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ABSTRACT Energy scavenging is a promising technique formicro-devices such as wireless sensor networks
(WSNs). Radio frequency (RF) is considered a sustainable source that can be utilized and harvested due to its
important features. The essential goal of this study was designing and investigating a wide input power range
through a theoretical and simulation work for the 900MHz frequency band with acceptable efficiency. In this
work, we investigated both the low input power and the high input power range circuits; the two circuits were
combined to achieve the goal of the wide input power range. L impedance matching elements were used to
perform the desired matching between the power source and the circuit to reduce the reflected power resulted
in enhanced RF-DC conversion efficiency. 60 % was the peak efficiency for the proposed design at 0 dBm
with the output voltage of 16.56 V, and a generated current of 1.39 mA for the load of 12K�.

INDEX TERMS Conversion efficiency, input power level, rectifier topology, RF energy scavenging.

I. INTRODUCTION
The unique features of wireless sensor networks (WSNs)
have made it an interesting research area for scientists all
around the world. WSNs are utilized in diverse areas such as
health, environment, and industrial monitoring. Mostly, bat-
teries are the basic power source for wireless sensors [1], [2].
The performance efficiency of WSNs depends on the bat-
tery lifetime, therefore the lifetime should be within several
months or years. Battery replacement can become compli-
cated in sensor networks consisting of thousands of nodes [3],
however, energy harvesting techniques have been growing
rapidly. Some sources of renewable energy include solar
radiation, wind, heat, vibration, etc [4]–[8]. Energy scav-
enging can provide a continuous power to feed WSNs for
autonomous sensors [2]–[11]. Radio frequency (RF) wave
is one of the renewable sources that is broadcasted for
24 hours per day through different sources such as routers,
radar systems, radio transmission towers, and mobile base
stations [12]. That is why RF energy harvesting is consid-
ered a viable solution. RF energy scavenging system can be
integrated with appropriate and lightweight equipment for
daily use. Therefore RF energy scavenging can be utilized to
overcome defects of the traditional sources. The main func-
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FIGURE 1. RF energy harvesting system.

tion of RF scavenging is harvesting the surrounding electro-
magnetic energy and converting it into useful DC power. The
RF energy harvesting system depends on the RF receiver that
includes six stages as shown in Fig.1.

The receiver is composed of a receiving antenna,
an impedance matching circuit, a rectifier circuit, a filter,
a power management unit, and a storage unit. The receiving
antenna is the first part which is the interface between the
radiated electromagnetic waves in the medium and the other
parts of the receiver. The antenna works to capture RF waves
and convert them into electrical signals. Since the extracted
electrical signals are alternating, the rectifier is needed to
rectify the generated signals.

Different topologies have been designed since the basic
element for these topologies is the diode or the transistor.
To achieve the maximum transferred power, the impedance
matching circuit is used. The impedance of both the receiv-
ing antenna and the rectifier are different and not matched,
therefore neglecting the impedance matching results in a high

173450 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ VOLUME 7, 2019

https://orcid.org/0000-0002-8030-9766
https://orcid.org/0000-0002-2362-3126
https://orcid.org/0000-0001-5761-0078
https://orcid.org/0000-0002-2906-584X


K. K. Selim et al.: RF Energy Scavenging With a Wide-Range Input Power Level

power loss. Hence, the mismatching between the receiving
antenna and the rectifier degrades the RF-DC energy conver-
sion efficiency.

RF Energy harvesting system faces many challenges; some
of them are related to the receiving antenna. Other chal-
lenges are mainly due to lapses in impedance matching
and rectifier design such as the conversion efficiency of
the rectifier, the number of rectifier stages, and the rectifier
topology [13]. Many researchers have studied and proposed
solutions to combat conversion inefficiencies. For example,
a rectifier design was presented by Skaik [14] to harvest
RF power for a quad-band at input power levels of −10, 0,
and +10 dBm. A Latour voltage doubler was designed by
Mabrouki et al. [15] for low input power levels in a range
of -30 dBm to -10 dBm at 10K� resistor load (RL) and
850MHz resonance frequency. Yunus [16] proposed a Dick-
son voltage multiplier and L-matching circuit for utilizing
GSM 900 MHz signals at different input power levels below
+10 dBm. Rajawat et al. [17] presented a Karthaus-Fischer
voltagemultiplier as a rectifier for the band of GSM2.45GHz
at a range extended from 0 to 24 dBm input power. A far-
field RF energy harvesting technique was offered by Bara-
nov et al. [18] for powering wireless gas sensor nodes at
900 MHz with input power levels varied between −20 dBm
and 10 dBm. At the same trend, Mouapi et al. [1] suggested
a technique for autonomous WSNs design powered by RF
at the ISM band 2.45GHz for multiple input power levels.
Finally at a limited input power range of -18 dBm to -
10 dBm a differential cross-coupled rectifier was presented
by Ouda et al. [19] for enabling wireless powering across
different distances, at a signal frequency of 1GHz.

Based on the mentioned literature, it is clear that most
of the designs focused on utilizing wide-bands whereas
input power levels were resolved as a dependent param-
eter. Some of these designs considered a limited range
of input power levels. Actually, there are many reasons
for varying the input power level, mostly they are based
on the receiving antenna characteristics, another reason is
the distance between the transmitting source and the RF
receiver. However, the input power level is an important
point that should be taken into account. The variation of
the input power level causes a dynamic impedance at the
rectifier input that indicates more power loss by the current
designs.

