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Abstract

The unique advantages offered by terahertz (THz) waves have stimulated the
emergence and advancement of novel THz systems for imaging, spectroscopy,
communication, and radar applications. Currently, photonic-assisted THz technologies
are on the rise due to the wide bandwidth and minimal loss of optical fibers.
Additionally, their compatibility with C-band fiber-optic components in the microwave
frequency region, not available for electrical technologies, further drives their
development. However, because of the high free-space path loss, existing THz systems
typically utilize high-gain antennas for fixed point-to-point applications. To expand
their applicability in mobile environments, compact integrated transceivers with beam
steering capabilities are indispensable. Therefore, this thesis focuses on developing and
fabricating photonic integrated circuits (P1Cs) for photonic-assisted THz beam steering.

This thesis reports on the first indium phosphide (InP)-based THz leaky-wave
antenna (LWA), supporting low-loss and monolithic integration with THz photodiodes
(PDs). By adjusting the antenna’s operating frequency from 230 to 330 GHz, quasi-
linear beam steering from —46° to 42° can be achieved. Experimental results
demonstrate an average realized gain of ~11 dBi and a 3-dB beam width of ~10°.

Using a photonic THz transmitter based on this fabricated LWA, a mobile THz
communication system that supports both single and multi-users is reported for the first
time. Within the whole beam steering range, a data rate of 24 Gbit/s is achieved for a
single mobile user at a wireless distance of 6 cm without using a THz amplifier for the
transmitter. At longer wireless distances of up to 32 cm, data rates of up to 4 Gbit/s are
achieved. Furthermore, this THz communication system could simultaneously support
up to twelve users with a total wireless data capacity of 48 Gbit/s.

The thesis also reports on an optical beam forming network (OBFN) chip designed
for a 1x4 photonic-assisted phased array operating at 300 GHz. Four optical phase
shifters (OPSs), each consisting of two cascaded optical ring resonators (ORRs), are
used to adjust the phase shift of THz waves in the optical domain. A phase shift range
of 2z with a tuning efficiency of 0.058 W/ is experimentally characterized.
Furthermore, a beam steering range of ~62° is successfully demonstrated.

The thesis also delves into the design, concept, and technological advancements of
2D THz beam steering approaches. A PIC concept based on an LWA array
configuration is proposed. By incorporating an additionally integrated OBFN chip, a
THz beam steering range of 60° in the E-plane of the antenna array can be achieved.
Suppose this PIC is used instead of the single LWA for the mobile THz communication
system, the wireless distance can be extended from 6 cm to 4.5 m for a data rate of
24 Gbit/s. Furthermore, a heterogeneous integrated I11-V/Si platform is developed to
enable vertical integration of a PD matrix on an OBFN chip for achieving a 2D
photonic-assisted phased array. The optical modes are coupled from the waveguides of
the OBFN chip into PDs through prism coupling without requiring any additional
optical couplers. For fabrication purposes, an epitaxial-layer-transfer technology has
been developed to transfer the only ~1.2 um thick PD epitaxial layers from the original
InP substrate onto the surface of an OBFN chip.






Zusammenfassung

Die einzigartigen Vorteile von Terahertz-(THz)-Wellen haben die Entstehung und
Fortentwicklung von innovativen THz-Systemen fur Bildgebung, Spektroskopie,
Kommunikation und Radar-Anwendungen angeregt. Derzeit sind photonisch
unterstiitzte THz-Technologien aufgrund der groRen Bandbreite und des minimalen
Verlusts von optischen Fasern im Aufstieg. AuBerdem fordert ihre Kompatibilitat mit
C-Band-Glasfaserkomponenten in der Mikrowellen-Frequenzregion, die fir elektrische
Technologien nicht verfiigbar sind, ihre Entwicklung weiter. Aufgrund der hohen
Freiraumdampfung nutzen bestehende THz-Systeme jedoch typischerweise Antennen
mit hohem Gewinn fir feste Punkt-zu-Punkt-Anwendungen. Um ihre Anwendbarkeit
in mobilen Umgebungen zu erweitern, sind kompakte integrierte Transceiver mit
Strahllenkungsfahigkeiten unerlésslich. Daher konzentriert sich diese Arbeit auf die
Entwicklung und Fertigung von photonisch integrierten Schaltkreisen (PICs) fur
photonisch unterstltzte THz-Strahllenkung.

Zunachst berichtet diese Arbeit iber die erste auf Indiumphosphid (InP) hergestellte
THz-Leckwellenantenne (LWA), die eine verlustarme und monolithische Integration
mit THz-Photodioden (PDs) unterstiitzt. Durch Einstellung der Antennenfrequenz von
230 bis 330 GHz ist eine quasi-lineare Strahllenkung von —46° bis 42° zu erreichen.
Experimentelle Ergebnisse zeigen einen durchschnittlichen realisierten Gewinn von ca.
11 dBi und eine 3-dB-Strahlbreite von etwa 10°.

Mit einem auf dieser gefertigten LWA basierenden photonischen THz-Sender wird
erstmals ein mobiles THz-Kommunikationssystem vorgestellt, das sowohl Einzel- als
auch Multi-Benutzer unterstutzt. Innerhalb des gesamten Strahllenkungsbereichs wird
eine Datenrate von 24 Gbit/s fir einen einzelnen mobilen Benutzer (iber eine drahtlose
Strecke von 6 cm ohne Verwendung eines THz-Verstérkers fur den Sender erreicht. Bei
langeren drahtlosen Entfernungen von bis zu 32 cm werden Datenraten von bis zu
4 Gbit/s erzielt. Darlber hinaus kann dieses THz-Kommunikationssystem gleichzeitig
bis zu zwOIf Benutzer mit einer gesamten drahtlosen Datenkapazitat von 48 Gbit/s
unterstutzen.

