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Abstract

In the wireless communication, demand for high quality multimedia services through mobile
devices increases continuously. It is shown by increasing the global data traffic every year. Currently,
the wireless communication with data rate of about a hundred Mbps is developed such as in WiMAX,
LTE, and WiFi standards. Capacity enhancement is still required for anticipating the large data traffic
and bottleneck in the future. The capacity enhancement can be obtained by using high frequency
operation to the microwave, millimeter-wave, or sub-millimeter-wave bands. However, the wireless
signals with high frequency operation have large transmission losses in the air, so that the coverage
area becomes small to the pico/ femto cells. The coverage areas can be expanded by installing many
pico/ femto cells, where each cell is connected to other cells through optical fiber cables with
lightwave as the carrier. Thus, broadband wireless communication can be realized by utilizing the

radio-over-fiber (ROF) technology.

In the ROF technology, converters between wireless microwave/ millimeter-wave/ sub-
millimeter-wave and lightwave signals are required as the key devices. Lightwave to wireless
microwave/ millimeter-wave signal converters are typically composed of a high-speed photo-detector
and antenna. These converters for high frequency operation have been developed. On the other hand,
the converters from wireless microwave/ millimeter-wave/ sub-millimeter-wave to lightwave signals
can be composed of an antenna and optical modulator. The wireless microwave-lightwave signal
converters in microwave band operation have been developed. The converters have drawback for high
frequency operation such as millimeter-wave/ sub-millimeter-wave losses, substrate resonant mode,

precise tuning requirement, and so on.

Electro-optic (EO) modulators are promising for conversion from microwave/ millimeter-
wave/ sub-millimeter-wave to lightwave signals with their advantages such as high speed operation,
large bandwidth, and good linearity. Optical modulation through the Pockels effect of an EO crystal
can be obtained by applying microwave/ millimeter-wave/ sub-millimeter-wave electric fields to the

crystal.

This dissertation covers a study on EO modulators using planar antennas for wireless
microwave/ millimeter-wave-lightwave signal conversion. The devices with fusion and integrated
structures are presented. New EO modulators based on fusion structures using patch antennas
embedded with narrow gaps is proposed. Then, an integrated EO modulator using planar Yagi
antennas coupled to resonant electrodes are also discussed. Arrays of the EO modulators using planar

antennas are presented for modulation efficiency improvement and wireless beamforming receiving.



Optical modulators using an EO crystal suspended to a low-k dielectric substrate for further
modulation efficiency improvement, high operational frequency, and substrate resonant mode

elimination are also proposed.
This dissertation is constructed as following:

Firstly, | present fundamental of planar antennas and EO modulators for wireless microwave/
millimeter-wave-lightwave signal conversion. A wireless microwave/ millimeter-wave signal is
received by the planar antennas and converted to lightwave signals by EO modulators through the
Pockels effects of an EO crystal. Planar antennas and EO modulators can be arranged discretely. The
discrete structures have large losses at high frequency operation along the connection cable.
Microwave/ millimeter-wave losses can be minimized using integrated structures. In order to achieve
effective modulation, precise tuning between the planar structures is required. I concern to the new
invention using fusion structures, very low microwave/ millimeter-wave losses can be obtained with

no precise tuning requirement, since there are only planar antennas on the substrate.

Secondly, new invented EO modulators using a patch antenna embedded with a single narrow
gap are proposed for wireless microwave-lightwave signal conversion. A patch antenna is fabricated
on an EO crystal substrate. A micrometer-order narrow gap is set in the center of the patch. The
antenna characteristics of the proposed devices are similar to the standard patch antenna with no gap.
When wireless microwave signal irradiated to the devices, displacement current is induced across the
gap for current flow continuity. Displacement current and strong microwave electric field is induced
across the gap. | expected that the strong electric field can be used for EO modulation. The proposed
devices have simpler and more compact structures and no required precise tuning. Very low
microwave losses can be obtained since there are no other planar structures on the substrate except the
antennas. In the experiment, prototype devices for the 26 GHz microwave bands were designed and
fabricated. Basic operations of the proposed devices for wireless microwave-lightwave signal
conversion were verified successfully. In summary, the basic operations of the new EO modulators
using a patch antenna embedded with a narrow gap have been verified for direct wireless microwave-
lightwave signal conversion. The proposed devices are operated effectively when the microwave

polarization is perpendicular to the gap.

Thirdly, in order to enhance the device functionality for wireless microwave polarization
identification, fusion EO modulators using a patch antenna embedded with double narrow gaps are
proposed. First, an EO modulator using a patch antenna embedded with two parallel gaps is proposed.
It is suggested for application to the Mach-Zehnder interferometer by using two induced displacement
current across the gaps. Second, an EO modulator using a patch antenna embedded with two
orthogonal gaps is also proposed. The characteristics of the wireless microwave signals such as
amplitude, phase, and polarization can be measured and identified using this proposed device. In the

experiment, the proposed devices for microwave bands of 26 GHz operational frequency were



designed and fabricated. Wireless microwave characteristics were measured by use of the proposed
device through optical technology. In summary, the fusion EO modulator using patch antenna
embedded with double narrow gaps can be used for enhancing device functionality.

Fourthly, 1 propose an integrated EO modulator using a planar Yagi antenna coupled to a
resonant electrode. The proposed device is composed of optical waveguides, a planar Yagi antenna, a
planar standing-wave resonant electrode, and a planar connection line. They are fabricated on an EO
crystal as a substrate. By using the proposed device, high gain of the Yagi antenna and long interaction
length of the resonant electrode can be utilized to improve modulation efficiency of wireless
microwave/ millimeter-wave-lightwave signals. In order to achieve effective optical modulation,
precise tuning of the planar structures, which are the antenna, resonant electrode, and connection line,
is required for reducing the millimeter-wave losses. Design and analysis of the proposed device for the
millimeter-wave bands is presented. In the calculation, modulation efficiency of the proposed device
has larger about 10 dB than the fusion EO modulators using a patch antenna embedded with narrow
gaps.

Fifthly, in order to improve modulation efficiency in further and enhancing device
functionality, EO modulators using arrays of planar antennas are proposed. The modulation efficiency
is proportional to the number of the antennas since effective EO modulation occurs at each antenna. In
order to obtain effective EO modulation, transit time of lightwave propagating along optical
waveguides must be considered. An new EO modulator using a quasi-phase-matching (QPM) array of
gap-embedded patch antennas is proposed for further modulation efficiency improvement. Additional
gap-embedded patch antennas are inserted between the conventional array structures. To compensate
for the degradation of EO modulation, the gap position of the odd and even patch antennas are slightly
shifted respect to the optical waveguide. The proposed QPM device has double modulation efficiency
while maintaining the same device length with the no QPM devices (conventional array structures).
An array structure can be used also for controlling wireless irradiation angle (beamforming). An EO
modulator using a 2-D array of patch antennas embedded with orthogonal gaps is proposed. 1-D
beamforming can be achieved by taking the modulated lightwave signal from each optical waveguide.
Furthermore, by considering orthogonal modulated lightwave signals, 2-D beamforming is obtainable.
When the irradiation angle direction of the wireless microwave signal is changed, degradation of EO
modulation will occur. It can be solved using meandering gap structures. In the experiment, the
proposed devices were designed and fabricated for microwave bands of 26 GHz operational frequency.
Double modulation efficiency improvement using the QPM device was verified experimentally.
Additionally, a ROF link using the fabricated devices is also demonstrated. 1-D and 2-D beamforming

receivers can be realized using the proposed devices through optical technology.

Finally, in order to improve modulation efficiency furthermore and consider to the higher

frequency operation, | propose new optical modulators using a thin EO waveguide suspended to planar



antennas on a low-k dielectric substrate. Antenna aperture becomes large due to the low value of the
effective dielectric constant of the suspended structures. As a result, owing to larger receiving power
and longer interaction length for EO modulation compared to the devices fabricated on an EO crystal
substrate, the modulation efficiency can be improved. Additionally, since the thin EO crystal is used,
substrate resonant mode effect can be eliminated. In the experiment, the proposed devices for
millimeter-wave bands of 60 GHz operational frequency were fabricated. A thin EO crystal (~80 um)
was suspended on a low-k dielectric substrate. Measurements of modulation efficiency as functions of
frequency, directivity, and polarization of the wireless millimeter-wave signal coincide well with the
calculation results. Compared to the devices fabricated on EO crystal substrate, modulation efficiency

improvement of about 20 dB is achieved using the proposed devices.

Based on the operations of the proposed devices for wireless microwave-lightwave signal
conversion, the proposed devices can be used for realizing wireless broadband communication using
ROF technology. Data rate of about 1 Gbps can be obtained using the scheme. Therefore, the demand
to large data traffic of wireless communication in the future can be anticipated using the proposed
devices with the ROF technology. The proposed devices can be used also for other applications such

as electromagnetic compatibility measurement, sensing, and so on.

Vi
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Chapter 1 Introduction

1.1 Background

1.1.1  Wireless communication trends

The wireless communication has attracted much interest in past decade, owing to its high
mobility. People can connect their mobile devices to a network by radio signals anywhere without

cable connection.

Currently, the most useful frequency carrier bands for wireless communication is located in
the frequency range of 0.3 — 3.5 GHz with the compact antenna size, low propagation loss, and good
penetration through building [1]. This frequency carrier bands can be operated for wide coverage area
such as in standards of three-generation (3G), worldwide interoperability for microwave access
(WIiMAX), long-term evolution (LTE), or so on, however they have moderate bandwidth and high
power consumption. Wireless communication with small coverage area in the current frequency
carrier bands are also used in wireless-fidelity (Wi-Fi) standard with low power consumption and high
security. The various standards for wireless communication are shown in Figure 1-1. A 100 Mbps data
rate and large coverage area can be obtained using the current wireless communication [2] [3] [4].

Data
rate Chall
allenge
1Gbps * 60 GHz ROF *x

100Mbps

10Mbps

1Mbps

100kbps

ot T
-

05m 1m 10m 100m 1km  10km R;nge

Figure 1-1 Development of wireless communication [2] [3] [4].

The demand for wireless broadband services is growing rapidly due to the people

requirements for high quality communication, video, and data transfer using mobile devices. During



2010 to 2013, wireless data traffic grew by over two-times, and this increase is predicted to continue
for several years later [5]. The global wireless data traffic growth reported by the Cisco is shown
Figure 1-2 [6]. We can see that in the 2017 the data traffic increases over five-times than current data
traffic status.

Exabytes per Month 66% CAGR 2012-2017

12

11.2EB

2012 2013 2014 2015 2016 2017

Source: Cisco VNI Mabile Forecast, 2013

Figure 1-2 Global wireless data traffic growth [6].

In order to anticipate the bottleneck in the future, transmission capacity for the wireless
communication must be improved. Now, many researchers concern to solve this issue. One promising
technique to improve transmission capacity is by increasing operational carrier frequency of the

wireless communication to the millimeter-wave bands such as 60 GHz operational frequency [7].

1.1.2 60 GHz wireless communication

The millimeter wave bands of 60 GHz is of increasing interest to service providers and
systems designers because of the wide bandwidths available for carrying data at the frequency range
[8] [9]. Since 60 GHz millimeter-wave bands have large bandwidth, transmission capacity of wireless
communication can be increased. The 60 GHz millimeter-wave band receives much attention because
it can provide wide bandwidth as well as high directivity. Generally, about 7 GHz bandwidths are
allocated for license free operation, where the center spectrum is about 60 GHz [10]. In Japan, 9 GHz

bandwidth from 57 to 66 GHz is allocated for the millimeter-wave band with license free operation.

The wireless communication with 60 GHz millimeter-wave bands have several advantages
such as large bandwidth, low power consumption, high security, and so on [11]. However, they have
big drawback, which is high transmission loss in the air as shown in Figure 1-3 [12] [13]. Wireless

communication with short coverage area can be realized due the high transmission loss in the air. The



femto/ pico cells with 60 GHz operational frequency have high data rate of about 1 Gbps and small

coverage area of about 10 m as shown in Figure 1-1.
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Figure 1-3 Attenuation of the microwave/ millimeter/ sub-millimeter-waves in the air [14].

In order to coverage large areas, large numbers of antenna base stations should be installed
since the short coverage wireless communication is realized using each base station. Therefore, much
consideration should be given to linking the pico/ femto cell wireless networks to broadband wire-line
networks. They can be connected using metal coaxial cable [15]. By increasing the base station
numbers, the cost for realizing the 60 GHz wireless communication becomes expensive since many
antennas, signal generators, amplifiers, and other microwave equipment are required at each base

station.

The microwave equipment can be installed at the center station only for reducing the cost. The
microwave signals are transferred to each base station. Since the 60 GHz operational frequency is used
as the carrier, the propagation loss is large along the metal coaxial cables. Optical fibers with
extremely propagation loss are promising for transferring the 60 GHz millimeter-wave signal with a
lightwave as the carrier [15]. The propagation loss of a single mode silica optical fiber is 0.2 dB/km at
1.55 um lightwave wavelength [16]. Additionally, the optical fiber has large throughput about 10
Gbps and low latency about 10 ms [12].

1.1.3 Radio-over-fiber technology

Wireless network with 60 GHz millimeter-wave band has large bandwidth and small coverage
area [9]. In the other, optical fiber networks have mature technology with low propagation loss, large
bandwidth, and high speed data transfer. Therefore, the optical fiber fed to wireless networks is

attractive solution to expand coverage area of the wireless millimeter-wave communication [17] [18].

3



This technology is called radio-over-fiber (ROF) technology. The broadband wireless communication

with high date rates and expanded coverage areas using the ROF technology can be obtained.

The wireless millimeter-wave communication using ROF technology can be illustrated
typically in Figure 1-4. The wireless millimeter-wave network in the pico/ femto cells are connected
each other using optical fibers. The millimeter-wave signals are transferred to other pico/ femto cells
through optical fibers with a lightwave as the carrier. The ROF technology has large bandwidth, low
propagation loss, good mobility, low induction, low power consumption, high security, and so on [19].
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Figure 1-4 Schematic of the pico/ femto cells wireless communication using ROF technology.

By adopting the ROF technology in the wireless communication with 60 GHz millimeter-
wave band, large bandwidth and coverage area expansion can be obtained. Therefore, the new
challenged broadband wireless communication with data rate about 1 Gbps and coverage area

expansion can be realized as shown in Figure 1-1.

1.1.4 Converters between microwave and lightwave signals

The ROF technology is operated in two domains: one is for microwave domain and the other
is lightwave domain [20] [21] [22]. Since the microwave and lightwave signals are used
simultaneously in the ROF technology, converters between them are required as the key devices. They
have two types: one is a converter from lightwave to microwave signals and the other is a converter

from microwave to lightwave signals.

In the wireless communication with the ROF technology, the converter from lightwave to
microwave signals can be composed of a high speed photo-detector and antenna as shown in Figure
1-5 (a) [23] [19]. A modulated lightwave signal is detected and converted to a microwave signal using
the photo-detector. Then, the converted microwave signal is transmitted to the air using the antenna.

Many researchers develop the converter for high frequency operation [24]. Currently, this converter



has a mature and advanced technology, where high performance photo-detector using uni-travelling-
carrier photo-diode (UTC-PD) has been development for high frequency operation [25] [26] [27]. By
combining the UTC-PD with antenna, the lightwave to wireless microwave signal conversion can be
achieved. Figure 1-5 (b) shows the typical of an UTC PD integrated with an antenna [28].

wireless
signal

antenna

modulated
lightwave

photo-detector
(@)

UTC-PD chip

¥

DC bias

C

silicon lens

silicon lens

(b)
Figure 1-5 (a) Schematic of a converter from lightwave to wireless microwave signals.
(b) Example of an UTC-PD combined with an antenna [28].

In contrary, the converter from microwave to lightwave signals can be composed of an
antenna and an optical modulator as shown in Figure 1-6 (a) [29] [30]. A wireless microwave signal is
received using the antenna. Then, the received microwave signal is converted to a lightwave signal
using the optical modulator. Several optical modulators have been proposed and reported their
performance [31] [32] [33]. The optical modulator can be achieved through electro-absorption,
electro-refraction, photo-elastic, and so on [34]. Considering for operating in the high frequency, an

5



electro-optic (EO) modulator using electro-refraction effects is one candidate with their advantages
such as high speed operation, large bandwidth, and good linearity [35]. Currently, the EO modulators
have advanced performance based on phase, intensity, polarization, and so on. By combining the
antenna and EO modulator, the wireless microwave to lightwave signal conversion can be achieved
[36]. Figure 1-6 (b) shows the examples of antennas combined with EO modulators [30] [37]. The

converters were proposed and demonstrated experimentally for microwave bands.

wireless
signal
antenna
modulated
lightwave lightwave
ghtvave | gjo —

optical modulator

(@)

(b)
Figure 1-6 (a) Schematic of a converter from wireless microwave to lightwave signals.

(b) Examples of antennas combined with EO modulators [30] [37].

The key devices in the ROF technology for converting between the wireless microwave and
lightwave signals were discussed. The converters from lightwave to wireless microwave signals have
advanced technology for high frequency operation up to terra-hertz bands [28]. In contrary, the
converters from wireless microwave to lightwave signals were reported for microwave bands [30]. In
order to improve the operational frequency, the losses might be induced due to the coupling between
the antenna and EO modulator [38]. The remaining problems in the wireless microwave-lightwave
signal converters can be solved by EO modulators integrated with planar antennas in simple and

compact structures. These devices will be discussed in this dissertation.



1.2 Objective of this research

In this section, the goals of the research are stated. | study EO modulators using planar antennas

for wireless microwave-lightwave signal conversion. The devices are operated for high frequency

operation through the ROF technology with low microwave loss and no external power supply. Efforts

to enhance the device functionality and improve device performances are also discussed.

New EO modulators using a planar antenna with fusion and integrated structures are described

in follows:

1.

A new fusion EO modulator using a patch antenna embedded with a single narrow gap is
proposed. By utilizing displacement current and electric field across the gap in the
proposed device, optical modulation through the Pockels effects can be obtained.
Verification of the basic operations for direct wireless microwave-lightwave signal
conversion was experimentally done.

In order to enhance the fusion device functionality, fusion EO modulators using a patch
antenna embedded with double narrow gaps are proposed. Optical intensity modulators
with the Mach-Zehnder interferometer can be realized using a fusion EO modulator using
a patch antenna embedded with parallel narrow gaps. Wireless microwave signals with
two orthogonal linear polarizations can be received and converted directly,
simultaneously, and independently by a fusion EO modulator using a patch antenna
embedded with orthogonal narrow gaps.

By considering the antenna gain, an integrated EO modulator using a planar Yagi antenna
coupled to a resonant electrode is proposed. The gain of the Yagi antenna is larger than
the patch antenna. Interaction length between microwave and lightwave electric fields for
EO modulation is longer than the fusion EO modulators for the single structure. As a
result, modulation efficiency improvement can be obtained. The precise tuning is required

for minimizing the microwave losses.

Furthermore, the objective of this research includes the efforts to improve device performance

and enhance device functionality. The efforts are described in follows:

1.

EO modulators using arrays of planar antennas for improving modulation efficiency are
proposed. The transit time of lightwave propagating in the optical waveguide and passing
through each planar antenna should be considered for effective optical modulation. The
modulation efficiency improvement is proportional to number of the planar antennas. A
new EO modulator using a quasi-phase-matching (QPM) array of patch antennas
embedded with a narrow gap is proposed for further efficiency improvement with more

compact device structure. A ROF link is demonstrated using the proposed device. A new



EO modulator using a 2-D array of patch antennas embedded with orthogonal
meandering gaps is also proposed. 1-D and 2-D beamforming receiving of wireless
microwave signal can be achieved using the proposed device.

2. In order to improve in further the modulation efficiency and operate in the high frequency
operation, new optical modulators using a thin EO waveguide suspended to planar
antennas on a low-k dielectric substrate are proposed. Large antenna size can be obtained
due to low effective dielectric constant. As a result, modulation efficiency become large
since antenna aperture and interaction length is larger and longer, respectively.

Additionally, substrate resonant modes can be eliminated since a thin EO crystal is used.

Those are the main objectives of this research. The current research progress and future research
prospect are also presented. The applications of the proposed devices through the ROF technology are
also discussed such as for broadband wireless communication, low induction electromagnetic

compatibility measurement, high resolution automotive radar, and so on.

1.3 Organization of this dissertation

This dissertation begins by an introduction, which explains the background and objective of this
research. Then, the main issues of this dissertation are explained by six chapters. Finally, this
dissertation closes with conclusions of this research. The relationship between the chapters in this
dissertation is shown schematically by Figure 1-7. The brief contents of the main chapters in this

dissertation are given as following:

Chapter 2 Wireless microwave-lightwave signal conversion using planar antennas with EO

modulators

This chapter shows the fundamental of planar antennas and EO modulators. Their
characteristics and advantages are discussed separately. By combining the planar antennas and EO
modulators, wireless microwave-lightwave signal conversion can be obtained. Various combinations
of them and their advantages are discussed such as discrete structures and integrated structures.
Furthermore, new fusion structures are also presented. In the discrete structures, the planar antennas
and EO modulators are fabricated on different substrate and connected using microwave connection
lines. In the integrated structures, the planar antennas and EO modulators are fabricated on the same
substrate, where a connection line is still required between them. In the fusion structures, a planar
structure can be functioned for wireless microwave signal receiving and EO modulation with no

additional connection line.



Chapter 3 EO modulators using a patch antenna embedded with a single narrow gap

In this chapter, new EO modulators using a patch antenna embedded with a narrow gap are
proposed for wireless microwave-lightwave signal conversion. The proposed devices are composed of
a patch antenna only with no other planar structure on the substrate. A narrow gap is introduced at the
center of the patch antenna. Displacement current and electric field are induced across the gap and can
be used for optical modulation through the Pockels effects of an EO crystal. The proposed devices
have simple and compact structure and can be operated with low microwave loss and no external
power supply. The verification of their basic operation for direct wireless microwave-lightwave signal

conversion is presented.

Chapter 4 EO modulators using a patch antenna embedded with double narrow gaps

In order to enhance the functionality of the new fusion devices, EO modulators using a patch
antenna embedded with double narrow gaps are proposed and discussed in this chapter. By using the
proposed device, wireless microwave signals can be received and converted to two lightwave signals
simultaneously and independently. In here, two device configurations are presented. Firstly, | propose
an EO modulator using a patch antenna embedded with two parallel narrow gaps. The proposed device
can be used for a Mach-Zehnder interferometer. Secondly, | propose an EO modulator using a patch
antenna embedded with two orthogonal narrow gaps. By analyzing the two modulated lightwave
signals, wireless microwave signal with two orthogonal polarizations can be received and converted
directly to lightwave signals. Furthermore, the proposed device can be used for receiving a circular
polarization of wireless microwave signals. The polarization of the wireless microwave signals can be

identified using the proposed device through optical technology.

Chapter 5 EO modulator using a planar Yagi antenna coupled to a resonant electrode

Purpose of this chapter is to present an EO modulator using a planar Yagi antenna coupled to a
resonant electrode. Since the Yagi antenna has higher antenna gain than the patch antenna, | expect
that modulation efficiency improvement can be achieved. In order to achieve effective optical
modulation, precise tuning between the planar structures, which are the planar Yagi antenna, resonant
electrode, and connection line, is required and rather difficult to obtain. The calculation of the

modulation efficiency improvement was done.

Chapter 6 EO modulators using arrays of planar antennas

In this chapter, efforts to improve the device performances and enhance device functionality are
discussed by EO modulators using arrays of planar antennas. By utilizing array structures, the

modulation efficiency can be improved proportional to number of the planar antennas since the transit
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time of lightwave passing through each antenna is considered for effective optical modulation. In order
to improve modulation efficiency furthermore, | propose an EO modulator using a QPM array of patch
antennas embedded with a narrow gap. The proposed device has twice antennas with the same device
length compared to the conventional array devices. As a result, double modulation efficiency
improvement can be obtained with more compact device structures. Since the array structure affects to
the wireless irradiation angle (beamforming), an EO modulator using a 2-D array of patch antennas
embedded with orthogonal gaps is presented. | proposed new technique using meandering gaps for
beamforming receiver. The meandering gaps are used to compensate for the degradation of optical
modulation in certain beamforming. By analyzing two orthogonal modulated lightwave signals, 1-D

and 2-D beamforming of wireless microwave signal can be obtained.

