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Abstract

The Graduate University for Advanced Studies, SOKENDAI
Department of Space and Astronautical Science, School of Physical Sciences

Doctor of Philosophy

Precise Beam Control System for Solar Power Satellite

by Raza Mudassir

Solar Power Satellite (SPS) has been proposed to provide continuous renewable en-
ergy from solar power. SPS will receive power from sun and transmit to rectenna on
ground in form of microwaves. Challenges for SPS are efficient microwave power
transmission, construction and control of large structure in space, large scale power
generation, space transportation, etc. My study is focused to solve issues regarding
efficient microwave power transmission. Many designs of SPS have been studied,
and one of them is Tethered SPS. Its size is 2.375 km x 2.5 km, and rectenna of 3.5
km diameter will provide 1 GW power. Tethered SPS will use power generation and
transmission modules with size of 0.5 m x 0.5 m, and 23,750,000 modules will be
required. SPS will be installed in geostationary equatorial orbit (GEO) to transmit
power continuously. For Tethered SPS, required accuracy of beam forming is .0005◦.
Flexible structures will be used for large array antenna system and space environ-
ment conditions will deform the antenna system. It is required to compensate effect
of deformation for achieving the required accuracy.

Hardware retrodirective method and software retrodirective method have been stud-
ied previously to fulfill the requirements of power transmission, but both have some
limitations. Hardware retrodirective method uses phase conjugate signals generated
by a hardware microwave circuit, so it is not flexible regarding frequency. Refine-
ments for amplitude tapering are difficult to apply, and filtering of unwanted signals
is also not possible. Software retrodirective method consists of a direction finding
system and a beam forming system. It needs high uplink power of pilot signal for
direction finding in order to achieve required high beam control accuracy. The soft-
ware retrodirective system also requires phase synchronization among huge num-
ber of power emitting devices installed on 23,750,000 modules. REV method that
can correct phase error caused by an antenna deformation or temperature changes
takes long processing time. Objectives of my study are improvement of software
retrodirective method regarding direction finding and proposal of digital retrodirec-
tive method.

To solve issue of high uplink power for software retrodirective method, i proposed
to increase SNR of pilot signal with high gain pilot signal receiving antennas and
to use long baseline. Dipole array antennas were used to receive pilot signal and
they were installed on power transmitting antennas. Phase comparison monopulse
method was used to measure phase difference for 2x2 and 4x4 dipole array anten-
nas. Error of angle of arrival was determined by using the measured values of phase
difference. 1m, 2.5m and 5m baselines were used to compare effect of different base-
lines on the accuracy of direction finding. Results indicated that for 60 dB SNR with

http://department.university.com
http://department.university.com


iv

using 4x4 array and 5m baseline, required accuracy of .0005◦ was achieved. Estima-
tion was performed to determine uplink power for SPS and It was resulted that 6
kW uplink power is required with 54.4 dB gain of pilot signal transmitting parabolic
antenna. Number of pilot signal receiving antennas was also decreased with using
long baseline.

However, with larger receiving antenna by using an antenna array and with the
longer baseline, deformation of the antenna is more susceptible. I evaluated effect of
antenna deformation experimentally. Antenna deformation experiments were per-
formed with dipole array antennas to estimate effect of antenna deformation on di-
rection finding. Cases of partial antenna array deformation and whole antenna array
deformation were considered. Phase error was minimum for one element deforma-
tion and was maximum for whole array deformation.

I proposed digital retrodirective method that generates phase conjugate signals by
the software methods, as alternative to hardware and software retrodirective meth-
ods. Digital signal processing was used to detect phase of pilot signal and to gener-
ate conjugate phase for power signal by a new algorithm. Each set of pilot signal and
power signal antenna worked independently to perform precise beam forming. A
reference signal was used to provide standard frequency, phase and timing among
retrodirective array antennas. For antenna deformation compensation, change of pi-
lot signal phase was determined and power signal was generated accordingly.

Experimental evaluation for the digital retrodirective system and the algorithm was
performed with using one dimensional retrodirective array. Patch subarray was
used as power signal transmitting antenna and dipole antenna was used as pilot
signal receiving antenna. Frequencies of power signal and pilot signal were 5.8 GHz
and 2.45 GHz respectively. No deformation, forward deformation and backward
deformation cases were considered for the evaluation. Results showed that digi-
tal retrodirective method performed well for all the cases. Regarding compensation
for deformation cases, beam pointing error was .21◦ rms. Comparison was carried
out between REV method and digital retrodirective method for compensation of
antenna deformation. Antenna Radiation patterns for both methods were in good
agreement, but long processing time was required for REV method.

Regarding application for SPS, estimation was performed for digital retrodirective
method with two dimensional retrodirective array. 8x8 subarray was used and ap-
propriate results for beam forming were obtained. Configuration to provide refer-
ence signal for large scale antenna system of SPS was also presented. GPS antennas
were used to supply reference signal for a group of retrodirective array antennas and
synchronization was not required among the groups of antennas.

Hence, the digital retrodirective method used digital processing circuit, which solved
issues of hardware retrodirective method as flexibility regarding frequency, ampli-
tude tapering modifications, etc. Issues of synchronization among antenna modules
and processing time of antenna deformation compensation for software retrodirec-
tive method were also solved by digital retrodirective method. Number of pilot
signal receiving antennas is increased with digital retrodirective method and it can
increase cost. So, there is a trade-off between efficiency of beam forming and cost.
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Conclusively, studies were performed to resolve issues of previously studied meth-
ods to do efficient microwave power transmission for SPS. Direction finding experi-
ments were performed with high gain antennas and long baseline to decrease uplink
power of pilot signal. Required uplink power for SPS was decreased with using the
proposed methodology. Evaluation was also done for effect of antenna deformation
on direction finding. Digital retrodirective method was proposed as alternative to
the conventional methods and experiments were conducted to verify the algorithm.
Results indicated that proposed method was able to solve issues of conventional
methods to do precise beam forming for SPS.
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Chapter 1

Introduction

Due to issue of CO2 emission from fossil fuels for power generation, demand for re-
newable energy sources is increasing and has become international concern. Among
the renewable energy sources, solar arrays and wind energy are big sources to pro-
vide clean power. But these sources depend on local environment and power supply
is unstable and rapidly changes. Solar Power Satellite (SPS) is an option to provide
continuous clean power. SPS has been studied since 1960s and it is one of best appli-
cations of microwave power transmission (MPT). It will be installed in geostationary
orbit (GEO), 36000 Km above earth. It will have 3 parts: solar energy collector, DC
power to microwave converter and antenna to transmit power to ground. For solar
energy collector, solar cells will be used. To convert DC power to microwave power,
microwave tube or semiconductor system will be used. Large antenna array will be
used to transmit higher power. SPS system also needs a ground segment to collect
transmitted power from SPS. A rectenna will be used to receive microwave power
and rectification will be done to convert to DC power. Then, this DC Power will go
to existing power network.

Targets of research and development for SPS are as [1]:

• Technology (Transportation of large structure to outer space, construction and
control, highly efficient and safe power generation, efficient microwave power
transmission, operation and maintenance, etc.).

• safety (Effects on human body, atmosphere, ionized layer, aircrafts, electronic
devices, etc).

• Economic Performance (cutting the cost of transportation to space, etc).

1.1 Tethered SPS

Many studies have been conducted for SPS worldwide and different models are
suggested. A basic model, suggested by Japan is Tethered SPS, shown in Figure 1.1
and 1.2. Its size is 2.375 km x 2.5 km and size of subpanel is 100 m x 95 m. Area of
structural unit panel is 5 m x 0.5 m and power generation and transmission module
will have 0.5 m x 0.5 m size. 23.75 million modules are required for the tethered SPS.
Rectenna on ground will be size of 3.5 km diameter and output power from rectenna
is 1 GW [2].
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FIGURE 1.1: Tethered SPS.

FIGURE 1.2: Construction Scenario of Tethered SPS.

