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ABSTRACT A high-efficiency compact broadband rectifier is developed for wireless energy harvesting.
A novel three-stage impedance matching technique is utilized in a broadband rectifier design to achieve
high conversion efficiency with a compact size. In the rectifier, a low loss impedance matching technique
is initiated by employing a linearly tapered transmission line for controlling the impedance curve at the
required input power level, followed by two stages to make a circular impedance curve for wideband
impedance matching. Both theoretical analysis and numerical simulations of the proposed rectifier are
performed. For validation, a prototype is fabricated and demonstrated a broadband performance with a
fractional bandwidth (FBW) of 74% (from 1.12 to 2.43 GHz) and power conversion efficiency of more
than 50% at a 5 dBm input power level. Moreover, the rectifier can reach an efficiency of more than 50%
extending from 0.97 to 2.55 GHz (FBW = 90%) at the input power of 10 dBm, which is the highest bandwidth
reported under this condition. This low complexity design is suitable for realizing broadband rectifiers for

wireless energy harvesting (WEH) applications.

INDEX TERMS Broadband rectifier, energy harvesting, impedance matching, rectenna, transmission lines,

wireless power transmission.

I. INTRODUCTION

Wireless power transmission and energy harvesting using
rectennas have gained much interest in the recent years due
to the increasing demand for various applications such as
low-power electronics, wireless chargers, medical devices,
and IoT (Internet of Things) [1]. Several literatures demon-
strated the possibility of utilizing the power from various
radio frequency (RF) transmitters including, FM, TV, cellu-
lar, and Wi-Fi systems to operate low-power electronics [2],
[3]. However, the complex propagation settings, broadcast-
ing schedules and changing demands of these transmissions
result in variable nature of the time-/space-varying ambient
RF power. Thus, it is necessary to harvest RF energy from a
large frequency spectrum to ensure the required power for
various real-life applications [4]. Broadband or multiband
rectennas are therefore needed [S]. Due to the non-linearity
of diodes, also the varying input impedance with both the
input power and the operating frequency making the broad-
band matching difficult, the RF to DC conversion efficiency
reduces considerably in broadband rectennas compared to
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narrow band rectennas. There are only few broadband
rectennas reported with good conversion efficiency [S]-[7].
To address this problem, several approaches (such as
the resistance compression network, stacked RF har-
vester and the resistance-controlled DC-DC converter)
have been reported for realizing high performance broad-
band or multiband rectennas [8]-[11]. Resistance compres-
sion networks (RCNs) are introduced to reduce the sensitivity
and nonlinearity of rectennas. Moreover, the large variation
of load impedance can be compressed using this technique
which results in a smaller variation of the input impedance
[8]. A broadband rectifier based on a branch-line coupler was
presented in [9]. Even though the coupler added an insertion
loss of 0.9 dB and took up a reasonably large circuit area, a
fractional bandwidth of 21.5% was realized. A non-uniform
transmission line-based octave band rectifier exhibited a
broad bandwidth ranging from 470 to 860 MHz at 10 dBm
input power with efficiency over 60% [10]. In [11], a compact
broadband rectifier with efficiency over 30% from 870 MHz
to 2.5 GHz was presented based on two cascaded L-section
reactive elements. The rectifier achieved a wide bandwidth by
introducing several lumped elements for impedance match-
ing. Source pull simulation was used in [12], to find the
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FIGURE 1. Schematic diagram of the reference voltage doubler
configuration.

optimum load impedance for realizing a 58% fractional band-
width (FBW) with more than 50% efficiency. Most of the
previously proposed broadband rectifiers not only demand
complex matching procedures but also reduce the efficiency
because of the loss introduced by the circuit components.
Thus, more efforts are required to develop a highly efficient,
robust, flexible, and simple broadband rectifier for wireless
energy harvesting applications.

In this paper, a broadband rectifier is realized by employing
a novel transmission lines-based impedance matching tech-
nique. In this proposed rectifier, a voltage doubler topology
is combined with a tapered line; a short circuit stub and
a pair of open stubs are employed to widen the frequency
bandwidth and maintain high efficiency. The detailed design
procedure and theoretical analysis are presented in Section II.
Measured results of the fabricated rectifier and analysis of its
performance are addressed in Section III. Comparison of the
proposed rectifier performance with other broadband designs
is made in this section. Finally, conclusions are drawn in
Section IV highlighting the achievements of this work.

