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Reversed L-type Matching Impedance of RF-to-
DC Rectifier for Energy Harvesting System

Nuraiza Ismail and Ermeey Abd Kadir

Abstract—This paper presents the analysis of an RF energy
harvesting system using a novel design of harvester antenna and
wirelessly connected to reversed L-type matching impedance
integrated with a 2-stage rectifier circuit. The rectifier circuit is
based on a voltage doubler-type topology comprising only two
circuit components which are a capacitor and Schottky diode that
are capable of receiving a Wi-Fi input signal of 2.45 GHz from a
harvester antenna. The antenna design is a rectangular patch
antenna that is based on a coplanar waveguide feed. The zero
biased Schottky diode of the SMS7630 model is chosen for the
rectification process where the low input signal of -10dBm has
successfully rectified the RF input power to the DC output voltage.
The simulation results show that the 2-stage rectifier circuit needs
impedance matching for a better DC output voltage with a good
power conversion efficiency than a rectifier circuit without
impedance matching for enabling low-power electronic devices.

Index Terms— RF-DC power conversion, coplanar waveguide,
energy harvesting, rectifier circuit, impedance matching, Schottky
diode.

I. INTRODUCTION

NERGY harvesting is the conversion of energy from the

surrounding environment or ambient into valuable
electrical energy [1]-[3]. It has become a viable alternative to
the conventional battery plug-in technique for powering low-
power electronic devices, which is commonly used in the
Internet of Things (IoT) wireless sensor networks, wearable
electronic devices, and implanted biomedical instruments [4],
[5]. This technology utilizes energy from a variety of natural
sources, including solar radiation, heat, vibration, piezoelectric
energy, thermal energy and electromagnetic waves or radio-
frequency, where the wireless power transmission technique is
used for converting the energy to usable DC power [6], [7].

In recent decades, the utilization of the ambient environment
as a source of energy harvesting through radio-frequency (RF)
has increased significantly. This RF harvesting technique is the
most significant one compared to other sources for its
accessibility and ease of scavenging. Other sources are beyond
human control since thermal energy necessitates the presence
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of heat, vibration requires the presence of motion, and solar
involves the presence of light [8], [9]. The concept of RF energy
harvesting is based on capturing ambient energy, including
wasted energy that is hovering in the surrounding environment,
without causing any interruption to the environment. The
systems consist of an antenna that receives an RF signal, a
network that performs impedance matching to maximize power
transfer from the antenna, and a rectifier circuit. The rectifier
circuit is a crucial part of the system block that influences the
efficiency of the system. It converts the RF signal to DC voltage
and stores the energy in holding load storage devices such as
capacitors and batteries. The fundamental block diagram of
energy harvesting system is as depicted in Figure 1.
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Fig. 1. The main part of the RF energy harvesting system [10].
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The primary barrier in designing an RF energy harvesting
system is to operate with a low-power RF signal, where the
accessible ambient RF signal is significantly lower than 0 dBm.
The research reported in [11], [12] obtained the maximum
power conversion efficiency of the rectifier at relatively high
input power levels, which is over 5 dBm. Among past studies
in [13], [14] the most often employed method of achieving high
maximum conversion efficiency is a multistage rectifier.
Nonetheless, the high-power efficiency obtained is due to the
high input RF power implemented by the multistage rectifier.
For circuit optimization, the circuit proposed in [15] requires
four stages in the rectifier arrangement when a -15 dBm input
power signal is received. They discovered that increasing the
rectifier stages did not improve efficiency for a low-power
input signal. As the rectifier stage increases, the peak of the
efficiency curve drops toward higher powers. Although the
increasing number of stages gives higher voltage at the load
terminal, the current reduces at the load terminal as the
increasing stages [16], [17]. Since ambient RF energy
harvesting occurs at high frequencies and requires operating
with low-power RF signals, the Schottky diode has been widely
employed for RF energy harvesting due to its low threshold
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voltage and fast switching diode speed [18]-[20]. In this
proposed work, the design harvester antenna is integrated with
a 2-stage rectifier circuit based on voltage doubler
configuration. The design aims to convert the low input signal
of -10 dBm within the 2.45 frequency band RF signal into
functional DC wvoltage with a good power conversion
efficiency. The -10 dBm input signal is based on the
surrounding Wi-Fi coverage signal, as shown in Figure 2, where
ambient energy is essential as a reference of input power (in
dBm) for the rectifier circuit, regardless of where the area is.

