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RESUME

Dans cet article, la conception et I'optimisation d'une antenne (émetteur) et d'un systeme rectenna
(récepteur) sont présentées pour traiter le transfert de puissance micro-ondes sans fil pour alimenter
un véhicule aérien sans pilote en mouvement de 22 kW. La fréquence d'émission de la puissance
micro-ondes de 35 GHz est sélectionnée afin d'obtenir une architecture de systéme compacte a
faible codt. Pour ce faire, tout d'abord, la taille de I'antenne d'émission et de réception a été calculée
en utilisant I'équation de transmission de puissance Friis pour une distance de 10 km. La distance
de transmission de puissance peut étre modifiée en fonction de la demande. Par conséquent, un
réseau d'antennes patch micro-ruban rectangulaires de 4x2 a haut gain et haute efficacité a été
concu et simulé a I’aide de 1’outil de conception électromagnétique CST. Et puis, un simple
systeme de redressement (rectenna) a été concu et optimisé par le logiciel Advanced Design System
(ADS). Une diode GaAs Schottky MA4E1317 est choisie pour le systeme de redressement. La
fréquence de résonance du réseau d'antenne patch et de la rectenna est de 35 GHz. Le gain et
I'efficacité des antennes patch micro-ruban 4x2 proposees sont respectivement de 13,4 dBi et 85%.
De plus, I'efficacité de conversion RF en DC de la tension de sortie rectenna proposee atteint
respectivement 80% et 3,5 V pour une puissance d'entrée de 10 dBm contre une charge résistive
de 1500 Q. Le systeme d'antenne et de rectenna proposé démontre les possibilités detransfert de
puissance micro-ondes sans fil sur une longue distance avec efficacité et ce pour des diameétres

d’antenne respectables.



Vi

ABSTRACT

In this article, the design and optimization of an antenna (transmitter) and a rectenna (receiver)
system is presented to process the wireless microwave power transfer to feed a 22-kW moving
unmanned air vehicle. The microwave power transmitting frequency of 35 GHz is selected in order
to obtain a low-cost compact system architecture. To do so, first, the size of the transmitting and
receiving antenna has been calculated using Friis’ power transmission equation for a distance of
10 km. The power transmitting distance can be varied according to the demand. Therefore, an array
of high gain and high efficiency of 4x2 rectangular microstrip patch antenna has been designed and
simulated with the electromagnetic design tool CST. Then a rectifying system (rectenna) is
designed and optimized by the advanced design system (ADS) software. A GaAs Schottky diode
MAA4E1317 is selected for the rectifying system. The resonating frequency for the patch antenna
array and rectenna is 35 GHz. The gain and efficiency of the proposed 4x2 microstrip patch
antennas achieved 13.4 dBi and 85% respectively. Moreover, RF to DC conversion efficiency of
the proposed rectenna and DC output voltage reaches 80% and 3.5V respectively for a 10 dBm
input power against a 1500 Q resistive load. The proposed 35 GHz antenna and rectenna system
have a high potential for wireless microwave power transfer on a long-distance with higher

efficiency.
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CHAPTER 1 INTRODUCTION

1.1 Background

Unmanned areal vehicles (UAV) have great potential for their versatility in several fields of
applicability where continuous surveillance monitoring of areas affected by disaster is required
such as floods, and bushfire without endangering human life. In addition, flying UAVs could be
deployed as a platform for terrestrial telecommunication, TV broadcasting, or internet supplying
service to remote areas. Moreover, UAVs could be used for crime prevention observation, radiation
observation, and metrological concentration i.e., CO2, SOz, and NO2 monitoring platforms in

various locations around the world [1].

Electric aircraft has drawn attention as a possible candidate for UAV applications. It has several
advantages over the conventional gasoline-based airplane. An electric aircraft used an electric
motor that can be 95% efficient instead of the 18% to 23% efficiency of regular combustion engines
[2]. It is more reliable, light in weight, safe, low cost, and less noisy. Finally, it has zero carbon

emissions.

Most of the currently available commercial electric aircraft have a major disadvantage; it has
limited flight duration because an electric aircraft runs only on its battery power. As a result,
compared to gasoline-powered flights, it has a much shorter flying time [3]. To enhance their flight
time and extend their roaming range, an electric aircraft needs to be powered remotely. Therefore,
there is a necessity for an external power source that can feed power to the aircraft during flight
time. To accomplish this task, a microwave power transmission (MPT) system could be used to
power the flight. The benefit of an MPT system is the capability of contactless long-distance power
transmission with lower power transmission loss. Mainly, the MPT system consists of two sections:
a transmitting antenna (Tx), and a receiving antenna or rectifying antenna (Rx). In Tx, DC power
Is converted to microwave power by a microwave oscillator i.e., magnetron, klystron, and radiates
it to the free space towards the Rx. Rx receives microwave power and reverts it back to DC power
[3-4].



Previous studies on MPT to UAVs mainly focused on systems working at 2.45 GHz and 5.8 GHz.
However, for the lower frequency band, the size of the transmitting and receiving system will be
large for a long-distance RF power transfer. Therefore, to obtain a compact transmitting and
receiving system, the choice of a higher frequency band is better. Hence, 35 GHz, 61 GHz, and 94
GHz frequency bands can be utilized. Among them, 35 GHz frequency is selected because its
atmospheric attenuation is lower. Therefore, the millimeter-wave rectenna operating at 35 GHz has
motivated this work. We are proposing a transmitting and receiving system for MPT to a moving
airplane at a distance of 10 km. This 35 GHz frequency reduced the size of the Tx antenna and Rx
rectenna significantly which is crucial for limited antenna area, especially on the receiver side. In
this thesis, a 35 GHz 4x2 microstrip patch antenna array and a rectenna system have been designed
and optimized to process the wireless microwave power transfer to feed a 22-kW moving

unmanned air vehicle.

1.2 Objectives of the Project

To transfer uninterrupted microwave energy to a high-altitude airplane, it is essential to have a
compact size of transmitting and receiving system. The main objective of the project can be divided

into the following subsections:

1. Literature review of the MPT history and its improvement in past decades.

2. Investigation of the UAVs applications, benefits, and limitations.

3. Examine a suitable frequency in millimetre wave (MMW) frequency for MPT.

4. Determine the specifications of the antenna array in order to satisfy MPT conditions.

5. Design of microstrip antenna array by CST Studio suite software.

6. Investigate the various rectifier circuit configuration and come up with a simple architecture
in order to obtain a higher RF to DC conversion efficiency at MMW.

7. Figure out the optimized designed parameters of a high-power rectenna system in MMW
using ADS software.

8. Design and optimize an MMW high-efficiency rectifier system.

9. Design an impedance matching network to improve the rectenna efficiency.



1.3 Contributions of the Thesis

1. This work proposes a microwave power transfer to an electric-powered unmanned aerial
vehicle for charging wirelessly at a maximum distance of 10 km.

2. Design of a high gain and high directivity 4x2 microstrip patch antenna array at 35 GHz for
point-to-point MPT.

3. Design and optimize a high-power rectifier system at 35 GHz.

1.4 Structure of the thesis

This thesis presents a 22-kW microwave power transfer to a UAV flying at a distance of 10 km
where the key technologies are analyzed, estimated, and designed. The remaining of this paper is
organized as follows: Chapter 2 describes the state of the art and theoretical background of the
project. Design, simulation, and optimization of the transmitting and receiving systems are
analyzed in Chapter 3 and Chapter 4 respectively. Chapter 5 covers a paper submitted to the MDPI
Energies journal, where the description of efficient system architecture based on MPT working at
35 GHz. Transmission analysis, Tx, Rx, and a 4x2 rectangular patch antenna array are reviewed.
The efficient rectifying system is conceived using the Agilent advanced design system (ADS). The

conclusion is presented in Chapter 6.



CHAPTER 2 LITERATURE REVIEW

2.1 State of the art - wireless power transmission technology

The concept of the wireless power transmission (WPT) system was first introduced and
demonstrated by Nicola Tesla in 1899. In his experiment, he successfully received 100 KV at the
receiver side, and with this power, he could light 200 lamps 26 miles apart from the transmitter
[4]-[5]. Later on, in the 1960s W.C. Brown started microwave power transmission (MPT) research
and made significant progress in MPT technology. In 1963 he conducted an experiment where he
could capture 100 W of RF power with an efficiency of 26% at 2.45 GHz from a distance of 5.48
m. In this experiment, an ellipsoidal reflector and a diagonal horn antenna of 3 m and 2 m were
utilized as a transmitting and receiving antenna respectively. A 400 W magnetron was adopted in
order to feed RF energy to the transmitting antenna [6]. He then investigated the possibility of
feeding wireless power to a flying helicopter. Thereafter, W.C Brown and his team developed a
55% efficient rectifying antenna, successfully demonstrating the first microwave-powered

helicopter at an altitude of 50 feet.

Figure 2.1 First microwave-powered helicopter built by W. C. Brown in 1964 [7]



In this demonstration, a magnetron oscillator providing an output power of 3 to 5 kW at a frequency

of 2.45 GHz was used as a power source for a 3 m ellipsoidal reflector. And a 4 m? rectenna with
an output power of 270 W was used to feed the 78 W helicopter engine [7]. W.C Browns developed

helicopter and MPT system is shown in Figure 2.1 and Figure 2.2 respectively.

