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Abstract—Radio Frequency (RF) energy harvesting (EH) is a
technique to replenish the source of wireless sensor networks
(WSNs). Also, many interdisciplinary fields in the Internet-of-
Things (IoT) era use RF-EH, like precision agriculture, biomed-
ical, and robotics. Over the years, various designs have been
presented in the literature operating in multi- or wide-band
frequencies. Usually, a designed system is optimized using specific
goals and optimization parameters to obtain maximization in
power conversion efficiency (PCE). In this work, a dual-band
RF rectifier system that resonates in the Wi-Fi frequency bands
of 2.45 GHz and 5.8 GHz is presented. The proposed system
is optimized using four optimization techniques, namely the
Gradient algorithm, the Minimax algorithm, the Simulated An-
nealing, and the Genetic algorithm. A set of comparative results
is presented to assess the performance of each technique and to
obtain the feasible solution of the proposed design. Numerical
results demonstrate that a 42.8% efficiency is achieved, having
a 16 dBm input power and a 1.7 k(2 output resistance load.

Index Terms—RF energy harvesting, rectenna, impedance
matching, optimization technique, genetic algorithm, rectifier,
wireless sensor network

I. INTRODUCTION

In the last years, the ever-increasing development of mobile
devices and wireless sensor networks (WSNs) turned the atten-
tion of scientists to energy harvesting (EH) and wireless power
transfer (WPT) techniques. The number of radiofrequency
(RF) sources is continuously increasing. The RF-EH aims to
turn ambient RF energy into usable DC voltage to power elec-
tronics or charge batteries. It is a promising solution to extend
battery life or reduce waste when employed in battery-less
low-power WSNs. Many interdisciplinary application fields in
the Internet of Things (IoT) era use RF energy harvesting, such
as precision agriculture [1], [2], biomedical engineering [3],
robotics [4], while new applications are constantly emerging.

An RF-EH system usually consists of a receiving antenna
or an array, an impedance matching network (IMN), an RF-to-
DC rectifier, a power management unit (PMU), and an output
load (Fig. 1). The antenna resonates and harvests the ambient
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RF energy at specific frequency bands. Usually, an impedance
matching network is applied to adjust the impedance between
the antenna and the RF-to-DC rectifier. The matching network
is also responsible for minimizing the power loss due to
impedance mismatches and transferring the maximum power
to the rectifying circuit [5]. The RF-to-DC rectifier converts
the captured AC signal into output DC voltage. One of the
key performance factors of an RF-to-DC rectifier is the power
conversion efficiency (PCE). Finally, the PMU is responsible
for improving the efficiency of the DC-DC converter.
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Fig. 1. Typical topology of an RF-EH system.

A critical point in designing an RF-to-DC rectifier is the
design aspects of the IMN to minimize the reflection loss and
maximize the power conversion efficiency [6]. The matching
between the impedances of a source A and a load L is attained
when the impedances Z4 and Z;, have the below relation:

Za=17] (D

where “*” denotes the complex conjugate number, Z4 the
source impedance, and Z, the load impedance. There are two
approaches to design an IMN; by using lumped elements,



such as resistors, inductors, and capacitors, or by applying
distributed elements (microstrip lines). Whichever approach
the designer chooses, he must apply optimization techniques
to achieve the maximum PCE.

In [7], the authors presented a triple-band rectifier operating
in the frequency bands of GSM-900, GSM-1800, and UMTS-
2100. They optimized the size of the impedance matching
circuit by adjusting its distributed components (transmission
lines and stubs), as well as its lumped ones (inductors) to
achieve an acceptable matching in the impedance. In [8], the
authors designed a rectifier operating at 5.81 GHz. The authors
proposed an iterative method to call the API handle of the
impedance matching tool and optimize the performance of
their design by reconfiguring the matching goal. In [9], the
authors proposed a microstrip-based rectifier consisted of a
voltage-doubler circuit and utilizing two Zero-Bias Schottky
diodes. The rectenna model was co-simulated and optimized.
In [10], the authors designed an impedance matching circuit
for a rectifier at 2.45 GHz. The system was optimized using
performance goals and optimization parameters to obtain a
maximum PCE.

Generally speaking, the optimization process is a complex
procedure. It is essential how and which optimization method
is applied to achieve maximum performance. In this paper, we
determine the optimum IMN in a dual-band operation design,
by utilizing four optimization algorithms that are intrinsically
available in the ADS environment (Advanced Design System
(ADS), ©Keysight Technologies 2000-2021). We present the
comparative results and obtain a feasible solution for the
proposed design. The remainder of the paper is structured
as follows. Section II describes the RF-EH system and the
proposed dual-band rectifier. Section III presents the four
optimizers of the ADS software briefly. Section IV displays the
simulation results and concludes with the optimum solution.
The PCE of the system is calculated and a comparison between
the two best approaches is presented. Finally, in Section V,
some concluding remarks are outlined.

