SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Terahertz wave phase stabilization for ultra-
high frequency wireless communication

PRUF TF45 EVF4 ATFEL

https://hdl.handle. net/2324/7157364

HARIER : FUKREE, 2023, 1§t (24) , REEL
N— 30

HEFIBAMR

.

W KYUSHU UNIVERSITY




TERAHERTZ WAVE PHASE STABILIZATION FOR ULTRA-HIGH
FREQUENCY WIRELESS COMMUNICATION

AMALINA ATHIRA BINTI IBRAHIM

KYUSHU UNIVERSITY












Thesis Committee:

Supervisor
Co-Supervisor

Co-Supervisor

Date

A thesis submitted in fulfilment of the
requirements for the award of the degree of

Doctor of Philosophy

Prof. Yuji Oki
Prof. Shunji Kimura
Prof. Kazutoshi Kato

31JULY 2023






TERAHERTZ WAVE PHASE STABILIZATION FOR ULTRA-HIGH
FREQUENCY WIRELESS COMMUNICATION

AMALINA ATHIRA BINTI IBRAHIM

A thesis submitted in fulfillment of the
requirements for the award of the degree of

Doctor of Philosophy

Department of Electrical and Electronic Engineering
Graduate School of Information Science and Electrical Engineering

Kyushu University

JULY 2023






DEDICATION

For my beloved family and Malaysia-Japan relationship.



ACKNOWLEDGEMENT

I would like to express my deep gratitude to all those who have contributed
significantly to the preparation and completion of this thesis. Their guidance, support,
and contributions have been invaluable to my academic journey. First and foremost,
my heartfelt appreciation goes to my academic supervisor, Prof. Kazutoshi Kato, for
his unwavering commitment, vast knowledge, insightful ideas, and constructive
criticism throughout this research. I am truly grateful for his guidance. I am also
indebted to my external academic supervisor, Prof. Osamu Mikami, for his valuable
guidance and inspiration in shaping my research direction and methodology. Sincere
gratitude goes to Dr. Yuya Mikami, an assistant professor, for his invaluable guidance,
inspirational insights, and valuable suggestions that significantly enhanced the quality
of this research project.

Furthermore, 1 would like to acknowledge and extend my gratitude to Prof.
Yuji Oki and Prof. Shunji Kimura for their invaluable contributions as members of my
thesis committee. Their expertise, feedback, and valuable suggestions have greatly
enriched the content of this thesis and improved its overall quality.

| am immensely grateful to the Japan International Cooperation Agency (JICA)
for their sponsorship under the 4™ Innovative Asia program, enabling me to pursue this
research and fostering academic growth.

I would like to acknowledge and thank my postgraduate friends, whose support
and camaraderie have been invaluable. | express my gratitude to Takashi Shiramizu,
Hanwei Chen, Shenghong Ye, Bo Li, Kazuya Kondo, Qingjie Song, Naoya Seiki, Ruo
Yamamoto, Yuki Matsuo, Yusuke Kawai, Momone Ida, Chengyuan Qian, Naoto
Masutomi, Ryo Doi, Haolan Tang, Chong Zhang, Aoi Asano, and Hussein Ssali for
their friendship and shared experiences. Furthermore, | extend my appreciation to Dr.
Ming Che, a research fellow in our lab, for his valuable insights and contributions, as
well as Ms. Ikumi Fukamachi, our laboratory's secretary, for her exceptional support
and organizational skills.

To my beloved family, especially my parents, Mr. lIbrahim Mohamad and Dr.
Nor Rizah Abdul Rashid, thank you for your unwavering support and encouragement.
| am also grateful to my siblings, Siti Nabila Aishah, Amirul Al-Amin, Al-Muizzuddin
Hakim, Amirah Syazana, and Agilah Nabighah, for their continuous belief in me.
Lastly, I would like to extend my deepest gratitude to my friends Dr. Fatin Hazwani
and Zihong Ye, whose help and support made this academic journey more enjoyable.
To all those whose names couldn't be mentioned, your contributions have not gone
unnoticed. I am truly grateful for the assistance and encouragement from each and
every one of you. Finally, | dedicate this thesis as a testament to my efforts and as a
token of appreciation to all those who have supported and believed in me. Thank you
for being an integral part of my academic journey.



ABSTRACT

As a high-frequency carrier, the Terahertz (THz) wave is essential for
achieving high-data-rate wireless transmission due to its ultra-wide bandwidth. Phase
stabilization becomes crucial to enable phase-shift-based multilevel modulation for
high-speed data transmission. A Mach-Zehnder interferometric phase stabilization
technique for photomixing is developed, which has proved a promising method for
phase-stable continuous THz-wave generation. However, this method faces
inefficiencies in generating phase-modulated THz waves due to the impact of the phase
modulator on the phase stabilization system. By photomixing, which is a promising
method for generating terahertz waves, the phase of the generated waves can be
controlled in the optical domain, so that the stability of the generated THz wave can
be controlled by photonics technologies. Thus, a novel phase stabilization approach
using backward-directional lightwave is devised, which is overlapped with the THz
wave generation system. This study presents a conceptual and experimental
framework for stabilizing the phases of optical carrier signals at different frequencies.
| compare the optical domain and transmission performances between forward-
directional and backward-directional phase stabilization methods. Remarkably, our
results demonstrate error-free transmission at a modulation frequency of 3 Gbit/s and

higher.
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CHAPTER 1
INTRODUCTION

1.1  Research Background

In the 21% century, mobile device usage has increased dramatically, which is
quite amazing. New gadgets with improved capabilities and intelligence are introduced
every year, and this leads to their market adoption. This is a result of the continually
strong demand and the industry rapid rate of innovation. The rise of machine-to-
machine (M2M) applications including video surveillance, healthcare monitoring,
transportation systems, and device tracking systems is also contributing to this
explosion in mobile devices. The development of devices and connections is
significantly influenced by these M2M applications. Cisco Annual Internet reports that
M2M connections increased significantly from 2018 to 2023 [1], as seen in Figure 1.1.
The number of M2M devices are more than doubling in number by 2023 compared to
2018.

[EEN
(op]

e e
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Devices (Billions)
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2018 2019 2020 2021 2022 2023
Year

Figure 1.1 Global trend of M2M from 2018 to 2023
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In response to the increasing demand and the need to enhance service
capabilities, there has been a race to improve data rates. Boosting data rates is crucial
to meet the ever-growing service requirements. This phenomenon aligns with
Edholm's Law, which states that bandwidth and data rates double every 18 months.
This law has proven to be remarkably accurate in predicting the ongoing progress of
data transmission speeds. In 1995, wireless transmission operated at approximately 5
to 10 kbit/s, which significantly increased to 100 kbit/s by 2004 [2]. The transition
from 3G technologies during 2000-2010 witnessed data rates ranging from several
Mbit/s, followed by 4G LTE offering download speeds of up to 100 Mbit/s within
2010-2020. Today, the deployment of 5G networks has expected to reach the speed up
to 10 Gbit/s, as illustrated in the Figure 1.2, aligning with Edholm’s law. Furthermore,
by 2030, the industry aims to reach a peak data rate of 1,000 Gbit/s (1 Thit/s) for in
6G.

103 Edholm's Law 1 Thit/s
—_ e  Actual Data
s 1
2 101
)
S
g10 o5 x 102 Ghit/s
xR
- ® 5x 102 Gbit/s
® 1 x 10 Ghit/s
-5 1 x 105 Gbitls

10 7995 2000 2005 2010 2015 2020 2025 2030 2035
Year

Figure 1.2 The data rate of wireless communication from 1995 up to 2035

This situation of racing to increase bandwidth is also aimed at enabling mobile
life beyond 2030. This aligns with the target of evolving modes of communication
between 2022 and 2030, as reported by the Ericsson White Paper shown in the Figure
1.3. Today, communication based on audio-visual digital communication is
transitioning towards additional sensory experiences. By 2030, digital experiences will
become more immersive, starting with extended reality (XR) and progressing towards

holographic communication. Beyond 2030, multisensory extension will gradually
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enhance the level of immersion beyond audio-visual, incorporating other senses such

as touch, taste, and smell [3].

beyond 2030:
Sensory
Communication

2023: 2D Video
Communication

2030: 3D XR
communication

Figure 1.3 Evolving mode of communication from 2023 and beyond

1.2 THz Waves: Meeting High-Speed Communication Needs

Attention is being drawn to the Terahertz (THz) frequency band as a potential
answer to the growing need for high-speed wireless communication. Since the 2000s,
THz waves have been referred to as submillimeter waves since they fall between
microwaves and infrared light waves in the electromagnetic spectrum. The term "THz
waves" now refers to frequencies between 0.1 THz and 10 THz. [4]. These THz bands
offer ultra-wide bandwidth, making them suitable for numerous application areas that
require high data rates exceeding tens of Gbps, including communication at both nano-
scale and macro-scale levels [5]. As result, THz communication has the potential to
provide ultra-wide bandwidth, enabling extremely high transmission rates [6]. This
makes it suitable for high-capacity wireless communication systems and potential
future technologies like 6G access networks.