1.2 Hardware Retrodirective Method

For the case of wireless power transmission, experiments have been conducted since
the Nikola Tesla’s experiment about wireless power transmission [2]. A lot of MPT
experiments for case of SPS also have been conducted after idea of SPS was given
by peter Glaser in 1960s [3-6]. Different technologies are studied to perform MPT
for SPS and one of them is Hardware Retrodirective. It uses analog RF devices with
phase conjugation circuit to do beamforming. Pilot signal from receiver is sent to the
transmitter and then, power signal is transmitted towards location of receiver.
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1.3 Direction Finding and Beam Forming Method

Direction finding and Beam Forming method, also known as software retrodirec-
tive method was proposed as alternative to hardware retrodirective method. It uses
direction finding (DF) methods to detect angle of pilot signal. Experiments have
been conducted with different direction of arrival (DOA) methods to do DF of pilot
signal. Phased array antenna system with digital beamforming techniques is used
for power transmission. With use of digital beamforming, flexibility is achieved
to transmit power beam. Figure 1.3 shows a basic configuration about working of
retrodirective beamforming system for SPS. Pilot signal is sent from ground loca-
tion of rectenna towards SPS and then, microwave power is transmitted towards
rectenna from SPS.

FIGURE 1.3: Retrodirective method.

1.4 Research Problem

For case of tethered SPS, required accuracy of beam forming with 10% of control er-
ror is .0005◦. Beam forming includes pilot signal DF and power signal transmission,
so required accuracy of DF is also .0005◦.

Surface of SPS will not be flat in space due to environmental conditions, and de-
formation of the surface will lead to error in DF and beamforming. So, it is required
to explore effect of antenna deformation for efficient power transmission.

Hardware retrodirective and DF & Beam Forming methods have been studied to
solve issues of required accuracy of power transmission from SPS and to compen-
sate effect of surface deformation in orbital motion. Figure 1.4 compares hardware
retrodirective method and DF & Beam Forming method regarding microwave power
transmission. Hardware Retrodirective system has difficulty to implement ampli-
tude tapering refinements, not flexible regarding frequency and not useful for filter-
ing the unwanted signals, etc. For DF & Beam Forming method, synchronization
is required among 23.75 million antenna modules. It uses REV method to correct
antenna deformation, and REV method needs several hours for processing. Up-
link power in megawatts is estimated for achieving the required accuracy of power
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transmission. A standard signal as reference is required for phase and frequency by
hardware retrodirective method and DF & Beam Forming method.

FIGURE 1.4: Conventional MPT methods.

1.5 Research Objective

My goal is to achieve the .0005◦ accuracy for power transmission and to compensate
effect of antenna deformation effectively. My study objectives to achieve this goal
are given below:

• Improvement of System Study of SPS with respect to required accuracy of pilot
signal direction finding with less uplink power

• Estimation of antenna deformation effect on direction finding

• Development of Digital Retrodirective method with using digital signal pro-
cessing (alternative to Hardware retrodirective and Direction Finding and Beam
Forming)

• Deformation correction by Digital Retrodirective method
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1.6 Thesis Outline

This Thesis is organized as follows: Chapter 2 is about literature review of SPS, wire-
less power transmission via radio waves, hardware retrodirective method and DF &
Beam Forming method. Some history of previous work for models of SPS and mi-
crowave power transmission technologies is given.

Chapter 3 describes DF & Beam Forming method. Data is discussed about phase
comparison monopulse method, antenna types, equations for finding error of angle
of arrival, etc. Setup and results of the experiments with using array antennas and
long baseline are reported. Results of experimental data are also discussed for effect
of antenna deformation on DF.

Chapter 4 gives data about proposed digital retrodirective method. Algorithm for
the method is discussed, and experimental results are given for evaluation of the
method. Deformation experiments are performed to find effectiveness of the method.

Chapter 5 is about system study for SPS by using proposed technologies. Estimation
of uplink power is done and application of digital retrodirective method for SPS is
discussed.

Chapter 6 concludes the thesis by mentioning about study objective and results from
the experiments.
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Chapter 2

Literature Review

2.1 Solar Power Satellite

Concept of SPS was given by Peter Glaser in 1968, shown in Figure 2.1 [3]. After
Glaser’s idea, many research projects were conducted about designing of SPS.

FIGURE 2.1: Concept of SPS by Peter Glaser.

A feasibility study about SPS was done by NASA/DOE in 1978-1980. A reference
model was proposed by them in 1979, as shown in Figure 2.2. Transmitting power
from the reference model was 6.72 GW at 2.45 GHz. Number of antenna elements in
SPS was 100 million with .75λ antenna spacing.
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FIGURE 2.2: NASA Reference Model.

Sun Tower concept was given in 1995, shown in Figure 2.3. Power transmission level
would be 200 MW with 5.8 GHz frequency. Antenna array for transmission was cir-
cular and approximately 260 m diameter [7].

In 2001, another model for SPS was proposed, named as Integrated Symmetrical
Concentrator (ISC). It was having capacity of 2.1 GW.
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FIGURE 2.3: Sun Tower SPS.

European space agency proposed idea of Sail Tower SPS. Transmitting power was
450 MW with 2.45 GHz. Thin film technology was proposed and new mechanisms
were suggested for deployment of solar sails.

In 2011, a study was conducted by International Academy of Astronautics (IAA)
and a model for SPS was proposed [7].

2.1.1 SPS in Japan

In 1992, a model of SPS was designed by New energy and Industrial Technology
Development Organization (NEDO). Out pout power from SPS was 1 GW with 2.45
GHz.

SPS 2000 model was proposed by group of Institute of Space and Astronautical Sci-
ences (ISAS) in 1993. Its shape was like triangular prism, as in Figure 2.4.
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FIGURE 2.4: SPS 2000.

Japan Aerospace Exploration agency (JAXA), formally known as National Space De-
velopment Agency (NASDA) gave a model for SPS in 2001. 1 GW was output power
from SPS with 5.8 GHz frequency.

Unmanned Space experiment Space Flyer (USEF) gave concept of Tethered – SPS
in 2001-2002 study. Power generation/transmission panel was suspended by multi-
tether.

Some concepts of SPS, discussed are shown in Figure 2.5. They are categorized
by sunlight concentrating mirror and power collection, distribution [12]. For the
bus power models, weight of power collection cables is extremely large. To con-
centrate sunlight using mirror leads to difficulties in attitude control and requires
highly challenging technologies. For the Tethered-SPS, attitude control will be by
gravity gradient. No mechanism like rotary joint is used to track sun, so simple
configuration resolves technical difficulties in past SPS models [9].
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FIGURE 2.5: Different types of SPS Models.

2.2 Wireless Power Transmission towards SPS

2.2.1 19th Century

In 1864, prediction for existence of radiowaves was given by James C. Maxwell. In
1884, John H. Poynting identified role of poynting vector for calculating electromag-
netic energy. Heinrich Hertz was firstly successful in 1881 to show evidence of ra-
diowaves experimentally. Spark-gap radio transmitter was used by him [2].

1n 1899, Nikola Tesla carried out first WPT experiment by using Tesla Tower. Tesla
tower, as shown in Figure 2.6, was a coil connected to 200 ft high mast with 3 ft di-
ameter ball at its top. Tesla fed 300 kw to coil and resonant frequency was 150 KHz.
Voltage at radio frequency at top sphere reached 100 MV. Experiment failed because
transmitted power was diffused in all directions with wavelength of 21 km. After
this WPT trial, area of radiowaves was dominated by wireless communication and
remote sensing [2].
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FIGURE 2.6: Tesla Tower.

2.2.2 20th Century

To work for transmitted power and to increase transmission efficiency, a higher fre-
quency than that used by Tesla is needed. 1n 1930, by invention of magnetron and
klystron, progress was made to get high power microwaves. With development of
radar technology after world war II, high power microwave generating devices were
advance.

1n 1960, W.C. Brown developed a rectifying antenna, called as “Rectenna” to convert
microwave to dc. With the rectenna, Brown did MPT to a wired helicopter in 1964
and to a flying helicopter in 1968. In 1970, Brown did Mashall Space Flight Center
tests to increase total DC-RF and RF-DC efficiency with 2.45 GHz radiowaves. DC-
DC efficiency was 26.5% with output of 39 WDC. DC-DC efficiency was increased
upto 54% in 1975 with output of 495 WDC by magnetron of Raytheon Laboratory
[2]. P.E Glaser proposed idea of Solar Power Satellite (SPS) in 1968 [3].

