
Received 16 January 2024, accepted 25 January 2024, date of publication 30 January 2024, date of current version 8 February 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3359645

A Novel and Compact Design of High-Efficiency
Broadband Rectifier for Energy Harvesting
and Wireless Power Transfer
GIA THANG BUI , (Graduate Student Member, IEEE),
DANG-AN NGUYEN , (Graduate Student Member, IEEE),
AND CHULHUN SEO , (Senior Member, IEEE)
Department of Information and Telecommunications Engineering, Soongsil University, Seoul 06978, South Korea

Corresponding author: Chulhun Seo (chulhun@ssu.ac.kr)

This work was supported in part by the National Research Foundation of Korea (NRF) through the Korean Government (MSIP) under Grant
NRF-2017R1A5A1015596.

ABSTRACT In this paper, a novel and compact structure is presented for designing a rectifier with broad
operating bandwidth and high efficiency for energy harvesting and wireless power transfer based on shunt-
diode configuration. Specifically, different from the conventional structure of shunt-diode configuration, the
proposed structure employs a combination of two diodes and only two transmission lines that lead to a very
compact size. The proposed rectifier can be matched to the source impedance when two diode branches have
conjugate impedances. The admittances of two branches are analyzed based on the theory that leads to the
parameters of two transmission lines can be derived by closed-forms equations. For validation, a broadband
rectifier based on Schottky diode BAT15-03W was designed, simulated, fabricated, and measured showing
that the rectifier can operate in the fractional bandwidth of 63.9% from 1.64 GHz to 3.18 GHZ with the
condition of higher 70% power conversion efficiency or fractional bandwidth of 99.1% from 1.34 GHz to
3.97 GHz with the condition of over 50% power conversion efficiency at 13 dBm input power. Moreover,
the size of the rectifier is very compact, it is recorded as only 15 mm × 14 mm. In comparison with the
published broadband rectifiers, the proposed rectifier has many advantages such as smaller size and wider
bandwidth.

INDEX TERMS Broadband operation, energy harvesting (EH), shunt-diode configuration, microwave
rectifier, wireless power transfer (WPT).

I. INTRODUCTION
Wireless power transfer (WPT) and energy harvesting (EH)
technology have been developed with great attention in recent
years as it is especially useful in situations where it is
unavailable or challenging to apply wire-based charging [1],
[2], [3]. Besides the transmitter antenna and receiver antenna,
in WPT systems, the rectifier is an indispensable ingredient
for power conversion from RF to DC, and the power conver-
sion efficiency (PCE) of the rectifier is always expected to
be high value for improving WPT or EH performance [4],
[5], [6]. Moreover, compact size is the general trend of
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current technology development, therefore, in the rectifier
design, size is always a concern. In addition, depending on
different applications, the operating frequency and bandwidth
requirements of the rectifiers are also other, which can include
types of operating frequency such as single-band [7], [8], [9],
[10], [11], [12], multi-band [13], [14], [15], [16], [17], [18]
and broadband [19], [20], [21], [22].

In recent years, broadband rectifier has been focused
on due to they can be applied for multiple applications
on researched and many reports about broadband rectifiers
have been published, furthermore, for compatibility with
a wide variety of applications, the compact size is impor-
tant with the design of the broadband rectifier for easy
integration into different systems, especially in biomedical
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implants applications. By covering many applications such as
Wifi [23], [24], [25], 3G, 4G [26], [27], [28], ISM band [29],
[30], [31], and biomedical implants [32], [33], [34], the
frequency range from 1.6 GHz to 3.0 GHz is chosen by
many authors to realize a broadband rectifier. The impedance
variation reduction mechanism was introduced in [35], [36],
[37], and [38] for fundamental broadband matching but this
method has bandwidth limitation due to very fast PCE drop at
the two edges of the bandwidth. A high-efficiency broadband
rectifier based on a low-pass filter was proposed by the author
in [39], however, it is relatively large leads to not suitable for
compact systems. The reported rectifier in [40] with harmonic
suppression and impedance variation reduction investigation
is improved in size while the bandwidth is not extended. The
proposed rectifiers in [41], [42], [43], and [21] can achieve
wider bandwidth and compact size based on low impedance
variation of voltage doubler structure but this structure will be
inefficient at low input power region due to higher saturation
point.