To assess the potential data capacity of acommunication channel, the Shannon-
Hartley theorem provides a fundamental mathematical equation that correlates the
channel capacity, C with the available bandwidth, B and the signal, S-to-noise, N ratio
the channel. The theorem is expressed as follows:

C =B log, (1+%> (1)
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In principle, the Shannon-Hartley theorem establishes that the capacity
(transmission rate), C of a communication channel is directly proportional to the
bandwidth and the logarithm of the signal-to-noise ratio. The bandwidth, B denotes the
range of frequencies allocated for communication, while the signal-to-noise ratio
quantifies the ratio of desired signal power to background noise power within the
channel.

In practical terms, this means that the transmission rate is directly influenced
by the available bandwidth. Same situation as the signal-to-noise ratio improves, the
transmission rate increases. However, the rate of increase becomes smaller as the
signal-to-noise ratio reaches higher levels. This is because the relationship between the
signal-to-noise ratio and the transmission rate is logarithmic, meaning that the gains
achieved become gradually smaller with each improvement in the ratio. To achieve
significant increases in the transmission rate, it is more effective to focus on increasing
the available bandwidth, as wider bandwidths have linear impact on the transmission

rate.

By using higher frequencies, which enable wider bandwidths, the transmission
rate can be significantly improved. Current 5G technology also use higher frequency
range than conventional radio wave, 400 MHz to 52.6 GHz to achieve their target data
rate at 20 Gbit/s [7]. Similarly, for the future 6G communication systems aiming to
achieve data rates of up to 1 Thit/s, higher frequency ranges such as the THz wave

frequency range will be required.
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1.3 THz Wave Generation Method

Terahertz wave is generated by either all-electronic approach employing
electronics devices for both THz emitter and receiver and opto-electronics approach
which based on photonic generation on high-speed THz signal. Here, the summarize
up-to date of THz wave generation method in Table 1 for all-electronics and opto-
electronics approach and the explanation of each approach. First, there are several
methods based on all-electronic approach. There is Heterojunction Bipolar Transistors
(HBTS), Field-Effect Transistors (FETs), Schottky Diodes and High Electron Mobility
Transistors (HEMTs). Meanwhile, in opto-electronics approach, there are some
approaches such as Photonic Integrated Circuits (PICs), Quantum Cascade Lasers
(QCLs) and photomixer. The simplified configuration of both main approaches can be

illustrated as in Figure 1.4.

The all-electronics approach relies solely on electronic devices in its
configuration, as shown in Figure 1.4 (a). This approach offers notable advantages
such as excellent resolution and adaptability for THz applications. However, certain
applications require THz measurements for wideband and high-speed signals that
exceed the speed and bandwidth capabilities of electronic devices [8]. In such cases,
photonics-based methods can provide a solution with wider bandwidths [9]. The opto-
electronic approach in Figure 1.4 (b) utilizes a fiber optic configuration, enabling
seamless connectivity between fiber optic and wireless communication networks. This
approach offers the potential for generating THz waves with wider bandwidths and
higher speeds compared to purely electronic methods. Taking these factors into
account, opto-electronics THz generation method is chosen for this research.
Specifically, the photomixing technique is employed as a key method for generating

THz waves.
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Table 1 Technology of all-electronic and electronic-photonic approaches for

generating THz wave

Approach

Explanation

References

All-Electronics

Heterojunction
Bipolar Transistors
(HBTSs)

HBTs can be employed to generate THz waves by
exploiting their high-frequency capabilities. By biasing the
transistor appropriately, THz waves can be emitted through

the interaction of charge carriers within the device.

[10], [11]

Field-Effect
Transistors (FETS)

FETs can be utilized to generate THz waves by leveraging
their high-frequency response. By applying suitable
electrical signals and biasing conditions to the FET, THz
waves can be generated through the modulation and

interaction of charge carriers within the device.

[12], [13]

Schottky Diodes

Schottky diodes can be utilized to generate THz waves by
exploiting their nonlinear characteristics. By applying an
appropriate electrical signal to the diode, THz waves can
be generated through the mixing and rectification of high-

frequency signals.

[14], [15]

High Electron
Mobility Transistors
(HEMTS)

HEMTSs can be employed to generate THz waves by
leveraging their high-frequency capabilities and high
electron mobility. By controlling the biasing conditions
and applying suitable electrical signals, THz waves can be
generated through the interaction of charge carriers within

the device.

[16], [17]

Optoelectronics

Photonic Integrated
Circuits (PICs)

PICs offer a compact and integrated platform for
generating and manipulating THz waves. They leverage
the principles of photonics to generate and control THz
signals within a chip-scale device. The components within
the PIC work together to generate THz waves through
processes such as optical-to-electrical conversion and

modulation.

[18]-[20]

Quantum Cascade
Lasers (QCLSs)

QCLs are semiconductor lasers specifically designed to
emit THz waves. They employ quantum cascade structures
that enable the emission of THz radiation through
intersubband transitions within the semiconductor layers.
The QCL setup typically includes a power supply and

temperature control to maintain optimal operation.

[21], [22]

Photomixers

Photomixers generate THz waves through the process
of optical mixing. The setup involves two optical waves,
typically generated by lasers, which are combined in a
photomixer device. The mixing of these optical waves
within the photomixer leads to the generation of THz

radiation.

[23]-[26]

16




Data Signal

\
. YAntenna
Elseict;;clal Electrical I\
Y Modulator
Generator
Amplifier
(a)
Data Signal
\
|mm—————— H Antenna
- e icale 1
Optical Optical i~ao | Optical- | I\ Y
Signal Modulator —: _A—===7 Electrical
Generator (Rag L_c_oEv_eEe_r__: I/
Optical Amplifier
Amplifier
(b)

Figure 1.4 THz wave generation approaches; (a) all-electronics and (b) opto-electronics.

Photomixing is a technique that involves the use of a specific device called a
photomixer, which can convert optical signals into electrical signals and generate THz
waves as shown in Figure 1.5. By introducing two continuous lightwaves with
different frequency of f; and f> into the photomixer, such as a photoconductor or
photodiode, the optical-to-electrical conversion occurs, resulting in the generation of
THz waves. The frequency and phase of the generated THz wave depend on the
difference of f1 - f> and phase difference of p1— ¢2 between the original two lightwaves.
Among the various types of photomixer available, the uni-traveling carrier photodiode
(UTC-PD) is commonly used due to its high-speed response and efficient conversion
of optical signals into THz waves. The UTC-PD offers advantages such as higher

operation current and lower operation voltage [27].

THz waves have a lot of appeal for communication because of the large
bandwidth and promise for high-capacity wireless data transmission. When utilizing

the wide bandwidth of THz waves for data communication, multilevel modulation
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Figure 1.5 Basic system of photomixing technique

becomes essential. By employing multilevel modulation techniques, frequency
utilization efficiency can be increased and enable unique applications such as ultra-

high-speed stream data transmission.

1.4  Development Trend in Multilevel Modulation Technique

In this sub-chapter will explore the development trends in multilevel
modulation from recent research papers published in the last five years up to June 2023

made by various countries with carrier frequencies of 100 GHz as in Table 2.
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Table 2 Publication of papers on wireless communication with carrier frequency above
100 GHz, achievable modulation rate and modulation scheme applied in recent five
years up to June 2023

Carrier - -
frequency MOdUI‘Et.'t(lm MOd#Iatlon Approach Technology Coun_try/ Year Reference
(GHz) rate (Gbit/s) scheme Region
80, 120, -
160 0.1 BPSK Opto-Electronic PD Netherland 2020 [28]
92-105 10 OOK Opto-Electronic UTCPD Spain 2019 [29]
100 10 00K Alternative Metasurface China 2023 [30]
Approach
110-170 48 QAM All-Electronic HBT India 2017 [31]
125 4 4,10 QAM | Opto-Electronic PD Taiwan 2022 [32]
130 36 QPSK All-Electronic HBT USA 2018 [33]
Transistor-
149 0.01 OOK All-Electronic Based USA 2022 [34]
Oscillators
150 30 PAM4 All-Electronic CMOS USA 2020 [35]
Transistor-
196 20, 40 BPSK All-Electronic Based France 2023 [36]
Oscillators
220-260 110 16QAM All-Electronic HBT Germany 2020 [37]
BPSK, . .
240 30, 50 QOPSK All-Electronic HBT China 2022 [38]
300 13 QPSK Opto-Electronic Photomixer Japan 2018 [39]
300 16 QPSK All-Electronic CMOS Japan 2021 [40]
300 25 PAM4 Opto-Electronic PIC Japan 2022 [41]
300 48 PAM4 Opto-Electronic RTD UTCPD Japan 2022 [42]
. CMOS and
300 56 64-QAM All-Electronic INP-HEMT Japan 2021 [43]
16-QAM, ]
300 100 32-QAM Opto-Electronic UTCPD Japan 2023 [44]
OOK, Alternative
300 104 OAM Approach Metasurface Italy 2022 [45]
300 160 OOK, Opto-Electronic PIC Germany 2022 [46]
QAM
300 50, 100 QPSK Opto-Electronic UTCPD Japan 2020 [47]
310 60 PAMA4 Opto-Electronic UTCPD China 2021 [48]
320 84.4 QAM | Opto-Electronic | OPIOEIeCtronic | g, 2023 [49]
evices
QPSK,
325 140 16-QAM, Opto-Electronic UTCPD China 2022 [50]
64-QAM
339 124.8 256-QAM Opto-Electronic UTCPD China 2022 [51]
350-475 120 QPSK Opto-Electronic UTCPD China 2017 [52]
375-500 120 QPSK Opto-Electronic Photomixer China 2018 [53]
Transistor-
4415 35 OOK All-Electronic Based China 2017 [54]
Oscillator
450 16 QPSK Opto-Electronic Photomixer China 2017 [55]
450 132 64QAM Opto-Electronic UTCPD China 2019 [56]
OOK, . Optoelectronic .
500 144 OPSK Opto-Electronic Devices China 2022 [57]
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In particular, Table 2 summarizes advancements in wireless communication
research with carrier frequencies above 100 GHz, highlighting achievable modulation
rates and applied modulation schemes. Notably, the focus has been on exploring the
scope of THz waves, pushing the boundaries of carrier frequencies, modulation rates,
and modulation scheme levels. This progress has been achieved through the integration
of opto-electronic and all-electronic approaches for achieving higher modulation

levels.

