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Abstract— Based on the elimination of the input matching
circuita high-efficiency microwave rectifier is presented in this
work. In the proposed design, a small capacitor is in parallel
with the diode, and a )\, /8 short circuited stub is placed between
the cathode of diode and ground plane. This small capacitor
can modify the real part of the diode impedance, and then
the )\,/8 cancels the yield capacitive impedance. Meanwhile,
this \,/8 short circuited stub presents a high reactance at the
second harmonic. The fabricated rectifier has a maximum RF-DC
conversion efficiency (PCE) of 86.7% at 24.8 dBm input power.
The measured efficiency remains above 70% with the input
power from 8.2 to 25dBm and the operating frequency from
1.5 to 2.2 GHz.
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I. INTRODUCTION

To improve the overall efficiency of a wireless power
transfer system, the RF-DC conversion efficiency (PCE) of
a rectifier which converts microwave power to DC power,
should be as high as possible. Recently, harmonic terminations
provide an effective way to boost the conversion efficiency of
a rectifier. In a Class-C diode rectifier[1], the short-circuit
terminations at the second and third harmonics are designed
to improve the PCE, which demonstrates a peak PCE of
72.8% at 8§ dBm input power. On top of this, with a Class-F
harmonic termination, the diode current and voltage form
could be shaped to half sine wave and square respectively, and
thus the overlap of current and voltage is minimized, which
leads to an improved conversion efficiency. Some reported
high efficiency Class-F rectifiers have PCEs of 80.4% at
900 MHz [2], 77.9% at 2.45 GHz[3] and 40.3% at 24 GHz [4]
respectively. However, the harmonic terminations in previous
literature are sensitive to parasitic parameter because the
parasitic capacitance or inductance and junction capacitance
are directly connected to the harmonic termination, and then
the open circuit condition may not be satisfied. To avoid the
insertion loss of the input low-pass filter, we propose a novel
rectifier which has removed the input low-pass filter. At the
same time, the proposed rectifier employs a second harmonic
terminations to boost the conversion efficiency. As a result,
the harmonic components of the proposed rectifier are low
enough that the input low-pass filter is not a necessity. Besides,
we utilize a lumped DC-pass filter to choke the RF signal
before the DC load. Finally, the fabricated rectifier has a very
compact size when compared to a DC-pass filter using a A/4
transmission line terminated with a capacitor.

1316

R Low-Pass DC
Microwave Filter DC-Pass g
Source &Matchng Filter Load
@ Jf—
Microwave DC-Pass bC
Filter Load
Source

£
(b) =

Fig. 1. (a) Conventional rectifier with a input low-pass filter. (b) The proposed
rectifier has a small capacitor Cgq Which is in parallel with the diode.

II. PRINCIPLE AND DESIGN METHOD
A. Principle

A conventional diode rectifier is shown in Fig. 1(a) where
the input low-pass filter and the DC-pass filter are applied
to recycle the harmonic power. To prevent the leakage of
the harmonic power, the conventional rectifier needs a high
performance DC-pass filter to block the harmonics.

As the input low-pass filter brings a certain insertion loss,
we propose a novel topology which has the input matching
circuit removed. The conceptual diagram of the proposed
rectifier is shown in Fig. 1(b). Observed that an additional
chip capacitor Cyyq is in parallel with the diode, and a A\, /8
short circuited stub with a characteristic impedance Z; is in
series with the diode. Here, the A\, is the guided wavelength
of in the transmission line at the center frequency. The Cygq
can modify the real part of the input impedance of rectifying
diode(D;), and the A, /8 short circuited stub will function as
diode impedance matching and harmonic termination at the
same time.

B. Theoretical Analysis and Simulation

At given input power and DC load, the input impedance of
a Schottky diode can be modeled by a resistor R, in parallel
with a capacitor C.. To simplify the mathematic analysis, the
package parameters of diode are ignored in the equivalent
circuit. Thus, the input impedance of a diode can be written
» R, . R*C.w

1+ (RCow)® 14 (R.Co)?

Zp = (1

Authorized licensed use limited to: SICHUAN UNIVERSITY. Downloaded on January 11,2025 at 11:22:10 UTC from IEEE Xplore. Restrictions apply.

2019 IEEE/MTT-S International Microwave Symposium



250

200

150

100

Re(Z,) (©)

50

1000

015 O ’
C,(pF)

Fig. 2. The real part of the diode impedance Re(Zp) is reduced by the
increasing of junction capacitance Cl, the frequency is set to 2.4 GHz.
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Fig. 3. The schematic the proposed rectifier, a small capacitor Cypqq is in
parallel with the diode D1.

As to first term of the (1) at a single frequency point,
for arbitrary junction resistance R, the real part of the diode
impedance Re(Zp) decreases as the C. increases, which
is plotted in the Fig.2. Observed that, notwithstanding the
variation of R,, the Re(Zp) decreases continuously as the
C. increases from 0.1 pF to 0.5 pF.

With the above discussion, as shown in Fig. 3, the proposed
rectifier has the input matching circuit removed, and a small
capacitor Cyqq functions parallel to rectifying diode D; to tune
the real part of the diode impedance when necessary. The
short circuited stub TL; will compensate the yield imaginary
part of the input impedance looking into the rectifier. As
the input impedance of the DC-pass filter is infinity (co) at
all frequencies, the input impedance of the linear equivalent
circuit shown in Fig.3 can be expressed as

Z! = [(Ce + Chaa) || Re] + jZ1 tan(B4y) 2)

Let Cym = Ce + Cyd, as B¢y = w/4, and thus (2) can be
rewritten as (3) where the angular velocity w = 27 f,.