In this report, a novel design of broadband rectifier was
developed and presented with extended bandwidth while
the saturation point almost does not increase for multi
applications such as dedicated (short-range) WPT, indoor
environment EH, and biomedical implants. The imaginary
part compensation method was applied in [44], however, the
rectifier in [44] was improved in wide dynamic range where
the variation of the diode impedance versus input power is
not large with fixed frequency and the electrical parameters
of transmission lines are independent with the input power.
Therefore, the wide dynamic range of the rectifier in [44]
can be achieved based on imaginary part compensation with
only one transmission line while achieving the imaginary part
compensation in broadband is more complicated and it has
not been reported. Based on the shunt-diode configuration
rectifier, the proposed rectifier deploys the imaginary part
compensating mechanism for impedance matching in broad
bandwidth with only two transmission lines and two diodes
which leads to a very compact size. A prototype of a
broadband rectifier with Schottky diode BAT15-03W was
fabricated and measured for proposal verification. The
measurement results show that the rectifier can achieve a
broad operating bandwidth of 63.9% (from 1.64 GHz to
3.18 GHz) with > 70% PCE at 13 dBm input power while
its dimension is only 15 mm × 14 mm. In comparison
with the above-mentioned broadband rectifiers with a similar
saturation point of input power, the proposed shows a wider
bandwidth and a smaller size. The proposed rectifier also
verified with the broadband antenna showing good working
at many systems at different frequencies.

II. SHUNT-DIODE RECTIFIER OPERATION AND ANALYSIS
OF PROPOSED RECTIFIER
Shunt-diode configuration is commonly employed for
diode-based rectifier design in many published reports in
recent years besides series-diode configuration.

FIGURE 1. a) The conventional structure of shunt-diode configuration
rectifier and b) the equivalent circuit model of the diode.

A performance comparison of these two configurations was
presented in [45] showing that ideally, the shunt-diode topol-
ogy and series-diode topology provide similar performance
in terms of PCE. Each configuration has different advantages
when in practice, the series topology PCE can be a little
higher than the shunt topology due to additional losses
from DC block and RF choke, however, this difference
is insignificant while the shunt topology is more flexible
and can be approached more easily for applying advanced
structures.

A. CLASSIC SHUNT-DIODE RECTIFIER OPERATION AND
POWER-DEPENDENT IMPEDANCE OF DIODE
Fig. 1a shows the conventional structure of the shunt-diode
configuration rectifier where it consists of a shunt-diode,
a matching network, a DC block, a DC pass filter, and
the input is the RF signal from the receiver antenna, the
output is DC power at the load resistor (which will be a
DC-DC converter, a regulator, or a battery depending on
the actual application). The diode has the equivalent circuit
model as shown in Fig. 1b which comprises a series resistor
(RS ), a non-linear junction capacitor (Cj), and a non-linear
junction resistor (Rj). In the ideal diode operation, Rj can be
assumed to be zero in forward bias and to be infinite in the
opposite direction, then the idealized input RF signal voltage
waveform across the diode (V ) and the diode junction voltage
waveform (Vd ) can be described with the diode I-V curve
as shown in Fig. 2 during a signal cycle. By following the
analysis in [46], the calculation of the diode efficiency and
diode loss can be derived as presented below. V and Vd also
can be presented by equations as follows:

V = −V0 + V1 cos(wt) (1)

and

Vd =

{
−Vd0 + Vd1 cos(wt − φ)), in OFF period
Vbi, in ON period

(2)

where V0 is the DC voltage of output power at the load
resistor, V1 is the voltage amplitude of the incident RF signal,
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FIGURE 2. a) The idealized input RF signal voltage waveform and the
diode junction voltage waveform in a rectification cycle expressed on the
diode IV curve.