Chapter 7 Optical modulators using EO waveguides suspended to planar antennas on low-k
dielectric substrate

New optical modulators using thin EO waveguides suspended to planar antennas on a low-k
dielectric substrate are proposed. Large antenna size can be obtained using the proposed devices, since
the effective dielectric constant is low. As a result, large antenna aperture and long interaction length
can be obtained for enhancing modulation efficiency. Additionally, by using a thin EO crystal, the
substrate resonant mode can be eliminated. The proposed devices are promising for high frequency
operation. Millimeter-wave optical modulators using a thin EO waveguide suspended to patch
antennas embedded with a narrow gap on a low-k dielectric substrate are presented.
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Figure 1-7 Structure of this dissertation.
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Chapter 2  Wireless Microwave-Lightwave Signal Conversion Using

Planar Antennas with Electro-Optic Modulators

2.1 Introduction

In the radio-over-fiber (ROF) technology, the wireless microwave signals can be converted to
the lightwave signals. Then, the converted/ modulated lightwave signals are propagated through
optical waveguides such as silica optical fibers [1] [21]. Since microwave and lightwave signals are
used simultaneously, converters between microwave and lightwave signals are required. There are two
types, which are converters from lightwave to wireless microwave signals and converters from

wireless microwave to lightwave signals [39].

The converters from lightwave to wireless microwave signals can be composed of a high
speed photo detector and antenna [23] [19]. A modulated lightwave signal is detected and converted to
a microwave signal using the photo-detector. Then, the converted microwave signal is transmitted to
the air using the antenna. These converters have a mature and advanced technology, where high
performance photo-detector using uni-travelling-carrier photodiode (UTC-PD) has been development
for high frequency operation [25] [26] [27].

In this dissertation, the converters from wireless to lightwave signals are discussed. They can be
composed of an antenna and optical modulator as shown in Figure 2-1. In the schematic shows that the
wireless microwave signal can be detected and converted to the lightwave signal. Furthermore, the

converted signal is propagated into a silica optical fiber.

wireless .
microwave

signal
microwave
NS AU lightwave
antennaY  converter
converted
lightwave —| optical modulator F——— lightwave
: i optical fiber

________________________________ signal

Figure 2-1 Basic schematic of the microwave-lightwave signal converter in the ROF technology.

Several microwave antennas are possible for constructing the microwave-lightwave signal

converters. In this thesis, |1 concern on planar antennas with their advantages such as simple and
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compact structure, low profile, lightweight, and easy fabrication [40] [41]. The planar antennas have

several types such as dipole, square patch, circular patch, and so on.

Several optical modulators can be used for converting from microwave to lightwave signals
[42]. Electro-optic (EO) modulators is promissing candidate due to their advantages such as high
speed operation, large bandwidth, and good linearity. The EO modulators are operated by using EO
effect of an EO crystal such as LiNbO;, LiTaOs;, KTP, and so on. EO polymers with single polarized
molecules are also applicable for the substrate. Several types of the EO modulators such as bulk and
guided-wave types were developed and reported [43] [44].

The fundementals of the planar antennas and EO modulators are discussed in this chapter.
Several device configurations for realizing wireless microwave-lightwave signal conversion such as
discrete, integrated, and new fusion structures are presented also in here. The features and
characteristics for each configurations of the wireless microwave-lightwave signal conversion are

discussed.

2.2 Planar antennas

Antennas are an important device for detecting wireless microwave signals. Several types of
antennas were established such as parabolic reflectors, horn antennas, dipole antennas, and so on. Each
type of the antennas has their own features for certain applications. The antennas are widely used in

the world for wireless communication, electromagnetic sensing, or other applications [40] [45].

One type of antennas is planar antennas. The planar antennas have a lot of popularity based on
their applications, which have some merits and de-merits as any others. The merits of these antennas
have some similarities as of the conventional microwave antennas such as a broader range of
frequency up to 100 GHz. In wireless communication, these are widely used in the mobile devices
such as mobile phones, notebook, tablet, and so on. The merit of the planar antennas are low weight,
low volume and thin profile configurations which can be made conformal, low fabrication cost, readily
available to mass production, linear and circular polarizations are possible, easily integrated with
microwave integrated circuits, and capable of dual and triple frequency operations. However, the de-
merit of the planar antennas compared with conventional antennas are low efficiency, lower gain, low
power handling capacity, excitation of surface waves, difficult polarization purity, and complex feed

structures for high performance arrays.

2.2.1 Antenna types
There are several types of planar antennas which are classified based on their physical

parameters. There different types of antennas have many different shapes and dimensions as show in
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Figure 2-2. The basic categories of these planar antennas can be classified into four, which are patch
antennas, planar dipole antennas, printed slot antennas, and planar travelling wave antennas. Yagi and

log periodic antennas are available in the planar structures.

A planar antenna is a thin planar metal electrode on one side of a dielectric substrate and the
other side having a plane to the ground metal electrode. The planar antenna is made of a conducting
material Cu (Copper), Au (Gold), or Al (Aluminum).

Square Rectangular Dipole Circular
Triangular Circular Ring Elliptical

Figure 2-2 Typical shapes of antenna using planar elements [46].

2.2.2 Resonant frequency

/’zL

T & ground

Figure 2-3 Basic structure of the planar antennas with a rectangular shape.

The resonant frequency of the planar antennas is determined by the size of the planar metal
electrode. The basic parameter of the planar is a strip conductor as shown in Figure 2-3 with length, L,
and width, W, on a dielectric substrate with constant, &, and thickness, h. The planar antenna is
designed so that it can operate at the resonance frequency of microwave signals, where the resonant
frequency can be determined by tuning the length of the antennas. The length of the antennas depends
on the effective dielectric of the substrate, e, height of the dielectric substrate, and the antenna width.
The length of the planar antenna can be calculated using the following equation [40]
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L (2-1)

where fy, is the frequency of the designed microwave signal and c is the speed of the light in the

vacuum.

There are many methods to analyze planar antennas. The most popular is a transmission line
method, where the patch is a transmission line or a part of a transmission line is assumed. The second
method is a cavity model, where the patch is a dielectric-loaded cavity is assumed.

The transmission line method is the easiest way to study the planar antenna. In this method the
transmission line model represents the planar patch antenna by two slots, separated by a low-
impedance transmission line of length L. The method is good enough to design the antenna. The

general model of the planar antennas is shown in Figure 2-4.

s
t~
s

14>

Figure 2-4 Transmission line model.

The first approximation, the thickness of the conductor, t, is assumed that forms the line has no
effect on the calculations, because it is very thin comparing with the substrate, h (h >> t), so the
empirical formulas that depend only on the line dimensions: the width, W, the length, L, the height, h,
and the dielectric constant, &, of the substrate [47]. The electric field lines in the antenna mostly exist
in the substrate and evenly leak a little bit to the air. The transmission lines are not able to support the
pure transverse electric magnetic (TEM) mode of transmission because the lines in the substrate and
lines in the air have different phase velocities. In order to have a notice of wave propagation and the

fringing in the line with the effective dielectric constant, &, it can be formulized as

&g+1 & —1 12h7%° )
Eeff = — + > [1 + W (2-2)
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The value of e is slightly less than that of ¢, as that the fringing fields are not confined only in the

substrate but some are out in the air.

The fringing fields along the width of the structure are taken as radiating slots and the patch of
the antenna electrically seen to be a bit larger than usual design. So the dimensions are extended a little

bit AL for a better performance, AL can be expressed by

(€epr +0.3) (% +0.264)

Al = oadzh (cery — 0.258) (% + 0.8) @)
The effective length of patch antenna, L is given by
Less = L+ 2AL (2-4)
For the particular resonant frequency the effective length of the patch is calculated by
Lesy = 2; (2-5)
fonfEers

Considering the rectangular patch antenna the resonant frequency for the mode TM,,, is given by [48]

=27l (@) G| 26)

where m and n are the operating modes of the patch antenna, along L and W, respectively. In order to
avoid unwanted higher order mode effect, the width of the patch antenna is set below one wavelength
of the wireless microwave signal. Furthermore for the effective receiving, the width of patch antenna

should be set to

c 2

=25 [ 2-7)

17



In the antenna analysis, the size of patch antenna can be estimated using transmission line
model for designed frequency operation. The two edges of patch antenna are induced a strong electric
field, and the highest current magnitude is induced at the center of patch antenna. Those are general
characteristic of patch antenna along its length, which is illustrated in Figure 2-5.

SRS

""_.4' \ - -‘n_\(

E

Figure 2-5 Characteristics of the patch antenna.

These planar antennas are narrow bandwidth about 10% of the designed microwave signal. A
good performance from the planar antennas can be expected with a thick dielectric substrate with a
low dielectric constant as this gives larger bandwidth, efficiency, and radiation [41]. These antennas
with the low dielectric substrate are larger than expected in the construction. Small size with compact
structure can be obtained using high dielectric substrate, which is less efficient, and having a narrow
bandwidth. The planar antennas fabricated on a high dielectric substrate such as EO crystals such as
LiNbO; or LiTaO; were reported [49].

The planar antennas are basically used for receiving wireless microwave signals. In order to
realize wireless microwave-lightwave signal conversion, the planar antennas can be combined with
optical modulators. The optical modulators by use of the Pockels effects will be discussed in the next

section.

2.3 Electro-optic modulators

Ferroelectric optical materials such as LiNbO; and LiTaO; have a large electro-optic (EO)
coefficient in first order (Pockels effects) [34]. They have fast response time of less than picosecond.
By using the EO effect, the high speed optical modulators can be expected up to 100 GHz frequency
[50] [51].

2.3.1 Linear electro-optic effect

Microwave-lightwave signal converters using planar antennas with EO modulators are studied

in here. The EO modulators are fabricated on EO crystals such as LiNbO3, LiTaOgz, polymer, or others.

18



The refraction index varies linearly with the applied electric field. It proportionally depends on the
axis direction of the strongest the linear EO effects or the Pockels effects in the EO crystal. The
resulting change of the refraction index in the optical path length of the light passing through the EO
crystal is proportional to the electric field applied in the modulation electrodes [43]. As a result, a
phase shift of the lightwave passed through the modulation electrode is induced.

The effects of an applied electric field on the propagation of the lightwave are defined by the
change of the refraction indices [22] [52]. When field component E, is applied, the change in an

element can be expressed as

A (%)] _ Z rue Ex (2-8)

where i, j each range over the three spatial coordinates and k is 1, 2, 3 denote x, y, z, respectively.
There are six relevant indices of refraction from the index ellipsoid, three terms for the three principle
directions (%, y, and z), and three cross terms. An electric field has X, y, and z components, so in

general this effect is described with a 6x3 tensors. So that Eq. (2-8) may be written as [53]

A (%)p = Z Tok Ex (2-9)
k

where k ranging from 1 to 3 and p from 1 to 6. In the non-EO crystals (centro-symmetric), all of the
terms ry are zero. The most EO crystals have some degree of symmetry leading to many of the ry

terms equaling zero [22] [54]. The EO coefficient is generally very small in pico-meter-order per volt.

The crystals are cut and used in an orientation to maximize the field projected onto the direction
with the largest EO effect [55]. Clearly, it would be inefficient to rely on the riz and ry, terms in
LiNbOs/ LiTaO; crystal. While the formalism to describe the EO effect is fairly complex, in practice
there is only one scalar quantity used in the analysis of EO modulators, that is rs; (about 30 pm/V),
which describes the effect of an applied electric field in the z-direction on an optical wave polarized in
the z-direction. For the z-cut LiNbOs/ LiTaOs, the z-axis is normal to the surface of the crystal and the
optical wave is transverse magnetic (TM) polarized and for the x-cut LiNbOj/ LiTaOs;, the x-axis is

normal to surface of the crystal and the optical field is transverse electric (TE) polarized.
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2.3.2 Bulk EO modulator

The basic mechanism for EO modulators is a voltage-dependent phase shift. The optical and
electrical fields must be oriented with respect to the crystal orientation with the highest EO effect [55].
The first EO phase modulators were built using bulk crystals, and used either a longitudinal or
transverse orientation of the electric field with respect to the propagation direction of the optical wave.

The longitudinal method is not particularly desirable because the electric field direction and the
optical path length are parallel. Thus, it increases the length of the crystal to increase the accumulated
phase shift. It also decreases the electric field for the same voltage applied to the crystal ends. The net
effect is no improvement in phase shift with increased crystal length. Furthermore, the electrodes

needed to apply the electric field in this direction typically interfere with the optical pathway.

z electrode

microwave lightwave
signal C .

modulated

lightwave

Figure 2-6 Structure of a bulk EO modulator.

The transverse mode of operation is more desirable, in that the field is applied normal to the
direction of propagation, as shown in Figure 2-6. The optical phase shift or retardation can be
increased by increasing the length of the crystal without changing the strength of the applied electric
field. The other advantage is no interference between the electrode and lightwave. It takes a lot of
voltage to obtain effective optical modulation in the bulk modulator.

By increasing electrode length and thin EO crystal, effective optical modulation can be easily
obtained. It becomes more difficult to fabricate long and thin crystals. However, a more fundamental
limitation occurs because of diffraction of the propagating light. If the transverse dimension is made
very small, the light propagating through the crystal will spread more rapidly, and hit the sides of the

crystal, thus being absorbed.

In order to obtain more effective optical modulation guided-wave EO modulator can be adopted.
Very narrow gap width and long electrode can be realized easily since the device is planar structure.

The EO guided-wave optical modulator will be discussed at following.
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2.3.3 Guided-wave EO modulator

The limitations of the bulk EO modulator for obtaining effective optical modulation are short
electrode length and wide electrode gap depends on the EO crystal thickness. In order to realize
narrow gap width is rather difficult by fabricating a thin EO crystal. The limitations can be solved by
using a guided-wave EO modulator. The guided-wave modulator is composed of a planar electrode
fabricated on an EO crystal as shown in Figure 2-7, where an channel optical waveguide is located
under the gap. Very narrow gap width can be realized for generating strong electric field between
electrodes. The waveguide eliminates diffraction, so that the crystal length may be made as long as
required to achieve the desired sensitivity, limited only by optical loss in the crystal. This device is
suitable for wide range of applications.

' Z
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signal S
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waveguide ‘ lightwave x-cut LINbO,/ LiTaO,

(a) (b)
Figure 2-7 Structure of a guided-wave EO modulators (a) whole view and (b) cross-sectional view of

the device fabricated on a z-cut and x-cut LiNbO,/ LiTaOs; crystal.

The optical waveguide can be fabricated using an annealed proton exchange or titanium
diffusion methods [56] [57] [58]. The electrode can be fabricated using a metal such as aluminum,

gold, copper, or so on [44] [59].

A phase EO modulator is the simplest modulator to build. Figure 2-7 shows a guided-wave EO
modulator fabricated on an EO crystal such as LiNbO; or LiTaO; crystals. There is a single channel
optical waveguide parallel to the y-axis of the crystal. The electrodes are fabricated as strips of metal
on the crystal surface. The gap between the waveguides is sized and positioned to maximize the
electric field component along the direction of the crystal with the strongest EO coefficient. In case of
z-cut EO crystal, light propagates along the y-direction, the z-direction is normal to the substrate, and
the x-direction is along the surface, perpendicular to the direction of propagation. The electric field
lines penetrate down into the EO crystal, continue perpendicular to the waveguide in the z-direction of

the crystal, and then go back up to the opposite electrode.

Several types of guide-wave EO modulators are available such as lumped, travelling-wave, and

resonant types with their features. The traveling-wave EO modulators have large bandwidth and
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relatively low modulation efficiency. The resonant EO modulators have narrow bandwidth and

relatively large modulation efficiency.

2.4 Wireless microwave-lightwave signal converters

In the previous sub-chapter, the fundamentals of planar antennas and EO modulators were
discussed in detail. By combining the planar antennas and EO modulators, wireless microwave-
lightwave signal conversion through EO modulation can be realized. The wireless microwave signals
can be received using the planar antennas and then the microwave signals can be converted to
lightwave signals using the EO modulators. Various configurations using the combination of the
planar antennas and EO modulators can be formed. The configurations are discussed in here such as
by discrete, integrated, and new fusion structures.

2.4.1 Discrete structure

In the discrete structure, the planar antenna and EO modulator are fabricated on difference
substrate as shown in Figure 2-8. The planar antenna is fabricated on a low dielectric substrate for
effective wireless microwave signal receiving and the EO modulator using a resonant electrode is
fabricated on an EO crystal with high EO coefficient. A connector using a microwave coaxial cable is
required to transferring the received microwave signal from the planar antenna to the resonant
electrode. Several wireless microwave-lightwave signal converters using discrete structures were

proposed and reported [29] [30].
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Figure 2-8 Structure of wireless microwave-lightwave signal converters with discrete structures.

High performance of the planar antenna and EO modulator can be obtained separately. In the
discrete structures of the wireless microwave-lightwave signal converters, a connection line between
the antennas and the EO modulators is used. The connection line is commonly using microwave

coaxial cables or planar microwave waveguide. However, losses of the microwave signal might be
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occurred in the coaxial cables due to high operational frequency such as over 30 GHz in millimeter-
wave bands [38]. Some decay might be also induced in these discrete structures. In order to reduce the
microwave signal losses, good matching condition is required between the antennas, connection line,
and optical modulators. Additional microwave components such as amplifier can be used between the

antennas and optical modulators.

2.4.2 Integrated structure

In order to minimize the loss and realize compact device, wireless microwave-lightwave signal
converters with integrated structures can be adopted. The example of the integrated structure is shown
in Figure 2-9, where the antenna and planar EO modulator are fabricated on the same substrate. A
wireless microwave signal is received using the planar antenna, then the received microwave signal is
transferred to the resonant electrode using the planar connection line, after that the transferred
microwave signal is converted to a lightwave signal using the resonant electrode through EO
modulation by the Pockels effects. Several wireless microwave-lightwave signal converters using

integrated structures were proposed and reported [38] [59] [60].
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Figure 2-9 Structure of wireless microwave-lightwave signal converters with integrated structures.

The integrated converters from wireless microwave to lightwave signals have simple and
compact structure with planar structure. Low microwave loss can be obtained using the integrated
structures with short planar strip line as the connector. Additionally, the integrated converters can be
operated passively with no external power supply. However, the precise tuning among the planar
structures, which are the planar antenna, resonant electrode, and connector, is still required for

effective optical modulation. The precise tuning is sometimes rather difficult to obtain.
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2.4.3 Fusion structure

We have so far discussed two configurations of wireless microwave-lightwave signal converters
based on planar antennas and EO modulators. The device configurations with discrete and integrated

structures were presented with their features.

New wireless microwave-lightwave signal converters using fusion structures are proposed,
where one structure/ component can be used for two functionalities to wireless microwave receiving
and optical modulation. The new fusion converters are fabricated on an EO crystal as a substrate and
composed of a patch antenna only with no other planar structure on the substrate. The basic structure
of the fusion converters is shown in Figure 2-10. The new fusion converters will be discussed in detail
in this dissertation with their hypothesis of the operational principle, analysis of the microwave
characteristics and optical modulation, and verification of their basic operations. The effort for
enhancing their functionality and improving their performances are also discussed.

wireless g
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Figure 2-10 Structure of wireless microwave-lightwave signal converters with fusion structures.

Since there is no other planar structure on the substrate except the patch antenna, very low
microwave loss can be achieved with more compact structure. The fusion converters can be operated
passively with no external power supply. Furthermore, they are easy in design since no precise tuning

requirements.

2.5 Summary

In this chapter, the fundamentals of planar antennas and EO modulators for wireless
microwave-lightwave signal conversion were explained briefly. The planar antennas have simple
compact structure, low profile, lightweight, and easy in fabrication. The guided-wave EO modulators
were also discussed with a simple compact device in the planar structure. The optical modulation

using the Pockels effects of the EO crystal was also described. Theses fundamentals of the planar
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antennas and EO modulators are necessary for designing the wireless microwave-lightwave signal

converters.

Wireless microwave-lightwave signal conversion can be achieved by combining the planar
antennas and EO modulators. Various configurations were presented with discrete, integrated, and
fusion structures. Their features were also discussed as summarized in Table 2-1. In this dissertation,
new fusion structures of the wireless microwave-lightwave signal converters are proposed and

discussed in detail. Additionally, an integrated wireless microwave-lightwave signal converter is also

presented.
Table 2-1 Comparison of the converters from wireless microwave to lightwave signals.

Discrete structure Integrated structure Fusion structure
e  Enlarge structure e  Compact structure e Very compact structure
e Complex structure e  Simple structure e  Simple structure
e  Require connection line e  Require connection line e No require connection line
e Large microwave loss e Low microwave loss e Very low microwave loss
e Need precise tuning e Need precise tuning e No need precise tuning
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Chapter 3 Electro-Optic Modulators Using a Patch Antenna Embedded

with a Single Narrow Gap

3.1 Introduction

Radio-over-fiber (ROF) technology suitably supports for mobile communication systems in
microwave/ millimeter-wave bands by compensating for large transmission losses of metallic cables
[21]. In the ROF technology for communication systems, microwave signals are converted to
lightwave signals and transferred through optical fibers with low transmission loss. Large transmission
bandwidth and no induction are also advantages of the optical fibers [1]. In the ROF technology,
microwave and lightwave signals are used simultaneously. In order to realize the ROF systems,

converters between the microwave and lightwave signals are required.

A microwave generation for downlink in the ROF systems can be achieved by a high-speed
photo-detector [61]. On the contrary for uplink conversion, the microwave signals can be directly
converted into lightwave signals by use of high-speed optical modulation technology [62].

A converter from wireless microwave to lightwave signals can be composed of wireless
microwave antennas and electro-optic (EO) modulators [29] [30]. Wireless microwave signals can be
received by the antennas. The received signals are transferred to the EO modulators by a connection
line such as coaxial cables. However, microwave signal distortion and decay might occur in the

connection line for high-frequency operation.

In order to reduce the microwave signal distortion and realize a simple compact device, wireless
microwave-lightwave signal conversion by EO modulators using integration of microwave antennas
and resonant modulation electrodes have been developed. Several EO modulators using antenna-
coupled resonant modulation electrodes were reported [36] [60] [63]. They were composed of planar
antennas for wireless microwave signal receiver, resonant electrodes for optical modulation, and their
connection lines on an EO crystal as a substrate. The antennas, resonant electrodes, and connection
lines should be tuned precisely to obtain good resonance and impedance matching conditions for

effective conversion. The microwave distortion might be still induced through the coupling of them.

In this chapter, new invention of EO modulators using a patch antenna embedded with a single
narrow gap is presented for wireless microwave-lightwave signal conversion [64] [65]. The proposed
devices are composed of an optical waveguide and patch antenna fabricated on an EO crystal such as
LiNbO; or LiTaOs. No other planar structure is fabricated on the substrate except the patch antenna.

The patch antenna is designed for operation of the fundamental order mode in the microwave signals,
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where the antenna length is set about a half wavelength of the designed microwave signal. A narrow
gap in micrometer order is set at the center of the planar patch antenna. A microwave displacement
current and electric field is induced across the gap simultaneously for current flow continuity of the
standing wave current on the antenna surface. Optical modulation can be obtained by use of the
induced electric field through the Pockels effects of the EO crystal substrate. Wireless microwave-
lightwave signal conversion can be obtained by utilizing displacement current across the narrow gap.

The proposed EO modulators have simple and compact structures. They can be operated with
low microwave loss and no external power supply. Precise tuning is not required in the proposed
devices since only patch antenna and no other planar structure on the EO crystal substrate. The
proposed devices are easy in design and fabrication. Basically, the proposed devices are used for

wireless microwave-lightwave signal conversion and EO modulation by wireless microwave signals.

In the following sections, | will present the basic structure of the new fusion EO modulator
using z-cut LiTaOs; and x-cut LiNbO; crystals as the substrate. Its operational principles as the
hypothesis are also discussed. The device analysis, fabrication, and measurement are presented for
verifying the hypothesis of the new device proposal [64] [65]. The proposed device advantages/

disadvantages and applications to wireless microwave-lightwave signal conversion are also discussed.

3.2 Z-cut LiTaO3 optical modulators using a patch antenna embedded with a

narrow gap

3.2.1 Device structure
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Figure 3-1 Basic structure of an EO modulator using a patch antenna embedded with a gap,

(@) whole and (b) cross-sectional views.
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Figure 3-1 shows the basic structure of the proposed EO modulator using a patch antenna
embedded with a narrow gap [65]. The proposed device is fabricated on an EO crystal substrate. In
this structure a z-cut LiTaO; crystal is used for the substrate. A metal patch is fabricated on the
substrate, where the antenna length, L, is set a half wavelength, A./2, of the designed microwave
signal and the antenna width, W, is set below one wavelength, A, of the designed microwave signal to
avoid unwanted higher order mode effect. A narrow gap in micrometer order is introduced at the
center of the metal patch. A channel optical waveguide is located under the gap for effective optical
modulation as shown in Figure 3-1(b). A buffer layer is inserted between the EO crystal and metal

patch. The reversed side of the substrate is covered by ground metal.

