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Abstract

A novel 24 GHz circularly polarised metasurface rectenna for wireless power transmission
is designed in this study. Based on experimental measurements and retro-simulation, an
effective approach is proposed to extract the parasitic parameters of a Schottky diode. A
highly efficient millimetre wave rectifier with a measured efficiency of 63% is constructed
based on the exact equivalent circuit parameters of a diode. A circularly polarised met-
asurface antenna is adopted as the receiving antenna, and the gain is enhanced by
introducing metal vias around the metasurface. The antenna and the rectifier are con-
nected directly via a microstrip line. Measurements show that the metasurface antenna has
a gain of 11.3 dBic and an axial ratio of 2.5 dB at 24 GHz. The measured conversion
efficiency of the rectenna reaches 63% at 300 Q load when the input power is 15.2 dBm.
The rectenna has the advantages of low profile, which can be conformal to the electrical

equipment.

KEYWORDS

1 | INTRODUCTION

With the development of science and technology, the long-
distance wireless power transmission (WPT) has been paid
much attention in recent years [1, 2]. A WPT system consists of
a transmitter and a receiver. The rectenna consists of a recti-
fying circuit and a receiving antenna, and can capture the
electromagnetic wave and convert it into the direct current
(DC) [3]. Both microwave and millimetre wave (mmW) can be
used as energy carriers in WPT. In comparison, the mmW
WPT system has the advantages of compact size, higher power
capacity and better directivity [4, 5]. The mmW rectenna has
been applied for 5G-powered IoT, wireless access and the
wearable energy harvesting system [6—8].

The reported mmW-to-DC conversion efficiency of the
rectifier is only 42% at 24 GHz which is below expectations in

equivalent circuits, millimetre wave antennas, millimetre wave diodes, rectennas, rectifying circuits

Ref. [9]. One of the main reasons is the ambiguity or uncertainty
of the parasitic parameters of the diode. In order to extract the
parameters, a method based on a small signal S-parameter is
proposed in Ref. [10], and the measured mmW-DC efficiency of
the designed rectifier is 34% at 24 GHz. The similar method is
used to extract parameters in Ref. [11], and a rectifying circuit is
designed with the maximum efficiency of 67% at 35 GHz in
Ref. [12]. However, the S-parameter curve varies with the
magnitude of the input power. In other words, the extracted
parameters from small signals S-parameters may not be appli-
cable when the input power is much higher in actual work. By
measuring the input impedance at different input powers and
designing an impedance matching network to match the circuit,
the rectifying circuit in Ref. [13] achieves a rectifying efficiency
of 63% at 35 GHz. A tri-band rectifier with a multiband
impedance matching network is presented in Ref. [14]; the
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actual impedance of the rectifier is measured by using the
through-reflect-line method. The maximum measured effi-
ciencies at 24, 28, and 38 GHz are 44%, 41.3%, and 39.7% at an
input power of 17.5 dBm. The drawback of the technique is that
it is not generalisable since the impedance must be measured
again when the structure of the rectifying circuit changes. To
sum up, extracting the accurate parasitic parameters of the diode
is of vital importance for designing high-efficiency rectifying
circuits in mmW band.

The receiving antenna of a rectenna should have high gain
to capture enough input power for rectification, such as the
array antenna [15], the metallic waveguide Fabry-Perot antenna
[16] and the enhanced Vivaldi antenna [17]. However, the
complex feed network of the array antenna causes additional
energy loss, the metallic antenna is bulky and heavy, and the
Vivaldi rectenna is not conformal to the electrical equipment.
Metasurface antennas have the advantages of a simple structure
and low profile; it can be conformal to electrical equipments
[18-20]. In addition, the use of circular polarisation wave is a
solution to the polarisation alignment problem between the
transmitter and receiver. Futhermore, only one set of rectifying
circuits is required compared to the dual-polatrised receiving
antennas [21]. Designing a high-gain circularly polarised (CP)
metasurface antenna is a good choice for the WPT system.

