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Abstract

A solar power satellite (SPS) is a huge satellite designed as an electric power

plant in a geostationary Earth orbit. The SPS generates electricity using solar

cells in outer space and transmits the generated electricity to a receiving site

on the Earth through microwave power transmission. A panel-structured SPS

corresponds to the main structure of a tethered SPS. The transmission antenna of

the panel-structured SPS is a phased array antenna, consisting of many antenna

elements. The radiation pattern of the phased array antenna can be manipulated

by controlling the output phases and the power of microwaves radiated from each

antenna element. The panel modules are connected flexibly, and the shape of the

panel-structured SPS is easily deformed. When the shape of the panel-structured

SPS is deformed, the beam shape of the power transmission microwave is deformed

due to errors caused by the change in the positions of the antenna elements. Hence,

this deformation must be corrected for electricity to be transmitted with high

efficiency.

First, in this study, we perform experiments using an actual phased array

antenna consisting of 256 antenna elements and we simulate the beam forming

using the experimental phased array antenna. The results of these experiments

incdicate that we can control the radiation patterns and the beam direction with

exceedingly high accuracy using current technology. Moreover, by comparing the

experimental with the simulation results, we confirm that we can simulate the

radiation patterns with high accuracy. We then simulate the radiation pattern of

the phased array antenna on the panel module of the panel-structured SPS. The

results indicate that the peak directivity is decreased to 90% when the size of the

beam direction is 30◦ and is decreased to 50 % when the size of the beam direction

is 40◦.
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Second, we evaluate the position and angle correction (PAC) method, which

was proposed for the phased array antenna of the panel-structured SPS. The PAC

method estimates the positions of the antenna elements and calculates the cor-

rection values of the output phases from the pilot signal that is radiated from

the receiving site on the Earth in order to detect the receiving site. A simplified

simulation model, which corresponds to a panel structured SPS consisting of panel

modules with a linear phased array antenna, is constructed to simulate the PAC

method. The simulation results confirm that the PAC method can be applied to

correct the beam shape, even if the pilot signal phase measurement contains errors.

Moreover, when the distance between the pilot signal receiving points widens, the

size of the phase correction errors decreases. In fact, when the standard deviation

of the phase measurement errors is defined as 10◦ and the pilot signal receiving

points are placed at the ends of each panel module, the standard deviation of the

output phase correction errors is approximately 16◦.

Third, we propose and evaluate ambiguity elimination methods for the angle

estimations of the panel modules in the simplified simulation model. From the

previous evaluations, the distance between the pilot signal receiving points must

be widened to improve the phase correction accuracy of the PAC method. How-

ever, when the distance between the pilot signal receiving points is longer than

half the wavelength of the pilot signal, the angle estimation of the panel module

may fail due to ambiguities in the phase measurement of the pilot signal. Hence,

we increase the number of pilot signal receiving points, and the ambiguities are

eliminated by an unequal interval array of pilot signal receiving points. Evaluat-

ing the ambiguity elimination methods with three and four pilot signal receiving

points, we confirm that the ambiguities can be perfectly eliminated using four pilot

signal receiving points. We then propose an ambiguity elimination method with a

flatness maintaining system. Evaluating the ambiguity elimination method with

the flatness maintaining system, we confirm that the ambiguities can be perfectly

eliminated using the flatness maintaining system and three pilot signal receiving

points.

Finally, we consider the pilot signal receiving antennas. A patch antenna

is used as a power transmission antenna in the panel-structured SPS. Here, we

propose using a patch antenna as a pilot signal receiving antenna. We design

antennas to equalize the size of pilot signal receiving antennas and power trans-

mission antennas. Thus, the power transmission antenna is replaced with the pilot
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signal receiving antenna, and the output phases are corrected by the PAC antenna

in the panel-structured SPS. We simulate the mutual coupling effect in the pilot

signal phase measurement. From the simulation, the mutual coupling is found

to have little effect on the pilot signal phase measurement when the pilot signal

phase receiving antenna is not adjacent to other pilot signal receiving antennas.

Furthermore, the ambiguity elimination methods can be used when we use the

pilot signal receiving antennas in the PAC method, and we confirm that the patch

antenna can be used as the pilot signal receiving antenna in the panel-structured

SPS.
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Chapter 1

General Introduction

1.1 Wireless Power Transfer

In recent years, many types of electric devices are used in our daily life, which uti-

lize rechargeable batteries. Wireless power transfer allows transmitting electricity

without cables, without the need to connect and disconnect an electric cable. In

Addition, when wireless power transfer is used in high power devices, electrical

terminals can be coated preventing electric shocks and electric leakage accidents.

Furthermore, using wireless power transfer technology, electric devices can operate

without batteries or with small batteries. Consequently, wireless power transfer

offers great advantages, and therefore has received significant research attention

[1–3].

Nikola Tesla proposed ideas of wireless power transfer at the turn of the 20th

century, and wireless power transfer has been studied by many researchers [4–

6]. There are two wireless power transfer systems: the passive power transfer

system and the active power transmission system. The passive power transfer is

called energy harvesting [7–9]. Energy harvesting systems capture heat energy,

light energy, kinetic energy, electromagnetic energy, and other natural and artifi-

cial energy, and it generates a small amount of electricity. In particular, energy

harvesting allows a low power device to operate on low power batteries or without

a battery. In the active wireless power transmission system, the transmitter sends

power to the receiver in the form of electromagnetic waves and light. There are

three types of active wireless power transmission systems using electromagnetic

1



Chapter 1. General Introduction 2

fields: the inductive coupling system, the resonant coupling system, and the mi-

crowave power transmission system [10, 11]. In the inductive coupling system, the

electricity is transmitted between coils of wire by a magnetic field. The induc-

tive coupling system functions like a voltage transformer. Hence, the transmission

range of the inductive coupling system is approximately a few centimeters. The

transmitter and the receiver of the inductive coupling system have simple struc-

tures. Thus, the inductive coupling system has been studied before the 21 century

[12–14] and is now used in IC cards and other small power devices [15–17]. In the

Resonant coupling system, the electricity is transmitted between resonant circuits

[18]. The resonant coupling system functions like a band pass filter [19]. The

transmitter and the receiver of the resonant coupling system are coils similar to

those used in the inductive coupling system. However, the coupling coefficient

between the transmitter and the receiver of the resonant coupling is greater than

that of inductive coupling. Hence, the transmission range of the resonant coupling

is approximately a few meters, which is longer than that of inductive coupling.

Finally, in the microwave power transmission system, electricity is transmitted by

antennas [20–25]. The microwave power transmission system functions like a wire-

less communicator. The wireless communicator transmits information; however,

in the microwave power transmission system, it transmits electricity. In the mi-

crowave power transmission system, a transmitting antenna radiates electricity in

the form of microwaves to a receiving antenna; thus, the microwave power trans-

mission system has a long range. These active wireless power transmission systems

fall into two categories of transmission techniques: the non-radiative technique,

which includes inductive coupling system and resonant coupling system, and the

radiative technique, which includes microwave power transmission system. The

non-radiative technique has two main advantages. First, electricity is transmitted

with high efficiency to a short range. In addition, no electricity is radiated be-

cause the non-radiative technique transmits electricity by non-radiated magnetic

and electric fields. However, electricity cannot be transmitted to a long range with

the non-radiative technique. Furthermore the transmitting coil and the receiving

coil are specifically designed considering characteristics of each other especially in

the resonant coupling system. On the other hand, the radiative technique has two

main advantages. First, electricity can be transmitted over a long distance. In

addition, the transmitting and the receiving antennas are designed independently

because these antennas are not coupled. However, the radiative technique has
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two main disadvantages. Large antennas are needed to increase the radiation effi-

ciency. A small amount of electricity is radiated to unwanted areas, and we must

consider effects for organisms and the operation of other devices.

In this thesis, we describe a microwave power transmission system that trans-

mit electricity over a long distance.

1.2 Solar Power Satellite

A solar power satellite (SPS) is a huge satellite designed as an electric power plant

in a geostationary Earth orbit [26–30]. The SPS generates electricity using solar

cells in outer space and transmit the generated electricity to a receiving site on

the Earth by microwave power transmission system. A geostationary Earth orbit

is approximately 36,000 km above the Earth’s surface, therefore, the generated

electricity must be transmitted to a long distance. This is why it is necessary

to use the microwave power transmission system in the SPS. The concept of the

SPS was introduced in 1968 by Peter E. Glaser [26]. The SPS has a length of a

few kilometers, in order to be able to generate a large amount of electricity and

transmit the generate electricity to a long distance. The SPS has three notable

features. First, the SPS is a CO2 emission-free power plant, since it generates

electricity from solar power. Second, the SPS generates electricity continuously

(at all times of day and night). As the SPS is placed in a geostationary Earth orbit,

the SPS is always in the sun, except around midnight during the equinox periods.

Third, the SPS is not affected by the weather because electricity is transmitted as

microwaves at 2.45 GHz and 5.8 GHz that are in the radio window. Microwaves

in the radio window are little affected by the ionosphere, the atmosphere, cloud,

and rain [31]. For these reasons, the SPS is a promising clean and stable power

generating technology.

Research on the SPS in Japan was initiated in the early 1980s by scientists and

engineers [29, 30]. The Institute of Space and Astronautical Science SPS working

group was organized in 1987, and the Space Solar Power Research Society was

organized in 1997. The SPS was adopted as one of the programs in the Basic Plans

for Space Policy drawn up in 2009 and 2013 [32, 33]. In recent years, the Space

Solar Power Systems Society was organized in 2014 [34], and the SPS has been

studied vigorously. The SPS research group conducted two types of wireless power
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transmission experiment in 2015 [35, 36]. Electricity was successfully transmitted

through 50 m and 500 m of air in these experiments. The research group aims

to experiment with a small demonstration satellite, which going to be placed in a

low Earth orbit in the next 10 years and to operate a commercial SPS by 2035.

The SPS consists of many key technologies, including transportation from

ground to a geostationary Earth orbit, construction of the SPS, solar cells, mi-

crowave power transmission, and many other technologies [37]. The microwave

power transmission technology consists of the power transmission system and the

power receiving system. In this thesis, we describe the beam control of the power

transmission antenna, which is included in the power transmission system.

1.3 Panel-structured SPS

The panel-structured SPS is the main structure of the tethered SPS [37–43]. An

artist’s conception of the tethered SPS is shown in Fig. 1.1, and configuration

of the tethered SPS is shown in Fig. 1.2. The tethered SPS is proposed by the

institute for Unmanned Space Experiment Free Flyer (USEF) as an SPS with

a simple, technically feasible, and practical configuration. The panel-structured

SPS is suspended with tether wires from a bus system in the tethered SPS, as

shown in Fig. 1.2. Configuration of the panel-structured SPS is shown in Fig. 1.3.

The panel-structured SPS consists of power generation and transmission panel

modules of 0.5 m × 0.5 m. Configuration of the generation and transmission panel

module is shown in Fig. 1.4. The panel module includes solar cells, microwave

circuits, and the microwave transmission antenna. The panel module generates a

direct current from the solar cells, the direct current is converted to the microwave

by the microwave circuits, and the microwave transmission antenna radiates the

microwave to transmit the generated electricity. The panel-structured SPS is

suitable for mass production and easy to maintain because it consists of simple

panel modules. A construction scenario for the tethered SPS is shown in Fig. 1.5.

The panel-structured SPS is divided into small units, these are transported to a

geostationary Earth orbit, where they are joined, and the panel-structured SPS is

constructed in a geostationary Earth orbit.

The microwave transmission antenna in the panel-structured SPS is a phased

array antenna that consists of many antenna elements. The radiation pattern of
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Figure 1.1: An artist’s conception of the tethered SPS [37].

Figure 1.2: Configuration of the tethered SPS [37].

the phased array antenna can be manipulated by controlling the output phases

and the power of the microwaves radiated from each antenna element. The an-

tenna gain of the phased array antenna can be increased by increasing the number

of antenna elements. The beam direction of the phased array antenna can be

controlled, even if the physical direction of the phased array antenna remains the

same. Thus, a phased array antenna is often used as a radar transmitter [31]. The

radiation pattern of the phased array antenna can be controlled with high speed
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Figure 1.3: Configuration of the panel-structured SPS [37].

Figure 1.4: Configuration of the power generation and transmission panel mod-
ule [37].

and accuracy, because the beam direction is electrically controlled. The transmis-

sion distance of the SPS is approximately 36,000 km, and the required pointing

accuracy is about 0.0005◦. However, it is difficult to maintain the direction of the

phased array antenna in outer space, and we must control the beam direction with

high speed and high accuracy. Because of these reasons, the phased array antenna

is suitable as a transmission antenna of the SPS. Patch antennas are used as an-

tenna elements of the phased array antenna. The patch antenna is a microstrip

antenna, which consists of a dielectric substrate, a metal patch, and a metal sheet

[44]. The metal patch corresponds to a resonator, and the metal sheet corresponds

to a ground plane. The patch antenna is suitable for mass production, because



Chapter 1. General Introduction 7

Figure 1.5: Construction scenario for the tethered SPS [37].

it can be printed on a circuit board. Therefore, the phased array antenna can be

mass produced using patch antennas.

In this thesis, we describe beam forming using the phased array antenna in

the panel-structured SPS.

1.4 Thesis Structure

This thesis consists of seven chapters, which mainly focus on the beam forming

using the phased array antenna in the panel-structured SPS.

In Chapter 1, we introduce the wireless power transmission, the SPS, and the

panel-structured SPS and offer some background on this study.

In Chapter 2, we describe the problems of the beam forming using the phased

array antenna in the panel-structured SPS and describe some beam control meth-

ods. The beam shape is difficult to maintain in the panel-structured SPS, because

the connection of the panel module is flexible, and the antenna surface of the

phased array antenna on the panel-structured SPS is easily deformed. As the

focus of this thesis, we explain the process and the features of one of the beam

forming methods, the position and angle correction (PAC) method. We then de-

scribe other methods, including the rotating-element electric-field vector (REV)

method, the parallel method, and the closed-loop method. These methods are
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proposed to be used for the phased array antenna on the panel-structured SPS.

We describe the process and the features of these methods and compare them to

the PAC method. From the result, we confirm that the PAC method is suitable

to correct the beam shape produced by the phased array antenna of the panel-

structured SPS.

In Chapter 3, we describe some beam forming experiments with an actual

phased array antenna simulating the phased array antenna on the panel module

and some beam forming simulations of the experimental phased array antenna

and the phased array antenna on the panel module. First, we describe the actual

phased array antenna, called the advanced phased array system (APAS) [45], and

the experimental configuration. We conduct the experiment in an anechoic cham-

ber of the Advanced Microwave Energy Transmission Laboratory (A-METLAB)

at the Research Institute for Sustainable Humanosphere (RISH) of Kyoto Univer-

sity [46, 47]. We explain the outlines of the simulations presented in this chapter.

We describe the calibration of the phase shifters of the APAS by the REV method.

We conduct beam direction control experiments and simulations to confirm the

beam control accuracy of the actual phased array antenna and the simulation ac-

curacy. In addition, we conduct a flat-topped beam forming experiment, which

requires high beam control accuracy, and compare the results of the experiment

and those of the simulations. Finally, we conduct beam control simulations of the

phased array antenna on the panel module of the panel-structured SPS.

In Chapter 4, we describe the accuracy evaluation of the microwave power

beam forming with the PAC method. First, we describe a simplified simulation

model, which corresponds to a panel-structured SPS consisting of panel modules

with a linear phased array antenna. We describe the process of the PAC method

in simulations with the simplified simulation model. Beam forming simulation of

the PAC method without any phase measurement errors is conducted to confirm

the effect of the PAC method in the ideal case. Beam forming simulation of the

PAC method with some phase measurement errors is conducted to confirm the

effect of the PAC method in the realistic case. We evaluate the phase correction

accuracy of the PAC method in the simplified simulation model using formulas

and simulation, and compare these accuracy evaluations. Finally, we evaluate the

accuracy in the realistic simulation model, which corresponds to the phased array

on the panel module.
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In Chapter 5, we describe the problems of angle estimation of the panel mod-

ules in the PAC method and propose some improved angle estimation methods.

Estimation failure caused by some phase measurement ambiguities may be occur

in the PAC method when the distance between the pilot signal receiving points is

longer than half the wavelength of the pilot signal. We cannot correct the radia-

tion pattern of the panel-structured SPS by the PAC method when the estimation

failure occurs. Hence, we propose some ambiguity elimination methods and eval-

uate these methods in this chapter. The target range of the panel module angle

for ambiguity elimination is decided from the radiation pattern of the phased ar-

ray antenna on the panel module of the panel-structured SPS. We increase the

number of pilot signal receiving points and the ambiguities are eliminated by an

unequal interval array of pilot signal receiving points. We simulate and evaluate

the ambiguity elimination method with three and four pilot signal receiving points.

We propose an ambiguity elimination method with a flatness maintaining system,

which is used to control the angles of the panel modules in the panel-structured

SPS. We simulate and evaluate the ambiguity elimination method with flatness

maintaining system. Finally, we summarize these ambiguity elimination methods

for angle estimation of the panel modules in conjunction with the PAC method.

In Chapter 6, we describe the pilot signal receiving antennas. We select patch

antennas as pilot signal receiving devices and design the pilot signal receiving

antenna. We simulate the mutual coupling effect in the pilot signal phase mea-

surement, and we simulate and evaluate the ambiguity elimination method with

the pilot signal receiving antennas.

In chapter 7, this thesis is summarized and concluded with several suggestions

for future works.
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Chapter 2

Beam Forming Method for the

SPS

2.1 Introduction

In this Chapter, we describe some beam forming methods for panel-structured

SPS. First, we describe the main problems with regard to beam forming by the

phased array antenna on the panel-structured SPS. Second, we describe an outline

of position and angle correction (PAC) method. Third, we provide the outlines of

other beam forming methods. Finally, we compare these beam forming methods

to the PAC method.

2.2 Beam Forming by the Phased Array Antenna

on the Panel-structured SPS

The panel-structured SPS consist of the same types of panel modules; thus, the

panel-structured SPS is suitable for mass production and is easy to maintain.

However, it is difficult to retain the beam shape of the phased array antenna in

the panel-structured SPS. An object in space cannot be attached to the ground,

and therefore, it is difficult to stop it from oscillating. Because the panel-structured

SPS is very large and thin, the panel-structured SPS starts to oscillate easily. The

panel module is rigid; however, the shapes of the panel-structured SPS and the

11
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phased array antenna are easily changed by oscillation, because the panel modules

are connected flexibly [48]. Consequently, maintaining the flatness of the phased

array antenna is difficult, and the antenna surface of the phased array antenna

is easily deformed. We control the output phase and the radiated power of each

antenna element to change the radiation pattern of the phased array antenna.

If the shape of the antenna surface of the phased array antenna is changed by

oscillation, the output phases have some errors that are caused by the change of

the positions of the antenna elements, and the beam form of the phased array

antenna is different from the intended beam form [49]. For example, when the

size of the panel module is 50 cm and the frequency of the power transmission

microwave is 5.8 GHz, the angle of the panel module varies from 0◦ to 1◦. Then

the difference in the height between the ends of the panel module is approximately

0.9 cm, which is equal to approximately 0.17 of the wavelength of the power

transmission microwave. Therefore, the deformation of the antenna surface of

the phased array antenna significantly affects the beam forming by the phased

array antenna. Thus, we have to correct the output phase errors caused by the

deformation of the antenna surface to achieve high beam control accuracy. For

these reasons, we explore the possible beam forming methods for the phased array

antenna on the panel-structured SPS to correct the output phase errors caused

by the deformation of the antenna surface of the phased array antenna. In this

thesis, we mainly describe one of the proposed methods, the PAC method.

2.3 Position and Angle Correction Method

In this section, we describe position and angle correction (PAC) method [50–52],

which was proposed for the phased array antenna on the panel-structured SPS.

The PAC method is used to estimate the positions of the panel modules and the

antenna elements from a pilot signal that is radiated from a power receiving site

on the Earth in order to detect the position of the receiving site. From the results

of the position estimation, the correction values of the output phases of the power

transmission microwaves are calculated. The process of the PAC method consists

of the following steps:

1. A pilot signal is radiated from the power receiving site on the Earth to detect

a target for power transmission.
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2. Pilot signal receiving devices are set on every panel module and receive the

pilot signal to measure the reaching phases.

3. The angles of the panel modules are estimated on the basis of the direction

of arrival estimation with the reaching phases of the pilot signal.

4. The reaching phases of the pilot signal are compared with the phase of a

reference signal, which is synchronized between the panel modules, for esti-

mating the position of the panel modules. However, the measured reaching

phases of the pilot signal is only in the range from 0◦ to 360◦ and many

positions are estimated for each panel module at intervals of one wavelength

of the pilot signal.

5. The relationship between the positions of each panel modules and its neigh-

boring panel modules is considered, and the real panel module positions are

chosen from the many estimated panel module positions.

6. The output phase error of each antenna element is calculated from the posi-

tions of the panel modules and the correction values of these output phases

are calculated.

Using the PAC method, we can correct the output phases of the phased array

antenna on the panel-structured SPS. The PAC method uses the reaching phases of

the pilot signal and the relative positional relationship between each panel module

and its neighboring panel modules; thus, the positions of the panel modules are

estimated independently. In addition, the correction values of the output phases

of antenna elements are calculated in parallel by the PAC method; thus, the

calculation time of the PAC method does not vary with the number of panel

modules. Consequently, the PAC method is suitable for the panel-structured SPS,

which consists of approximately 2.5 million panel modules.

The concept of the PAC method was proposed and studied with regard to the

processing time using actual hardware [50–52]. In the present study, we investigate

the beam control accuracy of the PAC method and improve its processes.
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2.4 Other Beam Forming Methods

In this section, we describe other beam forming methods and compare them to the

the PAC method. We describe three types of beam forming methods, which were

proposed to be used for the phased array antenna on the panel-structured SPS:

the rotating-element electric-field vector (REV) method, the parallel method, and

the closed-loop method.

2.4.1 REV Method

In this subsection, we describe rotating-element electric-field vector (REV) method.

The REV method is a well-known calibration method for the phased array antenna

[53, 54]. The purpose of the REV method is to calibrate the phase shifters of the

phased array antenna. To this end, we vary the control values of the phase shifters

of the phased array antenna and measure the variation in the composite electric

field. The process of the REV method consists of the following steps:

1. A receiving antenna is placed separately from the phased array antenna,

which we want to calibrate.

2. The control value of one phase shifter of the phased array antenna and the

variation in the composite electric field that is radiated from the phased

array antenna is measured.

3. The maximum and minimum intensity values of the composite electric field

measured in the step 2 are detected and the control value of the phase shifter

corresponding to the maximum intensity is determined.