The characteristics of the standard patch antenna with no gap were discussed in the Chapter 2.
When the wireless microwave signal at the designed frequency with linear polarization along the x-
axis is irradiated to the standard patch antenna with no gap, a resonant standing-wave microwave
current is induced on the surface of the metal patch [41]. The direction of the induced standing-wave
current on the metal patch surface is parallel to the wireless signal polarization along the x-axis and the
current magnitude becomes a maximum at the center for the standard patch antenna with no gap [48].
Then, a narrow gap is introduced at the center of the metal patch perpendicular to the standing-wave
current direction. In this device structure, a displacement current is induced across the gap due to the
requirement of the continuity of the current flow and a strong electric field is also induced across the
gap [66]. The induced strong electric field across the gap can be used for optical modulation by use of
Pockels effects of an EO crystal. When a lightwave propagates through the optical waveguide located
under the gap, the lightwave can be modulated by the induced electric field across gap. Therefore, a
wireless microwave signal can be received and converted directly to a lightwave signal through EO

modulation by utilizing the displacement current across the narrow gap [64].

3.2.2 Operational principle

3.2.2.1 Standing-wave current

Figure 3-2 shows the cross-sectional view of the standard patch antenna with no gap, where the
center of the gap is indicated the origin of the x-axis (x = 0) and the substrate surface is indicated the
origin of the z-axis (z = 0). When wireless microwave signal is irradiated to the device, a standing-

wave microwave surface current in a standard patch antenna can be expressed as [41]

2m 2m
Kyq(x,y,t) = Ko cos(wp,t) cos (p —x) cos (q —y) (3-1)
Am Am
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where p and q are integers indicating modes of the patch antenna, an, is the wireless microwave
angular frequency and A, is the microwave wavelength. The patch antenna is usually operated in the
fundamental mode (p = 1, g = 0). In this case, the standing wave current with a half-wavelength

resonances along the x-axis. Therefore, the standing wave surface current can be expressed as

2m
Kio(x,t) = K, cos(wp,t) cos (p A—x) (3-2)
z
;—‘ X
7 >

(@) (b)

Figure 3-2 (a) Cross-sectional view and (b) electric field distribution in the standard patch antenna with no gap.

3.2.2.2 Displacement current

Then, a narrow gap is introduced at the center of the patch antenna (x = 0) as shown in Figure
3-3. The narrow gap is perpendicular to the standing-wave current direction. Owing to the requirement
of the current flow continuity on the metal patch, a displacement current is induced across the gap [48].
A strong electric field is also induced across the gap [66].

—» 4—G
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7
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Figure 3-3 (a) Cross-sectional view and (b) electric field distribution in the patch antenna with a narrow gap.
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The displacement current, Jy, in the Maxwell equation (ampere law) can be expressed as

VxH=].+]4 (3-3)
aD JE
]d = E = SE (3'4)

where H is the magnetic field, J. is the conduction current density, D is the electric flux density, ¢ is

the permittivity, and E is the electric field.

Therefore, the electric field in the scalar value is obtained by time integration of the
displacement current. It is expressed as

1
E=- f J, dt (3-5)

By considering the standing wave surface current in Eq. (3-2), the induced microwave electric
field across the gap is obtained by the time integration of the displacement current. Therefore, it can be
represented as

E,(t) < f Ki0(0,t) dt = jKO cos(wy,t) dt (3-6)

Epn(t)  Kq sin(wp,t) (3-7)

The microwave electric fields across the gap are always induced from one edge to the other
edge of the gap. Therefore, the microwave electric fields for the z-component under the gap edges
have opposite direction between both gap edges.

3.2.2.3 Optical modulation

The induced microwave electric field across the gap can be used for EO modulation. The
microwave induced electric field can be observed by a lightwave propagating in an optical waveguide
located under the gap. The transit time for the lightwave to pass under the antenna along optical
waveguide (y = 0 to y = W) can be considered for accurate calculation [67]. This transit time can be

expressed as
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Figure 3-4 Electric field profile along the gap and the microwave electric field observed by lightwave.

Based on the previous discussion, the induced electric field across and along the gap can be

shown in the Figure 3-4 and expressed by following equation

E,.(t) = Ey sin(wy,t) (3-9)

The induced microwave electric field observed by the lightwave can be calculated by considering the

transit time of the lightwave. It can be transformed as

. y=y
Em—light(y) = Ey sin <wm v )
g

= E, sin <kmcy Y )
Vg

=E, sin[kmng (y— y’)]

= Ey sin(kyngy + ¢) (3-10)

—_— 0 —_— . — !
kpw=—  c=ngvy; ; {=—kpngy
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where ky, is the wave number of the microwave in the vacuum, ny is the group index of the lightwave
propagating in the waveguide, ¢ is an initial phase of the lightwave in the waveguide, and c is the light
velocity in the vacuum. The initial phase of the lightwave is important for obtaining the effective

modulation.

The output lightwave from the optical waveguide in the proposed device is phase modulated
lightwave. The modulation index, A¢, can be determined by taking account of the overlapping field
between the induced microwave electric field and the lightwave in the cross section along the gap. It
can be calculated by integration of the microwave electric field observed by the lightwave along the
antenna width (fromy =0 to y = W). It can be expressed as [65]

arssns (W
Ap = %r J Eo sin(kpngy +¢) dy (3-11)
0

where A is wavelength of the lightwave propagating in the waveguide, rs3 is the EO coefficient, n, is
the extraordinary refractive index of the EO crystal, and T is the overlapping factor between the
induced microwave and lightwave electric fields. A wireless microwave signal can be received by the
antenna and directly converted to a lightwave signal along the narrow gap through EO modulation
[64] [65].

3.2.3 Analysis

3.2.3.1 Equivalent circuit

L
—— L
h J: 1

Figure 3-5 Equivalent circuit for the standard patch antenna with no gap.

The characteristics of the standard patch antenna with no gap were reported and discussed in
detail [40] [47]. The equivalent circuit of the patch antenna with no gap is shown in Figure 3-5. Its

resonant frequency, fo, can be transformed using simple LC circuit as following equations
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Figure 3-6 Equivalent circuit for the patch antenna embedded with narrow gap.

When a gap is introduced at the center of the metal patch, displacement current and strong
electric field are induced due to continuity of the current flow [45]. The equivalent circuits of the gap-
embedded patch antenna can be shown as Figure 3-6. The new circuits of C, and Cg represent the
narrow gap when a gap width, G, is sufficiently small compared to the antenna length, L, and substrate
thickness, h. The parasitic capacitances between the edge of the gap and the ground, C,, can be
assumed negligibly small when the gap width, G, is sufficiently small. 1 assume that the C is equal to
C, and L is equal to 2L;. The resonant frequency of the gap-embedded patch antenna, f., can be also

transformed using LC circuit as following equations

1

jZT[fmCl = - 1 1 ]
FZRfnCy T 2y T I m2l

1
j2nfn,Cy ( +j27Tfm2L1) =-1

+ -
]anmcl ]27TfmCG

c
14— —8n2f2L,C, = -1
Ce

,_ 206+G
™ = 8r2L,C,C,

1
C.C¢
2m 2L 3
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when, we assume that2 L; =L and C, =C,

1

cC, (3-13)
2C + C;

fm =
2 (L

Therefore, the resonant frequency of the gap-embedded patch antenna is shifted respected to the
resonant frequency of the standard patch antenna with no gap, it can be represented as

Afm = fin = fimo (3-14)

o - 1 20+Cs (315
" onJLC/2 2C;

where Af,, is the resonant frequency shift due to the gap. We can see that the resonant frequency shift

is inversely proportional to the capacitance of the gap, Ce.

In the patch antenna embedded with a narrow gap, the Cg value contributes mainly to the shifting
resonant frequency. The capacitance, Cg, is inversely proportional to the gap width, G. It can be
shown as

A
C.=¢c— 3-16
¢c=¢ G ( )

where ¢ is the permittivity of the substrate, and A is the area of the antenna. | assume that the area of
the antenna is not changed and proportional to the antenna length. Therefore, the resonant frequency

shift, Af,,, becomes as

Af, < VG (3-17)

Based on the equation, the resonant frequency shift becomes higher when the width of the gap
becomes wider for the same patch antenna size. Therefore, the gap width contributes slightly to
changes the resonant frequency of the patch antenna embedded with a narrow gap. The calculation

results of this characteristic are presented in the next sub-section.
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3.2.3.2 Resonant frequency

The effective resonant frequency of the patch antenna embedded with a narrow gap was
calculated using electromagnetic analysis software, which is High-Frequency Structural Simulator

(HFSS) software. The device parameters for microwave analysis are shown in Table 3-1.

Table 3-1 Device parameters for analysis of the patch antenna embedded with a narrow gap.

Values
Substrate: z-cut LiTaO;
Dielectric constant (&, &, &) (43,43,41)
Thickness, h 0.4 mm
Patch antenna: aluminum
Antenna size, LXW 0.8x1.3mm
Gap width, G 5 um

In the calculation results, the resonant frequency of the patch antennas with no gap (G = 0) was
about 23 GHz under the parameters by observing electric field magnitude under the antenna edge. In
order to analyze the proposed device, the observation point for taking the microwave magnitude is

located under the edge of the gap as shown in Figure 3-7 (a) since the z-cut EO crystal is used.

1 ! — G=3um
- :::.i ] G =5um
- T
observation z = = ; G = 10um
i = A G=10
pomt = | m
3 |
® X = o S e,
..... ! —
N s
22 24 26 28 30
Frequency (GHz)
(@) (b)

Figure 3-7 (a) Observation point for calculating the magnitudes of the electric field for the
z-cut EO crystal (b) Calculated magnitude of electric field across the gap as a function of

microwave frequency for several gap width values.
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The calculated magnitudes of the electric field of the patch antennas embedded with a narrow
gap for several gap width values, G, in order micrometer are shown in Figure 3-7 (b). We can see that
the gap width contributes to change the effective resonant frequency. The resonant frequencies of the
patch antenna embedded with a narrow gap are shifted to be higher than the resonant frequency of the
patch antenna with no gap. Based on the calculation results, the equivalent circuits and equations of
the patch antenna embedded with a gap as mentioned before were verified because of their same
tendency of the resonant frequency shift. Additionally, in the Figure 3-7 (b) shows that the larger

electric field can be obtained using narrower gap. This characteristic can be expressed by
/4
=—_ 3-18
E== (3-18)

where E is the electric field in unit of Volt/meter and V is the electric voltage in unit of Volt. Therefore,
the electric field is inversely proportional to the gap width. It was verified also in the calculation

results.

3.2.3.3 Radiation pattern

In here, the radiation pattern of the patch antenna is reported. The calculated radiation pattern
for the standard patch antenna with no gap is shown in Figure 3-8(a). The radiation pattern of the
patch antenna embedded with a narrow gap was also analyzed, where width of the narrow gap is much
smaller than the antenna length in micrometer order. The calculated radiation pattern for the patch
antenna embedded with a narrow gap is shown in Figure 3-8(b).

Z

34 b s

(@) (b)
Figure 3-8 Radiation pattern for (a) the standard patch antenna and (b) the patch antenna

embedded with a narrow gap.
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We can see that the radiation pattern of the patch antenna embedded with a narrow gap has the
same as the radiation pattern of the standard patch antenna with no gap. Based on that, the antenna
characteristics of the patch antenna embedded with a narrow gap are similar to the characteristics of
the standard patch antenna.

3.2.3.4 Microwave electric field distribution

The microwave characteristics of the patch antennas embedded with a narrow gap were
calculated. The calculated electric field distributions on the substrate surface are shown in Figure 3-9
under the irradiation of the wireless microwave signal. In Figure 3-9(a) shows the calculated electric
field distribution on the substrate surface by irradiating wireless microwave signal with x-polarization
(perpendicular to the gap) from the free space above the device. We can see that a strong electric field
is induced across the gap. The electric field distribution in the z-component for the irradiation of the
microwave with the y-polarization (parallel to the gap) is also calculated, as shown in Figure 3-9(b).

We can see that almost no electric field is induced across the gap.
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Figure 3-9 Electric field distribution on the substrate surface for wireless microwave signal with linier polarization

in (a) x-direction and (b) y-direction. (c) Current profile and electric field profile along line A.

Additionally, Figure 3-9(c) shows the calculated current profile and electric field profile on the
surface along the line-A. We can see that, the electric field across the gap is stronger than electric field
at the antenna edges since the gap width is much smaller than the substrate thickness. As a result, the

electric field across the gap is effective for optical modulation through the Pockels effects.

3.2.4 Fabrication

In order to verify the operations of the new fusion EO modulator, the device fabrication was

done using mature fabrication technology. The device fabrication with several processes is explained
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clearly such as for fabricating optical waveguide, buffer layer, metal patch, and ground metal. The

device parameters for the fabrication are shown in Table 3-2.

Table 3-2 Device parameters for fabrication of the EO modulator using

patch antenna embedded with a narrow gap.

Values

Substrate: z-cut LiTaO3

Dielectric constant (&, &, &) (43,43,41)

Thickness, h 0.4 mm
Patch antenna: aluminum

Frequency, f, 26 GHz

Size, LxW 0.8x 1.3 mm

Gap width, G 5 um
Array structure

Element number, N 4

Distance, D 5.4 mm
Buffer layer: SiO,

Thickness 0.2 um
Optical waveguide

Single mode

Wavelength, 4 1.55 um

3.2.4.1 Optical waveguide

First, a channel optical waveguide was fabricated on a z-cut LiTaOs crystal using an annealed
proton exchange method, which is illustrated in Figure 3-10. The top surface of the EO crystal was
covered using 3000 A-thick aluminum by use of a thermal vapor deposition machine. Then, the
deposited aluminum was covered with photoresist by use of spin-coating machine. After that, the
sample was illuminated by ultraviolet light with a mask pattern for the optical waveguide and
continued development process. In order to make the pattern, the aluminum with no photoresist was
etched by using acid liquid and then the sample was cleaned by removing the remained photoresist.
Next, a proton exchange process using benzoic acid at 240 °C in 12 hours was done. After finishing
the proton exchange process, the aluminum was etched completely. As a result, the optical waveguide
was fabricated successfully. The proposed device will be annealed with 350 °C in 1 hour after all

device fabrication process for the final step.
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Figure 3-10 Fabrication steps for optical waveguide using annealed proton exchange methods.

3.2.4.2 Buffer layer

After optical waveguide fabrication, a buffer layer is fabricated on the surface of the z-cut

LiTaO; crystal. A 200 nm-thick silicon dioxide (SiO,) was deposited by use of sputtering machine. A

buffer layer is necessary for optical integrated circuit where metal electrodes are used and located on

waveguides. Therefore, the waveguide performance especially for TM mode operation can be

improved significantly due to its propagation loss characteristics.

3.2.4.3 Patch antenna embedded with a narrow gap

A metal patch embedded with a narrow gap on the buffer layer is fabricated. The fabrication

processes are illustrated in Figure 3-11. The metal patch embedded with a narrow gap was fabricated

with a 1 um-thick aluminum by use of thermal vapor deposition, a standard photolithography, and a

wet etching. Since the z-cut LiTaOs crystal is used, the optical waveguide should be located under one

edge of the narrow gap for obtain effective optical modulation.
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Figure 3-11 Fabrication steps for metal patch using an aluminum.
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Then, a ground metal was fabricated on the bottom surface of the substrate. The ground metal
was deposited with a 1 pum-thick aluminum by use of thermal vapor deposition. The photograph of the
fabricated device before ground metal fabrication is shown in Figure 3-12.

patch
EO crystal—— 7 . , metal

0O 2 (cm)

Figure 3-12 Photograph of the fabricated device.

3.25 Measurement

In order to verify the operation of the proposed device for wireless microwave-lightwave signal
conversion, the fabricated device is measured experimentally. In here, the device measurement is

presented for verifying the device operation.

3.25.1 Experimental setup
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Figure 3-13 Experimental setup for measuring basic operation and performance of the fabricated devices.

The measurement setup for verifying the device operation is shown Figure 3-13. A microwave
signal of 26 GHz was generated using a microwave signal generator. Then, the generated microwave
signal was amplified using a microwave amplifier. After that, the amplified microwave signal was
irradiated to the fabricated device using a horn antenna. The wireless microwave signal with linear

polarization was irradiated with +23 dBm radiated power and 100 mm separation between the horn
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antenna and fabricated device. A lightwave of 1.55 um wavelength from a distributed feed-back
(DFB) laser was coupled to the fabricated device using an objective lens. The output lightwave signal
from the fabricated device was observed using an optical spectrum analyzer (OSA).

3.2.5.2 Measurement results

Optical power (20dB/div)

] 1 1 ] ]
Frequency (10GHz/div)

(@)

Optical power (20dB/div)

1 1
Frequency (10GHZz/div)

(b)
Figure 3-14 Example of the output lighwave with irradiation of wireless microwave signal

for (a) A-polarization and (b) B-polarization.

The measured optical spectra of the lightwave output are shown in Figure 3-14. The Figure 3-14
(@) shows the measured optical spectrum, when the wireless microwave signal with A-linear
polarization is irradiated to the fabricated device. We can see that, clear optical sidebands were
observed since the strong microwave electric field is induced across the gap. The Figure 3-14 (b)
shows the measured light spectrum, when the wireless microwave signal with B-linear polarization.
No optical sideband was observed due to no microwave electric field is induced across the gap. As a
result, optical modulation is obtained effectively when the wireless microwave signal with linear

polarization perpendicular to the narrow gap.
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3.3 X-cut LINbO; optical modulators using a patch antenna embedded with a
narrow gap

In this chapter, two fusion EO modulators are discussed based on z-cut LiTaO; and x-cut
LiNbO; crystal substrates. A z-cut LiTaOs optical modulator using a patch antenna embedded with a
narrow gap was discussed in the previous section [64] [68]. The basic operations of the new fusion
device were verified experimentally. In order to verify in further the proposed device, the new fusion

EO modulator fabricated on an x-cut LiNbOs crystal are also presented.

In this section, an x-cut Ti:LiNbO; optical modulator using a patch antenna embedded with a
narrow gap is proposed for wireless microwave-lightwave signal conversion in the ROF systems [69]
[70]. An x-cut LiNbO; crystal has relatively lower dielectric constant than a z-cut LiTaO; crystal.
Since the optical waveguide is located at the center of the gap for x-cut LiNbO; device, a buffer layer
is not required because the transverse electric (TE) mode of lightwave has small influence of metal. |
expect that large modulation index are obtained since the antenna size becomes larger due to lower

dielectric constant of the substrate and no buffer utilization.

3.3.1 Device structure
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Figure 3-15 Device structure of the x-cut LiNbOs, (a) whole and (b) cross-sectional views.

Figure 3-15 shows the structure of the proposed x-cut LiNbO; optical modulator using a patch
antenna embedded with a narrow gap. It consists of a channel optical waveguide and a patch antenna
embedded with a narrow gap onto an x-cut LiNbO; as a substrate. The length, L, of each antenna along
the x-axis is set as half a wavelength of the wireless microwave signal. The width, W, of each antenna
along the y-axis is set as below a one wavelength of the wireless microwave signal to avoid unwanted
higher-order mode effects. The narrow gap in micrometer-order is set at the center of each antenna,

along the y-axis. The optical waveguide is located at the center of the gap, where the magnified cross-
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sectional view is shown in Figure 3-15(b). The reverse side of the substrate is covered with a ground

metal.

3.3.2 Operational principle

The operational principle of the EO modulator using patch antennas embedded with a narrow
gap has been discussed [64] [65]. The strong electric field induced across the gap can be used for
optical modulation through Pockels effect. By considering the dielectric constant values of the EO
crystal substrate, where the dielectric constant of the x-cut LiNbO; is & = 43, g = 43, & = 28 and the
dielectric constant of the z-cut LiTaOs is & = 43, g = 43, g = 41, the x-cut LiNbO; crystal has
relatively low dielectric constant compared with the z-cut LiTaO; crystal [71]. Therefore, | expect that
a large antenna size and long interaction length on an x-cut LiNbO; crystal substrate are obtained at
the same operational frequency compared to the device using the z-cut LiTaOs; crystal substrate

The length of the antenna is inversely proportional to the effective dielectric constant of the
substrate, &g, which can be expressed as Eq. (2-1). Additionally, a buffer layer is not required for the
x-cut LiNbO; devices. Therefore, modulation efficiency improvement can be achieved due to the
larger size of the patch metal.

3.3.3 Analysis

3.3.3.1 Peak frequency operation

The microwave characteristics of the patch antenna embedded with a narrow gap on the for
several substrate types, which are x-cut/ z-cut LiNbOs/ LiTaOs crystals, were analyzed. The device
parameters for the analysis are shown in Table 3-3. In this analysis, a rectangular patch type was used
for extending the interaction length between microwave and lightwave electric fields, where the patch
width is below one wavelength to avoid unwanted higher order mode effects. As a result, larger

modulation index can be obtained than the device using square patch type.

The calculated microwave electric field magnitudes across the gap as function of the microwave
frequency are shown in Figure 3-16 for several types of EO crystals, which are x-cut / z-cut LiNbO3/
LiTaO3, for the same size of the patch antenna embedded with a narrow gap. We can see that the patch
antenna embedded with a narrow gap fabricated on the x-cut LiNbO; crystal substrate has the highest
peak frequency than other devices. The patch antenna embedded with a narrow gap fabricated on the
z-cut LiTaO; crystal substrate is lower peak frequency operation than the device fabricated on the x-
cut LiNbO; crystal substrate. The shifting microwave frequency operation might be caused by the

dielectric constants differences of the EO crystal substrates and utilization buffer layer.
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Table 3-3 Device parameters for microwave analysis of x-cut Ti:LiNbO; optical modulators

using patch antennas embedded with a narrow gap.

Values
Substrate: x-cut/ z-cut LiNbO3/ LiTaO4
Dielectric constant
LiNDO; (&, &, &) (43, 43, 28)
LiTaOs (&, &, &) (43, 43, 41)
Thickness, h 0.5 mm
Operational frequency, f,, 26 GHz
Patch antenna: aluminum
Size, LW 0.7x1.3mm
Gap width, G S um
Buffer layer: SiO,
for z-cut LiNbOg4/ LiTaOg3
Thickness 0.2 um

Based on the calculation results, the x-cut LiNbO; optical modulators have strong microwave
electric field across the gap than other devices at the effective microwave operation. The x-cut LiNbO,
optical modulators have about two-times stronger microwave electric field across the gap compared to
the z-cut LiTaO; optical modulators. The stronger electric field is induced due to the larger antenna

aperture on lower dielectric constant of the EO substrate and no buffer layer utilization.

X-cut LINDO yoms
z-cut LINbOy—
x-cut LiTaOymmm
z-cut LiTaOgree==

20 22 24 26 28 30
Frequency (GHz)

Figure 3-16 Calculated microwave electric field magnitudes across the gap as function of the microwave frequency for
several types of the EO crystal (x-cut/ z-cut LINbO,/ LiTaOs).
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3.3.3.2 Microwave electric field profile

By considering orientation of the EO crystal for driving the strong Pockels effects, | analyzed in
detail the EO modulators with x-cut LiNbO; and z-cut LiTaO; substrates. The device configurations
are shown in Figure 3-17. The optical waveguide is located at the center of the gap for the x-cut
LiNbO; optical modulators and located under the edge of the gap for the z-cut LiTaO; optical

modulators.

Substrate: x-cut LiNbO; X

z h=0.5mm
& >y Eq f, IxW=0.7x1.3mm
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| x-cut LINDO, waveguide
f
(@)
Substrate: z-cut LiTaO;
=z h=0.5mm =
E LxW=0.7x1.3mm
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¥ Buffer layer: Si0, f, metal
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Figure 3-17 Configuration of EO modulators using (a) x-cut LiNbO3 and (b) z-cut LiTaO; substrates.

-100

-2001-
(@)

46



_ z=0.5um
200 — _— z=1.0um
e Zz=1.5um
— z=2.0um
= 100 oz 2.5um
' X
-gi2 b
-100 -
-200
(b)

Figure 3-18 Calculated microwave electric field profiles for (a) x-cut LiNbO5 and

(b) z-cut LiTaO; optical modulators with several observation point.

3.3.3.3 Modulation index

The modulation index of the EO modulators is proportional to the microwave electric field
magnitude across the gap. By considering the calculated microwave electric fields as shown in Figure
3-18, improved modulation index about two-times can be achieved by using the x-cut LiNbO; optical
modulators compared with the z-cut LiTaO; optical modulators, when the overlapping factor between

the electric fields of the microwave and lightwave is almost same in both devices.

The proposed device is an optical phase modulator. The modulation index, A¢, of the proposed
device can be calculated using Eg. (3-11). In the experiment, the modulation index can be calculated
by comparing power ratio of carrier, P, to sidebands, Ps, since the modulation index is relatively small

(A¢ «< 1). The signal level with modulation J; (A¢) and no modulation J,(A¢) are considered. It can
be expressed as following equations

E. = EoJo(Ad)

Es = EoJ1(A¢)

= (3-19)

(3-20)
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3.3.4 Fabrication

The designed x-cut LiNbO; optical modulators with parameters as shown in Table 3-4 were
fabricated. First, a single-mode straight optical channel waveguide for the wavelength of 1.55 um was
fabricated by using the titanium-diffused method. A patch antenna embedded with a narrow gap was
fabricated with a 1 um-thick aluminum film on the substrate by use of thermal vapor deposition, a
standard photolithography, and a lift-off technique. Finally, the reverse side of the device was covered
with a 1 um-thick aluminum film as a ground electrode. The photographs of the fabricated prototype

device are shown in Figure 3-19.