In this article, a novel 24 GHz CP metasurface rectenna
with high rectifying efficiency is proposed. The rest of this
paper is arranged as follows. In Section 2, the parasitic pa-
rameters of the MA4E1317 Schottky diode are extracted using
a new method based on experimental measurements and retro-
simulation, with an accurate equivalent model of the diode
being achieved. Based on the precious equivalent parameters, a
24 GHz rectifying circuit is designed with the rectifying effi-
ciency of 63% being measured. In Section 3, a low profile and
high gain circularly polarised metasurface antenna is adopted as
a receiving antenna. In order to further improve the gain, the
metal vias structure around the metasurface is introduced into
the periphery of the super surface. In Section 4, the metasur-
face antenna and the rectifying circuit are integrated to be a
rectenna, whose maximum measured conversion efficiency
reaches 63%.

2 | DESIGN AND MEASUREMENT OF
THE RECTIFYING CIRCUIT

2.1 | Parameters of the Schottky diode

As a core component of the rectifier circuit, Figure 1a shows the
3D model of the diode. It contains two contact pads: a Schottky
contact and a GaAs substrate. The diode is connected to the
microstrip line by two contacts. The effect of the parasitic
capacitor and parasitic inductance cannot be neglected in the
mmW band. While these two parameters are unknown.
Figure 1b shows the equivalent circuit model of a Schottky
diode in which the unknown parasitic capacitor C, and
the parasitic inductor Lp is included, and the detailed extrac-
ted diode harmonic

model parameters used in the

GaAs subsrtate

Crostrip line

(a)

0.02 pF
40

7V
07V
0.021 PF
0.067 nH

FIGURE 1 Equivalent circuit of Schottky diode: (a) 3D model of a
Schottky diode, (b) Equivalent circuit

balance simulation is provided in a table format. The Schottky
diode of type MA4E1317 is adopted in our work. Its highest
operating frequency reaches 80 GHz, the zero-bias capacitance
G is 0.02 pF, the built-in resistance Rg is 4 Q, the reverse
breakdown voltage V4, and positive lead forward voltage Vi; is
7 and 0.7 V, respectively. The junction resistance R; will vary
with the voltage at both ends of the diode. The cutoff operating
frequency of the diode is determined by the zero-bias junction
capacitance and the junction resistance. Higher rectifying effi-
ciency can be achieved using diodes with a lower junction
capacitance and resistance.

In order to extract parasitic parameters of the diode, a new
method is suggested based on experimental measurements and
retro-simulation of output voltage and rectifying efficiency.
The procedure is as follows:

(1) Design a DC-pass filter to suppress the diode harmonics
and design a rectifying circuit without an impedance
matching network.

(2) Measure the input impedance of the unmatched circuit at
different input power using an Agilent N5247A Vector
Network Analyser.

(3) Designa50 Qimpedance matching network to the measured
input impedance, with a complete rectifying circuit being
obtained.

(4) Measure the DC output voltage and rectifying efficiency of
the rectifying circuit under various input power and load
conditions.

(5) Create an equivalent circuit of the rectifying circuit in
advanced design system (ADS) based on the size of the
complete rectifying circuit and the Schottky diode equiva-
lent circuit and set an initial parasitic parameter, C, and L,,.

(6) Simulate the equivalent rectifying circuit by the harmonic
balance method and S-parameter analysis in ADS, and
then obtain the simulation DC output voltage and circuit
rectifying efficiency at different input power and load.
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(7) Compare the simulation and measurement data and set the
values of C, and L, If the simulation results agree with the
test results, the actual parasitic parameters are extracted.

The parasitic capacitor is C, = 0.021 pF, and the parasitic
inductance is L, = 0.067 nH. The data of this scheme is
measured at a high input power, which is more suitable for the
actual work.

