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1 | INTRODUCTION

| Mesud Kahriman' | Omer Kasar®

Abstract

Radio frequency energy harvesting (RFEH) circuits can convert the power of com-
munication signals from radio frequencies (RF) in the environment into direct cur-
rent and voltage (DC power). In this study, the Greinacher full-wave rectifier
circuit topology was combined with a 180° hybrid ring (rat-race) coupler which
was a passive RF/microwave circuit. Thus, higher RF-DC conversion efficiency
was obtained. First, using the Greinacher rectifier topology, RFEH circuit operating
at the center frequency of 1850 MHz was designed. Then, at this frequency,
designing of the rat-race coupler having 1000 MHz bandwidth was made. The
S-parameter measurements and simulation data of the designed coupler circuit were
compared. Finally, the high efficiency rectifier circuit where these two circuits
were used together was designed. The proposed rectifier circuit was constructed on
70 x 70 x 1.6 mm® FR4 substrate material with a permittivity of 4.3 (e, = 4.3).
The power conversion efficiency (PCE) of the rectifier circuit, which had
125 MHz bandwidth at the center frequency of 1850 MHz and was developed with
rat-race coupler, was calculated as 71% at 4.7 dBm input power. In addition, with
this study, at —15 dBm input power, which was a relatively low power level, 40%
PCE value was obtained.
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sensor, RFID, and IoT to operate.”® This process is also a
kind of wireless power transfer (WPT).” Many RFID appli-

Today, the use of wireless devices has increased. Broadcast-
ing from the stations with which these devices can connect
is made at different frequencies and powers.' Therefore,
there are radio frequency (RF) signals at different frequen-
cies and power densities in the environment.>™ These sig-
nals can be utilized by being collected with the help of a
circuit. The process of obtaining the direct voltage and cur-
rent (DC) by converting the power of the RF signals in the
environment is called as radio frequency energy harvesting
(RFEH). Thanks to the RFEH circuits, it is possible for the
devices that require low power in the applications such as

cations in the literature have been used in different areas
such as electronic, communications, and biomedical.®>° The
general purpose in the RFEH application is to recover the
low power consuming devices from the sources that require
maintenance, such as batteries, and thus, to be able to pro-
vide continuous, cheap, and practical energy.''® In this
way, it is possible to operate the devices by taking the
energy from the environment or from a fixed WPT source.
RF Energy Harvesting circuits generally consist of
antenna, impedance matching, rectifier and energy storage
units. RF signals having low power density in the environment
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are collected through an appropriate antenna. The received RF
power is converted to DC power by a rectifier circuit so that a
device or micro-system can be operated. This DC power is
transferred to the load (devic:e).9

In RFEH circuits, depending on the frequency of the RF
signal to be harvested, many impedance matching tech-
niques with narrow and broadband and at single or multiple
frequencies are used.'*™'7 In this study, “single stub” and
“radial stub” impedance matching techniques were used.

The most critical part of RFEH circuits is RF rectifier
circuits. In RFEH and WPT circuits, many rectifier circuits
have been used in the literature.'®2° In this study, for the
RFEH application, Greinacher full-wave rectifier circuit was
selected. This circuit, which was developed based on the
conventional Greinacher full-wave rectifier circuit topology,
has two different inputs. Using the 180° hybrid ring coupler
circuit, a 180° phase difference can be created between these
two RF power inputs. Considering this, it was aimed to
enhance the Greinacher full-wave rectifier topology with
180° hybrid ring coupler, and thus to achieve high efficiency
RF-DC conversion process.

2 | DESIGN OF GREINACHER FULL WAVE
RECTIFIER

Rectification processes can be done using diodes, transistors
or CMOS technology.?' In this study, HSMS-285C series
Schottky diode was selected. The Spice parameters of the
HSMS-285C diode are R; = 25 Q as serial resistance, C; =
0.18 pF as junction capacitance, I, = 3 X 107° A as satura-
tion current, Iz, = 3 X 10~* A as bias current. A good recti-
fier circuit needs to have low power consumption, increased
power sensitivity and good power processing capacity. In
the Greinacher circuit, fluctuation is zero under the open cir-
cuit conditions.”' However, it may also vary depending on
the load resistance and the value of the capacitor that pre-
vents the waviness. The circuit generally operates according
to the operating principle of the Villard cell, which is an
envelope detector stage. Peak detector cell provides preven-
tion of the fluctuations that may occur in output and gener-
ates the output peak voltage.”* Figure 1A shows the
conventional Greinacher full-wave rectifier circuit. On the
other hand, Figure 1B shows the rectification part of the
RFEH circuit proposed to be able to make rectification at
high efficiency.