Table 3-4 Device parameters for fabrication of the x-cut Ti:LiNbO; optical modulators using

patch antennas embedded with a narrow gap.

Values
Substrate: x-cut LINbO;
Dielectric constant
x-cut LiNbOs (g, &, &) (43, 43, 28)
Thickness, h 0.5 mm
Frequency, f, 26 GHz
Patch antenna: aluminum
Size, LxW 0.7x1.3mm
Gap width, G 5 um
Optical waveguide: titanium diffusion
Wavelength, 1 1.55 um
EO crystal—— +  patch
TR ctal

(mm)

Figure 3-19 Photograph of the fabricated x-cut Ti:LiNbO3 optical modulators

using patch antennas embedded with a narrow gap.

3.3.5 Measurement
The experimental setup for measuring performances of the fabricated device is shown in Figure

3-20. A 26 GHz microwave signal from a microwave signal generator was amplified using microwave
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amplifier and then irradiated to the fabricated device using a horn antenna. A 1.55 um wavelength
lightwave from a laser was passed through a lightwave polarizer for setting light polarization in TM or
TE modes. Then, the polarized lightwave is coupled to the optical waveguide in the fabricated device
by use of an objective lens. The output light spectrum was measured and monitored using an OSA.

microwave ~N |
generator |

microwave horn
. amplifier antenna
L,}- . VA’B Olf‘t};i)cal
hY A iber _-
C. m" — 4@_@5%
laser TE ¥ device 054

Figure 3-20 Measurement setup for measuring performance of the x-cut Ti:LiNbO; optical

modulators using patch antennas embedded with a narrow gap.

The examples of the output light spectra measured by an OSA are shown in Figure 3-21, where
the wireless microwave signal with frequency of 26 GHz was irradiated to the fabricated device.
Figure 3-21(a) and Figure 3-21(b) show the measured output light spectra for the transverse electric
(TE) and transverse magnetic (TM) modes of the lightwave signal, respectively, when a linear-
polarized wireless microwave signal with the A-polarization was irradiated. We can see that the optical
modulation is obtained effectively for TE-mode of the lightwave signal as shown in Figure 3-21(a)
due to the larger EO coefficient in the z-direction of the x-cut LiNbOs; crystal. Optical modulation was
obtained with TM-mode of the lightwave as shown in Figure 3-21(b) by using EO effect in the x-
direction of the x-cut LiNbO; crystal. Figure 3-21(c) shows the output light spectrum when the
polarization of the wireless microwave signal polarization was rotated to 90-degrees, which
corresponds to the B-polarization. In the Figure 3-21(c), small optical sidebands are occurred. It might

be caused by reflected microwave signals from the measurement tools.

The measured modulation efficiency as a function of the microwave frequency is shown by the
dotted-curve in Figure 3-22, when the microwave polarization was set to the A-polarization and
lightwave was set to TE-mode. The fabricated device was an optical phase modulator, the modulation
index can be calculated from the spectrum intensity ratio between the first sideband and the optical
carrier as long as the modulation index value is rather smaller than unity. The peak frequency for
effective optical modulation for wireless microwave-lightwave signal conversion was about 25.7 GHz,
which almost coincides with the calculation of the microwave frequency dependence as shown by

solid-curve in Figure 3-22. The calculated result is obtained by taking the electric field magnitude
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across the gap as a function of the microwave frequency from the simulation result using

electromagnetic analysis software, HFSS.
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Figure 3-21 Measured light output spectra for: (a) TE mode lightwave and A-polarization microwave, (b) TM mode

lightwave and A-polarization microwave, and (c) TE mode lightwave and B-polarization microwave

Figure 3-23 shows the measured modulation efficiency, which is the spectrum intensity ratio
between the first sideband and the optical carrier, as a function of the separation between the

transmitted antenna (horn antenna) and the fabricated device. The calculation result is obtained by
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considering the Friis transmission equation, when the received power of the proposed device is

inversely proportional to the separation [72].
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Figure 3-22 Measured modulation index as a function of microwave frequency for the fabricated x-cut

Ti:LiNbO; optical modulator using patch antennas embedded with a narrow gap.
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Figure 3-23 Measured modulation efficiency as a function of the separation between the transmitting antenna (horn antenna)

and the fabricated x-cut Ti:LiNbO3 optical modulator using patch antennas embedded with a narrow gap.
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Figure 3-24 Measured optical spectra of the x-cut Ti:LiNbO; optical modulators (solid-line) and the z-cut
LiTaO; optical modulators (dashed-line).
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The proposed x-cut Ti:LiNbO; optical modulators using a patch antenna embedded with a
narrow gap were measured. Operations of the new fusion EO modulator were also verified using x-cut
LiNbO; crystal substrate. Furthermore, the measured optical spectra of the modulated lightwave signal
using the fabricated x-cut LiNbO; and z-cut LiTaO; optical modulators are shown in Figure 3-24. We
can see that, the x-cut LiNbO3-based device has modulation efficiency 6 dB larger than the z-cut
LiTaOs-based device.

Additionally, the insertion loss of the x-cut Ti:LiNbO; optical modulator was measured
approximately 11 dB by use of objective lenses as the lightwave coupling. It can be reduced by using
optical fibers as the lightwave coupling. The insertion loss is not directly affected to the modulation
index of the device since the modulation index expresses by the spectrum intensity ratio between the
first sideband and the optical carrier. However, low insertion loss is an important issue to realize low

power consumption of the optical modulators in the ROF technology.

3.4 Discussion and summary

In this chapter, new fusion EO modulators using a patch antenna embedded with a narrow gap
were proposed for wireless microwave-lightwave signal conversion and optical modulation by
radiating wireless microwave signal. The displacement current and electric field across the narrow gap
are induced due to the current flow continuity. The electric field across the gap has stronger magnitude
than the electric field at the edge of the antenna since the gap width is much smaller than the substrate
thickness. It can be used effectively for optical modulation through Pockels effects.

Stronger microwave electric field across the gap can be induced using narrower gap width.
However, it has a limitation since optical waveguide is used lightwave trajectory. The optical
waveguide is located under the gap depending on the EO crystal orientation by considering the
strongest EO coefficient. In order to obtain effective modulation, the gap width of the proposed
devices should be over to the width of the optical waveguide core. When the gap width is smaller than

the optical waveguide core width, degradation of the optical modulation might be occurred.

The device analysis and fabrication for a 26 GHz microwave signal were done. In order to
verify the basic operation of the new fusion EO modulators, two EO modulators using a patch antenna
embedded with a narrow gap were fabricated on a z-cut LiTaOz; and x-cut LiNbO; crystals. In
measurement, the basic operations of the proposed devices were experimentally verified by observing
the optical spectra of the light output from the optical waveguide. Clear optical sidebands were
observed. Therefore, the proposed device can be used for direct wireless microwave-lightwave signal
conversion. Additionally, the x-cut LiNbOs-based device has larger modulation efficiency of 6 dB than
the z-cut LiTaOs-based device since the LiNbOs-based device has lower dielectric constant, larger

patch size, and larger EO coefficient.
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The new invention of the fusion EO modulators using a patch antennas embedded with a narrow
gap was verified. They have simple compact structure and can be operated with low microwave loss
and no external power supply. Furthermore, design and fabrication of the proposed devices are easy.
The microwave frequency can be designed easily by changing the antenna length.

The proposed device is operated effectively for certain microwave polarization, single
modulated lightwave signal, and relatively low modulation index. Techniques to improve performance
and enhance functionality of the fusion device are still required for attractive applications. The

techniques will be discussed also in this dissertation.
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Chapter 4  Electro-Optic Modulators Using a Patch Antenna Embedded

with Double Narrow Gaps

4.1 Introduction

In the Chapter 3, | have proposed new fusion EO modulators using a patch antenna embedded
with a narrow gap [64] [69]. Their basic operations for direct wireless microwave-lightwave signal
conversion were verified experimentally. The new fusion proposed devices are composed of a single
optical waveguide under a single narrow gap. Therefore, a modulated lightwave signal can be obtained

using the new fusion devices.

In this chapter, in order to enhance functionality of the new fusion EO modulator, | propose EO
modulators using a patch antenna embedded with double narrow gaps. The proposed devices are
basically for wireless microwave-lightwave signal conversion. By modifying the new device structure,
the device functionality can be enhanced. Firstly, an EO modulator using a patch antenna embedded
parallel narrow gaps is proposed. This proposed device can be used for realizing optical intensity
modulation using the Mach-Zehnder interferometer. Secondly, an EO modulator using a patch antenna
embedded with orthogonal narrow gaps is proposed. This proposed device can be used for receiving
wireless microwave signal with orthogonal linear polarization and for identifying microwave

polarization and for 1D/ 2D wireless irradiation angle (beamforming) control.

In the following sections, | will present the structure of the modified fusion EO modulators
using a patch antenna embedded with double narrow gaps. The device analysis, fabrication, and
measurement are presented for enhancing device functionality [68] [73]. The proposed device

advantages/ disadvantages and applications for functionality enhancement are also discussed.

4.2 EO modulators using a patch antenna embedded with parallel gaps

4.2.1 Device structure

Figure 4-5 shows the structure of an EO modulator using a patch antenna embedded with two
parallel gaps. It is composed of two parallel optical waveguides and a square patch embedded with
two parallel gaps fabricated on an EO crystal. The two parallel gaps with a few tens micrometer
distance are located at the center of the metal patch. The two parallel optical waveguides are located
under the parallel gaps. The length of the metal patch is set at half a wavelength for the designed

microwave wireless signal. The width of the metal patch is set below a wavelength of the designed

55



microwave wireless signal. The width of the gaps is set in micrometer order. A buffer layer can be
inserted between the substrate and the patch antenna. The reverse side of the substrate is covered with
a ground electrode.
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Figure 4-1 Device structure of an EO modulator using a patch antenna embedded with parallel narrow gaps.

In the Chapter 3, the basic operational principle of the fusion EO modulators using a patch
antenna embedded with a narrow gap was discussed [64] [69]. Displacement current and electric field
across the gap are used for optical modulation through the Pockels effects [22] [54]. When wireless
microwave signal is irradiated to the proposed device, the displacement current and electric field are
also induced across the parallel gaps. The strong induced electric field across the gaps can be used for
optical modulation through the Pockels effects. Therefore, two modulated lightwave signals can be
obtained using this proposed device. Furthermore, the Mach-Zehnder optical interferometer can be

obtained using the two modulated lightwave signals from the proposed device.

4.2.2  Analysis

Table 4-1 Device parameters for microwave analysis of the EO modulators using a patch

antenna embedded with parallel narrow gap.

Values

Substrate: z-cut LiTaO3

Thickness, h 0.5 mm
Operational frequency, fi, 26 GHz
Patch antenna: aluminum

Size, LxW 0.8 x0.8 mm

Gap width, G 5um
Buffer layer: SiO,

Thickness 0.2 um
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The microwave characteristics of the proposed device were analyzed for two parallel gaps at the
center of the patch antenna. The device parameters for the microwave analysis are shown in Table 4-1.

4.2.2.1 Electric field distribution

|
|

(a) (b)
Figure 4-2 (a) Electric field distribution and (b) electric field profile of the EO
modulators using a patch antenna embedded with two parallel narrow gaps.

The microwave characteristics of the patch antennas embedded with parallel narrow gaps was
calculated. The calculated electric field distributions on the substrate surface are shown in Figure 4-2
under the irradiation of the wireless microwave signal. We can see that the strong electric field is
induced across the two parallel narrow gaps.

100
0 1 1 1 1 1
22 24 26 28 30
Frequency (GHz)

Figure 4-3 Calculated electric field across the gap of the EO modulators using a patch antenna embedded

with two parallel narrow gaps and single gap.

The magnitude of the electric field across the gaps was also calculated. The calculated electric
field across the gaps as a function of microwave frequency is shown in Figure 4-3. The proposed
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device has electric field magnitude across the gaps with a half value compared to the EO modulator
using a patch antenna embedded with a single narrow gap. The electric field across the two parallel
gaps can be expressed as

E, .
E,(t) = 7sm(wmt)

(4-1)

The peak microwave frequency of the proposed device is also slightly shifted to higher than the EO

modulators using a patch antenna embedded with a single narrow gap.

4.2.3 Mach-Zehnder Interferometer

= T

patch ground

(b)

Figure 4-4 Configuration of the Mach-Zehnder interferometer by the EO modulator using a patch antenna embedded with

two parallel narrow gap, (a) simple configuration and (b) cross-sectional view of the device.

The proposed device can be used for the Mach-Zehnder interferometer by irradiating wireless
microwave signal. The Mach-Zehnder interferometer using the proposed device is shown in Figure 4-4.
Intensity optical modulation might be induced by using the proposed device. However, the modulation
index might be still low. Improvement of the modulation index is required for increasing the device
performance. The technique for enhancing the modulation index will be discussion in the Chapter 6
and Chapter 7.
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4.3 EO modulators using a patch antenna embedded with orthogonal gaps

4.3.1 Device Structure
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Figure 4-5 Device structure of an EO modulator using a patch antenna embedded with orthogonal narrow gaps.

Figure 4-5 shows the structure of an EO modulator using a patch antenna embedded with two
orthogonal gaps. It is composed of two optical waveguides and a square patch embedded with two
orthogonal gaps. It is fabricated on a z-cut EO crystal by considering the strongest EO coefficient for
the two optical waveguides in the xy-plane. The length of the square metal patch is set at half a
wavelength for the designed microwave wireless signal. The gap widths are set in micrometer order.
The two optical waveguides are located under the edges of the two orthogonal gaps. A buffer layer is
inserted between the substrate and the patch antenna. The reverse side of the substrate is covered with

a ground electrode.

An EO modulator using patch antennas embedded with a narrow gap was reported and
discussed [64] [69]. Now, | would explain briefly the basic principle of the EO modulator using patch
antennas embedded with orthogonal gaps. When a wireless microwave signal at the design frequency
with an arbitrary polarization is irradiated to the proposed device, a resonant standing-wave
microwave current is induced on the patch antenna surface. The induced current can be separated into
two components along the x- and y-axes. In the proposed device, displacement currents are induced
across the gap normal to the x-axis and the gap normal to the y-axis, due to the continuity of the
current flow. As a result, strong electric fields are also induced across the gaps. The strong electric
field across the gaps can be used for optical modulation. Therefore, the wireless microwave signal can
be converted to the lightwave signal through optical modulation by the induced electric field across

the gaps.
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The modulated lightwave signals are obtained from two optical waveguides. Wireless signal
with two orthogonal polarizations can be received and converted to two orthogonal lightwave signals
independently. The magnitude and phase of the wireless signal can be obtained by detecting the
modulated lightwave signals. The polarization of the wireless signal can also be identified by
comparing the two orthogonal modulated lightwave signals.

4.3.2 Operational principle

4.3.2.1 Standing-wave current

In the standard patch antenna with no gap, when a wireless microwave signal with an arbitrary
polarization condition is irradiated to the device, a standing-wave microwave surface current, K, is

induced on the metal patch. It can be expressed as

K = %K, + 9K, (4-2)

where, K, and K, are the surface current components along x- and y-axes, respectively, and £ and ¥ are

the unit vectors along x- and y-axes, respectively. K, and K, can be expressed as

2n
Ky (x,t) = K, cos(wpt) cos (p —x) (4-3)
A
2m
Ky(y, t) = Ky cos(wpy,t + @) cos <q A—y) (4-4)
m

where, Ky, and K, are the amplitude of the surface current, @y, is the wireless microwave signal
angular frequency, A, is the microwave wavelength and ¢ is the mutual phase shift between the x- and
y-current components. For simplicity, | focus on the fundamental mode case, thatisp=1and g=1. In

this mode, the surface current becomes maximum at x = 0 along the x-axis and at y = 0 along the y-axis.

4.3.2.2 Displacement current

Then, two narrow orthogonal gaps G, and G are introduced at x = 0 and y = 0, respectively. The
displacement currents must be induced across both the gaps for the current continuity requirement as

shown in Figure 4-6 [66]. They can be formulated as
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aD
Gy: 6_tx x K, (0,t) = Ko cos(w,t) (4-5)

)
Gy: a_ty « K, (0, ) = Ky cos(wpt + @) (4-6)

where D is the electric flux density (D = €E), and ¢is the permittivity. Therefore, the induced electric
fields across the gaps are obtained by the time integration of the displacement currents as shown in

Figure 4-6 [74]. It can be shown as follows

E,(t) < Ky sin(wy,t) (4-7)

E,(t) < Ky sin(wmt + @) (4-8)

Figure 4-6 Current profile and electric field profile of the EO modulator using

patch antennas embedded orthogonal gaps.

4.3.2.3 Optical modulation

The optical modulation characteristics driven by the electric fields across the gaps were also
analyzed. In order to calculate modulation indices through the EO effect, the microwave electric field
observed by the lightwave propagating in the optical waveguides should be considered by taking into
account of the transit-time effect [67]

First, the transformation for considering the transit-time effect for the lightwave propagating in
the optical waveguide WG, along the y-axis, can be expressed by y' =y — v, t, where y'denotes the

point of the lightwave in the coordinate system moving with the lightwave, and vy, is the group
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velocity of the lightwave in the optical waveguide WG,. Therefore, the microwave electric fields
observed by the lightwave along the optical waveguide WG, become as

y—y'
Ex—light(y) = Ex< v )

gy

X K, sin<wmy Y )
Vgy

=E, sin(kmngyy + {y) (4-9)

where ki, is the wave number of the microwave in vacuum (ky, = @w/C), ngy is the group index of the
lightwave propagating in the optical waveguide WG, (ng, = c/vyy), & is an initial phase of the lightwave

in the optical waveguide WG, ({,, = —k,ng,y’), and c is the light velocity in vacuum.

Figure 4-7 Top-view of the EO modulator EO modulator using patch

antennas embedded orthogonal gaps.

The lightwave propagating in the optical waveguide WG, is modulated by the induced electric
field across the gap G, through the EO effect. The obtained lightwave from the WG, is phase-
modulated light by the wireless microwave signal with the A-polarization. Its modulation index, Ag,,
can be determined taking account of the overlapping between of the induced microwave electric field

and the lightwave electric fields in the cross section. It is expressed as follows,

L
Mlssle 1 f Er—tigne () dy (4-10)
0
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where A, is the lightwave wavelength propagating in the optical waveguide WG, rs; is the EO
coefficient, n is the extraordinary refractive index of the substrate, I' is a factor expressing the
overlapping between the induced microwave electric field and the lightwave, and L is the length of the

patch antenna as the interaction length of the EO modulation.

For the lightwave propagating in the optical waveguide WG,, the transit time of the lightwave is
expressed as by x' = x — vy, t, where x’ denotes the point of the lightwave in the coordinate system
moving with the lightwave, and v is the group velocity of the lightwave in the optical waveguide

WG,. Therefore, the microwave electric fields observed by the lightwave along the WG, become as

Ey_tignt(x) = Eyq sin(kmngxx +, + (p) (4-11)

where ng, is the group index of the lightwave propagating in the optical waveguide WG, (Ng = C/Vgy),

and & is an initial phase of the lightwave in the optical waveguide WG, (& = kn Ngx ).

Then, the lightwave propagating in the optical waveguide WG, is modulated by the induced
electric field across the gap G, through the EO effect. The obtained lightwave from the WG, is phase-
modulated light by the wireless microwave signal with the A-polarization. Its modulation index, Ag
can be determined taking account of the overlapping between of the induced electric field and the

lightwave in the cross section. It is expressed as follows,

mryend  (k
8, =T [ By GOy (-12)

where A, is the lightwave wavelength propagating in the optical waveguide WG,.

By using two orthogonal gaps and optical waveguides, wireless microwave signals with two
orthogonal linear polarizations can be received, separated, and converted to lightwave signals directly,
independently, and simultaneously. Therefore, the polarization condition of a wireless signal can be
identified using the proposed device. The magnitude and phase of the wireless signal can be also
observed. Additionally, a circular polarization of the wireless microwave signal can be received and
converted to lightwave signals using the device. The two modulated lightwave signals with 90 degree

phase difference of the microwave signal can be detected using the proposed device.
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4.3.3 Analysis

4.3.3.1 Microwave polarization

The microwave characteristics of the proposed device were analyzed in detail using

electromagnetic software, HFSS. The device parameters for microwave analysis are shown in Table
4-2.

Table 4-2 Device parameters for microwave analysis of EO modulators using
patch antennas embedded with orthogonal gaps.

Values

Substrate: z-cut LiTaO3
Dielectric constant (s, &, &)  (43,43,41)

Thickness, h 0.4 mm
Patch antenna: aluminum

Antenna size, LxW 0.8 x0.8 mm

Gap width, G 5um

@) (b) ©

Figure 4-8 Electric field distributions (top-view) for several wireless microwave polarizations.

Figure 4-8 shows the calculated microwave electric field distributions under the patch metal
when the designed microwave signals with several wireless microwave polarizations are irradiated to
the device. When the wireless microwave signal with a linear polarization along x-axis (A-
polarization) is irradiated to the device, the strong microwave electric field is induced across the gap
Gy and no microwave electric field across the gap Gy as shown in Figure 4-8(a). On the contrary, when
the polarization of the radiated wireless microwave signal is rotated 90-degrees (along y-axis/ B-
polarization), the strong microwave electric field is induced across the gap G4 and extremely weak
microwave electric field under the gap G, as shown in Figure 4-8(b). When the polarization of the

radiated wireless microwave signal is rotated 45-degrees (between x- and y-axes/ AB-polarization),
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strong microwave electric fields are induced across both two orthogonal gaps as shown in Figure
4-8(c).

In this case, the induced electric fields across the gap G, and G, are completely in-phase. When
wireless microwave signals with circular polarization state are irradiated to the device, the induced
electric fields across the gap G, and G, have the same magnitude with a 90-degrees phase differences.
The induced electric field can be used for optical modulation through Pockels effects. By using these
characteristics, the polarization condition of the wireless microwave signal can be identified using the
device by adopting the ROF technology.

4.3.4 Fabrication

| have fabricated the proposed device for microwave operational frequency of 26 GHz using z-
cut LiTaOs crystal with thickness of 0.4 mm. The detail device parameters for fabrication are shown in
Table 4-3. The fabrication processes of the EO modulators using patch antennas embedded with
orthogonal gaps will be briefly reported, where the processes have almost same sequence with the

previous devices explained in the Chapter 3.

Table 4-3 Device parameters for fabrication of EO modulators using

a patch antenna embedded with orthogonal gaps.

Values

Substrate: z-cut LiTaO;
Dielectric constant (s, &, &) (43,43,41)

Thickness, h 0.4 mm
Frequency, fn, 26 GHz
Patch antenna: aluminum

Size, LxW 0.8 x0.8 mm

Gap width, G Sum
Buffer layer: SiO,

Thickness
Optical waveguide 0.2 um

Single mode

Wavelength, 1 1.55 um

In the device fabrication, two orthogonal channel optical waveguides for single-mode operation
at the wavelength of 1.55 um was fabricated by using the annealed proton-exchange method with

benzoic acid at 240 °C [56] [57]. The exchange time of 12 hours was used for fabricating waveguide
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with 2 um thickness. Then, a thin SiO, buffer layer was deposited on the surface of the substrate after
the optical waveguide fabrication using a sputtering machine. Next, a square patch antenna embedded
with orthogonal gaps was fabricated with a 1 um-thick aluminum film on the buffer layer surface by
use of thermal vapor deposition, a standard photolithography technique, and a lift-off process. The
edges of the gaps were set onto the optical waveguides for effective optical modulation. Thermal
annealing process at 350 °C in 1 hour was also done to increase the optical waveguide performance.
Finally, an aluminum film with thickness of 1pum was deposited on the reverse side of the substrate as

a ground electrode.

0 2 (cm)
(@) (b) (c)

Figure 4-9 Photographs of the fabricated device. (a) EO modulators using a patch antenna embedded with

orthogonal gaps. (b) Microscopy picture of a patch antenna embedded with orthogonal gaps and

(c) intersection area of the optical waveguide and the gap.

The photographs of the fabricated prototype device are shown in Figure 4-9. Figure 4-9(a)
shows the picture of the whole fabricated device. Figure 4-9(b) and Figure 4-9(c) show the magnified
pictures of the patch antenna embedded with orthogonal gaps and intersection area of the optical
waveguide and the narrow gap, respectively. The optical waveguides was located under the edge of the

narrow gaps.

