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Abstract—This paper presents a C-band rectifier employing a
third harmonic termination which is realized by a A¢/12 short-ended
microstrip transmission line. The proposed harmonic termination
balances the capacitive impedance of the diode at the fundamental
frequency and blocks harmonic current of the diode. The input
low-pass filter or matching circuit is removed and the bandwidth of
rectifier is enhanced. Theoretical analysis and experiments are
carried out. The results show that the proposed topology can realize
high efficiency with a wide input frequency range. The fabricated
rectifier has a compact dimension of 14mm by 22mm. A maximum
RF-DC conversion efficiency of 75.6% at 13 dBm input power is
observed. The measured efficiency remains above 70% with the
operating frequency form 5.2 GHz to 6 GHz.
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I. INTRODUCTION

In a rectifier, filters are used to reject the harmonics which
produced by diode during rectifying, which consist of a low pass
filter and DC-pass filter [ 1]. However, the input filter or matching
circuit limits the bandwidth of rectifier.

Currently several broadband and multi-band rectifier are
designed by wideband matching network. For instance, a
broad-band rectifier is based on maximizing the quality factor of
matching circuits is presented in [3]. In [4], a broadband energy
harvesting system is realized by high impedance antenna.
Simplified real frequency technology is proposed to optimize the
input matching architecture in [5].

Harmonic terminations is used to shape the current and
voltage waveforms across the diode to minimize the overlap and
improve the efficiency. In [6], a compact Class-F converter is
realized by anti-symmetric configuration of two shunt-diode.
However, we can get high efficiency with narrow bandwidth by
combining the harmonic termination with input matching.

As the input low-pass filter puts a limitation of bandwidth of
rectifier, and conversion efficiency can be improved by
eliminating harmonic power, we propose a novel rectifier which
has no input low-pass filter. The proposed rectifier employs a
Ae/12 short-ended transmission line as open circuit to third
harmonic and high reflection to second harmonic. Meanwhile,
the Ao/12 short-ended transmission line cancels the imaginary
part of diode capacitive impedance because it presents inductive
reactance at fundamental frequency. The resonance effect is
generated and the harmonic components of proposed rectifier are
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sufficient low that the input low-pass filter is not needed. We
employ a lumped DC- pass filter which chokes the RF signal
before the DC load.

II. PRINCIPLE AND DESIGN METHOD

A. Principle

A conventional microwave rectifying schematic is shown in
Fig. 1, in which a low-pass filter and a DC-pass filter are applied
to recycle the harmonics produced during rectification. The input
low-pass filter will acts as matching circuits as well, and it rejects
the generated harmonics during rectification. However, it will
bring insertion loss and put a limitation to the band width of
rectifier.

For the 2" and 3™ harmonics, the conventional rectifier needs
a high performance DC-pass filter as well.
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Fig. 1. The conventional microwave with a low-pass filter and a high
performance DC-pass filter
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Fig. 2. Proposed rectifier has a third harmonic termination but no filter or
matching stub

As the input low-pass filter put a limitation to the bandwidth of
rectifier, we propose novel topology which removes the input
matching circuit or low pass filter. The block diagram of
proposed rectifier is shown in Fig. 2, is that a A,/12 short-ended
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transmission line is inserted at the diode’s cathode and ground
plane.

The A/12 short-end has the following functions:

1) Presents high impedance at the third harmonic and relatively
high impedance at the second harmonic.

i) Provides a DC path for the DC output of rectifier.

iii) Cancelling the diode capacitive impedance. In the view of
impedance matching, the Ay/12 short-end transmission line
presents 0.58jZsz at fundament frequency, which compensates
diode capacitive reactance.

B. Theoretical Analysis

An ideal perfect harmonic termination which presents high
impedance at 2" and 3™ harmonics at same time is hard to realize
in practice. The A/12 short-end transmission line which presents
an open circuit at 3wy is easy to fabricate. The A4/12 short-ended
transmission line presents inductive 0.5 jZ, at the fundamental
frequency o, as shown in (1) where Zsz is the characteristic
impedance of the transmission line [7].

0, = 0
058jZ.,., W=
Zigny = JXL = jZ tan z2 = j . e
6 a)o 1'73JZSE7 a):za)o
o, = 3(00

The short-ended transmission line presents a zero impedance
at DC, which provides a path for DC output. If the diode
impedance matching needs an inductive reactance of 50 Q at o,
which means that 0.58jZsg = 50 Q, the A,/12 turns out to be
150 Q at second harmonic 2.

C. Rectifier design-Simulation

Fig. 3 shows the schematic of propose rectifier. The capacitor
C) blocks the DC from the rectifier to the microwave source, and
the inductor L and capacitor C, form a DC-passed filter. The
HSMS-2860 Schottky diode, capacitor C1=9.1 pF, C,=30 pF,
L=10 nH and R;=900 Q are used.
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Fig. 3. Schematic of the proposed microwave rectifier, the A,/12 short-ended is
in dash rectangle.

The fundamental input impedance of rectifier such as the one
shown in Fig. 3, is a shunt R. in parallel with a capacitor C.. The
Re and C. depend on the input power, output voltage, diode turn
on angle O, dynamic resistance of diode and reverse bias

voltage on diode. The input impedance of proposed rectifier with
one shunt HSMS-2860 diode was simulated using harmonic
balance for given 900 Q DC load and 10 dBm input power. The
equivalent R. and C. were extracted for the LSSP simulation
results.

