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Abstract— In this paper, a proof-of-concept high-efficiency
rectifier-booster regulator (RBR) with an impedance matching
converter operating at 2.45 GHz is proposed. An entire WLAN
energy harvesting system is demonstrated. A flower-shaped
broadband dual-polarized cross dipole antenna with a full-wave
matching network is employed to harvest electromagnetic energy
from a WiFi router. A novel RBR is proposed to rectify the
RF energy to dc and boost the output voltage. It is evolved
from a Greinacher rectifier and two Cockcroft–Walton charge
pumps to form a full-wave rectifier. An equivalent resistance
model is established to evaluate the optimal stage of the RBR.
Furthermore, a boost converter is designed as an impedance
matching converter to harvest as much energy as possible from
the RBR and store the energy into a 1-mF supercapacitor.
Experimental results show that the RBR can provide 1.7-V output
voltage under −10-dBm input power. In addition, the RBR can
achieve up to ×3.4 voltage boosting with 85% voltage conversion
rate (VCR) and provide a higher than 1-V output voltage within a
distance of 50 cm between an antenna with 20-dBm transmitting
power and the rectenna. The excellent performance shows the
wide practicality of the proposed design method for the Internet-
of-Things (IoT) applications.

Index Terms— Cockcroft–Walton charge pump, Greinacher
rectifier, impedance matching converter, Internet of Things (IoT),
rectenna, WLAN energy harvesting.

I. INTRODUCTION

AS THE Internet of Things (IoT) is becoming a hot
research field, integrated circuits, which aim at smart

home, health care, or environment monitoring applications,
have met explosive growth [1]–[3]. In the meantime, the power
consumption and energy source of these circuits have attracted
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wide attention. Ultralow power designs and reliable power
sources are necessary for these circuits since many of them
are designed to work for tens of years. It is impractical to
replace energy source for some specific applications. The
concept of harvesting energy from ambient environment has
been raised for a long time [4]–[7]. Many types of energy
sources such as solar energy and thermal energy have been
adopted to power circuits. Nevertheless, the drawbacks restrict
the practicability of such sources. For instance, solar energy
is very limited at night and thermal energy harvesting breaks
down in the environment with a stable temperature. Radio
frequency (RF) signals, however, are widely used for mobile
communications, radio/TV broadcasting systems, and WiFi
networks. RF energy can be harvested anytime and almost
anywhere with a rectenna [8]–[13]. The feasibility of RF
energy harvesting has been experimentally proved from hard-
ware implementation viewpoint [6], [7], [14]–[17].

Many papers have been published to deal with the problems
of RF energy harvesting [2], [3], [18]–[22]. Chen and Chiu
[2] focuses on the optimization of antennas to collect more
power. Lu et al. [3] propose a new rectifier to improve power
conversion efficiency (PCE). However, most previous works
do not take much consideration on the output voltage features
of harvesters. Normally, RF energy is weak and discontinuous,
especially under outdoor conditions. Even when the harvester
has high energy conversion efficiency, the output voltage is
usually very low. Thus, in this case, RF energy cannot be
used directly to power the next stage, which usually demands
a supply voltage of several V [23]–[24].

In order to guarantee a high-voltage conversion rate (VCR),
a simple half-wave rectifier is employed in a 2.45-GHz energy
harvesting system [25], but the output voltage of the rectifier
is only 0.41 V. Even when a boost converter is cascaded to
step up the output voltage to 3.0 V, an additional voltage
supply of 1.2 V is needed to enable the normal operation
of the boost converter, which is very inconvenience for real
applications. A Greinacher rectifier can be used to rectify
and boost the output voltage, but the output voltage is still
quite low for most ICs [2], [26]–[29]. A conventional Dickson
charge pump can be employed as a dc–dc voltage multiplier
to further boost the output voltage of the rectifier. However,
it suffers from the drawback of high reverse dc bias when
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TABLE I

COMPARISON OF THE PROPOSED RF ENERGY HARVESTER WITH RECENT REPORTED WORK

the number of cascading stage increases, which causes low
VCR and PCE [30]–[32]. There is still a lack of discussion
on the optimal number of stages of the Dickson charge pump
to guarantee a high enough output voltage. Also, a Dickson
charge pump generates various odd harmonics, which requires
complex filters in the circuit [26]. A negative-to-positive
voltage converter (NVC) can be used as an active rectifier,
which is composed of four MOS transistors connected as a
1-bit static random access memory (SRAM) to realize self-
negative driving [5], [33], [34]. However, it can achieve high
VCR and PCE only when the voltage from the harvester is
around the threshold voltage of the MOS transistors. In order
to harvest as much energy as possible, impedance matching
design (e.g., boost converter) is also very important for a
harvesting system [25], [28], [35]–[37].