435 Measurement

4.3.5.1 Experimental setup

The measurement setup is shown in Figure 4-10. Two lightwaves of 1.55 um wavelength from a
laser were coupled to the optical waveguides WG, and WG, in the fabricated device. A wireless
microwave signal from a microwave signal generator with an operational frequency of 26 GHz was
amplified by use of an amplifier and irradiated to the fabricated device by use of a horn antenna with
irradiated power of +24 dBm. The light output spectra as the modulated lightwave signals were

observed and monitored by use of an optical spectrum analyzer (OSA).
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Figure 4-10 Measurement setup for the EO modulators using a patch antenna

embedded with orthogonal gaps.

4.3.5.2 Measurement results

First, the polarization of the wireless microwave signal was set with the A-polarization (0
degree). In this case, optical sidebands were observed clearly in the output lightwave from the WG,
and no optical sideband was observed from the WG,. Figure 4-11 shows the measured optical spectra

of the modulated lightwave signals from WG, (solid-line) and WG, (dashed-line) by irradiating

wireless microwave signal with the A-polarization.

A-polarization

Optical power (20 dB/ div)

Frequency (10 GHZ/ div)

Figure 4-11 Measured optical spectra of the lightwave signals from the optical

In contrary, Figure 4-12 shows the measured optical spectra of the modulated lightwave signals
from WG, (solid-line) and WG, (dashed-line) by irradiating wireless microwave signal with the B-

polarization (rotate to 90 degree). We can see that optical sidebands were observed clearly in the

waveguides WG, and WG, for A-polarization (0 degree)
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output from the WG, (dashed-line) and no optical sideband was observed from the WG, (solid-line) as
shown in Figure 4-12.

B-polarization

Optical power (20 dB/ div)

1 1
Frequency (10 GHZ/ div)

Figure 4-12 Measured optical spectra of the lightwave signals from the optical

waveguides WG, and WG, for B-polarization (90 degree).

Additionally, 1 have measured also the modulated lightwave signals by irradiating wireless
microwave signal with AB-polarization (45 degree) as shown in Figure 4-13. We can see that the
optical sidebands of the two orthogonal modulated lightwave signals from the optical waveguides WG,
and WGy are almost the same values.

Optical power (20 dB/ div)

| 1 1 1 1
Frequency (10 GHz/ div)

Figure 4-13 Measured optical spectra of the lightwave signals from the optical

waveguides WG, and WG, for AB-polarization (45 degree).

Based on the results of the device measurement, optical sidebands were clearly observed from
the optical waveguides when the microwave polarization is perpendicular to the gaps as shown in
Figure 4-11 and Figure 4-12. When microwave polarization is parallel to the gaps and optical
waveguide, no optical sideband was induced. When the microwave polarization is not completely
perpendicular and parallel to the gaps, optical modulation are induced from the two optical

waveguides as shown in Figure 4-13.
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The modulation index of from the optical waveguides can be obtained using Eq. (3-20). The
measured modulation indices of the proposed device from the two optical waveguides as a function of
the microwave polarization direction in degree (where the A-polarization is O degree) are shown in
Figure 4-14. We can see that measured modulation indices from the two optical waveguides depend on
the microwave polarization direction. The measurement results have a good agreement to the

calculation results.

=6
=5
gy
L
03
53
En
= — WG,
31 — WG.
20 .

0 30 60 90
Polarization direction (Degree)

Figure 4-14 Measured modulation index from WG, and WG, as a function of

microwave polarization direction in degree, where A-polarization is 0 degree.

By using the proposed device, a wireless microwave signals with two orthogonal polarizations
can be received and converted to lightwave signal directly, simultaneously, and independently.
Furthermore, the proposed device can be used for identifying the microwave linear polarizations
direction by considering two orthogonal modulated lightwave signals. Additionally, wireless
microwave signals with circular polarization can be received and converted to lightwave using the

proposed device, where the microwave phase difference between two orthogonal gaps is 90 degrees.

4.4 Discussion and Summary

In this chapter, new fusion EO modulators using a patch antenna embedded with double narrow
gaps were proposed for wireless microwave-lightwave signal conversion with functionality
improvement. The EO modulators using a patch antenna embedded with two parallel gaps and
orthogonal gaps were proposed. The displacement current and electric field across the narrow gaps are

induced for EO modulation.

The EO modulators using a patch antenna embedded with two parallel gaps can be used for an
optical intensity modulator through the Mach-Zehnder interferometry. Analysis of the proposed device

was done. Two modulated lightwave signals can be obtained using the proposed device. However,
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modulation index improvement is required for better performance. The technique for enhancing the

modulation index will be discussion in the Chapter 6 and Chapter 7 [75] [76].

The EO modulators using a patch antenna embedded with two orthogonal gaps can be used for
receiving two orthogonal microwave polarizations and identifying microwave polarization. The
operations of the proposed devices for microwave polarization identification were verified
experimentally. The measurement results have a good agreement to the calculation results.
Furthermore, these proposed devices can be used for receiving wireless microwave signal with circular
polarization. Based on this proposed devices with array structures, new device functionality for 2-D
beamforming receiving can be realized. The detail discussion of the new device functionality will be
presented in the Chapter 6 [75].
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Chapter 5 Electro-Optic Modulators Using a Planar Yagi Antenna

Coupled to a Resonant Electrode

5.1 Introduction

Conversion from microwave to lightwave signals can be composed of microwave antennas and
optical modulators. Several configurations based on the antennas and optical modulators were
discussed in the Chapter 2 [60]. In this thesis, electro-optic (EO) modulators using planar antennas
with integrated and fusion structures are discussed in detail.

| have proposed EO modulators using a patch antenna embedded with narrow gaps [64] [70].
These devices are basically used for wireless microwave-lightwave signal conversion. They have
simple and compact structure and can be operated with low microwave distortion and with no external
power supply. An additional connection line is not required in the devices. However, the modulation
efficiency from microwave to lightwave signals (modulation index) reminds low. It might be caused
by several reasons, such as the small gain of the patch antennas (~8 dBi) and short interaction length
between the microwave and lightwave electric fields.

In this chapter, | propose a new EO modulator using a planar Yagi antenna coupled to a
resonant electrode [77]. The proposed device is composed of optical waveguides and a planar Yagi
antenna coupled a coplanar waveguide resonant modulation electrode fabricated on an EO crystal such
as LiNbO; or LiTaOs. The optical waveguides are designed for single mode operation for the designed
lightwave wavelength. The Yagi antenna is composed of a main planar dipole, planar directors, and a
planar reflector. High antenna gain can be obtained using the Yagi antennas (~14 dBi). The resonant
electrodes are structure by a standing-wave coplanar waveguide. A planar connection lines is required
for connecting the Yagi antenna and resonant electrode. Optical modulation can be obtained by use of
the induced electric field along the resonant electrode through Pockels effects of the EO crystal
substrate. Therefore, the modulation efficiency improvement can be obtained using the proposed

device.

In the following sections, | will present the device structure and operational principles of the
proposed EO modulators using a planar Yagi antenna coupled a resonant electrode. Analysis of the

proposed device for millimeter-wave signal at operational frequency of 40 GHz is presented [77].
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5.2 Device structure
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Figure 5-1 Device structure of the EO modulator using a Yagi antenna

coupled to a resonant electrode.

Figure 5-1 shows the basic structure of the proposed EO modulator using a planar Yagi antenna
coupled to a resonant electrode. It is composed of several optical waveguides and a planar antenna
coupled to a resonant electrode, which are fabricated onto an EO crystal. The antenna is composed of a
planar Yagi antenna for receiving wireless signals. It consists of a main dipole, directors, and a
reflector with planar structure. The resonant electrode for EO modulation is composed of a coplanar
waveguide with open-ends. Its length is set to one-wavelength for the designed millimeter-wave signal.
The antenna is coupled to the resonant electrode using a planar connection line for connecting between
the balanced and unbalanced millimeter-wave circuits (baluns). The optical waveguides are located
under the standing-wave resonant electrode. A buffer layer is inserted between the substrate and the

planar resonant electrode.

5.3 Operational principle

The Yagi antenna has a high-gain and a narrow radiation pattern. The length of the main dipole,
directors, and reflector in the planar Yagi antenna are generally determined close t0 0.5A¢, 0.45A ¢,
and 0.55A ¢, respectively, where A is the effective wavelength of the wireless signals [78]. When the
wireless signal at the designed frequency is irradiated to the antenna, resonant currents are induced in
the all elements of the planar Yagi antenna. The most sensitive direction to receive the signal is that
along the array (x-axis) owing to the mutual coupling among the directors, main dipole, and reflector.
Then the induced currents are transferred along the array directors and reflected by the reflector. As a

result, the strong electromagnetic fields are coupled to the main dipole antenna and it is also improved
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by dipole resonance. The received and improved millimeter-wave electromagnetic fields are
transferred to the coplanar waveguide resonant electrode for optical modulation. When the lightwaves
propagate along the optical waveguides, they are modulated by the standing-wave resonant electric
field along the resonant electrode. The antenna gain can be improved by increasing the number of the
directors in the planar Yagi antennas. As a result, the induced electric field along the resonant
electrode becomes large. Therefore, the large modulation efficiency can be obtained using the planar
Yagi antenna coupled to the resonant electrode due to higher antenna gain and longer interaction

length compared to the EO modulators using patch antennas embedded with narrow gaps.

5.3.1 Standing-wave electric field

The operational principle of the proposed device is discussed briefly. A standing-wave
millimeter-wave resonant electrode is used. In this study, | concern the standing-wave resonant
electrode with a one wavelength as the length. The standing-wave millimeter-wave electric field along

the resonant electrode can be used for optical modulation.

The standing-waves electric field in the resonant electrode along the y-axis can be generated by
calculating the forward and backward travelling electric field. The forward and backward travelling

electric field can be expressed as

E}(y,t) = Eysin [2 T fin (t - %)] (5-1)
E,(y,t) = Eysin [2 T fn (t + %)] (5-2)

Then, the standing-wave electric field can be transformed as following equation

Ex(y,t) = E5(t,y) + Eq(t,y)
=Eosin[2r[fm(t—vl)] +Eosin[27'[fm(t+ y)]

Um

= 2E,sin(2 7 f, t) cos <2 T fm vl) (5-3)

where f, is the operational frequency of the millimeter-wave signal, vy, is the phase velocity of the

millimeter-wave signal.
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5.3.2 Optical modulation

The induced standing-wave millimeter-wave electric field along the resonant electrode can be
used for EO modulation. The induced millimeter-wave electric field can be observed by lightwave
propagating in optical waveguides located along the resonant electrode. The transit time for the
lightwave to pass under the antenna along optical waveguide (y = 0 to y = L) is also considered [67].
This transit time can be expressed as y' =y — y,t, where y and y’ are the position of the lightwave

and vy is the group velocity of the lightwave.

By considering the transit time of the lightwave, the induced millimeter-wave electric field
observed by the lightwave can be calculated. It can be transformed as

y=y
Ent tignt @) = Egt (}’v » )
a

= 2E, sin [2 T fm (y ; yl)] cos [2 T fin vl]

g

= 2E, sin[kn, ngy+ {] coslkp nmy] (5-4)

i _anm _ _ _ _ - —k ,
m="" 5 C=ENGU =Ny 5 (= —kypngy

where k., is the wave number of the microwave in the vacuum, n,, is the effective refractive index of
the millimeter-wave along resonant electrode, ng is the group index of the lightwave propagating in the
waveguide, ¢ is an initial phase of the lightwave in the waveguide, and c is the light velocity in the

vacuum.

The modulation index, A¢, can be determined by taking account of the overlapping field
between the induced millimeter-wave electric field and the lightwave along the resonant electrode. It
can be calculated by integration of the millimeter-wave electric field observed by the lightwave along
the resonant electrode length (fromy =0 toy = Lg). It can be expressed as

Lete
26 =" [ B g0y (55)
0

where A is wavelength of the lightwave propagating in the waveguide, rs; is the EO coefficient, n, is
the extraordinary refractive index of the EO crystal, and T" is the overlapping factor between the

induced microwave and lightwave electric fields.
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A wireless microwave signal can be received by the Yagi antenna and directly converted to a
lightwave signal along the resonant electrode through EO modulation. Large modulation index are
obtained using the proposed device with high gain of the Yagi antenna and long interaction length of
the resonant electrode. The proposed device can be operated passively with low microwave distortion.
Simple and compact device structure is also advantages of the proposed device [77].

5.4 Analysis

5.4.1 Millimeter-wave analysis

The proposed EO modulator was designed by using a 0.25 mm-thick z-cut LiTaO; crystal as a
substrate. The operational frequency was set at 40 GHz millimeter-wave signal. The length of the
standing-wave coplanar waveguide resonant electrode was set one-wavelength of the designed
millimeter-wave signal. The planar Yagi antenna coupled to the resonant electrode was analyzed in
detail by using electromagnetic analysis software, HFSS. The Yagi antenna and the modulation
electrode were analyzed separately as illustrated in Figure 5-2. Then they will be combined each other

for realizing the integrated structure.

Planar Yagi-Uda antenna \ i é ;;

ﬂ Planar Yagi-Uda antenna Coupled
to CPW resonant electrode

CPW resonant electrode

Figure 5-2 Millimeter-wave analysis method for EO modulator using a Yagi

antenna couplesd to a resonant electrode.

5.4.1.1 Yagi antenna

Figure 5-3 shows the structure of the planar Yagi antenna on an EO crystal substrate, where two
directors were set. | calculated the proposed device by changing the parameter values such as the main
dipole length, director length, director separation, and others. The selected parameters of the Yagi

antenna for millimeter-wave analysis with 40 GHz operational frequency are shown in Table 5-1.
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Figure 5-3 Structure of the planar Yagi antenna.

Table 5-1 Parameters for millimeter-wave analysis of the Yagi antenna.

Values

Substrate: z-cut LiTaOs

Dielectric constant (s, &, &) (43,43,41)

Thickness, h 0.25 mm
Yagi antenna

Main dipole length, Lgp 1.2 mm

Director length, Ly, 0.7 mm

Director separation, Sg; 0.4 mm

Reflector separation, Sy 0.9 mm

The simulation setup for analyzing the Yagi antenna is shown in Figure 5-4(a) using a dummy
excitation port. The calculated return loss of the designed Yagi antenna is shown in Figure 5-4(b). The
calculated return loss has depth around 40 GHz bands, however other depth is also occurred it may be
caused by unwanted resonant effects. Figure 5-4(c) shows the calculated electric field distribution on
the substrate surface for 40 GHz millimeter-wave frequency. We can see that the electric field is
passed through along the planar connection lines (parallel stripline) then resonance is induced along
the main dipole and the directors. Furthermore, | also analyzed the radiation pattern of the Yagi
antenna at 40 GHz millimeter-wave frequency as shown in Figure 5-4(d). The wireless millimeter-
wave signal is mainly radiated along the guided elements (directors) direction, which is in the x-axis.
However, the back radiation is not much small, it might be caused by the reflector have large distance

from the main dipole.
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Figure 5-4 Calculation of the Yagi antenna characteristics, (a) simulation setup,

(b) calculated return loss, (c) calculated electric field distribution at 40 GHz, and
(d) calculated radiation pattern of the Yagi antenna at 40 GHz operational frequency.

5.4.1.2 Resonant electrode

},‘-
[ 4 . Lfeea’

EO crystal

F .
-
<
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Figure 5-5 Structure of the planar resonant electrode.

Figure 5-5 shows the structure of the planar standing-wave coplanar waveguide resonant
electrode on an EO crystal substrate. The detail parameters of the resonant electrode for millimeter-

wave analysis with 40 GHz operational frequency are shown in Table 5-2.
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Table 5-2 Parameters for millimeter-wave analysis of the resonant electrode.

Values

Substrate: z-cut LiTaO3

Dielectric constant (s, &, &) (43,43,41)

Thickness, h 0.25 mm
Resonant electrode

Coplanar waveguide

Electrode length, Lee 1.5mm

Electrode width, Wy, 30 um

Electrode separation, Seie 30 um

Feeding length, Leeeq 0.4 mm

. 0
o £
X A ‘é’
S-10k
dummy ‘540 -20F | " : ! :
port 36 38 40 42 44

Frequency (GHz)
@ (b)

(©) (d)
Figure 5-6 Calculation of the resonant electrode characteristics, (a) simulation setup, (b) calculated return

loss, (c) calculated electric field distribution, and (d) calculated current distribution of

the Yagi antenna at 40 GHz operational frequency.
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In the analysis, the simulation setup for analyzing resonant electrode is shown in Figure 5-6(a)
using a dummy excitation port. The calculated return loss of the designed Yagi antenna is shown in
Figure 5-6(b). The calculated return loss has depth close to 40 GHz bands. Figure 5-6(c) shows the
calculated electric field distribution on the substrate surface for 40 GHz millimeter-wave frequency.
We can see that the standing-wave electric field is induced along the coplanar waveguide resonant
electrode. The calculated current distribution on the substrate surface for 40 GHz millimeter-wave

frequency is shown in Figure 5-6(d).

5.4.1.3 Yagi antenna couple to resonant electrode

Based on the calculation results of the Yagi antenna and resonant electrode in the millimeter-
wave signal, the Yagi antenna coupled to resonant electrode was also analyzed simultaneously. 1 used
electromagnetic analysis software for calculating the device characteristics using dummy excitation

incident wave port, which is assumed for wireless millimeter-wave signal from the space.

Flectric field

Electrode length

(b) (©)
Figure 5-7 Calculation of the resonant electrode characteristics, (a) simulation setup, (b) calculated electric

field distribution of the Yagi antenna coupled to resonant electrode at 40 GHz, and (c) calculated

electric field profile along the resonant electrode in y-axis at 40 GHz.
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In the analysis, the simulation setup for analyzing the Yagi antenna coupled to resonant
electrode is shown in Figure 5-7(a) by irradiation wireless millimeter-wave signal using a dummy
excitation incident wave port. Figure 5-7(b) shows the calculated electric field distribution on the
substrate surface for 40 GHz millimeter-wave signal. We can see that the standing-wave electric field
is induced along the coplanar waveguide resonant electrode. The induced millimeter-wave electric

field along the resonant electrode can be used for optical modulation through Pockels effects.

5.4.2 Modulation index

Modulation index of the proposed device can be calculated using Eq. (5-5). We can see that the
modulation index is proportional to the electric field magnitude and interaction length. The proposed
device has electric field magnitude about three-times larger and interaction length over two-times
longer compared the EO modulators using a patch antenna embedded with narrow gaps for the same

frequency operation.

Based on that, modulation index improvement can be obtained using the proposed device
compared to the EO modulators using patch antennas embedded with narrow gaps. The modulation
efficiency improvement is about 10 dB. Therefore, higher modulation index can be obtained using the
proposed device.

5.5 Discussion and summary

A new EO modulator using a planar Yagi antenna coupled with a resonant modulation
electrodes are proposed for improving modulation efficiency. The Yagi antenna has high gain about
14 dBi and the standing-wave resonant electrode has long interaction length for optical modulation.
High directivity of the wireless microwave signal can be also obtained using the proposed device.
Additionally, the gain of the antenna can be improved in further by increasing the number of the
directors. By considering them, large modulation efficiency can be obtained for wireless microwave-

lightwave signal conversion.

In order to verify the expectation, | have analyzed the characteristics of the proposed EO
modulators for millimeter-wave band of 40 GHz. In the analysis, calculated electric field magnitude
and interaction length of the proposed device is larger than the EO modulator using a patch antenna
embedded with a narrow gap. Therefore, modulation efficiency improvement of about 10 dB can be
obtained using the proposed device compared to the EO modulators using a patch antenna embedded a
narrow gaps. The modulation efficiency improvement is obtained due to the larger antenna gain and

longer interaction length.
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In order to obtain effective optical modulation, precise tuning between the planar structures,
which are the planar Yagi antenna, resonant electrode, and connection line, are required. The proposed
device is rather difficult in the design to achieve matching condition between the planar structures but
easy in fabrication since planar structure is used. The microwave loss might be induced, since the
proposed device is composed of a planar Yagi antenna, a resonant electrode, and a connection line.
Furthermore, the precise tuning is difficult to achieve for effective optical modulation.

The proposed device can be used for broadcasting systems, electromagnetic compatibility
measurement, or so on. Additionally, the modulation efficiency can be improved in further using an
array structure. The EO modulators using an array of the planar antennas will be discussed in the next
chapter.
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Chapter 6 Electro-Optic Modulators Using Arrays of Planar Antennas

6.1 Introduction

In the Chapter 3, Chapter 4, and Chapter 5, | have proposed electro-optic (EO) modulators using
a planar antenna for wireless microwave-lightwave signal conversion [64] [69] [68]. These devices
can be used for realizing microwave-photonic systems [79]. The basic operations of the proposed
devices were successfully verified in the experiment. They were fabricated on an electro-optic (EO)
crystal substrate. The proposed devices have simple structure and can be operated with low microwave

loss and no external power supply. However, the modulation efficiency still remains low.

In this chapter, | propose EO modulators using an array of planar antennas for enhancing
modulation efficiency and wireless irradiation angle (beamforming) control. The modulation
efficiency is basically proportional to the number of antennas in the array structure. In order to achieve
effective optical modulation, transit time of lightwave passing through at each planar antenna should
be considered. In here, | propose a new technique to improve modulation efficiency by using a quasi-
phase-matching (QPM) array structure. The antenna number of the new proposed device becomes
twice as the conventional (standard/ no QPM) array structures. As a result, the modulation efficiency
becomes double also with more compact device structure where the QPM array device and the
conventional array device have the same device length. The array structures have advantages relating
their sensitivity to the wireless irradiation angle (beamforming). Based on that, the beamforming
receiving of the wireless signal can be controlled through optical technology by using the EO
modulator with an array of planar antennas. In here, EO modulators using 2-D array of planar antennas
are also presented for wireless beamforming control. In order to control the beamforming, | propose a
new technique to compensate for the optical modulation degradation using orthogonal meandering
gaps. Since the antenna distance in the 2-D array structure is the same, the wireless signal
beamforming can be controlled using the meandering gaps. 1-D beamforming receiving is obtained by
analyzing modulated lightwave signal from the each optical waveguide independently. Furthermore,
when two orthogonal modulated lightwave signals are considered simultaneously, 2-D beamforming
receiving can be obtained. Based on this, EO modulators using a 2-D array of planar antennas can be
used for enhancing modulation efficiency and 1-D and 2-D beamforming receiving of wireless

microwave signals.

The proposed EO modulators have more compact structures. They can be operated with low
microwave loss and no external power supply. The proposed devices are easy in the design and

fabrication.
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In the following sections, | will present the device structure, operational principle, analysis,
fabrication, and measurement of EO modulators using an array of planar antennas. First, an EO
modulator using an array of patch antennas embedded with a narrow gap are discussed. Second, an EO
modulator using a QPM array of patch antennas embedded with a narrow gap are proposed. Its
performance for a radio-over-fiber (ROF) link is also reported. Then, an EO modulator using 2-D
array of patch antennas embedded with orthogonal meandering gaps are discussed.

6.2 EO modulators using an array of patch antennas embedded with a narrow

gap

6.2.1 Device structure

(b)

\U\/\/\/

(©
Figure 6-1 Array structure of EO modulators using patch antennas embedded with a narrow gap, (a) whole
view, (b) standing-wave microwave electric field profile along the device, and (c) microwave electric field
observed by lightwave by considering transit-time of the lightwave.

An array structure of EO modulators using patch antennas embedded with a narrow gap is
considered for enhancing the modulation efficiency. The array structure is shown in Figure 6-1(a),
where it is composed of several numbers of patch antennas embedded with a narrow gap fabricated on

an EO crystal. The distance of the patch antennas embedded with a narrow gap is set by D.
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When a wireless microwave signal at the angular frequency ., with a linear polarization in the
x-direction is irradiated to the proposed device with an array structure, the displacement current and
strong electric field are induced across the gap. The microwave electric field profiles across the gap at
each patch antenna are shown in Figure 6-1(b). The magnitude of the microwave electric fields across
the gap are temporal changed between minimum and maximum values. The lightwave is propagated to
the optical waveguide. In order to pass through each patch antenna, the lightwave propagation is
required time. It is called the transit time effect. The typical of the microwave electric field observed
by the lightwave is shown by sinusoidal curve in Figure 6-1(c). The antenna distance is necessary to
obtain effective modulation, where the microwave electric field observed by lightwave is required in
phase condition for each patch antenna. As a result, effective optical modulation can be obtained by

considering the lightwave transit time effect.