4. The radiated power of the antenna element is calculated from the ratio of the

maximum to minimum intensity values of the measured composite electric

field. The output phases of the antenna element are calculated from the

control value of the phase shifter corresponding to the maximum intensity

value of the composite electric field.

5. Steps 2–4 are performed for the phase shifters of every antenna element to

calculate the radiated power and the output phases of every antenna element

of the phased array antenna.
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Using the REV method, we can calculate the radiated power and the output phases

of the microwaves radiated from every antenna element of the phased array antenna

and calibrate the phase shifters of the phased array antenna. The REV method

was used as a calibration method for a phased array antenna on a satellite [55,

56].The advantages of the REV method are the following. First, the REV method

provides actual values of the radiated power and the output phases of the antenna

elements of the phased array antenna based on direct measurement of the radiated

microwave. Second, the intensity of the electric field radiated from the phased

array antenna is measured in the REV method; however, the REV method does

not measure the phases of the electric field. Thus, the REV method requires simple

equipment, for example, a receiving antenna and a power sensor; thus, the REV

method does not use any complex equipment. Because of these advantages, the

REV method is useful to calibrate an actual phased array antenna. On the other

hand, the REV method has the following disadvantages. First, the phase shifters

of the phased array antenna are varied one by one in the REV method. Thus,

the REV method requires a significant amount of time to calibrate the phased

array antenna, which is directly proportional to the number of antenna elements.

Second, if the number of antenna elements is increased, the difference between the

maximum and minimum values of the composite electric field intensity becomes

relatively smaller, and it is difficult to measure the ratio of the maximum and

minimum value of the composite electric field intensity. Consequently, the REV

method is not well suited for calibrating a phased array antenna that consists of a

large number of antenna elements. Moreover, when we use the REV method, we

must maintain the states of antenna elements, except for on antenna element whose

phase shifter is varied in the process of the REV method, in order to calibrate the

phased array antenna with high accuracy. The shape of the phased array antenna

on the panel-structured SPS constantly changes, making it difficult to maintain

the states of the antenna elements. Therefore, the REV method is not suitable for

the panel-structured SPS.

2.4.2 Parallel Method

In this subsection, we describe parallel method. The parallel method was proposed

for a phased array antenna that consists of panel modules [50].The purpose of the

parallel method is to measure the phase difference between the reaching phases

of the microwaves and correct the output phases of the microwaves. Microwaves
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are frequency-modulated with different modulating frequency from each others

and the reaching phases are measured independently. The process of the parallel

method consists of the following steps:

1. The microwaves radiated from panel modules in the phased array antenna are

frequency-modulated with differnce modulating frequency from each other.

2. The frequency-modulated microwaves are received and demodulated at a

target point of the phased array antenna and the reaching phases of the

microwaves are calculated by comparison with a reference signal.

3. Steps 1 and 2 are performed for the microwaves radiated from every panel

module of the phased array antenna and the output phases of the microwaves

are corrected.

Using the parallel method, we can correct the output phases of the microwaves

radiated from every panel module of the phased array antenna. The advantages

of the parallel method are the following. First, the process time of the parallel

method is short, because the frequency-modulated microwaves are radiated from

the panel modules simultaneously. Second, the parallel method provides actual

values of the output phases of the antenna elements of the phased array antenna

based on direct measurement of the radiated microwaves. On the other hand,

the parallel method has the following disadvantages. First, the parallel method

modulates the microwaves, demodulates the modulated microwaves, and measures

the phases of the microwaves; thus, complex equipment is required to perform the

parallel method. Second, if the number of the antenna elements is increased,

it is difficult to isolate one modulated microwave from the composite microwave

and the phase correction accuracy decreases. Finally, the output phases of the

microwaves radiated from the panel modules are corrected, whereas the radiation

patterns of the panel modules are not corrected. Considering the process time,

the parallel method is suitable for the panel structured; however, considering the

disadvantages, the parallel method is not suitable for the panel structured SPS.
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2.4.3 Closed-loop Method

In this subsection, we describe closed-loop method. The closed-loop method at-

tempts to control the direction of a mainlobe of the phased array antenna. The

process of the closed-loop method consists of the following steps:

1. The intensity of a microwave radiated from a phased array antenna at the

edges of the receiving area is measured.

2. The measured intensity of the microwave is compared with the pre-calculated

radiation pattern of the phased array antenna and the direction of the main-

lobe of the phased array antenna is estimated.

3. The output phases of the microwaves radiated from the antenna elements

are corrected to direct the mainlobe toward the center of the receiving area.

Using the parallel method, we can correct the direction of the mainlobe of the

phased array antenna. The advantages of the closed-loop method are the following.

First, the process time of the closed-loop method is short, because only the beam

direction is controlled. Second, the intensity of the microwave radiated from the

phased array antenna is measured. Thus, the closed-loop method requires simple

equipment, for example, a receiving antenna and a power sensor; thus, the closed-

loop method does not use any complex equipment. On the other hand, only the

direction of the mainlobe is controlled using the parallel method. Therefore, the

closed-loop method is suitable for beam direction control. However, the closed-

loop method cannot be used to correct the beam shape and a different beam

forming method is required to perform the closed-loop method.

2.4.4 Summary of the Beam Forming Methods

The features of the beam forming methods are listed in Table 2.1. The PAC

method estimates the correction values of the antenna elements simultaneously;

thus, the PAC method is suitable for the panel-structured SPS that consist of

many panel modules. The PAC method does not measure the microwaves radiated

from each antenna element; therefore, the radiated microwaves must be regularly

checked and maintained. However, the regular maintenance is not a large prob-

lem, because we must maintain the antenna elements irrespective of whether the
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PAC method is used. The REV method is often used for calibrating the phased

array antenna; however, when the number of antenna elements is increased, the

process time is increased and the correction accuracy is decreased. Hence, the

REV method is not suitable for the panel-structured SPS. The parallel method

estimates the correction values of some antenna elements simultaneously and the

process time is short. However, when the number of antenna elements is increased,

the correction accuracy is decreased. In addition, we must frequency-modulate the

power transmission microwaves to use the parallel method and cannot correct the

radiation patterns of each panel module. Consequently, the parallel method is

not suitable for the panel-structured SPS. The closed-loop method controls the

beam direction of the phased array antenna; thus, when the antenna surface of

the phased array antenna is deformed, we cannot correct the beam shape. Nev-

ertheless, the closed-loop method is suitable for the beam observation system for

the SPS, because the closed-loop method allows estimation of the beam direction.

Considering the above, we confirm that the PAC method is the most suitable

to correct the deformation of the beam shape caused by the deformation of the

antenna surface of the panel-structured SPS. Hence, we examine the PAC method

further in this thesis.
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Table 2.1: Features of beam forming methods.

PAC method

Advantages
Process time is short and not affected by the number of elements.
Correction accuracy is not affected by the number of elements.

Disadvantages
Pilot signal is used and phase measurement is performed in the
process.
Actual radiated microwave is not measured in the process.

REV method

Advantages
Only power measurement of the microwave is performed in the
process.
Actual radiated microwave is measured in the process.

Disadvantages
Process time is directly proportional to the number of antenna
elements.
Correction accuracy is decreased when the number of elements is
increased.

Parallel method

Advantages
Process time is short.
Actual radiated microwave is measured in the process.

Disadvantages
Frequency-modulation and phase measurement are performed in
the process.
Correction accuracy decreases when the number of elements is
increased.

Closed-loop method

Advantages
Process time is short and not affected by the number of elements.
Only power measurement of the microwave is performed in the
process.

Disadvantage Beam shape cannot be corrected.
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Chapter 3

Beam Forming Experiments and

Simulations for Phased Array

Antennas

3.1 Introduction

In this chapter, we describe experiments and simulations of phased array antennas.

A phased array antenna is a well-known high gain antenna. It comprised antenna

elements, each of which incorporates an adjustable phase shifter and occasionally

incorporates an adjustable amplifier. The beam form of the phased array antenna

can only be controlled by changing the output phase and output power of the

antenna elements. When we change the beam direction of an ordinary types of

antenna, we also have to change the angle of the antenna; however, in a phased

array antenna, we can control the beam direction by changing only the output

phase and output power of antenna elements. The phased array antenna controls

the beam direction electrically; thus, we can control the beam direction at high

speed and with high accuracy using such an antenna. For these reasons, the phased

array antenna is used as a transmitting antenna of the SPS.

We installed a phased array antenna, which we call an Advanced Phased

Array System (APAS), at the Research Institute for Sustainable Humanosphere

of Kyoto University to study microwave power transmission technology [45]. The

APAS was developed as an experimental phased array antenna of the panel module

21
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of the panel-structured SPS. It comprised 256 antenna elements, which incorporate

adjustable phase shifters. In this chapter, we describe beam forming experiments

and simulations of the APAS. Additionally, we describe simulations of the phased

array antenna of the panel module.

3.2 Advanced Phased Array System and Outline

of Experiments

The APAS was developed to study microwave power transfer with a phased array

antenna. The APAS is shown in Fig. 3.1 and its parameters are shown in Table

3.1. The frequency of the power transmission microwave is 5.8 GHz and the

antenna elements are single pin-feed right-handed circular polarized circular patch

antennas. The APAS comprised 256 antenna elements. The antenna array has

a triangular plate arrangement and the distance between the antenna elements

are 44 mm. Each antenna element incorporates a 5-bit digital phase shifter and

the output phases of the antenna elements are controlled independently. The total

output power of the APAS is controlled from 95 W to 1.9 kW; however, the output

power of each antenna element is uniform and cannot be controlled independently.

Using the APAS, we experimented with various types of beam forming of the

phased array antenna.

Table 3.1: Parameters of the APAS.

Frequency 5.8 GHz
Type of antenna elements Single pin-feed RHCP circular patch

Number of antenna elements 256
Type of antenna arrangement Triangular plate arrangement

Distance between antenna elements 44 mm
Type of phase shifters 5-bit digital phase shifter
Total radiated power 95 W (Min.) – 1.9 kW(Max.)

Output power of antenna elements Uniform

We conducted experiments with the APAS in an anechoic chamber of the

Advanced Microwave Energy Transmission Laboratory (A-METLAB) [46] at the

Research Institute for Sustainable Humanosphere (RISH) of Kyoto University as

shown in Fig. 3.2. The APAS was set at the center of a turntable and the antenna
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Figure 3.1: Photograph of the APAS.

used for the measurement was set close to the wall of the anechoic chamber. We

rotated the turntable and measured the receiving power level of the measurement

antenna to measure the horizontal radiation patterns. The beam direction was

represented by the azimuth, and the angle directly in front of the APAS was de-

fined as 0◦. The distance between the transmitting antenna and the measurement

antenna was 6.45 m. We determined whether the radiation pattern was a near-field

pattern or a far-field pattern using the following equation [57]:

r >
2a2

λ
, (3.1)

where r is the distance between a transmitting antenna and a receiving antenna,

a is the antenna aperture length, and l is the wavelength. When the parameters

satisfy Eq. (3.1), the radiation pattern is far field and we regard the wavefront

as a plane wavefront; however, when the parameters do not satisfy Eq. (3.1), the

radiation pattern is near-field and we regard the wavefront as a spherical wavefront.

Hence, we have to consider phase and amplitude errors caused by the transmission
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paths. Under these experimental configurations, the size of the antenna aperture

was approximately 0.7 m and the parameters did not satisfy Eq. (3.1). Thus,

the measured beam pattern was near field and we had to consider the effect of

transmission paths.

Figure 3.2: Photograph of Experimental Configurations.

3.3 Outline of Simulations

To confirm the experimental results, we simulated the radiation patterns using two

different simulation methods: ANSYS HFSS and a method that we call the electric

field synthesis method in this thesis. As a commercial finite element method solver

for electromagnetic fields from ANSYS, HFSS simulates three-dimensional full-

wave electromagnetic fields of a created simulation model according to Maxwell ’

s equations and calculates electromagnetic wave propagation and radiation pat-

terns. We can also calculate the effects of mutual coupling between antenna ele-

ments; thus, HFSS calculates the electromagnetic fields with high accuracy. On

the other hand, HFSS divides a simulation model into small meshes and calculate

electromagnetic wave propagation with a short time step; thus, calculations of

electromagnetic fields and radiation patterns are time consuming.

In order to calculate the radiation pattern of a phased array antenna, the

electric field synthesis method calculates and composite electric fields radiated

from antenna elements of a phased array antenna using the theoretical formula of
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an electric field radiated from a point source. The electric field synthesis method

directly calculates the electric field from the radiated microwaves of antenna el-

ements and does not consider electromagnetic wave propagation; thus, the elec-

tric field synthesis method calculates electromagnetic fields and radiation patterns

at high speed. On the other hand, the electric field synthesis method does not

consider Maxwell ’s equations, and thus, cannot calculate electromagnetic wave

propagation and the effects of mutual coupling between antenna elements.

In this thesis, we calculate radiation patterns using these two types of simu-

lation.

Figure 3.3 shows a simulation model of the APAS in HFSS. We simulated the

model that is based on the actual APAS, and calculated the radiation patterns of

the APAS. The simulation model was created in HFSS; however we simulated the

same parameters in the electric field synthesis method. The coordinate system of

the APAS simulations is shown in Fig. 3.4. The beam angle is represented by the

azimuth and elevation, and the angles directly in front of the APAS are defined

as 0◦. In order to compare the experimental and simulated results, we calculated

the beam patterns on a sphere with a radius of 6.5 m.

We designed a single pin-feed RHCP circular patch antenna using HFSS,

which was used as an antenna element of the APAS in these simulations. Figure 3.5

shows the designed single pin-feed RHCP circular patch antenna. The calculated

radiation pattern of the designed patch antenna is shown in Fig. 3.6 and the

antenna gain is approximately 7.0 dBi. The APAS consists of the designed patch

antennas in the HFSS simulation model, and the calculated radiation pattern is

used to calculate the electric field in the electric field synthesis method

3.4 Calibration of the Phase Shifters of the APAS

In the experiment with the APAS, we first calibrated the phase shifters of the

APAS using the rotating-element electric-field vector (REV) method. The REV

method is a well-known calibration method for phase shifters of a phased array

antenna. It measures the amplitude of an electric field of a phased array antenna

and calculates calibration parameters of the phase shifters. The composite electric

field vector of a phased array antenna consists of electric field vectors of antenna

elements, as shown in Fig. 3.7; thus, when a control value of one phase shifter is
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Figure 3.3: Simulation model of the APAS in HFSS.

Figure 3.4: Coordinate system of the APAS simulations.
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Figure 3.5: single pin-feed RHCP circular patch antenna, which was designed
as an antenna element of the APAS in HFSS.

Figure 3.6: Calculated radiation pattern of the designed antenna element in
HFSS.

varied, the amplitude of the composite electric field also varies, as shown in Fig.

3.8. We determine the ratio of the maximum and minimum amplitudes of the

composite electric field and the control value that maximizes the amplitude of the

composite electric field. By using these parameters, the REV method estimates

the output phase and the output power of the antenna element and calculates

the calibration value of the phase shifter. We vary a control value of each phase

shifter, in turn, and measure the amplitude of the composite electric field. We can

calculate the calibration values of the phased array antenna. As mentioned above,

we can calibrate a phased array antenna using the REV method; however, the REV

method calibrates phase shifters to synchronize the phases at the measurement

point. Hence, when the measurement point is in the near field of the phased array

antenna, we have to consider the phase shifts caused by the path length from each
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antenna element to the measurement point.

Figure 3.7: Composite electric field vector of array antenna and electric field
vector of each antenna element in the REV method.

Figure 3.8: Amplitude variation in composite electric field of a phased array
antenna in the REV method.

We calibrated the phase shifters of the APAS using the REV method. The

positions of the APAS and the measurement antenna were identical to those shown

in Fig. 3.2. The measurement antenna was at near field in this condition; thus,

we have to consider the phase shifts caused by the path lengths from each antenna

element to the measurement antenna. In this calibration with the REV method,

we compared the reference signal of the APAS and the received signal at the mea-

surement antenna to measure the composite electric field. Measurement results

for the REV method using the APAS are shown in Fig. 3.9. Figure 3.9 shows

several measured amplitude variations in the composite electric field of the APAS

in the REV method, in which we vary the 8th, 125th, or 195th phase shifter of the
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APAS, as an actual measurement example. The vertical axis represents the ampli-

tude of the composite electric field, which was calculated by comparison between

the reference signal of the APAS and the received signal at the measurement an-

tenna; the horizontal axis represents the control values of the phase shifters. We

calibrated the phase shifters of the APAS from the results of the REV method

and experimented with various types of APAS beam forming using the calibration

values.

Figure 3.9: Measured amplitude variation in the composite electric field of the
APAS in the REV method.

The calibration values of the phase shifters were calculated at the near field

of the APAS by using the REV method; thus, the output phases were calibrated

to synchronize the phases at the position of the measurement antenna. Figure

3.10 shows three types of APAS radiation patterns: a measured radiation pattern

with the calibration values, a measured radiation pattern without the calibration

values, and a simulated radiation pattern in which we control the output phase of

each antenna element to synchronize the phases at the position of the measurement

antenna in HFSS. The vertical axis represents power density, which was normalized

by setting the peak of the measured radiation pattern with the calibration values

and the simulated radiation pattern to 0 dB; the horizontal axis represents the

azimuth, which is shown in Fig. 3.2 and the angle directly in front of the APAS is

defined as 0◦. From Fig. 3.10, the measured radiation pattern with the calibration

values and the simulated radiation pattern show some null points; however, the

measured radiation pattern without the calibration values shows no null points.
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From these results, we confirm that the REV method calibrates the output phases

to synchronize the phases at the position of the measurement antenna.

Figure 3.10: Three types of measured or simulated radiation patterns of the
APAS.

3.5 Beam Direction Control Experiment

In this section, we describe an APAS beam direction control experiment. We

controlled the output phases of the antenna elements to vary the beam direction.

The output phases were calculated to form a wavefront using the positions of

the antenna elements and the target direction. We varied the beam direction

of the APAS from −40◦ to 40◦ and measured the radiation patterns in the beam

direction control experiment. The measured radiation patterns in this experiments

are shown in Fig. 3.11. The vertical axis represents power density, which was

normalized by setting the peak of the measured radiation pattern, whose target

direction is 0◦, to 0 dB. The horizontal axis represents the azimuth, which is

shown in Fig. 3.2 and the angle directly in front of the APAS is defined as 0◦.

From the results shown in Fig. 3.11, we demonstrated that the beam direction

can be controlled with high accuracy by the output phases of antenna elements

using the actual phased array antenna. When the size of the beam direction is

increased, the peak directivity of the radiation pattern of the APAS is essentially
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decreased because of the radiation pattern of the antenna element in Fig. 3.11;

however, the variation in the peak directivity in the positive angles is different

from that in the negative angles. This asymmetry may be caused by any of

the following reasons: positional errors of the APAS and the receiving antenna,

calibration errors of the phase shifters, and phase control errors of the phase

shifters. Furthermore, the peak directivity is suddenly decreased when the size

of beam direction increases beyond 30◦. These decreases in peak directivity are

probably caused by the generation of unwanted grating lobes.

Figure 3.11: Measured radiation patterns in the beam direction control experi-
ment.

We simulated APAS beam direction control using two simulations: HFSS and

the electric field synthesis method. First, we describe the beam direction control

simulations in HFSS. The output phases were calculated to form a wavefront using

the positions of the antenna elements and the target direction. We varied the beam

direction of the APAS from −40◦ to 40◦ and calculated the radiation patterns in

the beam direction control simulation. These parameters are identical to those

of the beam direction control experiment. The calculated radiation patterns in

HFSS are shown in Fig. 3.12. The vertical axis represents power density, which

was normalized by setting the peak of the calculated radiation pattern, whose

target direction is 0◦, to 0 dB. The horizontal axis represents the azimuth, which

is shown in Fig. 3.4 and the angle directly in front of the APAS is defined as 0◦.

From the results shown in Fig. 3.12, we confirm that the beam direction can be

controlled by the output phases of antenna elements in HFSS. When the size of
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the beam direction is increased, the peak directivity of the radiation pattern of

the APAS is essentially decreased because of the radiation pattern of the antenna

element shown in Fig. 3.6. The variation in the peak directivity in the positive

angles is similar to that in the negative angles. Furthermore, the peak directivity

is suddenly decreased when the size of beam direction increases beyond about 30◦.

These decreases in peak directivity are identical to those in the experiment and are

probably caused by the generation of unwanted grating lobes. Figure 3.13 shows

the two-dimensional radiation patterns for beam directions of 20◦, 40◦, and 60◦.

The vertical axis represents elevation and horizontal axis represents the azimuth.

The elevation and azimuth are shown in Fig. 3.4, and the angles directly in front

of the APAS are defined as 0◦. The color indicates the power density, which was

normalized by setting the peak of the calculated radiation pattern, whose target

direction is 0◦, to 0 dB. The red circles indicate the main lobes of the radiation

pattern and the blue circles indicate the grating lobes of the radiation pattern.

From the results shown in Fig. 3.13, when the beam direction is 40◦ or 60◦, the

grating lobes are generated in directions different from that of the main lobe; thus,

we confirm that the decreases in peak directivity are caused by the generation of

unwanted grating lobes. From the results of these simulations in HFSS, we can

calculate the radiation patterns, including the effect of grating lobes, using HFSS.

Figure 3.12: Calculated radiated patterns in the beam direction control simu-
lation in HFSS.
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(a) Beam direction is 20◦. (b) Beam direction is 40◦.

(c) Beam direction is 60◦.

Figure 3.13: Calculated two-dimensional radiated patterns in the beam direction
control simulation in HFSS.

Second, we describe the beam direction control simulations in the electric

field synthesis method. The output phases were calculated to form a wavefront

using the positions of the antenna elements and the target direction. We varied

the beam direction of the APAS from −40◦ to 40◦ and calculated the radiation

patterns in the beam direction control simulation. These parameters are identical

to those of the beam direction control experiment. The calculated radiation pat-

terns in the electric field synthesis method are shown in Fig. 3.14. The vertical

axis represents power density, which was normalized by setting the peak of the

calculated radiation pattern, whose target direction is 0◦, to 0 dB. The horizontal

axis represents the azimuth, which is shown in Fig. 3.4 and the angle directly
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in front of the APAS is defined as 0◦. From the results shown in Fig. 3.14, we

confirmed that the beam direction can be controlled by the output phases of an-

tenna elements in the electric field synthesis method. When the size of the beam

direction is increased, the peak directivity of the radiation pattern of the APAS is

decreased because of the radiation pattern of the antenna element shown in Fig.