At the same time, the dc voltage from a rectifier is more
important for some applications, because the poststage circuits
(e.g., current bias, bandgap reference, oscillator, or regulator)
still need a high voltage (cold startup voltage of active ICs)
to maintain their normal operating conditions. Based on the
energy harvesting circuit designed in a previous work [27],
this paper mainly considers how to boost the output voltage
of the rectifier. Table I provides a summary of recent work on
RF energy harvesters. Compared with other works, the output
voltage of the proposed rectifier is improved significantly at
low input power levels. With an input power of −10 dBm,
the proposed rectifier can provide 1.70-V output voltage,
which is high enough to directly drive most poststage active
energy harvesting ICs without any additional voltage source.

Based on the above-mentioned considerations, a proof-of-
concept prototype ambient energy harvester is proposed and
implemented. The system architecture is shown in Fig. 1.
In our previous work, a rectifier-booster regulator (RBR)
evolved from a Greinacher rectifier and two Cockcroft–Walton
charge pumps were used to form a full-wave rectifier [38].
A complete WLAN energy harvesting system with the max-
imum power point tracking (MPPT) is introduced in this
paper. It includes the design of the rectenna (antenna with
RF matching network), the operating principle and model-
ing of the RBR and the implementation of the impedance

Fig. 1. Architecture of the proposed WLAN energy harvesting system.

matching converter. In our other work [35], a buck-boost con-
verter is adopted as an impedance matching converter to track
the maximum power from a piezoelectric cantilever energy
source. However, in this work, a boost converter is designed to
meet the requirement of the WLAN energy harvesting system.
Test results confirm the validity of the proposed analysis and
design techniques.

This paper is organized as follows. Section II presents the
architecture of the proposed WLAN energy harvesting system,
which includes the design of the rectenna, the RBR, and the
impedance matching converter. Then in Section III, the design
consideration is discussed, including the operating principle,
the capacitor selection, the equivalent resistance modeling, and
the optimal stages of the RBR. Experimental results are given
in Section IV. Finally, conclusions are drawn in Section V.

II. ARCHITECTURE OF THE PROPOSED SYSTEM

The architecture and the subblock implementation of the
proposed WLAN energy harvesting system are described in
this section, including the antenna with an RF matching
network, the RBR, and the impedance matching converter.

A. Architecture of the System

The architecture of the proposed WLAN energy harvesting
system is shown in Fig. 1. It includes an RF power ampli-
fier (PA) with an antenna (WiFi Router), a receiving antenna
with matching network, an RBR voltage booster, an impedance
matching converter, and an energy storage unit (super capacitor
or rechargeable battery). Electromagnetic energy radiated from
the antenna is harvested by a dual-polarized cross dipole
antenna with an RF matching network. A novel RBR is
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Fig. 2. Circuit implementation of the proposed RBR.

proposed to rectify RF power to dc and boost the output
voltage. Then, a dc–dc converter with dc impedance matching
is employed to maximize the harvested energy.

B. Rectenna Design

With the diffusion of signal from an RF source, its power
density will decrease fast with distance. This makes wireless
energy harvesting difficult over a long distance, especially
when using an omnidirectional antenna as the source. The
power captured, PRX, by an omnidirectional antenna is

PRX =
(

PTX × 1

4π R2

)
×

(
λ2G

4π

)
(1)

where the former part of (1) is the density of the transmit
power PTX in free space with a distance of R, the latter is the
effective area of the receiving antenna, λ is the wavelength
of the carrier, and G is the antenna gain. PTX of a normal
source, typically a WiFi router, is usually limited to 20-dBm.
With a 20-dBm omnidirectional source, the power density in
free space can be calculated. Since the power density reduces
quite rapidly with R, a rectenna has to be carefully designed
to improve the level of harvested power.