2.2 | Design of 24 GHz rectifying circuit

The Schottky diode parasitic parameters are acquired and then
a accurate diode equivalent model can be derived. With the
help of the diode model, a 24 GHz rectifying circuit is designed
using the harmonic balance method and large signal S-
parameter analysis. Figure 2 shows the setup diagram of the
ADS simulation circuit. Its structure is shown in Figure 3. The
rectifying circuit consists of a MA4E1317 diode, an impedance
matching network and a DC-pass filter. A quarter-wavelength
microstrip line transformer is used to transfer the diode
impedance to 50 Q. Due to the non-linearity of diodes, higher
harmonics are generated when mmWave signals pass through
the diodes. The DC-pass filter between the diode and the load
can keep the output DC voltage stable. The filter is composed
of two fan-shape branches of radius R and R, and an open-
circuit stubs structure with length /3, which is used to suppress
the fundamental, second and third order harmonics, respec-
tively. The DC-pass filter has good harmonic suppression
performance, as shown by the S parameter in Figure 4. The
attenuation is up to 30 dB at 24 GHz, 48 and 72 GHz. The
rectifying circuit is fabricated on a TaconicTLY-5 dielectric

| HarMonic BaLancE | [ [ Lsse |
HamonicBalance LssP
HB1 HB2
Freq[1]=24 GHz Freq[1]=24 GHz
Order{1]=5 Order(1]=5
LSSP_FreqAtPort[1}=
Diode;
PORT DIODE
Num=2 Model=MA4E1317 R

2=50 Ohm
P=dbmtow (15) MA4E1317 Cp pF.
Freq=24 GHz Rs=4 Ohm
N=1.22 bt
Cjo=0.02 pF 9
Vi=0.7V
= Bv=7V =

R=300 Ohm

FIGURE 2 Sectup diagram of ADS simulation circuit. ADS, advanced
design system.

FIGURE 3 Structure of the 24 GHz rectifying circuit.

substrate, with a thickness of 0.254 mm, a relative permittivity
of 2.2 and a loss tangent of 0.0009.

The dimensions of the rectifying circuit are: /; = 2.95 mm,
2 =23 mm, 7y = 1.7 mm, r, = 0.8 mm, wy= 0.78 mm and
w; = 0.4 mm.

2.3 | Simulated and measured results of the
rectifying circuit

The setup for measuring the rectifying efficiency of the pro-
posed rectifying circuit is shown in Figure 5. An Agilent
E8257D mmW power source provides radio frequency power
for the rectifying circuit. The output end of the rectifying
circuit is connected with the DC load (resistor box), and the
output voltage across the load can be measured by a voltmeter.

The rectifying efficiency of the rectifying circuit (1.) is
calculated according to Formula (1):

_ Poc_Viu/Ri

P mmW

x 100%

c
P mmW

whete V. is the output voltage, R; is the DC load and Py
is the input power.

The measured and simulated results of the rectifying circuit
at 24 GHz are indicated in Figure 6. Figure 6a shows that the
measured rectifying efficiency reaches the maximum of 63%
when P,w is 15 dBm and R; is 300 Q, and the measured
output DC voltage is up to 2.5 V. The output voltage increases

-104
-204
-30 ;
-40 I

-50

S-parameter (dB)

-604

-70 T T T T T T
0 10 20 30 40 50 60 70 80

Frequency (GHz)

FIGURE 4 S-parameter of the DC-pass filter.

<
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____ JSgmas :
o E8257D 0000
mmW signal source Rectifier circuit Resistance

FIGURE 5 Measurement setup for the rectifying circuit.
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FIGURE 6 Measured and simulated results of the rectifying circuit at
24 GHz: (a) Vi and i, versus input power when load is 300 Q, (b) Vi,
and 7, versus load with input power is 15 dBm

with the load, and the efficiency reaches the maximum when
load is 300 €, as shown in Figure 6b. The measurement results
are in good agreement with the simulation results. The accu-
racy of the extracted parasitic parameters is verified, and the
method is effective.