HELACOPTER

S

MICROWAVE
BEAM

MICROWAVE
GENERATOR

Figure 2.2 MPT system for helicopter system by W.C Brown [7]

By 1975 W.C Brown and his team working on a NASA project built the largest MPT made of a 26
m diameter parabolic antenna transmitting to a rectenna array size of 3.4 m x 7.2 m. The distance
between the Tx antenna and Rx rectenna was one mile and could receive 30 kW of DC power at
the receiver end with an efficiency of 82.5% at 2.45 GHz [8]. Ground to ground MPT system of
the NASA project is shown in Figure 2.3. In 1987 SHARP Canada conducted an MPT project for
a fuel-free model airplane. They transmitted a 10-kW microwave signal to the airplane at 2.45 GHz

at a flying altitude of 150 m. The length of the plane was 2.9 m with a wingspan of 4.5 m [9]. Sharp

experimental details are shown in Figure 2.4.
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Many Japanese researchers have investigated and carried out fuel-free airplane MPT research in
the 1980s at 2.45 GHz [10]-[13]. They made significant progress in MPT technologies.
Experiments MINIX and ISY-METS were executed by Hiroshi Matsumoto’s team in 1983 and
1993, respectively. In MINIX and ISY-METS a magnetron microwave transmitter generating an
output power of 800 W was used at 2.45 GHz [10]. Project ISY-METS and MINIX experimental

demonstration are shown in Figure 2.5 (a) and Figure 2.5 (b).

@ (b)

Figure 2.5 Microwave power transmission experiments a) Project ISY-METS airplane experiment,

b) Project MINIX rocket experiment [10]

Later on, Kansai Electronic Co. Ltd; took an initiative with Kyoto and Kobe University on an MPT
project in 1994. In this project, they used a parabolic antenna diameter of 3 m as a transmitter and

a square shape 3.2 m x 3.5 m rectenna array as a receiving antenna at the frequency of 2.45 GHz.



The distance between the transmitter and the receiver was 42 m and could receive 0.75 kW of DC

power at a transmitted power of 5 kW [14]. The experimental detail is shown in Figure 2.6.

input ,
radiated pﬂ,ip..,e{ ) Penetrating p:;:tr:i
power  37kw || Power 0.1 KW
5 KW o |l 145 kw
) ’ pum—
reflected |_filtgr ‘
power jﬁectiwir’aﬂ circuit}
2.1 kW dc output
0.74kW

Figure 2.6 MPT experiment conducted by Kaisai Electronics [14]

In 2001, JAXA Japan analyzed an MPT from space to the ground at a distance of 36000 km. The
required diameter of the transmitting and receiving systems are 1 km and 3.4 km respectively, in
order to harvest 1 GW of power [15]. Still, now many researchers are working on MPT projects

for various fields of application.

2.2 Frequency selection for MPT

For wireless microwave power transmission industrial, scientific, and medical, ISM frequency
bands 2.45 GHz, 5.8 GHz, and 24.5 GHz are recommended [16]-[17]. Various researchers work
on different frequency bands for MPT. For example, NASA recommended 2.45 GHz, on the other
hand, Japanese scientists prefer 5.8 GHz [15]. Each frequency bands have their own advantages.
So, the selection of the frequency is completely dependent on the type of application. The size of
the transmitting and receiving antenna varies as a function of the distance. For the short distance
of MPT, a lower frequency band works nicely with a compact transmitting and receiving system.
However, in the case of long-distance power transmission, the sizes of the transmitting and the

receiving system will be larger at a lower frequency band. Therefore, a higher frequency band is



needed to achieve a more compact MPT system. In this work we are proposing an MPT to power
a high-altitude UVA, therefore the choice of a high frequency is mandatory in order to get compact

MPT antennas.

ATTENUATION OF EM WAVES BY THE ATMOSPHERE
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Figure 2.7 Atmospheric attenuation in the electromagnetic spectrum [58]

Figure 2.7 shows the effect of atmospheric attenuation on the electromagnetic spectrum. In X-
band, nearly 100% transmission is possible, and at a higher frequency transmission is decreasing.
However, at 35 GHz nearly 93% transmission is possible. Hence, in this project, the 35 GHz
frequency band is selected which not only decreases the transmitter and receiver size but also offers

reasonable power transmission through the atmosphere.
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2.3 Rectenna topologies for wireless power transmission

Rectenna is one of the most important parts of the wireless power transmission system. It is a
combination of rectifying circuit and antenna. A rectenna can have a different topology such as
series, shunt, voltage doubler, and bridge rectifier. Figure 2.8 (a) and Figure 2.8 (b) are the simplest
structure of a rectifier circuit where a Schottky diode is placed at the circuit. This type of rectifier
is known as half-wave. A half-wave rectifier that allows the only half cycle (positive or negative
half cycle) of the input signal and blocks the other half. The design and simulation of series and

shunt rectennas are simple and easier. These rectennas are suitable for low-power applications [18].

>
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Figure 2.8 Typical rectifier topologies a) Series rectenna, b) Shunt rectenna, and ¢) VVoltage doubler

rectenna

A voltage doubler rectenna is a combination of series and shunt rectenna. It has two diodes placed

in series and parallel positions of the circuit as shown in Figure 2.8. (c). One diode rectifies the
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negative half whereas another diode rectifies the positive half. This rectenna topology is suitable

for high-power applications. A study and comparison of different rectennas were done in [16].

Different types of antennas can be used in rectenna system for example, dipole antenna [4], [19],
monopole antenna [20], coplanar patch [21], microstrip patch [22], [23], Yagi-Uda antenna [24]-
[25], spiral [26] and parabolic [27]. RF to DC conversion efficiency mainly depends on the input
RF power and the load resistance. Typical rectenna efficiency behavior is plotted in Figure 2.9.
The efficiency of the rectenna will be significant if the power and the load are matched and this
can be determined by the diode characteristics. The diode junction voltage and the breakdown
voltage are two important parameters in order to improve the RF to DC conversion efficiency of
the rectenna. For example, the diode will not rectify if its input voltage is smaller than the junction
voltage or its input voltage is greater than the breakdown. Therefore, RF to DC conversion

efficiency will fluctuate.

o
c Ve Effect
'2
= :
S Diode Maximym
84] )
Efficiency |

Input Power

Figure 2.9 Typical RF-DC conversion efficiency characteristic of a rectenna [28]-[31]
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2.4 Theoretical background of Friis’ power transmission formula

Using Friis’ formula, we can estimate the available transmitted and radiated power. Depicted in
Figure 2.10, the transmitting and receiving antennas are connected to their respective circuit. The

transmitter and receiver are separated by a distance d.

Transmitting antenna Receiving antenna

Transmitting Circuit

.)))))

d

> Receiving Circuit

Figure 2.10 Trans-receiver system

If we consider a transmitting antenna as an isotropic source, then it will radiate equally in all

directions and when it reaches the receiving antenna, the power density will be

_br_ Pr

St =0 = I @

where, S is the power density, P is the transmitted power, A; is the area of the transmitting

antenna and d is the distance between the transmitting and the receiving antenna.
If the gain of the transmitting antenna is Gy then the power density becomes:

_Pr PrGr

Sp = — =
T7 A, 4nd?

(2)

Under ideal conditions, if the impedance of the receiving antenna is matched with the transmitting

antenna and its effective aperture becomes A.y, then the received power Py will be,

PrGr
o

2 3)

PR=5TAeR=(



: . . 4TA .
If the gain of the transmitting antenna is G = 7;2” , then from equation (3),
4tA 7
/12
Pr = SpAer = Pr “Amd? Aer - (4)

A,r is the effective aperture of transmitting antenna.

Similarly, If the gain of the receiving antenna is

_ AmAg
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Gr == (5)
then from equations (4) and (5), Friis’ power transmission formula will be
2 2
Pr = PrGr (E) Gr (6)
From equation (6), it is possible to calculate the transmission path loss.
The Friis’ power transmission formula (6) is taken in decibel,
P GrG
10log (—R) = 101log ! RZ
Pr (@)
A
A
or,10 log P — 10 log Pr = 10 log Gy + 10 log Gy + 20 log (E)
A . ¢ 3x108
Let,—L(s) = 20 log (ﬁ) where L(s) is the free space path loss and, A = = then,

10 log P — 10 log P = 10 log G + 10 log Gg — L(s) (7)

3x108 )

and,—L(s) = 20 log <4nfd

If we consider the frequency, f, in GHz and the distance d, in km then L(S) becomes,

L(s) =92.44 4+ 20logd + 20 log feh, - (8)

It is seen from the equations shown above that the received power will be very low. This is because

Friis’ power formula works only for the far-field condition and then only full dispersion occurs

[16].
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Figure 2.11 The dispersion effects of a microwave beam transmitted by an aperture antenna of
diameter Dt [16]

As depicted in Figure 2.11, the beam diameter from an antenna aperture of dimension, Dt, remains
constant when the transmitted distance is within the near field Rayleigh zone, dr. Whereas in the
near field Fresnel zone it slightly disperses up to a distance of drr. However, in the far-field
Fraunhofer zone, full dispersion occurs. As a result, higher power loss happens. For point-to-point
power transfer, the near-field condition needs to be considered. Hence, G. Goubau and W.C. Brown
shows the relationship between wireless beam power transfer efficiency and beam power

transmission parameter for near field condition in equation (10) and (11), [28]-[32].

The Friis transmission formula can be written as,

A\ A,
Gr Pr 9

Pk = PrGr (_ VEST

Since the Friis transmission equation assumes spherical wave at the far-field condition and it is
plane wave at near field condition where the MPT is used. Then, it is not possible to utilize equation
(9) for receiving power calculation at a distance of the near field because of high power loss.
However, in this work, we are aiming for MPT transfer up to a distance of 10 km. Therefore,
bringing this long-distance in the near-field zone is a challenging task, but it is possible with the

help of modern technologies. A Gaussian beamforming technique would be suitable for effective
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energy transmission in the near field [28]-[29]. An amplitude tapering phased antenna array could
be useful for Gaussian beam forming. It generates planner wavefronts up to the long-distance, so
it would be useful for MPT [15]. Therefore, to achieve efficient power at the near field zone,

equation (9) needs to be converted for near field condition.

The power transmission is given by the ratio of the integral of the product of the transmitted field
and the receiver response to the product of the integrals of the power over the transmitting and
receiving apertures [28]-[29]. Therefore, the near field power transmission formula can be written

as,

2
Pr A

Pr
{Re [ |Er|2 dsHRe | |Et|2 ds}
Ar A

Here, PR, Er, power and electric field at receiving station respectively; Pt, Et, power and electric

(10)

field at transmitting station respectively, Ay, is the effective surface area of Tx, and Ay, the effective

surface area of Rx.