In 2017, the all-electronic approach utilizing Heterojunction Bipolar
Transistors (HBT) demonstrated successful modulation of QPSK at frequencies
ranging from 110 GHz to 170 GHz, achieving a transmission rate of 48 Gbit/s.
However, it was in 2018 that the opto-electronic approach employing a photomixer
technology enabled the transmission of QPSK at 300 GHz, showcasing a significant
leap in both frequency and modulation rate. Since then, the exploration of opto-
electronic technologies has gained traction. In 2020, the utilization of opto-electronic
BPSK modulation achieved a modest modulation rate of 0.1 Gbit/s at carrier
frequencies of 80 GHz, 120 GHz, and 160 GHz by the Photodiode (PD) technology.
Moreover, an alternative approach utilizing metasurface technology enabled OOK
modulation at 100 GHz with a 10 Gbit/s modulation rate, marking a novel achievement

in wireless communication research.

Then, the significant advancements in both modulation rates and scheme levels
is observed. In 2021, the all-electronic approach combined CMQOS and InP-HEMT
technologies to achieve an impressive modulation rate of 56 Gbit/s using 64-QAM
modulation at 300 GHz. Additionally, opto-electronic approach by the UTC-PD
technology facilitated the transmission of 104 Gbit/s at the same frequency, employing
various modulation schemes including OOK and QAM. Furthermore, the opto-
electronic approach proved in achieving higher modulation scheme levels. In 2022,
Photonic Integrated Circuit (PIC) technology allowed for 160 Gbit/s modulation rates
with combined OOK and QAM schemes at 300 GHz. Similarly, advancements in
UTC-PD technology pushed the modulation scheme level to 256-QAM at 339 GHz,
achieving a remarkable 124.8 Gbit/s modulation rate.

20



Figure 1.6 shows the comprehensive visual representation of the relationship
between modulation rate and the year of paper publications, showcasing the
progression of research efforts in achieving higher transmission speeds. Each data
point on the graph represents a specific combination of modulation scheme, approach,
and year. The x-axis spans from 2017 to June 2023, providing a timeline of research
progress, while the y-axis represents the achieved modulation rate in Gbit/s. Different
multilevel modulation schemes are denoted by various symbols assigned to each data
point, including OOK/BPSK, QPSK/QAM, PAM4, 16-QAM, 32-QAM, 64-QAM,
and 256-QAM. The graph use colors to differentiate between the different approaches
utilized in the research.

The graph shows that an increasing transmission speeds progress over time that
employed various approaches, both all-electronic and opto-electronic, to achieve
higher modulation rates. Significantly, the graph highlights the highest data rate
achieved during this period, which reached 160 Gbit/s using the OOK/BPSK scheme
in 2022. Moreover, it signifies the prominent contribution of opto-electronic

approaches in increasing the transmission rates via different multilevel techniques.

160 =
2
[ Legend
~120] = » ® OOK/BPSK
2 o B QPSK/QAM
o) s ® PAM4
O] *  16-QAM
= 80 - = A 32-QAM
= ®  64-QAM
nd 3 X 256-QAM
< LS [ ] ] 3 ®  All-Electronic
w 40 - - ° ®  Opto-electronic
()] ° z Alternative Approach
- [ )
04 *® ° : | - :
2017 2018 2019 2020 2021 2022 2023
Year

Figure 1.6 Progress of data rate from 2017 up to June 2023 with different modulation
schemes and approaches
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Figure 1.7 illustrates the relationship between data rate and carrier frequency.
It shows that the carrier frequency has been increased up to 500 GHz in order to
explore more available bandwidth in higher frequency band for carrying high-speed
information. It shows that the opto-electronic approaches have significantly
contributed to achieving very high transmission rates, particularly above 80 Gbit/s.
The graph indicates that frequencies above 300 GHz are predominantly addressed
using opto-electronic approaches. Among all-electronics approaches, the highest
transmission bit rate of 110 Gbit/s has been achieved at 220 GHz, while the opto-
electronics approach has achieved 140 Gbit/s at 500 GHz. Besides that, as the carrier
frequency increases proportionally the data rate can be achieved the same modulation
scheme. For instance, the OOK/BPSK modulation scheme, with a symbol of e, attains
0.1 Gbit/s at 100 GHz and 140 Gbit/s at 500 GHz.

1601 .
L ] | ] ®
[ Legend

b g ® OOK/BPSK
—_ J
L 120 o m  QPSK/QAM
‘S 7 & PAM4
0) *  16-QAM
:: 80 1 = A 32-QAM
= *  64-QAM
o ‘0 x  256-QAM
4‘3 ™ [ 3 n ®  All-Electronic
< 40 - ° ®  Opto-electronic
()] * L z Alternative Approach

[ )
= = " .
0 ° o" oo ®
100 200 300 400 500

Carrier Frequency (GHz)

Figure 1.7 Relationship between carrier frequency and transmission rate

Therefore, the relationship between the achieved data rate and the bits per
symbol to elucidate multilevel modulation is analyzed in Figure 1.8 . The graph
indicates an accumulation of data points at 1 and 2 bits per symbol for the modulation
schemes of OOK/ BPSK and QPSK/ QAM/ PAM4, respectively. Furthermore, the
graph indicates that the opto-electronics approach achieves the highest bit per symbol.
To date, the highest achieved bit per symbol is 8, achieved by 256-QAM at 120 Gbit/s.
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Figure 1.8 Relationship between data rate and the bit per symbol

1.5  Proposal of Generating Phase Modulated THz Wave by Photomixing
Approach

As discussed earlier, photomixing has gained attention due to its ability to
achieve high-frequency THz wave generation with excellent spectral purity and wide
tunability. The UTC-PD, as a photomixer, being a key component in this technique,
where it converts the optical power of the input lightwaves into a current. By
introducing two continuous lightwaves with different frequencies of f1 and f; into the
photomixer, resulted in the generation of THz waves. Let's say the initial lightwave is
given below,

E, = A, el@Tfit+ o) 2)
E, = A, eiCGmfat+ ¢2) (3)
the frequency and phase of the generated THz wave depend on the frequency
difference of fi — f; and the phase difference of ¢1 — ¢> between the original two

lightwaves, as shown in the equation below.

Erpy, & |Ey + Ey|? o A” + A% + 2414, C05(27T(f1 — ft+ (@ — ‘Pz)) 4)
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One advantage of photomixing is offering a flexible and tunable approach to
THz wave generation. By adjusting the frequencies of the input lightwaves, the
generated THz frequency is controllable, allowing for versatile applications in
different communication scenarios. However, despite its promise, photomixing faces
challenges that need to be addressed for practical implementation. One significant
challenge is the phase stability of the lightwave, particularly for implementing

multilevel phase modulation.
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Figure 1.9 OFC-based technique of photomixing.

Figure 1.9 shows an optical frequency comb (OFC)-based photomixing
technique for THz wave generation [58], [59]. In this technique, two lightwaves,
whose optical frequencies are denoted as f1 and f2, are extracted from the OFC using a
wavelength selective switch (WSS). The extracted lightwaves are passing through
phase modulator (PM) that has been introduced electrical signal by the pulse pattern
generator (PPG) on the upper path then combined with lightwave lower path using an
optical coupler (OC). Although the initial phase locking of f; and f2 is achieved, the

Ery, = Ai” + A" + 24,4, 505(2”(f1 —ft+ (g1 — @2 + @noise)) (5)
generated THz wave may experience phase fluctuations, ¢noise, due to path length
variations in the optical fibers between the optical filter and the OC. THz wave will

always change based on the gnoise as shown in the above. Therefore, phase stabilization
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techniques for the lightwaves are necessary to ensure the stability and reliability of the
THz wave generated through photomixing.