In this study, first of all the Greinacher full-wave rectifier
circuit, which is available in the literature, was
designed.>**?> The circuit shown in Figure 2A was
designed with the ADS 2009 simulation program. An
HSMS-285C integrated circuit contains two diodes. In the
design, two HSMS-285C integrated circuits were used.
Figure 2B shows the manufactured state of the Greinacher
full-wave rectifier circuit, which was produced by FR4 sub-
strate whose permittivity was 4.3 (e, = 4.3) and loss tangent
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FIGURE 1
efficiency-enhanced Greinacher rectifier

(A) Conventional Greinacher full wave rectifier, (B) proposed

was 0.025 (tané = 0.025). The thickness of the dielectric
material is 1.6 mm and the underside of it is covered with
copper. The value of the capacitors used in the circuit was
selected as C = 100 pF and the load resistance value was
selected as R; = 4.7 kQ.

In the circuit, shown in Figure 2, the length variables
were set as follows; feed line width was 1.94 (Wp; = 1.94

mm), single stub length was 7.65 mm (L, = 7.65 mm), sin-
gle stub width was 2.45 mm (W; = 2.45 mm), width of the
line where power was divided was 1.52 mm (g = 1.52 mm),
line length was 6.8 mm (L, = 6.8 mm), width of the line to
which the capacities were connected was 1.85 mm
(W, = 1.85 mm), width of the line to which the load was
connected was 1.9 mm (W3 = 1.9 mm), width of the line to
which the diode was connected as 0.8 mm (W, = 0.8 mm),
width of the rectifier circuit was 32 mm (Wp = 32 mm), and
its length was 36 mm (Lg = 36 mm). In order to perform
impedance matching between rectifier section on which
diodes are located and port 1, the “single stub” lines and
“radial stub” lines with 60° and 70° angles were used.

In RFEH circuits, the rectification efficiency is calcu-
lated as the ratio of DC power transmitted to the load to the
RF power read at the input of the rectifier circuit. Because
the RF signal is converted to the DC signal, it is called the
power conversion efficiency (PCE). PCE is calculated as
shown in Equation n.»

PDC _ Vout X Iout _ V2

out
_ = = —_— 1
NlrF-DC =p RF Prr Prr X Ry0ad m
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FIGURE 2
Greinacher full wave rectifier circuit

Schematic (A) and manufactured (B) view of conventional

where, Nrr _ pc is the efficiency of the rectifier circuit, Ppc
is DC power transferred to the load, Py is the power com-
ing to the input of the rectifier circuit, Ry ,q is load value at
the output of the rectifier circuit, V,,, is the voltage differ-
ence on the Ry ., and Iy, is the current flowing through
the load.

At 6 dBm input power and at the center frequency of
1850 MHz, the maximum PCE value of the circuit shown in
Figure 2 was approximately 51%. The PCE value was calcu-
lated as 35% for —10 dBm input power and 14% for
—20 dBm input power. The circuit carries out the rectifica-
tion of the RF signal given from the input without 180°
phase difference. In order to increase the rectifier efficiency,
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it was suggested that the Greinacher rectifier circuit should
be used with 180° hybrid coupler.

3 | DESIGN OF 180° HYBRID RING (RAT-
RACE) COUPLER

The 180° hybrid ring, also known as rat-race, is a coupler
type used in RF and microwave systems for the purpose of
combining, dividing and isolation of power.?® 180° hybrid
ring coupler is a passive microwave circuit consisting of four
ports. This coupler can divide the power by creating an equal
and 180° phase difference depending on the port number
where the input power is given. In addition, it can collect
and take out RF signals from two different ports.

The 180° hybrid ring coupler basically divides the power
of the RF signal given from the input port in two different
ways. If 180° Hybrid ring coupler shown in Figure 3A is
taken as reference, it can be said that the power of the signal
applied to port 1 is divided into two halves in equal phase in
Port 2 and Port 3. Logarithmic equivalent of this is calcu-
lated as —3 dB.?® Port 4 is the insulated port and theoreti-
cally the power does not reach here. If the input signal is
applied to port 4, the RF signal power is divided into two in
Port 2 and port 3 with 180° phase difference. Port 1 is insu-
lated and the power does not reach here. On the other hand,
when input signals are applied to Port 2 and Port 3, the differ-
ence of inputs is in Port 4, and the total of them is in Port 1.7
From this, it can be understood that an ideal —3 dB 180°
hybrid ring coupler is symmetrical.