Die Arbeit berichtet auch tber einen flr ein 1x4 photonisch unterstiitztes Phased-
Array entwickelten optischen Strahlformungsnetzwerk (OBFN)-Chip, der bei 300 GHz
arbeitet. Vier optische Phasenschieber (OPSs), die jeweils aus zwei kaskadierten
optischen Ringresonatoren (ORRs) bestehen, werden verwendet, um die
Phasenverschiebung von THz-Wellen im optischen Bereich anzupassen. Ein
Phasenverschiebungsbereich von 2 mit einer Abstimmungseffizienz von 0,058 W/n
wird experimentell charakterisiert. Dariiber hinaus wird ein Strahllenkungsbereich von
~62° erfolgreich demonstriert.

Die Arbeit geht auch auf das Design, das Konzept und die technologischen
Fortschritte von 2D-Strahllenkungsansétzen ein. Ein PIC-Konzept basierend auf einer
LWA-Array-Konfiguration wird vorgeschlagen. Durch die Integration eines
zusétzlichen OBFN-Chips kann ein THz-Strahllenkungsbereich von 60° in der E-Ebene
des Antennen-Arrays erreicht werden. Wird dieser PIC anstelle der einzelnen LWA fir
das mobile THz-Kommunikationssystem verwendet, kann die drahtlose Entfernung



von 6 cm auf 4,5 m fiir eine Datenrate von 24 Gbit/s verlangert werden. Dariiber hinaus
wird eine heterogen integrierte 111-V/Si-Plattform entwickelt, um die vertikale
Integration einer PD-Matrix auf einem OBFN-Chip fur ein 2D photonisch unterstiitztes
Phased-Array zu ermdglichen. Die optischen Signale werden von den Wellenleitern des
OBFN-Chips durch Prismenkopplung in PDs ohne zuséatzliche optische Koppler
eingekoppelt. Fir Fertigungszwecke wird eine Epitaxie-Schichttransfer-Technologie
entwickelt, um die nur ~1,2 um dicken PD-Epitaxieschichten vom urspringlichen InP-
Substrat auf die Oberflache eines OBFN-Chips zu tibertragen.
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Chapter 1 - Introduction 1

1 Introduction

Over the past century, significant advancements in microwave and visible light
technologies have profoundly transformed our daily lives. Positioned between these
spectrums is the terahertz (THz) gap, a frequency range that remained underutilized for
a considerable duration. This was primarily due to the absence of appropriate emitters
for THz signal generation and efficient sensors for its detection [1]. Nevertheless,
diverse THz transmitters utilizing both photonic [2-12] and electronic technologies [13-
17] have been developed recently. Moreover, THz devices such as detectors [18-20],
amplifiers [21-23], absorbers [24-26], filters [27, 28] and polarizers [29-31] have
emerged to detect and manipulate THz waves.

Numerous efforts have been made to fill this THz gap, because THz waves present
several distinct advantages over adjacent spectra. Unlike X-rays, the lower wave energy
of THz waves doesn’t pose an ionization hazard to biological tissues, making it suitable
for medical applications [32-35]. Different from visible light, THz waves penetrate
most dry dielectric materials but are absorbed or reflected by materials with large static
dipoles or high electrical conductivity (e.g., water, metals). Coupled with higher
resolution than microwaves, THz waves have found applications in imaging systems
[36-40]. Additionally, the unique fingerprint spectra of diverse chemical compounds
have significantly increased interest in THz spectroscopy systems [41-47]. Last but not
least, the THz spectrum offers a broader bandwidth than the limited spectrum in the
microwave region, which is crucial for future high data-rate wireless communications
[48-55]. Reflecting this potential, IEEE and ITU-R have recently initiated the first
standards (IEEE 802.15.3d and ITU-R F.2416-0 [56, 57]).

Despite the promise held by THz technology, its development faces specific
challenges. A significant concern is the increased free-space path loss (FSPL) in the
THz domain compared to microwave frequency bands [58]. This necessitates the use
of high-gain antennas radiating directional beams in existing THz systems, irrespective
of whether they employ photonic or electronic transmitters. Consequently, the utility of
THz technologies has predominantly been in fixed point-to-point applications. To
overcome these limitations and implement THz systems for mobile applications, beam
steering technologies are essential. The publication trend related to THz beam steering
from 2012 to 2022 is illustrated in Fig. 1-1. As observed, this research area remained
relatively marginal until 2017 with annual publication numbers below twenty. However,
there has been a surge in interest not just from universities, but also from renowned
research institutes and global enterprises, e.g., Fraunhofer (Germany) [59], National
Institute of Information and Communications Technology (Japan) [60], and Samsung
[61]. Although the number of publications in 2022 was still under one hundred, the
upward trend highlights the significance of THz beam steering technologies. This
indicates potential expansions of THz applications into areas like mobile 6G
communications, AR/VR applications, and dynamic sensing.
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Fig. 1-1 Publication trends over the past decade on THz beam steering.
1.1 THz beam steering approaches

An overview of the state-of-the-art THz beam steering approaches is illustrated in
Fig. 1-2. These approaches can generally be classified into three categories:
metasurface, leaky-wave antenna (LWA), and phased array.

Metasurface LWA Phased Array
|
[ | ]
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Fig. 1-2 Classification of THz beam steering approaches.
1.1.1 Metasurface

A metasurface is a two-dimensional (2D) artificial metamaterial, characterized by
discrete subwavelength unit cells situated at the interface. For THz beam steering, these
metasurfaces are spatially separated from either the photonic or electronic THz
transmitters. By superimposing the local THz phase shifts introduced by each unit cell,
the direction of reflected or transmitted THz beams can be manipulated [62-64].