A flower-shaped broadband dual-polarized cross dipole
antenna with an RF matching network [27] is employed
to harvest electromagnetic energy from a WiFi router. The
electromagnetic energy is transformed into RF energy. The
cross dipole antenna is selected due to its planar shape and
dual polarization, which is suitable for incoming signals with
arbitrary polarizations. A flower-shaped slot filter is designed
on the patch antenna to suppress harmonics. A matching
network is devised and optimized for a good match with a
wide range of input power. The antenna has a gain of 3.9 dB
and a return loss of better than −12 dB at 2.45 GHz.

This rectenna can achieve high efficiency over a very
wide band. It can also potentially harvest energy from other
resources, such as mobile communication signals. A two-
branch matching network with a full-wave rectifier is used
so that high performance can be achieved even with a
relatively low power density. The rectenna has a maxi-
mum conversion efficiency of around 55% for −10-dBm
input power. Considering the high dc power output of this
design in a relatively low power density environment, this
rectenna can be used for efficient wireless energy harvest-
ing for a wide range of the wireless sensor and network
applications.

Fig. 3. Power stages of the boost converter for impedance matching.

C. RBR implementation

Normally, a Greinacher rectifier, formed by C1∼4 and D1∼4
as shown in Fig. 2, works as a voltage quadrupler. During the
positive cycle of an RF signal, C2 is charged to VN through
the C2–D2path. During the negative cycle, C1 is charged to
VP through the C1–D1 path. Meanwhile, C4 is charged to
2VN through the C4–D4–C2 path. During the next positive
cycle, C3 is charged to 2VP through the C1–D3–C3 path. Thus,
totally twice the differential voltage between nodes A1 and B1
can be obtained with four diodes and four capacitors.

A Greinacher rectifier can be divided into two separate two-
stage Cockcroft–Walton charge pumps connected to virtual
ground (gnd). Even though a Greinacher rectifier can boost the
output voltage of a rectenna, the voltage may still be too low
to power the next stage directly, especially when the RF signal
is weak. If more boosting stages are cascaded after nodes A1
and B1, the output voltage can be further increased.

Therefore, an RBR is proposed in this paper, where Ai

and Bi are the output nodes of the i th-stage RBR, as shown
in Fig. 2. It is evolved from a Greinacher rectifier and a
Cockcroft–Walton charge pump to rectify RF energy received
by the antenna to dc and to simultaneously boost the output
voltage. The RBR combines the merits of both the Greinacher
rectifier and the Cockcroft–Walton charge pump. Here, the
Cockcroft–Walton charge pump is not simply connected after
the Greinacher rectifier. The Greinacher rectifier not only
functions as a rectifier but also forms the initial stages of the
Cockcroft–Walton charge pump.

D. Impedance Matching Converter

The function of the impedance matching converter is to
realize a constant input impedance R, which should be equal
to the output impedance Ro of the RBR [37], [39]. When
Req = Ro, the maximum power can be harvested, as shown
in Fig. 1.

Since the output of the previous stages is nearly constant,
a dc source with a steady voltage VRBR is used to represent
the antenna and RBR. The impedance matching converter
is then built with control signals ϕ1 and ϕ2, as shown
in Fig. 3. The waveform of the inductor current in one
switching period is shown in Fig. 4. The pulse frequency
modulation (PFM) control method is applied. ϕ1 as the PFM
signal is active for a constant time, which determines ton
as shown in Fig. 4. ϕ2 is used to release the energy stored
in the inductor. For the boost converter operating in an
asynchronous mode, SW2 can be replaced by a diode. Thus,
ϕ2 is no longer needed. T is the switching period of the
PFM signal.
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Fig. 4. Waveform variation of the inductor current in one switching period.