In this work, we introduce and investigate a wide input
power range with a simple design and an interesting RF-DC
conversion efficiency. Both the low and the high input power
circuits were studied then they were combined to achieve the
wide input power range. The rest of this paper is divided as
follows: the system theory is explained in the second section,
the third section introduces the circuit design for the low
input power range circuit design, the high input power range
circuit design, and the wide input power range circuit design.
Simulation results and discussion are presented in the fourth
section. Finally, the conclusion of this study is provided in the
fifth section.

FIGURE 2. A typical single-stage voltage multiplier circuit.

II. THEORY
The received RF power level is manipulated by some param-
eters, these parameters are governed by the Friis equation as
follow [16]:

Pr = PtGrGt (λ/4πR)2 (1)

where Pr is received power, Pt is transmitted power, Gr
is receiving antenna gain, Gt is transmitting antenna gain,
λ is wavelength, and R is the distance between the source
and receiver. Through the mentioned equation, it is clear
that the transmission antenna, the receiving antenna, and the
distance between the two antennas manipulate the received
input power level. A typical single-stage voltage multiplier
is shown in Fig.2. Usually, this multiplier is connected to
an antenna through a matching element. There is no power
supply or DC bias for this circuit just only the energy of the
applied RF signal at the input.

First, it is supposed that both C1 and C2 of the voltage
multiplier are initially discharged and a single-tone signal
(Vin) is applied to the input which has an amplitude (Vm) and
an angular frequency (ω). Vm depends on the received input
power. The ripple at the output voltage is neglected. During
the negative half-cycle of the input, D1 is forward-biased
at 1τ 1 = t2 − t1, while D2 is off then when the input
changed into the positive half-cycle, D2 is switched on at
1τ 2 = t4− t3, whileD1 is reverse biased. Besides, there is an
interval between turn-on times of diodes which both diodes
are reverse biased within that interval. Fig. 3 shows one cycle
operation for the rectifier since the moments of t1, t2, t3, t4,
and T are considered from the origin of the coordinates.

From Kirchhoff voltage law, D1 turns on at t1 when
Vin ≤ − (Vth + VC1). Vth and VC1 are the diode threshold
voltage and the voltage across C1 respectively, then C1 is
charged until the input reaches t2. It is noticed that C1 is
charged quickly, therefore, the C1 voltage can easily follow
the input voltage since this capacitor has a small capacitance.
Hence VC1 increases to be about (Vm − Vth) at t2 which is
close to T/4 (where T is the input signal period time). When
the input reaches t2, D1 is reversely biased, but D1 and D2
are still off until t3. D2 turns on when Vin ≥Vth − VC1 +
Vout between t3 and t4.D2 is reverse-biased at moment t4 and
both diodes will be off until the cycle ends. The variation level
of the output voltage is smaller than the input rate therefore
when the circuit is analyzed at the input rectifier frequency,
it can be assumed that Vout is AC ground and the effect of
C2 value on the impedance of the input can be neglected.
For this analysis [20]–[23], the diodes are assumed to be the
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FIGURE 3. One cycle operation of the voltage multiplier.

same for obtaining the necessary formulas. There are two
expected operation cases in each cycle: the first case is that
both of the diodes are reversely biased whereas the second
case is that one of the diodes is forward biased while the other
diode is reverse-biased. Therefore in each cycle, the rectifier
input impedance significantly is changed based on the diodes
switching between the two cases. Thus the equivalent input
impedance of the input of the rectifier will be a function of
the impedances of these two cases, as in (2).

Zin = f (Zin,ON ,Zin,OFF ) (2)

where Zin,OFF is the average input impedance of the rectifier
at the first case, Zin,ON is the average input impedance when
both diodes are turned off. Hence, these two impedances can
be calculated as follow:

Zin,OFF =
Z2
D,OFF

2ZD,OFF
+

1
JC1ω

=
ZD,OFF

2
+

1
JC1ω

(3)

Zin,ON =
ZD,OFF × ZD,ON
ZD,OFF + ZD,ON

+
1

JC1ω
(4)

where ZD,OFF , ZD,ON are the average impedances of
the diodes in both cases, respectively. The rectifier input
impedance is estimated due to the power analysis as follow:

Pin =
1
T

∫ T

0

V 2
in

Zin
dt (5)

Due to Fig.3, the integral of (5) can be represented as

Pin ≈
2
T

(∫ t1

0

V 2
in

Zin,OFF
dt +

∫ T/4

t1

V 2
in

Zin,ON
dt

+

∫ T/2

T/4

V 2
in

Zin,OFF
dt
)

(6)

The time t2 in Fig. 3 is approximated by T/4 and used in the
integral, on the other hand, Vin = Vm sin(ωt) is substituted
in (6) to get (7) as the follow:

Pin ≈
V 2
m

T

[
1

Zin,OFF

[
T
4
+ t1 −

1
2ω

sin(2ωt1)
]

+
1

Zin,ON

[
T
4
− t1 +

1
2ω

sin(2ωt1)
]]

(7)

By considering (5, 7), when the input is the same as Vin,
the rectifier impedance will be:

Zin ≈
T
2
×

[
1

Zin,OFF

[T
4
+ t1 −

1
2ω

sin(2ωt1)
]

+
1

Zin,ON

[
(
T
4
− t1 +

1
2ω

sin(2ωt1)
]]−1

(8)

Based on Fig. 3, t1 is changed from t1 to about T/4 and its
value in each cycle can be expressed as

t1 =
1
ω
sin−1

[
Vth +

Vout
2

Vm

]
(9)

Since VC1 is replaced by Vout
2

Vout = 2(Vm − Vth) (10)

By substituting ω = 2πT , the voltage multiplier input
impedance can be calculated as a function of the output
voltage (Vout ) and Vm through (8, 9) as shown in (11).