A phase stabilization system using the Mach-Zehnder Interferometric (MZI)
phase stabilization method [60]-[62] is developed. This method involved introducing
a pilot lightwave, fo, which can be represent as,

E, = A, et ) (6)
into the THz wave generation system, which can be considered an MZlI, as in Figure
1.10. As the pilot lightwaves from the top,

Eol — AO ei(znft+(§0+(pnoise)) (7)
and bottom path,

E,, = A, el@r/t+e) (8)
interfere after OC, the ¢noise IS expected can be detected and to be corrected. The

interference signal,

Pinterference = ZAOZ( 1+ COS((pnoise) ) (9)
is then converted into an electrical signal and introduced into optical.
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Figure 1.10 MZI phase stabilization method
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By controlling the intensity interference of the pilot lightwave at a specific value, the
stabilization of the THz wave generation system was achieved.

This approach was successfully demonstrated the transmission of THz-wave
data using intensity modulation-coherent detection. However, it is this method is not
suitable for THz-wave phase modulation (PM), which is necessary for implementing
multilevel PM schemes such as quadrature phase shift keying (QPSK) or 16-state
quadrature amplitude modulation (16QAM). However, the pilot lightwave used in the
MZI-based stabilization system would also undergo phase modulation, making it
unable to accurately detect and compensate for phase fluctuations.

Thus, this thesis came up with a novel phase stabilization technique for a
photomixing-based THz-wave phase modulation system which the pilot lightwave
being introduced from the backward direction of the generation system. This study

will be discussed more in next chapter.

1.6 Topics in This Thesis

In chapter 2 will discuss the development of the novel phase stabilization
technique for a photomixing-based THz-wave phase modulation system started with
the phase detection method using MZI method, channel setting of Wavelength
Selective Switch (WSS), and the phase modulator mechanism. This study has been
presented in International Workshop on Plasma Application and Hybrid Functional
Materials (March 2022), IEEE International Semiconductor Laser Conference
(October 2022) and the 27th OptoElectronics and Communications Conference
(OECC) and 2022 International Conference on Photonics in Switching and Computing
(PSC) (July 2022).

In Chapter 3 proceed by employing the new phase stabilization system into the
THz wave generation setup. This stage in to validate the phase stabilization system in
optical domain of THz wave generation system. This study also has been presented in
27th Microoptics Conference (MOC2022) (September 2022), URSI GASS 2023
(August 2023) and MDPI Electronics.
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In Chapter 4 procced by generating the phase modulated THz wave and
validate the detected signal stability. This result has also being presented in 2022 Asia-
Pacific Microwave Conference (APMC) (November 2022), TeraTech (September
2023) and MDPI Electronics.

Finally conclude this thesis in Chapter 5.
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CHAPTER 2
DEVELOPMENT OF A NEW METHOD OF PHASE STABILIZATION FOR
PHOTOMIXING SETUP

2.1 Introduction

The generation of THz waves using photomixing has emerged as a promising
technique. However, the quality of the phase-modulated lightwave and the resulting
THz wave is significantly impacted by phase fluctuations. In this chapter, a novel
method for phase stabilization of a photomixing setup is presented. The proposed
method utilizes a MZI system, wavelength selective switch (WSS) and introduces the
pilot lightwave from the backward direction as understanding the phase modulator
mechanism to stabilize the phase of the THz wave carrier generation system. The

effectiveness of the phase stabilization system is experimentally demonstrated.

2.2  Phase Stabilization System Using Mach-Zehnder Interferometer (MZI)

Two of the most practical methods of the lightwave for photomixing are the
free-running laser-based approach [63] and the optical frequency comb (OFC)-based
technique [64]. For the free-running laser-based approach, the optical frequencies of
the two lasers are not constant and the optical phases fluctuated independently [58]. In
contrast, in the OFC-based approach, two optical frequency signals are extracted by
an optical filter at a series of optical frequency signals originating from a single
lightwave [65]. Thus, both optical signals would be in the same phase. However, the
problem with this method is that temperature variation and acoustic noise cause the
fluctuation of the path length difference between two optical fibers and then it
generates a phase noise on the carrier [66]. Therefore, phase detection based on the
MZI technique was systematically investigated in this study. The fluctuation of the
path length difference is detected by using a pilot light and deducing relative optical
phase fluctuations. As a result, the noises are successfully eliminated using a

programming-based feedback controller at the experimental demonstrations.
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2.2.1 Phase Stabilization of Two-Tone Lightwave in Photomixing

Figure 2.1 shows the conceptual diagram of the THz wave carrier generation
system with our proposed phase detection method in which two optical paths are
configured as the MZI. For the THz wave generation system represented by the solid
line which is started with a laser diode (LD) introduced to the optical frequency comb
generator (OFCG), in which the OFC is generated. From the OFC, the two lightwaves
of different frequencies are then extracted into two different optical paths using a
special optical filter called as Wavelength Selective Switch (WSS). On the upper path,
the lightwave will be modulated by the phase modulator (PM) and then coupled with
the lightwave on the lower path at the optical coupler (OC). Finally, the output of the
OC is connected to UTC-PD. Here, the THz wave carrier is generated with the same

frequency as the frequency difference between two different frequencies earlier.
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Figure 2.1 Conceptual diagram of Mach- Zehnder Interferometric (MZI) phase
detection for phase stabilization system
While the dotted line represented the phase stabilization system, amethod uses
lightwave as a pilot light phase detection. The lightwave from the pilot laser diode
(LD) is passed WSS and traveled through both optical paths in upper and lower paths
and coupled back at OC. These two optical paths between the WSS and OC are almost
equal in their length to work as the MZI. The combined light after the OC would be
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interfered with and detected by the Optical-to-Electrical (O/E) converter. Hence, by
monitoring the intensity of the interfered light of frequency pilot, the relative optical
phase fluctuation which causes the phase fluctuation on the generated millimeter-wave
carrier can be detected. The feedback controller (CONT.) cancels the detected relative
phase fluctuation using a phase shifter (PS). If the interfered light intensity is
controlled at a certain value, the phase difference between the lightwaves of two optical

paths could be kept at constant.

2.2.2 Phase Stabilization System

Figure 2.2 shows the experimental setup block diagram for the phase detection
for the stabilization system. From the left side, there is a single-frequency laser with
an optical frequency f, of 193.50 THz. First, this pilot lightwave is split into two optical
paths using the optical coupler. Then, these lightwaves combined at one more OC on
the left side. The interference intensity is detected by the O/E converted at 531V/W. The
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Figure 2.2 Block diagram of the preliminary experimental set up for the phase
detection and stabilization
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converted voltage is then read by the Arduino MKR, an open-source hardware which
works as the proportional-integral-derivative (PID) controller as the feedback
controller in this experiment. The controlled voltage value was then amplified with a
gain of 9 to integrate with the PS. The PS required at least 14V to shift for & radian to
control the value of the intensity interference. The controlled voltage value cancelled
the detected interference intensity and kept the read voltage value constant.

2.2.2.1 Controller Design

The feedback control was designed as in Figure 2.3. The PS phase shifter need
more than 14 V to shift a =. However, the Arduino only can output 3.3V. Under this
circumstance, an operational amplifier of AD818 with gain of 9 is used to amplify the
voltage of Arduino. Even though the maximum output of the amplifier is only about
17 V, it proves to be sufficient to drive the phase shifter and achieve a phase shift of
n. Our measurements have revealed that the phase fluctuations caused by
environmental noises remain minimal, fluctuating less than z. As a result, an output

amplifier of up to 17 V proves to be more than adequate for our purposes.
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Figure 2.3 Controller design
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2.2.2.2 Feedback control

Now, the controller is clearly can output a very high voltage to drive the phase
shifter. Next, to design the PID control system, the feedback controller. In this PID
control implementation using an Arduino as shown in Figure 2.4, the objective is to

regulate the Vouput (position) of the phase shifter towards a Viarget (Setpoint).
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Figure 2.4 Feedback control

The control algorithm operates within the Arduino microcontroller, calculating

the error, which represents the deviation between the desired Viarget and the measured
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Vouput OF the phase shifter. The error is computed as the difference between the Viarget
and the measured Vouput (e(k) - Vtarget - Vouput).

Au(k) = Kp [e(k) —e(k —1)] + K;e(k) + Kp [e(k) — 2e(k—1) + e(k—2)]  (10)

The control signal (Au(k)) is then determined incrementally using the Proportional (P),
Integral (1), and Derivative (D) components of the PID controller. The Proportional
component (Kp * [e(k) - e(k-1)]) contributes to the control signal proportionally to the
current error, while the Integral component (K; * e(k)) accumulates past errors to
eliminate steady-state error and bring the phase shifter to the desired Viarget. The
Derivative component (Kp * [e(K) - 2 * e(k-1) + e(k-2)]) anticipates future errors based
on the rate of change of the error, helping to dampen the phase shifter's response and
reduce overshooting. By adjusting the PID gains (Kp, K, Kp), the Arduino fine-tunes
the response to optimize performance for the specific phase shifter under control. The
PID control algorithm incrementally updates the control signal at each time step, and
the Arduino outputs the resulting voltage signal (Au(k)) to the phase shifter, guiding
it towards the Viarget and effectively maintaining the Vouput Of the phase shifter at the

setpoint which resulting as the phase difference always at same value.