At JPL Goldstone facility, MPT experiment was performed by Brown and Richard
Dickinson in 1975, depicted in Figure 2.7. Transmitted power was 450 kw with 2.388
GHz and parabolic antenna of 26 was used as transmitter. Size of rectenna array was
3.4 m x 7.2 m. Distance between transmitter and rectenna was 1.6 km and 30 KWDC
power was received [10].
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FIGURE 2.7: Goldstone Experiment.

In 1983, MPT rocket experiment was performed by Hiroshi Matsumoto’s group in
Japan. Name of experiment was microwave Ionosphere Nonlinear interaction exper-
iment (MINIX). Focus of this experiment was to evaluate interaction of microwave
and ionosphere plasma. Another MPT rocket experiment, called International Space
Year-Microwave Energy Transmission (ISY-METS) was conducted in 1993, shown
in Figure 2.8. Transmitting antenna for MINIX was truncated waveguide and for
ISY-METS, phased array antenna was used to control beam direction. 2.45 GHz fre-
quency was used for transmitted signal [11].
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FIGURE 2.8: ISY-METS.

Some MPT experiments were performed around 1990s for SPS and other applica-
tions of MPT. 1n 1987, stationary high altitude relay platform (SHARP) experiment
was carried out by Canada to transfer microwave to a fuel free airplane, shown in
Figure 2.9. 10 KW signal with 2.45 GHz was transmitted to airplane flying 150 m
above ground level. Parabolic antenna was used to transmit beam [11].
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FIGURE 2.9: SHARP experiment.

Figure 2.10 shows Microwave lifted Airplane experiment (MILAX), conducted by
Japan in 1992. Phased array antenna with 4-b digital phase shifters was used to steer
beam toward flying plane [10]. Transmitter was installed on roof of a car and car was
driven under airplane. 1.25 kW power with 2.411 was sent and received dc power
by rectenna was 88 W. In 1995, another experiment by japan was done to flying
airship, named as Energy transmission toward High-altitude long endurance airship
Experiment (ETHER). 2.45 GHz signal with 10 Kw power was sent by parabolic
antenna to flying airship, 35-45m above ground. Ground to ground MPT experiment
was also conducted by japan with 2.45 GHz in 1994-1995 [2].
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FIGURE 2.10: MILAX Experiment.

2.2.3 21th Century

In 2000, Solar Power Radio Integrated Transmitter (SPRITZ) MPT system was made
by Japan. Purpose of this system was to develop high efficient phased array for
SPS applications. Solar cell panel, microwave generator, transmitting antenna and
rectenna array were installed together in one package. Frequency of transmitting
beam was 5.77 GHz and beam was steered by 3-b phase shifter [8].

Hawaii experiment was carried out by coordination of Japan and USA in 2008.
Phased array transmitting antenna was used and 20 W power was sent. Target was
150km away from transmitter [10].

In 2010, Kyoto university and Mitsubishi Electric developed novel phased array for
SPS. 5.8 GHz frequency was used for transmitting beam. 256 antenna elements were
used in phased array and 5-b phase shifter was used. Output power from the array
was 1.5 kW and Class-F amplifiers with GAN FETs was used to generate beam [10].

In 2012, a breadboard model (BBM) was developed by JAXA for MPT experiment
from space to ground. 64 sub-arrays of microstrip patch antennas were used and
output power was 160 w. 16 microwave modules were used, having 6-bit phase
shifter, pre-amplifier and power amplifier, shown in Figures 2.11 and 2.12 [13].
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FIGURE 2.11: BBM Transmitting Antenna.

FIGURE 2.12: BBM Microwave Module.
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2.3 Hardware Retrodirective System

In 1987, a retrodirective system, shown in Figure 2.13, was developed by Kyoto uni-
versity and Mitsubishi Electric with using two asymmetric pilot signals for phase
conjugate circuit. In conventional retrodirective system, same frequency was used
for pilot signal and transmitting microwave. So, there was a problem of interference
between pilot signal and transmitted signal. Therefore, it was proposed to use two
asymmetric pilot signals. Frequency was 2.45 GHz and seven dipole antennas were
used to transmit signal in direction of incoming pilot signals [10].

FIGURE 2.13: Hardware Retrodirective Experiment.

Kyoto university and Nissan Motor Company developed another retrodirective sys-
tem in 1995, with using a pilot signal being one third of transmitting frequency.
Frequency of transmitted signal was 2.45 GHz and that of pilot signal was 817 MHz.
On both sides of transmitting antenna, pilot signal receiving antenna were placed
[12].

In 2003, a PLL-heterodyne retrodirective system was developed by Mitsubishi elec-
tric and USEF SPS Study team [10]. Transfer frequency was 5.77 GHz and pilot
signal frequency was 3.884 GHz. A successful retrodirective MPT experiment was
performed from rocket to ground by Kobe University, ISAS, ESA in 2006 [2].
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2.4 Direction Finding and Beam Forming Method

Kyoto university group suggested DF & Beam forming method (software retrodi-
rective method) for outdoor MPT experiment and SPS. Conventional retrodirective
system was hardware system with using analog phase conjugate circuits. Hardware
system was complex and not flexible regarding frequency [14,15]. Flexible beam
forming was also possible by software retrodirective system. An experiment was
performed by the group and error of DOA estimation was less than 1.2 ◦ [16].

Novel phased array system by Kyoto university and Mitsubishi, depicted in Fig-
ure 2.14, used software retrodirective method for beam controlling. Amplitude monopulse
method was used to detect direction of pilot signal. Frequency of pilot signal was
2.45 GHz. Accuracy of DF was 0.4 ◦ RMS [10].

FIGURE 2.14: Phased array model by Kyoto Uni.

An experiment was performed by JAXA for DF of pilot signal, shown in Figure 2.15.
Phase comparison monopulse method and amplitude comparison method were used
for DF. An array of two antenna elements was used with baseline of 1m and 5 m.
Gain of the antenna elements was 6 dBi. Estimation of uplink power and noise level
was done to achieve .0005◦ accuracy. It was suggested that 1 MW of uplink power
with -110 dBm of noise level is required for 5m baseline to achieve required accuracy
[17].

Another experiment was performed by JAXA with phased array antenna system
for microwave power transmission. Gain of pilot signal receiving antennas was 5
dBi, baseline was 0.2 m and -140 dBm noise level was required with 1 MW uplink
power for .0005◦ accuracy of direction finding [18].
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FIGURE 2.15: DOA experiment by JAXA.
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Chapter 3

Precise Direction Finding

3.1 Introduction

For case of tethered SPS, required accuracy of beam forming with 10% of control
error is .0005◦[15,17,19]. Hardware Retrodirective system has been studied initially
for purpose of microwave power transmission. It is difficult to implement ampli-
tude tapering refinements, etc. and this method is also not flexible regarding fre-
quency[14,15]. Direction Finding and Beam Forming method (Software retrodirec-
tive method) was proposed as alternative to Hardware Retrodirective method [14].

Direction Finding and Beam Forming method requires high uplink power of pilot
signal for direction finding. With 6 dBi gain of pilot signal receiving antenna and
using baseline of 5 m, 1 MW uplink power with -110 dBm noise level is required
[17]. For purpose of DF with Direction Finding and Beam Forming method, phase
comparison monopulse and amplitude comparison monopulse have been studied.
Accuracy of Phase comparison monopulse is higher than that of Amplitude compar-
ison monopulse [20-22].

There is a concern of antenna deformation due to space environmental conditions[23-
25]. Some studies have been done to evaluate the effect for microwave power trans-
mission. Cases of antenna deformation are evaluated regarding accuracy of power
transmission[23,25-26]. There is a need to do study for evaluation of effect of an-
tenna deformation on direction finding.

In Chapter 3, I did experiments with using phase comparison monopulse method.
Array antennas with long baseline were used to increase accuracy with less uplink
power. Effect of antenna deformation was also considered with using different cases
of antenna deformation.

3.2 Phase comparison monopulse

Figure 3.1 represents concept of DF & Beam forming method. A pilot signal is sent
from rectenna location and received by antennas, installed on transmitter. DOA of
pilot signal is found by DF methods and then information of DF is sent to Phased
array equipment of the transmitter. Phase shifters are used to change the transmit-
ting beam direction. Beam is transmitted depending on the DF of the received pilot
signal.
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FIGURE 3.1: Software Retrodirective Method.

Figure 3.2 represents basic configuration of phase comparison monopulse method.
A signal is sent from a target and received by separated antennas. Minimum re-
quirement of receiving antennas is to have two antennas.