3.6. The variation in peak directivity in the positive angles is similar to that in

the negative angles. The decreases in peak directivity, which are shown in the

experiment results and the HFSS simulation results, do not occur in the electric

field synthesis method; thus, we cannot consider the effect of grating lobes in the

electric field synthesis method. Figure 3.15 shows a two-dimensional radiation

patterns for beam directions of 20◦, 40◦, and 60◦. The vertical axis represents

elevation and the horizontal axis represents azimuth. The elevation and azimuth

are shown in Fig. 3.4 and the angles directly in front of the APAS are defined

as 0◦. The color indicates the power density, which was normalized by setting

the peak of the calculated radiation pattern, whose target direction is 0◦, to 0

dB. The red circles indicate the main lobes of the radiation pattern and the blue

circles indicate the grating lobes of the radiation pattern. From the results shown

in Fig. 3.15, when the beam direction is 40◦ or 60◦, grating lobes are calculated

in the radiation patterns; however, the decreases in peak directivity are not con-

firmed in the electric field synthesis method. The electric field synthesis method

directly calculates the electric fields using the theoretical formula and the radia-

tion pattern of each antenna element independently, and the radiation pattern of

the phased array antenna is calculated by compositing the calculated electric fields

of antenna elements. Thus the electric field synthesis method does not consider

electromagnetic wave propagation and the law of conservation of energy, and we

cannot calculate the decreases in peak directivity caused by the grating lobes. On

the other hand, the form of the radiation pattern can be calculated in the electric

field synthesis method. Hence, we integrate the radiation pattern calculated in the

electric field synthesis method and correct the directivity of the radiation pattern

to maintain the law of energy conservation, and consider the decreases in peak

directivity caused by the grating lobes in the electric field synthesis method. We

have to decrease the step size of the azimuth and elevation to integrate the radi-

ation pattern with high accuracy; this increases the time required for the electric

field synthesis method.

Here, we describe the comparisons between the measurement and simulation

results. The measured radiation patterns and the simulated radiation patterns,
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Figure 3.14: Calculated radiated patterns in the beam direction control simu-
lation in the electric field synthesis method.

which were calculated by HFSS and the electric field synthesis method, are shown

in Fig. 3.16. Figure 3.16 shows the comparison of the radiation patterns for beam

directions of 0◦, 20◦, and 40◦. The vertical axis represents power density, which

was normalized by setting the peak of the measured radiation pattern and the sim-

ulated radiation patterns, whose target directions are 0◦, to 0 dB. The horizontal

axis represents the azimuth, which is shown in Fig. 3.4 and the angle directly in

front of the APAS is defined as 0◦. The center of the horizontal axis is set as the

beam direction in Fig. 3.16. From the comparison shown in Fig. 3.16(a), the mea-

sured radiation pattern is almost identical to the simulated patterns in HFSS and

the electric field synthesis method; thus, we confirm that HFSS and the electric

field synthesis method calculate the radiation patterns with high accuracy. How-

ever, when the size of the azimuth is larger than about 25◦, the calculation error

becomes slightly larger in the electric field synthesis method. From the compari-

son shown in Fig. 3.16(b), the peak directivity of the measured radiation pattern

is slightly smaller than that of simulated patterns because the measured radiation

patterns include some errors. These errors are probably caused by positional errors

of the transmitting and receiving antenna, calibration errors, and phase control

errors. Furthermore, when the size of the azimuth is larger than about 25◦, the

calculation error increases slightly in the electric field synthesis method. From the

comparison shown in Fig. 3.16(c), the measured radiation pattern is almost iden-

tical to the simulated pattern in HFSS; thus, we confirm that HFSS calculates the
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(a) Beam direction is 20◦. (b) Beam direction is 40◦.

(c) Beam direction is 60◦.

Figure 3.15: Calculated two-dimensional radiation patterns in the beam direc-
tion control simulation in the electric field synthesis method.

radiation patterns with high accuracy. However, the simulated radiation pattern

in the electric field synthesis method is larger than the measured radiation pattern

and the simulated radiation pattern in HFSS. From these comparisons, we confirm

that beam direction can be controlled with high accuracy with the APAS and that

HFSS can calculate the radiation patterns with high accuracy. The electric field

synthesis method calculates the beam direction with high accuracy; however, when

the calculated angle is distant from the front of the APAS, the error in directivity

increases.

In this section, we describe the APAS beam direction control experiments
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(a)

(b)

(c)

Figure 3.16: Comparison between the measured radiation patterns and the
simulated radiation patterns in HFSS and the electric field synthesis method;
(a) beam direction is 0◦, (b) beam direction is 20◦, (c) beam direction is 40◦.
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and simulations. From the experimental results, we confirm that we can control

the beam direction with high accuracy using the actual phased array antenna

simulating the phased array antenna of the panel module of the panel-structured

SPS. Additionally, we compare the measured radiation patterns and simulated

radiation patterns and confirm that both HFSS and the electric field synthesis

method calculate the radiation patterns with high accuracy; however, the electric

field synthesis method cannot calculate the decreases in directivity caused by the

grating lobes. Moreover, directivity errors increase when the calculated angle is

distant from the front of the phased array antenna.

3.6 Flat-topped Beam Forming Experiment

In this section, we describe a flat-topped beam forming experiment. We must

control the output phases of a phased array antenna with high exceedingly high

accuracy to form a flat-topped beam pattern. Hence, we demonstrate flat-topped

beam forming with the APAS to prove the phase control accuracy of the actual

phased array antenna.

3.6.1 Outline of Flat-topped Beam Pattern

A flat-topped beam pattern requires the high beam control accuracy. The radiated

power density of a flat-topped beam pattern is uniform in a certain area. In mi-

crowave power transmission technology, we use a phased array antenna to achieve

high power transmission efficiency. A phased array antenna consists of antenna

elements; thus, we increase the antenna gain by increasing the number of antenna

elements. Additionally, we control the beam form to increase the transmission

efficiency. There are several well-known beam forming methods for phased array

antenna, including the Gaussian method, Chebyshev method, and Taylor method

[58, 59]. Using these beam forming methods, we can decrease the side lobe level

and increase the transmission efficiency. Figure 3.17(a) shows a radiation power

density of a Chebyshev beam pattern. We can decrease the power radiated to

the outside of the receiving area and increase the transmission efficiency using the

Chebyshev method. On the other hand, we use a rectenna array as a receiving an-

tenna. The rectenna consists of a rectifying circuit and an antenna, and converts

the received microwave power to direct current power in the microwave power
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transmission system. The conversion efficiency of the rectenna is affected by the

input power level and that of a rectenna array is affected by the input power level

distribution [11, 60–62]; thus, when we use an antenna whose radiation pattern

is the Chebyshev beam pattern shown in Fig. 3.17(a), the input powers of each

rectenna element of a rectenna array are not uniform and the transmission effi-

ciency of the rectenna array is decreased. For this reason, it is necessary to form

a flat-topped beam pattern and equalize the input power level of each rectenna

element to increase the conversion efficiency of the rectenna array. Figure 3.17(b)

shows an ideal beam pattern for a rectenna array. The radiated power density on

the receiving area is uniform and that on the outside of the receiving area is low.

(a) (b)

Figure 3.17: Schematic of radiated power density on and near a receiving area:
(a) radiated power density of Chebyshev beam pattern, (b) radiated power

density of ideal beam pattern for a rectenna array.

In this section, we attempt to form a flat-topped beam pattern using the

APAS. We can control the output phase of each antenna element of the APAS by

using 5-bit digital phase shifters independently; however, the output power of each

antenna element of the APAS is uniform and cannot be controlled independently.

Thus, we must form a low side lobe level to achieve high transmission efficiency;

however, we cannot control the output power of each antenna element of the APAS,

and it is difficult to decrease the side lobe level. Hence, in this experiment, we

focused on flat-topped beam forming using the APAS.
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3.6.2 Output Phases of Flat-topped Beam Pattern

The experimental conditions are shown in Fig. 3.2 and the distance between the

APAS and the receiving antenna is 6.5 m. We aimed that the radiated power

density is uniformed when both azimuth and elevation are in a range form −5◦

to 5◦. This area in which the radiated power density is uniformed corresponds

to the receiving area. There are several well-known flat-topped beam forming

methods, for example, the Fourier transform method and the Woodward-Lawson

method [58, 59]. However, we could not form a flat-topped beam pattern using

these beam forming methods, probably because the receiving area is narrow and

the distance between the transmitting antenna and the receiving antenna is short.

Therefore, we decided to use a genetic algorithm (GA). We used the same type

of GA that was used to perform beam forming in some previous studies by our

group; using this algorithm, we calculated the output phases of the flat-topped

beam pattern [63, 64].In the GA, we calculated the radiation pattern of the APAS

by using the electric field synthesis method. We calculate a radiation pattern at

high speed to determine the evaluation function. We evaluated the flatness of the

radiated power density of the receiving area and did not evaluate the unwanted

emission to the outside of the receiving area in the GA. We optimized the control

values of the phase shifters of the APAS to form a flat-topped beam pattern. The

optimization results are shown in Fig. 3.18. The squares in Fig. 3.18 represent

the positions of the antenna elements and colors represent the optimized output

phases for a flat-topped beam pattern. In the following section, we discuss the

flat-topped beam forming experiment and simulation, in which the output phases

shown in Fig. 3.18 were used.

3.6.3 Flat-topped Beam Forming Experiment and Simula-

tion

Here, we describe the flat-topped beam forming experiment and simulation per-

formed using the APAS. The positions of the APAS and the measurement antenna

are identical to those shown in Fig. 3.2. We simulated the flat-topped beam form-

ing using HFSS under conditions identical to those in the experiment. In the

experiment, we first calibrated the phase shifters of the APAS using the REV

method. The measurement antenna was at near field under the experimental con-

ditions; thus, we corrected the phase shift caused by the difference in path length
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Figure 3.18: Optimized output phases for flat-topped beam pattern.

from each antenna element to the measurement antenna. Figure 3.19(a) shows

the experimental beam pattern in which we attempted to set the output phases

in-phase using only the calibration values of the REV method. Figure 3.19(b)

shows a beam pattern in which we used the calibration values of the REV method

and the correction values for phase errors caused by the difference in the path

length from each antenna element to the measurement antenna. The vertical axis

represents power density, which was normalized by setting the peak of the beam

pattern to 0 dB; the horizontal axis represents the azimuth. The beam pattern

in Fig. 3.19(a) shows some null points, while that in Fig. 3.20(b) shows no null

points. Figure 3.20(a) shows a simulated beam pattern in which we controlled

the output phases to focus the beam on the measurement antenna position of 0◦.

Figure 3.20(b) shows a beam pattern in which we controlled the output phases

to be in-phase. The beam patterns in Fig. 3.20(a) and (b) are highly similar to

those in Fig. 3.19(a) and (b), respectively. Thus, we controlled the output phases

to focus the beam on the measurement antenna position of 0◦ in Fig. 3.19(a) and

controlled the output phases to be in-phase in Fig. 3.19(b). From these results,

we confirmed the calibration of the phase shifters of the APAS.

The experimental conditions are shown in Fig. 3.2. The output phases for

a flat-topped beam are identical to the phases calculated by the GA described in

Section 3.6.2. The measured beam pattern of this experiment is shown in Fig. 3.21.

In this figure, the vertical axis represents power density, which was normalized by
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(a) (b)

Figure 3.19: Experimental beam pattern in which we attempted to set the
output phases in-phase using the calibration values. (a) Pattern with only the
calibration values of the REV method; (b) pattern with calibration values of
the REV method and correction values for phase error caused by the difference

in path length from each antenna element to a measurement antenna.

(a) (b)

Figure 3.20: Simulated beam patterns. (a) Output phase controlled to focus the
beam on the measurement antenna position of 0◦; (b) output phase controlled

to be in-phase.

setting the peak of the beam pattern to 0 dB, and the horizontal axis represents

the azimuth. The receiving area corresponds to the space in which the azimuth

is in the range −5◦ to 5◦. The difference between the maximum and minimum

power density in the receiving area was less than 0.9 dB; thus, we achieved a flat-

topped beam forming using the APAS. According to these results, we achieved a

flat-topped beam forming using the actual phased array antenna.

Figures 3.22 and 3.23 show the calculated beam patterns achieved in the elec-

tromagnetic simulation. Figure 3.22 shows the one-dimensional horizontal beam

pattern, and Fig. 3.23 shows the two-dimensional beam pattern. In Fig. 3.22, the
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Figure 3.21: Measured flat-topped beam pattern.

vertical axis represents power density, which was normalized by setting the peak

of the beam pattern to 0 dB, and the horizontal axis represents azimuth. In Fig.

3.23, the vertical axis represents elevation, the horizontal axis represents azimuth,

and the color represents power density, which was normalized by setting the peak

of the beam pattern to 0 dB. From the results shown in Fig. 3.23, the beam pat-

tern is flat-topped in the two-dimensional pattern, the receiving area corresponds

to the space in which the azimuth and the elevation are in the range from −5◦ to

5◦, and the transmission efficiency from the transmitting antenna to the receiving

area is about 23%. The difference between the maximum and minimum power

density in the receiving area was less than 0.6 dB, as shown in Fig. 3.22. Accord-

ing to these results, we achieved a flat-topped beam forming using the APAS in

the electromagnetic simulation.

We then compared the results of the experiment and the simulation. Figure

3.24 shows a comparison between the simulated and measured beam patterns, and

Fig. 3.25 shows an enlarged view of the region in Fig. 3.24. The measured beam

pattern was almost identical to the simulated beam pattern on the inside and

outside of the receiving area. Because the output phases required high accuracy

control to form the flat-topped beam pattern, we confirm that we can control

the output phases of the APAS with high accuracy and can calculate the output

phases of the flat-topped beam pattern using the GA.



Chapter 3. Beam Forming Experiments and Simulations for Phased Array
Antennas 44

Figure 3.22: Simulated one-dimensional flat-topped beam pattern.

Figure 3.23: Simulated two-dimensional flat-topped beam pattern.
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Figure 3.24: Comparison between the simulated beam pattern and the measured
beam pattern.

Figure 3.25: Enlarged view of the region in Fig. 3.24.
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In the flat-topped beam forming experiment, we achieved a complex beam

forming using the actual phased array antenna. The transmission efficiency is as

low as 23% because we cannot control the output power of each antenna element

independently. Thus, if we control the output phases and output power of each

antenna element independently, we can increase the transmission efficiency. Ac-

cording to these results, we confirm that complex beam forming can be achieved

by current technology and a phased array antenna is suitable as a transmission

antenna of a microwave power transmission system.

3.7 Radiation Pattern of the Panel Module of

the Panel-structured SPS

In the previous sections, we described experiments with the actual phased array

antenna. Additionally, we simulated the radiation pattern for comparison with

the experimental radiation pattern. This comparison confirmed that radiation

patterns can be calculated with high accuracy using HFSS. In this section, we

describe simulations of the panel module of the panel-structured SPS in HFSS to

confirm the performance of beam direction control.

3.7.1 Simulation Model of the Phased Array Antenna of

the Panel Module

We designed a simulation model of the phased array antenna of the panel module

of the panel-structured SPS in HFSS. Figure 3.26 shows the designed simulation

model. The size of the panel module is 50 cm × 50 cm and the frequency of

the power transmission microwave is 5.8 GHz; these parameters are identical to

those of the tetherd SPS. The number of antenna element is 256 and the patch

antenna, which is identical to the antenna shown in Fig 3.5 is used as the antenna

element. The antenna array geometry is a rectangular plate arrangement and

the distance between the antenna elements is 31.25 mm, which corresponds to

0.6 wavelengths of the power transmission microwave. The output phases of the

antenna elements can be controlled independently; however, the output power of

the antenna elements is uniform and cannot be controlled independently.
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Figure 3.26: Design of the phased array antenna of the panel module in HFSS.

We controlled the output phases of the antenna elements to vary the beam

direction with the designed simulation model of the phased array antenna of the

panel module and calculate the radiation patterns. The output phases were cal-

culated to form a wavefront using the positions of the antenna elements and the

target direction.

3.7.2 Beam Direction Control Simulation of the Phased

Array Antenna of the Panel Module

We varied the beam direction between azimuths of 0◦ to 50◦ and calculated the

radiation patterns in HFSS. The simulation model shown in Fig. 3.26 is symmet-

rical in the horizontal axis; thus, the beam direction we calculated is only in the

positive angle because the variation in peak directivity in the positive angles is

similar to that in the negative angles. The calculated radiation pattern in these

simulations are shown in Fig. 3.27. The vertical axis represents power density,

which was normalized by setting the peak of the calculated radiation pattern,

whose target direction is 0◦, to 0 dB; the horizontal axis represents the azimuth

and the angle directly in front of the panel module is defined as 0◦. The results



Chapter 3. Beam Forming Experiments and Simulations for Phased Array
Antennas 48

of Fig. 3.27 confirm that the beam direction can be controlled with high accuracy

by the output phases of antenna elements.

(a) Beam direction is 0◦. (b) Beam direction is 10◦.

(c) Beam direction is 20◦. (d) Beam direction is 30◦.

(e) Beam direction is 40◦. (f) Beam direction is 50◦.

Figure 3.27: Radiation patterns of the phased array antenna of the panel module
when the beam direction was varied between azimuths of 0◦ to 50◦.

We then compared the calculated radiation patterns of the phased array an-

tenna of the panel module. The comparison between the radiation patterns is

shown in Fig. 3.28. The vertical axis represents power density, which was normal-

ized by setting the peak of the calculated radiation pattern, whose target direction

is 0◦, to 0 dB. The horizontal axis represents the azimuth and the angle directly in
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front of the panel module is defined as 0◦. The dotted line represents the variation

in the peak directivity when we vary the beam direction of the phased array an-

tenna of the panel module. From the results shown in Fig. 3.28, we confirm that

peak directivity is slightly decreased when the size of the beam direction is less

than 30◦. The decrease in peak directivity corresponds to the radiation pattern of

the antenna element. On the other hand, the peak directivity when the size of the

beam direction is larger than 30◦ is suddenly decreased because of the generation

of unwanted grating lobes. The peak directivity decreases about 3 dB when the

size of the beam direction increases from 0◦ to 40◦. From the results shown in

Fig. 3.28, the peak directivity is approximately −1 dB when the size of the beam

direction is 30◦ and approximately −3 dB when the size of the beam direction is

40◦; thus, the transmission power is decreased to approximately 90% when the size

of the beam direction is 30◦ and is decreased to approximately 50% when the size

of the beam direction is 40◦. For these reasons, we must control the size of panel

module angles to be smaller than 40◦ to maintain high transmission efficiency in

the panel-structured SPS.

Figure 3.28: Comparison between the radiation patterns of the phased array
antenna of the panel modules.
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Chapter 4

Accuracy Evaluation of

Microwave Power Beam Forming

Method with PAC Method

4.1 Introduction

In this chapter, we evaluate the control accuracy of the Position and Angle Correc-

tion (PAC) method. First, we describe the control accuracy of the PAC method

using a simplified simulation model. Second, we describe the control accuracy of

the PAC method using a simulation model that corresponds to the design of an

actual panel-structured SPS. From these evaluations, we confirm the effectiveness

of the PAC method and estimate the control accuracy of the PAC method.

4.2 Outline of Simplified Simulation Model

In this section, we describe a simplified simulation model shown in Fig. 4.1. The

simplified simulation model corresponds to a panel-structured SPS that consists

of panel modules with a linear phased array antenna shown in Fig. 4.1. We use

this simplified simulation model to evaluate the effectiveness and accuracy of the

PAC method.

51



Chapter 4. Accuracy Evaluation of Microwave Power Beam Forming Method
with PAC Method 52

Figure 4.1: Schematic of a simplified simulation model.

We next describe parameters of the simplified simulation model. The param-

eters of the simplified simulation model are shown in Figs. 4.2 and 4.3. Figure 4.2

shows the positions of the pilot signal receiving points and a power transmission

antenna model on a panel module. Figure 4.3 shows the position of the nth panel

module, the position of a power transmission antenna, and the angle of the nth

panel module. In Figs. 4.2 and 4.3, we show one transmission antenna element

because we consider the control accuracy at each transmission antenna element in-

dependently. The l axis in Fig. 4.2 represents the position on a panel module, and

the center of the panel module is defined as 0 on the l axis. The length of the panel

module is represented by l0, and the positions of both edges are represented by

− l0
2
and l0

2
, respectively. Two pilot signal receiving points, which are called pilot

signal receiving points A and B, and a power transmission antenna element are set

on each panel module. The position of pilot signal receiving point A, pilot signal

receiving point B, and the power transmission antenna element are represented by

lA, lB, and lt, respectively. The x and z axes in Fig. 4.3 represent a rectangular

coordinate system; the x direction is perpendicular to the traveling direction of

the pilot signal, and the z direction is parallel to the traveling direction of the

pilot signal. The positions of the nth panel module and the power transmission

antenna element are represented by zp,n and zt on the z axis, respectively. The

panel angle is represented by the angle θp,n, which is formed by the x axis and the

nth panel module. In Addition, the wavelength of the pilot signal and the power

transmission microwave are represented by λs and λt, respectively, and the reach-

ing phases received at pilot signal receiving points A and B are represented by ϕn,A

and ϕn,B, respectively. We calculate the received pilot signal phases by comparing

these reaching phases with those of the reference signals that are synchronized
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among all panel modules of the panel-structured SPS. In this simulation model,

the phase of a received pilot signal is defined as 0◦ in the PAC method when the

position of the pilot signal receiving point is 0 on the z axis.

Figure 4.2: Schematic of the pilot signal receiving points and power transmission
antenna on a panel module.

Figure 4.3: Schematic of the nth panel module.

4.3 Process of the PAC Method in Simulations

The PAC method was proposed for the panel-structured SPS. The PAC method

estimates the position of panel modules and antenna elements to correct the output

phases of the phased array antenna of the panel-structured SPS using a pilot signal.

The pilot signal is radiated from a power receiving site on the Earth in order to

detect the target of the power transmission. In the simulations, the calculation

process of the PAC method involves the following steps.

1. We receive a pilot signal, which was radiated from a power receiving site on

the Earth, at pilot signal receiving points A and B on each panel module,

and we measure the reaching phases ϕn,A and ϕn,B, which were received at

pilot signal receiving points A and B, respectively.
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2. We calculate the arrival direction of the pilot signal to estimate the panel

angle from reaching phases ϕn,A and ϕn,B using the following equation:

θp,n = sin−1

(
ϕn,B − ϕn,A

lB − lA

λs

2π

)
, (4.1)

where θp,n represents the angle of the nth panel module, and lA and lB

represent the positions of pilot signal receiving points A and B, respectively.

3. We calculate the position of the panel module from reaching phases ϕn,A and

ϕn,B, the positions of pilot signal receiving points lA and lB, and the angle

of the panel module θp,n by using the following equations:

z′p,n,A =

(
kn,A +

ϕA

2π

)
λs + lA sin θp,n, (4.2)

z′p,n,B =

(
kn,B +

ϕB

2π

)
λs + lB sin θp,n, (4.3)

where z′p,n,A and z′p,n,B represent the positions of the nth panel modules and

are calculated from the positions of the pilot signal receiving points lA and lB,

respectively. However a plurality of positions for each panel module whose

intervals correspond to one wavelength of the pilot signal are calculated from

Eqs. (4.2) and (4.3); the arbitrary integers kn,A and kn,B are used in Eqs.