Due to the electrically switchable anisotropy for electromagnetic waves, liquid
crystals (LCs) have been employed in designing reconfigurable metasurfaces. In [65],
a metasurface was reported consisting of a silicon (Si) wafer with metalized ground
plane and multi-resonant cells printed on the lower surface of a quartz wafer. In between,
a 70 um thick LC layer was inserted to actively switch the state of the cells.
Consequently, an electronically controlled one-dimensional (1D) beam steering over
55° was realized at 100 GHz. In the 630 to 650 GHz range, a programmable
metasurface based on metallic back plate-LC-complementary split ring resonators was
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published [66]. Measurement results verified a 1D beam steering range of 40°.

Graphene, due to its tunable conductivity via chemical potential modulation by bias
voltages, emerges as a promising candidate for active THz reconfigurable metasurfaces.
Following the debut of a graphene-based fixed-beam reflectarray in the THz band [67],
a reconfigurable reflectarray composed of 80x400 cells was crafted for THz beam
steering [68]. Each cell utilizes a bow tie (BT) antenna which concentrates the received
THz energy within a 3 um narrow gap between two triangular elements where graphene
is placed. By modulating the graphene with a bias voltage, a phase shift of = was
achieved. With proper voltage patterning of the reflectarray, a 1D angular steering
range of 25° at 0.98 THz was accomplished. Other materials, such as vanadium dioxide
(VO») [69, 70], germanium-antimony-telluride (GeSh,Tes, GST) [71, 72] and hybrid
metal-semiconductors featuring Schottky diode effect [73], have also shown the ability
to modulate phase in the THz domain. Consequently, they are promising for future THz
beam steering applications.

Beyond actively tunable materials, mechanical structures have been explored for
THz beam steering. In [74], a freely programmable THz spatial phase modulator based
on a diffraction grating was reported. This comprised an electrostatically actuated and
computer-controlled array of sub-wavelength metallic cantilevers. The adjustable
displacement of each cantilever dynamically altered the period of the diffraction grating.
As a result, a beam steering range exceeding 40° was demonstrated at 300 GHz. Using
microelectromechanical systems (MEMS) based reflectors, a mechanical THz
reflectarray was proposed based on a 5-bit stepwise electrostatic actuator system [75].
Here, eighty identical rectangular reflectors were sequentially placed adjacent to each
other along their elongated sides to form the reflectarray. The periodic arrangement of
these reflectors was designed to eliminate the grating lobes and facilitate a broader
beam steering range with improved angular precision. Numerical evaluations showed a
180° beam steering range at 300 GHz, which still awaits experimental validation.

1.1.2 Leaky-wave antenna

The foundational element of an LWA is a guided-wave structure. By introducing
geometric or electromagnetic variations to the structure, the guided wave can be
allowed to leak along the antenna length and radiate into free space [76]. The first
attempt was reported in the late 1930s by cutting a longitudinal slit along the side of a
rectangular waveguide [77]. Subsequent designs replaced the slit with a series of holes
to achieve a narrower beam [78]. These designs are termed uniform or quasi-uniform
LWAs, characterized by closed guided-wave structures and dominant fast-wave modes.
However, as frequencies increase, the miniaturized dimensions of closed guided-wave
structures make mechanical slits or other geometrical deformations challenging. Thus,
periodic LWAs with open guided-wave structures become more appealing due to their
simpler mechanical design and reduced transmission loss [79]. Examples include
microstrip lines (MSLs) [80, 81], substrate integrated waveguides (SIWSs) [82-85],
coplanar waveguides (CPWs) [86, 87], and dielectric waveguides [88, 89]. Since the
dominant modes of these LWASs are slow waves, periodic modulations of the structure
are required for leakage.

There are generally two methods to achieve beam steering with LWAs. One can
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alter the antenna properties at a fixed frequency using reconfigurable structures.
Alternatively, the beam direction can be adjusted by varying the operating frequency.
While several reconfigurable LWAs have been showcased in the microwave range [90-
93], only a few concepts are available for THz frequencies. For instance, one proposed
design is a LWA based on a graphene sheet attached to a back-metallized substrate [94].
By sinusoidally modulating the graphene’s surface reactance via applying appropriate
DC bias voltages to different polysilicon gating pads beneath the graphene sheet, the
beam direction can be steered at a consistent operating frequency. Simulations indicate
a beam steering range of 82.9° at 2 THz using a silicon dioxide (SiO) antenna substrate.
Other concepts involve the use of graphene [95-97] and LC [98, 99]. A more
straightforward approach to realize beam steering is to adjust the operating frequency
of the LWAs, negating the need for intricate control circuits. One study demonstrated
a THz LWA with a relatively simple design based on a metal parallel-plate waveguide
(PPWG) [100]. The metal waveguide is 5 cm long and features two open sides to
minimize ohmic losses. A single slit, measuring 4.2 cm in length and 1 mm in width, is
cut into one metal plate to enable leaky radiation. By modulating the plate separation,
the LWA’s operating frequency range can be varied. With a plate separation of 1 mm,
the beam direction is adjustable from 17° to 85° as the frequency shifts from 151 to
512 GHz. In this setup, THz waves are focused by an external lens system and then
channeled into the LWA. Thus, this method requires meticulous and time-consuming
adjustments. A more compact solution was demonstrated in [101], where a ~2.6 cm
long microstrip periodic LWA was fabricated on a cyclin olefin polymer (COP)
substrate and powered by a vector network analyzer (VNA). Here, sweeping the
frequency from 235 to 325 GHz results in beam steering from —23° to 15°.