FIGURE 3.2: Phase Comparison Monopulse.
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Path difference (∆x) in Figure 3.2 is calculated by Eq. (3.1) and then, phase difference
(∆φ) by Eq. (3.2). d is baseline and θ is angle of arrival (AOA).

∆x = d sin θ (3.1)

∆φ =
2πd sin θ

λ
(3.2)

If we know the phase difference between two antennas, then AOA can be found by
following Eq. (3.3).

θ = sin−1 λ∆φ

2πd
(3.3)

Eq. (3.4) is about error of AOA and it depends on signal to noise ratio (SNR), baseline
and angle of arrival.

∆θ =
λ

πd cos θ
√

SNR
(3.4)

For standard deviation of phase difference (σφ), error of AOA can be found, as in
Eq. (3.5).

∆θ = sin−1 λσφ

2πd
(3.5)

3.3 USRP

Universal Software Radio Peripheral (USRP) is a software defined radio hardware
system. Received signals by antennas are fed to USRP. Motherboard of USRP pro-
vides following subsystem: Low noise amplifier (LNA), Phase-locked loop (PLL),
Mixer and ADC. Figure 3.3 shows basic configuration of a USRP. Analog signal is
converted to I and Q data and then digital signal processing is performed.

USRP is connected with personal computer and controlled by software like GNU
Radio and Labview, etc. These software use signal processing blocks for implemen-
tation of signal processing functions.
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FIGURE 3.3: USRP.

3.4 Antenna

It is a metallic device to receive or radiate radio waves. It is a transitional structure
between free space and guiding waves. Guiding device or transmission line can be
in the form of coaxial cable or waveguide etc.

There are different types of antenna like wire antenna, Aperture antenna, Microstrip
antenna and array antenna etc.

3.4.1 Half Wavelength Dipole antenna

It is type of wire antenna and its length is equal to half of wavelength, as in Fig-
ure 3.4. It has identical two conductive elements of metal wire or rod. Each side of
feed line is connected with one conductor of dipole. Gain of half wavelength dipole
antenna is 2.15 dBi.
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FIGURE 3.4: Half Wavelength Dipole antenna.

3.4.2 Microstrip Patch antenna

This antenna is printed directly on circuit board. It is low profile, conformable to
planar and nonplanar surfaces. It is easy and cheap to manufacture patch antenna
with prtinted circuit technology. Feed is given by microstrip transmission line. Patch
antenna, transmission line and ground plane are made of high conductivity metal,
as in Figure 3.5.
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FIGURE 3.5: Patch Antenna.

3.4.3 Array antenna

It has multi elements, which are connected together. All antennas work together,
being one antenna. Commonly, same antenna elements are used in an array. An-
tenna elements are connected to transmitter or receiver through feed line and there
is a relationship of phase between elements. Radiowave transferred by each element
interfere constructively in desired direction to radiate high power.

With using array antenna, gain is high and beam is narrow as compared to that of
individual element. Larger the number of antenna, larger the gain band and beam
will be narrower. Electric field is calculated by product of array factor and electric
field of single element. Array factor is function of geometry of array and excitation
phase. Figure 3.6 shows array of patch antenna. Planar array and phased array are
some of types of array antenna.
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FIGURE 3.6: Array Antenna.

3.4.4 Phased Array

It is also known as scanning array to scan the radiated beam electronically in desired
direction. This can transmit beam in any direction without moving the antenna. Pro-
gressive phase shift between elements is controlled by phase shifters and maximum
radiation is transferred in any direction, shown in Figure 3.7.

Phase shift is controlled by using phase shifters. Different types of phase shifters
are used like, ferrite or diode phase shifters. Active phased arrays use amplification
with phase shift for scanning beam.
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FIGURE 3.7: Phased Array Antenna.

3.4.5 Planar Array

In Planar array, antenna elements are positioned in form of rectangular grid. Planar
array has more variables which can be used to control and shape the pattern. it can
be used to scan the beam in any direction. Applications of planar arrays are tracking
radar, search radar, remote sensing, communication, etc. Geometry of planar array
is shown in Figure 3.8.



3.5. DF with Array Antenna 29

FIGURE 3.8: Planar Array Antenna.

3.5 DF with Array Antenna

With using phase comparison monopulse method, DF experiment was performed.
Phase difference of pilot signal was found with using array antennas. Comparison
was done for degradation of angle of arrival among 1 dipole, 2x2 and 3x3 array of
dipole antennas. 4x4 and 2x2 array antennas were used to measure standard devia-
tion of phase and error of AOA with changing SNR level. Effect of SNR and baseline
was considered for antenna arrays. Proposed design for DF experimnetal setup is
shown in Figure 3.9. Pilot signal is transmitted by Tx antenna and received by Rx1
and Rx2 array antennas. Phase measurement is performed for DF with signals re-
ceived by Rx1 and Rx2.
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FIGURE 3.9: DF Setup.

3.5.1 Simulation Setup of Antennas

Half wavelength dipole antennas were designed with frequency of 2.45 GHz in CST.
Antennas were placed on Aluminum sheet. Radiation pattern of antennas were
found. Setup in CST for of 2x2 and 4x4 array antennas is shown in Figures 3.10
and 3.11. Patch subarray simulation model is shown in Figure 3.12
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FIGURE 3.10: 2x2 dipole Antenna Array.

FIGURE 3.11: 4x4 dipole Antenna Array.
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FIGURE 3.12: Patch Subarray.

3.5.2 Experimental setup for DF

Configuration of receiving antennas for DF is shown in Figure 3.13. Degradation of
angle of arrival experiment was performed with 1-element, 2x2 array and 3x3 array.
2x2 and 4x4 array were used for DF Experiment with long baseline.

USRP 2945 was used to receive signals from pilot signal receiving antennas and
perform phase measurement. Resolution of ADC for USRP 2945 was 14 bit [27].
Accuracy of turntable in anchenoic chamber was .05◦. Phase difference between an-
tennas for received pilot signal was calculated by Labview. Transmitted power was
changed from 10 dBm to -30 dBm and received power was measured. Value of SNR
for the setup was -80 dBm. Baseline of 5m, 2.5 m and 1 m were used. Figure 3.14
and 3.15 shows 4x4 array, installed on AL-panel and on Tx 8x8 subarray panel. Tx
subarray panel was used as breadboard model (BBM) for MPT experiments.
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FIGURE 3.13: DF Experiment in Anechoic Chamber.

FIGURE 3.14: 4x4 dipole Array Setup.
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FIGURE 3.15: 4x4 dipole Antenna Array on Tx Panel.

3.5.3 Results and Discussion

Radiation Pattern of Antenna

Radiation patterns of 1 dipole and 4x4 array are shown in Figure 3.16 and 3.17.
Pattern for 4x4 array compares when the array is installed on AL-frame and on BBM,
and both radiation patterns are in good agreement. Radiation patterns of Tx panel
is shown in Figure 3.18. It depicts the effect of installing dipole array antenna on
transmitting array antenna. It can be observed that effect of dipole array is minimal
on Tx panel.
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FIGURE 3.16: 1 dipole Antenna Pattern.

FIGURE 3.17: Comparison of radiation pattern of 4x4 dipole Array.
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FIGURE 3.18: Effect of 4x4 dipole Antenna Array on Tx Panel.

Analysis for Degradation of AOA

Error of AOA was measured with 1 element, 2x2 array and 3x3 array of dipole an-
tenna for same SNR values and it is shown in Figure 3.19 that same behavior was
experienced among all antennas.
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FIGURE 3.19: Checking for Degradation of AOA.

Comparison of Baseline

Error of AOA for 1m, 2.5m and 5m baseline is shown in Figure 3.20. For 5m baseline,
.0005◦ error of AOA was achieved for 60 dB of SNR. Required accuracy was achieved
with 2.5m and 1m baseline at around 70 dB and 75 dB respectively.
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FIGURE 3.20: Effect of Baseline on error of AOA.

Comparison of Array Size

Table 3.1 shows phase difference samples for getting phase standard deviation. Ac-
curacy of the experimental equipment is .05◦ and 10,000 samples are taken to get
standard deviation. SNR is changed from 38 dB to 8 dB with using 4x4 array. Ta-
ble 3.2 represents phase standard deviation and error of AOA for 4x4 dipole arrays.
Values of standard deviation are measured values and error of AOA is calculated by
Eq. (3.5). Table 3.3 represents phase standard deviation and error of AOA for 2x2
dipole array. Gain of 2x2 array is 6 dB less, so SNR for received pilot signal was from
32 db to 2 dB.