During the charging time ton, the voltage difference between
VRBR and gnd builds up current in the inductor. The relation-
ship between the current and the voltage of the inductor can
be described by

uind = L
diind

dt
(2)

iind ≡ iin =
∫ ton

0

uind

L
dt . (3)

Since uind = VRBR during the charging time, the expression
of the inductor current can be rewritten as

Iin = VRBR

L
t, t ∈ [0, ton] (4)

Imax = VRBR

L
ton. (5)

During the discharging period toff , the inductor is connected
to Cstore. The inductor current begins to decrease with a higher
Vout. It can be obtained

toff = VRBR

Vout − VRBR
ton. (6)

Then, the power of the boost converter can be calculated
and its average power is used to calculate the equivalent
resistance. The energy from the RBR during each cycle can be
expressed by

E = (ton + toff) · VRBR · Iavg (7)

where Iavg is the average inductor current in the period of ton
and toff , which is equal to Imax/2. E is related to both ton and
toff . However, toff can be much smaller than ton for high VCR,
thus (7) can be approximated to

E ≈ ton · VRBR · Imax

2
= V 2

RBR · t2
on

2L
. (8)

Finally, the average power and the equivalent resistance are

Pavg = E

T
= V 2

RBR · t2
on

2L
fPFM (9)

Req = V 2
RBR

Pavg
= 2L

t2
on · fPFM

. (10)

For a specific L of 820 μH, the relationship between Req
and the maximum PFM switching frequency fPFM of the boost
converter under different ton time is shown in Fig. 5. It can be
seen that with the increase in ton, the input energy of the boost
converter in one switching period will increase, determined
by (8). In order to keep Req constant to match Ro of the
RBR, the required fPFM will decrease significantly.

Fig. 5. Calculated Req versus fPFM under different ton.

Fig. 6. Stage division of a Greinacher rectifier.

III. DESIGN CONSIDERATIONS

To further analyze the features of the RBR, the detailed
design consideration including circuit modeling and discussion
are presented in the following sections.

A. Modeling of the RBR

It is a challenging task to analyze the whole structure
altogether. To make it easier, the RBR structure is divided
into discrete stages. Each stage consists of one capacitor and
one diode on each half side of a full-wave regulator. It means
that a Greinacher rectifier is split into two stages. Usually,
the startup time of a rectifier is much longer than the cycle
length of a signal. In the analysis, a fast model is considered
where a steady state can be reached in one cycle.

The stage division is shown in Fig. 6. Stage 1 is used to shift
the dc level of the signal, whereas Stage 2 can hold the output
voltage at the peak value. The startup waveforms of each single
stage and the combination of them are shown in Fig. 7. The
input signal, vin, is assumed to be a sine wave with an ampli-
tude of Vamp. In Stage 1, v1 follows vin in the positive half-
cycle. In the negative half-cycle, v1 is connected to ground by
the diode, and the capacitor C1 can be charged to its maximum
voltage Vamp. Therefore, the output of Stage 1, v1, in the steady
state is

v1 = vin + Vamp. (11)

In Stage 2, the diode allows C2 to be charged by
vin,2 in the positive half-cycle and makes it not discharge-
able from this path. Therefore, C2 will hold the peak
value of vin,2. The output of Stage 2 (v2) in the steady
state is

v2 = max(vin,2). (12)
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Fig. 7. Startup waveforms of (a) stage 1, (b) stage 2, and (c) both stages.

Fig. 8. Full-wave rectifier cascaded by one booster stage.

Thus, the output of a Greinacher rectifier in the steady state
can be expressed as

vout = max(vin + Vamp) = 2Vamp. (13)

In order to further increase the output voltage level, more
stages can be cascaded after the rectifier as boost stages.
In Fig. 8, a booster is connected to the rectifier by using v1
as the input and v2 as the virtual ground.

The operation of the additional booster is similar to the
first stage. However, it should be noted that v2 is higher than
v1. The maximum voltage difference between them is about
2Vamp. Therefore, the booster can increase the output voltage
by 2Vamp. To implement a full-wave regulator, another half-
wave RBR is built and connected in the opposite direction,
as shown in the grey part of Fig. 8.

The output of a full-wave RBR can be given by

vout = vout+ − vout− = 4Vamp − (−4Vamp) = 8Vamp. (14)

The output of an RBR with N-stage rectifiers or boosters
should be

vout,N = 4NVamp. (15)

Fig. 9. Relationship between the coupling capacitance and the output
power.

B. Capacitor Selection of the RBR

For a charge pump operating at a constant frequency,
a small value of the flying capacitance means low output
power. However, a large value could not always ensure high
output power either. There is an optimal range that is mainly
determined by the parasitic resistance of the connecting wire,
switches, and the operating frequency of the charge pump.