1.1.3 Phased array

As the most well-known technology, phased arrays can steer the beam by
controlling the relative time or phase difference between adjacent radiating elements
using either electronic or photonic technologies [102, 103]. In the realm of electronic
technology, the time delay and phase shift of signals can be processed digitally, for
example, through field-programmable gate arrays (FPGAS). For each antenna or sub-
array of antennas, a digital-to-analog converter (DAC) and an RF chain are essential.
Consequently, such digital beam steering techniques can be costly and power-intensive
[104], and only few studies have been demonstrated in the THz domain. For instance,
a beam steering range of 80° was achieved at 140 GHz employing an electronic-assisted
phased array that consists of eight dual-channel 45 nm complementary metal-oxide
semiconductor (CMOS) radio-frequency integrated circuits (RFICs) and 128 antennas
[61]. Analog processing of signals is more prevalent to control time and phase through
true time delays (TTDs) or phase shifters (PSs). In [105, 106], phased arrays utilizing
electronic TTDs and the 65 nm CMOS technology, were demonstrated. The first
integrated phased array based on electronic PSs at THz frequencies was reported in
[107]. A phase resolution of 9° and a beam steering over 80° were achieved at 280 GHz.
Subsequent designs of PS-based phased arrays have been realized in both CMOS [108-
110] and silicon germanium (SiGe) bipolar complementary metal-oxide semiconductor
(BiCMOS) [111] technologies.

In photonic assisted phased arrays, adjustments in time delay and phase shift are
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made optically, subsequently transferring to the THz domain through photomixers. A
straightforward method to implement optical TTDs involves fiber-based optical delay
lines [112], which however prevent a compact integration. Therefore, chip integrated
delay lines, switched by Mach-Zehnder-interferometers (MZIs), have been developed
for a 1x4 photonic assisted phased array at 94 GHz [113]. This design achieved discrete
time delays with a resolution of 1.5 ps. Additionally, phased arrays utilizing optical
phase shifters (OPSs) have been demonstrated. One such innovative study reported on-
chip integrated OPSs using thermo-optically controlled straight waveguides [114]. This
configuration resulted in a 50° continuous beam steering of a 300 GHz radiation.

1.2 Development of photonic integrated circuits for THz beam steering
1.2.1 Motivation and objectives

Photonic-assisted THz systems possess inherent advantages over those that utilize
electronic transmitters for THz signal generation. One notable benefit is their extremely
broad and tunable bandwidth, which ranges from GHz to a few THz. Furthermore,
mature and cost-effective C-band (wavelength: 1530 to 1565 nm) fiber-optic
components in the microwave frequency region are readily compatible with photonic
THz transmitters. The existing low-loss optical fiber infrastructure allows THz signals
to be transmitted over long distances, thereby enabling centralized radio access
networks [39, 51, 115].
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Fig. 1-3 A comparative study of the evolution in complexity between electronic and photonic chips.
Adapted from [116] (licensed under Creative Commons Attribution 4.0 International license) and
[117] (licensed under a Creative Commons License).

However, the development of photonic integrated circuits (PICs) has trailed
electronic development by approximately thirty years [117], when considering
milestone inventions, e.g., transistor (1947, [118]) / semiconductor laser (1962, [119,
120]), transistor integration (1958, [121]) / laser integration (1987, [122]) and electronic
multi-project wafer (MPW) (1979, [123]) / photonic MPW (2008, [124]). The
discrepancy in component integration on chips further highlights this gap, as depicted
in Fig. 1-3. Such differences can be attributed to the larger footprints and heat
production of photonic components compared to transistors [117]. Additionally, while
CMOS technology is predominant for electronic devices, state-of-the-art photonic
components often rely on diverse material systems, each with unique advantages and
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challenges [2-12, 125-133]. Nonetheless, significant efforts are underway to develop
compact and functional PICs by integrating various material platforms [117, 134-137].
Yet, there remain limited compact and integrated photonic solutions specifically
tailored for THz beam steering.

The objectives of this thesis are to advance the development of PICs for photonic-
assisted THz beam steering, a field that is still in its early stages, and to utilize the merits
of photonic technologies in mobile THz systems. This thesis initially explores LWAs
due to their potential for mobile THz joint communication and sensing systems, a
concept already proven in microwave frequencies [138, 139]. Additionally, phased
arrays are investigated owing to the demand for frequency-independent beam steering
techniques in THz imaging applications as necessitated by project CO7 within
Collaborative Research Center/Transregio SFB/TRR 196 "Mobile material
characterization and localization by electromagnetic sensing” (MARIE), on which |
have actively worked. Both methodologies exhibit promising potential for integration
with THz PDs, enabling the continuous-wave (CW) THz signal generation using
mature and cost-effective C-band fiber-optic components at room temperature with
high output power. This make them favorable in comparison to other photonic THz
sources, such as photoconductive antennas (PCASs) [8, 140-143] and quantum-cascade
lasers (QCLSs) [3, 9, 11]. Recently, modified uni-traveling carrier photodiodes (MUTC-
PDs) with milliwatt-level output power in the WR-3 band have been reported [12].