Comparison of theory and experiment regarding error of AOA is given in Table 3.4.
SNR is changed from 0 dB to 70 dB and .0005◦ accuracy is obtained for 60 dB of SNR.
Regarding approximation values, they were obtained with least square method. De-
tails about approximation are given in next section. Absolute error was obtained by
subtracting Theoretical data and approximation data. Absolute error is decreased
with increasing SNR. Figure 3.21 gives comparison among experimental data, ap-
proximation and theoretical data. it can be observed that experimental data correlate
with theory and approximation.
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TABLE 3.1: Phase Standard Deviation.

TABLE 3.2: Error of AOA for 4x4 array.
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TABLE 3.3: Error of AOA for 2x2 array.

TABLE 3.4: Comparison of Theory and Approximation for error of
AOA.
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FIGURE 3.21: Comparison of Theory and Experimental data.

Analysis for Approximation

Experimental data was obtained with maximum SNR of 38 dB with using 4x4 array
and error of AOA was .00582◦. To get SNR data for required accuracy, approxi-
mation was done by least square method with using experimental data. Figure 3.22
shows comparison between experimental data and approximation for error of AOA.
SNR was changed from 0 dB to 60 dB and .00049◦ was obtained, as shown in Table
3.5. Approximation was also done for getting values of phase standard deviation
for 60 dB SNR. Table 3.6 shows that .1271◦ phase standard deviation accuracy is
required for measurement data to obtain .00049◦ error of AOA. Figure 3.23 shows
the comparison of experimental data and approximation for phase standard devia-
tion.
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FIGURE 3.22: Comparison of Experiment and Approximation for Er-
ror of AOA.

TABLE 3.5: Approximation for error of AOA.
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TABLE 3.6: Approximation for Phase Standard Deviation.

FIGURE 3.23: Comparison of Experiment and Approximation for
Phase Standard Deviation.
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Analysis of Ambiguity

Direction finding experiment was performed with 1m, 2.5m and 5m baseline. Large
spacing between antennas has issue that ambiguities begin to occur when the an-
tenna spacing is longer than haft of wavelength of signal. Purpose of the DF exper-
iment was analysis of phase standard deviation and error of AOA regarding SNR
value of pilot signal. SNR values were changed and analysis was performed. So,
measurement for the experiment was done for 0◦ between pilot signal transmitting
antenna and pilot signal receiving antenna arrays. Pilot signals from different angles
were not required for purpose of the evaluation.

Regarding phase measurement between two complex pilot signals A and B by an-
tennas RX1 and Rx2 respectively, Eq. (3.6) can be used.

cos θ =
A.B

Mag(A)xMag(B)
(3.6)

But problem with measurement of θ with Eq. (3.6) is that there is an ambiguity
for angle measurement, as shown in Figure 3.24. cos(160◦) and cos(200◦) has same
value -0.939. So, to resolve this issue for phase measurement, Eq. (3.7) and (3.8) were
used.

cos θ =
Re(Conjugate(A)xB)

Mag(A)xMag(B)
(3.7)

Sign =
Re(A)xImg(B)− Re(B)xImg(A)

Mag(Re(A)xImg(B)− Re(B)xImg(A))
(3.8)

Eq. (3.7) gives value for θ and ± is provided by Eq. (3.8). This measurement is done
in real time with labview software to find the phase. Figure 3.25 shows the operation
by using these equations. Angle for phase moves from 0◦ to 180◦ and then -180◦ to
0◦. -180◦ is next value after 180◦ and operation is continuous without discontinuity.
Phase measurement by these equation fulfils the need to measure phase change for
deformation cases in section 3.6.
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FIGURE 3.24: Cos Function.

FIGURE 3.25: Phase Measurement.

To know the effect of phase difference by changing angles between pilot signal trans-
mitting antenna and pilot signal receiving antenna arrays, measurement were taken
for 1◦ and 5◦ turntable position. Table 3.7 compares the ∆φ for 1◦ and 5◦ position
between Eq. (3.9) and experimental data with 2.5m and 1m baseline.

∆φ =
2πd sin θ

λ
(3.9)

By Eq. (3.9), phase change (∆φ) for 2.5m and 1m baseline is 128.33◦ and 51.33◦ re-
spectively for 1◦ position. Phase change (∆φ) for 2.5m and 1m baseline is 640.88◦ and
256.35◦ respectively for 5◦ position. Regarding measurement data in Table 3.7, error
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between theory and experiment is increased with 2.5m baseline for 5◦ due to less
received power at this position. Theoretical values of (∆φ) with 5m baseline for 5◦

and 1◦ turntable position are 1281.77◦ and 256.66◦. Regarding measurement, Phase
will move from 0◦ to 180◦ and then -180◦ to 0◦, which will generate ambiguity when
using large position angles with long baseline. To resolve ambiguity with long base-
line was not required for the DF experiment, so this issue should be addressed in
future. A solution with unwrap phase function is given and it provides continuous
angles from 0 degree to 360 degree, 720 degree and so on [35-37]. Another solu-
tion to resolve ambiguity is given to use antennas with different baseline for phase
measurement [22].

TABLE 3.7: Phase data for Turntable position.

3.6 Effect of Deformation on DF

3.6.1 Experimental Setup

Regarding effect of antenna deformation on DF, experimental evaluation is per-
formed. Partial antenna deformation and whole antenna deformation cases are
considered. For partial antenna deformation, position of elements in an array was
changed. For Whole antenna deformation, one whole antenna array was deformed.
2x2 dipole antenna arrays were used for the deformation evaluation and forward de-
formation case was considered. Figure 3.26 shows 2x2 array without deformation.
Figures 3.27 and 3.28 show 2x2 array with 1-element and 2-element deformation re-
spectively. Figure 3.29 represents whole antenna deformation.

Figure 3.30 represents setup for partial array deformation. Antenna elements are
deformed in Rx2 dipole array antenna. Phase measurement is performed between
Rx1 and Rx2 under deformation conditions. Figure 3.31 shows setup for whole array
deformation. Rx2 dipole array is deformed in forward direction and phase measure-
ment is performed. USRP 2945 was used for measuring the phase difference between
Rx1 and Rx2. Configuration of USRP is given in Figure 3.3.
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FIGURE 3.26: 2x2 dipole Antenna Array without Deformation.

FIGURE 3.27: 2x2 dipole Antenna Array with 1 element Deformation.
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FIGURE 3.28: 2x2 dipole Antenna Array with 2 element Deformation.
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FIGURE 3.29: 2x2 dipole Antenna Array with whole antenna Defor-
mation.
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FIGURE 3.30: Partial Antenna Deformation.

FIGURE 3.31: Whole Array Deformation.
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3.6.2 Results and Discussion

Simulations are performed to get radiation patterns for deformation cases. Fig-
ure 3.32 shows pattern for 1 element deformation and Figure 3.33 indicates pat-
tern for 2 element deformation. For 5mm deformation, radiation Pattern shifts to
right side by 2◦ for 1 element deformation and shifts by 4◦ for 2 element deforma-
tion.

FIGURE 3.32: Simulation for 1 element Deformation.
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FIGURE 3.33: Simulation for 2 element Deformation.

Figure 3.34 shows phase change for 1 element deformation. Figure 3.35 represent
phase difference for 2 element deformation. Figure 3.36 shows phase change for
whole antenna deformation. 250cm baseline and 7mm (.05λ), 14mm (.11λ), 21mm
(.17λ) and 28mm (.23λ) deformation cases are considered for the evaluation. Max-
imum phase change is obtained for whole array deformation and minimum is ob-
tained for one element deformation case. For 7mm deformation, phase change is
5◦ for one element deformation and phase change is 20◦ for whole antenna array
deformation case.

Theoretical data for the evaluation is obtained by Eq. (3.6),

∆φ =
2π∆x∆n

λM
(3.10)

where ∆ φ is change in the phase difference due to deformation, ∆x is antenna de-
formation in meters, ∆n is number of deformed antennas and M is total number of
antennas in the array.

Error of AOA is determined for all cases of deformation and is shown in Figure 3.37.
Minimum value of error is 0.39◦ for 1 element deformation case.
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FIGURE 3.34: Phase Change for 1 element Deformation.

