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(DoA) Topology
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SUMMARY In this paper, a high-efficiency high-power rectenna with a
bridge diode and the diode on antenna (DoA) topology is discussed. First,
the topologies of rectifiers and rectennas are discussed to indicate the di-
rection for obtaining highly efficient rectification. Rectifiers with well-
matched diode pairs, as double voltage and bridge rectifiers, can reactively
terminate even order harmonics, and is suitable for highly efficient opera-
tion. A rectenna with the DoA topology is suitable for a direct connection
between the highly functional antenna and the rectifier diodes to remove
lossy circuit portions. Next, the formulas for the rectification efficiency
of the bridge rectifier are demonstrated with the behavioral model. The
indicated formulas clarify the fundamental limitation on the rectification
efficiency, which is the design goal in case of the DoA topology. Finally,
we demonstrate a 5.8 GHz band 1 W rectenna with the bridge diode and the
DoA topology. The bridge rectifier that is directly connected to the induc-
tive high-impedance antenna achieved a rectification efficiency of 92.8% at
an input power of 1 W. This is close to the fundamental limitation due to
the diode performance.
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1. Introduction

Wireless power transmission systems in microwaves
(MPTs) have been studied since the 1960s for solar power
satellite systems (SPS)[1]-[4]. In addition to SPS, MPT
systems have been studied for unmanned aerial vehicles,
such as drones and airships [5], [6]. High-power transmis-
sion technologies with high efficiency are required to ex-
pand the applications of MPT systems. At present, the
“Internet of Things” era requires social implementations of
“real wireless systems without power lines”.

In high-power MPT systems, the hardware bottleneck
of the transfer efficiency is a rectenna with an antenna and
a rectifier. Thus, a highly efficient rectenna is the key com-
ponent. Antennas, circuits, and semiconductor techniques
to improve efficiencies in 1 to 10 W-class rectifiers/rectenna
have been studied for the above applications [1], [2], [4], [5].

In this paper, high-power rectifiers and rectennas are
discussed for highly efficient MPT systems. The bridge rec-
tifiers are focused, because of the advantage of high effi-
ciencies with well-matched diode pairs. Our concentration
on bridge rectifiers [7]-[11] is due to the previous research
on diode mixers, such as even harmonic mixers [12] or ring
mixers [13]. Even in millimeter-waves, mixers with well-
matched diode pairs maintain their basic behaviors related
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to the termination of harmonics. The bridge diode as a well-
matched diode pair can realize the highly efficient rectifica-
tion due to well even-order harmonics’ reaction. In the fol-
lowing discussions, we provide an overview of high-power
rectifier/rectenna topologies and describe our work on the
formulation of the rectification efficiency with the behav-
ioral model and the implemented rectenna.

2. High Power Rectifier/Rectenna Topologies and the
DoA Topology

Figure 1 shows the rectifier topologies in previous studies.
The most common topology is the single-shunt rectifier, as
shown in Fig. 1 (a) [1], [2], [5], [14]. This rectifier topology
employs a harmonic reaction circuit for full-wave rectifica-
tion with a single diode. In the 1970s, a 2.4 GHz band sin-
gle shunt rectifier with a GaAs Schottky barrier diode (SBD)
achieved a rectification efficiency of 90% at an input power
of 8 W [14]. Double voltage rectifiers [15] and bridge recti-
fiers [7]-[11], [14] contain several rectifier diodes, as shown
in Figs. 1(b) and (c), respectively. Both rectifiers employ
matched diodes for the reactive termination of even-order
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Fig.2 5.8 GHz band double voltage rectifier MMIC with 0.5 um E-
PHEMT gated anode diode (GAD) [21].