1.2.2 Challenges

LWAs with hybrid integrated PDs through wire bonding have been previously
demonstrated within the microwave frequency spectrum [144-146]. However, to the
best of our knowledge, wire bonding has only been reported for frequencies up to
220 GHz [147], and it is expected to result in high losses at THz frequencies [148, 149].
Therefore, THz LWASs based on an indium phosphide (InP) substrate are essential to
allow low-loss and monolithic integration with InP-based THz PDs. Another challenge
is the increasing number of surface wave modes in the antenna substrate as the
operating frequency rises. These modes cannot be radiated, compromising antenna
radiation efficiency. This phenomenon is especially pronounced for InP due to its high
permittivity [76, 150]. Consequently, thin InP substrates are required for LWAS to
reduce the number of these undesired surface wave modes [150]. However, the inherent
brittleness of InP complicates clean-room fabrication processes, especially when its
thickness is reduced below 100 pm. Thus, the research area of PD-integrated THz
LWAs remains largely uncharted. Furthermore, LWAS’ beam steering remains
inherently one-dimensional through antenna frequency modulations. This underscores
the importance of exploring strategies for 2D THz beam steering.

To date, optical beam forming network (OBFN) chips based on TriPleX waveguides
[133] targeting THz phased arrays have been reported with some limitations. Switched
delay lines for time delay adjustment [113] demands numerous thermo-optical switches
to ensure fine-tuned beam angle resolution, which in return leads to significant power
consumption. For OPSs based on straight waveguides [114], phase tuning is feasible
only for a single optical carrier in an optical heterodyne configuration. The second
optical heterodyne signal needs to be combined after each OPS with additional optical
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waveguides. Therefore, two optical inputs are required for the OBFN chip. This leads
to inevitable waveguide intersections on the chip and higher optical losses, especially
in large-scale phased arrays. Another method, employing cascaded optical ring
resonators (ORRs) to realize TTDs for photonic-assisted phased arrays at microwave
frequencies [151-153], becomes increasingly challenging when scaled to THz
frequencies. This is mainly because of the increased sensitivity of the phased array’s
beam angle to time delay fluctuations. For instance, even a minor 0.3 ps time delay
adjustment can change the beam angle by approximately 10° for a phased array with a
radiating element pitch of 500 um operating at 300 GHz. This necessitates more
cascaded ORRs in each TTD to maintain femtosecond ripples in magnitude, requiring
a more intricate control circuitry to support precise tuning. Therefore, there is an urgent
need to develop an OBFN chip which supports continuous beam steering, has a compact
design, and ensures both efficient tuning and minimal optical loss. Moreover, with
existing OBFN chips, only linear PD arrays can be integrated through butt coupling,
whereas a PD matrix is essential to be vertically integrated for 2D beam steering. The
prevalent evanescent coupling techniques between Si waveguides and InP PDs [154-
156] are not suitable for the vertical integration of TriPleX waveguides with InP PDs
due to pronounced refractive index disparities leading to an infeasible propagation
constant matching of the optical modes. While other methodologies, such as grating
couplers [157-159] and mirror couplers [160], require complicated and time-consuming
fabrication processes. Therefore, it is crucial to explore alternative integration strategies.

1.3 Thesis organization

The predominant theme of this cumulative thesis is the development of PICs for 1D
THz beam steering and the investigation of their utility in THz mobile systems. This
part is based on three publications featured in international peer-reviewed journals
([Lu 17, [Lu 1], and [Lu I11]). The latter section of the thesis focuses on advanding from
1D to 2D beam steering capabilities.

[Lu I]: P. Lu, T. Haddad, B. Sievert, B. Khani, S. Makhlouf, S. Dillme, J. F. Estévez,
A. Rennings, D. Erni, U. Pfeiffer, and A. Stohr, "InP-based THz Beam Steering Leaky-
wave Antenna," IEEE Transactions on Terahertz Science and Technology, vol. 11, no.
2, pp. 218-230, March 2021, doi: 10.1109/TTHZ.2020.3039460. (This work is licensed
under a Creative Commons License)

[Lu H]: P. Lu, T. Haddad, J. Tebart, M. Steeg, B. Sievert, J. Lackmann, A. Rennings,
and A. Stéhr, "Mobile THz Communications using Photonic Assisted Beam Steering
Leaky-wave Antennas," Optics Express, vol. 29, no. 14, pp. 21629-21638, July 2021,
doi: 10.1364/0OE.427575. (© 2021 Optical Society of America under the terms of
the OSA Open Access Publishing Agreement)

[Lu H]: P. Lu, T. Haddad, J. Tebart, C. Roeloffzen, and A. Stohr, "Photonic Integrated
Circuit for Optical Phase Control of 1 x 4 Terahertz Phased Arrays,” Photonics, vol. 9,
no. 12: 902, November 2022, doi: 10.3390/photonics9120902. (© 2022 by the authors.
Licensee MDPI, Basel, Switzerland. This article is an open access article distributed
under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).)
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8 Chapter 1 - Introduction

Chapter 2 presents the development of the first InP-based THz LWA designed for
monolithic integration with THz PDs. This LWA enables a 1D beam steering when
varying the frequency from 230 to 330 GHz. To verify its performance, scattering
parameters and beam profiles of the fabricated THz LWAs are experimentally
determined and compared with the simulated results.

Using this LWA, a mobile THz communication system is introduced in chapter 3.
To the best of our knowledge, this is the first experimental demonstration of THz
communications using beam steering antennas. Specifically, the wireless data rate for
a single mobile user is experimentally investigated across varied transmission angles
and ranges. Additionally, the guard bands required for multi-user operations are
measured to ascertain the maximum number of users and the overall data capacity the
system can support.

In chapter 4, a 1x4 OBFN chip with 4 OPSs based on TriPleX waveguides for 1D
beam steering at 300 GHz, is developed and experimentally characterized. Furthermore,
the beam steering capability of a 1x4 phased array employing THz BT antennas, is
numerically analyzed when this OBFN chip is used for phase control.