FIGURE 3.35: Phase Change for 2 element Deformation.
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FIGURE 3.36: Phase Change for whole antenna deformation.

FIGURE 3.37: Error of AOA for Deformation.
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3.7 Summary

DF experiments were performed by DF & Beam forming method. Phase comparison
monopulse method was used with 2x2 and 4x4 array antennas and 5m, 2.5m, 1 m
baselines. For 5m baseline, error of AOA was .00582◦ with 38 dB of SNR and -80
dBm of noise level. Accuracy of the measurement system was 0.05◦ and 10,000 sam-
ples were taken to measure standard deviation of phase. For 38 dB of SNR, phase
standard deviation was 1.4956◦. Approximation was performed with least square
method for getting values of phase standard deviation and error of AOA by increas-
ing SNR. For 60 dB SNR, error of AOA was .00049◦ and phase standard deviation
was .1271◦ .

Deformation experiments were performed with 2x2 dipole array antennas. Partial
deformation and whole deformation cases were considered to know the effect of de-
formation on direction finding. It was obtained by experiment that phase change by
whole array deformation was higher than that of by partial antenna array deforma-
tion. For partial array deformation, with increasing number of deformed elements,
phase change was also increasing.
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Chapter 4

Digital Retrodirective Method

4.1 Introduction

Precise beam control accuracy of MPT is required for the SPS [15,19]. Beam point-
ing error of MPT should be less than 10% of the beam-width[19]. Flexible structures
will be used for large array antenna system, and space environment conditions will
deform antenna system [23-26].

Several types of methods have been studied to do MPT for SPS. The most stud-
ied methods are Hardware Retrodirective and Direction Finding and Beam forming
method (Software Retrodirective method). Hardware Retrodirective method uses
pilot signals from rectenna, and a power signal is generated by reflecting back or by
phase conjugation of pilot signal. In Reference [23], hardware retrodirective method
is demonstrated to correct antenna deformation, but accuracy of the method is not
discussed. Hardware retrodirective method is complex and also not flexible re-
garding frequency selection. Software Retrodirective method uses direction finding
methods for angle of arrival detection of pilot signal and beam forming is done with
phased array antennas. In Reference [25,28], an experiment is performed to cor-
rect antenna deformation with software retrodirective method and 0.15 root-mean
square (RMS) accuracy is achieved. Synchronization will be required among 23.75
million antenna modules of SPS with using software retrodirective method. This
method uses rotating element electric field vector (REV) method for synchronization
among antenna modules and for rectification of antenna deformation. REV method
will take several hours to perform the said operations for the SPS.

Deep Neural Network (DNN)-based auto-encoders used for end-to-end learning of
simultaneous wireless information and microwave power transfer (SWIPT) is a so-
lution to do communication and power transfer simultaneously [29,30]. Currently,
power transfer by SWIPT method is being studied to do wireless charging of bat-
teries for wireless devices. To the best of author’s knowledge, data is not reported
about transmitting high power microwave by using this method.

Retro-reflective beamforming method is proposed to do microwave power trans-
mission with phase conjugation. Digital signal processing (DSP) is used for phase
detection and phase conjugation. This method requires phase shifters for power
transmission. Study is also not provided regarding antenna deformation conditions
and consequences [31,32].

Previously studied methods, as mentioned above have limitations regarding solving
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the issues of MPT for SPS. Digital retrodirective method is proposed in Chapter 4 to
resolve issues of flexibility for frequency, synchronization among antenna modules
and deformation of antennas. DSP is used to achieve flexibility regarding frequency
of MPT. Need of synchronization is removed by making antennas independent. The
issue of antenna deformation is solved by measuring phase change of pilot signal
for the deformation, and beam forming is done by phase conjugation of the pilot
signal. The algorithm of the proposed method is also evaluated by comparing with
REV method for antenna deformation.

4.2 Concept of Digital Retrodiretive method

Figure 4.1 represents concept of digital retrodirective method. Pilot signal is sent
from rectenna towards retrodirective array. Retrodirective array consists of pilot
signal receiving antennas (RX) and power signal transmitting antennas (TX). φr1 is
phase of pilot signal, received by RX1 and φr2 is phase of pilot signal, received by
RX2. RX1 antenna is used as reference pilot signal receiving antenna to measure
average value of phase between RX1 and RX2. Phase detection of pilot signal is
performed by DSP circuit. Then, DSP circuit performs beam forming for power sig-
nal by phase conjugation of pilot signal and considering frequency of power signal.
Phase of the power signal (φt) is determined by Eq. (4.1),

φt = −
ft

fr
φr, (4.1)

where ft is frequency of the transmitted power signal, and fr is frequency of received
pilot signal. Power signals with phase φt1 and φt2 are radiated by power signal trans-
mitting antennas TX1 and TX2, respectively. Figure 4.2 depicts configuration for de-
formation, RX2 and TX2 antennas are deformed from their original position. Each
set of pilot signal and power signal transmitting antenna is working independently
without synchronization among them.
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FIGURE 4.1: Digital Retrodirective method concept.

FIGURE 4.2: Digital Retrodirective method concept for Deformation.
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4.2.1 Algorithm of Digital Retrodiretive method

Figure 4.3 shows algorithm for digital retrodirective method. Pilot signal is received
and mixed with local oscillator signal. Then, conversion is performed to change
complex signal to I and Q data. I and Q signal is digitized and phase detection is
performed by DSP circuit. Analysis is also done at this position for antenna defor-
mation conditions. Then, power signal for required frequency is generated. Phase
of the power signal is determined by multiplying phase of pilot signal with ratio of
frequency for power and pilot signal, as shown by Eq. (4.1). After that, Conjugation
for the power signal phase is performed, and power beam is transmitted.

FIGURE 4.3: Digital Retrodirective method algorithm.
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4.3 DSP Circuit

Details of DSP circuit are shown in Figure 4.4. DSP circuit has analog front-end,
analog-to-digital conversion, and digital signal processing. Software defined radio
(SDR) hardware is used for analog front-end and analog-to-digital conversion. Re-
ceived pilot signal is amplified by low noise amplifier (LNA) and downconverted
to baseband in-phase (I) and quadrature-phase (Q) components by mixer. Voltage
controlled oscillator (VCO) provides reference frequency to mixer. Reference sig-
nal of 10 MHz is used for providing standard frequency to VCO. Phase-locked loop
(PPL) is used to stabilize frequency and phase of VCO. Reference signal of 1 PPS is
used as timing reference for retrodirective array. I/Q components are filtered by low
pass filter (LPF) and then digitized by analog-to-digital converter (ADC). Digitized
I/Q data is downconverted by digital downconverter (DDC) and passed to the host
computer over a standard gigabit Ethernet connection.

For power signal transmission, I/Q baseband components with conjugate phases
are generated by host PC and fed to digital up converter (DUC). After digital upcon-
version, digital-to-analog converter (DAC) converts the signal to analog. Then, LPF
reduces high frequency components in the signal and mixer upconverts the signal
to user-specified RF frequency.

The area within the dotted line indicates processing with field programmable gate
array (FPGA), and it is controlled by LabVIEW software. LabVIEW performs phase
detection of the pilot signal and generates power signal with phase conjugation.
USRP 2943 software defined radio is used as DSP hardware system [34].
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FIGURE 4.4: Digital Retrodirective algorithm.

There is a concern that aliasing can occur when using different frequencies for power
signal and pilot signal. 5.8 GHz and 2.45 GHz frequencies are proposed for power
signal and pilot signal, respectively. Aliasing can take place when reconstructing
power signal from samples of the pilot signal. In the proposed method, power sig-
nal is generated by SDR hardware and phase information of pilot signal is used
for getting phase of power signal, as given in Eq. (4.1) and represented by Figures
4.1– 4.4. So, aliasing will not occur for the proposed method with using different
frequencies for power signal and pilot signal.

4.4 Experimental Setup

4.4.1 Experimental Setup for Bistatic Pattern Measurement

Bistatic radiation pattern measurement is performed for evaluation of digital retrodi-
rective method, as shown in Figure 4.5. Retrodirective array is installed on turn table
in anechoic chamber, and horn antenna is fixed. The horn antenna sends pilot sig-
nal, and it is received by pilot signal receiving antennas. Then, retrodirective array
moves on turn table, and power signal transmitting antennas send power signal to
horn antenna. Radiation pattern is measured for the power signal, received by horn
antenna.
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FIGURE 4.5: Bistatic radiation pattern measurement.

