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Wireless power transfer (WPT) is one solution to realize long flight times and accommodate various missions of micro-uncrewed
aerial vehicles (MAVs). Reducing the constraint of power transmission distance and realizing high beam efficiency are possible
because of the high directivity of WPT using millimeter wave (MMW) methods. Nevertheless, no report of the relevant literature
describes an investigation of sending power to an MAV using MMW because MMW rectennas have low efficiency. The purpose of
our study is to conduct fundamental research of a high-efficiency and high-power rectenna at 94 GHz aimed at MAV application
using MMW. As described herein, we developed and evaluated a 100-mW-class single-diode rectifier at 94 GHz with a finline of a
waveguide (WG) to a microstrip-line (MSL) transducer. With the optimum load of 150 ) at input power of 128 mW, the output
DC power and rectifying efficiency were obtained respectively as 41.7mW and 32.5%. By comparison to an earlier study,

measurement of 94 GHz rectifiers under high power input becomes more accurate through this study.

1. Introduction

In recent years, micro-UAVs (MAVs) have been developed
extensively. They are used in various applications, from
commercial to military. Among them, some types have less
than 100 g weight, which makes them inexpensive and easy
to use. However, because of the small payload, the installed
batteries are a constraint, necessitating short flight times of
MAVs. One solution to resolve this constraint is to send
power from a ground base to a UAV using wireless power
transfer (WPT). Using magnetic resonance, WPT can send
sufficient power to drive UAVs stably, but it cannot realize
long-distance transmission. Moreover, it restricts the free
flight of MAVs. However, WPT using RF energy can reduce
the distance limit. As an example of research on UAVs, a
power transmission experiment from the ground to a small
airplane (SHARP) [1] has been reported in Canada. In
addition, the University of Kyoto conducted experiments on

power transmission to model airplanes and airships [2]. In
our research group, WPT to MAVs was conducted in the
microwave region [3, 4]. According to beam efficiency [5], as
introduced by the Friis transmission equation, the higher the
operating frequency becomes, the more efficiently WPT is
realized. Shimamura et al. introduced the relation between
the MAV size and the received power ratio for operating
MAVs [6], as shown in the following equation:
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In this equation, #r, S, f, D1, ¢, and d respectively denote
the beam efficiency, the MAV wing area, the operating
frequency, the transmitting antenna diameter, the speed of
light, and the transmission distance. Using the equation and
an MAYV (HS210; Holy Stone), we calculated and compared
the received power under two operating frequencies:
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5.8 GHz and 94 GHz. The parameters used and the calcu-
lated results are presented in Table 1. From the results, one
can infer that higher frequencies can produce higher
transmission efficiency, given the same transmission dis-
tance. That relation demonstrates the superiority of milli-
meter-wave (MMW) transmission. Among the MMWs
available for use, 94 GHz is an atmospheric window. It is
therefore possible to transmit power to MAVs efficiently at
that frequency. Nevertheless, no study has examined the
transmission of power to MAVs at 94 GHz because the
antenna directivity is too high [7, 8] and because the rectifier
efficiency is too low. Additionally, in MMW circuits, the
conductor and dielectric loss in the oscillator and trans-
mission line parts become greater than those related to
microwaves. Moreover, conversion efficiency at the diode is
low. Consequently, the conversion efficiency of the rectenna
decreases. Research on MMW power in the field of wireless
power transmission has remained inadequate compared to
that for microwave power [9-12].

A millimeter-wave circuit has a short wavelength. For
that reason, the circuit is small and difficult to fabricate as
designed. To create such a small circuit, improvements have
been made by mounting circuits with rectifying elements on
a semiconductor substrate using CMOS technology [13-16].
However, the rectifiers of these technologies have low
withstand voltage. Many elements must obtain the power
required by an MAYV or a satellite. For that reason, concerns
of increased weight and cost arise. Furthermore, even when
using GSG probes, which are generally used to supply power
to planar circuits, large withstand voltage cannot be achieved
because the maximum power that can be input is limited to
several milliwatts as the frequency increases. Even in studies
using a packaged GaAs Schottky diode [17], 100 mW class
rectification was not realized at 94 GHz. For a study using
another diode [18], a high-power oscillation source gyrotron
was used to supply high power to the rectenna and thereby
achieve 100 mW class input. Nevertheless, difficulties persist
because the rectifier circuit and the antenna cannot be
evaluated separately: accurate performance evaluation and
design modification are difficult; moreover, the rectification
efficiency is as low as 20%.