harmonics. Thus, they are suitable for monolithic integra-
tion as they contain fewer circuit components than single-
shunt rectifiers. In the 1960s, a 2.4 GHz band bridge recti-
fier for SPS applications was reported [14], after which there
have been fewer reports on high-power rectification with
bridge rectifiers. In the 2010s, we reported bridge rectifiers
with a focus on their miniaturization and high-efficiency, be-
cause of well reactive termination on even-order harmon-
ics [7]-[11]. Even today, bridge rectifiers are mainly applied
to low-power utilizations for energy harvesting. However,
a high-power bridge rectifier was reported in [16] in addi-
tion to our studies mentioned above. Figures 1(d) and (e)
indicate field effect transistor (FET) rectifier topologies, in-
stead of diode rectifiers. As there are only a few commercial
diodes used for high-power rectifications, synchronous rec-
tifiers configured with an FET amplifier as a rectification
device were proposed, as shown in Fig. 1 (d) [17], [18]. The
topology enables high-power operation owing to the high
current density of the FETs. Compared with diode rec-
tifiers, the reported rectification efficiencies are relatively
low because of the internal/external feedback mechanism
for gate switching. Another FET rectifier topology is the
gated anode diode (GAD) topology configured with the
enhancement mode FET, as shown in Fig. 1 (e) [19]-[21].
The gate and drain electrodes of the FET are connected to
configure the GAD that behaves as a diode. This is a com-
mon circuit technique for low-power CMOS rectifiers for
radio-frequency identification (RFID) [19]. For high-power
rectification, the higher current density of the FET compared
to that of the SBD makes the same high-power performance
as the reported synchronous rectifiers, and the same cir-
cuit topology as the diode rectifier results in highly efficient
performance. For high-power rectification, we reported a
SOI-CMOS bridge rectifier [20] and a GaAs enhancement
mode pseudomorphic-HEMT (E-PHEMT) double-voltage
rectifier [21]. The developed 5.8 GHz band GaAs rectifier
MMIC shown in Fig. 2 achieved a rectification efficiency of
77.9% at an input power of 37.1 dBm, with a 0.5 yum GaAs
E-PHEMT GAD. Furthermore, we reported a GaN HEMT
GAD with a breakdown voltage of 40 V for 10 W class rec-
tification [22].

Figure 3 indicates the functional block diagrams of the
rectennas. In the conventional rectenna shown in Fig. 3 (a),
antennas and rectifiers are designed independently and are
connected to each other through the 50 Q interface. Recti-
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Fig.3  Functional block diagrams of (a) a conventional rectenna, (b) a
rectenna with a high impedance antenna and (c) a rectenna consisting of an
inductive high impedance antenna with harmonic reaction functionality.

fier diodes can be represented as a parallel circuit with resis-
tance Ry and capacitance Cy.. Typically, R is higher than
50 Q with a DC load resistance optimized for efficiency im-
provements. Thus, a rectenna includes the circuit function-
alities of the impedance transforming to the high rectenna
resistance Ry, matching inductance L,,, and harmonic re-
action. Implemented circuits for the above functionalities
include insertion losses that result in efficiency degradation.
To improve the efficiency, a high antenna impedance topol-
ogy was proposed for the rectenna, as shown in Fig. 3 (b).
As a high-impedance antenna, the folded dipole antenna
(FDA) with an input impedance of 470 Q is employed for
the rectenna, as shown in Fig. 4 [8]. For FDAs, impedances
higher than 1 kQ can be realized without radiation efficiency
degradation [23]. In the developed rectifier, the functional-
ity of the impedance transformation is realized in the FDA.
The additional functionalities of the harmonic reaction and
matching inductance are configured with the L-type low
pass filter. The developed 2.4 GHz band bridge rectifier
achieved a rectification efficiency of 81% at an input power
of 29 dBm, with commercial Si SBDs (breakdown voltage:
Ve = 22.77 V; series resistance: Ry = 7.5 Q; junction capac-
itance at the bias voltage of 0 V: Cjp = 0.7 pF) [8].

For further improvements, a highly functional antenna
that realizes all functionalities of the RF front-end was pro-
posed to implement a direct connection between the antenna
and the rectifier diode, as shown in Fig.3(c). This is the
proposed DoA topology implemented to improve the rec-
tification efficiency of the high-power rectifier, as shown
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in Fig.5[10]. An inductive high-impedance FDA and har-
monic reaction feeders (HRFs) are integrated to realize all
circuits’ functionalities of the RF front-end. There are no
lossy circuit components between the antenna and the recti-
fier diodes. And the parallel resonance circuit is configured
with the overall rectenna. Thus, there is no standing wave at
the resonance frequency. This DoA topology minimizes the
loss of the interconnection and maximizes the rectification
efficiency, as described in Sect.4. The developed 2.4 GHz
band rectifier achieved a rectification efficiency of 91.5%
at an input power of 31 dBm, with packaged GaAs SBDs
(Vor =27 V; Ry = 0.9 Q; Cjo = 0.6 pF) [10].

