IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

Letters

7407

Compact Rectifiers With Ultra-wide Input Power Range Based on Nonlinear
Impedance Characteristics of Schottky Diodes

Zhongqi He

Abstract—Two high-efficiency radio-frequency (RF) rectifiers
with extended input power range are proposed by taking the
advantage of nonlinear impedance characteristics of diodes. Each
rectifier consists of two subrectifiers that operates at high- and
low-power levels, respectively. A nonlinear power division strategy
is applied to the input power level without any power dividers
or couplers. A A/8 transmission line is introduced to compensate
the imaginary part of diode impedance. A 1/4 transmission line is
applied to reverse the diode impedance variation with respect to the
input power. Two rectifiers operating at 2.45 GHz are fabricated
and measured. Rectifier I shows a RF-dc power conversion effi-
ciency exceeding 50 % over an input power range of 23.3 dB (from
6.5 to 29.8 dBm), with maximum efficiency 74.5% at 27 dBm input
power. Rectifier II shows an input power range exceeding 50 %
over 31 dB (—1 to 30 dBm) with maximum efficiency of 68.5% at
28 dBm.

Index Terms—High efficiency, input power range, nonlinear,
Schottky Diodes, wireless power transmission (WPT).

1. INTRODUCTION

ECTIFIERS are important components in wireless power
Rtransmission (WPT) systems based on electromagnetic
coupling [1], [2] or antenna radiation [3], [4]. High RF-dc
conversion efficiency is the essential requirement for a rectifier
and is closely related to the performance of a WPT system [5].
Recently, WPT over a wide power range has become increas-
ingly popular because the input power is not constant in most
WPT systems [6], such as the application for charging unmanned
aerial vehicle [7]. In order to achieve wide power range, the
efficiency and complexity of the rectifier are usually sacrificed.

Some research teams used different design methods to im-
prove the performance of their rectifiers over wide input power
ranges. In [8], Shinohara et al. presented a sequential power
delivery technique to enhance the dynamic power range of a
rectifier successfully. In [9], an integrated impedance compres-
sion network was proposed to enhance the power range. In[10],a
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Fig. 1. Simplified mode of two shunt nonlinear resistances.

balanced novel RF rectifier was introduced to recycle the power
dissipated in the resistances. In [11], a self-tuning impedance
matching structure was proposed to obtain an extended input
power range for a rectifier.

These existing solutions may cause more insertion loss, need
extra circuit board space, and lead to circuit complex. In this
letter, we present two high-efficiency rectifiers with wide power
ranges by taking advantage of nonlinear impedance character-
istics of diodes. These rectifiers consist of three diodes, which
are used in two parallel subrectifiers. The input power is divided
into high- and low-input power levels based on the input power
level. A facilitated rectifier topology is realized and results in
reduction of the insertion loss and circuit size.

II. DESIGN PRINCIPLE BASED ON NONLINEAR IMPEDANCE
CHARACTERISTIC

A. Basic Principle of Power Dividing

Assume that there is a nonlinear resistance R, which is depen-
dent on the applied power P as

P
R(P) = koln (PO) (1)

where kg and Py are two constants. We have two nonlinear
resistance as shown in Fig. 1. Since two resistance share the
same voltage, the power ratio between them is

Py Ry (D)
1 fal) 2
B~ Ri(Py) @

When Ry = Ry, it leads to a balanced power division.
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Fig.2. (a) Impedance of diode HSMS282 varies with input power at 2.45 GHz
with RL = 400 2. (b) Resistances vary with input power.

|
\ | Low power
I 1
I |
Ziy U | Dy < L
|Gz Iy | o || de-pass filter
L N T—— — — ‘* - — —
I PE— — -} T
B
Zy [ ‘ | } M4 |
\ A4 | |
, C R
MW Ziﬁ | | 2 | L}
— 7‘ | |
Zg } D, } L= J =
= } L, | Sub-Rectifier B
_ _ =___' Highpower
Fig. 3. Block diagram of power division strategy that includes two subrecti-
fiers.

B. Nonlinear Impedance of Diodes

From K. Chang’s nonlinear diode model, the input impedance
of a Schottky diode at a fixed load is [12]

TR,

—sin eon) +jwR,C; (C’;f;;; +sin eon)

(3)
where Rj is the series resistance of the diode, 6,,, is the turn-ON
angle of the diode, and Cj is the junction capacitance of the
diode. From (3), the impedance of a HSMS282 diode is shown
in Fig. 2(a). Then, we may use a series inductance to balance
the diode capacitance, then the diode impedance will tune to be
almost pure resistance.