II. ENERGY HARVESTING SYSTEM
A. Rectenna

The antenna and the rectifier are composing the so-called
rectifying antenna (rectenna), Fig. 1. The rectifier module is
the key module of the rectenna system. The antenna captures
the RF electromagnetic radiation, whereas the rectifier converts
the input AC power into output DC voltage. The overall PCE
strongly depends on the rectifier’s performance. An IMN is
applied to adjust the impedance between the antenna and the
RF-to-DC rectifier, thus maximizing the PCE.

B. RF-to-DC Rectifier

The RF-to-DC system is one of the core components of
the rectenna. A diode with fast switching characteristics is
mandatory to achieve high PCE. Received power signal levels
that are transmitted by the ambient RF energy sources are
usually low. Therefore, the turn-on voltage of the utilized
diode must be smaller than the maximum voltage produced

by received signals. The Schottky diode, having a relatively
low substrate leakage and forward voltage, is commonly used
in rectifier design [11]. In this work, the Avago HSMS-286C
diode, which features a maximum forward voltage Vg of 350
mV, a typical capacitance Cr of 0.25 pF, and a frequency
range between 915 MHz and 5.8 GHz, has been selected.

The next decision step is the selection of the topology. In
our work, we utilize the Dickson voltage-doubler (Fig. 2) by
exploiting the characteristic of mitigating the parasitic capac-
itances between the different stages at the transitional nodes
[12]. The rest of the IMN is completed by four capacitors C;
(#=1,2,3, and 4) of 100 pF and various conductor lines. The
IMN, Fig. 3, adjusts the input impedance between the antenna
and the RF-to-DC rectifier, thus achieving the maximization
of the PCE, and obtaining the maximum DC output [6]. There
are two techniques when designing an IMN; the use of lumped
or distributed elements in the proposed design. In this work,
we utilize the design of the IMN with distributed (microstrip
line) elements. The proposed circuit is designed on an FR-4
substrate (substrate thickness: 1.6 mm, relative permittivity:
4.4, dielectric loss tangent: 0.02, copper foil thickness: 35
nm).

We consider an antenna port of impedance Z4 = 501
The RF-to-DC PCE versus the AC RF signal (F;,) at the
input port is usually the reference point for the evaluation of
the system’s performance. Fig. 3 portrays the geometry of the
proposed IMN of the dual-band rectifying module. Z;,, is the
total impedance of the IMN and the rectifier. Also, P;,q, 18
the available power at the input of the IMN. The variations
of the rectifier’s input impedance, as the RF input power is
modified, results in the use of the Large-Signal S-Parameter
simulation tool of the ADS environment. Finally, we compute
the efficiency of the overall circuit as a function of the incident
RF input signal.

C. Output Load

One of the key factors that affect the performance of the
electronic circuits is the output load. Generally speaking, when
the resistance value of the output load falls into a specific
range, the performance of the corresponding circuit increases.
On the contrary, when the output load value diverges from this
range, the circuit’s performance decreases. In RF EH systems,
the selection of the optimal value for the resistance output load
is rather complex and depends on the number of the applied
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Fig. 2. Two-stage Dickson voltage-doubler topology.
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Fig. 3. Geometry of the proposed impedance matching network (IMN).

stages and the various types of the utilized nonlinear devices.
Therefore, a preliminary fast-swiping method for the resistance
output load is applied to assess the impact of its value on the
designed circuit.

D. Optimization

Optimization techniques are useful tools for scientists to
find a feasible or an optimal solution to the given optimization
problem [13]. It is a complex process of setting several pa-
rameters to satisfy predefined performance goals (optimization
criteria). Generally speaking, optimizers compare computed
and desired outputs at each iteration, and update the position
vector (current solution to the optimization problem) to obtain
new results (at the next iteration) that are likely to be closer
to the desired. Maximum and/or minimum acceptable values
are set to define the limits of an optimization goal. ADS en-
vironment has many integrated optimizers for different design
problems. Each optimizer applies a specific search method
and an error function to achieve the desired outputs. In this
paper, we utilize the following optimizers: Gradient, Minimax,
Simulated Annealing, and Genetic.