(4.2) and (4.3), respectively.

4. We calculate the position of the panel module from the angle of the panel

module and the position and angle of the neighboring panel module, which

is the (n − 1)th panel module in the simulation of the PAC method, using

the following equation:

z′p,n = zp,n−1 +
l0
2
sin θp,n−1 +

l0
2
sin θp,n, (4.4)

where z′p,n represents the position of the panel module that is calculated

from the neighboring panel module. We then calculate the real position of

the panel module using the following equation:

zp,n =
1

2
(zp,n,A + zp,n,B) , (4.5)
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where zp,n represents the position of the panel module and zp,n,A and zp,n,B

correspond to the positions of the panel module z′p,n,A and z′p,n,B that are

nearest to the position of panel module z′p,n, respectively.

5. We calculate the position of the power transmission antenna element from

the position of panel module zp,n and the angle of the panel module θp,n

using the following equation:

zt = zp,n + lt sin θp,n, (4.6)

where zt represents the position of the power transmission antenna element.

6. We calculate the output phase correction value, which corresponds to the

phase shift value caused by the position shift of the antenna element, from the

position of the power transmission antenna element using following equation:

ϕt = −zt
2π

λt

, (4.7)

where ϕt represents the output phase correction value.

In the above process, there are two pilot signal receiving points on each panel

module; thus, zp,n,A is equal to zp,n,B and we do not need to calculate the average

value in Eq. (4.5). However, we calculate the position of the panel module in the

same way as when there are more than three pilot signal receiving points on each

panel module. In addition, we calculate the position of the panel module from

the (n− 1)th panel module because we define the position of the edge of the first

panel module as 0, which is the reference position in the simulation of the PAC

method, on the x and z axes. However, in an actual panel-structured SPS, we can

calculate the position of the panel module from the position of the (n+1)th panel

module.

The process described in this section is the PAC method for a panel-structured

SPS, which consists of panel modules with a linear phased array antenna shown in

Fig. 4.1 and we calculate the positions and angles of the panel modules in a two di-

mensional coordinate system. When we use the PAC method for a panel-structure

SPS, which consists of panel modules with a planar phased array antenna, we add

a y axis, which is perpendicular to the x and z axes, to the calculation process

and calculate the positions and angles of the panel modules in a three dimensional

coordinate system.
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4.4 Confirmation of Beam Forming with the PAC

Method in an Ideal Case

In this section, we describe beam forming with the PAC method in an ideal case,

in which we have no measurement errors of the pilot signal phases in the simula-

tions, and we confirm that we can correct the output phase errors of the power

transmission microwave caused by the deformation of the antenna surface of the

panel-structured SPS. The number of panel modules is defined as 20 and the target

direction is defined as 0◦, which is directly in front of the panel-structured SPS.

The angles of the panel modules are randomly defined in the range −3◦ to 3◦ be-

cause we do not consider the impact of ambiguities; such ambiguities are described

in the next chapter. Pilot signal receiving points A and B are placed at the ends

of each panel module. The output phases of the antenna elements without phase

control are in-phase because we calculate the initial values of the output phases

for an ideal panel-structured SPS whose antenna surface is completely flat and

does not become deformed.

Figures 4.4 and 4.5 show the results of the simulation of the PAC method;

Fig. 4.4 shows the panel positions of the panel modules, and Fig. 4.5 shows the

radiation pattern, which is calculated using the electric field synthesis method

described in the previous chapter. In Fig. 4.4 the vertical axis represents the

position on the z axis and the horizontal axis represents the position on the x

axis. The black line represents the real positions of the panel modules, the gray

broken line represents the estimated positions of the panel modules, and the black

line represents the ideal positions of the panel modules. From the results shown in

Fig. 4.4, the estimated positions of the panel modules completely correspond to

the real positions of the panel modules; therefore, we confirm that the positions of

the panel modules can be estimated by the PAC method. In Fig. 4.5, the vertical

axis represents directivity, which was normalized by setting to 0 dB the peak of

the radiation pattern of the ideal panel-structured SPS without any phase control;

the horizontal axis represents the angle. The gray line represents the radiation

pattern without phase control and the black line represents the radiation pattern

using the PAC method. From the results shown in Fig. 4.5, we cannot form the

power transmission beam without phase correction methods when the antenna

surface is deformed; however, we can form the power transmission beam whose

direction corresponds to the target direction of 0◦ using the PAC method. From
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the results shown in Figs. 4.4 and 4.5, we confirm that we can correct the output

phases and form the power transmission beam using the PAC method.

Figure 4.4: Results of the position estimation of the panel modules using the
PAC method without pilot signal phase measurement errors.

Figure 4.5: Results of beam forming using the PAC method without pilot signal
phase measurement errors.

4.5 Confirmation of Beam Forming with the PAC

Method in a Realistic Case

In the previous section, we described beam forming with the PAC method in an

ideal case in which we have no measurement errors of the pilot signal phases.

However, in an actual system, measurement errors occur during measurement of

the pilot signal phases. Hence, we describe beam forming with the PAC method
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in a realistic case in which we have measurement errors of the pilot signal phases.

We confirm that we can correct the output phase errors of the power transmission

microwave caused by deformation of the antenna surface of the panel-structured

SPS even if measurement errors occur during measurement of the pilot signal

phases. In this section, to confirm the PAC method, we assumed that measurement

errors occur in the measurement of the pilot signal phases. We consider another

beam forming method that we called the angle estimation method in this thesis and

compare it with the PAC method. The underlying concept of the angle estimation

method is the same as that of the PAC method. The angle correction method

estimates the position of panel modules and antenna elements to correct the output

phases of the phased array antenna of the panel-structured SPS using a pilot

signal. The calculation process of the PAC method in the simulations consists of

the following steps.

1. We receive a pilot signal, which was radiated from a power receiving site on

the Earth, at pilot signal receiving points A and B on each panel module and

measure reaching phases ϕn,A and ϕn,B, which were received at pilot signal

receiving point A and B, respectively.

2. We calculate the arrival direction of the pilot signal to estimate the panel

angle from reaching phases ϕn,A and ϕn,B using the following equation:

θp,n = sin−1

(
ϕn,B − ϕn,A

lB − lA

λs

2π

)
, (4.8)

where θp,n represents the angle of the nth panel module, and lA and lB rep-

resent the positions of the pilot signal receiving points A and B, respectively.

3. Because the panel modules are connected to each other, we calculate the

position of the panel module from the angle of the panel module and the

position and angle of the neighboring panel module using the following equa-

tion:

zp,n = zp,n−1 +
l0
2
sin θp,n−1 +

l0
2
sin θp,n, (4.9)

where zp,n represents the position of the panel module, and zp,n−1 and θp,n−1

represent the position and angle of the neighboring panel module, respec-

tively.

4. We calculate the position of the power transmission antenna element from

the position of the panel module zp,n and the angle of the panel module θp,n
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using the following equation:

zt = zp,n + lt sin θp,n, (4.10)

where zt represents the position of the power transmission antenna element.

5. We calculate the output phase correction value, which corresponds to the

phase shift value caused by the position shift of the antenna element, from

the position of the power transmission antenna element using the following

equation:

ϕt = −zt
2π

λt

, (4.11)

where ϕt represents the output phase correction value.

In the above process, we calculate the position of the panel module from

the angle of the panel module and the position and angle of the neighboring

panel module; thus, the calculated position of the panel module zt in the angle

estimation method corresponds to z′p,n, which is calculated using Eq. (4.4), in

the PAC method. In the PAC method, we use z′p,n to detect the real position of

the panel module from the calculated positions of the panel modules z′p,n,A and

z′p,n,B; thus, we calculate the panel position from the calculated positions of the

panel modules z′p,n,A and z′p,n,B, which were calculated from the measured pilot

signal phases. The difference between the PAC method and the angle estimation

method relates to whether the position of the panel module is calculated from the

measured pilot signal phases or the neighboring panel module.

We simulate the PAC method and the angle estimation method to confirm

the effectiveness of these methods. The number of panel modules is defined as 50

and the target direction is defined as 0◦, which is directly in front of the panel-

structured SPS. The angles of the panel modules are randomly defined in the

range −3◦ to 3◦ because we do not consider ambiguities; such ambiguities are

described in the next chapter. Pilot signal receiving points A and B are placed

at the ends of each panel module. The output phases of the antenna elements

without any phase control are in-phase because we calculate the initial values

of the output phases for an ideal panel-structured SPS whose antenna surface is

completely flat and does not become deformed. The measurement errors occur

during the measurement of the pilot signal phases, and the normal deviation of

the phase measurement errors is defined as 10◦. Figures 4.6 and 4.7 show the
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calculated panel positions of the panel modules from the PAC method and the

angle estimation method; Fig. 4.7 is an enlarged view of a region of Fig. 4.6. In

Fig. 4.6, the vertical axis represents the position on the z axis and the horizontal

axis represents the position on the x axis. The black line represents the real

positions of the panel modules that were defined as a deformed panel-structured

SPS, the gray line represents the calculated positions of the panel modules using

the PAC method, and the broken line represents the calculated positions of the

panel modules using the angle estimation method. From the results shown in

Fig. 4.6, we confirm that the calculation errors of the angle estimation method

are larger than those of the PAC method. In this simulation, we use the leftmost

panel module in Fig. 4.6 as a reference panel module for the position estimation,

and calculate the positions of the panel modules one by one. The position of a

panel module is calculated from the position of the neighboring panel module in

the angle estimation method; thus, the calculation errors of the panel modules

of the angle estimation method are propagated from the panel modules on the

left side toward the panel modules on the right side. On the other hand, the

position of a panel module is calculated from the measured pilot signal phases,

and the position of the neighboring panel module is used to detect the real position

from the calculated positions of the panel module in the PAC method; thus, the

calculation errors are not propagated to other panel modules. Furthermore, the

panel modules whose positions were calculated using the PAC method, are not

connected to neighboring panel modules because the positions of the panel modules

are not calculated from the positions of neighboring panel modules. Figure 4.8

shows the calculated radiation patterns using the electric field synthesis method in

the simulations when the antenna surface of the phased array antenna corresponds

to the real positions of the panel modules shown in Fig.4.8. In Fig. 4.8, the vertical

axis represents directivity, which was normalized by setting to 0 dB the peak of

the radiation pattern of the ideal panel-structured SPS without phase control;

the horizontal axis represents the angle. The black line represents the radiation

patterns without phase control, the black broken line represents the radiation

pattern using the PAC method, and the gray broken line represents the radiation

pattern using the angle estimation method. From the results shown in Fig. 4.8,

we cannot form a power transmission beam without phase control because of the

phase shifts of the power transmission microwaves caused by deformation of the

antenna surface; however, we achieve power transmission beam forming and the

beam direction corresponds to the target direction of the power receiving site.
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On the other hand, we achieve power transmission beam forming using the angle

estimation method; however, the beam direction differs from the target direction,

and the peak directivity of the radiation pattern is decreased.

Figure 4.6: Comparison between methods for the position estimation of the
panel modules.

Figure 4.7: Enlarged view of a region of Fig. 4.6.

From the results of these simulations, we confirm that we can correct the

output phases and form the power transmission beam using the PAC method even

if measurement errors occur during measurement of the pilot signal phases. Fur-

thermore, the estimation errors which occur on a panel module do not propagate

to other panel modules in the PAC method; thus, the PAC method is suitable for

the panel-structured SPS, which consists of a large number of panel modules.
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Figure 4.8: Comparison between radiation patterns.

4.6 Accuracy Evaluation of the PAC Method us-

ing Formulas

From the results of the previous section, we confirm that we can correct the output

phases of the antenna elements using the PAC method even if measurement errors

occur during measurement of the pilot signal phases. In this section, we evaluate

using formulas the accuracy of the PAC method when measurement errors occur

during measurement of the pilot signal phases. We use the simplified simulation

model shown in Fig.4.1 to evaluate the accuracy of the PAC method. The param-

eters correspond to those described in Section 4.2 and the calculation process of

the PAC method corresponds to the process described in Section 4.5.

We assume that the measurement errors of the pilot signal phases are δA

and δB at pilot signal receiving points A and B, respectively, and we calculate

the error of the output phase correction value of the power transmission antenna

in the PAC method. The error of an output phase correction value in the PAC

method is calculated by Eq. (4.12), which is derived from Eqs. (4.1) and (4.6):

δt =

(
(δB − δA)

lt
lB − lA

+
δA + δB

2

)
ft
fs
, (4.12)

where δt represents the error of the output phase correction value in the PAC

method. Equation (4.12) consists of two types of error: an angle estimation error

and a position estimation error. The angle estimation error is the error of the
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output phase correction value caused by the angle estimation of the panel modules;

it is calculated by the following equation:

δt,deg = (δB − δA)
lt

lB − lA

ft
fs
, (4.13)

where δt,deg represents the angle estimation error of the panel module, and the

angle estimation error corresponds to the first term on the right side of Eq. (4.12).

The position estimation error is the error of the output phase correction value

caused by the position estimation of the panel modules; it is calculated by the

following equation:

δt,posi =
δA + δB

2

ft
fs
, (4.14)

where δt,posi represents the position estimation error of the panel module, and the

position estimation error corresponds to the second term on the right side of Eq.

(4.12). The error of the output phase correction values in the PAC method is the

sum of the angle and phase correction errors.

We assume that the phase measurement errors follow a normal distribution,

and the standard deviation of the phase measurement errors is defined as σ. Stan-

dard deviations of the errors of the output phase correction values caused by the

angle and position estimation of the panel modules are calculated by Eqs. (4.15)

and (4.16), which are derived from Eqs. (4.13) and (4.14), respectively, and are

as follows:

σt,deg =
√
2σ

∣∣∣∣ lt
lB − lA

∣∣∣∣ ftfs , (4.15)

σt, posi =
σ√
2

ft
fs
, (4.16)

where σt,deg represents the standard deviation of the errors of the output phase

correction values caused by the angle estimation of the panel module, and σt, posi

represents the standard deviation of the errors of the output phase correction

values caused by the position estimation of the panel module. The standard

deviation of the errors of the output phase correction values in the PAC method

is calculated by Eq. (4.17), which is derived from Eqs. (4.15) and (4.16), and is

written as follows:

σt =

((√
2σ

∣∣∣∣ lt
lB − lA

∣∣∣∣)2

+

(
σ√
2

)2
) 1

2

× ft
fs
, (4.17)
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where σt represents the standard deviation of the output phase correction values

in the PAC method.

From the above consideration, we confirm that the errors of the output phase

correction values in the PAC method caused by pilot signal phase measurement

errors consist of two types of error: angle and position estimation errors of the

panel modules. The angle estimation errors occur in the angle estimation of the

panel modules and affect the beam direction control of the phased array antenna

of the panel module; thus, the angle estimation errors are related to the beam

width of the phased array antenna of the panel module. If the beam width of

the phased array antenna of the panel modules becomes large, the effect of the

angle estimation errors is decreased. The size of the angle estimation errors is

directly proportional to the position of the power transmission antenna element

and inversely proportional to the distance between pilot signal receiving points

A and B. The position estimation errors occur in the position estimation of the

panel modules and similarly affect the output phases of all antenna elements on the

panel module. The position estimation errors correspond to output phase errors

of a phased array antenna when the phased array antennas of each panel module

are regarded as antenna elements of the panel-structured SPS; thus, the position

estimation errors do not affect the radiation pattern of each phased array antenna

of a panel module. The size of the position estimation errors is not related to the

positions of the power transmission antenna element and the pilot signal receiving

points; however, we calculate the average of the calculated positions of the panel

modules, which were calculated from pilot signal receiving points A and B, to

estimate the position of the panel modules. The size of the position estimation

errors are inversely proportional to the number of pilot signal receiving points.

4.7 Accuracy Evaluation of the PAC Method us-

ing Simulations

In the previous section, we evaluated using formulas the accuracy of the PAC

method. In this section, we evaluate the accuracy of the PAC method using

simulation of the PAC method. We use the simplified simulation model shown in

Fig. 4.1 to evaluate the accuracy of the PAC method. The parameters correspond

to those described in Section 4.2 and the calculation process in the simulation of
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the PAC method is that described in Section 4.5. We assume the measurement

errors of the pilot signal phases and calculate the output phase correction errors in

the simulation to evaluate the accuracy of the PAC method. The number of panel

modules is defined as 5000 and pilot signal receiving points A and B are placed

at the ends of each panel module. We assume that the phase measurement errors

follow a normal distribution, and the standard deviation of the phase measurement

errors is defined as 10◦.

We calculate the output phase correction errors of each antenna element in

the simulation. Figure 4.9 shows the results of the simulation displayed as a

histogram. The vertical axis represents the number of cases in each range. The

horizontal axis represents the output phase correction errors and is divided into

a number of intervals. The pattern shown in Fig. 4.9 is symmetrical, and the

standard deviation of the output phase correction errors is approximately 16◦

when the standard deviation of the phase measurement errors is defined as 10◦.

On the other hand, when we calculate the standard deviation of the output phase

correction errors using Eq. (4.17), the calculated standard deviation of the output

phase correction errors is approximately 16◦. Hence, we compare the calculation

result of the simulation and the calculation result of Eq. (4.17) and confirm that

these results correspond with each other. From this comparison, we confirm that

we can calculate the output phase correction errors using the formulas described

in Section 4.6.

Figure 4.9: Distribution of output phase correction errors in the PAC method.
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4.8 Outline of a Simulation Model Based on the

Actual Panel-structured SPS

In the previous section of this chapter, we considered the PAC method using a

simplified simulation model. The phased array antenna of the simplified simula-

tion model uses a linear array antenna as a transmission antenna; however, the

actual panel-structured SPS uses a planer array antenna as a transmission an-

tenna. Hence, in this section, we evaluate the accuracy of the PAC method using

a simulation model based on the actual panel-structured SPS.

The simulation models, which are based on the actual panel-structured SPS,

are shown in Fig. 4.10. We consider one power transmission antenna because we

evaluate the accuracy of the PAC method using formulas in the same way as for

the simplified simulation model. The positions of the pilot signal receiving points

and the power transmission antenna on the panel module are represented by the

lx and ly axes, which are perpendicular to each other; these axes are on the surface

of the panel module. The length of each side of the panel module is represented

by l0, and the center of each side of the panel module is defined as 0 on the l axis.

We consider a three-dimensional Cartesian coordinate system that consists of x

axis, y axis, and z axis; the x and y directions are perpendicular to the traveling

direction of the pilot signal and the z direction is parallel to the traveling direction

of the pilot signal. The positions of the panel modules, the pilot signal receiving

points, and the power transmission antennas are represented by the x, y, and z

axes, respectively. The angles of the panel modules are represented by θx and θy;

θx is formed by the x axis and the panel module, and θy is formed by the y axis

and the panel module. We must arrange the pilot signal receiving points in two

directions, the lx and ly directions, because the actual panel-structured SPS uses

a planer array antenna. Two arrangements of the pilot signal receiving points

shown in Fig. 4.10 can be considered in this simulation model: the triangular

arrangement shown in Fig. 4.10(a), in which the receiving points are set on each

apex of a right triangle; and the rectangular arrangement shown in Fig. 4.10(b),

in which the receiving points are set on each apex of a rectangle. We calculate the

accuracy of the PAC method with both arrangements and compare the calculation

results to consider the arrangement of the pilot signal receiving points.
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(a) (b)

Figure 4.10: Simulation model based on the actual panel-structure SPS: (a) the
triangular arrangement; (b) the rectangular arrangement.

4.9 Accuracy Evaluation of the PACMethod with

a Triangular Arrangement of Pilot Signal Re-

ceiving Points

In this section, we describe the accuracy of the PAC method with a triangular

arrangement of pilot signal receiving points using the simulation model based on

the actual panel-structured SPS. We evaluate using formulas the accuracy of the

PAC method and consider the arrangement of the pilot signal receiving points.

The position of the three pilot signal receiving points and the power transmis-

sion antenna are shown in Fig. 4.10(a) The pilot signal receiving points consist of

pilot signal receiving points A1, A2, and A3. The positions of pilot signal receiving

points A1, A2, and A3 are defined as (lx,1, ly,1), (lx,2, ly,1), and (lx,1, ly,2), respec-

tively, because we estimate the angles of the panel module θx and θy. We assume

that the measured pilot signal phases are ϕ1, ϕ2, and ϕ3 at pilot signal receiving

points A1, A2, and A3, respectively. The wavelengths of the pilot signal and power

transmission microwave are λs and λt, respectively. Using these parameters, we

calculate the error of the output phase correction value of the power transmission

microwave in the PAC method.
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We calculate the angles of the panel module θx and θy using the following

equations:

sin θx =
ϕ2 − ϕ1

lx,2 − lx,1

λs

2π
, (4.18)

sin θy =
ϕ3 − ϕ1

ly,2 − ly,1

λs

2π
, (4.19)

We calculate the position of the panel module using the following equations:

z(1) = ϕ1
λs

2π
+ (lx − lx,1) sin θx + (ly − ly,1) sin θy

=
λs

2π

{
ϕ1 +

lx − lx,1
lx,2 − lx,1

(ϕ2 − ϕ1) +
ly − ly,1
ly,2 − ly,1

(ϕ3 − ϕ1)

}
, (4.20)

z(2) = ϕ2
λs

2π
+ (lx − lx,2) sin θx + (ly − ly,1) sin θy

=
λs

2π

{
ϕ2 +

lx − lx,2
lx,2 − lx,1

(ϕ2 − ϕ1) +
ly − ly,1
ly,2 − ly,1

(ϕ3 − ϕ1)

}
, (4.21)

z(3) = ϕ3
λs

2π
+ (lx − lx,1) sin θx + (ly − ly,2) sin θy

=
λs

2π

{
ϕ3 +

lx − lx,1
lx,2 − lx,1

(ϕ2 − ϕ1) +
ly − ly,2
ly,2 − ly,1

(ϕ3 − ϕ1)

}
, (4.22)

where z(1), z(2), and z(3) represent the positions of the panel module, which are

calculated from the positions of pilot signal receiving points A1, A2, and A3, re-

spectively. To reduce the effect of the pilot signal phase measurement erros, the

positions of the panel module are calculated using the following equation:

z =
1

3

(
z(1) + z(2) + z(3)

)
=

1

3

λs

2π

{
ϕ1

(
1− 3lx − 2lx,1 − lx,2

lx,2 − lx,1
− 3ly − 2ly,1 − ly,2

ly,2 − ly,1

)
+ ϕ2

(
1 +

3lx − 2lx,1 − lx,2
lx,2 − lx,1

)
+ ϕ3

(
1 +

3ly − 2ly,1 − ly,2
ly,2 − ly,1

)}
, (4.23)

where z represents the position of the panel module. The output phase correction

value of the power transmission microwave is calculated from the position of panel



Chapter 4. Accuracy Evaluation of Microwave Power Beam Forming Method
with PAC Method 69

module z using the following equation:

ϕt,A = −z
2π

λt

= −1

3

λs

λt

{
ϕ1

(
1− 3lx − 2lx,1 − lx,2

lx,2 − lx,1
− 3ly − 2ly,1 − ly,2

ly,2 − ly,1

)
+ ϕ2

(
1 +

3lx − 2lx,1 − lx,2
lx,2 − lx,1

)
+ ϕ3

(
1 +

3ly − 2ly,1 − ly,2
ly,2 − ly,1

)}
, (4.24)

where ϕt,A represents the output phase correction value of the power transmission

microwave. We then assume that the pilot signal phase measurement errors are

δ1, δ2, and δ3 at pilot signal receiving points A1, A2, and A3, respectively. The

errors of the output phase correction value of the power transmission microwave

are calculated using the following equation, which is derived from Eq. (4.24):

δϕt,A
= −1

3

λs

λt

{
δ1

(
1− 3lx − 2lx,1 − lx,2

lx,2 − lx,1
− 3ly − 2ly,1 − ly,2

ly,2 − ly,1

)
+ δ2

(
1 +

3lx − 2lx,1 − lx,2
lx,2 − lx,1

)
+ δ3

(
1 +

3ly − 2ly,1 − ly,2
ly,2 − ly,1

)}
, (4.25)

where δϕt,A
represents the error of the output phase correction value of the power

transmission microwave. We then assume that the pilot signal phase measurement

errors follow a normal distribution, and the standard deviation of the phase mea-

surement errors is defined as σ. The standard deviations of the error of the output

phase correction value of the power transmission microwave are calculated using

the following equation, which is derived from Eq.(4.25).