Vd0 is the DC component of the diode junction voltage, Vd1 is
the voltage amplitude of fundamental frequency component
of the diode junction voltage,Vbi andVbr are built-in potential
voltage and breakdown voltage of the diode, respectively.
As shown in Fig. 2, in comparison with incident RF signal,
the phase of diode junction voltage delay angle φ and θon
is forward-bias conduction angle of Vd . θon is a variable
parameter that depends on the input power of the diode and
the value of the load resistor as expressed by the below
equation:

tan θon − θon =
πRS

RL
(
1 +

Vbi
V0

) . (3)

where RL is the resistance of the DC consumption output.
Moreover, the power conversion efficiency (PCE) of the
diode can be presented by the equation:

PCE(η) =
PDC
Pout

=
PDC

PDC + Ploss
=

1
1 + L

. (4)

By applying the Kirchhoff’s voltage law, the value of L in the
equation (4) can be determined as follows:

L = L1 + L2 + L3, (5)

where

L1 =
RL
πRS

(
1 +

Vbi
V0

)2 (
θon +

θon

2 cos2 θon
−

3
2
tan θon

)
,

(6)

L2 = RSRLC2
j 2π f

2
(
1 +

Vbi
V0

) (
π − θon

cos2 θon
+ tan θon

)
, (7)

and

L3 =
RL
πRS

Vbi
V0

(
1 +

Vbi
V0

)
(tan θon − θon) , (8)

with f is fundamental frequency and the value of the junction
capacitor Cj in equation (7) is calculated as follows:

Cj = Cj0

√
Vbi

Vbi + |V0|
, (9)

FIGURE 3. Proposed structure in detail for compact and high-efficiency
broadband rectifier with only two transmission lines.

TABLE 1. Typical parameter of schottky diode BAT15-03W.

where Cj0 is the typical parameters of the diode - zero
bias junction capacitance of the diode. By following the
theoretical in [47], the power-dependent impedance of the
diode (ZD) at the fundamental frequency can be determined
as follows:

ZD =
V1

Ir − jIi
, (10)

where Ir and Ii were calculated by below equations:

Ir =
1

πRS

∫ θon

−θon

(V − Vbi) cos(θ + φ)dθ

+
1

πRS

∫ 2π−θon

θon

(V − Vd ) cos(θ + φ)dθ, (11)

Ii =
1

πRS

∫ θon

−θon

(V − Vbi) sin(θ + φ)dθ

+
1

πRS

∫ 2π−θon

θon

(V − Vd ) sin(θ + φ)dθ. (12)

then, the power-dependent impedance of the diode will be
derived by equation as follows:

ZD =
πRS

T cos θon + j2π fRSCj
(

π
cos θon

−T
) . (13)

where T is used instead of:

T =
θon

cos θon
− sin θon (14)

and θon, Cj were expressed in equations (3), (9), respectively.
With f being the fundamental frequency, it can be seen that
the diode impedance also depends on the operation frequency
which will be a challenge to extend the operating bandwidth.
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B. ANALYSIS OF PROPOSED STRUCTURE FOR
BROADBAND OPERATION BASED ON IMAGINARY
COMPENSATING
The structure of the proposed broad rectifier is shown in
Fig. 3, different from the conventional rectifier structure,
the proposed structure consists of two parallel branches of
transmission line connected series with the diode. These
branches have corresponding admittance Y1 and Y2 (two
transmission line TL1 and TL2, two diode D1 and D2,
respectively) as shown in Fig. 3. Then, input admittance Yin
will be the sum of the parallel admittances Y1, Y2, and Y3:

Yin = Y1 + Y2 + Y3. (15)

However, with very high-value inductor for RF choke, Y3 will
be approximate zero, then, Yin can be considered as the sum
of Y1 and Y2:

Yin = Y1 + Y2. (16)

Based on the theoretical of transmission line in [48], the
admittance Y1 and Y2 of TL1 and TL2 series-connected with
the diode can be calculated by following:

Y1 =
1
Z1

Z1 + jZD tan θ1

ZD + jZ1 tan θ1
, (17)

and

Y2 =
1
Z2

Z2 + jZD tan θ2

ZD + jZ2 tan θ2
, (18)

where ZD is the power-dependent impedance of the diode
which can be determined by equation (13), Z1 and Z2 are
characteristic impedances, θ1 and θ2 are electrical lengths of
corresponding transmission lines TL1 and TL2. Assuming that
the power-dependent impedance of the diode was defined as
a complex value as follows:

ZD = RD + jXD, (19)

with RD is real part and XD is imaginary, then by substituting
ZD in (19) into (17) and (18), the real parts and imaginary
parts of the admittance Y1 and Y2 will be derived:

Re(Y1) =
RD + RD(tan θ1)2

R2D + (XD + Z1 tan θ1)2
, (20)

Re(Y2) =
RD + RD(tan θ2)2

R2D + (XD + Z2 tan θ2)2
, (21)

and

Im(Y1) =
(R2D + X2

D − Z2
1 ) tan θ1 + Z1XD(tan2 θ1 − 1)

Z1R2D + Z1(XD + Z1 tan θ1)2
,

(22)

Im(Y2) =
(R2D + X2

D − Z2
2 ) tan θ2 + Z2XD(tan2 θ2 − 1)

Z2R2D + Z2(XD + Z2 tan θ2)2
.