Figure 6 indicates the state of the art on rectification
efficiencies of rectifiers in the 2.4 GHz and 5.8 GHz bands.
With the DoA topology, high rectification efficiencies can
be achieved especially in 5.8 GHz band. Owing to the in-
crement in the circuit loss, efficiency improvement is clearly
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Fig.4  Photograph of the 2.4 GHz band rectenna consisting of the high-
impedance folded dipole antenna (FDA) and the bridge rectifier with the
L-type LPF [8]. The FDA size is 56 mm x 8§ mm.
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Fig.5 Photographs of the 2.4 GHz band rectenna consisting of the bridge
rectifier and the inductive high-impedance FDA with harmonic reaction
feeders [10]. The FDA size is 57 mm x 7 mm.
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realized in the higher frequency bands.

3. Fundamental Limitation on the Rectification Effi-
ciency of the Bridge Rectifier [24]

With the DoA topology, the circuit loss can be minimized
to zero. Thus, the limitation on the rectification efficiency
restricted by the rectifier diode performance can be realized
with this topology. In this section, formulation of the funda-
mental limitation on the rectification efficiency of the bridge
rectifier using the novel behavioral model is described. The
derived formulas can be applied to the codesign of the an-
tenna and rectifier.

3.1 Behavioral Model

Figure 7 indicates a functional block diagram of the bridge
rectifier. The circuit functionalities of the bridge rectifier
consist of the impedance transform, the harmonic reactive
termination for odd-order harmonics, the matching induc-
tance Ly, the bridge diode, and the smoothing capacitance
Cpr. The DC output current is outputted to the load resis-
tance Ry.. The smoothing capacitor Cy, reactively terminates
the even-order harmonics generated by the bridge diode.
Figure 8 illustrates the behavioral model of a bridge
rectifier. The behavioral model consists of the following
functional blocks:
i) Impedance transform, which tunes the RF impedance nRy.
ii) RF impedance matching with loss L,s. Impedance match-
ing was formulated with the RF impedance network of the
bridge rectifier.
iii) Rectification with efficiency 7. Rectification behavior
is formulated with the rectifier current waveform obtained
from the switch model of the SBD [12].
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Fig.7  Functional block diagram of the bridge rectifier (fp: operating
frequency, Ry = 50 Q: internal resistance of the RF power source) [24].
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Fig.8 Behavioral model of the bridge rectifier [24].
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In the behavioral model, fully sufficient conditions for
RF impedance matching and harmonics’ recovery to DC are
assumed to clarify the fundamental limitation on the rectifi-
cation efficiency. Lossy components in the matching circuit
are excluded from the behavioral model. Thus, the formu-
lated rectification efficiency is only restricted by the diode
performance.

In the behavioral model, the overall rectification effi-
ciency n is defined as

_Pdc_Pin’ Pdc _nrec _ Pin _ Pdc
= = . , B er - Nrec =
P in P in P in er

Pin/’ ﬁ,
ey

where Py, is the input power; Pj,’ is the reduced input power
due to L;¢, and Py is the DC output power.

3.2  Formulation

Figure 9 (a) illustrates the RF equivalent circuit of the bridge
rectifier. The bridge diode is represented as the RF resis-
tances Ry, Ry, and capacitance Cq. Ry is the switching re-
sistance of the bridge diode, and C4 and Ry are the parasitic
components of the bridge diode. The loss of the matching
inductance L, was excluded, as mentioned. Cy is approxi-
mated as

-0.5
Ca = Cpo[1+Vae/QVI| 7~ +C,, )

where V; is the built-in voltage; Cjo is the zero-biased junc-
tion capacitance; C), is the parasitic capacitance of the SBD,
and Vy_ is the output DC voltage of the bridge rectifier. This
equation is a modified form of the equation for a single-
shunt rectifier [25]. The matching inductor Ly, is designed
for conjugate matching with Cq4 to achieve the maximum RF
power at R.. Thus, Yy, at f) becomes Ry, as follows:

