and are chosen to be 18 s and 0.06, respectively.
D. Selection of Input Filter Capacitance
Although the frequency of the LF oscillator does not affect the
value of the emulated resistance, it does determine the size of the
specinput filter capacitor required to meet a voltage ripple
ification. This dependence is expressed in the following equation (assuming 50% HF duty cycle as in this design):
(10)
The ability of a wireless power source to supply instantaneous
current is limited. Therefore, most of the instantaneous energy
supplied to the converter during high-frequency switching transitions comes from the input filter capacitor. Due to this conhas to be included in the design considerations. Note
straint,
and
are power losses that are funcfrom (6) that
tions of the oscillation frequency and positive duty cycle. Thus,
sets a limit on how small the low-frequency period
can
be. With these considerations in mind, there is tradeoff between
, and acceptable
given an allowable
the choice of

Fig. 6. Power loss distribution of transistor-diode boost converter at a range of
.
input power levels to the converter from the rectenna, P

percentage voltage ripple,
selected for the design, as
shown in (10). Note that large input voltage ripple may cause
the power source to operate away from the MPP for a significant portion of .
Fig. 6 shows a chart of the loss budget of the transistor-diode
boost converter with the selected parameter values. As expected,
the conduction losses dominate at the higher input power levels
due to the increased currents, and control losses dominate at the
lower input power levels. Of the three conduction loss com(transistor on-state resistance),
(inductor
ponents,
(diode forward voltage),
equivalent series resistance), and
the diode forward voltage is the main cause of the power losses.
is not sufficiently high at the lower power levels
However,
to justify the additional control losses that would be introduced
is fixed and is approxiby using a synchronous rectifier.
mately 20 W.
V. EXPERIMENTAL RESULTS
The RF energy harvesting system shown in Fig. 4 was built
and tested using the components from Table I, the 2.4-GHz
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Fig. 7. Experimental boost converter results at S
= 50 W/cm ; V = 0:44 V, V = 4:15 V. (a) Ch1—Switch-node voltage waveform
oscillator output V . (b) Ch1—Switch-node voltage waveform V . Ch2—Q1 gate-drive waveform (HF oscillator output V ).
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V

. Ch2—LF

TABLE II
BOOST EXPERIMENTAL RESULTS WITH RECTENNA

dual polarized patch rectenna shown in Fig. 2(a), and a 4.2-V,
400- Ah thin-film battery from Front Edge Technologies. The
battery was selected for its small form factor, trickle charge capability, and low leakage. The presence of the battery fixes the
V during exoutput voltage, (measured at
perimentation). The converter parameters are:
Hz,
F,
%
H,
s,
. Note that the values for and are slightly
and
different than the design optimization due to the inability to precisely set and an accompanying with available low power
discrete components. Revisiting Fig. 5(b), there is a minimal decrease in expected efficiency due to the new . The limitations
and the corresponding
requireare due to the selection of
ment to achieve an acceptable input voltage ripple.
The converter is tested over a range of far-field RF input
by sweeping the transmitted RF power to
power densities
the rectenna using a calibrated setup in an anechoic chamber.
High precision, calibrated multimeters (Agilent 34411A) are
used to measure the input and output voltages and currents of
the boost converter as shown by the voltmeter and ammeter
symbols in Fig. 4. The output current is measured as shown
and
and the controller is powered from .
between
, is the total
Therefore, the measured output power,
harvested output power taking into account all losses in the
control circuitry.

Fig. 7 shows captured oscilloscope waveforms of the switch, the LF oscillator output,
, and the HF
node voltage,
of the converter at
W/cm .
oscillator output
is about the same
Note that the HF oscillator settling time
at the operating point in Fig. 7, which limits the
length as
ability to reduce control losses
at low values as shown
seen in Fig. 7(b) shows a small adin (6). The ringing in
ditional switching loss associated with reverse recovery of the
when operating in DCM. Switching losses due to
diode
are negligible in DCM due to the low value of
.
Experimental results are tabulated in Table II with Fig. 8
and
versus
. The
showing a plot of
emulated resistance behaves as desired and the converter
between 85%–92.8%.
achieves a tracking efficiency
The discrete circuitry prevents finer tuning of the emulated
. It is worth noting that at the
resistance and thus a higher
W (corresponding
lowest input power of
to
W/cm incident RF power density), the system is
still able to harvest 8.3 W to trickle charge the battery (with
V). Use of the harvesting system presented here
in a wireless sensor application is presented in [27], demonstrating operation of a wireless patient activity level monitor
that samples and transmits temperature, skin resistance and
three-axis motion and position at variable sample intervals
based on available power from the harvester. At the slowest
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Fig. 8. Experimental results of converter efficiency (
) and power harvested by the system (P
) as a function of incident RF power density
(S ).

sampling rates (sample intervals greater than 10 s), the wireless
monitor requires less than 5 W for reliable operation.
VI. CONCLUSION
Low-power RF rectennas are shown to exhibit maximum
power points at near constant optimal dc load resistance over a
. A boost converter topology
decade of output power,
operating in open-loop fixed-frequency DCM is used to achieve
near constant emulated resistance with simple open-loop
control based on low-power timing circuits. The converter
, and
are selected based on
control variables,
a detailed efficiency analysis to minimize power losses and
achieve the desired emulated resistance. Experimental results
are presented for an RF energy harvesting system comprising a
2.4-GHz dual linearly polarized 6 cm 6 cm patch rectenna,
boost converter and controller designed with commercially
available components, and a 4.2-V thin-film Lithium battery.
ranging
The results demonstrate system operation with
from 420 W to 8 W for a rectenna output
ranging
from 545 W to 23 W, respectively. Tracking efficiencies
.
of 85%–92.8% are achieved over the full range of
The proposed resistor emulation approach to low-power energy
harvesting provides a simple solution for maximizing output
power in harvesting applications with variable source power.
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