Fig. 2. Wi-Fi coverage signal at 2.4 GHz frequency as observed in Dungun,
Terengganu area.

II. HARVESTING ANTENNA

An antenna is vital for harvesting RF energy in the receiving
part, as it captures energy from the ambient and performs as a
transducer between propagating and guided waves. The
selection of the operating frequency is a significant aspect in
designing an RF energy harvester. As shown in Figure 2, the
ambient Wi-Fi signal is 2.4 GHz and the resonant frequency is
at 2.432 GHz. The industrial, scientific, and medical (ISM)
band of 2.45 GHz can be regarded as an excellent alternative
for avoiding larger equipment and installation issues, as it offers
a decent trade-off between signal attenuation, frequency and
antenna size [21]. Hence, for this proposed antenna harvester,
2.45 GHz is chosen as an operating frequency.

The proposed design of the antenna harvester is as depicted
in Figure 3. Its antenna structure comprises a rectangular patch
fed by an asymmetric 50 Q coplanar line. This design is chosen
for its high circuit density and impedance matching simplicity
on a single layer. Furthermore, its active and passive
components are easy to integrate, as well as minimal dispersion
and radiation loss. This makes the coplanar waveguide ideal in
designing an antenna harvester.
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Fig. 3. Proposed antenna design fed by coplanar waveguide.

The proposed coplanar waveguide harvester antenna is
designed using a low-cost FR-4 substrate with a dielectric
constant &, = 4.3, tan 6 = 0.025 and thickness of 1.6 mm. The
antenna area is 30 x 38 mm?, where the width and length are
obtained using (1) and (2), respectively. The optimization of the
geometry structure of the proposed RF harvester antenna is
listed in Table I.

C 2

W= E &+1 M
Cc

L= 2frVEr @

W = Width of the patch

L = Length of the patch

C = Speed of the light

fr = Frequency

& = Dielectric medium permittivity

TABLEI
THE PROPOSED ANTENNA PARAMETERS
Parameter (mm)

a 38

b 30

c 4.235
d 16.3825
e 11

f 4

g 0.5

h 17

i 3

] 7

k 2

1 10.7
m 6

n 6

o 2
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III. RF HARVESTING CIRCUIT

A rectifier circuit is essential in an RF energy harvesting
system for converting the RF input signal into functional DC
energy. The basic configuration of the proposed rectifier circuit
is based on a single-stage voltage doubler that consists of two
diodes and two capacitors, as shown in Figure 4. In most RF
energy harvesting systems, the RF input power is deficient;
therefore, the DC voltage harvested via a single-stage rectifier
is insufficient. Consequently, the proposed circuit in this work
is cascaded into two stages to get a higher DC voltage. Figure
5 indicates the circuit configuration of the rectifier for this
work, which consists of four Schottky diodes, four capacitors,
and a resistive load, where Figure 5(a) is the rectifier circuit
without matching impedance. In contrast, Figure 5(b) includes
a pair of inductors representing a reversed L-type matching
impedance. The proposed rectifier circuit in this design uses a
zero bias Schottky diode of the SMS7630 model. The selection
of this zero bias diode model is not just due to it having a
minimum threshold voltage and high switching diode speed, but
also due to its slight parasitic power loss and low power
dissipation in the matching network.
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Fig. 4. The basic configuration of the rectifier which comprises two diodes and
two capacitors for the rectification process[22].

The DC output voltage of the basic circuit configuration can
be expressed as (3).

V
_ oc
output ~ R R x Rlnad (3)
int + load

where V,. is the open-circuit voltage and R; is the internal
resistance. As a result, when n stages are implemented, the
output voltage will be as (4).