To maximize the output voltage and the power of the
proposed regulator, an optimal choice of component values is
necessary. In the ideal case, energy can be fully transferred
and stored into capacitors if the parasitic resistance of all
components is negligible. However, it is no longer the case
after the parasitic resistance is considered.

In each cycle, the coupling capacitor C1 is first charged dur-
ing the negative half-cycle, and then the energy is transferred
into the storage capacitor C2. The steady state is considered
here to help build the model.

The power available from a capacitor can be given by

P = 1

2
CV 2 f. (16)

The voltage on the capacitor during each charge cycle can
be expressed by

V = Vc
(
1 − e− t

RC
)

(17)

where Vc is the equivalent charge voltage, f is the operating
frequency of the charge pump, and t is the charging time
in each cycle. These are considered to be constant in the
steady state. C is the coupling capacitor and R is the serial
parasitic resistor that is mainly from the diode. Therefore,
with a specific resistance (SMS7630 in our case), the optimal
range of capacitance can be shown in Fig. 9 by combining
(16) and (17). The selection of the center point is based on
the extreme low point of the second derivative. An optimal
value of the coupling capacitance can be chosen to achieve
the highest output power.

C. Equivalent Resistance of the RBR

In the ideal case, the output voltage can be increased
by further cascading boosters without limitation. Even when
the voltage drop on diodes is taken into consideration,
this tendency will only slow down. However, this is not



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fig. 10. Equivalent resistance model of the RBR.

practical due to that only limited power can be harvested by
the rectenna.

When the input power is sufficient, each node in the RBR
can be charged to the maximum value. However, in real
conditions, the input power is usually limited, and the load
effect cannot be neglected. When the harvesting power is not
enough to drive the load at all stages, the output voltage will go
down, and it will also limit the total output power. Therefore,
the feature of the internal equivalent resistance of the RBR
needs to be studied.

Here, an equivalent resistance model of the RBR is shown
in Fig. 10. RL is the load resistance, which is 10 M� of the
probe in this case. RS,N is the internal equivalent resistance
of the N-stage RBR. Vin,N is the ideal output voltage of the
N-stage RBR given in (15), which satisfies

Vin,N = Vout,N = 4NVamp. (18)

According to Fig. 10, if RS,N is much smaller than RL ,
the output voltage, Vout, can be close to the ideal case. That
is, Vout = Vin,N . If RS,N is comparable to or larger than RL ,
the voltage drop on RS,N cannot be ignored, which causes
a decrease in Vout. In order to carefully study the feature of
RS,N , the input and output voltage waveforms of the equivalent
resistance model of the RBR are illustrated in Fig. 11.

The energy consumed at RL in a period T can be
calculated by

EL = PL · T = V 2
out

RL
· T (19)

where Vout and RL represent the output voltage and the load
resistance shown in Fig. 10, respectively.

On the other hand, the energy provided by the RBR can be
expressed as

Ein = Iin · Vout · tθ (20)

where Iin is the average current within tθ . tθ is the conduction
period, which satisfies

⎧⎨
⎩

tθ = T − 4t0

t0 = T

2π
arcsin

(
Vout

Vin,N

)
(21)

where T is the period of the sine wave, and t0 is the moment
when the input voltage becomes larger than the output voltage.

Fig. 11. Waveforms illustration of the input and output voltages of the
equivalent resistance model of the RBR shown in Fig. 10.

Fig. 12. Calculated data and curve fitting of RS,N versus number of stages.

Because EL = Ein, the average current and RS,N can be
obtained by

Iin = Vout

RL
· T

T − 4t0
= Vout

RL
(
1 − 4 t0

T

) (22)

RS,N = Vin,N −Vout

Iin
=

(
Vin,N

Vout
−1

)(
1− 2

π
arcsin

(
Vout

Vin,N

))
RL .

(23)

Based on (23), RS,N can be easily calculated in various
stages by using the measured Vout, which is the output voltage
under a certain value of RL of the RBR. Here, the measured
open circuit voltage (OCV) under 10 M� RL of the probe is
used to calculate the real equivalent RS,N as shown in Fig. 12.