σt,A =
1

3

λs

λt

{(
1− 3lx − 2lx,1 − lx,2

lx,2 − lx,1
− 3ly − 2ly,1 − ly,2

ly,2 − ly,1

)2

+

(
1 +

3lx − 2lx,1 − lx,2
lx,2 − lx,1

)2

+

(
1 +

3ly − 2ly,1 − ly,2
ly,2 − ly,1

)2
} 1

2

σ

=
1

3

λs

λt

{
3 + 2

(
3lx − 2lx,1 − lx,2

lx,2 − lx,1

)2

+ 2

(
3ly − 2ly,1 − ly,2

ly,2 − ly,1

)2

+
3lx − 2lx,1 − lx,2

lx,2 − lx,1
· 3ly − 2ly,1 − ly,2

ly,2 − ly,1

} 1
2

σ, (4.26)

where σt,A represents the standard deviations of the error of the output phase

correction value of the power transmission microwave.
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We calculate the standard deviations of the errors of the output phase cor-

rection values of the power transmission microwaves radiated from each antenna

element of the panel module. We assume that the pilot signal phase measurement

errors follow a normal distribution, and the standard deviation of the phase mea-

surement errors is defined as 10◦. The pilot signal receiving points are set on the

three apexes of the panel module. The calculation results are shown in Fig. 4.11.

The vertical axis represents the position on the ly axis, and the horizontal axis

represents the position in the lx axis. The color indicates the size of the standard

deviations of the errors of the output phase correction values. The pilot signal

receiving points are set at the upper left, lower left, and lower right in this figure.

From Fig. 4.11, the errors of the output phase correction value are smallest at

the center of balance of the pilot signal receiving points. The greater the distance

from the center of balance of the pilot signal receiving points, the larger the size

of the error of the output phase correction value. The minimum standard devia-

tion is approximately 11.4◦ at the antenna element that is nearest to the center of

balance of the receiving points, and the maximum standard deviation is approxi-

mately 32.6◦ at the antenna element that is farthest from the center of balance of

the receiving points. The output phase correction error is large where the position

of the power transmission antenna element is near the apex of the panel module

on which we did not set a pilot signal receiving point. The standard deviation of

all the errors of the output phase correction values is approximately 18◦.

4.10 Accuracy Evaluation of the PAC Method

with a Rectangular Arrangement of Pilot

Signal Receiving Points

In this section, we describe the accuracy of the PAC method with a rectangular

arrangement of pilot signal receiving points using the simulation model based on

the actual panel-structure SPS. We evaluate using formulas the accuracy of the

PAC method and consider the arrangement of the pilot signal receiving points.

The position of the four pilot signal receiving points and the power transmis-

sion antenna are shown in Fig. 4.10(b) The pilot signal receiving points consist

of the pilot signal receiving points A1, A2, A3, and A4. The positions of the pi-

lot signal receiving points A1, A2, A3, and A4 are defined as (lx,1, ly,1), (lx,2, ly,1),
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Figure 4.11: Standard deviations of the errors of the output phase correction
values of the power transmission microwaves radiated from each antenna element
of the panel module with a triangular arrangement of pilot signal receiving

points.

(lx,1, ly,2), and (lx,2, ly,2), respectively, because we estimate the angles of the panel

module θx and θy. We assume that the measured pilot signal phases are ϕ1, ϕ2, ϕ3,

and ϕ4 at the pilot signal receiving points A1, A2, A3, and A4, respectively. The

wavelengths of the pilot signal and power transmission microwave are λs and λt,

respectively. Using these parameters, we calculate the error of the output phase

correction value of the power transmission microwave in the PAC method.

We calculate the angles of the panel module θx and θy using the following

equations:

sin θx,(1) =
ϕ2 − ϕ1

lx,2 − lx,1

λs

2π
, (4.27)

sin θx,(2) =
ϕ4 − ϕ3

lx,2 − lx,1

λs

2π
, (4.28)

sin θy,(1) =
ϕ3 − ϕ1

ly,2 − ly,1

λs

2π
, (4.29)

sin θy,(2) =
ϕ4 − ϕ2

ly,2 − ly,1

λs

2π
, (4.30)

where θx,(1) represents the θx calculated from A1 and A2, θx,(2) represents the θx
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calculated from A3 and A4, θy,(1) represents the θy calculated from A1 and A3, and

θy,(2) represent the θy calculated from A2 and A4. To reduce the effect of the pilot

signal phase measurement errors, the angles of the panel module θx and θy are

calculated using the following equations:

sin θx =
1

2

(
sin θx,(1) + sin θx,(2)

)
=

ϕ2 + ϕ4 − ϕ1 − ϕ3

lx,2 − lx,1

λs

2π
, (4.31)

sin θy =
1

2

(
sin θx,(1) + sin θx,(2)

)
=

ϕ3 + ϕ4 − ϕ1 − ϕ2

ly,2 − ly,1

λs

2π
, (4.32)

We calculate the position of the panel module using the following equations:

z(1) = ϕ1
λs

2π
+ (lx − lx,1) sin θx + (ly − ly,1) sin θy, (4.33)

z(2) = ϕ2
λs

2π
+ (lx − lx,2) sin θx + (ly − ly,1) sin θy, (4.34)

z(3) = ϕ3
λs

2π
+ (lx − lx,1) sin θx + (ly − ly,2) sin θy, (4.35)

z(4) = ϕ4
λs

2π
+ (lx − lx,2) sin θx + (ly − ly,2) sin θy, (4.36)

where z(1), z(2), z(3), and z(4) represent the positions of the panel module, which

are calculated from the positions of the pilot signal receiving points A1, A2, A3,

and A4, respectively. To reduce the effect of the pilot signal phase measurement

errors, the position of the panel module are calculated using following equation:

z =
1

4

(
z(1) + z(2) + z(3) + z(4)

)
=

1

4

{
(ϕ1 + ϕ2 + ϕ3 + ϕ4)

λs

2π

+ sin θx(4lx − 2lx,1 − 2lx,2) + sin θy(4ly − 2ly,1 − 2ly,2)

}
=

1

4

λs

2π

{(
z(1) + z(2) + z(3) + z(4)

)
+ (4lx − 2lx,1 − 2lx,2)

ϕ2 + ϕ4 − ϕ1 − ϕ3

lx,2 − lx,1

+ (4ly − 2ly,1 − 2ly,2)
ϕ3 + ϕ4 − ϕ1 − ϕ2

ly,2 − ly,1

}
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=
1

4

λs

2π

{
ϕ1

(
1− 2lx − lx,1 − lx,2

lx,2 − lx,1
− 2ly − ly,1 − ly,2

lx,2 − lx,1

)
+ ϕ2

(
1 +

2lx − lx,1 − lx,2
lx,2 − lx,1

− 2ly − ly,1 − ly,2
lx,2 − lx,1

)
+ ϕ3

(
1− 2lx − lx,1 − lx,2

lx,2 − lx,1
+

2ly − ly,1 − ly,2
lx,2 − lx,1

)
+ ϕ4

(
1 +

2lx − lx,1 − lx,2
lx,2 − lx,1

+
2ly − ly,1 − ly,2

lx,2 − lx,1

)}
, (4.37)

where z represents the position of the panel modules. The output phase correction

value of the power transmission microwave is calculated from the position of panel

module z using the following equation:

ϕt,A = −z
2π

λt

= −1

4

λs

λt

{
ϕ1

(
1− 2lx − lx,1 − lx,2

lx,2 − lx,1
− 2ly − ly,1 − ly,2

lx,2 − lx,1

)
+ ϕ2

(
1 +

2lx − lx,1 − lx,2
lx,2 − lx,1

− 2ly − ly,1 − ly,2
lx,2 − lx,1

)
+ ϕ3

(
1− 2lx − lx,1 − lx,2

lx,2 − lx,1
+

2ly − ly,1 − ly,2
lx,2 − lx,1

)
+ ϕ4

(
1 +

2lx − lx,1 − lx,2
lx,2 − lx,1

+
2ly − ly,1 − ly,2

lx,2 − lx,1

)}
, (4.38)

where ϕt,A represents the output phase correction value of the power transmission

microwave. We then assume that the pilot signal phase measurement errors are δ1,

δ2, δ3, and δ4 at pilot signal receiving points A1, A2, A3, and A4, respectively. The

errors of the output phase correction value of the power transmission microwave

are calculated using the following equation, which is derived from Eq. (4.38):

δϕt,A
= −1

4

λs

λt

{
δ1

(
1− 2lx − lx,1 − lx,2

lx,2 − lx,1
− 2ly − ly,1 − ly,2

lx,2 − lx,1

)
+ δ2

(
1 +

2lx − lx,1 − lx,2
lx,2 − lx,1

− 2ly − ly,1 − ly,2
lx,2 − lx,1

)
+ δ3

(
1− 2lx − lx,1 − lx,2

lx,2 − lx,1
+

2ly − ly,1 − ly,2
lx,2 − lx,1

)
+ δ4

(
1 +

2lx − lx,1 − lx,2
lx,2 − lx,1

+
2ly − ly,1 − ly,2

lx,2 − lx,1

)}
, (4.39)

where δϕt,A
represents the error of the output phase correction value of the power
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transmission microwave. We then assume that the pilot signal phase measure-

ment errors follow a normal distribution, and the standard deviations of the phase

measurement errors are defined as σ. The standard deviations of the errors of the

output phase correction values of the power transmission microwave are calculated

using the following equation, which is derived from Eq. (4.26):

σt,A =
1

4

λs

λt

{(
1− 2lx − lx,1 − lx,2

lx,2 − lx,1
− 2ly − ly,1 − ly,2

lx,2 − lx,1

)2

+

(
1 +

2lx − lx,1 − lx,2
lx,2 − lx,1

− 2ly − ly,1 − ly,2
lx,2 − lx,1

)2

+

(
1− 2lx − lx,1 − lx,2

lx,2 − lx,1
+

2ly − ly,1 − ly,2
lx,2 − lx,1

)2

+

(
1 +

2lx − lx,1 − lx,2
lx,2 − lx,1

+
2ly − ly,1 − ly,2

lx,2 − lx,1

)2
} 1

2

σ

=
1

2

λs

λt

{
1 +

(
2lx − lx,1 − lx,2

lx,2 − lx,1

)2

+

(
2ly − ly,1 − ly,2

lx,2 − lx,1

)2
} 1

2

σ, (4.40)

where σt,A represents the standard deviations of the errors of the output phase

correction value of the power transmission microwave.

We calculate standard deviations of the errors of the output phase correction

values of the power transmission microwaves radiated from each antenna element

of the panel module. We assume that the pilot signal phase measurement errors

follow a normal distribution, and the standard deviations of the phase measure-

ment errors are defined as 10◦. The pilot signal receiving points are set on all

apexes of the panel module. The calculation results are shown in Fig. 4.12. The

vertical axis represents the position on the ly axis, and the horizontal axis rep-

resents the position on the lx axis. The color indicates the size of the standard

deviations of the errors of the output phase correction values. The pilot signal

receiving points are set on all apexes of this figure. From Fig. 4.12, the errors

of the output phase correction values are smallest at the center of balance of the

pilot signal receiving points as was the case for the triangular arrangement of pilot

signal receiving points. The greater the distance from the center of balance of the

pilot signal receiving points, the larger the size of the error of the output phase

correction value. The minimum standard deviation is approximately 9.9◦ at the

antenna element that is nearest to the center of balance of the receiving points, and

the maximum standard deviation is approximately 16.3◦ at the antenna element
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that is farthest from the center of balance of the receiving points. The standard

deviation of all the errors of the output phase correction value is approximately

13◦.

Figure 4.12: Standard deviations of errors of output phase correction values of
power transmission microwaves radiated from each antenna element of the panel

module with a rectangular arrangement of pilot signal receiving points.

4.11 Comparison of the PAC Method with Tri-

angular and Rectangular Arrangements of

the Pilot Signal Receiving Points

In this section, we compare the output phase correction accuracy of the PAC

method with triangular and rectangular arrangements of the pilot signal receiving

points. The size of the output phase correction errors of the PAC method with the

rectangular arrangement is smaller than that with the triangular arrangement. In

the case of the triangular arrangement, the output phase correction errors become

extremely large where the position of the power transmission antenna element is

near the apex of the panel module on which we did not set a pilot signal receiving
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point. From these results, it is clear that we must use the rectangular arrange-

ment to correct with high accuracy the output phases of the power transmission

microwaves using the PAC method in the actual panel-structured SPS.



Chapter 5

Proposition of Ambiguity

Elimination Methods for Angle

Estimation of Panel Modules in

the PAC Method

5.1 Introduction

In this chapter, we describe ambiguity elimination methods for the direction of

arrival estimation method in the PAC method. The ambiguities are caused by

indeterminacy of the phase measurement. For simplicity, we consider a simplified

simulation model shown in Fig. 4.1. First, we describe the problem of estimating

the angle of panel modules and explain ambiguities in these angle estimations.

Second, we describe angle ambiguity elimination methods using more than two pi-

lot signal measurement points. Third, we describe the angle ambiguity elimination

method using flatness maintaining system for a panel-structured SPS. Finally, we

summarize the angle ambiguity elimination method for the PAC method.

77
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5.2 Problem of the Angle Estimation of Panel

Modules

In the Chapter 4, we considered the accuracy of the PAC method. We calculated

the accuracy of the PACmethod when varying the distance between the pilot signal

receiving points. The results of the calculations are shown in Fig. 5.1. In Fig. 5.1,

we can see the variation in the standard deviation of the output phase correction

errors of power transmission microwaves when the standard deviation of the phase

measurement errors of the pilot signal is defined as 10◦. From Fig. 5.1, we confirm

that the distance between the pilot signal receiving points must be widened to

improve the accuracy of the PAC method. However, failure in estimating the

Figure 5.1: Variation in the standard deviation of output phase correction er-
rors of power transmission microwaves when the standard deviation of phase

measurement errors of the pilot signal is defined as 10◦.

angle of panel modules occur when the distance between the pilot signal receiving

points is wide. Figure 5.2 shows this estimation failure in estimating the angle of

a panel module in a simulation of the PAC method. The vertical axis represents

the position on the z axis, and the horizontal axis represents the position on the

x axis. The black line represents the real positions of the panel modules, and the

gray broken line represents the estimated positions of the panel modules. Here,

we have failed at estimating the angle of the panel module inside the red circle in

Fig. 5.2. Moreover, we use the leftmost panel module in Fig. 5.2 as a reference for

the position estimation and calculate the positions of the panel modules one by

one in this simulation; thus, the effects of estimation failure are propagated to the

panel modules on the right side. In this simulation, we assume that no estimation

error occurred in the phase measurement of pilot signals; however, panel position

estimation failure caused by angle estimation of the panel module occurs in the
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PAC method. For these reasons, the estimation failure in the angle estimation of

the panel modules must not be allowed to occur when using the PAC method for

a panel-structured SPS.

Figure 5.2: Estimation failure in estimating the angle of the panel modules.

In the PAC method, the angles of the panel modules are calculated by the es-

timated direction of arrival of the pilot signal. We calculate the direction of arrival

of the pilot signal from the path length difference of the pilot signal obtained from

measured reaching phases. We measure the phases of the pilot signal only in the

range from 0◦ to 360◦; thus, the real phases are represented by 360◦ × n, where n

is an arbitrary integer called integer ambiguity. In the direction of arrival estima-

tion of the pilot signal, if the distance between the pilot signal receiving points is

shorter than a half wavelength of the pilot signal, the path length difference of the

pilot signal calculated by the measured reaching phases is uniquely determined,

and the direction of arrival can be calculated without any ambiguities. On the

other hand, if the distance between the pilot signal receiving points is longer than

the half wavelength of the pilot signal, the path length difference of the pilot sig-

nal calculated by the measured reaching phases is not uniquely determined, and

ambiguities occur in the direction of arrival estimation. The estimation failure in

estimating the angle of the panel module shown in Fig. 5.2 occurs because the pilot

signal receiving points are placed at the ends of each panel module. For example,

when the pilot signal receiving points are placed at the ends of the panel module

and the direction of arrival of the pilot signal is 0◦, nine angles are calculated: 0◦,

±12◦, ±24◦, ±38◦, and ±54◦.
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For these reasons, we must eliminate the estimation ambiguities to calculate

the angles of the panel modules in the PAC method with high accuracy.

5.3 Ambiguity Elimination Method for the An-

gle Estimation of the Panel Modules

In Chapter 4, we described the accuracy of the PAC method; however, we did not

consider the effect of angle estimation ambiguities. If estimation failure caused

by the angle estimation ambiguity occurs in the PAC method, we cannot correct

the output phases of the power transmission microwaves; thus, we must eliminate

the estimation ambiguities to use the PAC method. In this section, we describe

an outline of a proposed ambiguity elimination method and the target of the

ambiguity elimination method.

5.3.1 Outline of the Ambiguity Elimination Method

We increase the number of pilot signal receiving points and eliminate the ambi-

guities by using an unequal interval array. The angle estimation ambiguity of the

panel module is caused by the ambiguity in estimating the direction of arrival.

The direction of arrival is calculated from the distance between the pilot signal

receiving points and the path length difference of the pilot signal; thus, when the

distance between the pilot signal receiving points is varied, the calculated angles,

other than the real direction of arrival, are varied. On the other hand, the real

direction of arrival is calculated regardless of the variation of the distance between

the pilot signal receiving points. Hence, we calculate the direction of arrival of

the pilot signal from all combinations of the two pilot signal receiving points in

the unequal interval array, and we detect the real direction of arrival of the pilot

signal, which is common to all estimates. With the method above, we use the un-

equal interval array to eliminate ambiguities in the angle estimation of the panel

modules.
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5.3.2 Target of the Panel Module Angle for the Ambiguity

Elimination Method

We consider the ambiguity elimination method to use the PAC method for the

actual panel-structured SPS. To correct the output phases of power transmission

microwaves with high accuracy using the PAC method, two pilot signal receiving

points must be placed at the ends of each panel module. We add some pilot

signal receiving points between these pilot signal receiving points to eliminate

ambiguities. We first describe the target of the ambiguity elimination method. The

target of the PAC method is to correct the output phases of the power transmission

microwaves and achieve high transmission efficiency in the panel-structured SPS;

thus, we must consider the transmission efficiency in the ambiguity elimination

method when estimating the angle of the panel modules. The PAC method are

made to correct the direction of the power transmission microwaves radiated from

each panel module and increase the antenna gain in the direction of the power

receiving site. The main lobe directivity is decreased when the size of the main

lobe angle is increased; thus, we must keep the size of the panel module angles

below a certain value. From these reasons above, the panel module angles must

be kept in a certain range to achieve high transmission efficiency in the actual

panel-structured SPS, even if we correct the output phases perfectly. Hence, we

consider the range of panel module angles in the actual panel-structured SPS from

the radiation pattern of the panel module to decide the target angle range for the

ambiguity elimination method. We calculate the radiation patterns of the phased

array antenna on the panel module using HFSS. Figure 5.3 shows the simulation

model of the phased array antenna on the panel module. The output power of every

antenna element is uniform; however, the output phases are controlled to vary the

direction of the main lobe. The calculated radiation patterns of the phased array

antenna shown in Fig. 5.3 are shown in Fig. 5.4. The panel module is symmetric

along the horizontal axis; thus, the beam direction we calculated is only in the

positive angle because the variation in peak directivity in the positive angles is

similar to that in the negative angles. The vertical axis represents directivity on

a linear scale, which has been normalized by setting the peak of the calculated

radiation pattern, whose target direction is 0◦, to 1; the horizontal axis represents

the azimuth, and the angle directly in front of the panel module is defined as

0◦. The black lines represent the radiation patterns and the black broken line

represents the variation of the directivity of the main lobe. From Fig.5.4, the
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Figure 5.3: Simulation model of the phased array antenna of the panel module.

directivity of the main lobe is slightly decreased by the radiation pattern of the

antenna element when the size of the beam direction is less than 30◦. On the

other hand, the peak directivity decreases suddenly because of the generation of

unwanted grating lobes when the size of the beam direction is larger than 30◦.

The directivity of the main lobe decreases to approximately 90% when the size of

the beam direction is 30◦ and to approximately 50% when the size of the beam

direction is 40◦; thus the transmission power is decreased to approximately 90 %

when the size of the beam direction is 30◦ and to approximately 50 % when the

size of the beam direction is 40◦. From the decrease in the directivity of the main

lobe, we assume that the target angle of the panel module for consideration of the

ambiguity elimination method is in the range from −40◦ to 40◦.