Zin ≈ 2
[( 1
Zin,OFF

+
1

Zin,ON

)
+

1
π

( 1
Zin,OFF

−
1

Zin,ON

)
∗

[
2sin−1

(2Vth + Vout
2Vm

)
−sin

(
2sin−1

(2Vth + Vout
2Vm

))]]−1
(11)

The full analysis for the voltagemultiplier input impedance
is mentioned in the appendix. The amplitude voltage of the
power source has an internal resistance of 50� can be calcu-
lated as follow:

Vm = 10
P(dBm)−10

20 (12)

In Fig. 2, the average value of the applied voltage is - 4Vm
π

in
the off region when the maximum applied voltage is 2Vm over
the rectifier diodes. For the ON region, the applied voltage
across the diodes will be near to the threshold voltage (Vth).

III. CIRCUIT DESIGN
For designing the rectifier for RF energy harvesting, the most
important issue is that choosing a suitable diode. The rectifier
requires diodes to have low forward voltage, fast switch-
ing at high frequencies, the ability to operate at low input
power level, low junction capacitance, low saturation current,
and optimum input impedance. Obtaining an ideal diode to
meet these requirements is not an easy process. However,
choosing the most suitable one for a wide input power range
is necessary. HSMS-2852 and HSMS-2862 Schottky diodes
which belong to HSMS-285x, HSMS-286x series respec-
tively mostly match the requirements of the proposed design.
By referring to the diodes datasheets [20], [21] there are some
important specifications that are provided in Table 1.

Where VJ is junction voltage, CJO is junction capacitance
at zero bias, Is is saturation current, Ib is externally applied
bias current, n is ideality factor, Rs is series resistance, and
m is grading coefficient. Besides, the Schottky diode’s equiv-
alent circuit is mentioned in the datasheet to describe the
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TABLE 1. HSMS-2852 and HSMS-2862 Schottky diodes specifications.

FIGURE 4. The equivalent circuit of HSMS-2852 and HSMS-2862 Schottky
diodes [20], [21].

diode performance as depicted in Fig. 4. Agilent Avago
Technology provides many types of diode packages. For
reducing the circuit size, HSMS-2852, HSMS-2862 Schot-
tky diode packages were used since the single package
includes two diodes that are connected in series i.e a single
HSMS-2852 package equal two packages of HSMS-2850.

To design an accurate model, the package parasitic ele-
ments were taken into consideration; the parasitic elements
were represented by LP and CP. Equation (11) is used to
calculate the rectifier input impedance at any applied input
power level, therefore Zin,ON and Zin,OFF must be calculated,
but that requires calculating both RJ , Ib, CJ , zd , and ZD since
RJ , Ib, CJ , zd , and ZD are the diode junction resistance, exter-
nally applied bias current, junction capacitance, the diodes’
average impedances, and the diodes’ average impedances
including the parasitic elements in the two cases (ON, and
OFF regions) respectively.

RJ =
8.33× 10−5nT

Ib + Is
(13)

where T = temperature ◦K.

Ib = Is
(
e

Va
nVT − 1

)
(14)

where VT , Va are the thermal voltage and the applied voltage
to the diode respectively.

CJ =
CJO(

1− Va
VJ

)m (15)

zd = Rs +
RJ

1+ jωRJCJ
(16)

ZD =
zd

1+ jωzdCp
+ jωLp (17)

FIGURE 5. A single-stage of Dickson rectifier with L matching for the low
input power range.

Advanced Design System (ADS) 2017 simulation program
- Harmonic Balance simulation controller (HB) was used
for simulation processes in this work. The power source
with 50� internal impedance was used instead of the receiv-
ing antenna. All simulation processes were adjusted at the
900 MHz frequency band.

A. THE LOW INPUT POWER RANGE CIRCUIT DESIGN
For the low input power range (-50 dBm to 0 dBm),
the Dickson rectifier topology circuit was designed by using
HSMS-2852 as shown in Fig. 5 with L impedance match-
ing. A single-stage to four-stage was designed and simu-
lated. The voltage multiplier input impedance was obtained
theoretically and numerically by the ADS simulation
environment.

B. THE HIGH INPUT POWER RANGE CIRCUIT DESIGN
For the high input power range (0 dBm to 30 dBm), dif-
ferent stages were tested included 3, 4, 5, 6, and 7 stages
by using HSMS-2852 and HSMS-2862 diodes separately to
realize which diode and which the number of stages gets the
optimum efficiency in the proposed design. Fig.6 shows the
five-stage Dickson rectifier with L matching.

C. THE WIDE INPUT POWER RANGE CIRCUIT DESIGN
In this setup, the high and low input power circuits were com-
bined to achieve a wide range of input power levels. HSMS-
2852 was used in the low range rectifier whereas HSMS-
2862 was used in the high range rectifier with the same power
source. The output of the two circuits was wired through RL
as shown in Fig. 7. The capacitors’ values in the two-stage
rectifier inside the wide range circuit were modified to be
10 pF to enhance the efficiency of the entire wide range
circuit. Different load values for the wide input power range
circuit have been tested, most of these values were extracted
from the mentioned published results in Table 2. The values
were 5 k�, 10 k� [15], [16], 25 k� [14], and 100 k� [19] to
find the best load for the wide range circuit.

IV. SIMULATION RESULTS AND DISCUSSION
At the low input power range (−50 dBm to 0 dBm) circuit,
the single-stage showed the best rectifier input impedance
(Zin) vs. the input power (Pin) among the other stages.
This impedance had more stability and included a capacitive
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FIGURE 6. Five-stage of Dickson rectifier with L matching for the high input power range.