It can be seen that RS,N has a small value when the
number of stages is less than 4, and RS,N increases when
the number of stages is increased to 5 and 6. This results
in a turning point of the output voltage between the fourth-
and fifth-stage cases. The reason is that with fewer stages,
the power harvested by the rectenna is sufficient to operate
the RBR and the load. Thus, the output voltage is close to the
ideal value. With more stages, the required power increases
quadratically, which may exceed the supply capacity of the
rectenna. A high number of stages leads to the rapid increase
in RS,N . Eventually, the output voltage begins to decrease.

Considering the variation tendency of the calculated RS,N ,
exponential fitting is preferred to describe RS,N . The fitting
formula can be expressed as

RS_fitting,N = k1 · ek2 N (24)

where k1 and k2 are the coefficients that can be obtained by
using only two values of RS,N . Here, the measured OCVs
of Stages 1 and 5 are used to calculate RS,1 and RS,5.
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Fig. 13. Comparison of the calculated (from the models) and measured OCV
and VCR versus the number of stages.

The coefficients of k1 and k2 can be solved as 0.000007 and
2.645, respectively. The fitted curve is also plotted in Fig. 12.
It shows very good agreement with the calculated one.

D. Number of Booster Stages

According to the above analysis, k1 and k2 can be calculated
by using only two sets of the measured data, thus the output
voltage can be extracted from (23). This process makes
it possible to accurately predict the variation tendency and
improvement effect of the output voltage by only using very
limited data.

In order to verify the accuracy of the equivalent resistance
model, the output voltage of the RBR is analyzed. Here,
the VCR is used and defined by Vout/Vin,N . The output voltage
of the first stage is considered to be equal to the ideal output.
Then, the ideal output voltage of the N th-stage should be N
times of that of the first stage. The calculated and measured
OCV and VCR are shown in Fig. 13. Here, it is difficult
to exactly solve Vout from (23) directly. The measured and
modeling results have some disagreement. The data points
shown in Fig. 13 do not perfectly match each other. It can be
seen that the OCV increases rapidly before the turning point,
and decreases dramatically after this point. The measured
results match the modeling ones very well. The average error
is less than 10%, which verifies the correctness of the model
and the relevant theoretical analysis.

IV. EXPERIMENTAL RESULTS

A. RBR Measurement

The performance of the proposed RBR with the matching
network is measured at different RF input power levels as
shown in Fig. 14. The measured reflection coefficient S11 of
the RBR is better than −10 dB between 2.4 and 2.5 GHz
when the input power to the RBR is in the range of interest,
i.e., from −10 to 0 dBm.

The RF-to-dc PCE can be expressed as

η = Pout

Pin
= Vout · Iout

Pin
= V 2

out

RL · Pin
(25)

where Pin is the input power from the RF source and Pout is
the dc output power that can be obtained by measuring the
output voltage on the load RL .

An RF signal generator (RIGOL DSG3060) is used as
the input RF source. The measured output voltage versus

Fig. 14. Measured S11 of the RBR with the matching network.

Fig. 15. Measured (a) output voltage and (b) PCE of the RBR versus RF
input power with various load impedances.

input power is shown in Fig. 15(a). Since the output voltage
and efficiency are highly dependent on the load resistance,
the measurements were carried out with RL = 500 �,
2 k�, 10 k�, 20 k�, 30 k�, 65 k�, and 10 M� (Probe),
respectively. For safe operation, each measurement is stopped
when the output voltage reaches 14 V. The proposed RBR can
provide a 5.9-V output voltage under 0-dBm input power or
larger than 1 V under −14-dBm input power with 10-M� load
resistance. The measured RF-to-dc PCE versus input power is
shown in Fig. 15(b). The peak PCE of 37.5% is achieved with
13-dBm input power and 20-k� load resistance.

B. Wireless Experiment

The test platform of the proposed full system is shown
in Fig. 16. A four-stage RBR was adopted for the experiment.
The RF signal is generated by a signal generator. A PA with
11-dB gain is used to magnify the RF signal. The input



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

8 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fig. 16. Test platform of the proposed RF energy harvester.

TABLE II

PARAMETERS OF THE WLAN ENERGY HARVESTING SYSTEM

Fig. 17. Measured output power versus output voltage under different load
impedances at three different output power levels of the PA.

power of the harvester from the rectenna can be changed by
varying the magnitude of the RF signal or the distance between
the antenna and the harvester. Parameters of the developed
WLAN energy harvesting system are given in Table II. The
input impedance of the boost converter can be calculated by
employing (10), which should match the output impedance of
the RBR.