1+ wy2Cq? - R? 1
Rm = =~ N
(woCa)? - Ry wo>Cy?R
1
wo =2nfo 3)

VCiLm

For the matching condition shown in Fig. 9 (b), R and the
power Py’ that is consumed at R, are given as follows:

Rrec = RynRo/(Rm—nRy), Pin" = [(Rm—nRo)/Rm]Pin.
“)
The matching loss L+ in this RF model is given by

IEICE TRANS. ELECTRON., VOL.E105-C, NO.10 OCTOBER 2022

SWt: Switch for the forward current
i SWh: Switch for the reverse current

Vi Rs SWh

N1

SWt

Current J;

|Vbr 0‘ Vt Voltage Vi

(a) (b)

Fig.10  Switch model of the SBD: (a) equivalent circuit, (b) DC charac-
teristic [24].

(SBD1:SW1, SBD2:SW2, SBD3:SW3, SBD4:SW4)
(a)

i
| L »y

ol & n-H n on-01 21
(b)

Fig.11  Waveform of the full-wave rectification: (a) analysis model,
(b) output current waveform [24].

Po  Rn 1
Pin, - Rm - I’lR() - 1- a)()szst -nR() ’

As indicated in Eq. (5), a higher diode capacitance C4 or RF
impedance nR results in a higher matching loss L.

Next, the rectification efficiency 7. is formulated us-
ing the DC characteristics of the SBD. The SBD can be
represented by the switches shown in Fig. 10. The SBD is
modeled as the resistor R and ideal switches SW¢ and SW,,.
Switch SW¢ turns on for V; < V;, and switch SW,, turns
on for V; < Vi, as shown in Fig. 10 (b). The efficiency is
analyzed with the circuit model indicated in Fig. 11 (a). The
output current i,y indicated in Fig. 11 (b) and load resistance
Ry, give the overall output DC power Py including that of
the harmonics.

1 T—0)
Pgc =Ry -~ f o d0
T 6,

L= ®)

b V2 3V,

——0;)|1+ - cos 6y

2 n'R()'Pin/ v2n~R0-Pin’
7T(I’l‘R0+2'RS+RL)2

oy =sin” {2V, (Vi Vin)}, V- Vin22Vi, 0=wt.  (6)

It is assumed that all harmonics of the output current iy
are converted into DC. As described, we insert the resis-
tance Ry,, which represents the matching loss L. The RF
impedance, nRy, of the rectifier is reduced by R,. In gen-
eral R, has an extremely high resistance compared to that
of nRy. The approximation nRyR,/(nRy + Ry,) = nRy can be
used in Eq. (6). From Eq. (6), the rectification efficiency 7yec

= SHR()RLPmI
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is given by
Mrec = Pdc/Pin/

T g )(1+ Ve ) W 0
—— - cos
1 n-Ry-Pyy’ V2n-Ry- Py’ :
a(n-Ry+2-Rs+Ryp)?

= 8I1ROR]_

)

At Onrec /OR, = 0, the load resistance Ry, for the maximum
rectification efficiency 7. is given as Ry, = n-Ry+2R;. With
the Ry, condition, 7., can be expressed as:

2 2R n V2
=f1-——_N[Z-6]1+—-—vu
Mhrec 71( nRo + 2RS){(2 1)( nRo - Py

- L cos 6, } (8)
This formula indicates that the rectification efficiency 7yec
can be improved with a higher RF impedance, nRy.

Next, the maximum input power is discussed. At first,
the maximum input power Piymax’ Of the rectification block
shown in Fig. 8 is formulated. Pjym,y° is restricted by the
breakdown of the SBDs in the off state. A higher n results
in a higher terminal voltage Vg4 of the SBDs in the off state.
This results in a lower Pijymax  value. Vy is given by the
voltage drop with the rectified DC current /,,,,; through the
load resistance Ry, and the SBD in the on state. With the
assumption of v - Vi, > 2V, V4 is approximated as

Vi (R +Ry)
2V2 - R,

At the breakdown voltage Vq = Vi, Pinmax’ under the con-
dition of Ry, = n - Rg + 2R, is derived as follows:

b o R+ 2R (Ver = Vi)°
T iRy - (nRo + 3Ry)?