Il. PROPOSED BROADBAND RECTIFIER DESIGN
Schottky diodes are key elements for the rectification of
RF signals in WEH and WPT scenarios because of their
fast-switching properties and low threshold voltage [13]. But
the capacitive nature of Schottky diodes imposes difficul-
ties in impedance matching. Adopting complex circuits with
lumped elements to realize broadband matching results in the
reduction of power conversion efficiency. Different topolo-
gies with the diodes are introduced for implementing broad-
band rectifiers. The single series topology has the advantage
of low biasing requirement, but the low breakdown voltage
limits the power handling capabilities, which will be harmful
for the broadband performance [14]. Moreover, this topology
can only provide a narrow bandwidth. To improve the power
handling capabilities, multi-diode rectifiers such as charge
pump rectifiers with two or more diodes can be used [15].
But it affects the performance at low input voltage due to
the loss factor and also increases the complexity. In this
design, a voltage doubler configuration with two diodes is
selected which offers the benefit to maintain a minimum
circuit complexity while achieves low-power performance.
Fig. 1 shows the schematic diagram of a typical voltage
doubler configuration. The rectifier consists of capacitors C/
and C2 which have the function of storing the energy rectified
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FIGURE 2. Input impedance Z;, of reference voltage doubler at different
input power levels.

by the rectifying elements DI and D2. Schottky diodes HSMS
2850 from Avago have been selected in this voltage doubler
rectifier design due to its low threshold voltage and junction
capacitance [16]. The rectifier is designed to operate from
Jfi = 1.0 to f, = 2.6 GHz (to cover the UK GSM-1800/4G,
3G/UMTS-2100, and WLAN-2.4 GHz bands) with a load
impedance of 1 k€. The vital factor for the design of a
broadband rectifier is the impedance matching circuit. Due
to the nonlinearity of the rectifier, the input impedance Z;,
depends on the operating frequency range f.,, input power
Pi,, load resistor R; and the nonlinear impedance of the
diode Z;.

Zin Zf(freq’ Pin, R, Zy) 1

Fig. 2 shows the input impedance Z;, of the reference
doubler design over the frequency band f; to fj, at three
different power levels by using the Harmonic Balance (HB)
simulation in Advanced Design System (ADS). It can be
observed that the rectifier has a large capacitance over the
entire operating band. Resistive and capacitive impedance
of the rectifier is decreasing with frequency at the different
input power levels. Furthermore, the low input power levels
appear to be more difficult to match than the high input power
levels. For easy analysis, we define the mid frequency of
the operating frequency band as f,,, = (f; + fn)/2. At fi, fmm
and fj,, the diode input impedance of reference design at a
5 dBm input power level (Pj,) can be observed as Z;,(f;) =
105.7 — 115.5] 2, Zin(f) = 39.50 — 83.4j Q2 and Z;,(fn) =
30.16 — 42.75j Q.

To overcome the losses due to the lumped elements in com-
plex broadband impedance matching circuits and to main-
tain a high efficiency performance, a novel transmission
lines-based impedance matching technique is introduced.
Fig. 3 shows the schematic diagram of the proposed broad-
band rectifier comprising of the three-stage matching process.
Impedance matching is achieved by employing the three-
stage process which consists of a tapered microstrip line,
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FIGURE 4. (a) Linearly tapered transmission line (b) Model of an
incremental impedance step in line.

a short circuit stub and a pair of open stubs in DC pass
filter. The proposed rectifier is suitable for a wide range of
operating frequencies and load impedances.