The purpose of our study is to conduct fundamental
research of a high-efficiency and high-power rectenna at
94 GHz, aiming at MAV application using MMW. For an
earlier study [19], we developed 94 GHz rectenna using a
microstrip line (MSL). First, we fabricated a single-series
rectifier feed using a finline, which is a waveguide- (WG-)
microstrip line (MSL) transducer, as shown at the bottom of
Figure 1, to achieve 100 mW-class input to the rectifier.
However, the rectification efficiency of the rectifier does not
match that of the rectenna in the earlier study. That is true
because we used an open stub as a second harmonics notch
filter and because the finline transmitting efficiency is not
accurate in the study [20].

For the present study, we evaluated the finline
transmitting efficiency accurately and developed a
94 GHz rectifier that realizes 100 mW-class input. The
finline realizes separate evaluation of a rectifier and an
antenna, which engenders improved design accuracy of
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tiny MMW rectennas. We select a single-series rectifier
considering the low conversion efficiency at a diode and
large insertion loss of a DC block in the MMW region.
After evaluating the transmission efficiency of the finline,
the rectifying efficiency and power are measured. The
rectifying efficiency (yrec) is calculated using equation
(2). Also, Py, Ppc, Po, fin» Ar Ap A, and d respectively
denote the input power to the rectifier, the rectified DC
power (Ppc) obtained by measurement, power from the
oscillator, the transmission efficiency of the finline, the
effective area of a receiving antenna, the effective area of a
transmitting antenna, the wavelength, and the trans-
mission distance. The rectifying efficiency was compared
to the rectifying efliciency of the rectenna in an earlier
study [21].
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2. Design of a 94 GHz Rectifier

A microstrip line (MSL) is used as a transmission line
because it is easy to fabricate on a printed circuit board
(PCB) and easy to use for the design of filters and stubs.
Considering the insertion loss of a DC block with a mil-
limeter wave, a single-diode series-connected rectifier was
selected and fabricated. Two filters are set to increase the
rectifying efficiency in the rectifier, as presented in Fig-
ure 2. A second harmonic notch filter (filter 1) is used to
prevent the second harmonic, which arises inside the di-
ode, from flowing back to the input port. Furthermore,
filter 1, which consists of a short stub, plays the role of
maintaining electrical conduction between the top and
bottom layer. A fundamental harmonic notch filter (filter
2) is used to prevent the fundamental harmonic from
flowing out to the DC port. Filter 2 has narrower line width
than other parts of the circuit, which contributes to re-
duction of the effect of discontinuity at the junction [22].
The MSL loss increases as the line width narrows.
Therefore, choosing an appropriate line width contributes
to high efficiency. We compared two versions: W,=0.1 and
0.15mm. We used a substrate (relative permittivity
g, =2.19, loss tangent tan § = 0.003 at 94 GHz, Cu thick-
ness =18 mm; NPC F220CJ; Nippon Pillar Packing Co.,
Ltd.). The Schottky barrier diode (MA4E1310; Macom) is
chosen as a diode because it has durability and responsivity
of high-power driving in the W-band. Several Schottky
barrier diode parameters are presented in Table 2.

Filter 2 is simulated using the finite element method
(FEM) with an electromagnetic simulator (EMPro;
Keysight Technologies Inc.), as shown in the left panel of
Figure 3. FEM realizes accurate modelling of the MMW
region, but it cannot simulate nonlinear devices such as
diodes. We simulated only MSL elements. The result is
shown in the right panel of Figure 3. Actually, 0.1 mm
shows better filtering characteristics than 0.15mm at the
operating frequency of 94 GHz. Therefore, we describe
fabrication of the 0.1 mm-wide filter 2 in a later chapter.
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TaBLE 1: Calculated received power ratio for an MAV (HS210; Holy Stone) at operating frequencies of 5.8 GHz (microwave) and 94 GHz

Calculated result

Parameter Weight Wing area, S Transmission distance, d Transmitting antenna diameter, Dy 5.8 GHz 94 GHz
Value 0.022kg 0.0064 m> 10m 1m 0.0028 0.43
Transmitting Receiving
antenna antenna Rectifier Load