4.4.2 Detailed Experimental Setup Configuration

Detailed setup configuration for digital retrodirective experiment is depicted in Fig-
ure 4.6. Considering the case of the Tethered SPS, 2.45 GHz and 5.8 GHz frequencies
are used for pilot signal and power signal, respectively. A two and forty-five hun-
dredths gigahertz pilot signal is sent from signal generator (SG) to horn antenna.
The horn antenna radiates pilot signal towards retrodirective array. Four sets of pilot
signal receiving and power signal transmitting antennas are used for retrodirective
array. Antennas are working independently, so this small scale demonstration can
determine the usefulness of proposed method for SPS. Half wavelength dipole an-
tennas are used to receive pilot signal. Right-hand circular polarized patch subarray
antennas are used to transmit power signal. For SDR hardware, two USRP 2943 are
used. Power signal is received by horn antenna, and radiation pattern analysis is
performed by network analyzer and spectrum analyzer. Figure 4.7 represents con-
figuration for providing reference signals of 10 MHZ and 1 PPS to each DSP circuit.
Same cable lengths are used between source and each DSP circuit of receiving and
transmitting antennas.
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FIGURE 4.6: Digital Retrodirective method experimental setup.

FIGURE 4.7: Configuration for Refernce signal.
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Figure 4.8 shows retrodirective array setup with patch subarray antennas and dipole
antennas. Each patch subarray is working independently with respective dipole an-
tenna. Spacing between each patch subarray is 1.3λ, and spacing between elements
of a subarray is 0.65λ. For no deformation case, antennas are in original position.
Forward and backward deformation cases are represented in Figures 4.9 and 4.10
respectively. One patch with respective dipole antenna is deformed in forward and
backward direction.

FIGURE 4.8: Patch subarrays with dipole antennas.
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FIGURE 4.9: Forward antenna deformation configuration.

FIGURE 4.10: Backward antenna deformation configuration.

4.5 Results and Discussion

4.5.1 No Deformation Case

Digital retrodirective method is confirmed for beam forming towards 0◦ and 5◦. Pi-
lot signal is sent towards 0◦ and 5◦ positions of retrodirective array. Figure 4.11
represents radiation pattern of power signal for 0◦ beam forming. Radiation pattern
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is measured from −30◦ to 30◦. Three decibels beam-width is 9.8◦ and side lobe level
is −13 dB. The measured pattern, especially the main lobe matches those simulated
closely. Simulations are performed by using CST software. Figure 4.12 shows radi-
ation pattern of power signal for 5◦ beam forming. Half power beam-width is 9.5◦,
and side lobe level is−12 dB. Simulated and measured results are in good agreement
and represent that digital retrodirective method is performing well.

FIGURE 4.11: No deformation with Digital Retrodirective method for
pilot signal from 0◦.
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FIGURE 4.12: No deformation with Digital Retrodirective method for
pilot signal from 5◦.

4.5.2 Deformation case

For deformation cases, analysis is performed for phase change of pilot signal with
deformation. Figure 4.13 depicts comparison between theoretical data and mea-
sured data. Theoretical data is obtained by Eq. (4.2):

∆φ =
2π∆x

λ
, (4.2)

where ∆φ shows phase change of pilot signal by deformation, and ∆x represents
dimension for deformation. Then, 0.2λ, 0.4λ, 0.5λ, 0.6λ, and 0.8λ deformation cases
are compared. Theoretical and measurement data is correlated in Figure 4.13.
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TABLE 4.1: Root-mean square (RMS) phase error measurement..

Deformation Phase Error

0.2 1.8
0.4 4.31
0.5 5
0.6 3
0.8 2.3

3.495 (RMS)

FIGURE 4.13: Deformation analysis for phase.

DSP circuit, as shown in Figure 4.4, has ADC component, and it generates main
quantization error. Analysis is performed to measures phase change error and power
signal beam pointing error. Phase measurement error for antenna deformation cases
is represented in Table 4.1, and RMS error for phase change is 3.495◦. Power signal
beam pointing RMS error is calculated by Eq. (4.3) [33]:

∆θ =
2λ

πd cos θ, M1.5 δφ, (4.3)

where ∆θ is beam pointing RMS error, d is spacing between antenna subarray, M is
number of elements in the array, and δφ is phase RMS error. For M=4, θ=0◦, d=1.3λ,
δφ=3.495◦, ∆θ was determined as 0.21◦ RMS. Beam width of power signal beam is
9.8◦ and 10% of beam-width is 0.98◦. So, beam pointing error by digital retrodi-
rective method satisfies accuracy requirement for SPS. Each subarray is working
independently and will be working in the same manner for SPS. Probability density
distribution for phase change error is also represented in Figure 4.14.
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FIGURE 4.14: Probability density function of phase error.

Further, 0.5λ deformation case produces maximum phase change of pilot signal. So,
radiation patterns with 0.5λ case are analyzed. Figure 4.15 represents radiation pat-
tern for 0.5λ forward deformation case. With retrodirective plot is measured data
for digital retrodirective method with deformation. Simulation plot is simulated
data for the deformation with digital retrodirective method. Without retrodirective
pattern is when digital retrodirective method is not used for deformation. Simu-
lated and measured data with retrodirective method are in good agreement. With-
out retrodirective plot shows that main lobe is directed to −8◦, and side lobe level
is −3 dB. So, the effect of deformation is resolved by using the digital retrodirective
method.



4.5. Results and Discussion 71

FIGURE 4.15: Forward deformation with digital Retrodirective
method.

Figures 4.16 represents comparison of digital retrodirective method and REV method
for antenna deformation. We compare the 0.5λ deformation case, and the radiation
pattern shows that both methods are in good agreement with the simulation. REV
method takes long time for the process, so digital retrodirective method has advan-
tage over REV method to correct radiation pattern for antenna deformation.
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FIGURE 4.16: Comparison of Digital Retrodirective method with REV
method.

Figure 4.17 represents radiation pattern for 0.5λ backward deformation case. With
retrodirective plot correlates with the simulation, having beam-width of 9.7◦ and
side lobe level of −12 dB. Without retrodirective pattern has −5.1◦ main lobe di-
rection of and −3.4 dB side lobe level. Figure 4.18 depicts comparison of digital
retrodirective method for no deformation and deformation case. Pilot signal is sent
from 5◦, and measured patterns are compared. Both plots are in good agreement,
and this shows that effect of antenna deformation is resolved successfully by digital
retrodirective method.

Experimental results of digital retrodirective method show that appropriate radi-
ation patterns are obtained for no deformation and deformation cases.
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FIGURE 4.17: Backward deformation with Digital Retrodirective
method.

FIGURE 4.18: Comparison of no deformation and deformation case.
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4.6 Summary

Chapter 4 presented digital retrodirective method to perform MPT for SPS. Four
dipole antennas received pilot signal from the rectenna, and four patch subarrays
transmitted power signal towards rectenna. DSP circuit was used for pilot signal
phase detection and power signal beam forming with phase conjugation. Digital
retrodirective method’s algorithm performed well for correction of antenna defor-
mation effect. Each subarray worked independently with respective dipole antenna,
and synchronization was not required for beam forming. Phase change measure-
ment error was 3.495◦ RMS, and beam pointing error was 0.21◦ RMS. Comparison
was also done for antenna deformation and no deformation cases. REV method was
also in correlation with digital retrodirective method. This study suggests that the
proposed method is a suitable candidate to resolve issues of previous methods to do
beam forming for SPS.
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Chapter 5

System Study of WPT Technologies
for SPS

5.1 Introduction

Direction finding experiments with using pilot signal receiving array antennas are
discussed in Chapter 3. Digital Retrodirective method is evaluated in Chapter 4
with using retrodirective antenna arrays. chapter 5 mentions application of DF ex-
periment and digital retrodirective method for system study of SPS. Use of array
antenna with long baseline is studied to estimate uplink power and noise level to
perform pilot signal direction finding for SPS. Digital retrodirective method is in-
vestigated for large array size and concept about providing reference signal for large
antennas arrays is proposed.