= e xR @)
output load
nRint + Rload

The rectifier, which also functions as a converter circuit,
transforms the AC power of the RF input signal. Since this RF
source is received as a sine wave signal, this system requires
AC to DC conversion. Thus, for circuit simulation, the input
source, Vs is applied to the rectifier circuit in a sinusoidal form
representing an RF signal of the antenna. LTSpice software is
used to analyze the performance of the rectifier circuit in terms
of output voltage and power conversion efficiency. The internal
resistance is set at 50 Q, which represents the antenna port
impedance of the input terminal. In this work, the input power
and the terminal load are set to -10 dBm and 10 kQ respectively,
for the 2.45 GHz operating frequency.
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Fig. 5. Circuit diagram of the 2-stage RF-DC converter based on the voltage
doubler circuit topology. (a) without matching impedance. (b) with reversed L-
type matching impedance.

IV. RESULT AND DISCUSSION

The simulation results are discussed in two sections; the
receiving antenna and the rectifier circuit design.

A. Receiving Antenna

The performance of the proposed antenna design has been
simulated using CST Microwave Studio software in terms of
return loss, line impedance, and antenna gain. Before
integrating to the rectifier circuit, the proposed coplanar
antenna is analyzed separately by evaluating the S-parameters.
This is done to verify that the performance of the proposed
antenna achieves a good return loss and gain with an ideal
matching impedance of 50 Q at 2.45 GHz frequency. Figure 6
indicates the perfect matching impedance is performed at 2.45
GHz with a good return loss, S11 of -28.223 dB. The operating
bandwidth 0f279.9 MHz in the range between 2.3381 to 2.6180
GHz covers the IEEE 802.11 standard in the 2.45 GHz wireless
ISM band. Hence, the range successfully covers the ambient
resonating frequency of 2.432 GHz, as shown in Figure 2 (refer
to section I).

The good value of S; does not signify that an antenna is well-
radiated. The antenna gain is an important parameter that must
be taken into account when designing an antenna. The gain of
an antenna indicates how much energy is transmitted in the
direction of peak directivity compared to radiated power. The
gain for this work is 3.89 dBi, as depicted in the far-field
radiation pattern in Figure 7. The dipole antenna has an
elevation plane beamwidth of 88.8° with an omnidirectional
radiation pattern. The proposed coplanar waveguide antenna
radiates in both the front and rear directions since all metal
patches of the substrate are constructed on a single side.
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Fig. 6. Simulation results of the proposed coplanar waveguide antenna.
(a) Perfectly matched line impedance at 2.45 GHz (b) Return loss of -28.223
dB at 2.45 GHz and — 21.531 at 2.432 GHz frequency.

farfield (f=2.45) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs

Output Directivity
Frequency 245 GHz
Rad. effic. -0.5150 dB
Tot. effic. -0.6907 dB
Dir. 3.887 dBi

Farfield Directivity Abs (Phi=90) | farfield (f=2.45) [1] |

Phi= 90 30 30 Phi=270

Frequency = 2.45 GHz

Main lobe magnitude =  3.89 dBi
Main lobe direction = 179.0 deg.
Angular width (3 dB) = 88.8 deg.
180 Side lobe level = -1.0 dB

Theta / Degree vs. dBi

(b)
Fig. 7. The simulated far-field radiation pattern of the coplanar waveguide
antenna. (a) 3-D pattern. (b) 2-D pattern.

B. Rectifier Circuit

The performance of the proposed rectifier circuit that
includes reversed L-type matching impedance has been
analyzed in terms of output voltage and power conversion
efficiency. The results are compared between the circuit with
and without matching impedance to evaluate how the inserted
matching impedance affected the circuit performance. It is seen
in Figure 8 that the circuit with reversed L-type matching
impedance gives a higher output voltage and power conversion
efficiency than the circuit without matching impedance.

V(out) (V{out)*I(Rload)/0.1E-3W)*100

@

V(out) (V(out)*I(Rload)/0.1E-3W)*100

(b)
Fig. 8. Rectified DC voltage and RF-DC conversion efficiency of rectifying
circuits for RF input power of —10 dBm simulated at 2.45 GHz (a) without
matching impedance. (b) with reversed L-type matching impedance.