Zp=

cos O, ( Oon

cosO,n

C. Rectifying Circuit Realization

Ideally, we suppose there are two parallel subrectifiers (A and
B) with the same structures of a diode and an inductance in
series, which is to compensate the imaginary part of the diode.
A block diagram of the proposed rectifier is shown in Fig. 3.

We can use a simple power division principle to design high
efficiency rectifier with wide input power range by changing
resistances of different subrectifiers.

The principle of the power division strategy is as follows.

1) When the input power is low P;, < P, we have Re(Zp1)

=Re(Zp2) K Zy, where Zp1 and Zp,, are the impedances
of diodes D, and D, respectively, as shown in Fig. 2(a).
L, and L, are used to compensate the imaginary parts of
the diodes’ impedance causing Z7%, and ZP, showing
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Fig. 4.  Schematic of proposed rectifier I with power division diode array.

pure resistances. With the A/4 transmission line (as an
impedance transformer) in subrectifier B, Re(ZIB]{,) is
transformed to a high value as shown in Fig. 2(b). Ac-
cording to the transmission line theory, we have Re(Z7y)
= Rp;1 and Re(Z IBN) :Z12 /Rpa, where Zis the charac-
teristic impedance of the A/4 transmission line in subrec-
tifier B. By selecting the value of Z,carefully, we have
Re(Z{\)<<Re(ZB,), which leads the power ratio as
follows:

PB RG(Z;‘N) RD1 . RD2
— = = < 1. 4
Py Re(ZB)) 72 @

2) When the input power is around P, we have Re(Z f‘N) =
Re(ZPB,), which leads the power ratio as follows:

E _ Re(Zle) _ RDI . RD2
Py Re(ZBy) Z?

~ 1. 5)

3) When the input power is high Pg < Pj,, the real part
of a diode’s impedance usually is high. We have Re[Zp ]
= Re[Zp2] >> Zy. With the impedance transformer in
subrectifier B, the real part of the input impedance of
subrectifier B is transformed to a low impedance. Thus,
we have Re(Z7y) >> Re(ZP,), which leads the power
ratio as follows:

PB Re(Zf‘N) RDI . RDQ
—_— = = > 1. 6
Py Re(ZB)) Z2 ©)

We can tune the characteristic impedance and the length of
the microstrip lines in subrectifier B and the value of L; and Lo
to adjust the power ratio in all three states.

III. DESIGN, SIMULATION, AND MEASUREMENT OF
RECTIFIER 1

In order to increase the dynamic power range of a microwave
rectifier, we should choose two different diodes, e.g., Dy for
low power and D for high power situation as shown in Fig. 3.
A method to build a large power diode is to series two diodes.
Thus, we use one HSMS282 for D and two HSMS282 for D>.
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Fig. 5. (a) Input impedance of one single and two series HSMS-282 diodes

based on SPICE models. (b) Re(Z f‘N) and Re(Z IBN) and Re(Z IBJQ,) versus input
power.

A. Design Methodology

The proposed rectifier I is shown in Fig. 4. Two short-circuit
stubs, TL; and TLj3, are introduced in subrectifier A and sub-
rectifier B, respectively, to be used as inductors to compensate
the imaginary parts of the diodes’ impedance. One transmission
line segment (7L5) is proposed to transform Re(Z IBN) into Z, at
high input power.

The proposed rectifier I uses the nonlinear input impedance
of a diode to realize the power division strategy. The diodes
in subrectifier A and subrectifier B show power-related input
impedances. Because the number of diodes used is different,
their input impedances vary differently with the input power.
Fig. 5(a) shows the input impedances of one single and two series
HSMS-282 diodes for different input powers. The imaginary
part of the input impedance of the single HSMS-282 diode is
lower than that of the two series HSMS-282 diode. The real part
of the input impedance of the series diodes varies more steeply
with increasing input power within the range of interest. These
characteristics can be used to design rectifiers with a power
division strategy. By designing and optimizing the characteristic
impedances and the lengths of the three transmission lines (from
TL, to TL3) carefully, the input microwave signal can be always
rectified by the appropriate subrectifier. In this way, a high
RF-DC conversion efficiency is maintained over an extended
input power range.

1) Short-Circuit Stubs TL; and TLg: A rectifier with A4/8
short-ended transmission line has been researched in our previ-
ous work [13], whose input impedance is inductive

w 0, w=20

ZINl = jZl tan <> = jZl, w = Wwo
4 wo _

00, w = 2wy

(7

where Z; is the characteristic impedance of A,/8 short-ended
transmission line. Then, it can be used to take place of L; and Lo
in Fig. 1 to reduce the imaginary part of the input impedances of
both the single diode and the two series diodes at low and high
powers, respectively.