5.4 Ambiguity Elimination Method with Three

Pilot Signal Receiving Points

In this section, we add one pilot signal receiving point and consider the ambiguity

elimination method with this three pilot signal receiving points. The positions of

the pilot signal receiving points under consideration are shown in Fig. 5.5. The

pilot signal receiving points A and B are place at the ends of a panel module, and

the pilot signal receiving point C is set at an arbitrary position between the pilot
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Figure 5.4: Variation of the radiation pattern of the phased array antenna on
the panel module.

signal receiving points A and B. These pilot signal receiving points are arranged in

the order A, C, and B. The parameters, other than the positions of the pilot signal

Figure 5.5: Position of the pilot signal receiving points on the panel module in
the ambiguity elimination method with three pilot signal receiving points.

receiving points, correspond to those of a simplified simulation model, which we

described in Chapter 4.

5.4.1 Process of the Ambiguity Elimination Method with

Three Pilot Signal Receiving Points

In this subsection, we describe the process of the ambiguity elimination method

with three pilot signal receiving points. The calculation process for the ambiguity

elimination method consists of the following steps:
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1. We calculate the path length differences of the pilot signal for all combina-

tions of two pilot signal receiving points using the following equations:

lAB,k1 = λs

(
ϕAB

360
+ k1

)
,

lAC,k2 = λs

(
ϕAC

360
+ k2

)
,

lBC,k3 = λs

(
ϕBC

360
+ k3

)
,

(5.1)

where lAB,k1 , lAC,k2 , and lBC,k3 represent the path length difference of the

pilot signal, ϕAB, ϕAC, and ϕBC represent the phase difference between the

measured reaching phases of the pilot signal, and k1, k2, and k3 represent

arbitrary integers. lAB,k1 is calculated from the pilot signal receiving points

A and B, lAC,k2 is calculated from the pilot signal receiving points A and C,

and lBC,k3 is calculated from the pilot signal receiving points B and C. ϕAB

is calculated from ϕA and ϕB, ϕAC is calculated from ϕA and ϕC, and ϕBC

is calculated from ϕB and ϕB, where ϕA, ϕB, and ϕC represent the reaching

phases measured at pilot signal receiving points A, B, and C, respectively.

The length of lAB,k1 , lAC,k2 , and lBC,k3 are shorter than dAB, dAC, and dBC,

respectively, where dAB, dAC, and dBC represent the distance between the

pilot signal receiving points A and B, the pilot signal receiving points A and

C, and the pilot signal receiving points B and C, respectively.

2. We calculate the pilot signal directions of arrival including the ambiguities

using the following equations:

θAB,k1 = sin−1

(
lAB,k1

dAB

)
,

θAC,k2 = sin−1

(
lAC,k1

dAC

)
,

θBC,k3 = sin−1

(
lBC,k1

dBC

)
,

(5.2)

where θAB,k1 , θAC,k2 , and θBC,k3 represent the pilot signal directions of arrival.

θAB,k1 is calculated from the pilot signal receiving points A and B, θAC,k2

is calculated from the pilot signal receiving points A and C, and θBC,k3 is

calculated from the pilot signal receiving points B and C.
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3. We calculate the variance of all combinations of θAB,k1 , θAC,k2 , and θBC,k3

using the following equation:

σ2 =(θmean − θAB,k1)
2 + (θmean − θAC,k2)

2

+ (θmean − θBC,k3)
2 ,

(5.3)

where σ2 represent the variance of θAB,k1 , θAC,k2 , and θBC,k3 and θmean repre-

sent the average of the θAB,k1 , θAC,k2 , and θBC,k3 .

4. We specify θAB,k1 , θAC,k2 , and θBC,k3 by detecting the smallest value of σ2.

The specified θAB,k1 , θAC,k2 , and θBC,k3 correspond to the real pilot signal

directions of arrival.

We eliminate the ambiguities with three pilot signal receiving points using the

calculation process given above.

5.4.2 Evaluation of the Success Rate of the Ambiguity

Elimination with Three Pilot Signal Receiving Points

In the previous subsection, we described the process of the ambiguity elimination

method with three pilot signal receiving points. When phase measurement errors

occur in pilot signal phase measurement, ambiguity elimination may fail due to

calculation errors in estimating the direction of arrival of the pilot signal including

ambiguities. In this subsection, we assume errors in the phase measurement of

the pilot signal and simulate the ambiguity elimination method in the simulation

model shown in Fig. 5.5 to evaluate the effectiveness of the ambiguity elimination

method. In this simulation, we vary the position of the pilot signal receiving point

C and the angle of the panel modules and simulate the direction of arrival of the

pilot signal by the ambiguity elimination method with phase measurement errors.

From this simulation, we evaluate the success rate of ambiguity elimination with

three pilot signal receiving points.

The positions of the pilot signal receiving points A and B are defined as 0 cm

and 50 cm, respectively, and the position of the pilot signal receiving point C is

varied from 5 cm to 45 cm at intervals of 1 cm. The angle of the panel module

is varied from −80◦ to 80◦ at intervals of 1◦. The size of the phase measurement

errors are defined randomly, and we calculate the panel module one thousand times
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at each position of the pilot signal receiving point C and each angle of the panel

module. The ambiguity elimination succeeds when the angle nearest to the real

panel angle is estimated by the ambiguity elimination method. In this simulation,

the phase measurement errors are defined in a range from −20◦ to 20◦ so as to

make them sufficiently large. The target range of the ambiguity elimination is from

−40◦ to 40◦. When the ambiguity elimination method eliminates the ambiguity

within the target range perfectly, the ambiguity elimination method can be used

in the PAC method for the panel-structured SPS.

The results of the simulation are shown in Fig. 5.6. The vertical axis rep-

resents the position of the pilot signal receiving point C, and the horizontal axis

represents the angle of the panel module. The color indicates the success rate of

the ambiguity elimination, where white represents 100% and black represents 0%.

As shown in Fig. 5.6, when the position of the pilot signal receiving point C is set

at 10 cm or 20 cm and the angle of the panel module is in a range from −30◦ to 30◦,

we can eliminate the ambiguity with high certainty. Figure 5.6 shows the existence

of failure in the ambiguity elimination. The vertical axis represents the position

of the pilot signal receiving point C, and the horizontal axis represents the angle

of the panel module. The color indicates the existence of failure in the ambiguity

elimination, where white represent the non-existence of failure and black represent

the existence of failure. As shown in Fig. 5.6, we do not eliminate the ambiguity

perfectly using the ambiguity elimination method with three pilot signal receiving

points; thus, we cannot use the ambiguity elimination method with three pilot

signal receiving points for an actual panel-structured SPS. From these simulation

results, the ambiguity elimination method with three pilot signal receiving points

is not suitable for an actual panel-structured SPS.

5.4.3 Evaluation of the Maximum Size of the Phase Mea-

surement Errors in the Case where the Ambiguity

Elimination Method with Three Pilot Signal Receiv-

ing Points Works Perfectly

In the previous subsection, we calculated the success rate of ambiguity elimina-

tion with three pilot signal receiving points and evaluate the effectiveness of the

ambiguity elimination method. In this subsection, we vary the maximum size of
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Figure 5.6: Ambiguity elimination success rate of the ambiguity elimination
method with three pilot signal receiving points.

Figure 5.7: Existence of failure in the ambiguity elimination with three pilot
signal receiving points.

the phase measurement errors and simulate the ambiguity elimination method.

From the results of the simulation, we detect the maximum size of the phase

measurement errors in the case where the ambiguity elimination method works

perfectly.

The positions of the pilot signal receiving points A and B are defined as 0 cm

and 50 cm, respectively, and the position of the pilot signal receiving point C is

varied from 5 cm to 45 cm at intervals of 1 cm. The angle of the panel module

is varied from −80◦ to 80◦ at intervals of 1◦. The maximum size of the phase

measurement errors is varied from 0◦ to 30◦ at intervals of 1◦, and we detect the

maximum size of the phase measurement errors in the case where the ambiguity

elimination method works perfectly.
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The results of the simulation are shown in Fig. 5.8. The vertical axis rep-

resents the position of the pilot signal receiving point C, and the horizontal axis

represents the angle of the panel module. The color indicates the maximum size

of the phase measurement errors, where white represent 30◦ and black represent

0◦. AS shown in Fig. 5.8, the ambiguity elimination may fail to be eliminated in

the target range, even if the size of the phase measurement errors are small. From

these simulation results, the ambiguity elimination method with three pilot signal

receiving points is not suitable for an actual panel-structured SPS.

Figure 5.8: Maximum size of the phase measurement errors for the case where
the ambiguity elimination method with three pilot signal receiving points works

perfectly.

5.4.4 Phase Correction Accuracy of the Power Transmis-

sion Microwave in the PAC Method with Three Pilot

Signal Receiving Points

In this chapter, we consider the angle estimation method with three or more pilot

signal receiving points, and evaluate its accuracy of the PAC method with three

pilot signal receiving points. In this evaluation, we assume that the ambiguities

are perfectly eliminated and that we can estimate the real angles of the panel

modules.

We consider the accuracy in the simplified simulation model that consists of

panel modules with a linear phased array antenna. Three pilot signal receiving

points are on each panel module. These are called pilot signal receiving points A1,

A2, and A3, and they are arranged in the order A1, A3, and A2. The measured
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reaching phases of the pilot signal at the pilot signal receiving points A1, A2, and

A3 are ϕ1, ϕ2, and ϕ3, respectively. Phases are measured in the range from 0 to

2π in the actual measurement; however, the measured reaching phases ϕ1, ϕ2, and

ϕ3 represent the real reaching phases, which is not wrapped into the range from

0 to 2π. We consider the panel module angle estimation with three pilot signal

receiving points. When the three pilot signal receiving points are on the panel

module, we calculate the angle of the panel module using the following equations:

sin θx,1 =
ϕ2 − ϕ1

x2 − x1

λ

2π
, (5.4)

sin θx,2 =
ϕ3 − ϕ2

x3 − x2

λ

2π
, (5.5)

sin θx,3 =
ϕ1 − ϕ3

x1 − x3

λ

2π
, (5.6)

where sin θx,1 represents the angle calculated from the pilot signal receiving points

A1 and A2, sin θx,2 represents the angle calculated from the pilot signal receiving

points A2 and A3, and sin θx,3 represents the angle calculated from the pilot signal

receiving points A1 and A3. The longer the distance between the pilot signal

receiving points, the larger the size of the error in the angle estimation; thus,

the accuracy of sin θx,1 is highest because the distance between the pilot signal

receiving points A1 and A2 is longest. On the other hand, we calculate the angles

from sin θx,1, sin θx,1, and sin θx,1 and the size of error in the angle estimation may

be reduced. Hence, we consider the angle estimation method with three pilot

signal receiving points to increase the accuracy of the PAC method. We calculate

the weighted average of sin θx,2 and sin θx,3 with a weight that corresponds to the

ratio of distances between the receiving points:

x2 − x3

x2 − x1

sin θx,2 +
x3 − x1

x2 − x1

sin θx,3 =
ϕ2 − ϕ3

x2 − x1

λ

2π
+

ϕ3 − ϕ1

x2 − x1

λ

2π

=
ϕ2 − ϕ1

x2 − x1

λ

2π
= sin θx,1. (5.7)

From Eq. (5.7), sin θx,1 is calculated from sin θx,2 and sin θx,3; thus, we use sin θx,2

and sin θx,3 to estimate the panel module angle with three pilot signal receiving
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points. We then calculate the angle of the panel module using the following equa-

tion:

sin θx,a = (1− a) sin θx,2 + a sin θx,3

=

{
− a

x3 − x1

ϕ1 +
1− a

x2 − x3

ϕ2 +

(
a

x3 − x1

− 1− a

x2 − x3

)
ϕ3

}
λ

2π
, (5.8)

where a represents the ratio of the weights. We assume that the measurement

errors of ϕ1, ϕ2, and ϕ3 are δx,1, δx,2, and δx,3, respectively. The error caused by

the angle estimation of the panel module is calculated using the following equation,

which is derived from Eq. (5.8):

δsin θx,a =

{
− a

x3 − x1

δx,1 +
1− a

x2 − x3

δx,2

+

(
a

x3 − x1

− 1− a

x2 − x3

)
δx,3

}
λ

2π
, (5.9)

where δsin θx,a represents the error caused by the angle estimation of the panel

module. We assume that the pilot signal phase measurement errors follow a normal

distribution, and that the standard deviations of δ1, δ2, and δ3 are σx,1, σx,2,

and σx,3, respectively. The standard deviation of the error caused by the angle

estimation of the panel module is calculated using the following equation, which

is derived from Eq. (5.9):

σsin θx,a
2 =

{(
a

x3 − x1

)2

σ2 +

(
1− a

x2 − x3

)2

σ2

+

(
a

x3 − x1

− 1− a

x2 − x3

)2

σ2

}(
λ

2π

)2

, (5.10)

where σsin θx,a represents the standard deviation of the error caused by the angle

estimation of the panel module. From Eq. (5.10), we calculate the value of a in

the case where
dσsin θx,a

2

da
= 0. The calculated a is given by:

a =
(x3 − x1)(x2 + x3 − 2x1)

(x2 − x3)2 + (x3 − x1)2 + (x2 − x1)2
. (5.11)

The error in the angle estimation is minimized by using a, which represents Eq.
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(5.11) and the calculated angle of the panel module represents the following equa-

tion:

sin θx,min = (1− a) sin θx,2 + a sin θx,3

=

{
(2x1 − x2 − x3)ϕ1 + (2x2 − x3 − x1)ϕ2 + (2x3 − x1 − x2)ϕ3

(x2 − x3)2 + (x3 − x1)2 + (x2 − x1)2

}
λ

2π
,

(5.12)

where sin θx,min represents the angle of the panel module in the case where the

error of the angle estimation is smallest.

From the calculation above, we can estimate the angle with three pilot signal

receiving points; thus, we can consider the accuracy of the PAC method with three

pilot signal receiving points. In this consideration, we compare two calculation

methods that use sin θx,3 or sin θx,min as the estimated angles of the panel module.

In both calculation method, we use three measured phases of the pilot signal

to calculate the position of the panel module. Figure 5.9 shows the standard

deviations of the phase correction errors of the power transmission microwaves.

The vertical axis represents the standard deviation of the phase correction errors,

and the horizontal axis represents the position of the pilot signal receiving point A3.

The frequency of the power transmission microwave is 5.8 GHz, and the frequency

of the pilot signal is 2.95 GHz. The pilot signal receiving points A1 and A2 is set

at the ends of the panel module; the standard deviation of the phase measurement

errors of the pilot signal is defined to 10◦. From Fig. 5.9, the accuracy of the

PAC method with three pilot signal receiving points, which we consider in this

chapter, is higher than that of the PAC method with two pilot signal receiving

points, which we consider in Chapter 4, because the standard deviation of the

errors in the PAC method with two pilot signal receiving points is approximately

16◦. Thus, the accuracy of the PAC method is increased when the number of

the pilot signal receiving points is increased. In addition, the accuracy of the

PAC method with three pilot signal receiving points in which three pilot signal

receiving points are used for the angle estimation is higher than that in which

two pilot signal receiving points are used for the angle estimation. However, when

the pilot signal receiving point A3 is set at a position near the center of the pilot

signal receiving points A1 and A2, the accuracy of the PAC method with three

pilot signal receiving points in which three pilot signal receiving points are used

for the angle estimation is equivalent to that in which three pilot signal receiving
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points are used for the angle estimation.

Figure 5.9: Variation of the standard deviation of phase correction errors of the
power transmission microwaves.

5.5 Ambiguity Elimination Method with Four

Pilot Signal Receiving Points

In Section 5.4, we described the ambiguity elimination method with three pilot

signal receiving points and found that it may not be fully eliminate ambiguities.

In this section, we describe the ambiguity elimination method with four pilot

signal receiving points. The positions of the pilot signal receiving points under

consideration are shown in Fig.5.10. The pilot signal receiving points A and B

are set at the ends of the panel module, and the pilot signal receiving points C

and D are set at arbitrary positions between the pilot signal receiving points A

and B. These pilot signal receiving points are arranged in the order A, C, D, and

B. The parameters, other than the positions of the pilot signal receiving points,

Figure 5.10: Position of the pilot signal receiving points on the panel module in
the ambiguity elimination method with four pilot signal receiving points.
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correspond to those for consideration of the ambiguity elimination method with

three pilot signal receiving points in Section 5.4.

5.5.1 Process of the Ambiguity Elimination Method with

Four Pilot Signal Receiving Points

In this subsection, we describe the process of the ambiguity elimination method

with four pilot signal receiving points. The calculation process for the ambiguity

elimination method consists of the following steps:

1. We calculate the path length differences of the pilot signal lAB,k1 , lAC,k2 ,

lAD,k3 , lBC,k4 , lBD,k5 , and lCD,k6 , which are calculated from the reaching phases

ϕA, ϕB, ϕC , and ϕD, using the same type of equation as Eq. (5.1). lAB,k1 ,

lAC,k2 , lAD,k3 , lBC,k4 , lBD,k5 , and lCD,k6 include ambiguities, and k1, k2, k3, k4,

k5, and k6 represent arbitrary integers. The lengths of lAB,k1 , lAC,k2 , lAD,k3 ,

lBC,k4 , lBD,k5 , and lCD,k6 are shorter than dAB, dAC, dAD, dBC, dBD, and dCD,

respectively, where dAB, dAC, dAD, dBC, dBD, and dCD represent the distances

between the pilot signal receiving points A and B, the pilot signal receiving

points A and C, the pilot signal receiving points A and D, the pilot signal

receiving points B and C, the pilot signal receiving points B and D, and the

pilot signal receiving points C and D, respectively.

2. We calculate the pilot signal directions of arrival θAB,k1 , θAC,k2 , θAD,k3 , θBC,k4 ,

θBD,k5 , and θCD,k6 , which include ambiguities, using the same type of equation

as Eq. (5.2).

3. We calculate σ2, which represents the variance of all combinations of θAB,k1 ,

θAC,k2 , θAD,k3 , θBC,k4 , θBD,k5 , and θCD,k6 , using the same type of equation as

Eq. (5.3).

4. We specify θAB,k1 , θAC,k2 , θAD,k3 , θBC,k4 , θBD,k5 , and θCD,k6 by detecting the

smallest value of σ2. The specified θAB,k1 , θAC,k2 , θAD,k3 , θBC,k4 , θBD,k5 , and

θCD,k6 correspond to the real pilot signal directions of arrival.

We eliminate the ambiguities with four pilot signal receiving points using the

calculation process given above.
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5.5.2 Evaluation of the Success Rate of Ambiguity Elimi-

nation with Four Pilot Signal Receiving Points

In the previous subsection, we described the process of ambiguity elimination

method with four pilot signal receiving points. When phase measurement errors

occur in pilot signal phase measurement, ambiguity elimination may fail due to

calculation errors in estimating the direction of arrival of the pilot signal including

ambiguities. In this subsection, we assume errors in the phase measurement of

the pilot signal and simulate the ambiguity elimination method in the simulation

model shown in Fig. 5.10 to evaluate the effectiveness of the ambiguity elimina-

tion method. In this simulation, we vary the positions of the pilot signal receiving

points C and D and the angle of the panel modules and simulate the direction of

arrival of the pilot signal by the ambiguity elimination method with phase mea-

surement errors. From this simulation, we evaluate the success rate of ambiguity

elimination with four pilot signal receiving points.

The positions of the pilot signal receiving points A and B are defined as 0

cm and 50 cm, respectively, and the positions of the pilot signal receiving points

C and D are varied from 5 cm to 45 cm at intervals of 1 cm. The angle of the

panel module is varied from −80◦ to 80◦ at intervals of 1◦. The size of the phase

measurement errors are defined randomly, and we calculate the panel module one

thousand times at each positions of the pilot signal receiving points C and D and

at each angle of the panel module. The ambiguity elimination succeeds when the

angle nearest to the real panel angle is estimated by the ambiguity elimination

method. In this simulation, the phase measurement errors are defined in a range

from −20◦ to 20◦ so as to make them sufficiently large. The target range of

the ambiguity elimination is from −40◦ to 40◦. When the ambiguity elimination

method eliminates the ambiguity within the target range perfectly, the ambiguity

elimination method can be used in the PAC method for the panel-structured SPS.

The results of the simulation are shown in Fig. 5.11, where the position

of the pilot signal receiving point C is set at 5 cm, 8 cm, 10 cm, 12 cm, 15

cm, 18 cm, 20 cm, or 22 cm. The vertical axis represents the position of the

pilot signal receiving point D, and the horizontal axis represents the angle of the

panel module. The color indicates the success rate of the ambiguity elimination,

where white represents 100% and black represents 0%. As shown in Fig. 5.11,

we can eliminate the ambiguity in the target range with high probability in some
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configurations of the pilot signal receiving points C and D. Fig. 5.12 shows the

existence of failure in the ambiguity elimination, where the position of the pilot

signal receiving point C is set at 5 cm, 8 cm, 10 cm, 12 cm, 15 cm, 18 cm, 20 cm,

or 22 cm. The vertical axis represents the position of the pilot signal receiving

point D, and the horizontal axis represents the angle of the panel module. The

color indicates the existence of failure in the ambiguity elimination, where white

represent the non-existence of failure and black represent the existence of failure.

As shown in Fig. 5.12, we can eliminate the ambiguity in the target range perfectly

in the cases where the pilot signal receiving point C is set at 5 cm and the pilot

signal receiving point D is set at 15 cm, the pilot signal receiving point C is set

at 12 cm and the pilot signal receiving point D is set at 33 cm, the pilot signal

receiving point C is set at 22 cm and the pilot signal receiving point D is set

at 33 cm, and other configurations. From these simulation results, the ambiguity

elimination method with four pilot signal receiving points can be used for an actual

panel-structured SPS.

5.5.3 Evaluation of the Maximum Size of the Phase Mea-

surement Errors in the Case where the Ambiguity

Elimination Method with Four Pilot Signal Receiv-

ing Points Works Perfectly

In the previous subsection, we calculated the success rate of ambiguity elimination

with four pilot signal receiving points and evaluate the effectiveness of the ambigu-

ity elimination method. In this subsection, we vary the maximum size of the phase

measurement errors and simulate the ambiguity elimination method. Form the re-

sults of the simulation, we detect the maximum size of the phase measurement

errors in the case where the ambiguity elimination method works perfectly.

The position of the pilot signal receiving points A and B are defined as 0

cm and 50 cm, respectively, and the position of the pilot signal receiving points

C and D are varied from 5 cm to 45 cm at intervals of 1 cm. The angle of the

panel module is varied from −80◦ to 80◦ at intervals of 1◦. The maximum size of

the phase measurement errors is varied from 0◦ to 30◦ at intervals of 1◦, and we

detect the maximum size of the phase measurement errors in the case where the

ambiguity elimination method works perfectly.
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(a) The pilot signal receiving

antenna C is set at 5 cm.

(b) The pilot signal receiving

antenna C is set at 8 cm.

(c) The pilot signal receiving

antenna C is set at 10 cm.

(d) The pilot signal receiving

antenna C is set at 12 cm.