I RF AC DC
Oscillator WG @
wn— e | A
A — [> |
Po E> d A [> Ppc

Rectifier Load

AC Finline AC DC
Oscillator WG (WG-MSL MSL
transducer)
P.
P, |:> Hfin n E> |:>P bC

(®)

FIGURE 1: Rectenna (a) and rectifier (b) configurations. Each power and efficiency value used in later equations is presented in this figure.
The rectifier is connected directly to the oscillator through a finline. The rectenna is fed power through free-space propagation.
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Finline
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5 = \ Rigad
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- notch filter (filter 2) —

2" harmonics
notch filter (filter 1)
GaAs Schottky diode

F1GURE 2: Design of a single-diode series-connected rectifier. A high breakdown voltage diode (MA4E1310; Macom) is selected. Two filters
are used to increase the rectifying efficiency. Two widths of filter 2 are compared to obtain better filter properties.

TaBLE 2: Several Schottky barrier diode parameters (MA4E1310; Macom).

Junction capacitance at 0V, Forward voltage at Reverse breakdown voltage at Incident maximum RF
Parameter
1 MHz 1mA 10 uA power
Value 0.1 pF 0.7V 7V 20dBm
3. Efﬁciency Measurements and Discussion impossible to measure the finline transmission efficiency

(1n) directly because an end of a finline has MSL shape.
3.1. Finline Transmitting Efficiency. For this study, a finline  Moreover, it is impossible to connect to the WG port of the
[21-23] is used to input power to a rectifier. It realizes high- W-band vector network analyzer (VNA). Therefore, a fin-
power operation. Although the transmission efficiency of a  line-MSL-finline (FMF) sample, as portrayed in Figure 4,
finline is necessary to evaluate the rectifying efficiency, itis ~ was fabricated to allow that connection. Furthermore, to
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F1Gure 3: Configuration of the simulated part of the filter 2 in EMPro (a). Simulated result of S-parameter (b). The widths are 0.1 mm and
0.15mm. Based on the result, the 0.1 mm-width filter shows a better notch filter property at 94 GHz.
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FIGURe 4: Configuration of a FMF sample. This sample is used for finline transmission measurements because the MSL part cannot be
connected to the WG port of VNA. By changing the MSL part length and comparing them, the MSL loss per unit length is obtained. By
removing the contribution of MSL, pure finline efficiency is obtainable.

(a) (b)

(c)

FIGURE 5: Measurement configuration of FMF samples. Using a vector network analyzer, the transmission efficiency can be measured:
40 mm (a), 61 mm (b), and 82 mm (c). By changing the MSL part length and comparing their transmission efficiencies, the MSL loss per unit
length can be calculated.
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TABLE 3: Measurement result of FMF sample transmission efficiency and calculated result of #yg1, and #g,.
Transmission efficiency (dB)
MSL loss (dB/mm MSL loss a (L =40 mm) (dB =l-«a n
L=40mm L=61mm L=82mm ( ) ( ) (dB) 11 st 6
-3.50 —-4.90 -6.23 0.065 2.08 0.62 0.85

-
[ ]
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FIGURE 6: Rectifier measurement configuration. Power from the oscillator is divided at a directional coupler (D.C.1): one is input to the
rectifier through the finline; the other is input to the detector. Voltage across the load is measured using the voltmeter.

eliminate the loss effect in MSL, we fabricated three FMF
samples with different MSL lengths (40 mm, 61 mm, and
82mm) and compared their transmission efficiencies. Re-
sults show that the MSL loss per unit length was calculated.
The pure finline transmission efficiency was evaluated using
equation (3).

Photographs of the FMF samples are presented in Fig-
ure 5. A W-band VNA (PNA-X N5247; Keysight Tech-
nologies Inc.) is used for FMF sample efficiency
measurements. A support made of duralumin is used to
connect the sample to the WG port of the VNA. To com-
pensate the MSL length effect, the support is designed to
change its length merely by inserting a joint with a length of
21 mm. The result is presented in Table 3. The measured
finline transmission efficiency was 85%. This efficiency is
used in rectifier efficiency measurements as described in the
next section.