FIGURE 7. The proposed RF energy harvesting design for the wide input power range. (a) Block diagram.
(b) The designed circuit.

reactance as shown in Fig.8 due to the diode junction
capacitance. The imaginary part exceeded −300�, the same
impedance had a real part below 60� which was close to the
power source impedance. Based on the Zin curve, the induc-
tance L was swept between 0.5 nH to 90 nH to eliminate the
imaginary part. The inductor 66 nH achieved the optimum
matching for this topology. From Fig. 8, there is a good agree-
ment between the results of the theoretical model and the
simulation design for the single-stage voltagemultiplier at the
low input power range. The RF-DC conversion efficiency (η)
was calculated via the Harmonic Balance simulation results

by the below equation [14]:

η =
Pout
Pin
=
V 2
out

RL
×

1
Pin

(18)

where Pin is the input power, Pout is the harvested power,
and Vout is the output voltage across RL . The peak conver-
sion efficiency was achieved at -15 dBm and 0 dBm with
44.121% and 44.32% respectively as shown in Fig.9. After
the input power level of -15 dBm, the efficiency was degraded
due to the high power limitations of the HSMS-2852 diode.
Figs.10 and 11 show the obtained output voltage and current
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FIGURE 8. Impedance of rectifier input vs. low input power range.
(a) simulation result. (b) theoretical and simulation result.

FIGURE 9. RF-DC conversion efficiency vs. low input power level range.

vs. low Pin. Considering the relevant curves, it is noticed that
both the voltage and current are increased gradually.

In the high input power range (0 dBm to 30 dBm) circuit,
results indicated that number of stages affected the total
impedance of the rectifier, therefore, the impedance matching
element was swept between 0.5 nH to 90 nH during the
different stages to remove the imaginary part then investigate
the optimum matching since increasing the number of the
stages reduced this impedance especially for the imaginary
part as shown in Figs. 12, 13.

For the comparison between the two diodes used in
this design, HSMS-2862 diode was more suitable than
HSMS-2852 for designing the high input power range circuit

FIGURE 10. Output voltage vs. low input power level range.

FIGURE 11. Output current vs. low input power level range.

since the different tested stages by using HSMS-2852 demon-
strated high efficiency at the low input power levels whereas
they got degraded at the high input power range as shown
in Fig. 14, this is due to manufacturing specifications of
HSMS-285X which are more suitable for low power ranges.
On the other hand, when the different stages were tested
by using HSMS-2862, according to the depicted Fig. 15 it
can be noticed that if we consider the highest efficiency
among the different stages circuits, then the five-stage circuit
achieved this target by 79.9% at 15 dBm, but considering
the efficiency for the comprehensive interested range of the
applied input power levels, then the five and six-stage circuits
had better efficiency than the three and four-stage circuits;
also they had better evaluation than the seven-stage circuit
based on the conversion efficiency and the design size. The
trade-off became between the five and six-stage circuits since
the five-stage circuit achieved 42.88%, 71.59%, 50.89%, and
7.68% for 0, 10, 20, and 30 dBm respectively with optimum
inductance of 16 nH whereas the six-stage circuit achieved
37.04%, 69.48%, 55.23%, and 10.02% for 0, 10, 20, and
30 dBm respectively with optimum inductance of 15 nH. The
five-stage circuit achieved higher efficiency than the six-stage
circuit at 0 dBm and 10 dBm although it achieved less than the
six-stage circuit at 20 dBm and 30 dBm. The five-stage circuit
realized the highest efficiency by 79.9%whereas the six-stage
circuit realized the highest efficiency by 78.55%. Another
problem is that the six-stage circuit occupied a larger size than
the five-stage circuit hence we think that the five-stage circuit
is the best choice based on this evaluation.
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FIGURE 12. Impedance of rectifier input vs. high input power level range
for HSMS-2852 at different stages. (a)Three-stage. (b)Four-stage.
(c)Five-stage. (d)Six-stage. (e) Seven-stage.

In fact, the variation of the rectifier input impedance
based on the applied input power levels results in dynamic
impedance for the diodes in the circuit besides the number of
the stages has the same effect on the total rectifier impedance
then a dynamic impedance exists at the rectifier input, another

FIGURE 13. Impedance of rectifier input vs. high input power level range
for HSMS-2862 at different stage. (a)Three-stage. (b)Four-stage.
(c)Five-stage.(d)Six-stage.(e) Seven-stage.

point related to this issue is that an increase in the number
of stages leads to an increase in the number of diodes in
the circuit i.e. increased voltage drops across these diodes,
consequently more power is lost. As a result, the conversion
efficiency is affected negatively, that is why when the number
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FIGURE 14. RF-DC conversion efficiency vs. high input power level range
for HSMS-2852 at different stages. (a)Three-stage. (b)Four-stage.
(c)Five-stage.(d)Six-stage.(e) Seven-stage.

of the stages is increased more than six stages in the current
design, it leads to degradation of the conversion efficiency of
the energy harvesting system. Besides in [16], the researcher

FIGURE 15. RF-DC conversion efficiency vs. high input power level range
for HSMS-2862 at different stages. (a)Three-stage. (b)Four-stage.
(c)Five-stage. (d)Six-stage. (e) Seven-stage.

tested numerically by ADS software the system conversion
efficiency for different stages from 1 to 12, the obtained
results by the researcher indicated that increasing the number
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FIGURE 16. Output voltage vs. high input power level range for the
five-stage circuit with HSMS-2862.