(23)

TABLE 2. Extracted parameters of two transmission line (TL1 and TL2) in
designed rectifiers prototype.

With Yin was defined in (16), Re(Yin) and Im(Yin) can be
calculated as follows:

Re(Yin) = Re(Y1) + Re(Y2), (24)

Im(Yin) = Im(Y1) + Im(Y2). (25)

Yin will be matched to YG (YG =
1
ZG

) when Re(Yin) and
Im(Yin) satisfies the conditions:

Re(Yin) = YG and Im(Yin) = 0. (26)

For broadband operation rectifier, Yin must be matched
to YG in the range of fundamental frequency (f ) from
lowest frequency (f1) to highest frequency (f2). Based on
equations (24), (25), and (26) where RD and XD will be
different corresponding to the different diode impedance at
each frequency, the proposed parallel structure will respond
a broadband operating in the band from f1 to f2 when the
following conditions are simultaneously satisfied:

Re(Y f11 ) + Re(Y f12 ) = YG, (27)

Re(Y f21 ) + Re(Y f22 ) = YG, (28)

Im(Y f11 ) + Im(Y f12 ) = 0, (29)

Im(Y f21 ) + Im(Y f22 ) = 0, (30)

where the value is defined at the frequency which was
indicated by the superscript of the notions, real parts and
imaginary parts of Y1 and Y2 at f1 and f2 were determined
based on corresponding different RD and XD at f1 and f2.
Then, the characteristic impedance Z1, Z2 and the electrical
lengths θ1, θ2 of corresponding transmission lines TL1,
TL2 can be determined by using vpasolve in MATLAB to
simultaneously solve the equations (27), (28), (29), (30) with
the defined values in the equations (20), (21), (22), and (23)
correspond to diode impedances at two frequencies. When
the input impedances were matched at f1 and f2, the proposed
parallel structure will realize a broadband response instead
of a dual-band response if the frequency k = f2/f1 is with
in a certain limit. This broadband operation response can be
confirmed by the simulated admittance results of designed
rectifier (Shottky Diode BAT15-03W was employed) in
Advantage Keysight Systems software from f1 = 1.8 GHz to
f2 = 3.2 GHz as shown in Fig. 4.
As observed, the imaginary part of two admittances Y1

and Y2 do not vary much with the symmetrical positions on
Smith Chart, that leads to the combination of these imaginary
parts is almost zero. Moreover, also proven in Fig. 4, the
real part of Y1 tends to increase while the real part of Y2
tends to decrease with increasing frequency. Therefore, with
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FIGURE 4. Admittance Yin, Y1, and Y2 of simulated rectifier structure
based on Schottky diode BAT15-03W.

FIGURE 5. a) Photograph and dimension of fabricated rectifier and b)
Block diagram of setup for rectifier measurement.

Yin being matched to YG at two frequencies f1 and f2, the
total real part in the frequency range from f1 to f2 will will
varies relatively small compared to YG. That is reasonwhy the
impedance matching realize a broadband response instead
of only dual-band response even though the parameters of
transmission lines are calculated based on dual-band design.
However, this broadband matching mechanism will have a
certain limit on the frequency ratio k . With fc is center
frequency of operation band (fc = (f1 + f2)/2), assuming that
in the ideal case, when the imaginary parts of Y1 and Y2 self-
compensate each other, the input impedance Zin = 1/Yin at
fc can be calculated as follows:

Z fcin =
1

Re(Y fc1 ) + Re(Y fc2 )
, (31)

where Re(Y fc1 ) and Re(Y
fc
2 ) are also derived by equations (20)

and (21). To ensure that a broadband operating can be

FIGURE 6. PCE versus load resistor with the input power of 11 dBm in
both simulation and measurement at the different frequencies (2.0 GHz,
2.45 GHz, and 2.9 GHz).

achieved without mismatch in the range from f1 to f2, the
frequency ratio k is limited by the value at which the
input impedance Z fcin is obtained that satisfies the following
condition: ∣∣∣∣∣Z

fc
in − ZG

Z fcin + ZG

∣∣∣∣∣ <
1
10

(32)

Alternatively, the limitation of the bandwidth can also be
determined by using Advantage Keysight Systems software to
check the reflection coefficient at the center frequency fc.