To further illustrate the effect of parasitic parameters on
the simulation results of the circuit, Figure 7 shows the rectifier
circuit S parameters with and without parasitic parameters,
when the load is 300 € and the input power is 15 dBm. The
results show that the circuit maybe mismatch in the operating
band when the parasitic parameters are not taken into account.

3 | DESIGN AND MEASUREMENT OF
THE RECEIVING ANTENNA

3.1 | Structure of CP metasurface antenna

A circularly polarised metasurface antenna with high gain is
design, as shown in Figure 8. The antenna consists of two
layers of dielectric substrates of type TLY-5 and three layers of
metal. A microstrip feedline with 50 Q characteristic imped-

ance is on the bottom. A ground plane with two cross-slots is
in the middle layer. The metasurface on the top layer is

0
75 -4

—_

as)

o

N

= —101

8

5]

g

5 151 1

i

w2

-20 i
— With parasitic parameters
— Without parasitic parameters
-25 T T T T T
21 22 23 24 25 26 27
Frequency (GHz)

FIGURE 7 Measured S parameter results of the rectifying circuit when

load is 300 Q.

/Metasurface
I/— Via A

~ ——Gtound plane

(@)  Feeding line

h 1 || Substrate 1 I I

3 Substrate 2

SIS =
S

(®) ©)

FIGURE 8 Geometry of the circularly polarised metasurface antenna:
(a) Side view; (b) Top view, (c) Bottom view

composed of 13 square patches with the side length of 2 and
inter-distance of wg. Metal vias with a diameter of d are added
in the centre position of the eight peripheral patches. The di-
mensions of the antenna are 2 = 3 mm, w, = 0.2 mm,
L =18 mm, wr = 0.76 mm, [r = 1.4 mm, d = 0.4 mm,
Is;y, = 54 mm, s, = 258 mm, b, = 051 mm and
b, = 0.254 mm.

3.2 | Simulated and measured results of
receiving antenna

The operating frequency of the metasurface antenna is mainly
determined by the side length a of the squatre patch and the
inter-distance w,, while the circular polarisation is achieved by
cross-feeding slots of unequal lengths /; and /. The axial ratio
(AR) bandwidth and the input impedance of the antenna can
be adjusted by changing the lengths of the cross slots and the
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length of [z The simulated |S;;| and AR of the proposed
antenna with different 4 and w, is shown in Figure 9. The
operating frequency of the antenna shifts to lower frequency
when a increases or w, decreases. By adjusting these two pa-
rameters, the antenna can be tuned to operate at 24 GHz.

The gain can be increased by introducing metal vias at the
centres of the eight side metasurface cells. Figure 10 shows the
simulated gain of the metasurface antenna with and without via
holes. It can be seen that the introduction of vias increases the
gain by 1.5 dB. The simulated and measured antenna gains are
11.5 dBic and 11.3 dBic, respectively.

The metasurface antenna is prototyped and measured to
verify the design. The |S;| and the axial ratio of the proposed
antenna are shown in Figures 11 and 12. It can be seen that the
antenna has a good impedance matching (| S;1| < 10 dB) in a
broadband from 21.0 to 27.7 GHz, equivalent to a fractional
bandwidth of 27.9% with respect to the central frequency. The
measured 3-dB AR bandwidth is 12.8%, ranging from 21.7 to
25.1 GHz, and this band is fully overlap by the impedance
bandwidth. Measured and simulated gains in various pitching
angles @ are shown in Figure 13. The half power beamwidth is
more than £50° in the xoz and yoz plane. The measured ra-
diation patterns is consistent with the simulation.