Chapter 5 focuses on the exploration of extending the beam steering capabilities of
the developed approaches from one dimension to two dimensions. A PIC concept,
based on a 1x4 LWA array with monolithically integrated PDs, is proposed, and its
expected performance is systematically discussed. For phased arrays, a
heterogeneously integrated 111-V/Si platform is developed to fabricate a 2D PD array
on an OBFN chip. Concurrently, the PD’s epitaxial layers are optimized to maximize
the effective absorption efficiency.

Chapter 6 discusses the attributes and limitations of state-of-the-art THz beam
steering approaches. It offers a comprehensive analysis from multiple perspectives,
including integrability, THz output power, antenna gain, beam steering range,
bandwidth, as well as the complexity of control circuits, scalability for 2D beam
steering, and potential application domains.

This final chapter offers a conclusion of the thesis, along with an outlook on the
subject matter.
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2 InP-based THz beam steering leaky-wave antenna

For the first time, an InP-based THz LWA is developed for monolithic integration
with InP-based THz PDs. This proposed PIC is designed to generate signals within the
frequency range of 230 to 330 GHz via optical heterodyning. Fig. 2-1 illustrates the
conceptual design of this PIC. To minimize the number of surface wave modes and
consequently enhance the associated antenna radiation efficiency, the THz LWA is
fabricated on an ultra-thin InP substrate with a thickness of 50 um. This substrate is
bonded to a Si substrate using the thermocompression bonding (TCB) technique. At
this interface, a gold (Au) layer serves both as the bonding layer and as the ground plane
for the MSL-based THz LWA. For the transmission of THz signals from the PD to the
LWA, a grounded coplanar waveguide to microstrip line (GCPW-MSL) transition is
employed. To prevent short circuits between the p- and n-contacts of the PD, layers of
Benzocyclobutene (BCB) are utilized. These layers also protect the fragile metallic
signal and ground transmission lines from potential damage. To introduce the leak
mode, i.e., fast wave, periodic rectangular stubs are attached on both sides of the MSL.
In this chapter, numerical analysis of the THz LWAs and GCPW-MSL transitions is
presented, accompanied by a detailed exploration of the fabrication process and
experimental characterizations results.

Optical Input for Optical

Heterodyning (~1 .SSum\

THz LWA with
GCPW-MSL
Transition

InP Substrate

Au Bonding Layer &
Ground Plane

Si Substrate

Fig. 2-1 Conceptual view of the proposed PIC for signal generation from 230 to 330 GHz using optical
heterodyning. Beam steering is achieved by a THz MSL periodic LWA with an on-chip monolithically
integrated THz PD on a 50 um thick InP substrate bonded on a Si mechanical carrier. Adapted from

[LuI].

2.1 THz LWA and GCPW-MSL transition design

As discussed in chapter 1.1.2, open guided-wave structures have demonstrated
superiority over closed guided-wave structures for THz LWAs due to their simpler
topology and reduced transmission loss [79]. Another important characteristic of these
structures is that the phase constant of the leaky mode can possess both positive and
negative values. This enables beam steering from backfire to endfire of the LWAs [161].
Thereof, MSLs are especially inspired due to their straightforward fabrication process
and compatibility of integration with active sources [101, 162, 163]. Given these
advantages, MSLs are selected for the design of the InP-based THz LWA in this thesis.
Furthermore, a GCPW-MSL transition is developed for the experimental
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characterization of LWAs and the future monolithic integration with PDs. A visual
representation of this design can be observed in Fig. 2-2, which presents the layout for
both the GCPW-MSL transition and a segment of the THz LWA.

Fig. 2-2 Top view of the GCPW-MSL transition and a segment of the MSL periodic LWA. Adapted from
[Lu I].

2.1.1 LWAdesign

To simplify the design requirements of the GCPW-MSL transition, the input
impedance of the LWA s tailored to be ~35 Q for impedance matching with the in-
house fabricated THz PDs. The MSL width wwmsL can be described as a function of the
InP substrate thickness hsub, the relative permittivity of the InP &rinp (erinp = 12.4 [164]),
and MSL characteristic impedance Zo [165]:

8- exp (4)

WwmsL = hsub ° oxp (24) — 2 for wys, < 2 hgyp (2.1)
with the parameter A being:
Z 1 -1 A1
a=20. |Eoimp T2 Eome (0.23 2 ) (2.2)
60 2 €rInP +1 €rInP

For a 35 Q impedance, the MSL width is calculated to be 73.46 um using Eq. (2.1)
and Eq. (2.2). This width is then optimized to 70 um using CST Studio Suite.

The dominant mode of the guided-waves in an MSL is a slow wave and cannot be
radiated, i.e., the phase constant £ of the dominant mode is larger than the free-space
wavenumber ko. To generate leaky modes, thirty-two periodic rectangular stubs are
symmetrically attached to both sides of the MSL, enabling the introduction of fast
waves. In this way, an infinite number of space harmonics with the phase constants fn
is created [76]:

B = o+ =T, 23)
p
where n is the harmonic order, p is the unit cell period and fo is the phase constant of
the fundamental space harmonic.
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Eq. (2.3) can be rewritten as:

2-n-m n-A
:81’1::80+ :@‘F 0' (24)
ko ko ko -p ko p

where 1o is wavelength in vacuum.

From this equation, it can be observed that the harmonic order n must be negative
to enable a radiated space harmonic (Sn/ko<1), because the fundamental space harmonic
is a slow wave (Bo/ko>1) as discussed above. Generally, LWAs are designed to ensure
a unitary fast space harmonic (n = —1) to achieve a single-beam radiation [76]. In this
case, the period p is equal to the guided wavelength 14 [163], which can be calculated
through [165]:

dg=— (25)
¢ fiwa \/sz '
where fuwa is the LWA operating frequency. The effective permittivity of the MSL
eeff,msL ON the 50 um thick InP substrate can be calculated using [165]:

€r,InP +1 + ErInP — 1

& = .
eff, MSL 2 12- hsub (2.6)
2 14—
MSL

The calculated period should be 366 um using Eq. (2.5) and Eq. (2.6), given that the
LWA is designed for a frequency range from 230 to 330 GHz with a center frequency
of 280 GHz. By means of CST Studio Suite, the period is further optimized to 353 um
for improved realized gain.