6.2.2 Operational principle

6.2.2.1 Microwave electric field

In the array structure, the temporal phases of the microwave signal supplied to the patch
antennas embedded with a narrow gap are changed according their distance, D, and the wireless
irradiation angle, €. When the proposed optical modulator is irradiated with a wireless millimeter-
wave signal at an angular frequency of a, the microwave electric field at h-th patch antenna

embedded with a gap can be transformed as following equations,

E,(t) = Eycos(w,t +k - 1) (6-1)

where, k-r = (=Y k,,ngsinf — 2 k,,ngcosB) - (Xx+yy+22z)

= -y k,ny,sinb — z k,,n,cos 8

E,(,zt) = Eycos(wpt — ¥ kyyng sin @ — z k,,ngy cos 6)

when, z = 0 therefore,

E,(y,t) = Ey cos(wpt — y kg sin )

when, y = (h— 1)D in the array structure,
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ER(t) = E, cos(wy,t — (h — 1)D k,,ng sin 0) (6-2)

where K is a wave vector of the microwave signal, k is the wave number of the microwave signal, n is
the refractive index of the microwave in air (=1), h denotes the number of the patch antennas, and D is

a distance of the patch antennas in the array structure.

6.2.2.2 Transit time of lightwave

When a lightwave propagates in the optical waveguide, the lightwave passing through the
antennas in the array structure is taking time to propagation between them (called transit time of the
lightwave) [67]. The transit time of the lightwave can be calculated by considering group velocity of
the lightwave and the distance of the antennas in the array structure. This transit time, t, can be

expressed as

(6-3)

where vy is the group velocity of the lightwave propagating in the waveguide and y and y’ is the
position of the antenna along the y-axis.

6.2.2.3 Microwave electric field observed by lightwave
When a lightwave propagates in the optical waveguide, the microwave electric field as would
be observed by the lightwave can be expressed by following equation with taking into account the

transit-time of the lightwave

y—y
Epiigne(,6) = Errrlz< " )
g

= E, cos [wm <y ; 4 ) — (h = 1D k,;nysin 6]
9

!

y

= E, cos [kmc <y ; ) — (h—=1)D k,,ny sin 9]

g
=E, cos[kmng (y—y")— (h—1)D k,n,sin 9]

=E, cos[kmngy — (h—=1)D kyynysin6 + | (6-4)
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where nq is the group index of the lightwave propagating in the waveguide, ¢ is an initial phase of the
lightwave in the waveguide corresponds to the phase of the microwave signal when the lightwave
propagates in the optical waveguide, and c is the light velocity in the vacuum. The microwave electric
fields as would be observed by the lightwave are shown by the sinusoidal-curve in Figure 6-1(c),
where the antenna distance in the array structure is set by considering the transit time effect.

6.2.2.4 Optical modulation

The modulation index, Ag, can be determined by taking account of the overlapping between the
induced microwave and the lightwave electric fields at each patch antenna embedded with a gap. It can
be calculated by summing the integration of the microwave electric field observed by the lightwave
along each antenna width, which is fromy = (h—-1)Dtoy = (h—1)D +W. It can be expressed as [65]

(h—-1)D+W

3 N
spe) ="y | Bl uigne 01 6)dy (6-5)

A g

where A is wavelength of the lightwave propagating in the waveguide, rs; is the EO coefficient, n, is
the extraordinary refractive index of the EO crystal, T is the overlapping factor between the induced

microwave and lightwave electric fields, and N is the number of antennas.

By using an array structure, the modulation index of the proposed device can be improved.
Effective optical modulation can be obtained by tuning the distance of the patch antennas in the array
structure, where the microwave electric field observed by lightwave is the same phase in each patch
antenna. The modulation index as a function of wireless irradiation angle is able to calculate. The
wireless irradiation angle of the microwave signal can set by tuning the distance of the patch antennas

embedded with a gap in the array structure.

6.2.3 Analysis

6.2.3.1 Modulation index

Modulation index of the proposed device in the array structure can be calculated using Eq. (6-5).

The parameters for modulation index calculation of the proposed device are set as shown in Table 6-1.

The calculated modulation index as a function of the wireless irradiation angle of the
microwave signal is shown in Figure 6-2. The proposed device is effective for receiving wireless

microwave signal with normal irradiation angle (6= 0 degree).
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Table 6-1 Device parameters for optical modulation analysis of EO modulators using an

array of patch antennas embedded with a narrow gap.

Values
Microwave signal
Operational frequency, f,, 26 GHz
EO crystal (LiTaOs)
Thickness 0.4 mm
EOQ effect, rs3 30.3 pm/V
Refractive index, n, 2.125
Group index, ng 2.168
Lightwave
Wavelength, 4 1.55 um
Patch antenna
Antenna size, LxW 0.8x1.3mm
Gap width, G 5pm
Array structure
Number, N 4 elements
Distance, D 5.4 mm
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Figure 6-2 Calculated modulation index as a function of wireless irradiation

angle of microwave signal.

The wireless irradiation angle of the microwave signal can be tuned by changing the distance, D,
of the patch antenna in an array structure. Therefore, effective optical modulation can be obtained,

when the wireless irradiation angle is changed. It can be expressed as
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D_

"k (nosin +ny) n=123,... (6-6)

| also calculated the modulation index of the array structure for several antenna distance values
(D =45mm, D=6 mm, and D = 6.5 mm). The calculation results are shown in Figure 6-3. We can
see that, the wireless irradiation angle for the most effective optical modulation is shifted by changing
the distance of the patch antenna in the array structure.
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Figure 6-3 Calculated modulation index as a function of wireless irradiation angle of

microwave signal for several antenna distance values in an array structure.

6.2.4 Fabrication

The EO modulator using an array of patch antennas embedded with a narrow gap was fabricated
for 26 GHz bands. The detailed parameters for the device fabrication are shown in Table 6-1.

patch
EO crystal— "8 S0 | metal

0O 2 (cm)

Figure 6-4 Photograph of the fabricated EO modulator using an array of patch
antennas embedded with a narrow gap.
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The processes of the fabrication were the same with the previous device fabrication as reported
in the Chapter 3. The proposed device is fabricated on 0.4 mm-thick z-cut LiTaO; crystal. A straight
optical waveguide was fabricated using annealed proton exchange method. Then, buffer layer was
covered on the substrate surface. After that, an array of patch antennas embedded with a narrow gap
was fabricated with 1 pm-thick aluminum using thermal deposition, standard lithography, and lift-off
method. Finally, a 1 mm-thick aluminum was deposited on the reverse side of the substrate as the

ground. The photograph of the fabricated device is shown in Figure 6-4.

6.2.5 Measurement

In this device measurement, the measurement setup is basically the same with as the previous
measurement setup in the Chapter 3. The measurement setup of the proposed device is shown in
Figure 6-5. A 26 GHz microwave signal from a microwave signal generator was amplified using
microwave amplifier and then irradiated to the fabricated device using a horn antenna. A 1.55 um
wavelength lightwave from a laser was coupled to the optical waveguide in the fabricated device by
use of an objective lens. The output light spectrum was measured and monitored using an optical

spectrum analyzer (OSA).

microwave ~

signal m
- amplifier
generator f p . hotn
S.-' ; antenna

) /o tical
optical /9 Hens
fiber - . |
i S - 00
laser ‘ — OSA

fabricated device

Figure 6-5 Measurement setup of the EO modulator using an array of patch

antennas embedded with a narrow gap.

By irradiation wireless microwave signal to the fabricated device and coupling lightwave to the
optical waveguide, the modulated lightwave signal can be obtained at the output. Modulation index
can be improved and proportional to the number of the patch antennas since effective optical

modulation is induced at each patch antenna in the array structure.

Since the modulation index is still remind low, the ratio between carrier and sideband powers
can be represented for the modulation index. The modulation index can be transformed using Eq.
(3-20). The measured modulation index of the fabricated device as a function of microwave frequency

is shown by dotted in Figure 6-6. The solid line in Figure 6-6 shows the calculated modulation index
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by considering the induced microwave electric field across the gap. We can see that the measurement

results are coincided well to the calculation results.

Measured modulation efficiency as a function of wireless signal irradiation angles (directivity)
was also done for the fabricated device. The measurement results are shown by the dotted in Figure
6-7. The solid line in Figure 6-7 is the calculated directivity of the array metal patch with element
number of 4 by considering the transit time effect of the lightwave passing through at each metal patch.
We can see that the measurement results have good agreement to the calculation results. In this array
structure, the wireless directivity can be controlled by changing the distance of antennas in the array
structures.
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Figure 6-6 Measured modulation index as a function of microwave frequency.
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Figure 6-7 Measured modulation index as a function of wireless irradiation

angle (directivity/ beamforming).

6.3 EO modulator using a new QPM array of patch antennas embedded with a

narrow gap

We have discussed the EO modulator using an array of patch antennas embedded with narrow

gaps [64] [69] [68]. This array structure has long antenna distance between each other. The long
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distance can be utilized for increasing modulation efficiency by adding new antennas between the

previous antennas.

In this section, | propose an EO modulator using a new QPM array of patch antennas embedded
with a narrow gap for enhancing modulation efficiency. Twice patch antennas with the same device
length can be obtained using the proposed device compared with the EO modulator using a
conventional array of patch antennas embedded a narrow gap. By considering the transit time of the
lightwave passing through each patch antenna, effective optical modulation can be achieved [67].
Modulation efficiency can be improved using this proposed device. The analysis and experiment of
the proposed device are discussed and presented in here.

6.3.1 Device structure

T—pr - L L

odd p‘atch

even patch __EF_

-E.

&

(b)
Figure 6-8 Device structures of the EO modulator using a new QPM array of patch antenna embedded with a

narrow gap. (a) Whole device structure (3-D view). (b) Cross-sectional view configuration of

the device structure along odd-antennas, and even-antennas.

Figure 6-8 shows the structure of the EO modulator using a new QPM array of patch antennas
embedded a narrow gap. It consists of a channel optical waveguide and patch antennas embedded with
a narrow gap onto a z-cut EO crystal like LiNbO3, LiTaO3, or KTP. EO polymers with single polarized
molecules in the z-direction are also applicable for the substrate. An array of the patch antennas

embedded with a narrow gap is set onto the substrate with a distance, D,, which corresponds to half of
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the period in conventional array structures in Figure 6-1. The number of antennas in the proposed
device is double compared to the conventional array structure. The patch antenna size is set to LXW.
The narrow gap in micrometer-order is set at the center of each antenna, along the y-axis. The optical
waveguide is located under the one-side edge of the gap, where the cross-sectional views are shown in
Figure 6-8 (b) for odd- and even-antennas. The buffer layer is inserted between the substrate and the
antennas. The reverse side of the substrate is covered with a ground electrode.

The basic operations of the new fusion EO modulators using a patch antenna embedded with
narrow gaps were discussed in the Chapter 3 and Chapter 4 [64] [69] [68]. The displacement current
and electric field across the gap is used for optical modulation through EO effects [22] [54].

The modulation efficiency can be improved using a QPM array structure. In conventional array
structures, the distance of the patch-antennas, D, is determined by the phase-matching condition,
which is expressed as

ngkmD=2nm n=123,... (6-7)

where vy is the group velocity of the lightwave, @y, is the angular frequency of microwave signal, ng is
the group index of the lightwave propagating in the optical waveguide (ng = c/vg), kn is the wave
number of the microwave in vacuum (k, = @/C) , and c is the light velocity in vacuum. Therefore, the
spacing between antennas for the conventional array structure is relatively large than the patch antenna
size. In the large free spaces on the conventional array structures, we introduce new patch-antennas
with the QPM technique. Therefore, the distance of the antennas in the new array structure, D,,
becomes half compared to the distance of the antennas in the conventional array structure (D, = D/2).
The degradation by phase-mismatching in densely allocated array structures can be compensated for
using the QPM technique by switching alternately of the spatial relationship between the gap edges
and the optical waveguide for odd- and even-antennas. Therefore, modulation efficiency improvement

can be obtained using the proposed QPM EO modulator.

6.3.2 Operational principle

When a wireless microwave signal at the angular frequency wy, is irradiated to the proposed
QPM device, the displacement current and strong electric field are induced across the gap. The

induced electric field can be expressed by Eqg. (3-9).

For an array of patch antennas embedded with narrow gap as shown in Figure 6-9, the temporal

phases of the microwave signal supplied to the patch antennas embedded a narrow gap are changed
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according their distance, D,, and the wireless irradiation angle, 6. The microwave electric field at h-th

patch antennas, E,’,‘l_”ght, can be expressed by
Eh

m—tight (£) = Eo cos[w, t + 2D, (h — 1)kp,n, sin 0] (6-8)

where h denotes the number of the gap-embedded patch-antennas, D, is a distance of the patch-

antennas as shown in Figure 6-9, and ny is the refractive index of the microwave in air (=1).

E m-light ‘[ i

0‘

Figure 6-9 Operational principle of the QPM EO modulator. Microwave electric field observed
by propagating lightwave along odd- and even-antennas. Modulation efficiency

corresponds to taking into account the shaded-areas.

When a lightwave propagates in the optical waveguide, the microwave electric field as would
be observed by the lightwave can be expressed by following equation with taking into account the
transit-time of the lightwave

y—y
Er}rll—light(t) = Er’rll—light(—v )
g

Eﬁl_light (y) =E, cos[km ngy + 2D,(h — Dk;yngsin6 + (] (6-9)
where ¢'is an initial phase of the lightwave in the optical waveguide (= —kn ngy’) corresponds to the
phase of the microwave signal when the lightwave propagates in the optical waveguide. The

microwave electric fields as would be observed by the lightwave are shown by the sinusoidal-curve in
Figure 6-9.
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The modulation efficiency from the wireless microwave to lightwave signals in this proposed
devices is proportional to the modulation index, A¢,when Ag<< 1. The modulation index is
calculated by the integration of microwave electric field as would be observed by the lightwave along

the gap-embedded patch-antennas, it can be expressed as

(h—1)Dy+W

Trand o
ap(0) ="y | Pori O Eh-igne )y (6-10)
A -1,

where A4 is the wavelength of lightwave propagating in the optical waveguides, rs; is the EO
coefficient, n is the extraordinary refractive index of the substrate, I" is a factor expressing the
overlapping between the induced microwave electric field and the lightwave, W are the width of the
patch-antenna as the interaction length of the microwave and lightwave, and N is the number of gap-
embedded patch-antennas in the array structure. Popm(y) expresses the polarity sign of the microwave
electric field in z-component under the gap edge along the optical waveguide. Pgpy (y) is set +1 for the
odd-elements and -1 for the even-elements. The modulation index of the QPM device corresponds to
the sum of the shaded areas in Figure 6-9(b). Since the modulation index is also a function of wireless

irradiation angle, @, the directivity in the modulation efficiency can be also calculated using Eq.(6-10).

Modulation Index

' >
0 WD, 2D, 3D, 4D,
Device length

Figure 6-10 Improved modulation index of the EO modulators with a QPM structure

compared to the EO modulators without a QPM structure.

The modulation index of the proposed device is represented by an integration of microwave
electric field observed by lightwave (shaded-areas). The comparison of modulation indices between
the EO modulators with a QPM structure and the EO modulators without a QPM structure are shown
Figure 6-10. We can see that improved modulation index can be obtained due to the additional

elements between the previous elements, where the microwave electric field observed by the
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lightwave along each antenna should be considered for effective optical modulation. Therefore, the
modulation index of the EO modulators with a QPM structure is improved double compared to the EO

modulators without a QPM structure.

6.3.3 QPM Structures

The microwave electric fields in the z-component between two-edges of the gap have different
polarities [80]. The different polarities enable us to obtain the QPM condition. The QPM structures on
the z-cut EO crystals are obtainable by switching the spatial relationship between the gap edge and
optical waveguide along the odd- and even-antennas as shown in Figure 6-11(a) and (b). In here, |

propose several possible configurations for QPM condition.

(©
Figure 6-11 Several QPM techniques for the EO modulator on the z-cut EO crystal.
(a) Shifting position of antennas along the x-axis. (b) Shifting position of gap

along the x-axis. (c) Meandering optical waveguide.

The QPM condition can be obtained using phase-inversed structures by considering the polarity
of the microwave electric field under the gap edges. Figure 6-11 shows top-views of QPM devices
with three configurations of the phase-inversed structures on a z-cut EO crystal. They are promising
techniques for increasing modulation efficiency in the EO modulators using gap-embedded patch-

antennas.
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The QPM structure using shifted position of the patch antennas by S, along the x-axis is shown
in Figure 6-11(a). The narrow-gap is located at the center of the patch-antennas with the gap width of
G. The spatial relative relationship between the straight optical waveguide and the gap edges is
switched alternately by shifting the position of the antennas in the array structure for the QPM

condition.

The phase-inversed structure using shifted position of the narrow gap is shown in Figure 6-11
(b). The patch antennas are aligned in completely parallel to the straight optical waveguide. However,
the narrow gap positions in the odd- and even-antennas are slightly shifted by S, along the x-axis. By
shifting the gap in the antennas, the induced electric fields across the gap are almost the same as long
as the gap shift is within micrometer-order. Therefore, the relatively spatial relationship between the
optical waveguide and the gap edges is also switched alternately.

Figure 6-11(c) shows the QPM structure using meandering optical waveguide. The patch
antennas are aligned in parallel. All narrow-gaps are located at the center of each patch antenna with
the gap width of G. However, the optical waveguide is meandered between the odd- and even-
antennas. Therefore, the QPM condition can be also obtained.

6.3.4 Analysis

Table 6-2 Device parameters for analysis of the EO modulator using a QPM

array of gap-embedded patch antennas.

Values

Operational frequency 26 GHz
Substrate: z-cut LiTaO;

Dielectric constant (&, &, &) (43,43,41)

Thickness, h 0.4 mm
Patch antenna: aluminum

Antenna size, LxW 0.8 x1.3 mm

Gap width, G 5 um
Aurray structure

Antenna number, N 8 elements

Distance, D, 2.7 mm
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The proposed QPM device with configuration of shifting position of the antennas as shown in
Figure 6-11(a) was designed at a 26 GHz microwave operational frequency. The detail parameters for

analyzing the proposed device are shown in Table 6-2.

The microwave characteristics of the device were numerically analyzed using electromagnetic
analysis software, HFSS. The calculated frequency dependence of the magnitude of the electric field
across the gap in the z-component is shown in Figure 6-12(a), when a linearly polarized wireless
microwave signal with polarization in along the x-axis was irradiated to the device and the observation
point (the optical waveguide location) was set under the edge of the gap. The peak resonant frequency
of the gap-embedded patch-antenna was matched with the designed microwave frequency. Figure
6-12(b) shows the electric field distribution in the z-component on the surface of the substrate. The
electric field at two-edges of the gap have different polarity in the z-component. The difference
polarity of the induced electric field between two edges of the gap enables us to realize QPM condition

for improving modulation efficiency in the simple compact QPM devices.
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Figure 6-12 Calculated electric field in the z-component under wireless microwave signal irradiation. (a) Magnitude of the

electric field across a gap as a function of microwave frequency. (b) Distribution of the electric field on substrate surface.
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The directivity in the wireless microwave-lightwave signal conversion using the proposed QPM
device can be calculated using Eq. (6-10). The calculated directivity in the designed QPM device is
shown in Figure 6-13, when the microwave wireless frequency is set at 26 GHz with 8 antennas and
antenna distance of 2.7 mm. The QPM devices with 8 antennas have similar directivity pattern with
the conventional array structure with 4 antennas. The same directivity pattern is caused by the same
wave number of the microwave electric field observed by the lightwave and their spatial relationship
between the gap edge and optical waveguide along each patch for effective optical modulation. This is

an advantage of the QPM devices with twice patch numbers as the conventional array structure.
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Figure 6-13 Calculated modulation efficiency as a function of wireless irradiation angle of

the designed EO modulator using a QPM array of gap-embedded patch-antennas.

In the proposed device, the temporal phase of the microwave signal on the patch and the transit
time effect of the lightwave passing through each patch are considered for optical modulation. The
directivity pattern of the proposed device can be tuned with the number of the patches in array
structure. In addition, the QPM device structure with twice patch numbers has the same directivity
pattern compare with the conventional device structure. In this proposed device beside the number of
the patch number, the other important factor to control the directivity pattern is the wave number of
the microwave electric field observed by the lightwave along the device and their spatial relationship
between the gap edge and optical waveguide along each patch.

6.3.5 Experiment

The designed QPM EO modulator with configuration of shifting position of the antennas as
shown in Figure 6-11(a) was fabricated. First, a single-mode straight optical channel waveguide for
the wavelength of 1.55 um was fabricated [56] [57]. Then, a thin SiO, buffer layer was deposited on

the surface of the substrate. Gap-embedded patch-antennas were fabricated with a 1 um-thick
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aluminum film on the buffer layer. Finally, the reverse side of the device was covered using a 1 um-
thick aluminum film as a ground electrode. The photographs of the fabricated prototype device are
shown in Figure 6-14.
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Figure 6-14 A photograph of a fabricated EO modulator using a QPM array of

EO crystal

gap-embedded patch antennas.

The experimental setup for measuring the fabricated device is the same as the previous
experimental setup as shown in Figure 6-5. A 1.55 um wavelength lightwave from a laser was coupled
to the fabricated device. A 26 GHz microwave signal from a microwave signal generator was
irradiated to the fabricated device using a horn antenna. The light output spectrum was measured and

monitored using an optical spectrum analyser (OSA).

The modulation efficiency can be calculated from the spectrum intensity ratio between the first
sideband and the optical carrier as long as the modulation index value is rather smaller than unity. The
examples of the output light spectra measured by an optical spectrum analyzer is shown in Figure 6-15,
where the wireless microwave signal was irradiated to the device normally (6 = 0 degree). The
modulation sidebands were observed clearly as shown by the solid-curve in Figure 6-15(a), when a
linearly-polarized wireless microwave signal perpendicular to the gap was irradiated. The intensity
ratio between the sidebands and optical carrier was -42 dB, which corresponds to the modulation index
of about 16 mrad.
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Figure 6-15 Measured output light spectra under microwave wireless signal irradiation of 26 GHz for the

QPM array device (solid-curve) and the no QPM array device (dashed-curve).
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For comparison, the output light spectrum from the EO wireless microwave-lightwave signal
converter using the conventional array structure (no QPM structure) is also shown by the dashed-curve
in Figure 6-15(a). In the QPM array structure, the wireless microwave-lightwave signal conversion
was improved by about 10 dB compared to the conventional array structure.

Figure 6-16 shows the modulation efficiency as a function of microwave frequency for the
QPM devices, when the irradiation angle of wireless microwave signal was set normal to the device (0
degree). The dotted in Figure 6-16 shows the measured modulation efficiency. The peak frequency of
the wireless microwave-lightwave signal conversion was about 25 GHz, which almost coincided with
the designed operational frequency. The square in Figure 6-16 shows the measured modulation
efficiency as a function of microwave frequency for no QPM device (conventional array structure).
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Figure 6-16 Measured frequency dependences of the modulation efficiency with wireless signal irradiation

angle of 0 degree (normal direction). The red- and blue-curves show the frequency dependences for QPM

array and conventional array structures, respectively.
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Figure 6-17 Measured modulation efficiency as a function of wireless irradiation angle (directivity). The dotted- and square-

shapes show the modulation efficiencies for QPM array and conventional array structures, respectively.
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Figure 6-17 shows the modulation efficiency as a function of wireless irradiation angle
(directivity), when the operational frequency of the wireless microwave signal was set at 26 GHz. The
dotted in Figure 6-17 shows the measured modulation efficiency for the QPM device. The measured
directivity is in good agreement with the calculation of the designed device. The square-shape in
Figure 6-17 shows the measured directivity of the modulation efficiency in the conventional array
structure. We can see that the QPM devices has the same directivity with the conventional array

structures, where the QPM device has double antenna humber as the conventional array structure.
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Figure 6-18 Measured modulation efficiency as a function of separation between the
antenna and device. The dotted- and square-shapes show the separation dependences

for QPM array and conventional array structures, respectively.

Figure 6-18 shows the modulation efficiency as a function of the separation, R, between the
horn antenna and the fabricated device. The dotted in Figure 6-18 shows the measured modulation
efficiency for the QPM device. The optical sidebands were observed with a separation up-to 1 m
between the horn antenna and the device. The square-shape in Figure 6-18 shows the measured

antenna and device separation dependence of the modulation efficiency in the array structures.

The basic operations of the proposed QPM device were demonstrated successfully. Improved
modulation efficiency of about 10 dB was obtained using the proposed QPM device. The QPM
technique is effective to improve the modulation efficiency to be double. The proposed device has the

same device length and twice antenna compared with the no QPM device.

6.3.6  Modulation efficiency improvement

By adding new planar antennas between the previous antennas in the array structure, the
modulation efficiency can be improved. The modulation efficiency is proportional to the number of
the antenna in the array structure. In order to achieve the modulation efficiency, the transit time of the

lightwave passing through each planar antenna must be considered.
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The EO modulators using new QPM array of planar antennas have more compact structure
since the antennas become dense in the array structure compared to the conventional array structure.
The QPM array device has twice antenna number with the same length compared to the no QPM array
device. By considering the transit time of the lightwave using a QPM method, double modulation
efficiency can be obtained.