III. IMPLEMENTATION AND EXPERIMENTAL RESULTS
A. SIMULATION AND MEASUREMENT RESULTS OF
DESIGNED AND FABRICATED BROADBAND RECTIFIER
Based on the presented analysis and design methodology,
a broadband rectifier was designed in the operating frequency
range from 1.8 GHz to 3.2 GHz (f1 = 1.8 GHz and f2
= 3.2 GHz). The designed broadband rectifier employs
two Schottky diodes BAT15-03W whose typical parameters
were presented in Table. 1. The used substrate for rectifier
implementation is Taconic TLY-5 (ϵr = 2.2, tan(δ) =

0.0009, 0.8 mm thickness) that can minimize PCB loss.
With chosen operating frequency range and Schottky diode
BAT15-03W, the parameters of two transmission lines (TL1
and TL2) were determined after using the optimization tool
on simulation software Advantage Keysight Systems from
calculated parameters by applying equations (27), (28), (29),
and (30) and listed in Table. 2. Based on defined, the
designed rectifier was simulated, fabricated, and measured.
The results of the admittances Y1, Y2, Yin in simulation

at two input power levels (0 dBm and 11 dBm) on the
Admittance Smith Chart are shown in Fig. 4. It can be
seen that in the range of operating frequency, the simulated
admittances are matched with the presented analysis when
positions of Y1 locus and Y2 locus are symmetric about the
line with imaginary part equal zero on the Smith Chart,
the sum of Y1 and Y2 is Yin will be located around the
center of the Smith Chart, which means that the proposed
rectifier will be matched to the source impedance of
50 � in the operating frequency range. With imaginary
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FIGURE 7. Reflection coefficient of proposed rectifier at RL = 510� and
two input power level (0 dBm and 10 dBm) for both simulation and
measurement.

part compensating mechanism and presented admittances
in Fig. 4, it can be seen that power delivered to each
diode is similar. Moreover, the variation of diode impedance
versus delivered power is not much when the different
between admittances is small with two input power level of
0 dBm and 11 dBm. It indicates that with small delivered
power differences, about few dBm, the change of the diode
impedance is insignificant. Fig. 5a shows the photograph of
the fabricated rectifier prototype which was used to measure
for verification. As observed, the fabricated rectifier has a
very small dimension of only 15 mm × 14 mm, which means
the proposed broadband rectifier can be easily integrated into
many different systems or devices depending on different
applications and frequencies. Different from the simulation
with the idea of RF choke and DC block, in reality, the DC
pass filter of fabricated rectifier is formed by a combination
of a 100 nH series-inductor (LQW18ANR10G00) by muRata
and a 2400 pF parallel-capacitor (C08BL242X-5UN-X0T)
by Knowles Lab. The broadband rectifier was measured by
measurement setup as shown in Fig. 5b where the source
generator Agilent N5182A generates the RF signal to the
directional coupler, then RF signal is transmitted to the
rectifier and the amplitude of RF signal measured at the
rectifier. Finally, the output DC voltage is measured at a
digital voltage meter to calculate PCE by following below
equations:

PCE(η) =
PDC
Pin

× 100% =
V 2
DC

RLPin
× 100%. (33)

where PDC is the output power (Watt), Pin is the input power
(Watt), VDC is the DC voltage (V) measured at the digital
voltage meter and RL is the resistance value of load (�).