With the assumptions of nRy > Rg and Vi > Vi, Pinmax’
can be approximated as

Vbr2
l’lRQ ’

This equation provides a good design guideline for the
RF impedance nRy. A higher RF impedance, nR, lowers
Pinmax’, as discussed above.

Finally, the overall characterization of the bridge rec-
tifier is discussed. Substituting Eq.(5) and Eq.(8) into
Eq. (1), the overall rectification efficiency 7 is given by

2 2R
= Moo/ Lis = (1 = w?C4*Rs - nRy) - =1 - ——
N = Nrec/Let = ( wo Cyq"Rs - nRy) ﬂ( nRo+2R.

21_ 2 2RR
.[(g_gl){]_'_vl( wo"Cq"Rs - n o)}

Vd =~ ‘/in + Vt' (9)

(10)

’
Pinmax ~

Y

}’lR() . Pin
3V /1 — w2C42R; - nRy
V2nRy - Pin

As already discussed, the matching loss L, and rectifica-
tion efficiency 7. have opposite dependencies on the RF

cos 01]. (12)

487
— Theoretical --- Simulated ® Measured result
at nRo=250 Q
Tri=1/Lsf: €q.(5 =
Z 100 JL:ea®) 400 &
5] £
o 2= o *
§5 %z /‘ S%
E=TSY N =
g2 ~ @
2 94 g
© c
Q | ©
92 L 111 | | 92 Y
e 50 100 500 F

RF impedance nRo (Q)
()

Maximum input power
Pinmax (dBm)

40 RN
40.8 dBm .
35L 111 | I T
50 100 500

RF impedance nRo (Q)
(b)

Fig.12  Theoretical, simulated and measured values of (a) rectification
efficiency and (b) maximum input power of the 2.4 GHz band 10 W recti-
fier [24].

impedance nRy, as shown in Fig. 12 (a). This indicates that
there is an optimum RF impedance nR, that can be de-
termined in the design procedure. With the optimum RF
impedance nRy, the theoretical rectification efficiency is a
fundamental limitation that is restricted by the diode per-
formance. From Eq. (5) and Eq. (10), the overall maximum
input power Pinmax 1S given by

7

Pinmax = Lit * Pinmax
_ 1 (nRy +2R)* (Vi — V)?
1 —wo2C42Rs-nRy nRo(nRy + 3R;)?

13)

As shown in Fig. 12 (b), Eq. (13) represents the behavior of
P inmax versus the RF impedance nRy. The initial design of
nR, can be established using Eq. (12) and Eq. (13).

3.3 Experimental Investigations

To confirm the effectiveness of the behavioral model and de-
rived closed-form formulas, the theoretical, simulated, and
measured values are summarized in Table 1 for the 2.4 GHz
band 10 W-class rectifier [24] and the 5.8 GHz 1 W recti-
fier[11] described in Sect.4. The theoretical rectification
efficiencies 77 at the maximum input powers Piym.x agree
well with the measured values at 2.4 and 5.8 GHz. Thus,
experimental investigations confirm the effectiveness of the
behavioral model and derived closed-form formulas.

4. 5.8 GHz Band Rectenna with the DoA Topology [11]

In this section, we discuss a highly efficient 5.8 GHz band
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Table 1 Theoretical, simulated, and measured rectifier perfor-
mances [24].
[24] [11]
Frequency fo (GHz) 24 5.8
Model parameters of GaAs SBDs
Vi(V) 0.71 0.72
Rs (Q) 0.6 1.7
Cio (pF) 2.6 0.28
G (pF) 0.1 0.1
Vo (V) 61.4 25.0
RF impedance nRo () 250 580
Theoretical values
Trec (%) 97.4 94.2
1/Lit (%) 99.1 96.4
7 (%) 96.6 90.8
Pinmax (dBm) 41.7 30.2
Simulated values by the harmonic balance method with circuit
schematics of Fig. 7
1 (%) 95.2 92.2
Pinmax (dBm) 40.5 30
Measured values without additional circuit losses
7 (%) 955 92.8
Pinmax (dBm) 40.8 30.0

i
High-impedance {::
dipole antenna i

HRF: Harmonic Reaction Feeder

Fig.13  Configuration of the 5.8 GHz band rectenna with the short stub
connected high-impedance dipole antenna. The bridge diode is directly
connected to the antenna through HRFs [11].