In the experiment, modulation efficiency improvement of 10 dB was obtained experimentally
compared to the conventional array structure. The device is easy in the design and fabrication with
more compact device and simple QPM method.

6.3.7 Demonstration of ROF links
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Figure 6-19 Experimental setup for a ROF link demonstration using the proposed device.

In this section, a ROF link using the proposed device is discussed for demonstrating the data
transfer. Figure 6-19 shows the experimental setup for demonstration of the ROF links. The lightwave
with a wavelength of 1.55 um from a laser was modulated using the QPM EO modulator with gap-
embedded patch antennas under the irradiation of a wireless microwave signal of 26GHz. The phase
modulated lightwave signal was propagated through an optical fiber. The propagated lightwave signal
was filtered by an optical tunable filter that allows wavelength tuning manually around 1.55 um
wavelength with fixed pass-band width and sharp-cut filtering. The optical filter is operated to cut the
lower sideband component and to suppress the optical carrier. As a result, the power ratio between

optical sideband and carrier can be enhanced to increase an effective modulation index. After that, it
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was amplified by an erbium-doped optical fiber amplifier. Then, the filtered and amplified lightwave
signal was detected by use of a high-speed photo-detector. The detected signal (re-converted signal

from the lightwave to microwave) was observed using microwave spectrum analyzer.

By using the optical filter, the lower sideband component was cut and the optical carrier was
also reduced. As a result, power ratio between the optical carrier and sideband can be improved. The
measured optical spectrum after the optical filter is shown in Figure 6-20. Single sideband with -6 dB
intensity ratio between the sideband and optical carrier was obtained. Therefore, the effective
modulation efficiency (the +1st sideband to optical carrier ratio) was improved about 35dB compared
with Figure 6-15 due to optical filtering. The filtered lightwave signal was amplified with optical
power of about -25 dBm.
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Figure 6-20 Measured light spectrum after pass through an optical filter.

By using the photonic technology, the modulation efficiency of the proposed device can be
improved. The single sideband can be also obtained by cutting one sideband with an optical filter. The
lightwave with single sideband is easy to detect by a photo-detector for converting the lightwave to

microwave signals.

Cepter 25,700 01 2GH: Span 100, OkHz

Figure 6-21 Detected microwave signal through radio-over-fiber links.
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Figure 6-21 shows the microwave spectrum of the reconverted 26 GHz signal from the
photodiode. The spectrum of the reconverted microwave signal is observed clearly. The carrier to
noise ratio (CNR) was measured of about 20 dB. The CNR is a one parameter for interpreting the
received signal, which has relationship to the data rate and bandwidth. An increased data rate increases
bit-error-rate (BER), an increased CNR decreases BER, and an increased bandwidth can be used for
increasing data rate [17]. Based on the result when the bandwidth is about 2 KHz, data rate of about 10
Kbps can be achieved.

Regarding the result, higher CNR and large bandwidth are required for transferring data with
high data rate through the ROF link. The CNR values can be increased by improving modulation
efficiency of the proposed device. The bandwidth can be enlarged by use of high operational
frequency. The bandwidth of over 100 MHz can be obtained by using 60 GHz millimeter-wave bands.
The modulation efficiency can be improved 12 dB furthermore with four-times numbers of antennas in
array structures i.e. 32 antenna numbers. As a result, the CNR of over 30 dB can be achieved.
Therefore, the data rate of about 1 Gbps can be realized through ROF link using the proposed device.
New 60 GHz millimeter-wave EO modulators using an array of planar antennas on suspended
structures are discussed in the Chapter 7.

6.4 EO modulators using a 2-D array of patch antennas embedded with narrow
gaps
EO modulators using a 1-D array of patch antennas embedded with a narrow gap were
discussed in the sub-chapters 6.2 and 6.3. Modulation efficiency improvement and 1-D wireless
irradiation angle control can be obtained using these devices. In this sub-chapter, EO modulators using

a 2-D array of patch antennas embedded with orthogonal gaps are proposed and discussed their

applications for wireless irradiation angle (beamforming) through optical modulation.

6.4.1 Device structure

Figure 6-22 shows the structure of the EO modulator using 2-D array of patch antennas
embedded with orthogonal gaps. The proposed device is fabricated on a z-cut EO crystal substrate.
The proposed device is composed of optical waveguides and NxN array of patch antennas embedded
with two orthogonal gaps. The antenna size is set to LxL with a micrometer-order gap width at the
center. Meandering gaps are introduced also in the proposed device. The optical waveguides are
located under the edge of the gaps. A buffer layer is inserted between the substrate and the antennas.

The reverse side of the substrate is covered with a ground electrode.
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Figure 6-22 Structure of the EO modulator using a 2-D array of patch antennas embedded
orthogonal gaps, (a) whole view, (b) cross section view for the yz-plane,

(c) and cross section view for the xz-plane.

The proposed device is basically composed of the patch antennas embedded with orthogonal
gaps. The operations of the EO modulator using a patch antenna embedded with orthogonal gaps were
discussed in the Chapter 4 [68] [81]. Displacement currents and electric field are induced across the
orthogonal gaps for the continuity of the current flow. The strong electric field across the gaps can be
used for optical modulation. The modulated lightwave signals are obtained from two optical
waveguides. By using array structure, the modulation efficiency can be improved and wireless
irradiation angle can be effectively received by controlling the antenna distance. Furthermore, the
beamforming of wireless microwave signal can be received using the array structure with meandering
gaps and synthesized through optical modulation, when the antenna distance is kept the same for

several wireless irradiation angles.

6.4.2 Operational principle

6.4.2.1 Microwave electric field observed by lightwave

The transit time of the lightwave in the array structure was discussed before in the sub-chapters
6.2 and 6.3. In order to improve the modulation index and control wireless beamforming, an array
structure of the EO modulators using patch antennas embedded with orthogonal gaps can be adopted
as shown in Figure 6-22. When the distance of the patch antennas in the array structure are set D and

wireless microwave signal with irradiation angle of &, for the yz-plane and & for the xz-plane is
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irradiated to the proposed device, the microwave electric field observed by the lightwave at the h,- and
hy-th patch antenna can be expressed as following equations for two optical lightwave signal,

E} 1igne@) = Exo cos[kpungyy — (hy — 1)D kyyngsin 6y, + ¢ | (6-11)

E} igne(®) = Eyg cos[kpngyx — (hy — 1)D kyyng sin6,, + ¢, + ¢] (6-12)

where @ and & are the wireless irradiation angles for yz- and xz-planes, respectively.
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Figure 6-23 Microwave electric field observed by lightwave in the waveguide along (a) y-axis and (b) x-axis

The microwave electric field observed by lightwave is shown in sinusoidal in the Figure 6-23.
Figure 6-23(a) and Figure 6-23(b) show the microwave electric observed by lightwave in the

waveguide along the y-axis and x-axis, respectively.
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6.4.2.2 Optical modulation in orthogonal gaps

The modulation index, A¢, can be determined by summing the integration of the microwave
electric field observed by the lightwave along each antenna width (fromy =(h-1)Dtoy =(h-1)D
+L). The modulation indices for two orthogonal lightwave signals can be expressed as following
equations [65]

N
a3 (h—1)D+L
29:(0) =" Y [ B 0y (6-13)
y -
N
a3 (h—1)D+L
8y(0) =" Y [ B G (6-14)
X he1 (h—-1)D

The modulation indices of the proposed device can be improved by using an array structure.
The modulation indices as a function of the wireless irradiation angle can be calculated using Eq.
(6-13) for the yz-plane and Eq. (6-14) for xz-plane.

6.4.2.3 Meandering gaps
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Figure 6-24 Typical of meandering gaps in the EO modulator using a 2-D array of patch

antennas embedded orthogonal gaps.

The spatial relationship between the gap edge and optical waveguide was discussed before as
shown in Figure 6-11. Since the microwave electric field in the z-component is considered, the
degradation of optical modulation can be compensated. The modulation index of the proposed device
has a function of the wireless irradiation angles. When the distance of the antennas in the proposed

device is designed effectively for normal wireless irradiation angle, the optical modulation degradation
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might be induced for other wireless irradiation angles. In order to compensate for the degradation,
several techniques for change the polarity of interaction between the microwave and lightwave electric
fields can be adopted such as polarization reversal of the EO crystal or others [76] [75].

In here, | proposed new technique to solve the problem by using meandering gaps. The typical
meandering gaps are shown in Figure 6-24. We can see that the relationship between the gap edge and
optical waveguide is spatially changed by introducing the meandering gap. This new technique has a
simple structure. By changing interaction between the gap edges and optical waveguide, the optical
modulation degradation can be compensated for.

Modulation indices from the two optical waveguides of the proposed device using the

meandering gaps are

L
(h=1)D—5+Pmeq

Pmea (y) L E#l—light(y) dy

2N Y

33

Bpy (8y) = — erZ
y = (h-1)D-%

(6-15)
(h-1)D+5

+ Pmea (y) E#l—light(y)dy]

L
(h=1)D—5+Pmea

(h=DD-LE4Ppen

T3N3 . 2 N
8.(6) = 22T ) | P () B} igne () dx
A =]

(h-1)D-%

(6-16)
(h-1)D+5

+ Prea(X) L E}_jigne (x)dx
(h—1)D-5+Ppmea

where Ppea(Y) is the interaction between the gap edges and optical waveguides as shown in Figure 6-24

with the polarity sign of +1 or —1.

6.4.3  Analysis

6.4.3.1 1-D beamforming receiving

| analyzed the proposed device for microwave signal with operational frequency of 26 GHz.
The detailed parameters of the proposed device are shown in Table 6-3. Figure 6-25 shows the
patterns of the meandering gaps along y-axis in the 2-D array of patch antennas embedded with narrow
gaps. The pattern was designed for 1-D beamforming receiving in the yz-plane for several wireless
irradiation angles. The modulation indices can be calculated using Eq. (6-15). By considering the
patterns of the meandering gaps in Figure 6-25, the calculated modulation indices are shown in Figure

6-26 for several wireless irradiation angles. We can see that the modulated lightwave A¢,,; using the
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pattern are effectively operated for wireless irradiation angle of -30 degrees. The normal wireless
irradiation angle can be obtained from the modulated lightwave A¢,5. The other patterns are used

effectively other wireless irradiation angles.

Table 6-3 Device parameters for optical modulation analysis of EO modulators using

2-D array of patch antennas embedded with orthogonal gaps.

Values

Microwave signal

Operational frequency, f,, 26 GHz
EO crystal (LiTaOs)

Thickness, h 0.4 mm

EO effect, ra3 30.3 pm/V

Refractive index, n, 2.125

Group index, ng 2.168
Lightwave

Wavelength, 4 1.55 um
Patch antenna

Antenna size, LxL 0.8x0.8 mm

Gap width, G 5pm
Array structure

Number, NxN 5x5 elements

Distance, D 5.4 mm
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Figure 6-25 Meandering gap pattern for 1-D beam forming receiving of the wireless irradiation angles.
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The wireless irradiation angle can be tuned by using meandering gap structures. By adopting the
technique, modulation indices along x-axis for the xz-plane using the EO modulator using a 2-D array
patch antennas embedded with orthogonal gaps can be calculated also. Based on that, the modulation
indices for wireless irradiation angle in 1-D for yz-plane or xz-plane can be obtained independently
[73].

90°

0 -5 -0 -20 -0 -5 0
Modulation efficiency (dB)

Figure 6-26 Calculated modulation indices as a function of wireless irradiation angle for

several patterns of the meandering gaps.

6.4.3.2 2-D beamforming receiving
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Figure 6-27 Meandering gap pattern for 2-D beamforming receiving of wireless irradiation angles.
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In the previous sub-chapter, 1-D beamforming receiving of wireless microwave by use of using
2-D array structure was discussed. In here, an EO modulator using a 2-D array of patch antennas
embedded with orthogonal meandering gaps are proposed for 1-D and 2-D beamforming receivers.
The pattern of the meandering gaps in EO modulator using a 2-D array of patch antennas embedded
with orthogonal gaps is shown in Figure 6-27. 1-D beamforming receiving in xz- and yz-planes can be

obtained independently by calculating the modulation indices using Eq. (6-15) and Eq. (6-16).

AP +AQ,

(b)

Figure 6-28 Calculated modulation index as a function of 2-D wireless irradiation angle.

2-D beamforming receiving of wireless microwave signal can be achieved using the proposed
device by considering two orthogonal modulated signals simultaneously [68]. The modulation indices
as a function of 2-D wireless irradiation angle in xyz-space, can be calculated using following equation,
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A(f)(@x, gy) = A(px(gx) + A()by(ey) (6'17)

By taking into account of the modulation indices of two orthogonal modulated signals, 2-D
wireless irradiation angles can be identified using the proposed device. The typical of the calculated
modulation index for the proposed device using the parameters in Table 6-3 is shown in Figure 6-28.
In Figure 6-28(a) shows the modulation efficiency as a function of 2-D beamforming for effective
operation by normal wireless irradiation angle (6 = & = 0 degree). In Figure 6-28(b) shows the
modulation efficiency as a function of 2-D beamforming for effective operation by normal wireless
irradiation angle & = +15 degree, & = — 15 degree). Based on the analysis, the proposed device can be
used for receiving wireless microwave signal with 2-D beamforming and converting the signal to the
lightwave signal directly. Therefore, EO beamforming receiver using a 2-D array of patch antennas
embedded with orthogonal meandering gaps can be realized [73].

6.4.4 Beamforming control

In order to improve the device functionality, an EO modulator using a 2-D array of patch
antennas embedded with orthogonal narrow gaps was also proposed. The wireless irradiation angle
(beamforming) can be effectively received and controlled by considering the microwave electric field
observed by lightwave at each patch antenna.

The certain beamforming of the wireless signal can be controlled by changing the distance of
the array structure. When the distance is fixed and beamforming is changed, the degradation of optical
modulation might be occurred. In order to compensate for the degradation, a new technique was
proposed using meandering gaps. 1-D beamforming receiving can be obtained by EO modulator using
a 2-D array of patch antennas embedded with meandering gaps by calculating the modulation
lightwave signal separately and independently. Furthermore, an EO modulator using a 2-D array of
patch antennas embedded with orthogonal meandering gaps can be used for 2-D beamforming

receiving by calculating two orthogonal modulated lightwave signals simultaneously.

6.5 Discussion and summary

EO modulators using an array of planar antennas were proposed for enhancing modulation
efficiency and beamforming control [75] [82]. Increasing planar antenna number in array structure is
effective for increasing modulation efficiency. Consideration of the transit time of lightwave passing

through at each planar antenna is required for achieving effective optical modulation.

A new technique to improve modulation efficiency by using a QPM array structure was

proposed. Double modulation efficiency is obtained by twice number of the planar antennas with the
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same device length compared to the conventional array devices. In the experiment, modulation
efficiency improvement of about 10 dB was obtained experimentally. The EO modulators using QPM
array structures have the same radiation pattern as the conventional EO modulator using array
structures. A ROF link using this proposed device was also demonstrated. The measured carrier to
noise ratio of about 20 dB was obtained. Higher CNR and large bandwidth are required for
transferring data with high data rate through the ROF link by improving modulation efficiency of the

proposed device with array structures and by use of high operational frequency.

Furthermore, an EO modulator using a 2-D array of patch antennas embedded with orthogonal
gaps was proposed. New technique of meandering gaps to compensate for optical modulation
degradation was used. It has simple structure and additional fabrication process. By using the proposed
device, 1-D beamforming receiving can be obtained by analyzing each modulated lightwave signals
independently. By analyzing two orthogonal modulated lightwave signals, 2-D beamforming receiving

of wireless microwave signal can be obtained.

The proposed devices have simple and compact structure and can be operated with low
microwave loss and no external power supply. Furthermore, they are easy in design and fabrication.
This device can be used for communication systems in multiple-input-multiple-output (MIMO), space-
division-multiplexing-access (SDMA) schemes, and surveillance radar.
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Chapter 7 Optical Modulators Using Electro-Optic Waveguides

Suspended to Planar Antennas on Low-k Dielectric Substrate

7.1 Introduction

In the Chapter 3, Chapter 4, and Chapter 5, optical modulators using planar antennas for
wireless microwave-lightwave signal conversion were proposed and discussed [64] [69] [68]. The
basic operations of the proposed device were successfully verified in the experiment. They were
fabricated on an electro-optic (EO) crystal substrate. The proposed devices have simple and compact
structure and can be operated with low microwave loss and no external power supply. The efforts to
improve the modulation efficiency using an array structure were also discussed in the Chapter 6 [75]
[80].

In order to improve furthermore the modulation efficiency, the antenna is considered to be a
large size to improve the antenna apertures and receiving power. A high-k EO crystal such as LiNbO;
or LiTaOs was used for realizing optical modulators using planar antennas in the previous chapter. The
antenna aperture can be enlarged using low effective dielectric constant. As a result, interaction length
between microwave and lightwave electric field becomes also longer than the device fabricated on an
EO crystal substrate.

In this chapter, | propose new optical modulators using EO waveguides suspended to planar
antennas on a low-k dielectric substrate for wireless millimeter-wave-lightwave signal conversion. By
using a thin EO crystal (<100um) suspended on the low-k dielectric substrate, the effective dielectric
constant value becomes low to realize a large size of the planar antennas for obtaining high gain. As a
result, high received power can be obtained, since the patch antenna size becomes large. The
interaction length of the millimeter-wave and lightwave electric fields can be longer. Therefore, the
modulation index can be improved using the proposed devices compared to the devices fabricated on a
high-k EO crystal substrate. The substrate resonant modes for high frequency operation are also

eliminated since the thin EO crystal is used.

The proposed EO modulators have simple and compact structures. They can be operated with
low millimeter-wave loss and no external power supply. The proposed devices are easy in the design
and fabrication. Basically, the proposed devices are used for converting from wireless millimeter-wave
to lightwave signals. In addition, a wireless microwave signal can be characterized using the proposed

devices through EO modulation with larger modulation index.
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In the following sections, | will present the device structure, operational principle, analysis,
fabrication, and measurement of optical modulator modulators using an EO crystal suspended to
planar antennas on a low-k dielectric substrate. The proposed device advantages/ disadvantages and

applications to wireless millimeter-wave to lightwave signal conversion are also discussed.

7.2 Antennasize

An antenna size for receiving a wireless millimeter-wave signal at an operational frequency of
f., can be calculated using Eq. (2-1) [40]. The size of the metal patch is inversely proportional to the
square-root of the effective dielectric constant. By reducing the effective dielectric constant, the size of
the antenna is increased. In order to reduce the effective dielectric constant of the antennas for the
wireless millimeter-wave-lightwave signal conversion, a new device structure with low effective
dielectric constant can be obtained by stacked/ suspended structure between a thin EO crystal and low-
k dielectric material.

EO crystal

| &r0 T heo

&1 h;

low-k dielectric

Figure 7-1 Configuration of suspended/ stacked structures.

The effective dielectric constant of the stacked/ suspended structures is expressed as [47]

(ﬂ + hﬂ)
1 &L ErEo (7-1)

geff B hL + hEO

where & and h,_ are the dielectric constant and thickness of the low-k dielectric substrate, respectively,
and &eo and hgo are the dielectric constant and thickness of the EO crystal, respectively. By using a
stacked/ suspended structure with a rather thin EO crystal (<100um), the effective dielectric constant

becomes low and it is almost close to the dielectric constant of the low-k dielectric substrate.
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7.3 Device structure

The structure of the proposed optical modulators using an EO crystal suspended to gap-

embedded patch antennas on a low-k dielectric material substrate is shown in Figure 7-2. An optical

waveguide and patch antennas embedded with a narrow gap are fabricated on the bottom surface of a

thin EO crystal (<100um), like LiNbO3 or LiTaO3. The EO crystal is suspended to a low-k dielectric

material. The metal patch length, L, and width, W, are set. The gap width, G, is on the order of a

micrometer, and the gap itself is located at the center of the patch along the y-axis. An array of the

gap-embedded patches is set with a distance of D. The optical waveguide is located on the one side of

the gap edge, where the cross-sectional view of the proposed device is shown in Figure 7-2(b). A

buffer layer is inserted between the metal patch and EO crystal. The EO crystal and low-k dielectric

substrate are attached by use of an optical adhesive. The reverse side of the low-k dielectric material is

covered by a ground metal.
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Figure 7-2 Device structure of optical modulators using an EO waveguide suspended to gap-

embedded patch antennas on a low-k dielectric substrate.

The operational principles of the EO modulators using patch antennas embedded with a narrow

gap were discussed in the Chapter 3. By utilizing displacement current and electric field across the gap,

optical modulation can be obtained through the Pockels effects of an EO crystal. In this chapter, the

proposed devices are fabricated on the suspended/ stacked structure between an EO crystal and low-k
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dielectric substrate [83]. Low effective dielectric constant can be obtained for enlarging the antenna
aperture size. Since the patch size is larger, millimeter-wave signal power received by the antennas is
also larger. The electric field across the gap becomes stronger and the interaction length between the
microwave and lightwave becomes longer than the EO modulators fabricated an EO crystal substrate.
As a result, the modulation efficiency can be improved by using the proposed device.

7.4 Operational principle

7.4.1  Millimeter-wave electric field

(@)

il \/ \/ \/ \/

(b)

Figure 7-3 Operational principle of the proposed millimeter-wave optical modulator. (a) The proposed

device under wireless irradiation angle of @degrees. (b) The millimeter-wave electric field as would be

observed by the lightwave. Conversion efficiency corresponds to sum of the shaded areas.

I have discussed operational principle of the EO modulators using an array of planar antennas in
the Chapter 6. When the proposed optical modulators are irradiated with a wireless millimeter-wave
signal, the millimeter-wave electric field in the free space above the proposed devices can be
expressed as Eq. (6-1). Assuming that the position of the patch antenna is set at z = 0, and that the
millimeter-wave electric field is not distorted by the patch antennas, the received millimeter-wave
electric field by the h-th patch is shown in Eq. (6-2).

A millimeter-wave electric field is induced across the narrow gap in the h-th antenna. The
induced millimeter-wave electric field across the gap is utilized for optical modulation through the
Pockels effect. Therefore, millimeter-wave signals can be received and converted directly to lightwave
signals.
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7.4.2 Optical modulation

In the Chapter 6, optical modulation of the EO modulators using planar antennas was discussed.
The modulation efficiency can be calculated by considering the interaction of the millimeter-wave and
lightwave electric fields. In order to calculate the modulation index, the transit time effect must be
considered since the millimeter-wave electric field across the gap changes its phase during the time for
the lightwave propagation. Therefore, the millimeter-wave electric field as would be observed by the
lightwave propagating in the optical waveguide, can be expressed by Eq. (6-4) with taking into
account the transit-time of the lightwave. The millimeter-wave electric field as would be observed by
the lightwave is shown by the sinusoidal-curve in Figure 7-3.

The modulation index can be calculated by the integration of the millimeter-wave electric field
as would be observed by the lightwave along the gap-embedded patch antennas. It can be represented
as Eq. (6-5). The overlap factor of the millimeter-wave and lightwave electric fields depends on the
EO crystal orientation and optical field polarization. The modulation index of the proposed device
corresponds to the sum of the shaded areas in Figure 7-3(b). Eq. (6-4) shows the modulation index as a
function of the irradiation angle of the wireless millimeter-wave signal. The wireless irradiation angle
for effective signal conversion is related to the distance between the antennas in the array structure.
The effective irradiation angle can be adjusted also by changing the antenna distance or phase-
inversed structures [60] [44].

7.5 Analysis

7.5.1 Millimeter-wave characteristics

The millimeter-wave characteristics of the proposed device were analyzed in detail using 3-D
electromagnetic analysis software, HFSS. The device parameters for the millimeter-wave analysis are

shown in Table 7-1.

In order to achieve effective operation, the EO crystal orientation, the distribution of the
millimeter-wave electric field across the gap, and position of the waveguide must be taken into
account. Since a z-cut LiTaO; crystal is used in the analysis, the optical waveguide should be set on
one side of the gap edge, as shown in Figure 7-2(b). Therefore, the millimeter-wave electric field in
the z-component, E,, on one side of the gap edge is the dominant contribution for optical modulation

using the Pockels effect.

The calculated distribution of the z-component of the millimeter-wave electric field is shown in
Figure 7-4 for top and cross-sectional views, when the device is irradiated with the 60 GHz wireless
millimeter-wave signal. We can see that the strong millimeter-wave electric field is induced on the gap

edge.
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Table 7-1 Device parameters for analyzing the suspended structure.