For the fundamental Gaussian mode [28]-[29], the equation (10) integration result is,

p AA

P_R=A+At2r (v
T t r 242
( ; ) + 22d

Here 1 is the operating wavelength and d is the distance between Tx and Rx antenna. For the large

values of d, the equation (11) becomes,

PR AtAr

P = 2 = 12 (12)

where T is beam transmission parameter.
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Equation (12) is also referred to the beam transmission efficiency, Npeam = i—R . The equation (12)
T

does not depend on power. Therefore, it is possible to transmit the high power of kWs, MWs via

microwaves.

The relationship between the beam transmission efficiency (Npeam) and beam transmission
parameter (t) for the near field zone can be calculated by the Fresnel Kirchhoff diffraction theory
using paraxial equation of Gaussian beam in the form of the Helmholtz equation under the
assumptions that amplitude and phase distributions in the beam are optimized
for maximum transmission efficiency [28]-[32]. From equation (12), the beam transmission
efficiency for the near field zone is given by [32],

2

(13)

Nbeam = 1 —€7°

The equation number (12) and (13) are used for the near field conditions.

Conclusion:

In summary, some earlier MPT works have been discussed in this chapter and it is established that
for MPT we need a transmitting and a receiving system. The size of the transmitting and the
receiving system depends on the frequency. Therefore, we made a choice of suitable frequency in
MMW where it would be possible to achieve an efficient and compact transmitting and receiving
system. The different rectenna topologies are investigated in order to obtain a suitable rectifier
circuit with higher RF to DC conversion efficiency. For long-distance MPT it is found that the
receiving system should be kept within a near field zone. Therefore, a Gaussian beamforming
technique is proposed for transmission. This technique is useful for MPT because creates a planner
wavefront and it is feasible for more than 10 km distance. In the next chapter, we will discuss the

design and analysis of the microstrip patch antenna array as a transmitting and receiving system.
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CHAPTER 3 MICROSTRIP PATCH ANTENNA

3.1 Introduction

In the previous chapter, the key issue of the MPT has been discussed. The MPT consists of a
transmission and a receiving system. An onboard rectenna is required to receive microwave power
to a flying aircraft. Hence, for the transmitting and receiving system, a microstrip patch antenna
design was selected for the antenna array. Microstrip patch antenna typically consists of a patch, a
ground plane, a dielectric substrate, and a transmission line. The patch and the ground plane act as
a conducting layer which is separated by the dielectric substrate as shown in Figure 3.1. It is one
of the most widely used antennas in RF applications because of its ease of fabrication, lower cost,
small size, light weight, and lower profile. Therefore, microstrip patch antennas are suitable for
aircraft, spacecraft, satellite, and missile applications. These patch antennas are easily compatible
with the planar and non-planar surfaces. It is possible to design a particular shape and mode [33].

Microstrip Patch

Microstrip Feed

Port
Substrate

Ground

Figure 3.1 Typical structure of patch antenna

The main limitations of the microstrip patch antenna are poor power capability, low gain, and high
loss [33]-[34]. To solve this problem, a proper substrate material needs to be selected. If the
dielectric constant of the material is high, the bandwidth will decrease, and the gain will increase.
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On the other hand, if the thickness of the substrate material is low then it will decrease the efficiency

O @

of the antenna and increase the bandwidth.

(a) Square (b) Rectangular (c) Dipole (d) Circular (e) Elliptical
(f) Triangular (g) Disc sector (h) Circular ring (1) Ring sector

Figure 3.2 Shape of the patch antenna

The microstrip patch antenna can have various shapes as shown in Figure 3.2. The square,
rectangular, and circular patches are examples of common patches for millimetre wave
applications. After the selection of the patch, it is important to select the proper feeding and analysis
methods. The widely used feeding methods are microstrip, coaxial probe (coplanar feed), proximity
coupling, and aperture coupling. Microstrip patch antenna can be analyzed in many ways, some

popular methods employed are: - transmission line, cavity, and full-wave.

3.2 Design and simulation of a single microstrip patch antenna

Since we have selected a 35 GHz frequency to design a compact transmitting and receiving system.
An RT DUROID 5880 material is selected to fabricate our microstrip patch antenna. The properties
of the selected material are: a dielectric constant of 2.2, a loss tangent of 0.0004-0.0009, and a
thickness of 0.254 mm. Copper is selected as the conducting material because of its low cost and
high conductivity. The copper thickness is 0.0035 mm. The rectangular shape is adopted for the

simulation because of its simple design and easy fabrication. The transmission line method is
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chosen to analyze the antenna parameter. This method offers decent physical insight and less
complexity compared to the cavity method. A typical shape of the microstrip patch antenna is
shown in Figure 3.3, where Wp, Lp, d, Ly, Wy and Gpf are the width, length, insert distance of
the patch, length, and width of the feed line, and gaps between patches and feedlines. These antenna
parameters can be calculated [33]. All necessary information about the antenna parameter

calculation will be presented in Appendix A.

Hence, using the above-mentioned equations the calculated values of the antenna parameter are: -
Wp-34mm, Lp - 2.7 mm, W - 0.8 mm, Ly - 1.6 mm, d - 1.07 mm, and Gpf -0.1mm. The

simulation of the microstrip patch antenna is carried out using an EM simulation tool, CST.

A
v

Ly

\ 4

- W, <«

Figure 3.3 Design of a microstrip patch antenna
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3.3 Single patch antenna simulation results

The surface current flow of a single microstrip patch antenna is shown in Figure 3.4 at 35 GHz. It
can be seen that the maximum surface current is oriented in the Y- direction and it originates from
the feed point. The maximum current intensity is observed on the middle of the patch and the
minimum on the edge. It satisfied the patch antenna current distribution theory [33]. The surface

current flow reverses its direction for reverse polarity, so, the designed antenna is linearly polarised.

The single microstrip patch antenna is designed and optimized with the software tool CST Studio
Suite. The S11 of the designed patch antenna is shown in Figure 3.5. This antenna resonates at the
desired 35 GHz center frequency with a reflection coefficient value of around -50 dB when the port
impedance is 50 ohm. Hence, the outcome is excellent. The S11 is below -10dB and this value is
recognized as the acceptable minimum, and it is enough for many RF applications. The bandwidth
of the antenna at -10 dB is 0.7 GHz.
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Figure 3.4 Surface currents plot of the single patch antenna at 35 GHz a) 0-degree, b) 180-degree
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Figure 3.5 S11 of a single patch antenna

The term VSWR stands for voltage standing wave ratio. If the impedance of the antenna and the
feedline are different, then part of the feeding signal gets reflected back. The reflected signal adds
up with the feeding signal into a single wave called a standing wave. The ratio of the maximum
and the minimum standing wave is called VSWR. Ideally VSWR is 1.0 which means that the
impedance of the antenna and the cable impedance is equal, there is no mismatch. A ratio greater
than 1,0 indicates a mismatch and some input signal gets reflected back. Therefore, more power
can be delivered to the antenna. Figure 3.6 shows a VSWR at the center frequency 35 GHz of 1.03,
which means an excellent matching between the antenna and the feedline. Hence, the designed

single microstrip patch antenna can transfer high power.
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Figure 3.6 Voltage standing wave ratio of a single patch antenna

The 3D radiation diagram of an antenna is the one showing the most important antenna
characteristics. The radiation diagram of an antenna describes how strongly an antenna radiates in

any direction and the shape of the radiation pattern determines the application of the antenna.

Figure 3.7 shows the radiation pattern of the single patch antenna. The directivity of the single

patch antenna is 8.15 dBi.
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-17.3
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farfield (f=35) [1]

Type Farfield
Approximation enabled (kR »> 1)
Component Abs

Qutput Directivity
Freguency 35 GHz
Rad. Effic. -0.5918 dB
Tot. Effic, -0.5919 dB
Dir. 8.149 dBi

‘.

Figure 3.7 3D far-field radiation pattern of a single patch antenna

Directivity and gain are the main parameters of an antenna. Directivity is the measurement of the
antenna radiation pattern in a particular direction and the gain says how strongly the antenna
radiates in any direction in free space. Its unit of measure is dBi (decibel relative to isotropic). It is
the ratio between the gain of the antenna compared to the gain of the theoretical antenna which is
known as an isotropic antenna. Figure 3.8 shows the 2D polar plot of the radiation in the E-plane
and H-plane. It shows the angular direction around the outer circle and the measured antenna gain
and directivity at every angle. The inner-circle represents the axis of the antenna gain and
directivity. The gain and the directivity of the single patch antenna are 7.6 dBi and 8.15 dBi

respectively.
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Figure 3.8 2D radiation pattern of a single microstrip patch antenna in dBi a) Gain & Directivity
in E-Plane, b) Gain & Directivity in H-Plane
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The antenna efficiency is a measure of how well an antenna converts power from the source into
radiating electromagnetic power. It is the ratio of the power radiated by the antenna to the input
power provided to the antenna. Radiation Efficiency = Radiated Power/Input Power, where the
Input Power = Incident Power - Reflected Power. Here, the reflected power is due to impedance
mismatch. Figure 3.9 shows the efficiency of the single microstrip patch antenna being 82%. On
the contrary, Total Efficiency is the ratio of Radiated Power to Incident Power. Therefore, the Total

Efficiency is lower or equal to the Radiation Efficiency.

1.0 ¥ 1 4 1 ' T l T T T T
3 (=== Rad. Efficiency
-[=Tot. Efficiency

0.8

Efficiency
=
=)

0.4

0.2 L | L 1 . 1 . 1 L | L
32 33 34 35 36 37 38

Frequency (GHz)

Figure 3.9 Efficiency of a single microstrip patch antenna

For wireless microwave power transfer, higher gain and higher directivity antennas are required.