1 W rectenna with the DoA topology. The rectenna con-
sists of a GaAs bridge diode and a stub connected high-
impedance dipole antenna having an antenna resistance of
580 Q.

4.1 Configuration

Figure 13 indicates the configuration of the 5.8 GHz band
1 W rectenna with the DoA topology. The highly functional
antenna consists of a high-impedance dipole antenna, a short
stub, and harmonic reaction feeders (HRFs). The bridge
diode is directly connected to the antenna through the HRFs.
On the reverse side of the substrate, there is a short stub con-
nected high-impedance dipole antenna. On the surface side,
there are HRFs, a bridge diode, and a smoothing capacitor.
Figure 14 indicates the RF equivalent circuit of the an-
tenna. The conductance G, = 1/R, and susceptance B,
represent the dipole antenna admittance Y,, and By rep-
resents the short stub susceptance. The conductance Gre.
and capacitance Ci. represent the RF equivalent circuits of
the bridge diode. Between the short stub connected high-
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Fig.15  Simulated dipole antenna admittance Y, and the bridge diode’s
admittance Yy at 5.8 GHz band [11].

impedance dipole antenna and the bridge rectifier, there are
HRFs composed of an inductor L and two transmission
lines T; and T, as shown in Fig. 14 (b). The HRF is de-
signed such that the input impedance Z; is short at fy and
open at 3fy. At fy, the bridge diode is directly connected
to the short stub connected high-impedance dipole antenna
without any lossy circuit components. This indicates that
Yant = Ya + By in Fig. 14 (a). A parallel resonant circuit is
configured with the antenna Y, and the bridge diode Yi,
as shown in Fig. 14 (a). There is no standing wave at the
resonant frequency f; between the antenna and the diodes.
This DoA topology can minimize the interconnection loss.
Figure 15 illustrates the simulated dipole antenna ad-
mittance Y, and the bridge diode’s admittance Y. at the
5.8 GHz band. R, increases with increasing element length
H. of the dipole antenna from 0.154 to 0.354¢, where Ay
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Fig.16  Photograph of the 5.8 GHz band rectenna with the DoA
topology [11].

Reverse side

is the wavelength at fy. #A in the Y, locus on H indi-
cates that R, = 50 Q of the conventional dipole antenna with
H.je of 0.171y. #B indicates that R, = 580 Q of this high-
impedance dipole antenna with an extended H of 0.31.
The antenna conductance G, = 1/R, is designed to be equal
to the bridge diode’s conductance Gy... The antenna suscep-
tance B, is lower than that of the bridge diode’s conjugate
susceptance —B... To obtain a conjugate matching to Yec,
a short stub with susceptance By, is connected in parallel to
the dipole antenna. The susceptance B, + By can be aligned
to be the same as —B.. The short stub connected high-
impedance dipole antenna can realize the functionalities of
the impedance transform and the impedance matching. The
HREF can realize the functionalities of the third-order har-
monic reaction and DC blocking.

4.2 Experimental Investigations

A photograph of the 5.8 GHz band rectenna is shown in
Fig. 16. The printed circuit board employs Megtron 7 [26]
and a GaAs bridge SBD chip (V,y = 25V, Ry = 1.7 Q,
Cjo = 0.28 pF). Additionally, chip capacitors of 5 pF are
mounted on the surface.

The measured and simulated antenna impedances
Zant = 1/Yay of the short stub connected high-impedance
dipole antenna with HRFs are shown in Fig.17. The ex-
tended S-parameter method [27] is employed for the mea-
surements.