Since the proposed harvester focuses on indoor RF energy
harvesting, 2.45-GHz signals are commonplace in such envi-
ronment (WiFi networks, ZigBee, or Bluetooth communica-
tions) and are employed for the system test in this paper.
Fig. 17 shows the measured results of the output power versus
output voltage of the proposed system under different load
impedances at three different power levels of the RF signal.

Fig. 18. Measured OCV of the proposed system and the Greinacher rectifier
versus the distance between the antenna and rectenna.

Fig. 19. Measured output voltage when harvesting WLAN energy from a
WiFi router.

The distance between the antenna and the rectenna is set to
15 cm, and the magnitude of the RF signal is varied. When
the output powers of the PA are 15, 17, and 19 dBm, and
the measured OCVs are 1.7, 2.6, and 3.5 V, respectively.
Keeping the output power of the PA at 19 dBm, when the
distance is increased to 25, 40, and 50 cm, the measured
OCVs are 2.1, 1.3, and 1.0 V, respectively. Compared with
[2]–[4], the proposed harvester boosts the output voltage to
higher levels. This is very desirable for many IoT applications.
Also as shown in Fig. 17, all three scatter curves of the output
power exhibit a single peak characteristic, which indicates the
possibility of applying the MPPT technique to further improve
the performance of the harvester.

Normally, the output power of a WiFi router is no more than
20 dBm. In this experiment, a PA is employed to simulate the
operation of a WiFi router as an energy source. To facilitate
comparison of our design, both a Greinacher rectifier and
a four-stage RBR voltage booster are implemented. Fig. 18
shows the measured results of the OCV versus the distance
between the transmit antenna and the rectenna. It indicates
that the proposed system can provide over 1- and 0.5-V output
voltages within a distance of 50 and 90 cm, respectively. Com-
pared with the Greinacher rectifier, the proposed system can
boost the output voltage up to 3.4 times higher. The distance
can be increased further by using a higher gain antenna.

The proposed system is used to harvest energy from a WiFi
router (TP-LINK TL_WDR5620) with a distance of 15 cm
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Fig. 20. Measured charging process of a 1-mF capacitor with and without
the boost converter.

while the router is downloading a big data file. Fig. 19 shows
the transient waveforms of the output voltage of the harvester
with a Greinacher rectifier (with and without an output capac-
itor) and with the four-stage RBR. It can be seen that the
harvester with the RBR increases the output voltage signifi-
cantly. Such measured results have further demonstrated the
feasibility of harvesting WLAN energy by using the proposed
RF energy harvesting system.

To optimize the available power of the RBR, the charging
process of a 1-mF supercapacitor is measured. A boost con-
verter is employed to match the impedance and maximize the
harvested power. A PFM frequency of 10 kHz and turn-on time
of 2.5 μs are used to realize the input impedance of 20 k�
of the boost converter to match the output impedance of the
RBR. The charging process is shown in Fig. 20. The steady
output voltages with and without the boost converter under
10-M� load resistance are 1.216 and 0.936 V, respectively.
The output power can be calculated by using the equation of
P = V 2/R, which shows that the output power is increased
by nearly 70% after using an impedance matching converter.

V. CONCLUSION

To sum up, a novel high VCR RBR with an impedance
matching converter has been proposed to harvest wireless
energy from the WLAN. The RBR is evolved from a
Greinacher rectifier and a Cockcroft–Walton charge pump to
form a full-wave rectifier. An equivalent resistance model of
the RBR is established to accurately predict the variation
tendency of the output voltage by only using very limited data.
The measured results show that nearly 315% output voltage
improvement is achieved with the RBR. Then, combined
with a flower-shaped broadband dual-polarized cross-dipole
antenna and a boost converter as an impedance matching
converter, the entire WLAN energy harvesting system is
demonstrated. It harvests RF energy from a WiFi router and
stores the electric energy in a supercapacitor. Compared with
directly charging a supercapacitor by the RBR, nearly 70%
more energy has been harvested by adding an impedance
matching converter between the RBR and the supercapacitor.
These merits prove the excellent practicality of the proposed
harvesting system for IoT applications.
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