Hence, only an array of patches can satisfy the microwave power transfer requirements [33].
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3.4 Design and simulation of microstrip patch antenna array

Microstrip antenna array plays an important role to increase the gain and the directivity and
obtaining a controlled radiation pattern with the lower side lobe of the antenna. To make an antenna
array, many small patch antennas need to be connected. Therefore, a proper feeding network needs
to be selected. The most popular method to connect those patches uses series and corporate feeding
networks. In corporate feeding, all patches are fed in parallel. Here, a 2x2 patch array is combined
to obtain a common feeding point. Similarly, a 4x2 array is combined through a feeding point in
the center of the array. This is the binary feeding method so the array can be increased in a
controlled manner according to the demand. The length and the width of all the patches should be
the same in order to obtain an efficient radiation pattern. The corporate feeding network offers wide
bandwidth and equal power distribution to each patch element. As a result, the feeding network
becomes symmetric and is ultimately balancing the mutual coupling effect. The greatest advantage
of a corporate feeding network is that it is not dependent on the frequency because all the lengths
are equal. Also, it offers higher gain with lower loss. However, the design of a corporate feeding
network is a complex process. On the other hand, in the series feeding network, all patches are
connected in series. Consequently, it reduces the feed length and narrows the bandwidth. The
maximum radiation of the series feeding network is not stable because feedlines attenuate the patch
elements. As a result, the gain of the antenna is poor compared to the one of the corporate feeding

network and loss is increased. The design of the series feed network is however simpler [34].

The design and simulation of the microstrip patch antenna array are carried out using the corporate
feed network since the incident power can be distributed equally to each antenna element from a
single power port. Three different transmission lines are used to design the feeding network for the
antenna array. The widths of 50 Q (Wso), 70.71 Q (W70.71), and 100 Q (W100) transmission lines
are 0.8 mm, 0.45 mm, and 0.25 mm, respectively. Spacing between each antenna element is

optimized to 0.84 as shown in Figure 3.10.
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Figure 3.10 The proposed 4x2 microstrip patch antenna array

3.5 4x2 Patch antenna array simulation results

The surface current flow of the 4x2 microstrip patch antenna array is shown in Figure 3.11.
Similarly, the maximum surface current towards the Y-direction and the maximum current
intensity is observed in the middle of the patches and the minimum at the edge. We observed that
the surface current flow reverses its direction for reverse polarity. So, it can be said that the
designed 4x2 antenna array is linearly polarised. In addition, the simulation software CST
automatically simulates the antenna for 0.5 W of power. Therefore, each antenna element is
expected to have 0.0625 W of power. However, due to the power loss in each splitting section of
the network the total power received by 1/8 element is 0.0525 W.

The S11 of the 4x2 microstrip patch antenna array is shown in Figure 3.12. The antenna array
presents reflection coefficient values close to -33 dB, and it resonates at a desired 35 GHz center

frequency.

The VSWR is shown in Figure 3.13. At 35 GHz frequency VSWR is 1.06. Lower VSWR indicates
that antenna impedance and transmission lines are matched. Therefore, it can be claimed that the

designed 4x2 antenna array is suitable for transferring high power.



28

AP e s T b A
r* .} %Q}l 3 Tony : .1 . 70
ol eiiey :
t‘it"-.?{i;“'.‘g “ ! »‘ ‘g
AL E WA % i o )
b 4
Sarcie o

Figure 3.11 Surface current flow of 4x2 antenna array
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Figure 3.12 S11 of a 4x2 patch antenna array
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Figure 3.13 VSWR of the 4x2 antenna array

In this project, point-to-point microwave power transfer is used. Therefore, a highly directive, and
the higher gain antenna is required for wireless power transmission with lower side lobes. With a
directional antenna, the axis of the maximum gain and directivity is known as boresight. The 4x2
patch antenna array radiation pattern is shown in Figure 3.14. The intensity of the color corresponds
to the energy level. The maximum energy is passing through the main lobe, and it has the highest
gain and directivity. The antenna must have only one main lobe. Other lobes are considered side
lobes. The size of the side lobes of the antenna for MPT must be smaller to reduce the side

transmission which increases the noise level and affect the efficiency.
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Figure 3.14 3D far-field radiation pattern of a 4x2 patch antenna array

The gain and directivity in E-Plane and H-Plane of the 4x2 patch antenna array are shown in Figure
3.15. The gain and directivity of the antenna array are 13.4 dBi and 14 dBi respectively. Since the
side lobes are less than -11 dBi, we can claim that the designed 4x2 antenna array has satisfied the

requirements for MPT.

The efficiency of the 4x2 patch antenna array is shown in Figure 3.16. It has an efficiency of more
than 85%.
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Figure 3.16 Efficiency of a 4x2 patch array
Conclusion:

A microstrip patch antenna has been selected as a transmitting device because of its radiation
characteristics, ease of design, and low fabrication cost. In this chapter, we have presented the
design and simulation of a single microstrip patch antenna and a patch antenna array. The
simulation result of a single microstrip patch antenna shows a gain of 7.6 dBi and directivity of
8.15 dBi, which is suitable for MPT. However, for long-distance MPT the gain and the directivity
need to be increased. Consequently, an array of the antenna can be implemented in order to improve
the gain and the directivity of the patch antenna. Simulation results of a 4x2 patch antenna array
show that it has a gain of 13.4 dBi and directivity of 14 dBi which is higher than the single antenna.
The return loss of -33 dBi is also within an acceptable range. To sum up, for MPT array of an
antenna can be utilized to make the transmitting system more directive towards the receiving
system. More details of the 4x2 antenna array for MPT are presented in chapter 5. The design and

optimization of the receiving system will be discussed in chapter 4.
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CHAPTER 4 DESIGN AND OPTIMISATION OF A RECTIFIER
CIRCUIT

In the UAV segment, a large rectenna array is required to collect the RF energy to convert it to
usable DC power to feed the UAV engine. The rectenna is the combination of an antenna, a diode,
amatching circuit, and a resistive load (RL). A rectifier can have different topologies such as series,
shunt, voltage doubler, and bridge rectifier. In this work, the selected frequency is 35 GHz,
therefore a suitable Schottky diode is essential to design and optimize a high-efficiency rectifier.
The Schottky diode is working as a rectifying component in the circuit. A commercial Schottky
diode MA4E1317 is chosen for this project. This diode has a series resistance, Rs, of 4 Q, a junction
capacitance, Cjo, of 0.02 pF, a breakdown voltage, Vurof 7 V, and diode turn-on voltage, Vs of 0.6
V. According to diode I-V characteristics, 1 mA of current is required to turn the diode on. An
ideal diode has low Rs and Cjo with high Vy.

4.1 Design and optimization of series rectenna

A series rectenna contain a Schottky diode, a capacitor, and load resistance. The selected diode
parameters are used to design, simulate, and optimize the series rectenna at 35 GHz in order to
maximize the RF to DC conversion efficiency using the tool Advance Design System (ADS). A
typical series rectenna topology is shown in Figure 2.8 (a). Harmonics balance (HB) simulator was
used for the nonlinear circuit simulation because of its high accuracy. A 10 dBm input RF power
was considered for the simulation. In the rectifier circuit, capacitor, C1, acts as an output DC pass
filter. The initial values of the capacitor and load resistance were assumed to be 100 pF and 50 Q

for the simulation.

RF to DC conversion efficiency () of the rectenna can be determined using the following equation:

VZ
Pout = }(;_ut (14)
L
VZ
n=—2 x100% (15)
Pin L

where, P,,; is the output DC power, V,,,; is the output DC voltage, R is the load resistance, and

P;,, is the input RF power.
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4.2 Series rectenna simulation result

Figure 4.1 shows the Output DC voltage of the series rectenna. At 10 dBm input power, the output

voltage of 0.26 V is achieved at 35 GHz across a 50 Q load resistance.
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Figure 4.2 Output DC power of series rectenna
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Figure 4.2 and Figure 4.3 plot the output DC power and the conversion efficiency of the series
rectenna. At 10 dBm, the output power of 0.0014 W and an efficiency of 14 % are obtained. Also,
at 18 dBm input power, the efficiency hits a maximum of 18 %. It is seen that at 20 dBm input
power the efficiency of the rectenna dropped sharply. The reason behind this behavior is that the

selected diode MA4E1317 has reached its reverse breakdown voltage.
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Figure 4.3 Efficiency of series rectenna

It is observed from the above simulation result that the rectenna exhibits poor performance. To
improve the performance, the rectenna parameters need to be optimized. A feature offered by ADS
called parametric tuning was adopted to get optimum values of the rectenna component. The
parametric tuning process is shown in Figure 4.4, where the load resistance (RL) can be tuned to
get the highest performance of the rectenna at the desired input power. Figure 4.5 shows the
maximum output power obtained for a 650 Q load resistance. The optimized values of the load
resistor and capacitor are 650 Q and 100 pF, respectively. After parametric tuning, the optimized

value of Ry is inserted in the ADS rectenna circuit for further simulations.
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Figure 4.6 shows the improved result of the output voltage after parametric tuning. Note that the
simultation does not inlcude the effect of impedance matching between the input source and the
diode. An output voltage of 1.39 V is achieved at 10 dBm of input power when the load resistance

IS 650 Q.
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Figure 4.6 Output voltage of series rectenna after R. tuning
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Figure 4.7 shows the output power of 0.003 W achieved after parametric tuning. Figure 4.8 presents
the comparison of the efficiency with and without R tuning. The efficiency of the series rectenna
is improved sharply up to 30 % at 10 dBm input power, whereas the maximum efficiency of 35 %

is obtained at 17 dBm input power.
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Figure 4.8 Efficiency of series rectenna with and without tuning RL

4.2 Design of Voltage doubler rectenna and discussion of simulation results

The voltage doubler (VD) rectenna consists of two diodes and two capacitors. A typical VD
rectenna configuration is shown in Figure 2.8. (c). The simulation of the VD rectenna is done
similarly to the simulation of the series rectenna. In a series rectenna, one diode and one capacitor
were used. On the other hand, for the VD rectenna, we use two diodes and two capacitors in the
circuit. The other parameters were left the same. A simulation with the load resistor as a parametric

variable yields a maximum output power for a load resistor of 1500 Q2 at 10 dBm input power.