A. DESIGN OF THE 15 STAGE

A linearly tapered microstrip line is utilized in the 1% stage of
broadband realization. A tapered microstrip line is intended
to make input impedance symmetric with respect to the real
axis (resistance axis) and to maintain the mid frequency
Zin1(fm) =~ 25 Q. Instead of having a stepped impedance
transformer, the linearly tapered impedance transformer helps
to improve the bandwidth. Fig. 4(a) shows a linearly tapered
transmission line connecting to a source with an impedance of
Zy at the input and connecting to Z; at the output. Considering
a multisection tapered transmission line is made up of many
small sections of length A/ as in Fig. 4(b), the incremental
reflection coefficient can be expressed as

- (Z+AZ)—-2)| AZ @)
T (@Z+22)+2)| 2z
In order to reduce the reflections, it is required to consider
a very small Al. As Al — 0, the exact differential can be
estimated as in [17]

_ d(Un(Z/Zy))dzZ

dar
2dZ

3
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FIGURE 5. Input impedance Z;,; after the 15t stage design at
Pj, =5 dBm.

The total reflection coefficient at [ = 0 by combining all the
partial reflections with their appropriate phase shifts.
1 (L L d(In(Z)Zo))dl
— J2p1 2 A O
ro =3 [ e - o)
The length of the tapered line is determined by minimizing
the reflection coefficient at the input, I'(9). Fig. 5 shows the
input impedance Z;,; after the 1% stage over 1.0 to 2.6 GHz
at P;; = 5 dBm. As observed, the imaginary part of input
impedance is odd symmetrical with Z;,(f;,) around 25 Q
achieved by the 1% stage of impedance matching. At f,
fm, and f, the diode input impedance after the 1t stage at
P;, = 5 dBm can be observed as Z;,1(f;) = 50 — 52.9j €,
Zint(fin) = 24.5 Q, and Z;,1(fy) = 35 + 52.8j Q2. It can be
observed that the reactance part of Z;,1(f7), and Z;,1(f;) are
approximately conjugate.

Xint(f ) = —Xin1(fn) ©)

B. DESIGN OF THE 2"? STAGE

A short circuit shunt stub with the characteristic impedance
Z and 6 is added in the 2" stage to cancel out the imaginary
part of Z;,1(f;) and Z;,1(f,), making the real part nearly con-
stant. The input admittance of short circuit shunt stub can be

represented as
1
Y = —— 6
s () JZ ;tanf(f) ©)

Proper width and length of shunt stub can be employed to
make the imaginary part at f; and f, close to zero.

Imag(Y ;,,(f ) = —(Umag(¥ ;,,(f ) = —jB @)
Therefore,
1

Ys (f) = Zotanti() =jB (®)
1 .

Ys (fn) = Zotankd.() = —jB 9
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FIGURE 6. Input impedance Z;,, after the 2"d stage design at
P,- =5 dBm.

By combining (8) and (9), the short circuit shunt stub
dimensions can be derived as

T
s = 1
’ (1+k) (10
Zy = ; (11
Btan (K6;)

Thus, the characteristic impedance Z; and electrical length 6
of the short circuit shunt stub can be estimated. In this design,
a length of 25 mm and a width of 0.8 mm are utilized after
careful ADS simulation. Fig. 6 shows the input impedance
Zin» after the 2" stage over 1.0 to 2.6 GHz at P, = 5 dBm.
It clearly reveals the circular impedance curve obtained after
27 stage impedance matching. Moreover, the reactance part
of Z;,»(f1) and Z;,»(f,) approaches zero as intended.

Xina(f 1) = —Xin2(fn) ~ 0 12)

C. DESIGN OF THE 3" STAGE

A broad stopband DC-pass filter is required at the output of
the rectifier to choke the RF signals within a wide frequency
range. In conventional rectenna design, a DC pass filter is
employed to acquire a ripple free DC signal by suppressing
the fundamental and harmonic frequencies from the rectified
output. Even though a large value of capacitor (typically
higher than 100 pF) can be utilized with RL for realizing
the output low-pass filter, the equivalent series resistance
(ESR) of a large capacitor results in power losses, reduced
efficiency, and instability of power supplies and regulators
circuits. Thus, parallel connection of small capacitors is uti-
lized to reduce the effective ESR in addition to reducing
the ripple voltage and allows the circuit to handle higher
currents with less losses [18]. In [19], open stubs are utilized
to substitute shunt-to-ground capacitor to produce additional
transmission zero in each transmission path to improve the
required stopband level. Therefore, a combination of open
stubs and a small shunt capacitor are introduced for enhanc-
ing the stop band and to realize a ripple free DC voltage in
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FIGURE 8. Input impedance Z;,5 after the 3rd stage design at
Pj, =5 dBm.

this design. Additionally, the open stubs are also helpful to
improve the impedance matching by fine tuning of the stub
dimensions.