The stub length and width are set to 150 pum and 50 pum respectively to maximize
the realized gain and optimize the 3-dB beam width.

All key parameters of the finalized THz MSL periodic LWA design are summarized
in Table 2-1. The total antenna length is ~6 mm.

Table 2-1 Parameters of THz MSL periodic LWA. Adapted from [Lu I].

Symbol | Value (um) Description
WnmsL 70 MSL width
p 353 Period
sw 50 Stub width
sl 150 Stub length
0 176.5 Stub offset

2.1.2 GCPW-MSL transition design

GCPW-MSL transitions in the microwave region typically rely on a limited ground
plane width to suppress the excitation of undesired parasitic substrate modes [166-169].
However, simulation results for THz frequencies reveal that such designs cannot offer
optimal performance. An alternative solution is the employment of vertical interconnect
access (VIA) holes [170], which requires extremely time-intensive sequential processes
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in InP, e.g., focused ion beam (FIB) etching. Therefore, a THz GCPW-MSL transition
without VIA holes is designed featuring short-length ground planes instead of narrow-
width ground planes to limit parasitic substrate modes. The layout of this transition is
shown in Fig. 2-2. In this thesis, the LWA is experimentally characterized utilizing a
commercial WR-3 GSG-probe for proof-of-concept measurements. Consequently, the
contact pad pitch at the start of the transition structure is designed to be 100 um, and
the width of the signal line s is set at 30 um for impedance matching. The parameters
of the GCPW-MSL transition are listed in Table 2-2.

Table 2-2 Parameters of GCPW-MSL transition. Adapted from [Lu I].

Parameter Value (um) Description
S 30 Signal line width
g 50 Gap
Is 295 Signal line length
wg 500 Ground-plate width
191 5 Ground-strip length 01
Ig2 150 Ground-strip length 02
lgs 157 Ground-strip length 03
0 22° Angle of ground-strip 03
0 P, =T —=—
g
g A
B
[\ A
§ -20 i .
g
230 | e
£
g 40 LWA —Su
E o - Operating -- 5
F
50 requency

100 150 200 250 300 350 400 450
Frequency (GHz)

Fig. 2-3 Simulated scattering parameters of the back-to-back GCPW-MSL transition from 100 to
450 GHz. The inset shows the simulated layout of the GCPW-MSL transition with an MSL length of
a=1mm [Lul].

The scattering parameters of the developed GCPW-MSL transition are numerically
analyzed in a back-to-back transition configuration with a 1 mm long MSL without
stubs (WmsL = 70 um). The results are plotted in Fig. 2-3. As can be seen, Si1 remains
below —10 dB over a frequency span from 100 to 450 GHz, presenting a good
impedance matching with the LWA throughout its operating frequency range. A
periodic fluctuation is observed, which can be attributed to different widths between
the transition signal pad and the MSL. This can be optimized using a taper structure at
the interface in future designs. Additionally, the maximum insertion loss remains under
1.6 dB over the entire frequency range and below 1.4 dB for the operating frequency of



Chapter 2 - InP-based THz beam steering leaky-wave antenna 13

the LWA. Excluding the simulated average insertion loss of the 1 mm long MSL
(~0.5 dB), the derived insertion loss for each GCPW-MSL transition is maximum
0.5 dB in the frequency range of 100 to 450 GHz.

A survey of state-of-the-art GCPW-MSL transitions is provided in Table 2-3. As
can be seen, the transition developed in this thesis offers the highest operating
frequency and the largest bandwidth without sacrificing insertion loss or return loss.

Table 2-3 Comparison of GCPW-MSL transitions [Lu I].

Freq. (GHz) | Su1 (dB) | Sz1 (dB) Substrate Material Ref.
10-40 <-10 > -1 High-resistivity silicon [166]
50-75 <-10 | >-1.5 PET [167]
DC-77 <-10 -0.2 BCB [168]
75-110 <-18 -0.3 High-resistivity silicon [169]

100-450 <-10 >-0.5 InP This work

2.2  LWA fabrication

A metallic ground layer is indispensable for MSL periodic LWAs. Generally, there
are two methods to bond the InP-based antenna substrate onto the Si carrier: eutectic
bonding and TCB. The eutectic bonding process commonly employs alloys, such as
Au-tin (Sn), Au-Ge, Au-Si and aluminum (Al)-Ge, requiring temperatures ranging
between 300°C and 500°C [171]. However, the intense heat can induce considerable
mechanical stress between the bonded InP and Si wafers due to the discrepancy in their
thermal expansion coefficients (amp =4.8x10°8 K™, asi=2.6x10°K™) [172].
Additionally, such temperatures can alter the doping profile of PD epitaxial layers.
Therefore, this thesis employs TCB, which is based on interfacial atom diffusion and
operates at a lower bonding temperature. Au is selected as the bonding layer material
due to its low resistivity, oxidation resistance, low diffusion temperature and high
bonding accuracy [173-175].