The output voltage and the output power of the VD rectenna are shown in Figure 4.9 and Figure
4.10 respectively, as a function of the RF input power. An output voltage of 3.1 V and an output

power of 0.0066 W are obtained for a load resistor of 1500 Q.
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The efficiency comparison of series and VD rectenna is shown in Figure 4.11. At the desired 10
dBm input power, the efficiency of series and VD rectenna are 30 % and 66 % respectively. The
maximum efficiency of both rectennas is obtained at 17 dBm and 19 dBm RF input power,
respectively. From this comparison, it is clearly visible that the VD rectenna shows higher

efficiency than the series rectenna.
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Figure 4.11 Efficiency comparison of series and VD rectenna
Conclusion:

A simple rectenna system is designed and optimized to convert the RF energy to the usable DC
power to feed the UAVs electrical motor. The series, shunt, and voltage doubler rectenna are an
example of some rectennas. In this work, we have simulated and optimized the series and voltage
doubler rectenna. To improve the rectenna efficiency, parametric tuning of Ry is applied. Hence,
the variation of RL improves the rectenna performance significantly. The VD rectenna shows a
higher performance than the series rectenna, therefore, it is employed for this project. In the next

chapter, we will present the whole concept of the project.
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CHAPTER 5 DESIGN AND ANALYSIS OF A 35 GHZ RECTENNA
SYSTEM FOR WIRELESS POWER TRANSFER TO AN UNMANNED
AERIAL VEHICLE

5.1 Abstract

In this article, the concept of a 22-kW microwave-powered unmanned aerial vehicle is presented.
Its system architecture is analyzed and modeled for wirelessly transferring microwave power to the
flying UAVs. The microwave system transmitting power at a 35 GHz frequency is found suitable
for low-cost and compact architectures. The size of the transmitting and receiving systems are
optimized to 108 m?, and 90 m?, respectively. A linearly polarized 4x2 rectangular microstrip patch
antenna array has been designed and simulated to obtain a high gain, a high directivity, and a high
efficiency in order to satisfy the power transfer requirements. The numerically simulated gain,
directivity, and efficiency of the proposed patch antenna array are 13.4 dBi, 14 dBi, and 85%,
respectively. Finally, a rectifying system (rectenna) is optimized using the Agilent advanced design
system (ADS) software as a microwave power receiving system. The proposed rectenna at the core
of the system has an efficiency profile of more than 80% for an RF input power range of 9 to 18
dBm. Moreover, RF to DC conversion efficiency and DC output voltage of the proposed rectenna

are 80% and 3.5 V respectively, for a 10 dBm input power at 35 GHz with a load of 1500 Q.

5.2 Introduction

Unmanned aircraft and drones are employed for applications related to intelligence, surveillance,
and reconnaissance (ISR) gathering that are not putting human life in danger [35]-[37]. Unmanned
air vehicles (UAVSs) using advanced technologies such as Global Positioning System (GPS) and
wireless communications offer new business opportunities [38]. Nowadays, UAVSs are widely used
in fields such as providing coverage, search and rescue missions, scientific research, disaster
monitoring, crime prevention, radiation observation, and so on. They can act as a platform for
telecommunication services, i.e., mobile radio or TV broadcasting in rural locations at the regional
level [39]-[42].



42

Electric aircraft has drawn attention as a possible candidate for UAVs applications. They have
several advantages over the conventional gasoline-based airplane. An electric aircraft can use an
electric motor that can be 95% efficient instead of the 18%-23% efficiency of regular combustion
engines. It is more reliable, light in weight, safe, low-cost, and quitter. Finally, it has zero carbon

emissions, which makes them environmentally friendly.

The concept of wireless power transmission (WPT) via microwave is not a new research project
are conducted worldwide for cost-effective and highly efficient system design, which has multiple
applications in different areas. In the 1960s W.C Brown [43]-[44] initiated a microwave power
transmission (MPT) research program where significant progress was made [4]-[5], [30]. These
previous attempts report on an MPT system consisting of two sections: - A Transmitting antenna
(Tx), and a receiving antenna or rectifying antenna (Rx). In the Tx section, DC power is converted
to microwave power by a microwave oscillator i.e., magnetron, klystron. The microwave power
radiates to the free space towards the Rx. The Rx section receives microwave power and reverts it
back to DC voltage. In 1963 W.C. Brown conducted an experiment where he could capture 100 W
of RF power with an output efficiency of 26% at 2.45 GHz from a distance of 5.48 m [6], [30]. He
then investigated the possibility of feeding wireless power to a flying helicopter. Shortly after, he
and his team developed a 55% efficient rectifying antenna, and consequently, his team successfully
demonstrated the first microwave-powered helicopter that reaches an altitude of fifty feet [7]. By
1975, W.C Brown and his team, while working on a NASA project, built the largest WPT made of
a 26 m diameter parabolic antenna transmitting to a rectenna array size of 3.4 m x 7.2 m. The
distance between the Tx antenna and Rx rectenna was 1 mile and The Rx side receive 30 kW of
DC power with an efficiency of 82.5% [8]. In 1987, SHARP Canada conducted an MPT project
that aimed at demonstrating a fuel-free airplane. They transmitted a 10-kW microwave signal at
2.45 GHz to an aircraft at a flying altitude of 150 m. [9]. Many Japanese researchers have
investigated and carried out fuel-free airplane MPT research in the 1980s using 2.45 GHz RF
carrier [10]-[13]. Some significant experiments including MINIX [10] and ISY-METS [11] were
executed by Hiroshi Matsumoto's team in 1983 and 1993, respectively. In MINIX and ISY-METS,

a magnetron microwave transmitter generating an 800 W output at 2.45 GHz was used.



43

Many researchers reported different antennas employed in the design of rectennas such as
microstrip patch, co-planer patch, dipole, spiral antennas, and so on [45]-[49]. To receive more
power at the rectenna side, a high gain antenna is preferable for WPT applications. A single antenna
element is not compatible with WPT applications because it has low gain. To overcome this
problem, using an array of micro-antennas is an interesting solution since it can supply more RF
power [48]. Many high-frequency rectenna arrays have been reported, specifically below 10 GHz
I.e., 2.45 GHz and 5.8 GHz [50]-[51]. On the other hand, only a few millimeter-wave (24 GHz, 35
GHz, and 94 GHz) rectenna designs have been reported so far [52]-[56]. Most of them focused on

wireless energy harvesting which is suitable for low-power applications.

The obvious advantages of millimeter-wave rectennas over microwave rectennas are compact
antenna size and higher overall system efficiency for long-distance transmission [48]. Very limited
attention has been given to millimeter-wave frequencies WPT to UAVSs systems. The potential
offered by the importance of a millimeter-wave rectenna operating at 35 GHz has motivated the

present work.

This paper presents a 22-kW microwave power transfer to a UAV flying at a distance of 10 km.
The key technologies that comprise this system are analyzed, estimated, and designed. All the
results presented in this work are numerically simulated. The remaining of this paper is organized
as follows: Section Il describes an efficient overall system architecture based on MPT working at
35 GHz suitable for a compact system that could be implemented at a low cost. The MPT system’s
key components, i.e., T, Rx, and beam efficiency parameters, are optimized in Section Il and
Section 1V, respectively. Section V describes a 4x2 rectangular patch antenna array considering a
low cost and a high production capacity. In Section VI, an efficient rectifying system is conceived
using the Agilent advanced design system (ADS). Conclusions drawn from this work are presented

in Section VII.
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5.3 Remotely Powered Unmanned Air Vehicles

A key problem with conventional UAV is the limited amount of energy that can be stored onboard
[57]-[58]. In order to increase the mission roaming range, the amount of energy stored needs to be
increased at the expense of increased battery weight. One way to counter this problem is by
supplying power remotely during the flight enabling recharge during the mission. Also, using
microwave energy transmission allows the transfer over several kilometers and extends at the same
time the roaming range. The most significant advantage of microwave power transmission
technology is the capability for long-distance non-contact power transmission [30]. Wireless power
transfer using microwaves is now a mature technology, and it can be utilized for efficient remotely

powered UAV systems.

5.3.1 Proposed System Architecture

Pioneer works in that field was initiated many years ago by SHARP [9] where high altitude
microwave powered airplane was considered as platforms for relaying telecommunication signals.
The idea includes a large ground antenna transferring microwave power to fuel-free airplanes at an
altitude of 21 km [6]-[13]. This microwave power captured by the rectenna which is mounted under
the airplane is converted into usable DC power to run the electric motor. Sharp has done both
theoretical and experimental analysis in this project and the ISM frequency of 2.45 GHz was used
[9]. Here, we proposed a microwave-powered UAV; at a transmitting distance of 10 km from the

ground station. The transmitting distance can be varied according to the power demand.

The proposed system architecture is shown in Figure 5.1. In this project, the MGM Compro electric
propulsion system is adopted using a brushless DC motor with an embedded controller. It has
maximum ratings in continuous power, voltage, torque, and revolution of 22 kw, 120 V, 100 Nm,
and 8000 RPM, respectively. The UAVs can fly to the surveillance or monitoring area beyond the
WPT range using its installed battery power of 120 V and 200 Ah. When the battery power goes
down below a certain threshold, the UAV flies back within the WPT range (rechargeable area) for
recharging. Several UAVs could use the same WPT ground station [34].
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The ground station Tx antenna transmits power to the Rx rectenna mounted under the UAV while

flying in the recharging area.