FIGURE 17. Output current vs. high input power level range for the
five-stage circuit with HSMS-2862.

of stages did not cause a significant change in the conversion
efficiency but, this increasemay lead to a bulky and expensive
circuit. The obtained peak output voltage and current for the
high input power range based on Figs. 16, 17 were 32.78 V
and 2.34 mA at +30 dBm.
A combination of the two circuits in one circuit for the

wide input power range resulted in dynamic impedance at the
input and output of the rectifier which affected the RF-DC
conversion efficiency. Therefore, the values of the inductors
were modified to match the input impedance of the wide
range circuit. Both the four and five-stage designs for the high
power levels in the wide range circuit were tested separately
and the obtained results indicated that a little enhancement
was achieved by the five-stage compared to the four-stage cir-
cuit resulted in larger design size, for this reason, we preferred
to use the four-stage in the wide range circuit, however the
five and six-stage rectifiers are more attractive and effective
than other stages for the high input power ranges only. Zin vs.
Pin at the load of 14 K� as an example is shown in Fig. 18 for
the wide input power range circuit. This impedance had
stability from−40 dBm to+10 dBm. Besides, it had a capac-
itive reactance that was below −80� and the real part was

FIGURE 18. Impedance of rectifier input vs. input power level for the
wide range rectifier circuit at the load of 14 K�.

below 50�. By reference to Zin curves, L matching elements
were swept between 0.5 nH to 90 nH. 10 nH and 40 nH were
inserted for the high and low input power circuits inside the
wide range circuit. These inductors introduced the suitable
matching since 59.18% was reached as the peak conversion
efficiency at 0 dBm for the mentioned load.

Results of the wide input power range circuit at different
loads are shown in Figs. 20, 21, and 22 which indicated that
5 k�, 10 k�, 14 k�, and 25 k� demonstrated convergent
results for the maximum obtained efficiency which were
59.75 %, 59.46 %, 59.17 %, and 56.72% at 10 dBm, 0d Bm,
0 dBm, and−5 dBm respectively, whereas the load of 100 k�
showed a maximum efficiency with a low quality of 33.33 %
at −15 dBm as shown in Fig. 19.
Considering the comprehensive efficiency for the different

levels in the wide input power range, it can be noticed that
the loads 10 k�, 14 k� achieved the optimum performance,
just the difference between these loads is that 14 k� realized
higher efficiency than 10 k� at the low input power levels
especially at −20 dBm, −10 dBm levels whereas it achieved
the vice versa for the high input power levels especially at
10dBm, 20dBm levels. The main reason for the efficiency
variation at the different power levels is based on the dynamic
complex impedance which includes the impedance match-
ing element, the rectifier impedance, and the load resistor.
To achieve a balanced overall efficiency for both the high and
low input power levels in the wide input power range circuit,
a load of 12 k� which is a middle value between the 10 k�
and 14 k� loads can be be used. The RF-DC conversion
efficiency at the suggested load of 12 k� is shown in Fig. 20,
however, this load achieved 60 % as the highest efficiency
for the wide input power range circuit at 0 dBm. The resulted
output voltage and current vs.Pin are shown in Figs. 21, 22 for
the wide input power range. Through the above curves, it is
noticed that 22 mV and 1.87µA were the minimum values
extracted at -30 dBm where 16.56 V and 1.39 mA were the
peak values at +30 dBm.

A. COMPARISON WITH PUBLISHED RESULTS
The results of this work compared with the published
results, [1], [14]–[19] achieves a wider input power range
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FIGURE 19. RF-DC conversion efficiency vs. input power level for the
wide range circuit at different loads. (a) At 5 K�. (b) At 10 K�. (c) At
14 K�. (d) At 25 K�. (e) At 100 K�.

with a simple design, especially for the matching element.
Acceptable conversion efficiency was obtained compared
with the other works. Table 2 shows a comparison for

FIGURE 20. RF-DC conversion efficiency vs. input power level for the
wide range circuit at the suggested load of 12 K�.

FIGURE 21. Output voltage vs. input power level for the wide range
circuit at 12 K�.

FIGURE 22. Output current vs. input power level for the wide range
circuit at 12 K�.

the conversion efficiency between the other works and this
work.

The published works in Table 2 which used simulation
and experimental, they mentioned that results indicated that
a good agreement between the simulation and experimental.
Finally, in this work, we have handled both the high and the
low power levels not only the sufficiently high power levels
since most the published results considered high levels such
in [3], [17] or limited levels range as mentioned in [1], [3],
[11], [14], [15], [17], and [18], this goal was done by utilizing
Dickson voltage multiplier which is classified as one of the
voltage multiplier topologies.
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TABLE 2. A comparison for the conversion efficiency between the
published results and this study.

V. CONCLUSION
This work aimed to design a wide input power range for
the RF energy harvesting system at the 900 MHz band with
reasonable efficiency since the applied input power level
is changed due to different reasons. To achieve this goal,
the proposed design passed through three stages: first, design
the low input power range circuit with a single-stage Dick-
son voltage multiplier by using HSMS-2852 Schottky diode.
Second, design the high input power range circuit by utilizing
HSMS-2862 Schottky diode. Finally, the wide range power
circuit was created by combining the low and the high input
power circuits as a wide range circuit. L impedance matching
was used in the three circuits to reduce the power loss and
then getting the optimum efficiency. For the low input power
circuit, 43.6 % conversion efficiency was achieved at 0 dBm
where 79.9% was reached at + 15 dBm for the high input
power level. The wide range circuit accomplished 60 % as
the peak efficiency at 0 dBm with the output voltage and
current of 16.56 V and 1.39 mA respectively for the load
resistance of 12K�. Future studies will include the usage
of Momentum simulator in ADS software to evaluate and
consequently propose methods to overcome challenges in
RF energy harvesting. Furthermore, this will help to achieve
practical and industry-ready designs. Our work mainly aims
to elaborate on the theoretical and simulation progress, and
at the same time enhancing the conversion efficiency for
multiple frequency bands.