Figure 3A shows the dimension variables of the designed
180° hybrid ring coupler. In Figure 3B, the manufactured
state of this coupler is presented. 180° Hybrid Ring Coupler
was designed to be used in the rectifier circuit operating at
the center frequency of 1850 MHz. Depending on the
impedance, transmission line widths of the coupler were cal-
culated by using the methods in the literature.”®*° In the
design, some parameters are calculated mathematically;
some of them have been selected as a parametrical over the
simulation program. The calculated widths were as follows:
width of the coupler was 62 mm (Wy = 62 mm), depending
on the transmission line impedance, the line width of the
ports was 3.2 mm (Wp = 3.2 mm), width of the ring strip
was 1.6 mm (W, = 1.6 mm), and the circle radius was
20 mm (r = 20 mm). The distance between Port 1, Port
2, and Port 3 was determined as quarter wavelength (1/4)
according to the center frequency (fp) in which this circuit
operates, and the distance between Port 2 and Port 4 was
determined as the length of 31/4.%

The design of the proposed coupler circuit was modeled
by CST and ADS 2009 simulation programs. The measure-
ments of the S-parameters were carried out with the Rohde
Schwarz FSH6 spectrum analyzer. The measurement and
simulation results of the rat-race coupler are shown in
Figure 4.
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FIGURE 3
(rat-race) coupler circuit

Schematic (A) and manufactured (B) view of 180° hybrid ring

In Figure 4, the measurement and simulation results of
the Sp, are shown at around —30 dB at the center frequency
of 1850 MHz. It is understood that the transmission coeffi-
cients S, (Figure 4A) and S,3 (Figure 4B), which are around
—3 dB at the same frequency, are very close to the half
power level. Similarly, in Figure 4B, the insulation coeffi-
cient Sy4 gives result below —45 dB at the center frequency.
From this, it is understood that the power is not transmitted
to the 4th Port. The bandwidth of this coupler operating at
the center frequency of 1850 MHz is around 1000 MHz.

4 | PROPOSED EFFICIENCY-ENHANCED
RECTIFIER CIRCUIT

In recent years, 180° hybrid couplers and some other micro-
wave passive circuits used for purposes such as dividing or
combining power have been being used in RFEH circuits to
increase bandwidth and efficiency.>***°=? In this study,
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FIGURE 4 Reflection (A), isolation (B), and transmission (A,B)
parameters of 180° hybrid ring (rat-race) coupler

180° hybrid ring (rat-race) coupler and Greinacher rectifier
circuit were used together in order to increase the power
conversion efficiency. The rat-race coupler was used to
divide the RF signal given from the input into two equal
powers having 180° phase difference. Thus, the Greinacher
rectifier circuit was developed with rat-race coupler. The
conventional Greinacher circuit was made compact by being
placed inside the rat-race coupler structure.

Figure 5 shows the schematic view of the proposed recti-
fier circuit and the manufactured state of it. Here, unlike in
Figures 2 and 3, Ly, = 2.21 mm was selected. Because, it is
aimed to prevent the disturbing effects that occur due to the
loading of rectifier to the coupler. Simulation studies of the
proposed efficiency-enhanced rectifier circuit were per-
formed with ADS 2009 software. The printed circuit was
again made on FR4 substrate material. Table 1 shows the
lengths of the variables of the circuits designed in this study.

Two different rectifier efficiencies can be calculated for
the circuit given in Figure 5. Theoretically, if the RF signal
is given from Port 1, the power of the RF signals halves in
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FIGURE 5
efficiency-enhanced rectifier circuit

Schematic (A) and manufactured (B) view of proposed

Port 3 and Port 2 without phase difference. If the input signal
is given from Port 4, the power of the RF signal halved in
Port 2 and Port 3, but the 180° phase difference occurs. The
simulation and measurement results of the S-parameters of
the proposed hybrid structure are shown in Figure 6. In this
figure, depending on the RF input signal being given from
Port 1 and 4, return losses are seen. In both graphs, it is
understood that the return loss at the center frequency of
1850 MHz is below the limit of —10 dB. When the RF input
signal was given to the proposed rectifier circuit from Port
1, the bandwidth was calculated as 125 MHz at the center
frequency of 1850 MHz. According to the measurement
results, when the RF input signal is given from Port 4, the
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TABLE 1 List of variables for the proposed design and their lengths
Rat-race Conventional Proposed
Variables  (mm) Greinacher (mm) rectifier (mm)
w - - 70
Wr 62 = _
A 1.6 - -
Wpi - 1.94 -
Wp 32 - -
Wg - 32 -
1%} - 245 245
Wa - 1.85 1.85
W - 1.9 1.9
W, - 0.8 0.8
L, - 7.65 7.65
L, - 6.8 6.8
Lg - 36 -
Ly, - - 2.21
q - 1.52 1.52
r 19 - 20