The equivalent circuit is shown in Fig. 4. The inductor L. has
compensated the imaginary part of diode impedance. We can
calculate the characteristic impedance of A,/12 short-ended
transmission line, and then determine the width of As/12 line at
given substructure by (2).
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Fig. 4. Equivalent circuit of proposed rectifier, the L. has the same impedance as
the A,/12 short-ended transmission line.

After simulation, in Fig. 4, the L. has compensated the
imaginary part of diode impedance and it has a value of 1.74 nH.
Thus, the characteristic impedance of A,/12 short-ended
transmission line is 108 Q at 5.8 GHz. For RO-4350B with
thickness of 0.76 mm and dielectric constant of 3.70, the width of
Ag/12 is 0.3 mm and the length of Ay/12 is 2.78 mm.

By replacing the Laaq with Ao/12 short-ended transmission line,
we present the impedance and [Si;| return loss of equivalent
rectifier circuit in Fig.5.
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Fig. 5. The return loss |[S;| and input impedance of equivalent rectifier circuit
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The schematic of proposed rectifier has been designed and
optimized by source-pull technology to achieve a high
performance. The case of 13 dBm input power with the
source-pull contours is shown in Fig. 6.
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Fig. 6. Source-pull contours with input power = 13 dBm and DC load = 500 Q.
The imaginary part of diode impedance has been compensated by A./12
short-ended transmission line

As shown in Fig. 6, a peak efficiency of 79.4% occurs with
Zy= (54+7*3) Q. With the optimal input impedance, there is no
need for extra matching circuits at input port.

III. EXPERIMENTAL AND SIMULATION RESULTS
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Fig. 7. Photograph of fabricated microwave rectifier which has a dimension of
14mm x 22 mm
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Fig. 8. Block diagram of RF-DC efficiency and reflected harmonics levels

measurement system.

The prototype, Fig. 7, has been fabricated in accordance with
the schematic shown in Fig. 3. The finished rectifier has a very
compact dimension of 14mm x 22 mm. The measurement setup
was as follows, Fig. 8: a direction coupler was connected between
the signal generator and the rectifier. The reflected power is
measured by power sensor B. By varying the input power and
frequency, the DC voltage was measured across the load; the
efficiency was calculated by (3). The Py is the available power
from the microwave source, Vy is the output DC voltage, and Rp
is the DC load.

2
P, |4 1
DC 0
Marpe = —25X100% = —x—x100% 3)
P
IN L IN
——300Q] 710
80 ——400Q
5. s —— 5000
. I T Y i
70 i TR baa, L. ¢
sha T o e
l'\‘""“'rr“ [LL LI
Seodntdetals ek e
3 1 -
YR Wty 2
9 r ! &n
5.1 9y £
g 50 a4 2
fin} '\\L\\
40 N
N 0
2
304
T T T T 0
4000 4500 5000 5500 6000 6500
Frequency (MHz)
Fig. 9. Measured conversion efficiency and output voltage with respect to

frequency for 13 dBm input power

At first, the rectifier has been measured with 300 Q, 400 Q
and 500 Q at 13 dBm input power, and the conversion efficiency
and output DC voltage is depicted in Fig. 9. With regard to 500 €,
a peak efficiency of 75.6% at 5.4 GHz is observed, and greater
than 70% efficiency can be obtained from 5.2 GHz to 6 GHz.
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Fig. 10. .|Syi| of the rectifier at 5dBm, 10 dBm and 13 dBm input power
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Secondly, the rectifier has been measured at Piw = 5, 10, and
13 dBm, respectively, the measured return losses are shown in
Fig. 10.The vertical network analyzer (Agilent N5230A) and
500 Q DC load were used. With the input power increasing, the
reflection becomes low. The results demonstrate that the rectifier
has more than 1GHz bandwidth at each input power.

IV. CONCLUSIONS

This paper has presented a novel high efficiency, broadband
rectifier with principle of harmonic termination and elimination
of input filter. Table 1 shows performance comparison among the
proposed rectifier and some prior rectifier based on Schottky
diode.

As the input low-pass filters or matching circuit in
conventional microwave rectifiers has been removed, and the
A¢/12 harmonic termination leads to a compact dimension, high
efficiency and low harmonic. The proposed rectifier shows a
wide operating frequency bandwidth and high conversion
efficiency.

TABLE L COMPARISON WITH SOME PRIOR RECTIFIER WITH DIODE
reference [8] [9] [10] This work
dimension N.A 35x26mm N.A 14x22mm

frequency bandwidth 0 0 0 5.2- 6 GHz
of efficiency over 70% (14.2 %)
rectifier Elements HSMS286 HSMS286 MA4E2054 HSMS2860
number of diode 1 1 1 1
efficiency 68.1% 51.5% 65.3% 75.6%
The input 19 dBm 10 dBm 19 dBm 13 dBm
maximum power
efficiency | frequency | 5.8 GHz 5.8 GHz 5.8 GHz 5.4 GHz
DC Load 200 Q N.A 600 Q 400Q
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