APPENDIX

Pin ≈
2
T

(∫ t1

0

V 2
in

Zin,OFF
dt +

∫ T/4

t1

V 2
in

Zin,ON
dt

+

∫ T/2

T/4

V 2
in

Zin,OFF
dt
)

(A.1)

Vin = Vmsin(ωt) (A.2)

Pin ≈
2
T

(∫ t1

0

(
Vmsin(ωt)

)2
Zin,OFF

dt +
∫ T/4

t1

(
Vmsin(ωt)

)2
Zin,ON

dt

+

∫ T/2

T/4

(
Vmsin(ωt)

)2
Zin,OFF

dt
)

(A.3)

Pin ≈
2
T

(∫ t1

0

V 2
msin

2(ωt)
Zin,OFF

dt +
∫ T/4

t1

V 2
msin

2(ωt)
Zin,ON

dt

+

∫ T/2

T/4

V 2
msin

2(ωt)
Zin,OFF

dt
)

(A.4)

Pin ≈
2V 2

m

T

(∫ t1

0

sin2(ωt)
Zin,OFF

dt +
∫ T/4

t1

sin2(ωt)
Zin,ON

dt

+

∫ T/2

T/4

sin2(ωt)
Zin,OFF

dt
)

(A.5)

Pin ≈
2V 2

m

T

(
1

Zin,OFF

[ ∫ t1

0
sin2(ωt)dt

+

∫ T/2

T/4
sin2(ωt)dt

]
+

1
Zin,ON

∫ T/4

t1
sin2(ωt)dt

)
(A.6)

Pin ≈
2V 2

m

T

[
1

Zin,OFF

[
1
2

[
t −

1
2ω

sin(2ωt)
]t1
0

+
1
2

[
t −

1
2ω

sin(2ωt)
]T/4
T/2

]
+

1
Zin,ON

[
1
2

[
t

−
1
2ω

sin(2ωt)
]T/4
t1

]]
(A.7)

Pin ≈
2V 2

m

T
×

1
2

[
1

Zin,OFF

[[
t −

1
2ω

sin(2ωt)
]t1
0

+

[
t −

1
2ω

sin(2ωt)
]T/4
T/2

]
+

1
Zin,ON

[[
t

−
1
2ω

sin(2ωt)
]T/4
t1

]]
(A.8)

Pin ≈
V 2
m

T

[
1

Zin,OFF

[[
t −

1
2ω

sin(2ωt)
]t1
0

+

[
t −

1
2ω

sin(2ωt)
]T/4
T/2

]
+

1
Zin,ON

[
t

−
1
2ω

sin(2ωt)
]T/4
t1

]
(A.9)

Pin ≈
V 2
m

T

[
1

Zin,OFF

[[(
t1 −

1
2ω

sin(2ωt1)
)
− (0)

]
+

[
(T
2
−

1
2ω

sin(2ω
T
2
)
)
−
(T
4
−

1
2ω

sin(2ω
T
4
)
)]]

+
1

Zin,ON

[(T
4
−

1
2ω

sin(2ω
T
4
)
)

−
(
t1 −

1
2ω

sin(2ωt1)
)]]

(A.10)

Pin ≈
V 2
m

T

[
1

Zin,OFF

[[
t1 −

1
2ω

sin(2ωt1)
]

+

[(T
2
−

1
2ω

(0)
)
−

(T
4
−

1
2ω

(0)
)]]
+

1
Zin,ON

[
(T
4
−

1
2ω

(0)
)
−

(
t1 −

1
2ω

sin(2ωt1)
)]]

(A.11)

Pin ≈
V 2
m

T

[
1

Zin,OFF

[
t1 −

1
2ω

sin(2ωt1)+
T
2
−
T
4

]
+

1
Zin,ON

[
T
4
− t1 +

1
2ω

sin(2ωt1)
]]

(A.12)

∴ Pin ≈
V 2
m

T

[
1

Zin,OFF

[
T
4
+ t1 −

1
2ω

sin(2ωt1)
]

173460 VOLUME 7, 2019



K. K. Selim et al.: RF Energy Scavenging With a Wide-Range Input Power Level

+
1

Zin,ON

[
T
4
− t1 +

1
2ω

sin(2ωt1)
]]

(A.13)

Pin =
1
T

∫ T

0

V 2
in

Zin
dt =

1
TZin

∫ T

0
V 2
indt (A.14)

Pin =
1

TZin

∫ T

0
(Vmsin(ωt))2dt (A.15)

Pin =
1

TZin

∫ T

0
V 2
msin

2(ωt)dt (A.16)

Pin =
V 2
m

TZin

∫ T

0
sin2(ωt)dt (A.17)

Pin =
V 2
m

TZin
×

1
2

[
t −

1
2ω

sin(2ωt)
]T
0

(A.18)

Pin =
V 2
m

TZin
×

1
2

[
(T −

1
2ω

sin(2ωT ))− (0)
]

(A.19)

Pin =
V 2
m

TZin
×

1
2

[
(T −

1
2ω

(0))− (0)
]

(A.20)

Pin =
V 2
m

TZin
×

1
2
T (A.21)

Pin =
V 2
m

2Zin
(A.22)

∴ Zin =
V 2
m

2Pin
(A.23)

By substituting (A.13) in (A.23), Zin can be obtained as
follow:

Zin ≈
V 2
m

2
×

1
[
V 2
m

T
[

1
Zin,OFF

[
T
4
[+t1 −

1
2ω

sin(2ωt1)]

+
1

Zin,ON
[(
T
4
− t1 +

1
2ω

sin(2ωt1)]]]]] (A.24)

Zin ≈
T
2
×

[
1

Zin,OFF

[T
4

]
+ t1 −

1
2ω

sin(2ωt1)
]