2.2.3 Results and Discussion

Figure 2.5 depicts the voltage value at various points in the initial experimental
configuration for phase detection and stabilization, both with and without a feedback
controller. Point a, represented by the yellow line, corresponds to the converted
interference intensity. Point b, represented by the green line, indicates the controlled
voltage value, while point c, represented by the blue line, reflects the voltage value
received by the phase shifter. In Figure 2.5 (a), the voltage value of the converted
interference intensity (yellow) exhibits instability, fluctuating over time. This
instability is attributed to the absence of a controlled voltage value provided by the
phase shifter. Conversely, in Figure 2.5 (b) the converted interference intensity's
(yellow) voltage value remains stable within a narrow range of 400 mV — 500 mV.,
The converted voltage value reads 1.35 V (green), and the amplified voltage received
by the phase shifter amounts to 13.5 V.
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Figure 2.5 Interference intensity (a) without and (b) with a feedback controller

As conclusion, a phase stabilization system utilizing a lightwave
interferometric technique has been developed. The stabilization of phase fluctuation is
achieved through the implementation of the MZI method, where a controlled phase
shifter is employed in conjunction with a PID controller. The experimental results
demonstrate the successful stabilization of phase fluctuations. As a result of this
approach, the interfered optical intensity experiences a decrease and remains stable
within a consistent range of 450 mV. Based on these outcomes, it can be concluded
that the proposed method is suitable and effective for both phase detection and

stabilization purposes.
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2.3  Wavelength Selective Switch Channel Settings Technique

In continuation of the preceding system, the feasibility of implementing phase
stabilization using a pilot lightwave in the THz wave generation system has been
established. However, a challenge arises with the conventional Wavelength Selective
Switch (WSS), which cannot output lightwaves of the same frequency at both output
ports. To address this issue, a novel channel settings technique has been devised.
Leveraging the overlapping nature of the filter channels, the pilot lightwave (fyiiot) can
be output at both output ports [67]. This technique enables the alignment of fpilot With
f1 and f2, on different output ports, which is essential for the lightwave interferometric
phase stabilization system. The WSS, known as an optical switch by name, the WSS
exhibits inherent filtering properties, as evidenced by its ability to generate lightwaves
of same frequency at two-channel outputs, facilitated by the special channel setting
technique. This novel approach contributed to the phase stabilization system of the
THz wave carrier generation. The fluctuation of the path length difference can easily
be controlled by the feedback control and lastly, the phase of the lightwave or that of

the THz wave is always identical.

2.3.1 Channels Settings Technique at WSS

The Wavelength Selective Switch (WSS) is an optical switch designed to
manipulate light input that has been dispersed in wavelength, eliminating the need for
the input light to be demultiplexed into separate ports [67]. Additionally, the WSS has
the capability to output multiple frequencies through the same output port by
selectively choosing the desired filter channel and directing it to the designated output
port. This functionality proves to be highly advantageous in the context of the
stabilized THz wave generation system, where three distinct optical frequencies must
be efficiently produced by the WSS; fi, f2, and fpiiot. f1and f2 are required for the THz
wave carrier generation, while the fpiiot is necessary for the stabilization. fyiiot is needed
to be output aligned with both f1 and f, on different output ports. However, the WSS
output ports cannot output the same frequency signal. A new technique in order the
overcome this problem is develop by utilizing the fact that each filter channel is

overlapping to the adjacent channels. In this technique, fyiiot can be output in both
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output ports by selecting overlapped filter channel value, as shown in Figure 2.6(a). In
this case, fpilt can be found in both WSS output ports. Figure 2.6(b) shows the
transmittance output of WSS output ports of fi, f2, and foilot. Here, f1 and it can be
found at the output port 1, while, f2, and faiiet can be found at the output Port 2. Thus,
this technique can be applied to the lightwave interferometric phase stabilization

system.
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Figure 2.6 (a) Overlapped filter channel that can output the same frequency on both
output ports (b) The light output wavelength based on the output ports

45



~
IN|
o
/

> PM - " \

W/ wss oc /
1D PS

%:N
~n
v
Q
v
<=
kp
~ .
3 :
Power (dBm)
&
o
T

CONT. |-+ O/E | a \ ' i

THz Generation System L i
Phase Stabilization System \I 1549 1550 1551

‘\ Wavelength (nm)

fa— ..

Figure 2.7 illustrates the block diagram of the experlmental setup for THz wave
generation based on photomixing using the WSS with a channel spacing of 25 GHz.
The proposed phase stabilization configuration involves the introduction of a pilot
lightwave into the system. An LD emitting light at an optical frequency of 193.0125
THz (corresponding to 1550 nm) serves as the pilot lightwave. The pilot lightwave is
split into two optical paths by the WSS, with one path at 193.0 THz and the other at
193.025 THz. These lightwaves are then combined using an optical coupler (OC),
resulting in an interfered signal. The interfered lightwave, which is expected to have
the same optical frequency as the pilot, is monitored using an optical spectrum analyzer
(OSA). The OC is connected to an O/E converter, where the interfered signal is
detected and converted into an electrical signal at a sensitivity of 531 V/W. This
electrical signal is then fed into a feedback controller for processing. The output of the
feedback controller is amplified and sent to the phase shifter to stabilize the interfered
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signal in the system. and applied to the phase shifter to stabilize the system's interfered
signal.

2.3.2 Results and Discussion
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Figure 2.7 WSS-pilot lightwave-based phase stabilization system and detected
interference signal

The WSS is an optical switch for operating Figure 2.8 shows the voltage value
before and after WSS-pilot lightwave-based phase stabilization system. The interfered
signal before feedback control is unstable and changes over time between 0.1t0 0.9 V
This instability is due to external disturbances that contributed to the phase fluctuation
and resulted in unstable interfered signal voltage values. While the voltage value of
interfered signal after feedback control is stable at almost the same range value, 0.5V.
The experimental result successfully demonstrates the feasibility of the proposed

configuration and channel setting technique at the WSS.
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Figure 2.8 The interfered signal before (OFF) and after (ON) the phase
stabilization system

2.4 Phase Modulator Mechanism

Continuing from the previous development of the phase stabilization system,
it may seem promising for implementation in the THz generation system. However,
an additional challenge arises. Since the pilot lightwave travels in the same direction
as the lightwave used for generating THz waves, the pilot lightwave is also being

modulated, hindering its main purpose for phase detection for phase stabilization
system.

2.4.1 The Mechanism of Phase Modulator

The THz wave phase modulation system based on photomixing consists of a
commercially available lithium niobate (LN) phase modulator with a length of 100
mm, whose schematic structure is shown in Figure 2.9. The modulation process
involves applying an electrical signal to the phase modulator, causing a change in the
refractive index of LN and subsequently shifting the phase of the lightwave [66]. As

the electrical signal and lightwave are synchronized to travel at the same speed, the
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voltage of the electrical signal effectively modulates the phase of the lightwave during
its passage through the LN modulator.
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Figure 2.9 Diagram of LN phase modulator, where L, is bit length.

In the THz-wave phase modulation system shown, one of the two lightwaves
needs to be modulated. The phase difference between these lightwaves is subject to
fluctuations due to variations in the path length. To address this, a previous
development involved an interferometric phase detection method using a pilot
lightwave introduced from the same direction (forward direction) as the two
lightwaves. This approach successfully detected phase difference fluctuations without

requiring an electrical signal to the LN modulator.

However, a new challenge arose as the phase of the pilot lightwave was also
modulated by the electrical signal, resulting in a blurred signal, making it challenging
to detect fluctuations accurately. To resolve this issue, a solution was devised by
introducing a pilot lightwave from the backward direction. By injecting the pilot
lightwave into a phase modulator from the backward direction, it experiences a
randomly changing electrical signal voltage. If the bit length of the electrical signal is
less than the length of the phase modulator, the optical lightwave traveling backward
will not be modulated. This occurs when the lightwave encounters a constantly

switching electrical signal voltage, causing the phase shift to be effectively averaged
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out and stay unchanged. It should be observed, however, that the longer electrical bit
will modulate the pilot lightwave.

This fluctuation can be represented by a time-varying function V(t) which
represents the voltage applied to the phase modulator at time t with constant k.
Considering the phase modulation equation A@ o« kVL where L is the the length of the
phase modulator and Ly is bit length Ly, the phase shift experienced by the backward
pilot lightwave as:

A@backward(t) o< k(£ L. (11)

Since V(t) constantly switches within the short bit length, the integral of V(t)
over that duration is expected to be averaged. Therefore, the phase shift A@backward,
which the backward lightwave experienced, can be effectively averaged out as well,

resulting in no significant phase modulation:
A(Pbackward X f{kV(t)L}dt = 0. (12)

This backward-direction pilot lightwave technique proves to be more effective,

especially when using a higher bit-rate electrical signal.