0 33
- — —a=2.8mm 130
-5-& ~ a=3.0 mm Lt~ ~.
* —-=a=32mm| .~ 27
N MEN , /

24

ARU(1dB)

5w o ©

Frequency (GHz)
(a)

= =wg=0.1 mm
——wg=0.2 mm - -
— - =wg=0.3 mm

154

-204

IS,,/ (dB)

-254

-304

-354

Frequency (GHz)

FIGURE 9 Simulated |$;;| and AR with: (a) different a, (b) different

4 | RECTENNA MEASUREMENTS

The receiving antenna and the rectifying circuit are usually
connected through a connector. The feeding layer of the
receiving antenna and the rectifying circuit adopt the same
dielectric substrate in this article, and their terminals are all
50 Q microstrip line; so the rectifying circuit and the meta-
surface antenna can be printed on opposite sides of two sub-
strates to form a low-profile rectenna of 0.06 4, thickness, and
the ground plane with two cross-slots is in the middle layer.
Figure 14 shows the photograph of the proposed metasurface
rectenna.

The measurement system of the metasurface rectenna is
shown in Figure 15. Agilent E8257D signal generator feeds the
24 GHz signal to the Ceyear 3871EC power amplifier, which
transmits the mmW power through the horn antenna into free
space. The power amplifier has an operating frequency of 18—
26.5 GHz, an adjustable gain of 0-50 dB, a saturation output
power of 50 dBm, and the output power can be read through
the display. The linearly polarised horn antenna has a gain of 21

13
12 4 _ - Ta-Eeg R S
11 - " =N
1 - _a- - N N
10'-' P _ - - N \.\ N
~ - N

RS Ry
(s8]
1| 000 | S0

(no via)