2) Impedance Transformer TLy: As shown in Fig. 5(a), the
real part of the input impedance of the two series diodes is much
higher than Z; when the input power is high. This impedance
is equal to Re(Z IB]Q) because the series short-circuit stub 713
does not change the real part of the input impedance of the
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Fig. 6. (a) Power division strategy of rectifier I. (b) Simulated efficiency of
rectifier I when comparing with one and two diodes operating individually.

diodes. We can use the impedance transformation technique to

transform Re(Z IBN) into Zy with a A /4 transmission line, whose
input impedance is given by [14]

Z2

Zing = =2

IN2 7,

where Z, and Z;, are the characteristic impedance and load of

Agl/4 short-ended transmission line, respectively. Additionally,

Re(Z5,) should be higher than Z, under low power conditions

to reduce the power flowing to subrectifier B via careful selection

of ZTLQ.

®)

B. Simulation

Simulations were conducted for rectifier I to demonstrate the
power division strategy. As shown in Fig. 6(a), the proposed
rectifier realizes the power division strategy over a wide input
power range. At low input power, subrectifier A receives more
power than subrectifier B and vice versa.

The simulation results show that rectifier I realizes the pro-
posed design concept, with subrectifier A and B working at
various input power levels. The simulated conversion efficiency
of the proposed rectifier I is compared with that of each individ-
ual subrectifier. The results are shown in Fig. 6(b). The overall
rectifying efficiency is the higher one of either subrectifier A
or B. The strategy shows subrectifier A and B are combined to
broaden the operational power range greatly.

C. Implementation and Measurement

The proposed rectifier I is implemented and tested for experi-
mental validation. The substrate is F4B with a thickness of 1 mm
and a relative permittivity of 2.65. The layout and the detailed
dimensions are presented in Fig. 7.

The simulation and measurement results are shown in
Fig. 8(a). The measurement results agree well with the simulated
results. Rectifier | maintains more than 50% efficiency when the
power varies from 6.5 to 29.8 dBm. The rectifier features a 23.3
dB dynamic range with efficiency of more than 50%.

IV. DESIGN AND MEASUREMENT OF RECTIFIER 11

A. Design Methodology

Rectifier I has realized an extended input power range. The
dynamic range of a rectifier using this power division strategy
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Fig. 9. Schematic of the proposed Rectifier II.

can be broadened further by selecting a different combination of
diodes. Therefore, one single HSMS 286 diode and two series
HSMS 282 diodes are applied at low-input power levels and
high-input power levels, respectively. To avoid reverse break-
down of the HSMS 286 diode during high power rectification,
two capacitors are used as dc blocking to isolate their bias
voltages, as shown in Fig. 9. The proposed Rectifier I also
contains three segments of transmission lines.

B. Implementation and Measurement

The proposed rectifier I with its extended input power range
was implemented and measured for experimental validation. The
same substrate was used. The layout and the detailed dimensions
of the rectifier are presented in Fig. 10.

The simulated and measured results for the proposed rectifier
I are plotted in Fig. 8(b). The figure shows that the measured
conversion efficiency exceeds 50% over the input power range
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Fig. 10. Proposed Rectifier II. (a) Layout. (b) Fabricated rectifier.
TABLE I
Comparison With Prior Rectifiers
Freq. Power range for Maximum . .
Ref. (GHz) | efficiency>50% efficiency Dimensions Year
10.5dBm-31.8dBm 80%
[3] 245 (213 dB) @28dBm 82mmx66mm 2017
2.9dBm-20.2dBm 80.8%
[4] 2.45 (17.3 dB) @17.2 dBm 126mmx68mm | 2017
74.9%
[10] 2.34 >13 dB @16 dBm 95mmx62mm 2017
2.5dBm-25.5dBm 81.2%
[11] 24 (23 dB) @20.5 dBm 30mmx19mm 2018
0.5dBm-18.5dBm 73.6%
[9] 2.45 (18 dB) @14.1 dBm 43mmx*35mm 2019
This 6.5dBm-29.8dBm 74.5%
work 2.45 (3.3 dB) @27 dBm 20mmx21mm 2020
This —1dBm-30dBm 68.5%
work 2.45 (1 dB) @28 dBm 15mmx32mm 2020

from —1 to 30 dBm, which gives an extremely dynamic range
of 31 dB. The maximum efficiency is 68.5% at an input power
of 28 dBm.

Table I shows a comparison between the proposed rectifiers
and several prior work. The proposed Rectifier I reaches the
widest dynamic range for RF-dc conversion efficiency of more
than 50%.

V. CONCLUSION

Two high-efficiency RF rectifiers with an extended in-
put power range have been proposed that use the nonlinear
impedance characteristics of diodes. The proposed power di-
vision strategy may be applied to other circuit designs when
power division of different branches is required.
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