In the 2Md stage, a constant reflection coefficient circle
is achieved with a VSWR value of around 2. For high
RF-DC efficiency performance, it is necessary to shrink the
impedance curve close to 50 2. As the DC-pass capacitor
C2 is having a low value of 22 pF, a pair of open circuit
shunt stubs are utilized to perform the fine-tuning of rectifier
impedance and to achieve high output DC power. Fig. 7 shows
the real and imaginary parts of the rectifier impedance in with
and without adding stage 3. The imaginary part of impedance
crosses 0 2 three times as expected (at f7, f, and f;,,). It can be
observed that the open stubs help to make the real part close
to 50 © and the imaginary part more constant about 0 €2 in
the desired band. Fig. 8 shows the input impedance Z;,3 after
the 3" stage over 1.0 to 2.6 GHz at P;, = 5 dBm.

Following the three-stage process, a broadband recti-
fier is designed. Layout level simulations are performed
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FIGURE 9. Layout of the proposed broadband rectifier.

TABLE 1. Parameters of the proposed rectifier.

Value Value
Parameter Parameter

(mm) (mm)
W11 0.5 L11 10
W12 1.2 L21 7
W21 0.8 L22 12.5
W31 0.4 L23 5.5
L31 2.6 Ls 3
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FIGURE 10. Simulated reflection coefficients of broadband rectifier at
three input power levels.

using electromagnetic (EM) simulator Momentum in ADS.
Fig. 9 shows the layout of the proposed rectifier and the
parameters are summarized in Table 1. The simulated reflec-
tion coefficients at three input power levels are shown in
Fig. 10. It can be observed that at 10 dBm input power,
the simulated return loss is better than 10 dB over a 1640 MHz
bandwidth from 1.23 to 2.87 GHz. The reflection coefficient
is better than -10 dB for a wide bandwidth at the desired
input power levels. At high input powers, the impedance
matching performance is comparably better than that of low
input power levels.

IIl. BROADBAND RECTIFIER PERFORMANCE
The proposed broadband rectifier is fabricated for experi-
mental validation on a Rogers 4350B material of 1.52 mm
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FIGURE 11. Reflection coefficients of the broadband rectifier at different
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FIGURE 12. Output voltage versus input power.

thickness with a relative permittivity of 3.48. Initially,
the reflection coefficient of the rectifier was evaluated using
a VNA. In Fig. 11, the measured reflection coefficient at
0 dBm input power with different load values are shown.
At 520 €2, the measured 1.3 GHz bandwidth ranges from
1.2 to 2.5 GHz which corresponds to a fractional frequency
bandwidth of 70%. Even though, the upper limit crosses
—10dB at 2.5 GHz, reflection coefficient is around —9 dB till
2.75 GHz. For higher load values, the impedance bandwidth
is decreased.

The power conversion efficiency of the fabricated rectifier
is evaluated using the measurement setup shown in Fig. 13.
A Keithley 2920 RF signal generator with an output power
up to 13 dBm was utilized to generate the RF signal at 1 to
3 GHz. A 40 dB gain GaN power amplifier was employed
to amplify the signal for the testing of broadband recti-
fier. To protect the signal generator from any power surge
and reflections, a 3-dB attenuator was connected between
the signal generator and power amplifier. For analyzing
and estimating the signal power from the power amplifier,
a Keithley signal analyzer together with a 20 dB attenuator is
utilized. A digital multimeter is used to measure the output
voltage across the R; resistor. The measurement setup is
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FIGURE 13. (a) Measurement setup of broadband rectifier (b) Fabricated rectifier.
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FIGURE 14. RF-DC conversion efficiency versus input power.