III. NUMERICAL RESULTS
A. Optimizer Setup

The voltage-doubler input impedance for the dual-band
design is calculated by utilizing the S-parameters simulator
tool of the ADS environment. The derived values prior to the
optimization (unmatched rectifier) are 34.703—j%409.314 and
17.744-7%119.464 at 2.45G H z and 5.8G H z, accordingly. We
also consider an antenna port of 50€2. The IMN is a two-branch
circuit with shorted-stubs. The number of iterations is set to
100. Also, six decision variables (IMN length and width of
TL1, TL4, and TL6 microstrip lines) of the proposed design
are included in the optimization process. We consider continu-
ous optimization variables for all the optimizers. Additionally,
we apply optimization for discrete variable change by 0.1 mm
only for the genetic optimizer. The rest of the parameters of the
proposed design are unaltered during the optimization process.

B. Optimizers Comparison

Fig. 4 illustrates the reflection coefficient (S7; magnitude)
of the proposed RF-to-DC rectifier as a function of the
frequency. From the presented results we can deduce that
the genetic algorithm (GA) achieves acceptable results at the
two frequencies of interest. The proposed RF-to-DC design
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Fig. 4. The magnitude of the reflection coefficient of the proposed rectifier
as a function of frequency (Pin = 0 dBm).

exhibits a dual-band frequency operation. In detail, GA with
continuous optimization variables achieves -24.2 dB at 2.45
GHz and -20.5 dB at 5.8 GHz, whereas GA with discrete
optimization variables by 0.1 mm achieves -25.5 dB and -
41.9 dB, accordingly. Table I shows the optimized values of
microstrip lines TL1, TL4, and TL6.

C. Power Conversion Efficiency

The RF-to-DC PCE (%) of the proposed design is computed
by
Ppc =Vic/Rr = Vo /R 2

PCE = Ppc/Pings * 100 3)

where V,,; is the DC output voltage, P;,q, is the electromag-
netic energy available at the input of the IMN, and Ry, is the
output load resistance. The design procedure takes into account
the harmonic balance optimization that is available in the
ADS environment to maximize the PCE (%) of the proposed
circuit. Fig. 5 portays the RF-to-DC PCE (%) as a function of
the output resistance Ry (2), for the genetic optimizer with
discrete optimization variables. From the displayed graphs,
we can deduce that the proposed RF-to-DC circuit attains a
maximum performance of 42.8% when a two-tone signal is
applied, the input power is equal to 16 dBm, and the output
load is 1.7 k€. Fig. 6 illustrates the PCE versus frequency for
discrete optimization variables for an output load of 1.7 k€.
We can observe that the proposed RF-to-DC circuit attains a
PCE over 30% at 2.45 GHz and 5.8 GHz for input power
greater than 8 dBm.

IV. CONCLUSION

In this work, a dual-band RF-to-DC rectifier that oper-
ates at 2.45 GHz and 5.8 GHz is proposed. The system is
optimized using four intrinsic optimization algorithms (gra-
dient, minimax, simulated annealing, and genetic) that are
available in the ADS environment. We consider continuous
optimization variables for all the above optimizers. Moreover,
discrete optimization variables with a step of 0.1 mm for
the genetic optimizer are also considered. The comparative
results indicate the outperformance of the genetic optimization



TABLE I
PHYSICAL DIMENSIONS OF THE MICROSTRIP LINES (LENGTH/WIDTH VALUES ARE EXPRESSED IN MILLIMETERS).

Optimization
Unmatched Gradient Minimax Sim. Annealing Genetic Genetic (discrete)

TL1 | 20.0/ 0.4 20.000/ 0.702 | 21.043/ 0.806 | 20.006/ 0.714 24.2857/ 1.29768 | 25.0/ 1.2

TL4 | 6.0/ 0.4 6.000/ 2.717 8.488/ 0.404 6.000/ 2.619 15.7878/ 2.33383 | 16.6/ 1.9

TL6 | 6.0/ 9.5 6.000/ 2.085 12.189/9.499 6.000/ 2.073 17.8356/ 6.5816 17.8/ 6.3
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Fig. 5. Power conversion efficiency [%] as a function of the output load
R [kQ] for the two-tone signal of the proposed circuit (P;y, varies from -
8 dBm to 24 dBm with a step of 8 dBm, GA is considered with discrete
optimization variables).
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Fig. 6. Power conversion efficiency [%] as a function of the frequency [GHz]
for an output load Ry, = 1.7kQ) (P;,, varies from 0 dBm to 16 dBm with a
step of 4 dBm, GA is considered.

algorithm against the other utilized algorithmic techniques.
The overall system exhibits improved characteristics compared
to the initial unmatched circuit in terms of its resonance at the
frequencies of interest. Also, numerical results show that the
optimized design reaches an efficiency of 42.8% for a two-tone
input signal of 16 dBm and an output load of 1.7 k2. Future
work includes the assessment of more complex RF-to-DC
rectifier systems by utilizing various optimization techniques,
such as swarm intelligence or human-based algorithms, and
the experimental validation of the proposed design.
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