d
N
NN

O

Gai

31
2 —a—Measurement_with via
1 — —Simulation_with via
11 — —Simulation no via
¢ 717
20 21 22 23 24 25 26 27 28
Frequency (GHz)
FIGURE 10 Gain of the metasurface antenna with and without vias.
0
— — Simulation
5 —=— Measurement
-10
~~~
m
o
N
= -15+
w2
20
-25 T T T T T T T
20 21 22 23 24 25 26 27 28
Frequency (GHz)
FIGURE 11 Reflection coefficients of the proposed metasurface
antenna.
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FIGURE 12 Axial ratio of the proposed metasurface antenna.
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FIGURE 13 Gain of the proposed metasurface antenna various
pitching angle 6.

dBi at 24 GHz. The receiver contains the rectenna, a resistance
box and a DC voltmeter. The distance between the phase
centres of the rectenna and the horn antenna is 69 cm to meet
the far-field area (>56 cm). The rectenna is connected to the
load (resistor box), and the DC voltage across the load is read
from the voltmeter. The mmW-DC conversion efficiency of
the rectenna is calculated according to Formula (2):

1, = Ppc/Pix x 100%
Poc = Vie/Ru
P = P,G,G, 22/ (47r)°
whete Ppc is the DC output power, Ry, is the load at the
rectenna output, Vpc is the DC voltage across the load, Py is

the power captured by the rectenna, which can be calculated
using the Friss transmission Formula (4), r is the distance

Rroad

FIGURE 14 'Top and bottom view of the proposed rectenna.

LEC AEQ ))) ( Rectenna
Hormn 9
Power antenna m ¢
amplifier

Resistance

83
B85

©E8257D °°°
Signal source

o
o
o
==
O

Voltmeter

FIGURE 15 Measurement setup for the metasurface rectenna.

distance between phase centres of two antennas, P, is the
transmitted power and G, is the gain of the transmitting horn
antenna. It is worth noting that since the transmitting antenna
is linearly polarised and the receiving antenna is circularly
polatised, G, must take the gain component of the cotre-
sponding polarisation, which in our case is 8.3 dBi.

The measured conversion efficiency and DC output
voltage of the proposed rectenna versus loads and various
input powers are depicted in Figure 16. According to For-
mula (4), the metasurface antenna received the power of 15.2
and 13.2 dBm at the transmission powers of 43 and 41 dBm.
Among them, when the transmit power is set to 43 dBm, the
DC load output voltage increases from 1 to 3.2 V with load
changes from 50 to 1000 &, and the maximum MMW-DC
conversion efficiency reaches 63% at 300 Q. The measured
conversion efficiency and DC output voltage of the proposed
rectenna versus input powers on 300 € are listed in Figure 17.
As the power received by the rectenna increases from 4 to 17
dBm, the DC output voltage continues to increase. When the
rectenna receives 15.2 dBm of power, the conversion efficiency
is maximised and the voltage is 2.51 V.

The measured conversion efficiency and the output DC
voltage of the rectenna versus the frequency are shown in
Figure 18; the resistive load is 300 Q. The conversion effi-
ciency reaches the maximum at 24 GHz. The measured
bandwidth of the conversion efficiency over 30% is 3.5 GHz
broadband (22.5-26 GHz). The transmit power is set to
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FIGURE 16 Measured conversion efficiency and output DC voltage
of the proposed rectenna versus loads at various input powers.
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FIGURE 17 Measured conversion efficiency and output DC voltage
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FIGURE 18 Measured V,, and conversion efficiency of rectenna

versus the frequency.

41 dBm to prevent diode damage. When conversion efficiency
is at its maximum, the input power is high and the diode is
prone to reverse breakdown.

3.0 15
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11 =)
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N 9 (‘5‘
8
17
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FIGURE 19 Measured V, of rectenna and the measured
and simulated gain components of vertical and hotizontal versus azimuth

angle @.

In mobile applications, the polarisation direction for the
rectenna is often unknown. When the rectenna is rotated
around the normal direction, the DC output voltage changes in
the range of 2.18-2.52 V with the azimuth angle ¢ changing
from 0° to 180°, as shown in Figure 19, and the conversion
efficiency is 48%—63% correspondingly. Also Figure 19 shows
the measured and simulated gain components of vertical and
horizontal. The transmitting horn is corresponding to the
vertical component and as the gain of the vertical component
becomes larger, the antenna receives more energy, which re-
sults in an increased output voltage. The output voltage fluc-
tuated with the rotation angle 8, which might be caused by the
measurement error, and the AR of the receiving antenna is not
0 dB at 24 GHz. The output voltage of the rectenna is stable
with different input polarisation direction.

Table 1 shows the compatison of conversion efficiency
between the designed rectenna and the published millimetre
wave rectennas. The rectenna designed in this study has the
highest efficiency compatred to other rectennas operating at
24 GHz, and it has a more compact size.

5 | CONCLUSION

In this study, a new method for extracting the parasitic param-
eters of the diodes was proposed in the mmW band. The ac-
curate equivalent circuit model of the MA4E1317 Schottky
diode was created based on the extracted parasitic parameters,
thereby a 24 GHz rectifying circuit was designed. The measured
rectifying efficiency of the circuit reached 63% on a 300 €2 load
when the input power is 15 dBm. A CP metasurface antenna
with a high gain of 11.3 dBic has been proposed as the receiving
antenna. The rectifying circuit and metasurface antenna have
been integrated into a rectenna, and the measured highest
conversion efficiency is 63%. The proposed CP metasurface
rectenna has the characteristics of high conversion efficiency
and low profile and can be conformal to the electrical equip-
ment. It is suitable for the millimetre-wave power transmission
system.
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TABLE 1 Comparison among previous designed high frequency rectennas
Operating Maximum
frequency (GHz) Receiving antenna Area (L X W, mm?) Gain efficiency (%)
[8] 24 Antipodal Vivaldi antenna 32.6 x 16 8 dBi 12
[9] 24 2 X2 40 x 55 12.6 dBic 24
[13] 35 2 %2 30 x 18 14.7 dBi 60.9
[15] 35 4 x4 22 x 42 19 dBi 67
This work 24 Meta-surface 20 x 20 11.3 dBic 63
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