appropriately calibrated considering all device losses to pro-
vide the most reliable results. Initially, output voltage is mea-
sured at 1.8 and 2.25 GHz by varying the input power from
—15 to 15 dBm as shown in Fig. 12. It can be observed that
maximum output voltage of 3.1 V is measured at 1.8 GHz.
Simulated and measured values are in close agreement. The
RF-to-DC conversion efficiency (1) of a microwave rectifier
is calculated as the ratio of the rectified DC output power to
the incident RF power, it can be expressed as

n = Vou R, P, * 100% (13)

where P;, is the input power and V,, is the DC output
voltage across the load resistor Ry of the microwave recti-
fier. Fig. 14 shows the simulated and measured conversion
efficiencies of the proposed microwave rectifier at 1.8 and
2.25 GHz as a function of input power. Maximum efficiency
of 65% is achieved at 1.8 GHz with 10 dBm input power.
Fig. 15 depicts that the proposed rectifier has a relatively
stable efficiency over a wide circuit load range from 300 to
8000 2. This shows that the proposed rectifier could be
integrated with different load devices.

For analyzing the broadband performance of the rectifier,
the RF-to-DC conversion efficiency is measured at an input
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power level of 5 dBm and 10 dBm as shown in Fig. 16 by
varying the frequencies from 0.6 to 3 GHz. It can be observed
that a peak efficiency of 58% is obtained at 1.8 GHz by 5 dBm
input power. The conversion efficiency is higher than 50 % for
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TABLE 2. Comparison of the proposed rectifier with related rectifiers.

Efficiency in operating
Ref. bandwidth at input power Area
(year) Description FBW 1 Input (12
@i | on | b
Dual-stub
[20] ! 2227
matching o >50 5 N.A.
(2019) network (20.4%)
Multi-stage
[21] matching, and 1.75-3.2 =50 10 0.29
(2019) | aDC-pass (58.5%) x0.31
filter
Two-Stage
[22] ; 1.5-2.3 5.5
Matching o >50 N.A.
(2018) Network (42.1%)
[23] It\igl‘:smfs‘:g: 045-0.86 | _co 10 0.22
0,
(2018) line matching (67%) x0.31
Microstrip
[24] line matching 2-33 ~50 4 0.16
(2020) of shunt (45%) x0.27
rectifier
st 1.12-2.43
S e B R R Y
work | oS ] 0.97-2.55 x0.21
° echnique 90%) | >50 10

*A is the free-space wavelength at center frequency of the operating band.

a fractional bandwidth (FBW) of 74% from 1.12 to 2.43 GHz
at 5 dBm input power. At 10 dBm, the conversion efficiency
is higher than 50 % from 0.97 to 2.55 GHz (FBW = 90%).

In order to evaluate the performance of the proposed
rectifier, it is compared with other similar broadband rec-
tifiers in Table 2. The important parameters are the opera-
tional bandwidth, efficiency, input power, and size. It can
be concluded that our transmission line-based impedance
matching design achieves high conversion efficiency over a
wide frequency band. More specifically, a fractional band-
width (FBW) of 74% is achieved at 5 dBm and 90% at
10 dBm input power which is the highest among all the
designs under comparison. Furthermore, our design has the
smallest overall dimension 24 x 36 mm? (electrical size is
0.14Ax0.211). Therefore, the proposed rectifier is very much
suitable for energy harvesting applications due to its small
footprint and high energy conversion efficiency performance
over a wide bandwidth at low input power.

IV. CONCLUSION

A compact broadband rectifier for microwave energy
harvesting has been proposed. This approach utilized a novel
three-stage transmission lines-based impedance matching
technique to achieve a broadband rectifier with excellent
RF-to-DC conversion efficiency. A circular impedance curve
has been realized by utilizing a tapered microstrip line, short
circuit shunt stub and open stubs. The fabricated broadband
rectifier achieved a conversion efficiency of more than 50%
at a 5 dBm input power level over a wide bandwidth of
1.12-2.43 GHz (FBW = 74%). In addition, the rectifier has
more than 50% efficiency from 0.97-2.55 GHz (FBW = 90%)
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at an input power of 10 dBm, which is the highest bandwidth
reported under this condition to the best of our knowledge.
The proposed transmission lines-based impedance match-
ing design has superior performance in terms of its wide
bandwidth and compactness making it suitable for realizing
broadband rectifier for WEH and WPT applications.
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