(e) The pilot signal receiving

antenna C is set at 15 cm.

(f) The pilot signal receiving

antenna C is set at 18 cm.

(g) The pilot signal receiving

antenna C is set at 20 cm.

(h) The pilot signal receiving

antenna C is set at 22 cm.

Figure 5.11: Ambiguity elimination success rate of the ambiguity elimination
method with four pilot signal receiving points.
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(a) The pilot signal receiving

antenna C is set at 5 cm.

(b) The pilot signal receiving

antenna C is set at 8 cm.

(c) The pilot signal receiving

antenna C is set at 10 cm.

(d) The pilot signal receiving

antenna C is set at 12 cm.

(e) The pilot signal receiving

antenna C is set at 15 cm.

(f) The pilot signal receiving

antenna C is set at 18 cm.

(g) The pilot signal receiving

antenna C is set at 20 cm.

(h) The pilot signal receiving

antenna C is set at 22 cm.

Figure 5.12: Existence of failure in the ambiguity elimination with four pilot
signal receiving points.
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The results of the simulation are shown in Fig. 5.13, where the position of

the pilot signal receiving point C is set at 5 cm, 8 cm, 10 cm, 12 cm, 15 cm,

18 cm, 20 cm, or 22 cm. The vertical axis represents the position of the pilot

signal receiving point D, and the horizontal axis represents the angle of the panel

module. The color indicates the maximum size of the phase measurement errors,

where white represent 30◦ and black represent 0◦. From the comparison between

Figs. 5.8 and 5.13, the maximum size of the phase measurement errors in the

ambiguity elimination method with four pilot signal receiving points is smaller

than that with three pilot signal receiving points. As shown in Fig. 5.8, when the

size of the phase measurement error is smaller than approximately 20◦, We can

eliminate the ambiguity in the target range perfectly in the cases where the pilot

signal receiving point C is set at 5 cm and pilot signal receiving point D is set

at 15 cm, the pilot signal receiving point C is set at 12 cm and the pilot signal

receiving point D is set at 33 cm, the pilot signal receiving point C is set at 22 cm

and the pilot signal receiving point D is set at 33 cm, and other configurations.

On the other hand, when the size of the phase measurement errors of the pilot

signal is larger than approximately 20◦, the ambiguity elimination may fail to be

eliminated in the target range; hence, we must use more than four pilot signal

receiving points if the maximum size of phase measurement errors is larger than

20◦. From these simulation results, the ambiguity elimination method with four

pilot signal receiving points can be used for an actual panel-structured SPS.

5.6 Ambiguity Elimination Method with a Flat-

ness Maintaining System

In Sections 5.4 and 5.5, we described the ambiguity elimination method by in-

creasing the number of pilot signal receiving points, and considered the ambiguity

elimination method with three and four pilot signal receiving points. From the

results of these consideration, four pilot signal receiving points are needed to elim-

inate ambiguities. The pilot signal receiving points may affect power transmission

of an actual panel-structured SPS and the phase measurement system have a high

cost; hence, we consider other ambiguity elimination methods. In this section, we

describe an ambiguity elimination method with a flatness maintaining system.
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(a) The pilot signal receiving

antenna C is set at 5 cm.

(b) The pilot signal receiving

antenna C is set at 8 cm.

(c) The pilot signal receiving

antenna C is set at 10 cm.

(d) The pilot signal receiving

antenna C is set at 12 cm.

(e) The pilot signal receiving

antenna C is set at 15 cm.

(f) The pilot signal receiving

antenna C is set at 18 cm.

(g) The pilot signal receiving

antenna C is set at 20 cm.

(h) The pilot signal receiving

antenna C is set at 22 cm.

Figure 5.13: Maximum size of the phase measurement errors for the case where
the ambiguity elimination method with four pilot signal receiving points works

perfectly.
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5.6.1 Outline of the Flatness Maintaining System

A flatness maintaining system controls the connection angles of the panel modules

using motors or other actuators and keep the flatness of the panel modules. A

flatness maintaining system do not control the angles of the panel modules directly

because this system control the connection angles; however, a flatness maintaining

system controls the angle of the panel module to maintain the flatness of the

panel-structured SPS. A flatness maintaining system has been studied, including

for deployment of the panel modules [65–69]. They can control the angle difference

between the adjacent panel modules with high accuracy to within the range from

−5◦ to 5◦. When we use a flatness maintaining system in the panel-structured

SPS, we can estimate the angles of the panel modules in a particular range; thus,

we consider an ambiguity elimination method with a flatness maintaining system.

Using the flatness maintaining system, we may perfectly eliminate the ambiguity

in the target range, even if only three pilot signal are set on each panel module.

5.6.2 Process of the Ambiguity Elimination Method with

the Flatness Maintaining System

In this subsection, we describe the process of the ambiguity elimination method

with the flatness maintaining system. The calculation process for the ambiguity

elimination method consists of the following steps:

1. We calculate the path length differences of the pilot signal lAB,k1 , lAC,k2 , and

lBC,k3 , which are calculated from the reaching phases ϕA, ϕB, and ϕC by

the same type of equation as Eq. (5.1). lAB,k1 , lAC,k2 , and lBC,k3 include

ambiguities, and k1, k2, and k3 represent arbitrary integers. The lengths of

lAB,k1 , lAC,k2 , and lBC,k3 are shorter than dAB, dAC, and dBC, respectively,

where dAB, dAC, and dBC represent the distance between the pilot signal

receiving points A and B, the pilot signal receiving points A and C, and the

pilot signal receiving points B and C, respectively.

2. We calculate the pilot signal directions of arrival θAB,k1 , θAC,k2 , and θBC,k3 ,

which include ambiguities, by the same type of equation as Eq. (5.2).

3. We eliminate the angles that are out of the range from (θneighbor − θlim) to

(θneighbor + θlim) from θAB,k1 , θAC,k2 , and θBC,k3 , where θneighbor represents the
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angle of the neighbor panel module, and θlim represents an arbitrary value

that decides the estimated range of the panel modules. We decide on θlim

from the performance of the flatness maintaining system and the angle esti-

mation errors caused by the phase measurement errors of the pilot signal.

4. We calculate σ2, which represents the variance of all combinations of θAB,k1 ,

θAC,k2 , and θBC,k3 by the same type of equation as Eq. (5.3).

5. We specify θAB,k1 , θAC,k2 , and θBC,k3 by detecting the smallest value of σ2.

The specified θAB,k1 , θAC,k2 , and θBC,k3 correspond to the real pilot signal

directions of arrival.

We eliminate the ambiguities with the flatness maintaining system using the cal-

culation process above.

5.6.3 Evaluation of the Success Rate of the Ambiguity

Elimination with the Flatness Maintaining System

In the previous subsection, we described the process of the ambiguity elimination

method with the flatness maintaining system. When phase measurement errors

occur in pilot signal phase measurement, ambiguity elimination may fail due to

calculation errors in estimating the direction of arrival of the pilot signal including

ambiguities. In this subsection, we assume errors in the phase measurement of the

pilot signal. Three pilot signal receiving points are set on each panel module, and

we simulate the ambiguity elimination method in the simulation model shown in

Fig. 5.5 to evaluate the effectiveness of the ambiguity elimination method. In this

simulation, we vary the position of the pilot signal receiving point C and the angle

of the panel module and simulate the direction of arrival of the pilot signal by an

ambiguity elimination method with phase measurement errors. θneighbor and θlim

are varied to evaluate the ambiguity elimination method with the flatness main-

taining system. From this simulation, we evaluate the success rate of ambiguity

elimination with a flatness maintaining system.

The positions of the pilot signal receiving points A and B are defined as 0 cm

and 50 cm, respectively, and the position of the pilot signal receiving point C is

varied from 5 cm to 45 cm at intervals of 1 cm. The angle of the panel module is

varied from (θneighbor − θlim) to (θneighbor + θlim) at intervals of 1
◦. θneighbor is defined
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to be a non-negative value in this simulation because the cases where θneighbor is

positive and negative are symmetrical. θneighbor is varied from 0◦ to 40◦ because the

target range of the ambiguity elimination is from −40◦ to 40◦. θlim is set at 10◦,

15◦, 20◦, and 25◦. The size of the phase measurement errors is defined randomly,

and we calculate the panel module one thousand times at each position of the

pilot signal receiving point C and each angle of the panel module. The ambiguity

elimination succeeds when the angle nearest to the real panel angle is estimated

by the ambiguity elimination method. In this simulation, the phase measurement

errors are defined in a range from −20◦ to 20◦ so as to make them sufficiently

large. The target range of ambiguity elimination for the PAC method is from

−40◦ to 40◦; thus, the target range of ambiguity elimination in this simulation

is from (θneighbor − 5◦) to (θneighbor + 5◦) when θneighbor is in the range from 0◦ to

40◦. When the ambiguity elimination method eliminates the ambiguity within the

target range perfectly, the ambiguity elimination method can be used in the PAC

method for the panel-structured SPS.

The results of the simulation are shown in Fig.5.14, where θneighbor is 0◦ or

40◦ and θlim is 10◦, 15◦, 20◦, or 25◦. The vertical axis represents the position of

the pilot signal receiving point C ,and the horizontal axis represents the angle

of the panel module. The center of the horizontal axis is set as θneighbor in Fig.

5.14. The color indicates the success rate of ambiguity elimination, where white

represents 100% and black represents 0%. As shown in Fig. 5.14, when the size of

θneighbor is in the target range of the ambiguity elimination, the ambiguities can be

eliminated in the range from (θneighbor − 5◦) to (θneighbor + 5◦), regardless of θlim.

When θneighbor is in the target range of the ambiguity elimination and θlim is 15◦,

20◦, or 25◦, the ambiguities can be eliminated in the range from (θneighbor − 10◦)

to (θneighbor + 10◦) with high probability. If the size of θlim becomes larger, the

ambiguity elimination method is easily affected by phase measurement errors of

the pilot signal, and the ambiguity elimination success rate is decreased when

the pilot signal receiving point C is set near the pilot signal receiving point A,

the pilot signal receiving point B, or center of the pilot signal receiving points A

and B. Figure 5.15 shows the existence of failure in the ambiguity elimination.

The vertical axis represents the position of the pilot signal receiving point C, and

the horizontal axis represents the angle of the panel module. The center of the

horizontal axis is set as θneighbor in Fig. 5.15. The color indicates the existence of

failure in the ambiguity elimination, where white represent the non-existence of

failure and black represent the existence of failure. As shown in Fig.5.15, when
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θneighbor is in the target range of the ambiguity elimination, the ambiguities can be

perfectly eliminated in the range from (θneighbor − 5◦) to (θneighbor + 5◦), regardless

of θlim. When θneighbor is in the target range of the ambiguity elimination and θlim

is 15◦, 20◦, or 25◦, the ambiguities can be perfectly eliminated in the range from

(θneighbor − 10◦) to (θneighbor + 10◦). From these simulation results, the ambiguities

are eliminated by the ambiguity elimination method with the flatness maintaining

system even if only three pilot signal receiving points are set on each panel module;

thus, the number of the pilot signal receiving points can be reduced using the

ambiguity elimination method with the flatness maintaining system.

5.6.4 Evaluation of the Maximum Size of the Phase Mea-

surement Errors in the Case where the Ambiguity

Elimination Method Works Perfectly

In the previous subsection, we calculated the success rate of the ambiguity elimina-

tion with the flatness maintaining system and evaluate the effect of the ambiguity

elimination method. In this subsection, we vary the maximum size of the phase

measurement errors and simulate the ambiguity elimination method. Three pilot

signal receiving points are set on each panel module, and we simulate the ambigu-

ity elimination method in the simulation model shown in Fig. 5.5 to evaluate the

effectiveness of the ambiguity elimination method. In this simulation, we vary the

position of the pilot signal receiving point C and the angle of the panel module and

simulate the direction of arrival of the pilot signal by the ambiguity elimination

method with phase measurement errors. θneighbor and θlim are varied to evaluate

the ambiguity elimination method with the flatness maintaining system. Form the

results of the simulation, we detect the maximum size of the phase measurement

errors in the case where the ambiguity elimination method works perfectly.

The position of the pilot signal receiving points A and B are defined as 0 cm

and 50 cm, respectively, and the position of the pilot signal receiving point C is

varied from 5 cm to 45 cm at intervals of 1 cm. The angle of the panel module is

varied from (θneighbor − θlim) to (θneighbor + θlim) at intervals of 1
◦. θneighbor is defined

to be a non-negative value in this simulation because the cases where θneighbor is

positive and negative are symmetrical. θneighbor is varied from 0◦ to 40◦ because

the target range of the ambiguity elimination is from −40◦ to 40◦. θlim is set at

10◦, 15◦, 20◦, and 25◦. The maximum size of the phase measurement errors is
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(a) θlim = 10◦ and θneighbor = 0◦. (b) θlim = 10◦ and θneighbor = 40◦.

(c) θlim = 15◦ and θneighbor = 0◦. (d) θlim = 15◦ and θneighbor = 40◦.

(e) θlim = 20◦ and θneighbor = 0◦. (f) θlim = 20◦ and θneighbor = 40◦.

(g) θlim = 25◦ and θneighbor = 0◦. (h) θlim = 25◦ and θneighbor = 40◦.

Figure 5.14: Ambiguity elimination success rate of the ambiguity elimination
method with the flatness maintaining system.
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(a) θlim = 10◦ and θneighbor = 0◦. (b) θlim = 10◦ and θneighbor = 40◦.

(c) θlim = 15◦ and θneighbor = 0◦. (d) θlim = 15◦ and θneighbor = 40◦.

(e) θlim = 20◦ and θneighbor = 0◦. (f) θlim = 20◦ and θneighbor = 40◦.

(g) θlim = 25◦ and θneighbor = 0◦. (h) θlim = 25◦ and θneighbor = 40◦.

Figure 5.15: Existence of failure in ambiguity elimination with the flatness
maintaining system.
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varied from 0◦ to 30◦ at intervals of 1◦, and we detect the maximum size of the

phase measurement errors in the case where the ambiguity elimination method

works perfectly.

The results of the simulation are shown in Fig. 5.16, where θneighbor is 0
◦ or

40◦ and θlim is 10◦, 15◦, 20◦, or 25◦. The vertical axis represents the position of the

pilot signal receiving point C, and the horizontal axis represents the angle of the

panel module. The center of the horizontal axis is set as θneighbor in Fig. 5.16. The

color indicates the maximum size of the phase measurement errors, where white

represent 30◦ and black represent 0◦. As shown in Fig. 5.16, the ambiguities

can be eliminated in the range from (θneighbor − 5◦) to (θneighbor + 5◦) even if the

maximum size of the phase measurement errors is 30◦. The ambiguity elimination

method with the flatness maintaining system is less affected by the phase mea-

surement errors of the pilot signal than the ambiguity elimination method with

four pilot signal receiving points. The range in which we may eliminate ambigu-

ities increases as θlim is reduced. The effect of phase measurement errors for the

ambiguity elimination increases as θlim is increased. From these results, θlim must

be decided from the size of the phase measurement errors of the pilot signal. θlim

is defined to an optimum value, and the ambiguity elimination method with flat-

ness maintaining system can perfectly eliminate ambiguities in the target range.

From these simulation results, the ambiguity elimination method with the flatness

maintaining system can be used for an actual panel-structured SPS.

5.7 Summary of Ambiguity Elimination

In this chapter, we have described several ambiguity elimination methods. We have

proposed ambiguity elimination using an unequal interval array of the pilot signal

receiving antenna. First, we simulated and evaluated the ambiguity elimination

method with three and four pilot signal receiving points. From these simulations,

we found that four pilot signal receiving points are needed to eliminate ambiguity

when errors occur in the phase measurement of the pilot signal. Second, we simu-

lated and evaluated an ambiguity elimination method with a flatness maintaining

system. The simulation showed that we can eliminate ambiguities even if the mea-

surement errors of the pilot signal are large. The number of pilot signal receiving

point is reduced by the ambiguity elimination method with a flatness maintaining

system because only three pilot signal receiving point are needed. The ambiguity



Chapter 5. Proposition of Ambiguity Elimination Methods for Angle Estimation
of Panel Modules in the PAC Method 107

(a) θlim = 10◦ and θneighbor = 0◦. (b) θlim = 10◦ and θneighbor = 40◦.

(c) θlim = 15◦ and θneighbor = 0◦. (d) θlim = 15◦ and θneighbor = 40◦.

(e) θlim = 20◦ and θneighbor = 0◦. (f) θlim = 20◦ and θneighbor = 40◦.

(g) θlim = 25◦ and θneighbor = 0◦. (h) θlim = 25◦ and θneighbor = 40◦.

Figure 5.16: Maximum size of the phase measurement errors for the case where
the ambiguity elimination method with flatness maintaining system works per-

fectly.
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elimination method with a flatness maintaining system eliminate ambiguities from

the angle of the neighboring panel modules; we cannot eliminate the ambiguities

in each panel module independently. Thus, when we use the ambiguity elimination

method with a flatness maintaining system, we must estimate angles of some panel

modules of the panel-structured SPS using other ambiguity elimination method.

If we use the ambiguity elimination method with the flatness maintaining system

in combination with that with the four pilot signal receiving point, ambiguities is

perfectly eliminated and output phases of power transmission microwaves is cor-

rected with high accuracy using the PAC method in an actual panel-structured

SPS.



Chapter 6

Consideration of Pilot Signal

Receiving Antennas

6.1 Introduction

In the previous consideration, we discussed the PAC method with pilot signal

receiving points and ignored the size of the pilot signal receiving device; however,

in the actual panel-structured SPS, antennas are used as the pilot signal receiving

device. Therefore, we must consider the PAC method with pilot signal receiving

antennas. In this chapter, we describe the pilot signal receiving antennas for the

PAC method and propose the configuration of panel modules for the PAC method

in the actual panel-structured SPS.

6.2 Design of Pilot Signal Receiving Antennas

Here, we describe the design of the pilot signal receiving antennas. For the panel-

structured SPS, patch antennas are used as power transmission antennas because

patch antennas can be printed on a circuit board and are suitable for mass pro-

duction. A patch antenna comprises a dielectric substrate, a patch of metal that

corresponds to a resonator, and a sheet of metal that corresponds to a ground

plane. We propose the use of patch antennas as pilot signal receiving antennas

because the same type of antennas can be used as power transmission antennas in

the panel-structured SPS.

109
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The resonant frequency of a circular patch antenna is calculated as follows

[44]:

fnm =
αnmc

2πaeff
√
εr
, (6.1)

where fnm represents the resonant frequency for the TMnm mode of the patch

antenna, αnm represents the mth zero of the derivative of the Bessel function,

c represents the speed of light in vacuum, aeff represents the effective radius of

the circular patch, and εr represents the relative permittivity of the dielectric

substrate. The fundamental mode of the patch antenna is given by TM11 and

the fundamental resonant frequency of the patch antenna is calculated from α11,

which is approximately equal to 1.841. The effective radius of the circular patch is

slightly greater than the physical radius of the circular patch because the effective

radius includes the edge effect of the electric field. We calculate the effective radius

of the circular patch by the following equation when the radius of the circular patch

is sufficiently greater than the thickness of the dielectric substrate [44]:

aeff = a

{
1 +

2h

πaεr

(
ln

πa

2h
+ 1.7726

)} 1
2

. (6.2)

Here, a represents the physical radius of the circular patch and h represents the

thickness of the dielectric substrate. We can design circular patch antennas using

the above Eqs (6.1) and (6.2)

We design the pilot signal receiving antenna using HFSS. In this thesis, the

frequency of the power transmission microwave is 5.8 GHz and the frequency of

the pilot signal is 2.95 GHz. The physical radius of the circular patch antenna is

inversely proportional to the resonant frequency and the square root of the rela-

tive permittivity of the dielectric substrate. The radius of the patch of the pilot

signal receiving antenna is approximately two times larger than that of the power

transmission antenna when the dielectric substrate of these patch antennas is the

same. However, the radius of the patch of the pilot signal receiving antenna is

approximately equal to that of the power transmission antenna when the relative

permittivity of the dielectric substrate of the pilot signal receiving antenna is ap-

proximately four times larger than that of the power transmission antenna. In

order to equalize the radius of the patch of the pilot signal receiving antenna and

the power transmission antenna, we can replace the power transmission antenna

with the pilot signal receiving antenna. In the actual panel-structured SPS, we

replace some power transmission antennas with pilot signal receiving antennas,
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and we can correct the output phases of the power transmission microwaves by

the PAC method. The power transmission antenna is as shown in Fig. 6.1(a), and

the designed pilot signal receiving antenna is as shown in Fig. 6.1(b). The power

transmission antenna is the same as the antenna element in the simulation model

of the APAS. These antennas are right-handed circular polarized patch antennas.

The relative permittivity of the dielectric substrate of the designed power trans-

mission antenna is 2.6 while that of the designed pilot signal receiving antenna

is 10. From Fig. 6.1, the sizes of the patch of both antennas are approximately

2 cm because the relative permittivity of the dielectric substrate of the pilot sig-

nal receiving antenna is approximately four times larger than that of the power

transmission antenna. The size of the pilot signal receiving antenna can be ap-

proximately equalized to the size of the power transmission antenna and we can

replace the power transmission antenna with the pilot signal receiving antenna.

Figure 6.2 shows the horizontal radiation patterns of the designed antennas. The

(a) (b)

Figure 6.1: Models of designed patch antennas in HFSS: (a) power transmission
antenna, (b) pilot signal receiving antenna.

gain of the power transmission antenna is approximately 7 dBi, and the gain of the

pilot signal receiving antenna is approximately 2.9 dBi. The gain of the pilot signal

receiving antenna is smaller than that of the power transmission antenna because

the ratio of the patch size of the pilot signal receiving antenna to the wavelength of

the pilot signal is smaller than the ratio of the patch size of the power transmission

antenna to the wavelength of the power transmission microwave. The gain of the

power transmission antenna directly affects the transmission efficiency; however,
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the gain of the pilot signal receiving antenna does not affect the measured reach-

ing phases significantly. Therefore, we can use the designed pilot signal receiving

antenna in the PAC method.

Figure 6.2: Horizontal radiation patterns of the designed patch antennas calcu-
lated by HFSS.

6.3 Consideration of Mutual Coupling Effect for

Pilot Signal Phase Measurement

In Chapter 5, we described the ambiguity elimination method with three or four

pilot signal receiving points. We varied the positions of the pilot signal receiv-

ing points and evaluated the proposed ambiguity elimination method; however, a

mutual coupling effect occurs in an actual phase measurement system in which

receiving antennas are used. The pilot signal receiving antennas are surrounded

by the power transmission antennas and other pilot signal receiving antennas;

therefore, we must consider the mutual coupling effect for the pilot signal phase

measurement. In this section, we describe pilot signal phase measurement by

HFSS considering the mutual coupling effect.