5.2 Estimation of Uplink Power

It is required to estimate uplink power for pilot signal. As by Chapter 3, 4x4 dipole
array with 18 dBi gain was used for DF and .00582◦ error of AOA were achieved
with 5m baseline. For required accuracy of .0005◦, if we consider that transmitted
power (Pt) of 100 W - 10 MW is sent from a parabolic antenna of 54.49 dBi gain (Gt).
Then, received power (Pr) by 4x4 dipole arrays of 18 dBi gain (Gr) will be -68 dBm
to -18 dBm, as shown in Table 5.1. Required noise level will be -127 dBm to -77
dBm. Values of (Pr) and noise level are obtained by Eq. (5.1) and (5.2) respectively.
By Table 5.1, If a standard receiver with -110 dBm noise level is used, then .0005◦

accuracy can be achieved with 6 kW uplink power. As mentioned in Chapter 2 that,
1 MW of uplink was required with using 6 dBi gin of pilot signal receiving antenna.
So, by increasing gain of pilot signal receiving antenna to 18 dBi, required uplink
power was decreased to 6 KW with -110 dBm noise level. Figure 5.1 shows the
transfer of uplink power to SPS with parabolic antenna.

Pr = PtGtGr(
λ

4πr
)2 (5.1)

∆θ =
λ

πd cos θ
√

SNR
(5.2)
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TABLE 5.1: Uplink Power Estimation.

FIGURE 5.1: Uplink pilot SIgnal.

5.3 Array Size Estimation

If array size of pilot signal receiving antenna is increased, then uplink power will be
decreased more. Simulations are performed to measure gain with increasing array
size, as shown in Table 5.2. 14x7 array has 26 dB gain and baseline size is decreased
to 4.2 m. 7x7 array has 23 dB gain and baseline size is 4.6 m.
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For 0.0005◦ accuracy, noise level and uplink transmitted power is calculated, as
given in Table 5.3.

TABLE 5.2: Array Size and Gain.

Array Gain Beam width Baseline

7x7 23 dB 13.3 deg 4.6 m
14x7 26 dB 13.3 deg 4.2 m

TABLE 5.3: Uplink power with noise level.

Power Noise level of 7x7 Noise level of 14x7

100 W -122 dBm -120 dBm
1000 W -112 dBm -110 dBm
10,000 W -102 dBm -100 dBm
100,000 W -92 dBm -90 dBm

5.4 Configuration of Pilot Signal Receiving Antennas for SPS

Figure 5.2 shows Tethered SPS with using 4x4 pilot signal receiving antenna array
for one dimensional direction finding. Pilot signal receiving antennas are installed
on power transmitting antenna. Two pilot signal receiving antenna arrays are re-
quired for 5 m baseline, so it also decreases number of pilot signal receiving antennas
for direction finding.

FIGURE 5.2: Configuration of 4x4 array for SPS.
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5.5 Application of Digital Retrodirective Method for SPS

Digital Retrodirective method is demonstrated by simulation for 8x8 deformed an-
tenna subarray. Antennas are deformed in forward and backward direction. Fig-
ure 5.3 shows configuration for 8x8 subarray with deformation. Figure 5.4 represents
simulation result for correction of antenna deformation with digital retrodirective
method. Results of 8x8 array without deformation and 8x8 deformation compensa-
tion by digital retrodirective method are in good correlation.

Regarding antenna modules with SPS, there is a concern of angular deformation
[24,25,38,39]. By [25], antenna deformation experiments were performed in z-direction
and with rotation in elevation. Rigid antenna modules were used and whole antenna
module arrays were deformed, while individual antennas were not deformed. But
with elevation deformation, there is a concern that relative position for pilot signal
and power signal antenna will be different for retrodirective array in Figures 4.8 and
5.3. Deformation angle for SPS structure regarding power transmission has limita-
tion of ± 5◦ [38,39]. So, it is need to know that regarding ± 5◦ deformation angle for
SPS, how much deformation angle is required for 1 module or individual retrodi-
rective array. There is also need to confirm the deformation angle for individual
retrdodirective array with using rigid and thin antenna module.

Evaluation of digital retrodirective method was confirmed with deformation in z-
direction in chapter 4 and 5. Regarding angular deformation, future study is re-
quired to know deformation angles for individual retrodirective array depending
on the limitations of SPS. By Figure 3.15, spacing between pilot signal and power
signal antennas is less and this configuration can decrease effect by angular defor-
mation case. So, the issue of angular deformation for retrodirective array with dig-
ital retrodirective method is an open question and should be investigated in the fu-
ture.
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FIGURE 5.3: Configuration of 8x8 subarray.

FIGURE 5.4: Simulation for of 8x8 deformed subarray.

Configuration for providing reference signal is represented for large scale in Fig-
ure 5.5. Each GPS antenna will provide reference signal for a group of retrodirective
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array antenna (Rx and TX). Reference signals are not needed to be synchronized
among group of retrodirective array antenna. Each RX/TX set will work indepen-
dently for phase detection and phase conjugation.

FIGURE 5.5: Configuration of reference signal for large scale.

5.6 Summary

Improvement of DF & Beam Forming method with respect to required accuracy of
direction of arrival for pilot signal was required regarding uplink power. In previous
studies, required uplink power was 1 MW. I proposed idea of using array antenna
to decrease uplink power with long baseline. I was able to achieve the required ac-
curacy of DF for SPS with 6 KW uplink power.

Chapter 4 discussed about development of Digital Retrodirective method. This
method was proposed as alternative to Hardware retrodirective and Direction Find-
ing and Beam Forming method. Application of Digital Retrodirective method was
discussed for large array size in Chapter 5. Analysis was done for deformation with
8x8 subarray and effect of deformation was successfully resolved. Configuration
was proposed for the providing reference signals of 10 MHz and 1 PPS for large
antenna system.
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Chapter 6

Conclusion

My study goal was to achieve the .0005◦ accuracy for power transmission and to
compensate effect of antenna deformation effectively. My study objectives to achieve
the goal were improvement of DF & Beam Forming method regarding uplink power,
estimation of antenna deformation effect on direction finding and development of
Digital Retrodirective method as alternative to Hardware retrodirective and DF &
Beam Forming method.

Chapter 2 provides details about overall background regarding solar power satel-
lite, proposed models of SPS and history of wireless power transmission. Previously
proposed methods to transmit microwave power for SPS were also discussed and
limitations were described.

Chapter 3 is about direction finding experiments. Comparison of array sizes and
baseline was provided. Accuracy of direction finding was discussed regarding stan-
dard deviation of phase and error of AOA. 0.00049◦ accuracy was obtained for 60 dB
of SNR with 4x4 array and 5m baseline. For case of deformation effect, experiments
were performed with partial and whole antenna array deformation cases. Change
of phase was measured to evaluate the effect of antenna deformation.

Chapter 4 discusses concept and evaluation for digital retrodirective method . Lin-
ear retrodirecrive array antenna was used for the experiment. Digital circuit was
used for pilot signal phase detection and power signal beam forming with phase
conjugation. Digital retrodirective method’s algorithm performed well for correc-
tion of antenna deformation effect. Each subarray worked independently with re-
spective dipole antenna and synchronization was not required for beam forming.
Phase change measurement error was 3.495◦ RMS, and beam pointing error was
0.21◦ RMS. Comparison was also done for antenna deformation and no deformation
cases. REV method was also in correlation with digital retrodirective method. So,
digital retrodirective method solved issues of hardware retrodirective and DF and
Beam forming method. Limitation of digital retrodirective method is that it needs
pilot signal receiving antennas for each power transmitting antenna. So, there is
trade-off between efficiency and cost.

Chapter 5 discusses about application of proposed ideas for SPS. Estimation of uolink
power was done for SPS with 4x4 dipole array antenna. It was found that with stan-
dard receiver noise level of -110 dBm, 6 kw uplink power is required to get .0005◦

error of DF with 5 m baseline. Digital Retrodirective method was also evaluated for
large 2 dimensional array system. scheme was given to provide the stable frequency
and phase by reference signal for SPS.
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Contribution of my research is that i was able to provide the update for system study
of SPS regarding uplink power of pilot signal. Evaluation for antenna deformation
effect on direction finding was reported first time. I proposed digital retrodirective
method to do microwave power transmission for SPS under deformable antenna
conditions. This method was able to solve issues of conventional microwave power
transmission methods.
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