The optimal value of the load resistor can be determined
by resistor sweeping in both simulation and measurement,
Fig. 6 depicts the PCE versus load resistor with the input
power of 11 dBm in both simulation andmeasurement at three
different frequencies 2.0 GHz, 2.45 GHz, and 2.9 GHz. It can
be seen that PCE will be optimized with the load resistor in
the range from around 400 � to 600 �. Accordingly, in this
report, the load resistor 510�was used to determine PCE for

FIGURE 8. a) PCE and output voltage versus input power levels at a)
2.0 GHz, b) 2.45 GHz, and c) 2.9 GHz with RL = 510� for both simulation
and measurement.

both simulation and measurement. The reflection coefficient
(S11) in measurement is measured by the network analyzer
Protek A338 and plotted in Fig. 7 along with the S11 in
simulation at two different input power levels (0 dBm and
10 dBm). As observed, at 10 dBm input power, the measured
S11 is lower than < −10 dB from 1.74 GHz to 3.16 GHz
while the simulated S11 has the value below < −10 dB from
1.76 GHz to 3.21 GHz the indicates a goodmatching between
simulation and measurement and a good broadband operating
of the proposed rectifier although the measured S11 has some
better resonance points but the bandwidth is a bit narrower
in comparison with the simulated S11. This slight difference
can be explained by the fact that the diode model used in the
simulation based on the parameters given by themanufacturer
is only relative to the actual diode model, which cannot be
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TABLE 3. Comparison of the proposed broadband rectifier in this paper with the published rectifiers at similar input power level.

FIGURE 9. PCE versus frequencies in simulation at 0 dBm, 11 dBm and
PCE versus frequencies in measurement at 13 dBm, 7 dBm, 0 dBm, and
-5 dBm.

guaranteed absolutely accuracy. At 0 dBm input power, both
simulated and measured S11 are a little higher than the one
at 10 dBm, however, the bandwidth is quite similar with the
S11 at 10 dBm input power. Fig. 8 presents the PCE and
output voltage versus input power levels at three frequencies:
a) 2.0 GHz, b) 2.45 GHz, and 2.9 GHz. It can be seen that
at 2.0 GHz and 2.9 GHz, the PCE in simulation is similar to
the PCE in the measurement while the PCE in measurement
is slightly higher than the PCE in simulation at 2.45 GHz
due to better resonance S11 at 2.45 GHz in measurement.
Furthermore, at all three frequencies, the measured results
have a saturation point higher than the simulated results due
to the accuracy diode model usually has breakdown voltage
(Vbr ) higher than the one of the diode model in simulation
when the simulated PCE peak at around 11 dBm (about 70%
- 75%) while the PCE in measurement is highest at around
13 dBm (about 75% - 80%).

The PCE versus frequencies of the proposed rectifier
at different input power levels in both simulation and
measurement are depicted in Fig. 9 where the PCEs in
measurement have some ripples. There are many issues that
can lead to these ripples such as diode model, fabrication
tolerance, environmental, quality of solder joints, signal
instability from generator, coaxial cables. . . etc which can

FIGURE 10. Detail structure of broadband antenna employed for rectifier
verification.

not be controlled. However, the amplitude of these ripples
is not too large so it is acceptable. In addition, despite the
ripples, PCEs versus frequencies still have the forms quite
similar to simulation results. With 11 dBm in simulation
and 13 dBm in measurement for highest PCE as shown in
Fig. 9, the over 70% PCE can be achieved from 1.79 GHz to
3.22 GHz (corresponding to fractional bandwidth of 57.1%)
in simulation at 11 dBm input power while in measurement,
this range is from 1.64 GHz to 3.18 GHz (corresponding to
fractional bandwidth of 63.9%) at 13 dBm input power with
the peak PCE is 81.8% at 2.19 GHz. Moreover, at these input
power levels, the PCE can be higher than 50% from 1.38 GHz
to 3.96 GHz (96.6% fractional bandwidth) in simulation and
from 1.34 GHz to 3.97 GHz (99.1% fractional bandwidth)
in measurement. In addition, as exhibited in Fig. 9, at low
input power levels, the proposed rectifier can still provide
good performance in broadband such as about 50% at 0 dBm
or 30% at -5 dBm. It can be seen that the proposed rectifier
is suitable for application to wireless power transmission or
energy harvesting in the indoor environment. To clarify the
advantages of the proposed broadband rectifier, a comparison
between the rectifier in this paper and published broadband
rectifiers that have similar input power levels is summarized
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FIGURE 11. Reflection coefficient S11 of broadband antenna employed
for rectifier verification.