Figure 6.3 shows the simulation models of the mutual coupling effect for the

pilot signal phase measurement. The distance between the antennas is 3.125 cm,

which corresponds to the distance between the antenna elements on the panel

module, and both models include two pilot signal receiving antennas. The pilot
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(a) (b)

Figure 6.3: Simulation model of the mutual coupling effect for the pilot signal
phase measurement: (a) model A, (b) model B.

signal receiving antennas are adjacent in the simulation model, as shown in Fig.

6.3(a), and one power transmission antenna is inserted between the two pilot sig-

nal receiving antennas in the simulation model, as shown in Fig. 6.3(b). The pilot

signal receiving antennas are surrounded by the power transmission antennas in

both simulation models. A plane wave is irradiated to each simulation model, and

we measure the reaching phases at the port of the pilot signal receiving antennas.

The irradiated plane wave is right-handed circular polarized, which corresponds

to the pilot signal. The direction of the irradiated plane wave is defined by the az-

imuth angle ϕ and the zenith angle θ, as shown in Fig. 6.4, where the antennas are

placed on the x-y plane and the pilot signal receiving antennas are arranged in the

x direction. We calculate the phase difference between the reaching phases from

the measured reaching phases of the pilot signal in the simulation and compare

the calculated phase difference in the simulation and an ideal phase difference to

evaluate the mutual coupling effect for the pilot signal phase measurement. The

ideal phase difference is calculated from the path-length difference calculated from

the position of the pilot signal phase measurement antennas and the direction of

the pilot signal. The results of the simulation are shown in Fig. 6.5. The vertical

axis represents the zenith angle, and the horizontal axis represents the azimuth

angle. The zenith angle varies from 5◦ to 45◦ at intervals of 5◦ while the azimuth

angle varies from 0◦ to 350◦ at intervals of 10◦. The color represents phase mea-

surement errors caused by the mutual coupling effect, where white represents an

error of approximately 0◦, red represents an error of approximately 30◦, and blue
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Figure 6.4: Coordinate system for the irradiated plane wave in the simulation
model of the mutual coupling effect for the pilot signal phase measurement.

represents an error of approximately −30◦. From Fig. 6.5, the size of the errors

in model A is larger than that in model B. Thus, the pilot signal receiving points

must not be adjacent to other pilot signal receiving points in order to measure the

reaching phase of the pilot signal with high accuracy. Moreover, when the azimuth

angle is approximately 90◦ or 270◦, the size of the phase measurement errors is

small in both simulation models. Thus, when the pilot signal is irradiated from

the angle perpendicular to the direction of the arrangement of the pilot signal

receiving antennas, the size of the phase measurement errors become small.

(a) (b)

Figure 6.5: Phase measurement errors caused by the mutual coupling effect: (a)
model A, (b) model B.
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6.4 Ambiguity Elimination Method with Pilot

Signal Receiving Antenna

In Chapter 5, we ignored the size of the pilot signal receiving antenna and evaluated

the ambiguity elimination methods. Therefore, in this section, we consider the

ambiguity elimination method with pilot signal receiving antennas. The ambiguity

elimination methods described in this section are the same as those described in

chapter 5. The pilot signal receiving antennas are placed on the positions of the

power transmission antennas. The positions of the pilot signal receiving points

are shown in Fig. 6.6 and these positions are represented by the numbers 1 to

16. From the results of the evaluation in Chapter 5, we evaluate the ambiguity

Figure 6.6: Position of the pilot signal receiving antennas on the panel module
in the ambiguity elimination methods with pilot signal receiving antennas.

elimination method with four pilot signal receiving antennas and with the flatness

maintaining system.

6.4.1 Evaluation of the Ambiguity Elimination Method

with Four Pilot Signal Receiving Antennas

In this subsection, we describe the ambiguity elimination method with four pilot

signal receiving antennas. We assume phase measurement errors in the phase

measurement of the pilot signal and simulate the ambiguity elimination method

using the simulation model shown in Fig. 5.10 in order to evaluate the effect of

the ambiguity elimination method. The ambiguity elimination method with four

pilot signal receiving antennas is exactly the same as that described in Chapter

5. With the exception of the positions of the pilot signal receiving antennas, the

parameters are the same as those used in the simulation in Chapter 5. The pilot

signal receiving antennas are placed on the power transmission antenna positions.
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In this simulation, we vary the position of the pilot signal receiving antennas C

and D and the angle of the panel modules, and simulate the direction of arrival of

the pilot signal by the ambiguity elimination method using the phase measurement

errors. From this simulation, we evaluate the success rate of ambiguity elimination

with four pilot signal receiving antennas.

The pilot signal receiving antennas A and B are placed on position 1 and 16,

respectively, and the positions of the pilot signal receiving antennas C and D vary

from position 2 to 15. The angle of the panel module varies from −80◦ to 80◦ at

intervals of 1◦. The size of phase measurement errors is defined randomly, and we

calculate the panel module one thousand times at each position of the pilot signal

receiving antennas C and D, and each angle of the panel module. The ambiguity

elimination succeeds when the angle nearest to the real panel angle is estimated

by the ambiguity elimination method. In this simulation, the phase measurement

errors are defined in a range from −20◦ to 20◦ so as to make them sufficiently

large. The target range of the ambiguity elimination for the PAC method is from

−40◦ to 40◦. When the ambiguity elimination method eliminates the ambiguity

within the target range perfectly, the ambiguity elimination method can be used

in the PAC method for the panel-structured SPS.

Simulation results are shown in Fig. 6.7. In Fig. 6.7, the pilot signal receiving

antenna C is placed on position 3 to 8. The vertical axis represents the position

of the pilot signal receiving antenna D, and the horizontal axis represents the

angle of the panel module. The color indicates the success rate of the ambiguity

elimination, where white represents 100% and black represents 0%. As shown in

Fig. 6.7, we can eliminate the ambiguity in the target range with high probability

in some configuration of the pilot signal receiving antennas C and D. Figure 6.8

shows the existence of failure in the ambiguity elimination. In Fig. 6.8, the

pilot signal receiving antenna C is placed on position 3 to 8. The vertical axis

represents the position of the pilot signal receiving antenna D, and the horizontal

axis represents the angle of the panel module. The color indicates the existence

of failure in the ambiguity elimination, where white represent the non-existence of

failure and black represent the existence of failure. As shown in Fig. 6.8, we can

eliminate the ambiguity in the target range perfectly, for example, when the pilot

signal receiving antenna C is on position 3 and the pilot signal receiving antenna

D is on position9, and the pilot signal receiving antenna C is on position 4 and the

pilot signal receiving antenna D is on position 9. From these simulation results,
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we confirm that the ambiguity elimination method with four pilot signal receiving

antenna can eliminate ambiguities in the target range perfectly.

6.4.2 Evaluation of the Ambiguity Elimination Method

with the Flatness Maintaining System.

In this subsection, we describe the ambiguity elimination method with the flatness

maintaining system. We assume phase measurement errors in the phase measure-

ment of the pilot signal and simulate the ambiguity elimination method in the

simulation model shown in Fig. 5.5 in order to evaluate the effect of the ambi-

guity elimination method. The ambiguity elimination method with the flatness

maintaining system is exactly the same as that described in Chapter 5. With the

exception of the positions of the pilot signal receiving antennas, the parameters

are the same as those used in the simulation in Chapter 5. The pilot signal re-

ceiving antennas are placed on the power transmission antenna positions. In this

simulation, we vary the position of the pilot signal receiving point C and the angle

of the panel module, and simulate the direction of arrival of the pilot signal using

the ambiguity elimination method with the phase measurement errors. We also

vary θneighbor and θlim in order to evaluate the ambiguity elimination method with

the flatness maintaining system. From this simulation, we evaluate the success

rate of the ambiguity elimination with the flatness maintaining system.

The pilot signal receiving antennas A and B are placed on position 1 and

position 16, respectively, and the pilot signal receiving antenna C vary from po-

sition 2 to 15. The angle of the panel module varies from (θneighbor − θlim) to

(θneighbor + θlim) at intervals of 1◦. θneighbor is defined as a non-negative value in

this simulation because the cases where θneighbor is defined as a positive value and

negative value are symmetrical. θneighbor is varied from 0◦ to 40◦ because the tar-

get range of the ambiguity elimination is from −40◦ to 40◦. θlim is defined as

10◦, 15◦, 20◦, and 25◦. The size of phase measurement errors is defined randomly,

and we calculate the panel module one thousand times at each position of the

pilot signal receiving point C and each angle of the panel module. The ambiguity

elimination succeeds when the angle nearest to the real panel angle is estimated

by the ambiguity elimination method. In this simulation, the phase measurement

errors are defined in a range from −20◦ to 20◦ so as to make them sufficiently

large. The target range of ambiguity elimination for the PAC method is from
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(a) The pilot signal receiving

antenna C is on position 3.

(b) The pilot signal receiving

antenna C is on position 4.

(c) The pilot signal receiving

antenna C is on position 5.

(d) The pilot signal receiving

antenna C is on position 6.

(e) The pilot signal receiving

antenna C is on position 7.

(f) The pilot signal receiving

antenna C is on position 8.

Figure 6.7: Ambiguity elimination success rate of the ambiguity elimination
method with four pilot signal receiving antennas.
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(a) The pilot signal receiving

antenna C is on position 3.

(b) The pilot signal receiving

antenna C is on position 4.

(c) The pilot signal receiving

antenna C is on position 5.

(d) The pilot signal receiving

antenna C is on position 6.

(e) The pilot signal receiving

antenna C is on position 7.

(f) The pilot signal receiving

antenna C is on position 8.

Figure 6.8: Existence of failure in ambiguity elimination with four pilot signal
receiving antennas.
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−40◦ to 40◦; thus, the target range of the ambiguity elimination in this simulation

is from (θneighbor − 5◦) to (θneighbor + 5◦) when θneighbor is in the range from 0◦ to

40◦. When the ambiguity elimination method eliminates the ambiguity within the

target range perfectly, the ambiguity elimination method can be used in the PAC

method for the panel-structured SPS.

Simulation results are shown in Fig. 6.9. In Fig. 6.9, θneighbor is 0◦ or 40◦

and θlim is 10◦, 15◦, 20◦, or 25◦. The vertical axis represents the position of the

pilot signal receiving point C, and the horizontal axis represents the angle of the

panel module. The center of the horizontal axis is set as θneighbor in Fig. 6.9.

The color indicates the success rate of the ambiguity elimination, where white

represents 100% and black represents 0%. As shown in Fig. 6.9, when the size of

θneighbor is in the target range of the ambiguity elimination, the ambiguities can be

eliminated in the range from (θneighbor − 5◦) to (θneighbor + 5◦), regardless of θlim.

When θneighbor is in the target range of the ambiguity elimination and θlim is 15◦,

20◦, or 25◦, the ambiguities can be eliminated in the range from (θneighbor − 10◦)

to (θneighbor + 10◦) with high probability. Figure 6.10 shows the existence of fail-

ure in the ambiguity elimination. The vertical axis represents the position of the

pilot signal receiving point C, and the horizontal axis represents the angle of the

panel module. The center of the horizontal axis is set to θneighbor in Fig. 6.10.

The color indicates the existence of failure in the ambiguity elimination, where

white represent the non-existence of failure and black represent the existence of

failure. As shown in Fig. 6.10, when θneighbor is in the target range of the ambi-

guity elimination, the ambiguities can be perfectly eliminated in the range from

(θneighbor − 5◦) to (θneighbor + 5◦), regardless of θlim. When θneighbor is in the target

range of the ambiguity elimination and θlim is 15◦, 20◦, or 25◦, the ambiguities

can be perfectly eliminated in the range from (θneighbor − 10◦) to (θneighbor + 10◦).

From these simulation results, we confirm that the ambiguity elimination method

with the flatness maintaining system can eliminate ambiguities in the target range

perfectly.
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(a) θlim = 10◦ and θneighbor = 0◦. (b) θlim = 10◦ and θneighbor = 40◦.

(c) θlim = 15◦ and θneighbor = 0◦. (d) θlim = 15◦ and θneighbor = 40◦.

(e) θlim = 20◦ and θneighbor = 0◦. (f) θlim = 20◦ and θneighbor = 40◦.

(g) θlim = 25◦ and θneighbor = 0◦. (h) θlim = 25◦ and θneighbor = 40◦.

Figure 6.9: Ambiguity elimination success rate of the ambiguity elimination
method with the flatness maintaining system.
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(a) θlim = 10◦ and θneighbor = 0◦. (b) θlim = 10◦ and θneighbor = 40◦.

(c) θlim = 15◦ and θneighbor = 0◦. (d) θlim = 15◦ and θneighbor = 40◦.

(e) θlim = 20◦ and θneighbor = 0◦. (f) θlim = 20◦ and θneighbor = 40◦.

(g) θlim = 25◦ and θneighbor = 0◦. (h) θlim = 25◦ and θneighbor = 40◦.

Figure 6.10: Existence of failure in ambiguity elimination with the flatness
maintaining system.



Chapter 7

Conclusion

7.1 Summary and Conclusion

In this thesis, we describe beam forming from a phased array antenna on a panel-

structured SPS. A solar power satellite is a huge satellite designed as an electric

power plant in a geostationary Earth orbit. The SPS generates electricity using

solar cells in outer space and transmits the generated electricity to a receiving site

on the Earth through microwave power transmission. The panel-structured SPS

corresponds to the main structure of a tethered SPS. The transmission antenna of

the panel-structured SPS is a phased array antenna that consists of many antenna

elements. The radiation pattern of the phased array antenna can be manipulated

by controlling the output phases and the power of the microwaves radiated from

each antenna elements. The SPS transmits the microwave to a long distance and

the radiation pattern of the phased array antenna must be controlled with high

accuracy.

In Chapter 1, we introduce the wireless power transmission, the SPS, and the

panel-structured SPS and offer some background on this study.

In Chapter 2, we describe the problems of the beam forming using the phased

array antenna in the panel-structured SPS and describe some beam control meth-

ods. First, we explain problems of the beam forming using the phased array

antenna on the panel-structured SPS. The panel-structured SPS consist of the

same types of panel modules, and the panel modules are connected flexibly. Con-

sequently, maintaining the flatness of the phased array antenna is difficult, and

123
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the antenna surface of the phased array antenna is easily deformed. Thus, we

have to correct the output phase errors caused by the deformation of the antenna

surface to achieve high beam control accuracy. Second, we describe position and

angle correction (PAC) method, which was proposed for the phased array antenna

on the panel-structured SPS. The PAC method estimates the positions of the an-

tenna elements and calculates the correction values of the output phases from the

pilot signal that is radiated from the receiving site on the Earth in order to detect

the receiving site. Third, we describe three types of beam forming methods: the

rotating-element electric-field vector (REV) method, the parallel method, and the

closed-loop method. Finally, we compare these beam forming methods and confirm

that the PAC method is the most suitable to correct the deformation of the beam

shape caused by the deformation of the antenna surface of the panel-structured

SPS.

In Chapter 3, we describe beam forming experiments with an actual phased

array antenna and perform beam forming simulations of the experimental phased

array antenna and the phased array antenna on the panel module. First, we

describe the actual phased array antenna, called the advanced phased array sys-

tem (APAS), and the experimental configuration. The APAS consists of 256 an-

tenna elements. Each antenna element incorporates a 5-bit digital phase shifter

and the output phases of the antenna elements are controlled independently. We

conducted experiments with the APAS in an anechoic chamber of the Advanced

Microwave Energy Transmission Laboratory (A-METLAB) at the Research Insti-

tute for Sustainable Humanosphere (RISH) of Kyoto University and measure the

horizontal radiation patterns. Second, we describe the outline of simulations of

the experimental phased array antenna. We simulate the radiation patterns using

two different simulation methods: ANSYS HFSS and the electric field synthe-

sis method. The HFSS simulates the radiation patterns with high accuracy, but

is time-consuming. On the other hand, the electric synthesis method simulates

radiation patterns with high speed, but does not consider electromagnetic wave

propagation and the effect of mutual couplings. Third, we describe some beam

direction control experiments and simulations. Based on the experimental results,

we demonstrate that we can control the beam direction with high accuracy using

the APAS. We compare the results of experiments and simulations and confirm

that radiation patterns are calculated with high accuracy by HFSS and the electric

field synthesis method. However, the electric field synthesis method cannot calcu-

late the decrease in directivity caused by grating lobes. Hence, when we use the



Chapter 7. Conclusion 125

electric field synthesis method, we must check whether grating lobes exist or not.

Fourth, we describe a flat-topped beam forming with the APAS. We aim to form

a flat-topped beam, because we must control the output phases with exceedingly

high accuracy to form a flat-topped beam. From the results of the experiment,

we achieve to form a flat-topped beam with the APAS and we confirm that com-

plex beam forming is achieved by current technology. Finally, we describe beam

direction control simulations with the phased array antenna on the panel module

of the panel-structured SPS. As a results, the peak directivity is decreased to 90%

when the size of the beam direction is 30◦ and is decreased to 50% when the size

of the beam direction is 40◦. Hence, the size of the panel module angles must be

smaller than 40◦ to maintain high transmission efficiency in the panel-structured

SPS.

In Chapter 4, we describe the accuracy evaluation of the microwave power

beam forming with PAC method. First, we describe a simplified simulation model,

which corresponds to a panel structured SPS consisting of panel modules with a

linear phased array antenna. We simulate the PAC method in the simplified

simulation model and confirm that we can correct the output phases even if mea-

surement errors occur in the phase measurement of the pilot signals. Second, we

evaluate the phase correction accuracy of the PAC method using simulation and

formulas in the simplified simulation model. From these evaluations, the phase

correction accuracy is found to be affected by the positions of the pilot signal

receiving points. If the distance between the pilot signal receiving points widens,

the size of the phase correction errors decreases. When we assumed that the stan-

dard deviation of the phase measurement errors is defined as 10◦ and that the

pilot signal receiving points are placed at the ends of each panel module, the stan-

dard deviation of the output phase correction errors is approximately 16◦. Finally,

we evaluate the phase correction accuracy of the PAC method with formulas in

the realistic simulation model that corresponds to the panel module of the panel-

structured SPS. From the evaluation, four pilot signal receiving points must be

set on each apex of the panel module to decrease the size of the phase correction

errors. When we assumed that the standard deviation of the phase measurement

errors is defined as 10◦ and the pilot signal receiving points are placed at every

apex of the panel module, the standard deviation of the output phase correction

errors is approximately 13◦.



Chapter 7. Conclusion 126

In Chapter 5, we describe the problems of angle estimation of the panel mod-

ules in the PAC method and propose some improved angle estimation methods.

First, we describe the problems of the angle estimation. The distance between the

pilot signal receiving points must be widened to improve the accuracy of the PAC

method. However, when the distance between the pilot signal receiving points is

longer than half the wavelength of the pilot signal, the angle estimation of the

panel module may fail due to the phase measurement ambiguities of the pilot sig-

nal. Hence, we must eliminate the effect of the ambiguities to correct the output

phases by the PACmethod. Second, we propose and evaluate some ambiguity elim-

ination method, in which we increase the number of pilot signal receiving points

and the ambiguities are eliminated by an unequal interval array of pilot signal

receiving points. From the evaluation of the ambiguity elimination method with

three or four pilot signal receiving points, we confirm that the ambiguities can be

perfectly eliminated using four pilot signal receiving points. Third, we propose and

evaluate an ambiguity elimination method with flatness maintaining system. The

flatness maintaining system controls the connection angles of the panel modules to

maintain the flatness of the panel modules. When we use the flatness maintaining

system, we can eliminate some ambiguities in the angle estimation from the angle

of the neighboring panel module. From the evaluation of the ambiguity elimination

method with flatness maintaining system, we confirm that the ambiguities can be

perfectly eliminated using the flatness maintaining system and three pilot signal

receiving points. Finally, we summarize these ambiguity elimination methods for

angle estimation of the panel modules in conjunction with the PAC method. The

ambiguity elimination method with the flatness maintaining system eliminate the

ambiguities based on the angle of the neighboring panel module. Hence, we use

the ambiguity elimination method with the flatness maintaining system together

with the ambiguity elimination method with four pilot signal receiving points and

we can perfectly eliminate the ambiguities in the PAC method.

In Chapter 6, we describe the pilot signal receiving antennas. A patch an-

tenna is used as a power transmission antenna in the panel-structured SPS and

we propose to use a patch antenna as a pilot signal receiving antenna. The size of

the patch antenna is inversely proportional to the resonant frequency and to the

square root of the relative permittivity of the dielectric substrate. The frequency of

the power transmission microwave is 5.8 GHz and the frequency of the pilot signal

is 2.95 GHz. Hence, the size of the pilot signal receiving antenna is approximately

equal to that of the power transmission antenna when the relative permittivity
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of the dielectric substrate of the pilot signal receiving antenna is approximately

four times larger than that of the power transmission antenna. To equalize the

size of these antennas, we can replace the power transmission antenna with the

pilot signal receiving antenna. First, we design a pilot signal receiving antenna

with approximately the same size as the power transmission antenna. Second, we

simulate and evaluate the mutual coupling effect in the pilot signal phase mea-

surement. From the simulation, the mutual coupling has only a small effect on

the pilot signal phase measurement when the pilot signal phase receiving antenna

is not adjacent to other pilot signal receiving antennas. Third, we simulate and

evaluate the proposed ambiguity elimination methods with pilot signal receiving

antennas. From the simulation, the ambiguity elimination methods can be used

when we use the pilot signal receiving antennas in the PAC method, and we con-

firm that the patch antenna can be used as the pilot signal receiving antenna in

the panel-structured SPS.

This thesis contributes to the beam forming in the panel-structured SPS. We

experiment and demonstrate beam forming using an actual phased array antenna

to confirm that the beam shape can be controlled with exceedingly high accuracy

using current technology. We simulate the radiation pattern of the phased array

antenna on the panel module and consider the variation of the directivity of the

main lobe when we control the beam direction. We consider and improve the PAC

method and confirm its effectiveness in the beam forming in the panel-structured

SPS.

7.2 Suggestions for Future Work

There are still some issues open regarding beam forming in the panel-structured

SPS. The presented simulation results demonstrate the PAC method’s effective-

ness. Nevertheless, the PAC method must be further tested experimentally with a

phased array antenna consisting of panel modules. Furthermore, actual radiated

microwaves are not measured in the PAC method. We must check that the an-

tenna elements radiate the correct microwaves. Hence, a calibration method for

the antenna elements of the panel-structured SPS is required. We previously pro-

posed a calibration method for the panel-structured SPS using square waveguides

[70]. However, the proposed method exhibited low calibration accuracy and the

weight of square waveguides. Hence, we must improve the proposed method or
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propose another one by using, for example, resonant circuits or antennas. It is

hoped that this study will contribute to realize the SPS.
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