+
1

Zin,ON

[
(
T
4
− t1 +

1
2ω

sin(2ωt1)
]−1

(A.25)

∵ t1 =
1
ω
sin−1g[

Vth +
Vout
2

Vm
g] (A.26)

Zin ≈
T
2

[
1

Zin,OFF

[
T
4
+

1
ω
sin−1

(Vth + Vout
2

Vm

)
−

1
2ω

sin
(
2ω

1
ω
sin−1

(Vth + Vout
2

Vm

))]
+

1
Zin,ON

[
T
4
−

1
ω
sin−1

(Vth + Vout
2

Vm

)
+

1
2ω

sin
(
2ω

1
ω
sin−1

(Vth + Vout
2

Vm

))]]−1
(A.27)

since ω = 2πF = 2πT , then it can be written as follow:

Zin ≈
T
2

[
1

Zin,OFF

[
T
4
+

T
2π

sin−1
(Vth + Vout

2

Vm

)
−
T
4π

sin
(
2sin−1

(Vth + Vout
2

Vm

))]

+
1

Zin,ON

[
T
4
−

T
2π

sin−1
(Vth + Vout

2

Vm

)
+
T
4π

sin
(
2sin−1

(Vth + Vout
2

Vm

))]]−1
(A.28)

Zin ≈
T
2
×

4
T

[
1

Zin,OFF

[
1+

2
π
sin−1

(Vth + Vout
2

Vm

)
−

1
π
sin
(
2sin−1

(Vth + Vout
2

Vm

))]
+

1
Zin,ON

[
1−

2
π
sin−1

(Vth + Vout
2

Vm

)
+

1
π
sin
(
2sin−1

(Vth + Vout
2

Vm

))]]−1
(A.29)

Zin ≈ 2
[

1
Zin,OFF

[
1+

2
π
sin−1

(Vth + Vout
2

Vm

)
−

1
π
sin
(
2sin−1

(Vth + Vout
2

Vm

))]
+

1
Zin,ON

[
1−

2
π
sin−1

(Vth + Vout
2

Vm

)
+

1
π
sin
(
2sin−1

(Vth + Vout
2

Vm

))]]−1
(A.30)

Zin ≈ 2
[( 1
Zin,OFF

+
1

Zin,ON

)
+

2
π

( 1
Zin,OFF

−
1

Zin,ON

)
sin−1

(Vth + Vout
2

Vm

)
+

1
π

( 1
Zin,ON

−
1

Zin,OFF

)
sin
(
2sin−1

(Vth + Vout
2

Vm

))]−1
(A.31)

Zin ≈ 2
[( 1
Zin,OFF

+
1

Zin,ON

)
+

1
π

( 1
Zin,OFF

−
1

Zin,ON

)
∗

[
2sin−1

(2Vth + Vout
2Vm

)
−sin

(
2sin−1

(2Vth + Vout
2Vm

))]]−1
(A.32)

REFERENCES

[1] A. Mouapi, N. Hakem, and G. Y. Delisle, ‘‘A new approach
to design of RF energy harvesting system to enslave wireless
sensor networks,’’ ICT Express, vol. 4, no. 4, pp. 228–233,
2018.

[2] S. Cao and J. Li, ‘‘A high efficiency twin coil ferrite rod antenna for RF
energy harvesting in AM band,’’ in Proc. Int. Conf. Enterprise Syst. (ES),
Sep. 2017, pp. 276–280.

[3] A. Rajawat and P. K. Singhal, ‘‘Design and implementation of a dual-
band rectifier antenna for efficient RF energy harvesting in wireless
sensor networks,’’ J. Circuits Syst. Comput., vol. 28, no. 2, Feb. 2019,
Art. no. 1950034.

[4] A. H. Elsheikh, S. W. Sharshir, M. A. Elaziz, A. E. Kabeel, W. Guilan,
and Z. Haiou, ‘‘Modeling of solar energy systems using artificial neural
network: A comprehensive review,’’ Sol. Energy, vol. 180, pp. 622–639,
Mar. 2019.

[5] E. Koutroulis and K. Kalaitzakis, ‘‘Design of a maximum power tracking
system for wind-energy-conversion applications,’’ IEEE Trans. Ind. Elec-
tron., vol. 53, no. 2, pp. 486–494, Apr. 2006.

VOLUME 7, 2019 173461



K. K. Selim et al.: RF Energy Scavenging With a Wide-Range Input Power Level

[6] F. Agyenim, N. Hewitt, P. Eames, and M. Smyth, ‘‘A review of materials,
heat transfer and phase change problem formulation for latent heat thermal
energy storage systems (LHTESS),’’ Renew. Sustain. Energy Rev., vol. 14,
no. 2, pp. 615–628, Feb. 2010.

[7] C. Wei and X. Jing, ‘‘A comprehensive review on vibration energy har-
vesting: Modelling and realization,’’ Renew. Sustain. Energy Rev., vol. 74,
pp. 1–18, Jul. 2017.

[8] K. K. Selim, A. Haggag, F. Z. Amer, W. A. Rady, and A. M. El-Garhy,
‘‘A proposed technique for power extraction from acoustic energy scav-
enging,’’ Int. J. Electron., vol. 105, no. 7, pp. 1236–1247, 2018.

[9] J. Kimionis, M. Isakov, B. S. Koh, A. Georgiadis, and M. M. Tentzeris,
‘‘3D-printed origami packaging with inkjet-printed antennas for RF har-
vesting sensors,’’ IEEE Trans. Microw. Theory Techn., vol. 63, no. 12,
pp. 4521–4532, Dec. 2015.