, R. . BwCam

" 14 (RewClum)? 14 (RewClum)

As indicated in equation (3), the real part of input
impedance Re(Z/,) can be reduced by increasing Ciym
through a large Cyyq-

-7 5 +7Z1 (3)
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Fig. 4. Simulated diode current spectra in dB over 1.5-6 GHz.

The input matching of the proposed rectifier requires that
Re(Z!,,)=50€ and Im(Z!,,)=0, which gives two equations for
the Cyq and Z; (characteristic impedance of TL).

VR /50 — 1
VRO T 0 4
Roo. Ce 4)
Re2wcCsum

' 1+ (ReWcC‘sunz)2 (5)

Consider the electrical length of the short circuited stub

TL, which shown in Fig. 3. The input impedance of the A, /8

short circuited stub at different frequencies short circuit stub

at different frequencies (DC, f., 2f. and 3f.) are described
by (6) below [5]

Cadd =

0 f=0
Z)\g/8 =jZ tan(%fi) _ ifl ; z ;Cf ©
—jZ1 f=3f

The (6) implies that the A\, /8 serves as a second harmonic
termination at the same time, because the input impedance of
the short circuited A, /8 is oo at 2f.. As a result, the second
harmonic currents flowing through the diode can be attenuated
significantly.

The proposed rectifier is simulated by using both the
harmonic balance method and large signal S-parameter (LSSP)
in Advance design system (ADS, Keysight). The SPICE model
of HSMS-282 diode is provided by ADS program. The Cyq
used in the nonlinear simulation is 0.2 pF. The short circuited
stub TL; has a physical length of 12mm, for which the
electrical length is around \,;/8 at 1.8 GHz.

Fig.4 shows the corresponding spectra of the diode
current versus the operating frequency. With the sweep of
the RF frequency, it can be clearly observed that the second
harmonic current has been blocked at around 3.6 GHz. Around
5.4 GHz, the third harmonic current is about 10dB larger
than the average value. The high impedance second harmonic
termination and relatively low impedance third harmonic
termination are achieved by the A, /8 short circuited stub.
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Fig. 5. Simulated time-domain current and voltage waveform on the rectifying
diode D;.
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Fig. 6. (a) A photograph of the fabricated rectifier. (b) The measurement
setup for the PCE and the input harmonics levels.
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Besides, the simulated voltage and current waveforms
across the diode at 20 dBm input power are shown in Fig.5
where the shape of diode current closely resembles to a sine
wave. The proposed rectifier can be considered as an inverse
class-C rectifier.

II1. IMPLEMENTATION AND EXPERIMENTAL RESULTS

A photograph of the fabricated rectifier is shown in Fig. 6,
it has been fabricated in accordance with the schematic shown
in Fig. 3. The substrate used for this design is Rogers4350B,
and the fabricated rectifier has a very compact dimension of
25 x 30 mm. The measurement setup is also shown in Fig. 6. In
the experiment, the proposed rectifier was measured in terms
of PCE versus the input power and operating frequency. The
measurements are compared with the simulation results in
Fig.7 and Fig. 8.

At first, the proposed rectifier was measured under a
frequency sweep with a fixed 4002 load and 20dBm input
power. The measured and simulated PCE are depicted in
Fig.7, and the input |S11] is also included. As shown, PCE of
higher than 70% can be obtained from 1.5 GHz to 2.02 GHz.
Due to the fabrication tolerance, there exists a slight frequency
shift between the simulation and measurement, but the results
still agree with each other.

Fig. 8 depicts both the simulated and measured PCE versus
input power with a constant 4002 load at 1.8 GHz. The
measured PCE goes over 70% at 8.2 dBm and remains greater
than 80% when input power exceeds 13.2dBm. It can be
seen that the 86.7% peak efficiency occurs at 24.8 dBm. The
measured PCE maintains more than 80% from 13.2dBm to
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Fig. 7. The PCE and the input |S11]| versus frequency at 20 dBm input power
and 400 €2 load.
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Fig. 8. The PCE and input |S11| versus frequency at 20 dBm input power
and 400 €2 load.

25dBm, which is a relatively wide input power range. The
measurement results agree well with the simulation. Fig. 8
also plots the input harmonic levels measured by a directional
coupler, both second and third harmonic levels at the input
port are below -20 dBc.

In Tablel, the performance of this work is compared
with several recently published rectifiers. Direct comparison is
made and the proposed rectifier exhibits the widest dynamic
input power range and the highest fractional bandwidth. As
indicated, the 16.8 dB input power range for PCE of higher
than 70% is very impressive. Meanwhile, only one diode is
used and the physical size is 25x30 mm which is the smallest
among the four structures.

IV. CONCLUSION

A novel matching method for high-efficiency, wide input
range rectifier has been presented. The proposed topology
has the input matching network removed to avoid insertion
loss. Meanwhile, the proposed design maximizes the RF-DC
efficiency by the implementation of a second harmonic
termination. Theoretical analysis of the proposed topology
has been carried out and the circuit has been implemented.
Compared to other reported rectifiers with a wide input power
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Table 1. Comparison with the Prior Rectifiers

Reference [6] [7] [8] This work
PR. for PCE>70% 8dB N.A. 7dB 16.8dB
PR. for PCE>50% 17.3dB N.A 18dB 24 dB
Eff. 80.8% 81% 77% 86.7%
Peak Eff.| Power 17.2dBm 10dBm 17.2dBm 20.5dBm
Fre. 2.45GHz 1.62 GHz 1.8 GHz 1.8 GHz
Rectifier Element HSMS286 | HSMS286 | HSMS282 | HSMS282
Number of diode 4 2 1 1
Dimension (mm?2) N.A 7020 35%x15 25%30

range, the proposed topology has shown the widest input range
for PCE greater than 70%.
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