P out ( 3)
st Pin

Hfin =

3.2. Rectifying Efficiency of a Rectifier. Figure 6 shows the
measurement configuration. A 94 GHz/400 mW oscillator
and a heterodyne detector (TR-10/94/x ELVA-1) are used
for this measurement. The input power and the voltage at the
end of the rectifier circuit are visible simultaneously using a
directional coupler (D.C.1), which divides the power before
input to the rectifier circuit. Another directional coupler
(D.C.2) and an attenuator (Att.) are used to attenuate the
power from the oscillator and to meet the upper limit of
input to the detector. The main direction of D.C.2 is ter-
minated to eliminate the effect of the open end. Output
power from the oscillator is input to the circuit through the
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FIGURE 7: Measured rectification results at the optimum output impedance conditions: rectifying efficiency vs. input power (a) and output

power vs. input power (b). At input power of 128 mW, the rectifying efficiency and output power are, respectively, 41.7 mW and 32.5%. We
use this point as indicating high performance.

TaBLE 4: Comparison with earlier works examining 94 GHz rectifiers.

[13] (18] [17] [14] This work
Rectification method CMOS Schottky  Mott diode (IPM  GaAs Schottky diode ~ Diode-connected GaAs Schottky diode
diode RAS) (VDI) transistor (MACOM)
Technology 130nm CMOS  0.254mm PTFE  0.254 mm alumina 65nm CMOS 0.127 mm PTFE
Transmission line FGCPW MSL CPW Slotline MSL
Pom{er supply to a Dual-band LTSA Four-element Bow-tie slot Half—wav_e horizontal Finline
rectifier MSA dipole
Input RF power 2.27mW 73 mW 316 mW 2.82mW 128 mW
DC output power 0.84 mW 15mW 1.02 mW 0.28 mW 41.7mW
Rectifying efficiency 37% 205 32.3% 10% 32.5%
(’11'5(:)
100 100 HL1_[9]
ol m
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80 m[11] (9]
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FiGUre 8: Comparison with other works from 2.45 GHz to 94 GHz: maximum rectifying efficiency vs. frequency (a); output DC power vs.

maximum rectifying efficiency (b).

finline, which has transmission efficiency of 85% from
measurements. Variable resistance is used as the load re-
sistance. The output DC voltage across the resistance is
measured using a voltmeter. Using equation (4), the

rectifying efficiency (4,..) can be calculated. The measured
DC voltage (V ), load resistance (R, ,4), measured power at
the detector (Pg4), finline transmission efficiency (#3,),
transmission efficiency of main direction (r,), and



Active and Passive Electronic Components

transmission efficiency of coupled direction (#p) are in-
cluded in equation (4). In addition, #,; and #p are mea-
sured by VNA in advance, as measured in the earlier part.
Figure 7 shows ), and Pp¢ vs. P;,. When the load resistance
is 150 ) at input power of 128 mW, the rectifying efficiency
was obtained as 32.5%. Under this condition, the output DC
power was 41.7 mW. This value is approximately equal to the
result obtained for the rectenna in an earlier study [19],
which is 27.4%. Therefore, measurement of 94 GHz rectifiers
under high power input becomes more accurate through this
study.

Results obtained from this study are presented in Table 4
along with those of earlier studies that have examined this
subject. At the same frequency, the efficiency was the second
highest in the world; the output was found to be the highest
value ever reported. Actually, the wavelength at 94 GHz is
short, which can facilitate the production of small circuits.
Furthermore, our highest output can engender great benefits
for application to MAVs. Comparison of this work with
other studies of lower frequency indicates that 94 GHz
rectifiers show lower performance because of the large loss at
the diode and the transmission line (Figure 8):

_Ppc _ Vbe _ Vbe _ NerV e
e Pin Pianoad nMLﬂﬁnPoRload ﬂMLnﬁnPdetRload

(4)

4. Conclusions

We developed a 100 mW-class 94 GHz single-series rectifier
aimed at MAV application using MMW. Its rectifying ef-
ficiency was evaluated before integration by fabricating FMF
samples using a finline, for which the transmission efficiency
was inferred as 85%. When the input RF power was 128 mW,
the output DC power and rectifying efficiency of the rectifier
(1,ec) Were obtained respectively as 41.7 mW and 32.5%. The
output power was the world’s highest value reported to date:
94 GHz. Comparison of results of this study to an earlier
study revealed that the measurement of 94 GHz rectifiers
under high power input gives better accuracy.
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Data will be available on Open Access Repository with DOI
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