Surveillance

Monitoring 10 km

-
_______

Microwave

Circuit

B -
-

Tx Antenna — 108 m 2

Figure 5.1 Proposed system architecture

The beam direction of the transmitted signal is determined by a pilot signal tracking method [59].
A large Tx and Rx antenna system is required with higher transmission efficiency for the successful
MPT. Therefore, phase synchronization becomes an important issue among the unit. Hence, beam
steering can be applied in each unit to solve the phase error. When the UAV changes its direction
then the direction of the main lobe of the radiation pattern is changed in the Tx system in order to
follow the UAV. The wingspan and length of the UAV are 10 m and 9 m, respectively. Therefore,
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the maximum antenna area on the UAV is 90 m2. Given this antenna size, a maximum power, Pr,

of 27 kW can be transmitted according to the equation,

Pr =Py * Aegr (16)

where Py is the beam power density safety limit for microwave on earth atmosphere set to 300
W/m? [15], and A is the antenna effective area. The impact of the Rx antenna on the UAV’s
aerodynamics is not considered here as it is beyond the scope of this paper. However, a major
redesign of the aircraft could be required.

5.3.2 Selection of the 35 GHz Transmission Frequency

In point-to-point microwave power transfer, the first step is selecting a suitable frequency in the
microwave band. Hence, industrial, scientific, and medical (ISM) frequency bands 2.45 GHz, 5.8
GHz, 24.5 GHz are recommended for MPTs [16] - [17]. On the other hand, the Tx antenna and Rx
rectenna dimension increase with the distance. As a result, for long-distance power transmission,
the dimensions of the transmitter and the receiver would be very large and costly for the ISM
frequency bands. To decrease the antenna dimensions and to lower the cost, higher frequencies,
i.e., 35 GHz, 61 GHz, and 94 GHz, are preferable. Among them, the 35 GHz frequency is chosen
for MPT in this research. This frequency window decreases the Tx antenna and the Rx rectenna
dimension while keeping a transmission efficiency in the order of more than 90%. [60].

Atmospheric absorption loss is also low at this frequency window [61].

5.4 Microwave Wireless Power Transmission

There are many key issues for deploying microwave-powered UAV. Wireless power transfer for a
distance of more than 10 km is a challenging task; Gaussian beam forming technique must be used
for efficient transmission [28] - [29]. A 32-kW microwave UAV power flow diagram is shown in

Figure 5.2. In this proposed system, photovoltaic arrays transform solar power into electrical power
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(DC). The high voltage DC power is then supplied to a microwave generator, i.e., a magnetron that
delivers the transferred microwave power [14]. The beam formation is achievable using a phased
array antenna [62] - [63]. The receiving microwave antenna connected with the rectifier changes

the high-frequency microwave power back to electrical DC power [64].
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kW
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Efficiency 25 %

DC

Microwave Circuit

40 kW Electrical
Power

DC to RF energy
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Tx Antenna array
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Figure 5.2 Microwave power transmission system block diagram

In this model, a solar array is required for collecting 160 kW of solar insolation at a power density
of 1000 W/m? and produces 40 kW DC power (25% conversion efficiency). Considering a DC to
the microwave conversion efficiency of 80% [65]-[66], 32 kW microwave power would be
transmitted from the ground Tx antenna. Here, our target is to design a suitable rectenna to power
the 22-kW electrical propeller onboard the UAV.

5.4.1 Microwave Wireless Power Transmission Equations

Equation (9) shows the Friis relationship for transmitted signal within the far-field Fraunhofer zone,
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A )2 c AA,
R

PR = PTGT (m = WPT ) (9)

where Py and Py are transmitted and received power, Gr and Gy are the gain and, A; and A, are
the effective surface area of the Tx antenna and Rx rectenna, respectively. D is the separation
between the Tx antenna and the Rx rectenna and A is the transmitted wavelength. This transmission
equation is not applicable for long-distance, point-to-point power transfer because, in the
Fraunhofer zone, the beam power density decreases as the square of the distance between the Tx
and the Rx antennas. As a consequence, full dispersion occurs [16]. In order to obtain efficient
power at the receiving antenna, a near field zone needs to be considered, where the beam power
density remains constant with respect to distance, and the dispersion is also negligible [16], [30].
G. Goubau and W.C. Brown showed the relationship between wireless beam power transfer
efficiency and beam power transmission parameter for near field condition in equations (12) and
(13), [30]- [31],

AcA;
A2DZ ™o, (12)

where, T is the beam transmission parameter.

Then, the beam transmission efficiency is given by:

2

Nbeam = 1 — et . (13)
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Figure 5.3 (a) shows the beam transmission efficiency as a function of the beam transmission
parameter. According to Figure 5.3 (a), a theoretical 100% beam transmission efficiency is
achievable at a transmission parameter of 2.5 [16], [28-32]. Figure 5.3 (b) shows the Tx antenna
aperture variation as a function of the beam efficiency and the transmission distance, as obtained
from equations 12 and 13. As expected, a larger antenna area is required, for long-distance power

transmission and higher beam transfer efficiency assuming 4, = A,.

5.5 Tx Antenna Area Calculation for Different Power Level

Knowing the Rx antenna dimension, it is then possible to calculate the power transmission capacity
of the Tx antenna and the power receiving capacity of the Rx rectenna using equation (16). The
first area of the Tx antenna needs to be calculated using equations (12) and (13) and considering a
10 km transmission distance at 35 GHz signal frequency. In that case, if we consider a reasonable
beam transmission efficiency of 80%, we obtain T = 1.26 which allows us to extract the required
antennas’ area (4, = A;). Using the same calculation method as the one used of the Tx antenna
size, different power transmission distances are shown in Figure 5.4 (a). For the desired 10 km
power transmission distance 4, = A, = 108 m? is found, which is the minimum size required to
maintain near-field conditions. Tx antenna power capacity variation with the size is given in Figure
5.4 (b); it can be noticed here that an antenna size of 108 m? is able to transmit 32 kW of power

according to equation (16).

Now using equation (16), it is possible to calculate the maximum power transmission capacity of
the Tx antenna. For instance, when the Tx antenna area is 108 m? and the beam power density is
300 W/m? [15], given the safety and security limits then the maximum power transmission capacity
of the Tx antenna is 32 kKW. If the area of the antenna increases, then it can transmit more power
and more distance as well, as shown in Figure 5.4 (b). The area of the selected UAV is 90 m? and
a rectenna of the same size can receive 27 kW RF power and convert it to usable DC power to feed

the electric motor of the propeller.
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A comparison with previous MPT work is presented in Table 5.1. With the advancement in

microwave technology, the operating frequency can be increased for a cost-effective and highly

efficient MPT system.

Table 5.1 Comparison of the previous MPT for various frequencies

Source- agency Frequency Tx I RX Transmission | Transmission Received
(GHZ) diameter (m) | power (kW) | distance (m) | power (kW)
Raytheon’s Spencer 2.45 3 0.65 3-5 15 0.28
Laboratory-1964 [7]

NASA-1975 [8] 2.45 26 5.6 320 1550 34
SHARP-1987 [9] 2.45 85 30 500-1000 21000 35
SHARP-1987 [9] 2.45 4.5 1 10 150 1

Kansai Electric 2.45 3 3.8 5 42 0.75

Power co., 1994 [14]
NICT-1995 [57] 2.45 3 3.4 5 1.9 3
JAXA-2001 [15] 5.8 1000 | 3400 1.3 x10° 36x10° 1.1 x10°
IHI Aerospace Co., 5.8 2 0.8 10 58 1
2015 [58]
KAIST 2018 [88] 2.45 1 0.5 0.25 1 0.0125
Sichuan University 5.8 1 1 0.5 10 0.041
2019 [89]
This Work 35 11.7 | 10.7 32 10000 27
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5.6 Design & Simulation of Microstrip Patch Antenna Array

A high gain and high directivity antenna is required for MPT applications. Moreover, an array of
antennas has more gain and directivity compared to a single antenna. Therefore, an array of patch
antennas is selected for the project. Patch antennas have excellent radiation characteristics and are
easier to design and fabricate. In addition, they are light in weight, compact, have a low fabrication

cost, and have small dimensions.
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Figure 5.5 Illustration of antenna elements a) with 0.8 A horizontal and 0.8 A vertical spacing in a

4x2 patch antenna array with corporate feed, b) Unit element antenna parameters

5.6.1 4x2 Patch Antenna Array Design

The geometry of the proposed 4x2 patch antenna array is shown in Figure 5.5. The proposed
antenna is designed on an RT-Duroid substrate having a thickness of 0.254 mm, a dielectric
constant of 2.2, and a loss tangent of 0.0004 to 0.0009. Copper is selected as the top and bottom
conductor layers because of its low cost and high conductivity. The copper thickness is 0.0035 mm.
The bottom conductor can work either as an RF ground or a reflection plane. The widths of 50 Q
(Wsp), 70.71 Q (W70.71) and 100 Q (W1oo0) transmission lines are 0.8 mm, 0.45 mm, and 0.25 mm,



54

respectively. And the single element antenna parameters are, Wp — 3.4 mm, Lp — 2.7 mm, Wy —

0.8 mm, Ly — 1.6 mm, d — 1.07 mm and Gpf — 0.1 mm.

The design and simulation of the microstrip patch antenna array are carried out using the corporate
feed network since the incident power can be distributed equally to each antenna element from a
single power port. The 4x2 microstrip patch antenna arrays are designed and optimized with the
software tool CST Studio Suite.

5.6.2 Results & Discussion

At 35 GHz, the surface current flow of a 4x2 patch antenna array is shown in Figure 5.6. The
designed antenna is linearly polarized and found suitable for point-to-point power transfer. The
return loss of the designed patch antenna array is shown in Figure 5.7 (a). This antenna resonates
well at a desired 35 GHz center frequency with a reflection coefficient value of -33 dB. The
bandwidth of the antenna at -10 dB is 0.6 GHz. The ratio of maximum and a minimum standing
wave is called VSWR. Figure 5.7 (b) shows a VSWR of 1.06 at the center frequency of 35 GHz.

Hence, the designed 4x2 patch antenna array can transfer high power.