Figure 2.10 shows a simulated result of the phase change experienced by the
backward-direction pilot lightwave, assuming a mark ratio of 50% for the electrical
signal. The mathematical equation used to simulate the phase modulation behaviour

of the phase modulator is as follow:

p(x) = (2 xlen_light — |2 * x / length_signal| = length_signal) / (13)
(2 * len_light) — 0.5]

where ¢ (x) represents the phase shift at position x along the phase modulator's length,

len_light is the effective length of the phase modulator due to the refractive index of

the material, || denotes the floor function, which rounds the value inside the brackets

down to the nearest integer and length_signal is the length of the optical signal for the

specific bit rate (bps).
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At lower bit rates less than 1 Gbit/s, the bit length is longer. In this scenario,
the phase of the lightwave after passing through the LN modulator undergoes a change
of either -4 & or Y4 w, depending on the timing of the data. This behaviour is similar to
what is observed with forward-direction lightwaves. This is because, at lower bit rates,
the ON or OFF of the electrical signal persists throughout the entire path of the LN
modulator. As the bit rate of the electrical signal increases to approximately 3 Gbit/s
and the bit length of the signal matches that of the LN modulator, the phase of the
lightwave changes within the range of -2 © to % @, depending on the timing of the
data. However, when the bit rate of the signal surpasses 10 Gbit/s, the length of a bit
in the signal becomes significantly shorter than that of the LN modulator, resulting in

a much smaller phase change of the lightwave, which approaches zero.
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Figure 2.10 Simulated phase change as a function of the bit rate of the signal

Then, proceed with the experimental setup. The block diagram of the
experimental setup for phase detection and stabilization is shown in Figure 2.11. From
the right side, a pilot lightwave with an optical frequency of 193.50 THz is introduced
through the OC. The pilot lightwave is split into two optical paths by the OC. Then, at
the upper optical path in the figure, the pilot lightwave passes through the PM
backwardly while at the lower optical path it passes through the piezo-electric PS. The
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PM is injected with 10 Gbit/s pulse signal from PPG. Both lightwaves are then
combined at the WSS and interfered by themselves. The interfered intensity is detected
by the OE converter with a responsivity of 531 mV/mW. The feedback controller changes
the applied voltage (control voltage) to the phase shifter to keep the interfered intensity
at a constant so that the PS cancels the difference between phase fluctuations at both

optical paths.

PPG

2 lwss oc| [\
PS LD

CONT -1 O/E

THz Generation System (optical signal)
— THz Generation System (electrical signal)

Phase Stabilization System (optical signal)
------ Phase Stabilization System (electrical signal)

Figure 2.11 Experimental setup for phase detection and stabilization

2.4.2 Results and Discussion

Figure 2.12 shows the voltage detected from the OE converter with and without
the feedback control. The interference voltage is unstable between 250 and 530 mV
without the feedback control. On the other side, with the FB control, the control
voltage changes so that the voltage from the OE converter or the interfered intensity

becomes settled at around a target value of 400 mV. The experimental result is
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consistent with the expectations based on the simulation and shows the effectiveness

of the proposed system.
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Figure 2.12 The interfered signal before (OFF) and after (ON) the backward phase
stabilization system

25 Conclusions

In conclusion, a novel method for phase stabilization of a photomixing setup is
presented. The use of a wavelength selective switch and a pilot lightwave from the
backward direction allows for effective phase stabilization of the THz wave carrier
generation system. The experimental results demonstrate the successful stabilization
of the phase fluctuation using a feedback controller. This method proves to be suitable
for the phase stabilization system, enhancing the overall quality of the photomixing
method for THz wave generation [68], [69]. In the next chapter, this phase stabilization

system will be implemented into THz wave generation system.
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CHAPTER 3
PHASE STABILIZATION OF THE OPTICAL DOMAIN

3.1  Phase Stabilization System of the Optical Domain

Building upon the earlier discussed research, the current focus is to compare
the phase stabilization system based on the Mach-Zehnder Interferometer (MZI)
technique by utilizing forward and backward-direction pilot lightwaves. Introducing a
pilot lightwave into two optical paths, the combined lightwaves at the output coupler
undergo interference. By precisely controlling the intensity of the interfered lightwave,
a constant phase difference can be maintained between the lightwaves of the two
optical paths. This comparative study aims to assess the stability and reliability of
different phase stabilization methods in stabilizing the THz wave generation system,

with emphasis on the direction of the pilot lightwave introduced into the system.

In the forward-direction phase stabilization system, the pilot lightwave is
launched from the input of the THz wave generation system. On the other hand, in the
backward-direction phase stabilization system, the pilot lightwave is fed from the
output of the THz wave generation system. This setup enables an investigation of the
impact of the pilot lightwave direction on the stability of the system. These analyses
are crucial for enhancing the stability of the THz wave phase modulation system and
driving improvements in generating phase-modulated THz waves for high-speed data

transmission.

In this chapter, the experimental setup for the MZI phase detection method will
be presented, both for the forward and backward-direction pilot lightwaves. The details
of the setup, including the components used to evaluate the system's stability, will be
explained. Subsequently, the detection of interference intensity and the stability of the
system in the optical domain will be studied. By investigating the performance and
effectiveness of the forward and backward-direction pilot lightwaves in the phase
stabilization system, the goal is to identify the most reliable and stable approach for

generating a stable phase-modulated THz wave.
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3.2 Experimental Setup

The experimental setup of a newly devised phase stabilization technique for
THz wave phase modulation system with a backward pilot lightwave is constructed as

well as that with a forward pilot lightwave as a reference.

3.2.1 Forward Pilot Lightwave System

Figure 3.1 illustrates the block diagram of a reference experiment conducted to
generate phase-modulated THz waves using a forward pilot lightwave in the phase
stabilization system. In this THz-wave PM generation system (solid line), a single
lightwave with a frequency f of 193.4125 THz (1550 nm) (orange arrow) is introduced
from the left side instead of utilizing two lightwaves with different optical frequencies.
Th lightwave is then passed through the optical coupler (OC). Here marked as the input
of the THz wave generation system. The lightwave is then introduced to the
Wavelength Selective Switch (WSS). The upper path involves the lightwave traveling
through a traveling-wave optical phase modulator (PM) and being phase modulated by
the pulse-pattern generator (PPG) at various bit rates using a constant pseudorandom
binary sequence (PRBS) of 7. The lower path comprises the lightwave passing through
the phase shifter (PS). The lightwaves from these two paths are combined at the OC,
here are marked as the output of TH wave generation system. The graph of the input
and output lightwaves into the MZI shows that the input power of the f into the MZI
is 12 dBm and the output is -2.42 dBm. The observed loss may result from various
factors in our complex experimental setup, in-cluding fiber-to-waveguide connections,
as well as certain devices that introduce considerable inefficiencies. The coupled signal
is introduced to an optical-electrical (O/E) converter, resulting in the modulated signal.
The phase stability modulated signal in the THz-wave generation system is observed
by comparing it with the initial signal injected into the PM using an oscilloscope
(OSC).

In contrast, the phase stabilization system (dotted line) operates as follows: the
pilot lightwave (pink arrow) originates from a laser with an optical frequency of
195.4125 THz (1535 nm). The frequency of the pilot lightwave is purposely chosen to

be different from the frequency used in the THz wave generation system to avoid
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interference between the two signals. The pilot lightwave is then input into the MZI
configuration at the OC. The lightwave is split at the WSS and directed through the
upper path involving the OPM and the lower path involving the PS. As shown in figure,
the input pilot lightwave into the THz wave generation has a power of -7.77 dBm while
the output is -40.5 dBm. The pilot lightwave at the output of the THz wave genera-

tion system is of negligible magnitude to influence on the generation process. Instead,
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Figure 3.1 Experimental setup with forward pilot lightwave
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after coupling at the OC, the pilot lightwaves interfere and pass through the other arm
of the coupler to the optical-electrical (O/E) converter. The interference of the pilot
lightwave enables the detection of phase fluctuations occurring by phase changes in
the optical paths, particularly the optical fiber. The intensity of the interference is then
measured using an O/E converter. The converted voltage is subsequently read by a
feedback controller, which adjusts the PS to maintain a constant voltage. By precisely
controlling and maintaining the intensity of the interfered pilot lightwave, the phase
fluctuations in the THz wave generation system can be effectively eliminated, enabling
the application of a high-sensitivity coherent detection at the output of the THz wave

generation system.

3.2.2 Backward Pilot Lightwave System

Figure 3.2 shows the experimental setup featuring a phase stabilization system
utilizing a backward-direction pilot lightwave. Similar to the forward-direction pilot
lightwave system, a single lightwave is employed in the THz wave generation system
(solid line). The input power a frequency f of 193.4125 THz in introduced into the THz
wave generation system is 14.5 dBm and the output is -3.28 dBm , as shown in figure.
The configuration of the phase stabilization system (dotted line) is positioned on the
right side. In this setup, the pilot lightwave (light blue arrow) is introduced to the THz
wave generation system from the backward direction, which is through the output of
the setup. It is observed that the power of the pilot lightwave at the output of the THz
wave generation system is -41.9 dBm, which is primarily due to the effects of total
internal reflection at the OC (output). However, this power value is negligible and can
be disregarded as it does not significantly impact the THz wave generation system.
The pilot lightwave travels through the lower arm of the OC and splits into two paths.
In the upper path, it passes through the PM, while in the lower path, it passes through
the PS, both in the opposite direction. Then, the pilot lightwave is recoupled after the
WSS. The coupled pilot lightwave is detected by the O/E converter. As the PM
modulates the phase of the lightwave only when the lightwave and the electrical data
signal travel in the same direction, the phase of the backward-direction pilot lightwave

remains unmodulated. Hence, efficient interference is expected in this configuration.
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Figure 3.2 Experimental setup with backward pilot lightwave.