bandwidth at 1800 MHz central frequency was calculated as
75 MHz.
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FIGURE 6 Reflection parameters for port 1 (A) and port 4 (B) of
proposed efficiency-enhanced rectifier circuit
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FIGURE 7

classical Greinacher full wave rectification circuit in terms of power
conversion efficiency

Comparison of the proposed rectification circuit with the

In Figure 7, the conversion efficiency from RF to DC of
the rectifier circuit developed by rat-race coupler (hybrid
ring coupler) is compared with the conventional Greinacher
full-wave rectifier circuit. According to Figure 7, the pro-
posed rectifier circuit has a higher PCE than the conven-
tional design. It is understood that compared with the
conventional rectifier circuit, the PCE value has increased
between the input powers of —30 and 6 dBm by 20% in the
proposed design.

Figure 8 shows the comparison of the output voltage of
the hybrid-ring rectifier circuit proposed in the study with the
conventional Greinacher rectifier circuit. According to the fig-
ure, it is understood that at the input power of 5 dBm, the out-
put voltage of the proposed rectifier circuit has increased by
about 1 Volt. It is seen that for all values of the input power,
the proposed rectification circuit has high output voltage
values relative to the conventional Greinacher rectifier circuit.

Considering that the power density of the RF signals in
the environment is low in RFEH circuit, the effect of the

w
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w

N
(2]
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o o~

30 25 20 15 10 -5 0 5 10 15
Pin (dBm)
FIGURE 8 Comparison of the proposed rectification circuit with the

classical Greinacher full wave rectification circuit in terms of output voltage

TABLE 2 Comparison of the proposed rectifier circuit design with
previous studies

Rectifier Freq. Peak Size
Ref. topology [GHz] efficiency [mm?]
26 Villard voltage 1.74-1.97 61.7% @ 70 x 65
doubler 2.0-2.22 9 dBm
2.41-2.59
5 Grein. full wave 2.45 ~59% @ 40 x 40
0 dBm
33 Half-wave 1.8-1.87 52% @ 145 x 55
rectifier —9 dBm
34 Half-wave 0.9, 1.8, 40% @ 84 x 35
rectifier 2.2 —10 dBm
This work  Grein. full wave 1.7-1.925 71% @ 70 x 70
4.7 dBm

proposed study on the low power energy harvesting is seen.
In Table 2, the previous studies conducted to increase the
efficiency in RFEH circuits are compared with the current
study. In addition, the efficiency values for the different
input powers of the proposed circuit can be listed as follows
to compare peak efficiency of the other references: 20% @
—20 dBm, 40% @ —15 dBm, 54% @ —10 dBm, 65% @
—5 dBm, and 69% @ 0 dBm.

5 | CONCLUSION

In this study, a RF energy harvesting circuit was proposed
by using the Greinacher circuit and the 180° hybrid ring cou-
pler (Rat-race) circuit. The Greinacher full-wave rectifier cir-
cuit was redesigned with a 180° hybrid-ring coupler and it
was used to increase the power conversion efficiency from
RF to DC. In order to achieve this, it was benefited from the
power division feature of the 180° hybrid ring coupler and
the phase difference it created between the two ports. In
terms of the analysis of the coupler scattering parameters,
isolation (S;4), transmission (S5, S13), and reflection (S1;)
values were obtained at approximately —35, -3, and
—30 dB, respectively. The measurement values of the S;;
and S44 (reflection) of the proposed high-efficiency rectifier
circuit operate at a bandwidth of 125 and 75 MHz at around
the center frequency of 1850 MHz.

It was observed that under this load (Rjp.q = 4.7 kQ)
value, the proposed rectifier circuit increased its power con-
version efficiency (PCE) by about 20%, especially in the
range of —30 to 6 dBm input power. At all input power
values, the output voltage of the proposed rectifier circuit
was obtained higher. Whereas the maximum efficiency in
the conventional Greinacher rectification circuit was calcu-
lated as 51% at 6.5 dBm, the maximum efficiency in the pro-
posed study was calculated as 71% at 4.7 dBm input power.
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