Alm

z == x

Figure 5.6 Surface currents plot of the 4x2 patch antenna array at 35 GHz
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Figure 5.7 Analysis of antenna parameter a) Return loss of a 4x2 patch antenna array, b) voltage

standing wave ratio (VSWR) of a 4x2 patch antenna array
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Figure 5.8 Radiation pattern of the proposed patch antenna array a) 3D view of a 4X2 array, b) 2D

polar view of a 4X2 array
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Figure 5.8. (a) shows the radiation pattern of the 4x2 antenna array. The intensity of the color
corresponds to the energy level. The maximum energy is passing through the main lobe, and it has
the highest gain and directivity. Figure 5.8. (b) shows the 2D polar plot of the radiation diagram.
The gain and directivity at 0 degrees of the 4x2 antenna are 13.4 dBi and 14 dBi respectively,
whereas the side lobes are less than -11 dBi. The designed 4x2 microstrip patch antenna array has

an efficiency of more than 85%, as shown in Figure 5.9.

0.9 T T .

==0==Tot. Efficiency
. === Rad. Efficiency

0.8

0.7

0.6

Patch Antenna Array Efficiency

0.5 i 1 i 1 i 1 M 1 i 1 "
32 33 34 35 36 37 38

Frequency (GHz)
Figure 5.9 Efficiency of 4X2 patch antenna array

5.7 Design and Optimization of Rectifying Circuit

Rectennas typically consist of an antenna, a diode, a matching circuit, and a resistive load (RL)
connected to the end of the circuit to collect the DC power as shown in Figure 5.10. It has various
topologies based on the diode orientation such as series [45], [67]-[68], shunt [69]-[70], voltage
doubler and bridge rectifier [71]-[72]. A voltage doubler rectifier topology is selected for this

project in order to achieve a higher RF to DC conversion efficiency.
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Antenna

Matching :

Figure 5.10 Block Diagram of conventional rectenna

5.7.1 Equivalent Circuit Model of A Schottky Diode

The Schottky diode is a nonlinear device, as proved analytically in [73]-[75] and verified in [76]-
[77]. The circuit analysis presented in [76] is a standard technique that is quick, precise, and reliable
for calculating the input impedance of the packaged Schottky diode as a function of the operating
frequency and input power levels. The Schottky diode equivalent circuit model is shown in Figure
5.11. Here, Cj is the junction capacitance, and Cp and Lp are the parasitic packaging capacitance
and inductance, respectively. D is the ideal diode, Va is an RF voltage source, and Ra is the internal

resistance of the source and series resistance Rs.

Lo C ]
|| -
1 L
D D
N
Ra 1
+ \Vp-
+ Va- ||
p

Figure 5.11 Simplified circuit model of a diode [73]-[78]

In Figure 5.11, Kirchhoff’s current and voltage laws are used to determine the voltage Vp and

current Ip across the diode D. These found values are further used to determine the impedance of
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the rectifier. A voltage source with a single frequency f, as input, V, = |V,| cos (21rf,t), is used
as shown in Figure 5.11. The electrical behavior of this circuit can be described with the following

expressions, found by applying Kirchhoff’s relations:

al,

Vo = IRy + Ly "+ Ve, 17)

Ve, = Vp + Vig (18)

Ves = Ry (Ic; +1p) (19)

.dVp

ley=Ci—5- (20)

Ip = I,(e®P — 1) (21)
So that ‘%" = Rslcj {1/) (‘%) — R I,(e®D — 1)} (22)
Where $(32) =V, —Ralg = Vp — Ly 2%, a = -1

% is the thermal voltage and n is the ideality factor. The above differential Equation (22) has been

solved with the fourth-order Runge—Kutta method and the voltage V, across the diode, D, is
calculated. Furthermore, Equation (21) is used to determine the current I, flowing through the
diode. After the evaluation of V;, and I, the input impedance of the diode D is found using Ohm’s

law:

7. =
D ID

(23)
Harmonic Balance (HB) Simulation Validation

The Spice model parameters of the MA4E1317 diode are found in [74]-[78], where the ideality
factor N = 1.5, the grading coefficient M = 0.5, the saturation current Is = 100 nA, the series
resistance Rs = 4 Q, the junction capacitance Cjo = 0.02 pF, the parasitic capacitance Cp = 0.025
pF, parasitic inductance Lp = 0.05 nH , the reverse breakdown voltage V=7 V, and the forward
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voltage Vs = 0.6 V, at forward current l+=1 mA. Using the values of Spice parameters, the input
impedance of the Schottky diode Z;, including its series resistance and packaging, parasitics are
calculated. To verify the accuracy of the equivalent circuit model, the Schottky diode MA4E1317
ADS harmonic balance simulation model will be compared. The input impedance versus frequency
for different power levels is calculated with the aid of the equivalent circuit model and is compared

with harmonic balance simulation results.

Figure 5.12 (a) and Figure 5.12 (b) shows the impedance of the rectifier as calculated by using
ADS harmonic balance simulations and the presented analytical expressions (AE). For a maximum
available power level of 10 dBm calculated using the AE and HB simulations. Ra = 50 Q. Figure
12 also shows the real and imaginary parts of the input impedance versus frequency at an input

power level of 10 dBm.

Rin (Q)
Xin ()

6 12 18 24 30 36 6 12 18 24 30 36
Frequency (GHz) Frequency (GHz)

(a) (b)
Figure 5.12 Real and imaginary parts of the input impedance of the Schottky diode MA4E1317
versus frequency a) Real impedance as a function of frequency, b) Imaginary impedance as a

function of frequency

Itis shown in Figure 5.12 that the equivalent circuit model can predict the impedance of the rectifier
with a relative difference of less than 10% for the real and imaginary parts of the input impedance.
The input impedance is again calculated using ADS harmonic balance simulations and the
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equivalent circuit model. It is shown in the figures that the results of the analytical equations are

matching the results obtained using harmonic balance simulations.

5.7.2 Rectifying Circuit Configuration

The geometrical structure of the proposed rectifying circuit with impedance matching operating at
35 GHz is shown in Figure 5.13. The rectifying circuit is designed on RT-Duroid substrate
thickness of 0.254 mm, a relative dielectric constant of 2.2, and a loss tangent of 0.0004 to 0.0009.

—l Bt

W1, L1 C1 D2 W2, L2
W3, L3 w4, L4 W5, L5 RL
RF Power Source E C2 ==
D1

Figure 5.13 Circuit configuration of the proposed rectenna

The rectifying nonlinear circuit simulation is performed in the Advance Design System (ADS)
Harmonics Balance (HB) simulator. A 10 dBm input RF power was considered for the simulation.
The circuit parameters are first calculated, and then the software ADS optim toolbox with
optimization-type genetic and iteration 500 can be utilized to optimize those parameters. After
optimization, the parameters found are, L1 = L2 = 1.57 mm, L3 =0.97 mm, L4 =0.37 mm, L5 =
0.34 mm, W1 =W2=W3=0.776 mm, W4 =0.3 mm, W5 =0.28 mm, C1 = C2 = 100 pF, and RL
=1500 Q.

5.7.3 Results and Discussion

Output DC power changing across the different load resistors is shown in Figure 5.14. The
maximum output DC power is obtained at 1500 Q. Figure 5.15 exhibits the DC output power (a)
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and voltage (b) as a function of the input RF power with different load resistances (RL). At the
desired input power of 10 dBm, a maximum 0.0065 W DC power and 3.1 V are achieved with an

operating frequency of 35 GHz across the 1500 Q load resistance.
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Figure 5.14 Output power variation with different values of load resistance

Figure 5.17 shows the RF to DC conversion efficiency with various load resistance and different
RF input power level at the selected 35 GHz frequency. The figure depicted that the maximum
efficiency of 82% is observed at 19 dBm input power with a 1500 Q load resistance whereas, at
our desired power level of 10 dBm, an efficiency of 65% is achieved. However, the maximum
efficiency was expected to be at 10 dBm input power, the reason for this undesired behavior might
be the impedance mismatch between the source power and the rectifier circuit. RF to DC
conversion efficiency of the rectenna can be determined using the following equation,

2
Vout

= 1009 15
n PmRLx % (15)

where, V,,,; is the output DC voltage, R, is the load resistance, and P;, is the input RF power.
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Figure 5.15 Output power and output voltage with different input power level a) Output DC power

and, b) Output DC voltage
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Figure 5.16 Efficiency of the designed rectenna with different input power level

The ADS Smith chart tool is then utilized to match the impedance at 35 GHz frequency with 10
dBm input power. The source power impedance is 50 Q and the rectifier impedance can be
determined by the commercial software ADS [79]-[81]. Rectifier input impedance’s real and
imaginary value variation with frequency (GHz) and input power (dBm) are provided in Figure
5.17 (a), and Figure 5.17 (b), respectively. The impedance is matched to a 50 Q load at the selected
35 GHz frequency.