3.3  Result of Phase Stabilization System

The stabilization of the interfered intensity is observed. At first, the interfered
intensity the pilot lightwave for the backward-direction pilot lightwave is observed at
lower bit rate of 0.3, 0.5 and 3.0 Gbit/s. Figure 3.3 shows the voltage from the O/E

converter that represents the interfered intensity of the pilot lightwave without (FB
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OFF) and with (FB ON) the phase stabilization system at different bit rates applied to
the PM. The interference is unstable and fluctuates without the phase stabilization
system. On the other side, with the phase stabilization system applied, the interfered

intensity becomes stable and almost no fluctuation.

FBOFF

a

Voltage (0.5V/div)

3.0 Ghit/s

Time (1s/div)

Figure 3.3 The detected interference signal with backward pilot lightwave system

Next, the experiment was repeated with an alternate oscilloscope capable of
accommodating higher bit rates. The stabilization of the interfered intensity of the pilot
lightwave at higher bit rates as depicted in Figure 3.4 and Figure 3.5. These figures
present the voltage readings obtained from the O/E converter, which indicate the
interfered intensity of both the forward-direction and backward-direction pilot
lightwaves in the presence and absence of the phase stabilization system. The

measurements were higher bit rates applied to the PM; 1, 3 and 10 Gbit/s.

Figure 3.4 shows the interference voltage value over the time when the phase
stabilization system was employed for the forward-direction pilot lightwave in the case
of the system OFF and ON. The interference voltage displayed instability and
fluctuations in the absence of the phase stabilization system. However, even with the
activation of the phase stabilization system, the interfered intensity failed to maintain
a constant voltage across all modulation bit rates. The condition happened in all

modulation rates 1, 3 and 10 Gbit/s. This behavior can be attributed to the blurring
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effect induced by the modulation of the pilot lightwave within the phase modulation
system itself. In contrast, when employing the phase stabilization system with a
backward-direction pilot lightwave, the interfered intensity achieved stability when the

phase stabilization is ON, as shown in Figure 3.5.
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Figure 3.4 The detected interference intensity for forward-direction pilot lightwave

69



OFF ON

Voltage
SOooSS
Sooooo
=GR NS

1 Gbit/s

R W L N N emrmm—

3 Gbit/s

Voltage
Soooee
Sososo
b D L LS

Voltage
SOoSSSS
cooso
b D LD LNISN

i " 10 Gbit/s

0.0 | 5.0 10.0
Time (s)

Figure 3.5 The detected interference intensity for backward-direction pilot lightwave

=

g 011 1.02
2 0.09] g
g 007 0.8 2
2 005/ =
= 0.03, &
2 0.01 0-6§
& —0.01 -
g —0.03] 0.4 E
o= =
= —0.05} an
z 007 / 0.2°F
= —0.09 2
—0.11 10° 10" =

Bit rate (Gbit/s)

Figure 3.6 Simulation dan experimental result of phase fluctuation of the backward-
direction pilot lightwave.

70



Furthermore, the vertical width of the interfered intensity, denoted as Vr,
varied depending on the bit rate of the phase modulation. V1 decreased as the bit rate
increased, indicating a reduced impact of phase modulation on the pilot lightwave at
higher bit rates. Beyond 3 Gbit/s, V7 is significantly small, indicating that the phase
modulation has minimal impact on the pilot lightwave at bit rates exceeding 3 Ghit/s.
These experimental findings are in strong alignment with our simulation results,
assuming that the voltage fluctuation values correspond to the phase fluctuation shown
in Figure 3.8 and validated the efficacy of the backward-direction phase stabilization
system. The simulation result did show the probability of the phase fluctuation of the
pilot lightwave that passes through the phase modulator in the backward direction. It
shows that the phase fluctuation has become smaller as the modulation bit rate

increases.

3.4  Result of THz wave Generation System

3.4.1 Detected Interference Signal for THz wave Generation System

Next, the phase-modulated signal lightwave is observed and compared it with

the modulation signal from the PPG for the backward- direction pilot lightwave setup.
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Figure 3.7 The signal from the PPG (yellow) and detected signal lightwave (blue)
at 3.0 Ghit/s binary word pattern phase modulation.
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Figure 3.7 shows the detected waveform (blue) as well as the modulation signal from
PPG (yellow) as a reference for binary word pattern phase modulation. It was shown
that the detected signal has a clear continuous data pattern. The detected phase-

modulated signals are in phase as the modulation signal pattern from the PPG.

3.4.2 Stability of the Optical Domain

Next, the eye pattern of the phase modulated signal at the forward and
backward pilot lightwave phase stabilization systems various bit rates. Figure 3.8
compares the forward and backward pilot lightwave phase stabilization system at 0.3,
0.4 and 0.5 Gbit/s. It is difficult to get a stable eye-opening for the forward pilot
lightwave. In contrast, with the backward pilot light, the eye-opening is clear at above

Forward Gbit/s Backward

1 50mV/div i 1 100mV/div < 250ps/div

1 100mV/div © 250ps/div

? 100mV/div © 250ps/div

1 100mV/div © 250ps/div

Figure 3.8 Comparison of eye pattern between forward pilot lightwave and backward
pilot.
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3 Ghit/s. These results confirmed that the phase stabilization with backward pilot
lightwave is effective at a higher bit rate. At a lower bit rate, even with the backward
direction, the phase of the pilot lightwave is modulated and cannot be interfered which
prevents the feedback control for phase stabilization. After achieving successful results
in the preliminary experiment, the experiment was repeated with an oscilloscope
capable of accommodating higher bit rates. In this phase, the main focus was on
achieving higher modulation bit rates for both the experimental setup for forward and

backward directions of phase stabilization system.

Then, the phase stability of the optical domain was assessed by observing the
eye pattern at different bit rates of 1, 3, and 10 Gbit/s, as depicted in Figure 3.9. A
comparison of the performance between the forward-direction and backward-direction
phase stabilization systems is presented in Figure 3.9(a) and (b), respectively. In both
figures, the black dots represent the original modulation data from the PPG as a
reference, while the red dots represent the detected signal. It is clear that the forward-
direction phase stabilization system fails to achieve a stable eye-opening for each
modulation signal. In the case of the backward-direction phase stabilization system, at
lower bit rates, the pilot lightwave still undergoes modulation and cannot be interfered
with, thus preventing feedback control for phase stabilization. Consequently, the
resulting eye pattern exhibits an unclear eye-opening. However, a clear eye-opening is
achieved at bit rates exceeding 3 Gbit/s. These findings provide experimental evidence
supporting the effectiveness of phase stabilization using a backward-direction pilot
lightwave, particularly at higher bit rates, thereby agreeing with our earlier theoretical
predictions. These experimental results clearly demonstrate the adaptability and
efficacy of the phase stabilization system employing the backward-direction pilot

lightwave for the THz wave generation system.

73



0.7} 10 Gblt/S
0.0 0.5 1.0 1.5 2.0
Time (ns)

(a)

. PP
_0.7, | | 1 Gbit/S | ° DetectedSignal —008

10 Gbit/s

0.0 0.5 1.0 1.5 2.0
Time (ns)

(@)

Figure 3.9 The eye pattern of the optical domain experimental setup with (a) forward-
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3.5  Conclusion of This Chapter

The observed improvements in eye pattern stability emphasizes the importance
of employing the appropriate pilot lightwave direction in achieving robust and reliable
phase stabilization, especially at higher bit rates. Such improvements are crucial for
realizing multilevel phase modulation for high data transmission in THz-wave
applications. As a conclusion, the novel method of introducing the pilot lightwave
from the backward direction of the THz wave generation system is applicable for

generating a stabilized phase modulated THz wave.
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CHAPTER 4
GENERATING AND DETECTING STABILIZED PHASE MODULATED
THZ WAVE

4.1 Introduction

This chapter explore the implementation of phase stabilization techniques in a
THz-wave PM generation and transmission setup. The experiment involves comparing
both a backward direction phase stabilization system and a forward-direction phase
stabilization system in the primary experiment while in the preliminary experiment
only focus on the backward direction phase stabilization system only. The
configuration is divided into two parts: the transmitter part, Tx, where the THz wave
is generated through photomixing using two different lightwaves, and the receiver part,

Rx, where the detected THz wave is down-converted and observed.