TABLE II
PERFORMANCE COMPARISON BETWEEN INSERTED L-TYPE MATCHING
IMPEDANCE AND WITHOUT MATCHING IMPEDANCE

Rectifier Withc_»ut Reverse

Circuit matching L-type
Output Voltage [mV] 270 648
Voltage gain 1.35 3.24
Conversion efficiency (%) 7.3 42.0
Energy [pJ] 2.5 14.3

Table II summarizes the performance for both types of
circuits. The results demonstrate that, by inserting reversed L-
type impedance matching, the proposed rectifier circuit's
conversion efficiency and energy storage are six times greater
than without impedance matching. Hence, for maximum power
transfer, an impedance matching network is essential for
matching rectifier and antenna impedance.

C. S-Parameter Analysis

The antenna and rectifier circuit is connected to maximize
the stored energy. The S-parameter findings are used to
examine the signal performance of the rectifier circuit in
relation to circuit component values discrepancies. Since the
rectifier circuit with matching impedance has shown good
performance compared to the rectifier without matching
impedance, the rectifier with reversed L-type matching
impedance is integrated with the proposed antenna. Figure 9
indicates the integration between the coplanar waveguide
antenna and the rectifier circuit using CST Microwave Studio
incorporated with CST Design Studio and the results after
integration. The results show an excellent agreement for both
return losses, [Si1] = 0.13301 and transfer coefficient |Sx| =
0.5631 at 2.45 GHz operating frequency since the magnitude
value of |Sii| and |Sz| is ideal to be close to 0.1 and 1
respectively.
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Fig. 9. The combination of the proposed coplanar waveguide antenna and
rectifier circuit with reversed L-type matching impedance. (a) Circuit
connection (b) The circuit return loss |S;;| and transfer coefficient |Sy|.

D. Comparison with Previous Work

The summary in Table III outlines the implemented rectifier
strengths and weaknesses compared to previous researchers'
work. Various considerations include rectifier type, input
voltage and power level, output voltage, load resistance, and
conversion efficiency for comparison. This study has shown
this work to be most efficient at the input power level of -10
dBm in comparison with the prior work in [23]-[25]. A 5-stage
HSMS2820 Schottky diode voltage doubler implemented in
[26] has a higher output voltage which is almost three times
larger than this work. However, the load resistance used is too
small and the 5-stage proposed circuit is much more costly. The
work in [27] and [28] has reported higher efficiency than this
work because of the implemented PMOS-NMOS and

multistage with a cascade voltage multiplier. Nevertheless, the
value of load resistance used in both works is smaller compared
to this work. In a low input power level, the load resistance
affects the power conversion efficiency as low load resistance
gives high efficiency, which can be proved using equation (5).

2
V"—“‘xlOO% ®)

RF™"Load

n% =

V. CONCLUSION

In this work, a rectifier with reversed L-type matching
network has been implemented as a passive voltage boosting
circuit. The circuit performance has been compared with the 2-
stage rectifier circuit without impedance matching to analyze
the effect of the matching network. The rectifier circuit
indicates that the input power can be rectified up to 0.65 DC
signal with the power conversion efficiency of 42 % at a low
ambient input power of -10 dBm. The reliability of this rectifier
circuit for RF energy harvesting is demonstrated by integrating
with the coplanar waveguide antenna. The results have shown
a good return loss and transfer coefficient performance
applicable to the 2.45 GHz ISM band. As a result, a matching
network is required to ensure maximum power transfer occurs
between the harvesting antenna and the rectifier circuit.

TABLE Il
PERFORMANCE SUMMARY AND COMPARISON WITH RELATED WORKS
Rectifier Input Voltage Input Power Output Voltage Load Resistance RF-DC
Reference Type [V] [dBm] [V] [Q] Conversion
Efficiency (%)
[23] Voltage doubler NA -10 NA NA 36.4
with 3 Wilkinson
power combiner
[24] S-stage NA -10 NA 10k 5.0
HSMS2820
Schottky diode
voltage doubler
[25] Tripple band NA -10 NA 6k 30.0
differential of
HSMS285C
Schottky diode
[26] S-stage NA NA 1882m 500 NA
HSMS2850
Schottky diode
voltage doubler
[27] 2-pair 550 m NA 700 m 22k 48.9
PMOS-NMOS
[28] Multistage NA -15 NA 1k 50.0
SMS7630 voltage
doubler cascaded
with voltage
multiplier
This work 2-stage reversed 200 m -10 648 m 10k 42.0

L-type matching
voltage doubler
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