After impedance matching (IM), the output DC power and voltage are improved, consequently, RF
to DC conversion efficiency is also improved. A comparison between the proposed rectenna with
and without impedance matching is presented in Figure 5.18. The rectenna without IM has a
maximum efficiency of 82 % at 19 dBm. The proposed rectenna has a plateau in the efficiency
curve at an RF input power range of 9 to 18 dBm, and the average efficiency is greater than 80 %
in that range. Table 5.2., compares the efficiency of the proposed rectenna with related works. The

reported 80% is higher than all other identified prior works.
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Table 5.2 Efficiency comparison of various rectennas
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Source Frequency Results Rectifier RF Power Level | Maximum
Element for Maximum .~ 0
(GHz) Efficiency (dBm) Efficiency (%)
Q. Awais et al, 2.45 Experiment Schottky 5 68
[82] HSMS 2850
Q.Q. Zhang et al, 5.8 Experiment Schottky 8.2 69
[83] BAT15-03W
N. Shinohara et 24 Experiment Schottky 21 54
al, [84] MADS-1317
S. Ladan et al, 24 Simulation Schottky 12 78
[78] MA4E1317
S. Ladan et al, 35 Experiment Schottky 12 34
[64] MA4E1317
A. Mavaddat et 35 Experiment Schottky 8.5 67
al, [85] MA4E1317
Q. Chen et al, 35 Experiment Schottky 19 68.5
[86] Diode
H. Chiou et al, 94 Experiment 0.13-mm 20 37
[87] CMOS
This Work 35 Simulation Schottky 9-18 80
MA4E1317

5.7.4 Results Large Area Power Collections

This work considers onboard rectenna that could benefit from has mass production, easy

interconnections, and integration with power electronics circuitry. The power capacity of a single
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rectenna is low; therefore, to fulfill large power demand, there is a requirement for series and
parallel combinations. In previous works [90]-[91], It has been shown that series connections offer
more power losses than parallel connections, so optimum connection of series /parallel is required
for maximum power transfer; otherwise, losses will be high and contribute to heating issues. Also,
supplying maximum power for battery charging of UAV is a challenging task. It is due to the
energy storage units like rechargeable batteries or supercapacitors do not have the voltage/ current
characteristics of a resistor. This problem can be solved by using a cost-effective and efficient
Resistance emulation technique as proposed in [92]. First, a module will be developed with
optimum rectenna array connection and integrated power circuitry. To determine the optimum
module size, power simulation and thermal modeling and simulation will be performed. ADS has
an integrated circuit and EM solver (co-simulation) and thermal solver (path-wave) that can be
found suitable to determine the optimum module size. The onboard design will be assembled to
form a module. Further, these modules combine power and form an assembly to supply the
maximum power to the load as shown in Figure 19, where P is the incident RF power on the

antennas and rectenna module consists of optimum Series parallel connections with DC combining

circuit.
P‘>///‘< Module 1
=y >1d; >1b:
> >+ >+
Module 2 Assembly Load
> > > )
I :
DC combining H
Circuit Modul
odule n
[ (a) (b)

Figure 5.19 Schematics of the investigated rectenna array configurations a) DC combining circuit,

b) Power delivery

The designed 4x2 antenna is directly attached to a rectifier circuit in a single rectenna. The effective

area of the designed 4x2 antenna is 0.000128 m? which can transmit or receive 38.4 mW for RF
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power at a density of 300 W/m? according to equation 16. A suitable combination of 74000
rectenna elements can effectively feed a 22-kW electrical engine, assuming, a rectenna RF-DC
conversion efficiency 80 %, and array efficiency is 85 %.

According to our system described in section 2, an Rx antenna area of 90 m? can accommodate
74000 rectenna elements. The UAV is handling high power that is wirelessly transmitted via
microwave while maintaining a low operating temperature is proven effective in preventing power
loss as well as component degradation. The thermal problem can be countered by applying a

suitable cooling method and then the thermal management systems are analyzed in [93].

5.8 Conclusion

The concept of an efficiently transmitting 22 kW of DC power to a UAV using microwave over a
distance of 10 km has been presented. The underlying system architecture of UAVs is based on a
35 GHz microwave signal that allows reducing of the antenna size while keeping high transfer
efficiency over long distances. An array of microstrip patch antennas is adopted for the transmitting
system. It is composed of 4x2 rectangular microstrip patches that have been optimized using a CST
tool. The numerically simulated gain, directivity, and efficiency of the proposed 4x2 microstrip
patch antenna are 13.4 dBi, 14 dBi, and 85%, respectively. The optimized value of Tx areas and
beam efficiency are respectively 108 m?, and 80 % to transmit microwave power efficiently at a
frequency of 35 GHz. Finally, to receive the microwave power, the Rx areas are optimized to 90
m? and a rectenna is designed employing the Agilent advanced design system (ADS) software. The
proposed rectenna has an efficiency of over 80% for an RF input power range of 9 to 18 dBm and
a DC output voltage of 3.5 V for a 10 dBm input power at 35 GHz feeding a load of 1500 Q.
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CHAPTER 6 CONCLUSION AND FUTURE WORKS

6.1 Conclusion

Wireless microwave power transfer has great potential for several fields of application. One of the
main applications would be the production of clean energy to meet the future energy demand by
solar power satellite concept. WPT can potentially eliminate the utilization of traditional wires and
batteries. For example, cell phone and laptop batteries can be charged continuously without a
plugging system. In addition, a WPT system can be implemented in a moving fuel-free electric
vehicle or a fuel-free airplane. Applications of a fuel-free airplane are increasing because of their
versatility. An electric aircraft has drawn attention as a fuel-free airplane. It can be deployed as
surveillance monitoring, emergency medical supply to the remote areas, telecommunication or
internet supplying platform, weather monitoring, and so on. However, an electric aircraft only run
from its battery power, as a result, it has a shorter flight duration. To extend their flight duration
and roaming range, WPT would be a promising solution. It has the capability of transferring power
up to a long distance. For WPT, we need suitable transmitting and receiving systems. The size of

the transmitter and the receiver varies with respect to the distance.

In this work, a 22-kW electrical unmanned aerial vehicle was chosen for the MPT. A distance of
10 km was selected as the transmitting distance. However, the distance can be varied according to
the demand and applications. A frequency band of 35 GHz was selected in order to achieve compact
transmitting and receiving systems. Based on the above information, the size of the transmitting
and receiving systems was calculated. An array of linearly polarised microstrip patch antenna was
adopted as the transmitting medium. The simulation result of the microstrip patch antenna array
shows that once optimized, the antenna array is linearly polarised. The designed antenna perfectly
resonates at 35 GHz frequency, and it has a gain of 13.4 dBi and directivity of 14 dBi. The achieved
gain and directivity are higher compared to a single microstrip patch antenna array. The return loss
and efficiency of the patch antenna array are -33 dBi and 85 % respectively. All results are
indicating that the simulated array is suitable for MPT applications. Thereafter, we have optimized
a rectifier system in order to convert the RF energy to DC to run the electrical motor. In this work,
we have designed and optimized series and voltage doubler rectifiers. After analyzing the
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performance of both rectifiers, we have selected a voltage doubler rectifier for this project. A 10
dBm input power was selected for the rectifier simulation. The final optimized simulation results
show that the designed rectifier can achieve more than 80 % of efficiency for an input power
ranging from 9 to 18 dBm.

The effective area of the designed 4x2 patch array is 0.000128 m?. This size of the antenna can
transmit a power of 38.4 mW when considering a power density of 300 W/m?. Therefore, at the
transmitter end, 108 m? of area are required in order to transfer 32 kW of microwave power over a
distance of 10 km. On the other hand, at the receiver end, 90 m? of rectenna can accommodate 7

03 125 sets of 4x2 patch antenna array and allow to harvest 27 kW of DC power.

6.2 Future Works

The future work of the thesis could be extended in the following ways,

a. We are working on a long-distance higher energy microwave wireless power transfer in MMW.
For demonstration, we can choose a short distance (i.e., 1m) as the first step for point-to-point
wireless power transfer. Therefore, we need to design and optimize a transmitting and receiving
system. At first, we will design a transmitting antenna array (i.e., 4x2 antenna array) at 35 GHz for
fabrication. And then we will design and optimize a rectifier circuit at 35 GHz with a suitable load
resistance and connect it to the fabricated antenna array. The combination of an antenna and a
rectifier circuit will be working as a receiving antenna. Therefore, we will run a real MPT test for

a short distance to verify the received power.

b. If the MPT experiment succeeds for a short distance, then the transmitting distance will be

increased in several steps.
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APPENDICES

APPENDIX A MICROSTRIP PATCH ANTENNA CALCULATION

The microstrip patch antenna calculation steps are given below,

Step 1: Calculation of the width of the patch, W5,

c
WP - er+1 (Al)
2fo |75

where c is the speed of light, f;, the frequency, and ¢, the substrate dielectric constant.

Step 2: Calculation of the Effective Dielectric Constant. This is based on the thickness and the

dielectric constant of the substrate and the calculated width of the patch antenna,

&g+1 | &-1

n1-1/2
Eopp = T4 [1+12W] (A2)

where, &5y, is the effective dielectric constant, h, the thickness of the substrate, and W, the width

of the substrate.

Step 3: Calculation of the Effective length, Lz

c
Lesy = 30 (As)
Step 4: Calculation of the length extension, AL
orr+0.3) (L+0.264
AL = 0,412 €02 (5+0264) (Ad)

(€erf—0.258) (7+08)
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Step 5: Calculation of the actual length of the patch, Lp:

Lp = Leff — AL . (AS)

Calculate the input impedance

The input impedance is the ratio of the source voltage and the source current. It denoted by Z;,,,

90:2 [ Lp\>2
Z. = T*Q_)_ A
n 1—812~ Wp ( 6)

If it does not match with the 50-ohm standard microstrip, a quarter wavelength transformer is used

to connect them. The characteristic of the transition section should be,
ZT = 50 * Zin , (A7)

where Z; is the impedance of the transformer.

The width of the transition line/quarter-wave transformer can be determined by

_ 60 (8, Wi
ZT = \/s_rln (WT + 4-h) (AS)

where, W is the width of the transformer.

To obtain the transition line length we need to calculate the relative permittivity &,., for line which

IS given by
&+1 &—1
Ere =+ — : (A9)
o2, / 1+%]
Hence, the length of the transition (quarter wavelength) line should be
Ly=2=2 (Auo)

4 4./&re
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Calculate the width of the 50-ohm microstrip feed line

The width of the microstrip feed line, Ws, can be calculated given the characteristic impedance:

Wy = 2% for Wy < 2h (Aur)

0.61
wy=2[B-1-mB -+ (%)
A=2. [f24 22(0.23+ E) B =377m/(2Zy * V&) (A2)
60 2 g+1
where Z, is the characteristic impedance.
Hence, the length of the 50-ohm microstrip feed line Ly,
4o
L =—. Ais
f 4-,/£eff ( )

If the width of the microstrip line is too small to properly make an alternative design to employ an
insert feed using the following equation:

Zy = Zycos? (an) (A1)

50

L _
d=7—r*cosl( Z_T) (A1)

where d is the insert distance.