Figure 18 indicates the measurement setup for the eval-
uation of the rectifier’s rectification efficiency. The distance
between the transmitting antenna and the rectenna is 1.254,
which satisfies the far-field condition. The reference an-
tenna is used to measure the input power Pj, to the rectifier,
as shown in Fig. 18 (a). The reference antenna has the same
configuration as the short stub connected high-impedance
dipole antenna. The short stub is redesigned to eliminate
the antenna susceptance B, + Bg;. The 1y3/4 impedance trans-
former is connected to the reference antenna for 50 Q2 match-
ing. The HRFs are removed from the above connection.
The reference antenna had the same simulated gain as that
of the rectenna. Pj, is corrected with the loss of the Ay/4
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Fig.17  Measured and simulated antenna impedance Z; of the short stub
connected high-impedance dipole antenna with the HRFs [11].
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Fig.18 Measurement setup for rectification efficiency of the rectifier:
(a) input power measurement, and (b) DC output power measurement [11].
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Fig.19  Characteristics of the 5.8 GHz band bridge rectifier: (a) rectifi-
cation efficiency, and (b) DC output voltage Vg [11].

impedance transformer. The DC output power P4 of the
rectifier is measured, as shown in Fig. 18 (b). The rectenna
is placed at the same position as the reference antenna. The
rectification efficiency of the rectifier without antenna loss
is obtained using the formula Pg/Pjy.

Figure 19 indicates the characteristics of the 5.8 GHz
band bridge rectifier: (a) is the rectification efficiency, and
(b) is the DC output voltage V4. The load resistance Ry, is
optimized to improve the rectification efficiency, and the op-
timized Ry, is 890 Q. The measured rectification efficiency
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Fig.20  Azimuth pattern of measured and simulated antenna perfor-
mances of the short stub connected high-impedance dipole antenna with
the HRFs: (a) measured DC output voltage of the rectenna, and (b) mea-
sured antenna gain estimated from (a) [11].

is 92.8% at an input power Pj, of 30 dBm. Both the mea-
sured and simulated values are in good agreement, with a
difference of less than 1%. The measured rectification effi-
ciency is in good agreement with the fundamental limitation
of 92.2%, as shown in Table 1.

Figure 20 indicates the azimuth pattern of the mea-
sured and simulated antenna performances of the short stub
connected high-impedance dipole antenna with HRFs. The
measurement setup is the same as that shown in Fig. 18 (b).
The antenna gain is obtained from the difference in the input
power between the standard dipole antenna and the rectenna.
For the input power measurement, the standard dipole an-
tenna is placed at the same position as that of the rectenna,
as shown in Fig. 18 (b). The input power of the rectenna is
estimated from the measured Vy. versus input power Pj,, as
shown in Fig. 19 (b). The measured antenna gain of 2.3 dBi
at an azimuth of 90° is lower than the simulated one of
2.4 dBi. The measured antenna radiation efficiency can be
estimated from the gain difference of 0.1 dB, under the as-
sumption of the same antenna radiation patterns in the sim-
ulation and measurement. The measured antenna radiation
efficiency of 96.9% is estimated from the simulated value
of 99.2% and includes losses due to the circuit functionali-
ties and interconnection between the antenna and the bridge
diode. The proposed DoA topology, which is the direct con-
nection between the proposed antenna and the bridge diode,
eliminates the additional loss due to lossy circuit compo-
nents under the standing wave by interconnection.

Thus, the rectifier in our study achieved the highest rec-
tification efficiency of 92.8% among the 5.8 GHz band rec-
tifiers.

Based on the above discussion, the effectiveness of the
proposed DoA topology can be confirmed via experimental
investigations.

5. Conclusion

In this paper, high-power rectifiers and rectennas were dis-
cussed for highly efficient high-power rectification in MPT
systems. Topologies of reported rectifiers and rectennas
were summarized, and a rectenna with the DoA topology

IEICE TRANS. ELECTRON., VOL.E105-C, NO.10 OCTOBER 2022

was proposed to minimize circuit losses and achieve effi-
ciency limitations. The formula for the rectification effi-
ciency was derived to clarify the fundamental limitations.
The developed 5.8 GHz band rectenna with the proposed
DoA topology achieved a rectification efficiency of 92.8%
at an input power of 1 W, which is close to the fundamental
limitation calculated with the derived formula. The effec-
tiveness of the proposed DoA topology was confirmed with
experimental investigations.
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