FIGURE 12. System setup for wireless power transfer efficiency
measurement include transmitter antenna, receiver antenna, and rectifier.

and presented in Table. 3. As noticed, with similar input
power and peak PCE, the proposed rectifier has a very wide
fractional bandwidth (wider than bandwidth of all papers
listed in Table. 3 which can completely meet broadband
criteria) while its dimension and size according to wavelength
are superiorly smaller. By applying imaginary compensation
mechanism, the rectifier can achieve good results while the
structure is very minimal, which is best shown through
the comparison in Table. 3 with the reports on broadband
rectifiers published in recent years.

B. IMPLEMENTATION OF PROPOSED RECTIFIER IN WPT
SYSTEM
For further verification, a broadband antenna was fabricated
for WPT system implementation with the proposed rectifier.
The broadband antenna was designed by following [49]
which has the detailed structure shown in Fig. 10 and the
substrate used for antenna fabrication is Taconic TLC-32
(ϵr = 3.2, tan(δ) = 0.003, 0.8 mm thickness). Fig. 11
plots the simulated and measured reflection coefficient S11

FIGURE 13. Measured power transfer efficiency and output power of WPT
system versus frequency at two distances 7 cm and 2 cm.

FIGURE 14. Measured power transfer efficiency and of WPT system
versus distances of antennas at frequency 2.45 GHz with two generated
power levels of 20 dBm and 15 dBm.

of the designed broadband antenna. As shown in Fig. 11, the
fabricated antenna can operate in broadband from 1.72 GHz
to 3.38 GHz with S11 < −10 dB. Fig. 12 shows the system
setup of power transfer efficiency (PTE) measuring where
the fabricated broadband antenna was applied for both the
transmitter antenna and receiver antenna. The power transfer
efficiency of the system and output power were calculated
through output DC voltage measured by a digital voltage
meter at the load resistor of the proposed rectifier by the
below equation:

Pout =
V 2
DC

RL
and ηPT =

Pout
PGP

× 100%. (34)

where Pout is output power and ηPT is power transfer
efficiency, VDC is measured DC voltage at the load resistor
(RL), and PGP is generated power, then, the power transfer
efficiency is calculated based on the total system loss
including insertion loss of two cables, the free space loss
between the two antennas, and the rectifier loss. These
measured results of the system versus frequencies are
depicted in Fig. 13 with the generated power of 15 dBm
from the signal generator. As observed, when the distance
between the transmitter antenna and the receiver antenna
is 2 cm, the power transfer efficiency is approximately
55% in the frequency range from 1.7 GHz to 3.2 GHz
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while this frequency range also exhibits around 30% power
transfer efficiency with 7 cm distance. Fig. 14 shows the
efficiencies of the system at frequency 2.45 GHz with
two generated power levels of 20 dBm and 15 dBm that
indicates the proposed rectifier is good WPT-capable. With
meter scale or more of two antennas, this system with the
proposed rectifier can still ensure good operation but the
power level at the transmitting antenna needs to be higher,
which leads to the need to add an additional power amplifier
between the generator and the transmitting antenna due to
the output power limitation of generator. It indicates that
the proposed rectifier is suitable for many applications at
different frequencies.

IV. CONCLUSION
This article proposes a novel structure for designing broad-
band rectifiers with high PCE and compact size based on
shunt-diode configuration and a prototype has been a suc-
cessful realization to measure for verification. Different from
conventional shunt-diode topology, the proposed broadband
rectifier uses two parallel diode branches with two series
transmission lines to compensate for the imaginary part. The
analysis of the power-dependent impedance of the diode
has been extracted, then the parameters of two transmission
lines can be derived by closed-form equations based on
diode power-dependent impedance. In the implementation,
the fabricated rectifier indicates superior measurement results
when compared to the published broadband rectifiers in a
similar effective input power range. The measured results
show that the proposed has a high PCE in a wider fractional
bandwidth with the smallest size in both physical dimensions
and according to the wavelength. Moreover, at two edges of
the bandwidth, the PCE drops slowly which indicates the
proposed broadband rectifier can achieve an acceptable PCE
in ultra-wideband. In addition, the implemented rectifier has
been verified in a broadbandWPT system where a broadband
antenna was fabricated and used for both the transmitter
antenna and receiver antenna. The high measured PTE of the
system in a wide range of frequencies demonstrates that the
proposed broadband rectifier can be easily applied for many
applications at different frequencies.
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