The purpose of this setup is to demonstrate the practical application of the
phase stabilization system in an actual THz generation setup. It is begun with presented
the configuration of the experimental THz generation setup, applying a phase
stabilization system with the forward-direction and backward-direction pilot
lightwaves. A detailed explanation of the experimental setup is provided, highlighting
the components used for the photomixing and phase stabilization system. Additionally,
the detected signal of the phase-modulated THz wave is investigated. Here, the
experimental details that validate the effectiveness of the phase stabilization technique
in the context of THz-wave PM generation is presented. Through this analysis, the aim
is to contribute to the understanding and optimization of phase stabilization methods

for PM THz wave applications.
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4.2  Experimental Setup

4.2.1 THz-wave Generation System with Forward-direction Phase

Stabilization System

Figure 4.1 illustrates the THz wave PM system equipped with a forward-
direction phase stabilization system. The Tx initiates the process by introducing a
single lightwave at a frequency of 193.4 THz from a laser diode (LD) on the left side
of the configuration. An optical frequency comb generator (OFCG) generates a
frequency comb with equally spaced spectral lines of 25GHz gap, allowing us to output
specific optical frequencies with a 300 GHz difference at the Wavelength Selective
Switch (WSS). In the upper path, the lightwave (red arrow) undergoes phase
modulation using the optical phase modulator (PM) at different modulation bit rates,
employing a return-to-zero (RZ) continuous signal from the pulse pattern generator
(PPG). In the lower path (green arrow), the lightwave passes through the phase shifter
(PS). The lightwaves from these two paths are combined at the optical coupler (OC),
amplified, and directed to a uni-traveling carrier photodiode (UTC-PD) acting as a

photomixer.

The input and output power of the THz wave generation system can be
observed in figure. It shows that the output power of f1 is -9.2 dBm while the f2 is -
10.2 dBm. Achieving power balance is crucial to ensure that both signals contribute
equally to the mixing process. Despite the power differences between these two
frequencies, as depicted in the graph, it is important to note that both frequencies have
almost the same output power. This is because f1 has undergone modulation, resulting
in the total output power being equivalent to that of fo. Consequently, the UTC-PD
generates the phase-modulated THz wave, which is transmitted through the WR3.4
waveguide. As the carrier frequency of the THz signal is determined by the frequency
difference between the lightwave, the output of the UTC-PD is radiated 300 GHz wave
of 1, 5 and 10 Gbit/s Binary Phase Shift Keying (BPSK) signals.
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Figure 4.1 Experimental setup of THz wave generation system with forward-direction
pilot lightwave and the graph of input and output lightwave of THz wave generation

system

At the Rx, a sub-harmonic mixer (SHM) is utilized to down-convert the

received THz wave by a local oscillator (LO). The LO, with a frequency of 12.5 GHz

from the signal generator (SG), is first multiplied by 12 using an electrical multiplier

and then further multiplied by 2 with the built-in multiplier in the SHM, resulting in a

total LO frequency of 300 GHz. This LO signal is also synchronized with the signal
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generator of the OFCG at the transmitter, enabling the implementation of homodyne
detection. The resulting waveform is observed on an oscilloscope (OSC).

In the phase stabilization system (dotted line), a pilot lightwave from a laser
(pink arrow) with an optical frequency of 195.4125 THz is being introduced to the
THz-wave generation system. The pilot lightwave power at the input of the THz wave
generation system is -8.44 dBm and at the output is -43.4 dBm which can be negligible,
as shown in the figure. This pilot lightwave is then split and directed through the upper
path involving the PM and the lower path involving a PS. These lightwaves interfere
after coupling at the optical coupler (OC), and the interference intensity is detected by
an optical-to-electrical (O/E) converter. The resulting converted voltage is then read
by a feedback controller, which maintains a constant interference intensity by

controlling the phase shifter (PS).

4.2.2 THz-wave Generation System with Backward-direction Phase
Stabilization System

Figure 4.2 depicts the THz wave PM system with the backward-direction phase
stabilization system. This configuration utilizes the lightwave in a manner similar to
the forward-direction pilot lightwave system. This time, the output power of f1 is -9.24
dBm while the f2 is -10.24 dBm as shown in the same figure. Moving on to the phase
stabilization system, a pilot lightwave that originates from a laser diode is introduced
from the right side of the THz wave PM system. The internal reflection at the OC is
causing for the detection of the pilot lightwave at the output of the THz generation
setup, but the power level is significantly low, measuring at -45.83 dBm. The pilot
lightwave (light blue arrow) is split and then directed through the upper path involving
the PM and the lower path involving the PS in a backward direction. These lightwaves
interfere after passing through the WSS in reverse. Due to the absence of phase
modulation in the backward-direction pilot lightwave at bit rates of 3 Gbit/s and higher,
efficient interference is anticipated. The interference intensity is detected using an O/E
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converter, and the resulting voltage is read by a feedback controller responsible for
maintaining a constant interference intensity by controlling the PS.
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Figure 4.2 Experimental setup of THz wave generation system with backward-direction
pilot lightwave and the graph of input and output lightwave of THz wave generation
system
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4.3  Detected Signal of Phase Modulated THz wave

The experiment then proceeded with the transmission of the phase-modulated
300-GHz wave and detected it using a sub-harmonic mixer equipped with a 300-GHz
LO signal, employing coherent detection. Figure 4.3 presents the detected waveform
(orange) alongside the initial modulation pattern generated by the PPG (black) for the
phase-modulated THz wave generation system. Both forward-direction and backward-
direction phase stabilization systems were represented in Figure 4.3 and Figure 4.4
respectively. The results demonstrate that the forward-direction phase stabilization
system does not yield a distinct and continuous data pattern in the detected data signal.
In contrast, the backward-direction phase stabilization system exhibits a noticeable and
continuous data pattern at bit rates of 5 and 10 Gbit/s. The lower bit rate of 1 Ghit/s
does not exhibit the same level of behaviour. These experimental findings corroborate

our previously established theoretical results.

These observations provide valuable insights into the performance and
limitations of the forward-direction and backward-direction phase stabilization
systems in the context of phase-modulated THz wave transmission. The lack of a clear

and continuous data pattern with the forward-direction system suggests potential
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Figure 4.3 Detected waveform phase-modulated THz signal with forward-direction
phase stabilization system at 1, 5 and 10 Gbit/s
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Figure 4.4 Detected waveform phase-modulated THz signal backward-direction pilot
stabilization system at 1, 5 and 10 Gbit/s

challenges in achieving stable and reliable data transmission at higher bit rates.
Conversely, the promising results obtained with the backward-direction system
indicate its potential for supporting high-speed data transmission. These findings
contribute to the efforts in optimizing and enhancing the stability and reliability of

phase-modulated THz wave communication systems.

4.4  Conclusion of This Chapter

In conclusion, this research has successfully developed and compared a phase
stabilization system for THz wave phase modulation using photomixing, employing
both forward-direction and backward-direction approaches. The findings of this study
highlight the effectiveness of the backward-direction phase stabilization method in
achieving stable phase fluctuations between the two lightwaves while eliminating the
impact of environmental disturbances. As a result, a stable 300-GHz phase-modulated
wave is generated and transmitted at a bit rate of beyond 3 Gbit/s using the constructed

system [70].
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CHAPTER 5
CONCLUSION

5.1 Conclusion of the Thesis

In Chapter 1, the research background was discussed, which was based on
Cisco's information about the global trend of device application. The significance of
THz waves in meeting high-speed communication requirements was highlighted.
Various methods of THz wave generation and the development trend in multilevel
modulation techniques were explored. Finally, a method for generating phase-

modulated THz waves using the photomixing approach was proposed.

Chapter 2 focused on the development of a new method for phase stabilization
in the photomixing setup. The phase stabilization system using a Mach-Zehnder
interferometer was studied, and wavelength selective switch channel settings
techniques were examined. The mechanism of phase modulation was investigated, and
a novel phase stabilization method involving introducing a pilot lightwave from the

backward direction of the THz wave generation system was introduced.

In Chapter 3, the phase stabilization method was validated by implementing it
in the THz wave generation system. The focus was on assessing the stability of the
optical domain within the THz wave generation setup. Preliminary experiments were
conducted, which successfully demonstrated the effectiveness of the proposed method.
The primary experiment focused on higher bit rates, and the results obtained from both
forward and backward direction phase stabilization methods were compared. Clear

improvements in eye-opening at bit rates exceeding 3 Gbit/s were revealed.

Chapter 4 delved into the generation and detection of stabilized, phase-
modulated THz waves. Preliminary experiments concentrated solely on the backward
direction phase stabilization method, which yielded stable signals. The primary
experiment prioritized higher bit rates, and the results obtained from both forward and
backward direction phase stabilization were compared. The detected signals remained
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stable at higher modulation rates, specifically 5 Gbit/s and 10 Gbit/s for BPSK

modulation.

Chapter 5 serves as the conclusive chapter of this thesis, summarizing the key
findings and outcomes of the research. It brings together the discussions and results

presented in the preceding chapters to draw meaningful conclusions.

5.2 Outlook

The findings of this research point to a bright future for signal transmission and
communication technology. Following the successful integration of the system into a
UTC-PD module system using waveguide transmission, several significant paths
justify further investigation. Investigating the application of this experiment with chip
antennas for signal transmission in the air has enormous potential in the near future.
Chip antennas, noted for their small size and integration capabilities, have the potential
to revolutionize wireless communication by enabling seamless data transfer in a wide

range of devices and circumstances.

Furthermore, there is an urgent need to conduct additional studies in order to
attain larger modulation rates and investigate higher levels of modulation. These
initiatives are aimed at improving high-speed data transmission in order to meet the

increasing demands of current data-intensive applications.

This research establishes a solid foundation for contributing to the creation of
cutting-edge technologies that will determine the future of communication standards
as we move beyond 5G communication. This research opens the door to a more
connected and data-driven society where communication knows no bounds by seeking

to overcome current limitations and embracing creative concepts.
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