[10] P. Kumari and J. Sahay, ‘‘Investigation on RF energy harvesting,’’ in Proc.
Innov. Power Adv. Comput. Technol. (I-PACT), Apr. 2017, pp. 1–5.

[11] M. Zhang, X. Liu, H. Guo, X. Yang, and D. Xie, ‘‘Development of
high-efficiency rectification circuit for RF energy harvesting,’’ in Proc.
Asia–Pacific Microw. Conf., Dec. 2015, pp. 1–3.

[12] C. C. Kang, M. F. Ain, A. M. J. Zalzala, and I. A. Zubir, ‘‘Lumped
element equivalent circuit modelling for RF energy harvesting antenna
array,’’ in Proc. 9th Int. Conf. Robotic, Vis., Signal Process. Power Appl.,
Empowering Res. Innov., vol. 398, 2017, pp. 455–461.

[13] L.-G. Tran, H.-K. Cha, andW.-T. Park, ‘‘RF power harvesting: A review on
designing methodologies and applications,’’Micro Nano Syst. Lett., vol. 5,
no. 1, p. 14, 2017.

[14] T. Skaik, ‘‘A quad-band rectifier design with improved matching band-
width for RF energy harvesting applications,’’ inProc. Int. Conf. Promising
Electron. Technol. (ICPET), Oct. 2017, pp. 82–86.

[15] A. Mabrouki, M. Latrach, and V. Lorrain, ‘‘High efficiency low Power
rectifier design using zero bias Schottky diodes,’’ in Proc. IEEE Faible
Tension Faible Consommation (FTFC), May 2014, pp. 1–4.

[16] Y. Uzun, ‘‘Design and implementation of RF energy harvesting system
for low-Power electronic devices,’’ J. Electron. Mater., vol. 45, no. 8,
pp. 3842–3847, Aug. 2016.

[17] A. Rajawat, K. Suri, and M. Mohta, ‘‘Design of an efficient rectifier
circuit based on Karthaus-Fischer voltage multiplier for energy
harvesting,’’ in Intelligent Communication, Control and Devices.
Singapore: Springer, 2018, pp. 913–922. [Online]. Available:
https://link.springer.com/chapter/10.1007/978-981-10-5903-2_96

[18] A. M. Baranov, S. Akbari, D. Spirjakin, A. Bragar, and A. Karelin,
‘‘Feasibility of RF energy harvesting for wireless gas sensor nodes,’’ Sens.
Actuators A, Phys., vol. 275, pp. 37–43, Jun. 2018.

[19] M. H. Ouda, W. Khalil, and K. N. Salama, ‘‘Wide-range adaptive RF-to-
DC power converter for UHF RFIDs,’’ IEEE Microw. Wireless Compon.
Lett., vol. 26, no. 8, pp. 634–636, Aug. 2016.

[20] Agilent Technologies, Santa Clara, CA, USA. (2005). Agilent HSMS-
285x Series Surface Mount Zero Bias Schottky Detector Diodes Datasheet.
Accessed: Sep. 14, 2019. [Online]. Available: https://www.alldatasheet.
com/datasheet-pdf/pdf/117273/HP/HSMS-2852.html

[21] Agilent Technologies, Santa Clara, CA, USA. (2005). Agilent HSMS-
286x Series Surface Mount Zero Bias Schottky Detector Diodes Datasheet.
Accessed: Sep. 14, 2019. [Online]. Available: https://pdf1.alldatasheet.
com/datasheet-pdf/view/117275/HP/HSMS-2862.html

[22] S. Shieh and M. Kamarei, ‘‘Transient input impedance modeling of recti-
fiers for RF energy harvesting applications,’’ IEEE Trans. Circuits Syst. II,
Exp. Briefs, vol. 65, no. 3, pp. 311–315, Mar. 2018.

[23] T. L. Floyd, ‘‘Diodes and applications,’’ in Electronic Devices (Conven-
tional Current Version), 9th ed. Cambridge, MA, USA: Pearson, 2012,
ch. 2, pp. 71–72.

KYRILLOS K. SELIM received the B.Sc. and
M.Sc. degrees in electronics technology from the
Faculty of Industrial Education, Helwan Univer-
sity, Cairo, Egypt, in 2013 and 2017, respectively.
He is currently pursuing the Ph.D. degree with
the School of Electronics and Information Engi-
neering, Harbin Institute of Technology, Harbin,
China. He was a Teaching Assistant with Hel-
wan University, from 2015 to 2017, where he
is an Assistant Lecturer, since 2017. His current

research interests include energy harvesting techniques and circuit design.

SHAOCHUAN WU received the B.Eng., M.Eng.,
and Ph.D. degrees from the Harbin Institute of
Technology, Harbin, China, in 2000, 2002, and
2006, respectively, all in electrical engineering.
He was a Visiting Researcher with McGill Uni-
versity, Montreal, QC, Canada, in 2011. He is
currently a Professor with the Harbin Institute of
Technology. His current research interests include
sensor networks, distributed signal processing, and
artificial intelligence.

DEMYANA A. SALEEB received theM.Sc. degree
in application of transmission line model to
antenna problems, in 2010, and the Ph.D. degree
in physics of electromagnetic band gap materials
and applications for the enhancement of anten-
nas’ properties, in 2015, from the Faculty of Elec-
tronic Engineering, Menoufia University, Menouf,
Egypt. She was an Assistant Lecturer with the
Department of Engineering Physics and Mathe-
matics, Faculty of Engineering, Kafrelsheikh Uni-

versity, Egypt, in 2009, where she is currently a Lecturer. Her current
research interests include electromagnetic absorbing materials EBG struc-
tures, energy harvesting, and millimeter waves EBG materials.

173462 VOLUME 7, 2019