Values
Low-k dielectric
Dielectric constant, & 35
Thickness, h, 130 um
EO crystal (z-cut LiTaOs)
Dielectric constant, &eo, (&08, &) (43,43,41)
Thickness, heo 30-150 pm
Operational frequency, fy, 60 GHz
Gap-embedded patch antennas
Antenna size, LXW 0.76 x 0.76 mm
Gap width, G 3-30 um
Buffer layer
Thickness 0.2 um
5
5
. +100
EO crystal
narrow-gap
patch
-100
(a)
EO crystal

patch

low-k£ dielectric

(b)

Figure 7-4 Calculated distribution of millimeter-wave electric field in the z-component:

(a) top view and (b) cross-sectional view.

Calculated electric field magnitude and peak frequency of the millimeter-wave signal for
several EO crystal thickness values are shown in Figure 7-5, when the gap width is set to 5 um. We

can see that the peak frequency becomes larger as the EO crystal becomes thinner, due to lowering of
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the effective dielectric constant. The strong magnitude of the millimeter-wave electric field was

obtained about 80 pum.
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Figure 7-5 Calculated electric field magnitude and peak operational frequency of

the millimeter-wave signal for several EO crystal thickness.

The calculated electric field magnitude and peak frequency of the millimeter-wave signal for
several gap width values are shown in Figure 7-6, when the EO crystal thickness value is set to 80 um.
When the gap width is narrower, the operational frequency becomes lower due to large capacitance in

the gap. The millimeter-wave electric field across the gap becomes strong for the narrower gap width.
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Figure 7-6 Calculated electric field magnitude and peak operational frequency of

the millimeter-wave signal for several gap width values.

7.5.2 Modulation index

Based on the results of the millimeter-wave analysis and condition of the experimental device
fabrication, the EO crystal thickness of 80 um and the gap width of 5 um were selected for a proto-

type device. The design parameters are shown in Table 7-2. Since the proposed device is phase
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modulation with low modulation index below of unity, the modulation index can be expressed for the
modulation efficiency from wireless millimeter-wave to lightwave signals. The modulation efficiency

of the designed device can be calculated using Eq. (6-4).

Table 7-2 Parameters for design of the suspended device.

Values
Low-k dielectric
Dielectric constant, & 35
Thickness, h, 130 um
EO crystal (z-cut LiTaO3)
Dielectric constant, &eo, (&8, &) (43,43,41)
Thickness, hgo 80 um
Operational frequency, f;, 60 GHz
Gap-embedded patch antennas
Antenna size, LxW 0.8x 0.8 mm
Gap width, G 5um
Array structure
Antenna number, N 9 elements
Antenna distance, D 2.4 mm
Buffer layer
Thickness 0.2 um
Optical waveguide
Operational wavelength, Am 1.55 um
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Figure 7-7 Calculated modulation efficiency as a function of operational

frequency of wireless millimeter-wave signal.

122



The calculated modulation efficiency as a function of the operational frequency of the wireless
millimeter-wave signal is shown Figure 7-7. It was obtained by considering the calculated magnitude
of the millimeter-wave electric field across the gap. The designed device has effective millimeter-
wave signal operational frequency of 58 GHz.

The calculated modulation efficiency as a function of the irradiation angle of the wireless
millimeter-wave signal is shown in Figure 7-8. The effective modulation efficiency is obtained with

the device irradiated by the wireless millimeter-wave signal normal to the surface (6= 0 degree).

0 -10 -20 -20 -10 0

Modulation efficiency (dB)

Figure 7-8 Calculated modulation efficiency as a function of irradiation

angle of the wireless millimeter-wave signal.

7.6 Fabrication

The designed millimeter-wave-lightwave signal converter was fabricated. The fabrication

process of the designed device is illustrated in Figure 7-9.

First, a z-cut LiTaO3 EO crystal with a thickness of 250 um was prepared. Then, a single-mode
straight channel optical waveguide was fabricated on the EO crystal using an annealed proton
exchange method [56]. A proton exchange process with benzoic acid at 240 °C for 12 hours and a
thermal annealing process at 350 °C for 1 hour were done. After that, a 0.2 um-thick SiO, buffer layer
was deposited on the EO crystal. An array of patch antennas embedded with a narrow-gap was also
fabricated on the EO crystal. The antennas were fabricated using a 1 pum-thick aluminum film on the
EO crystal through thermal vapor deposition, standard photolithography, and a lift-off technique. The

optical waveguide was aligned onto one side of the gap edge.

A ground metal was deposited to the bottom surface of a low-k dielectric material. Then, the top

surface of a low-k dielectric material was covered with an optical adhesive in the bonding process.

In bonding process, the EO crystal was flipped with 180 degrees. So as the metal antennas
become on the bottom side of the EO crystal surface. Then, the flipped EO crystal was bonded to the
low-k dielectric material by exposing ultraviolet (UV) light to the UV-cured optical adhesive [84].
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Finally, the 250um-thick EO crystal was polished to the designed thickness of 80um using a polishing

machine with diamond slurry.
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Figure 7-9 The fabrication process of the designed EO modulators for

wireless millimeter-wave-lightwave signal conversion.

A photograph of the fabricated device is shown in Figure 7-10. | have fabricated the proposed
device with 9 gap-embedded patch antennas. The total length of the fabricated device is about 20 mm.

low-k dielectric

patch

p!

Figure 7-10 A photograph of the fabricated device of the suspended device.
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7.7 Measurement

The performance of the fabricated device was measured experimentally with the measurement
setup as shown in Figure 7-11. A lightwave of 1.55 um wavelength from a laser was coupled to the
fabricated device through an objective lens. A millimeter-wave signal in the 60 GHz band from a
signal generator was amplified and irradiated to the fabricated device using a horn antenna with
irradiation power of 20 mW. The output lightwave signal was measured using an optical spectrum

analyzer.
MMW |
signal Q> == |
generator MMW .. horn
amplifier Vi antenna
. S 9 optical
optical Rt lens
fiber U
DLD_O a— a— a— a— /.@m_o oo
laser ' . ; OSA
fabricated device

Figure 7-11 Experimental setup for measuring the performances of the suspended optical modulator.

The modulation index is calculated from the spectrum intensity ratio between the first sidebands
and the optical carrier when the modulation index is smaller than unity. An example of the measured
output light spectrum is shown in Figure 7-12, where a 58 GHz wireless millimeter-wave signal was
irradiated at the device at a normal angle (6= 0 degree). The optical sidebands were observed clearly.

The intensity ratio between the sidebands and optical carrier was 50 dB.

50dB

Optical power (20dB/div)

Frequency (10GHz/div)

Figure 7-12 Measured output light spectrum by irradiating 58 GHz wireless millimeter-wave signal.

The measured modulation efficiency as a function of millimeter-wave frequency is shown by

the dots in Figure 7-13, when the irradiation angle of the wireless millimeter-wave signal was set to be
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normal to the device. The peak frequency of the fabricated device was about 58 GHz, which is almost

coincided with the calculation result as shown by the solid line in Figure 7-13.
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Figure 7-13 Measured modulation efficiency as a function of the operational

frequency of the millimeter-wave signals.

Figure 7-14 shows the modulation efficiency as a function of wireless irradiation angle
(directivity) in the xy-plane. The dots in Figure 7-14 shows the measured modulation efficiency, when
the frequency of the wireless millimeter-wave signal was set at 58 GHz. The largest modulation
efficiency was obtained with a normal irradiation angle. The measured directivity is in good agreement

with the calculation results of the designed device as shown by the solid-line in Figure 7-14.

550 60 70 -70 60 50"
Modulation efficiency (dB)

Figure 7-14 Measured modulation efficiency as a function of the irradiation

angle of the wireless millimeter-wave signals.

Figure 7-15 shows the modulation efficiency as a function of separation between the horn
antenna and the fabricated device, S. The dots in Figure 7-15 show the measured modulation
efficiency, when the wireless millimeter-wave signal frequency was 58 GHz and the irradiation angle

was set 0 degree. In the measurement, the optical side bands were observed clearly with the separation
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of 200 mm. | believe that a wireless millimeter-wave signal with a few meters separation can be
detected and converted to lightwave signal by increasing device performance and using photonic
technology such as an optical amplifier and filter. By using optical filter, the lower sideband
component can be eliminated and the optical carrier power can be reduced. As a result, the power ratio
between the optical carrier and sideband becomes larger compared with no optical filter utilization.
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—&— Exp. results for the suspended substrate in 58GHz
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————— Cal. results for the EO crystal substrate in 58GHz

Figure 7-15 Measured modulation efficiency as a function of separation

between the horn antenna and fabricated device.

Figure 7-15 shows also the modulation efficiency of the devices fabricated on an EO crystal
substrate only as a function of horn antenna and device separation. The square in Figure 7-15 shows
the measured modulation efficiency of the devices fabricated on EO crystal substrate only at
operational frequency of 26 GHz, where the antenna aperture is relatively large than. Based on the
measurement result, the modulation efficiency for 58 GHz operational frequency can be calculated as
shown by the dashed-line in Figure 7-15. We can see that the modulation efficiency enhancement of
about 20dB was obtained using the suspended structures than the device fabricated on the EO crystal

substrate only.

7.8 X-cut LINbO3-based device

An optical modulator using an x-cut Ti:LiNbO; waveguide suspended on a low-k dielectric
substrate was also proposed. The proposed device was designed for 60 GHz millimeter-wave signal
with the parameters as shown in Table 7-3. The proposed device was successfully fabricated and then

measured its performance for wireless millimeter-wave-lightwave signal conversion.
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Table 7-3 Device parameters for analyzing the x-cut LiNbO3-based suspended device.

Values

Low-k dielectric
Dielectric constant, &, 35
Thickness, h, 130 um
EO crystal (x-cut LiNbO3;)
Dielectric constant, &eo, (&8, &) (43,43,28)
Thickness, hgo 80 um
Operational frequency, fy, 58 GHz
Gap-embedded patch antennas
Antenna size, LxW 0.84 x 0.84 mm
Gap width, G 5um

|
tn
o

|
L
n

Mod. efficiency (dB)

|
o
o

1 1
54 56 58 60
Frequency (GHz)

(@)

Xx-cut LiNbO,

Mod. efficiency (dB)

1
-20 =10 0O 10 20
Irradiation angle (Degree)

(b)

128



Ln
-

y (dB)

-~
- -

Z-cutLiTaOy— =~ ~-- & _

Mod. eﬁ}cienc
Lhn
LN

I
o))
)

T

1 1 1 1
50 100 150 200
Antenna-device separation (mm)

O

(©
Figure 7-16 Measurement results of the fabricated optical modulator using a x-cut LiNbO5; waveguide suspended to

patch antennas embedded with a narrow gap on a low-k dielectric substrate. (a) frequency dependence,

(b) wireless irradiation angle dependence, (c) antenna-device separation dependence.

The measurement results of the fabricated device are shown by the red dotted in Figure 7-16.
The measured modulation efficiency as functions of the frequency dependence, wireless irradiation
angle dependence, and dependence of separation between the device and antenna transmitter were
reported. We can see that the x-cut LiNbO;-based device has modulation efficiency about 3 dB larger
than the z-cut LiTaOs-based device. The modulation efficiency improvement might be due to lower

effective dielectric constant and no buffer utilization in the x-cut LiNbOs-based device.

7.9 Modulation efficiency improvement

The basic operation of the proposed optical modulator using an EO waveguides suspended to
gap-embedded patch antennas on a low-k dielectric substrate was demonstrated experimentally for
direct wireless millimeter-wave-lightwave signal conversion. The measured results in the experiment

were in good agreement with the calculated results in the analysis.

Table 7-4 Comparison of the device fabricated on EO crystal only and on suspended with low-k dielectric substrate.

EO crystal suspended
EO crystal substrate
to low-k substrate

Effective dielectric constant, & ~42 ~7
Operational frequency, fn, 58 GHz 58 GHz
Patch antenna length, L ~0.3 mm ~0.8 mm
Patch antenna length, W ~0.3 mm ~0.8 mm
Receiving power (ratio) 1 ~4
Modulation index (ratio) 1 ~10
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In the proposed device, improvement of the modulation efficiency can be achieved, compared
to the devices fabricated on an EO crystal substrate with a large dielectric constant as shown in Table
7-4. For comparison between the proposed devices and the devices fabricated on a high-k EO crystal
substrate, the patch antenna length of the proposed devices is about two-times larger, and the antenna
receiving power is over four-times greater. Based on that, the interaction length becomes about two-
times since the antenna size corresponds to the millimeter-wave-lightwave interaction length in each
antenna. The received power of the suspended structures is improved about four-times since the
antenna aperture becomes four-times compered the device using a high-k EO crystal only as the
substrate. Furthermore, the induced millimeter-wave electric field across the gap becomes also about
five-times by considering dielectric constant value differences between the proposed device and the
device fabricated on a high-k EO crystal. Therefore, modulation efficiency improvement of about ten
times can be obtained owing to two-times interaction length and five-times induced electric field

across the gap.

Further modulation efficiency improvement can be obtained by adopting quasi-phase-matching
(QPM) array structures using polarization reversal structures [60]. The modulation efficiency can be
improved by another +6 dB. In addition, effective millimeter-wave-lightwave signal conversion can be
also further improved by utilizing photonic methods with an optical filter and amplifier [75]. | expect
that the proposed device can be used for wireless millimeter-wave signals with power of 10 mW. In a
radio-over-fiber (ROF) link, the converted lightwave signal can be detected by use of a high-speed

photo-detector for conversion from lightwave to millimeter-wave signal.

As a further advantage of the proposed devices, since a thin EO crystal (<100 pwm) is used, the
substrate resonant modes in millimeter-wave bands can be eliminated. By using a thin EO crystal, cut-
off frequencies of the substrate resonant modes become higher [85] [86]. Therefore, the proposed
suspended structures are effective to operation in the millimeter-wave band for enhancing the

modulation efficiency due to elimination of the substrate resonant modes.

7.10 Discussion and summary

New optical modulators using an EO crystal suspended to planar antennas on a low-k dielectric
substrate were proposed for wireless millimeter-wave-lightwave signal conversion. The effective
dielectric constant of the proposed devices becomes low compared to the devices fabricated on a high-
k EO crystal substrate. Therefore, the antenna aperture size becomes large. Additionally, the substrate
resonant modes can also be eliminated using a thin EO crystal (<100um). As a result, modulation
efficiency can be improved using the proposed devices compared to devices fabricated on a thick high-

k EO crystal substrate.

130



A wireless millimeter-wave signal can be received and converted directly to a lightwave signal
with the proposed device through EO modulation using the Pockels effect. The proposed devices were
fabricated successfully. Basic performance of the proposed device for operation in the millimeter-
wave band was demonstrated experimentally. The proposed devices have a compact structure and can

be operated with a low millimeter-wave signal loss and no external electrical power supply.

The proposed millimeter-wave-lightwave signal converters can be used for a variety of ROF
applications in communication, electromagnetic field measurements, radar, and so on. In
communication, large volumes of data can be transferred at a high rate to the users through wireless
millimeter-wave signals and to other access points through optical fiber links by the proposed
millimeter-wave-lightwave signal converters [69]. Therefore, the proposed devices can be used for

realize broadband mobile communication.

In electromagnetic field measurement, electromagnetic field characteristics such as magnitude,
phase, and polarization can be measured and identified using the proposed devices with low
millimeter-wave loss since no other microwave circuit is used in the measurement [73]. The proposed
devices are operated passively with no external power supply. Therefore, no-inductance
electromagnetic field measurements can be obtained through the ROF technology.

In a radar system, a microwave/ millimeter-wave signal is transmitted to and received from a
certain direction by use of an antenna array with a beam-forming controller. By considering basic
operations of the proposed device, a wireless microwave/ millimeter-wave signal with certain direction
can be received using an array structure and phase-inversed structures [44] [60] [75]. Therefore, the
proposed device can be used for optical beam-forming of the wireless microwave/ millimeter-wave

signal in the radar applications with the ROF technology.
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Chapter 8 Conclusion

8.1 General Conclusion

This dissertation described electro-optic (EO) modulators using planar antennas for wireless
microwave-lightwave signal conversion in the radio-over-fiber (ROF) technology. New EO
modulators using planar antennas were proposed with the fusion and integrated structures. Efforts for
enhancing device functionality and improving device performances were also done using several

device configurations with array and suspended structures.

In the Chapter 1, the backgrounds of this dissertation were presented relating on wireless
communication trends, capacity enhancement using high frequency operation such as 60 GHz bands,
ROF technology for coverage area expansion, and key devices in the ROF technology. The objectives

and structure of this dissertation were also explained and shown.

In the Chapter 2, the fundamentals and characteristics of the planar antennas and EO modulators
were discussed. Wireless microwave-lightwave signal conversion by combining the planar antennas
and EO modulators were presented briefly with discrete, integrated, and new fusion structures with
their features.

In the Chapter 3, new fusion EO modulators using a patch antenna embedded with a single
narrow gap were proposed. Antenna characteristics of the proposed devices are the same as the
standard patch antennas. Optical modulation can be obtained by utilization of a displacement current
and electric field across the gap. Basic operations of the proposed devices for wireless microwave-

lightwave signal conversion were verified experimentally.

In the Chapter 4, in order to improve functionality of the fusion devices, fusion EO modulators
using a patch antenna embedded with double narrow gaps were presented with two device
configurations. First, an EO modulator using a patch antenna embedded with two parallel gaps was
suggested for application as a Mach-Zehnder interferometer. Second, an EO modulator using a patch
antenna embedded with two orthogonal gaps was proposed for operation to wireless microwave signal
with two orthogonal linear polarizations. The circular polarization of wireless microwave signals can

be also received and converted to the lightwave signals using this proposed device.

In the Chapter 5, an integrated EO modulator using a planar Yagi antenna coupled to a resonant
electrode was proposed. This device advantages are higher antenna gain, and longer interaction length.

However, rather difficult precise tuning compared to the fusion EO modulators is the drawback.
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Modulation efficiency improvement was achieved using this proposed device compared to the

previous fusion structures.

In the Chapter 6, EO modulators using an array of planar antennas were proposed for improving
modulation efficiency and enhancing device functionality. Modulation efficiency is proportional to
antenna number, where transit time of the lightwave passing through each antenna is considered for
effective modulation. Double modulation efficiency improvement was obtained by EO modulator
using a new quasi-phase-matching (QPM) array of patch antennas embedded with a narrow gap. This
device has twice antennas with the same device length compared to the conventional array device. A
ROF link using this proposed device was demonstrated experimentally. Furthermore, an EO modulator
using a 2-D array of patch antennas embedded with orthogonal meandering gaps was proposed. 1-D
and 2-D beamforming receiving of wireless microwave signals were achieved through optical

technology.

In the Chapter 7, optical modulators using thin EO waveguides suspended to planar antennas on
a low-k dielectric substrate were proposed. A large antenna size and long interaction length was
obtained using the proposed devices compared to the device fabricated on an only EO crystal substrate.
Modulation efficiency was improved. Additionally, substrate resonant mode can be eliminated since a
thin EO crystal is used. These structures are promising for high frequency operation such as in

millimeter-wave bands.

8.2 Current research progress

In this dissertation, | have proposed EO modulators using planar antennas with fusion and
integrated structures for wireless microwave-lightwave signal conversion. The operation of the
proposed devices were verified and demonstrated experimentally. | proposed also several device
configurations for improving device performance and enhancing device functionality. Currently, the
modulation efficiency still remains low in several tens milli-radian per watt by irradiating a wireless
microwave signal from the space. A ROF link using the proposed devices was also demonstrated
firstly. The measured carrier-to-noise ratio (CNR) of the ROF link remains still low. In order to
transfer the data in the ROF link, CNR enhancement is required by improving modulation efficiency

of the proposed devices.

Research progress of the proposed EO modulators using planar antennas for wireless
microwave-lightwave signal conversion is reported in Figure 8-1. The research roadmap of the EO
modulators using planar antennas is illustrated in Figure 8-2. Several EO modulators using planar
antennas were proposed and developed. Verification of basic operations of the proposed devices and
efforts for improving modulation efficiency and enhancing device functionality were also reported and

discussed.
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As the current status, 60 GHz millimeter-wave optical modulators using EO waveguides
suspended to planar antennas on a low-k dielectric substrate were proposed. | expect that the
modulation efficiency improvement of about 20 dB can be obtained than the EO modulators using
planar antennas fabricated on an only EO crystal as the substrate. As a result, the CNR of the ROF link
using the suspended structure becomes larger. For more effective device performance, further
modulation efficiency is still required as the suggested activities in the future.
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Figure 8-1 Research progress on the EO modulators using planar antennas

for wireless microwave-lightwave signal conversion.

In order to achieve higher device performance, modulation efficiency should be improved
furthermore. The modulation efficiency of about 0.4 rad/W might be enough for achieved 1 Gbps data
rate since large bandwidth of about 100 MHz in the 60 GHz millimeter-wave bands is used. The
modulation efficiency of the proposed devices can be improved in further using several techniques.
First, by increasing antenna numbers in the array structures, the antenna performance becomes large
[87]. In this technique, the modulation efficiency can be improved due to the antenna performance and
interaction length of the microwave and lightwave electric fields. The modulation efficiency can be
improved using over 30 antenna numbers in array structures. However, the array structures have

narrow beam width as a drawback [88]. It can be solved using many devices with array structures for
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several wireless irradiation angles [82]. The other technique for improving modulation efficiency is by
using a microwave lens for collecting the microwave signal from the space to the proposed devices
[89]. As a result, the microwave signal can be received effectively by use of the proposed device. The
photonic technology using an optical amplifier and filter are also promising to improve the device
performance [60]. One sideband will be cut by using the optical filter and the optical carrier will be cut
also. As results, the single sideband optical spectrum can be obtained with larger sideband-carrier ratio
of the optical power. Therefore, the device performance can be improved using the technigques for
obtaining large modulation efficiency. | believe that the modulation efficiency of about 0.4 rad/ W can
be obtained. By using the expected modulation efficiency, large CNR of about 40 dB can be achieved
for data transfer through the ROF link using the proposed devices. Therefore, 1 Gbps data rate might

be achieved since the 60 GHz millimeter-wave bands is used.
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Figure 8-2 Roadmap of the research on EO modulators using planar antennas

and the wireless communication trends.

8.3 Future research prospects

In this section | would like to discuss the future research prospect relating the EO modulators
using planar antennas for wireless microwave-lightwave signal conversion in the ROF technology.
The current remained issues were discussed in the previous section. In order to solve the issues,
several techniques for improving modulation efficiency in further of the proposed devices can be

adopted.

The research progress and roadmap of the EO modulators using planar antennas are shown in

Figure 8-1 and Figure 8-2, respectively. The next issue is modulation efficiency improvement for
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achieving high data rate in wireless communication through the ROF link. The techniques for
improving the modulation efficiency were discussed in previous section. The suggested techniques are

important activities in the future.

Advanced devices for improving modulation efficiency and enhancing functionality can be
proposed in further. One attractive design is optical modulators using stacking planar antennas with
stacking materials. The devices are composed of several thin EO waveguides on a low-k dielectric
substrate. The planar antennas are inserted between them as the stacking structures. The stacking
planar antennas are used as parasitic elements for improving the device performance such as antenna
gain and directivity. As a result, modulation efficiency of the new proposed device can be improved.
Additionally, several modulated lightwave signals can be also obtained since thin EO waveguides are
used in the proposed device at each layer of the stacking structures. Based on this, new functionality of
the new proposed device can be achieved also.

The proposed devices are promising for several attractive applications such as communication,
electromagnetic compatibility, sensing, and so on. The device applications should be also
demonstrated experimentally in the laboratory for verifying the device functionality. The activities are
also the suggested for the next activities as shown by the research roadmap in Figure 8-2.

As the trends, the broadband wireless communication is required always for anticipating the
bottleneck of the data traffic in the future, since the data traffic are always increased every years. The
wireless communication trends are illustrated in Figure 8-2. The wireless communication with large
bandwidth can be realized using 60 GHz millimeter-wave signal with ROF technology. Broadband
wireless communication with about 1 Gbps data rate will be established soon by considering the
demands to large capacity of the data traffic as predicted by the Cisco [6] [7]. | believe that the
proposed devices can be used to implement in the broadband wireless communication with ROF
technology for wireless microwave-lightwave signal conversion. The proposed devices are located on
the base-station units for receiving wireless microwave signals from mobile devices and converting
the microwave to lightwave signals directly. Then, the lightwave signals are transferred to others base-
station units through optical fibers with low propagation loss. The optical fibers are used for enlarging

the coverage areas using many base-stations with pico/ femto cells.

The other attractive applications of the proposed device are electromagnetic compatibility
(EMC) measurement, automotive radar, remote sensing, and so on. By using the proposed devices
through the ROF technology, no induction EMC measurement can be realized [68] [90] [91]. This
technique is useful in the future since precise measurement in the high operational frequency with low
losses is required. As a sensing application, automotive radar with millimeter-wave signal and short

range detection can be also realized for improving the safety [92] [93].
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