The fabrication procedure for the THz LWA integrated with the GCPW-MSL
transition using the developed substrate-transfer technology, is outlined in Fig. 2-4.
Initially, layers of titanium (Ti), platinum (Pt) and Au with thicknesses of 30 nm, 20 nm
and 1000 nm respectively, are deposited onto both InP and Si substrate surfaces. After
cleaning both wafers with acetone and isopropanol, they are bonded using a flip-chip
bonder (SET FC150). The bonding parameters are detailed in Fig. 2-5. A bonding
pressure of ~3 MPa is maintained for around 4 hours with an annealing temperature of
250°C. This relatively low temperature helps mitigate mechanical stress between the
InP and Si wafers. Notably, temperature adjustments are only initiated once the optimal
bonding pressure is reached. This ensures minimal displacement and deformation of
the wafers. After bonding, the InP substrate is ground, followed by a chemical
mechanical polishing (CMP) process. This results in a uniformly 50 um thick InP
substrate with a smooth surface. Finally, THz LWAs integrated with GCPW-MSL
transitions are fabricated using contact lithography. Photographs of the fabricated THz
LWAs and transitions are presented in Fig. 2-4. As observed, the 50 um thick InP
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substrate exhibits minimal edge breakages and a visually glazed surface. This denotes
both the robustness of the TCB bond and the excellence of the CMP procedure.

Si-Wafer with deposited /\ InP-Wafer with deposited . = . o din
Ti/Pt/Au Layers Ti/Pt/Au Layers pressi ng
L SORCRICTIE) Lithogranhy l

/rﬁmd LWAs

with GCPW-MSL Grinding & CMP
Transitions

Si-Wafer with |
Ti/Pt/Au Layers

gl P

Fig. 2-4 Fabrication process flow of the designed THz MSL periodic LWAs with GCPW-MSL
transitions based on substrate-transfer technology. The photographs show the fabricated LWAs with
GCPW-MSL transitions on an intact and a cleaved 1.5 mm wide InP substrate. Adapted from [Lu I].
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Fig. 2-5 Bonding parameters of the developed substrate-transfer technology.

For high-frequency electronic components, the skin effect cannot be ignored which
leads to an elevated electric current density near the outer conductor surface. The depth,
at which the current density drops to 1/e of the surface value, is called skin depth and
given by [176]:

6 = \/%W for lMFP ¢ 6, lMFP K I;—F, (27)

where Co is the speed of light in vacuum, f is frequency and T is temperature. For Au at
room temperature, the static electric conductivity oo is 3 x 1017 s [176], the mean free
path of a conduction electron lvrr is 37.7 nm [177] and the Fermi velocity vr
is 13.82 x 10° m/s [177]. Using these values, the skin depth is calculated to be 398.9 nm
at 300 GHz.

The Au surface roughness of the fabricated THz LWA is experimentally
characterized using a DektakXT stylus profiler. In total, five thousand data points are
recorded over a measurement length of 500 um, as shown in Fig. 2-6. The surface height
predominantly fluctuates within the range of £12 nm. According to the model presented
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in [178], the root-mean-square (RMS) roughness is determined to be ~8.3 nm. This
level of roughness indicates a minimal influence from the skin effect. The RMS
roughness value is also incorporated into the LWA performance simulations executed
using CST Studio Suite. The simulation results will be elaborated in the following
subchapter and compared with measurement values.

Height (nm)
(—]

0 100 200 300 400 500
Length (um)

Fig. 2-6 Measured roughness of the fabricated LWA surface using a DektakXT stylus profiler. Insert
shows a microscopic image of the fabricated LWA section [Lu I].

2.3 Numerical analysis and experimental characterization

2.3.1 Scattering parameter

In Fig. 2-7, the simulated Si1 of the developed THz LWA integrated with the
GCPW-MSL transition is plotted by a black solid line. It can be observed that the return
loss predominantly exceeds 10 dB except near 273 GHz due to the open-stopband (OSB)
effect [76, 93, 161]. In periodic LWAs, when the beam radiates to broadside, all the
reflections of guided waves at radiating elements add in phase back to the antenna input
and lead to a contra-directional coupling of space harmonics. This results in a reactive
input impedance and a large mismatch.

0

Scattering Parameter (dB)

230 250 270 290 310 330
Frequency (GHz)

Fig. 2-7 Simulated and measured S1: parameters of the fabricated THz LWA with the GCPW-MSL
transition [Lu I].

To validate these simulated outcomes, the S11 is experimentally characterized using
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a VNA (Agilent Technologies 8361A) with a millimeter wave VNA extender (OML
VO3VNA2-T/R). These results are also plotted in Fig. 2-7 as a red solid line. A good
agreement is yield between the simulation results and the experimental data. It needs to
be mentioned that in our recent publication [179], the OSB effect in this developed
LWA has been effectively mitigated by adding matching stubs to form an asymmetric
unit cell.

2.3.2 Far-field radiation pattern

Intact InP substrate 1.5 mm wide InP substrate Realized
Simulation Measurement Simulation Measurement Gain
280 GHz 280 GHz 280 GHz 280 GHz
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Fig. 2-8 Simulated and experimentally determined far-field radiation patterns of the THz LWA with the
GCPW-MSL transition on an intact InP substrate and a cleaved InP substrate with a width of 1.5 mm
at 280 GHz, 300 GHz and 320 GHz. Adapted from [Lu I].
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The far-field radiation patterns of the developed THz LWA integrated with the
GCPW-MSL transition are simulated and experimentally characterized on an intact InP
substrate as well as a cleaved InP substrate with a 1.5 mm width, respectively. It can be
seen from Fig. 2-8 that the simulated radiation patterns of the LWA on the intact
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substrate exhibit multiple finger-like lobes caused by surface wave modes. In contrast,
a fan-like beam can be achieved by narrowing InP substrate.

The experimental characterization of the LWA radiation patterns is executed using
a THz on-wafer antenna measurement system as shown in Fig. 2-9 [180]. For THz
signal generation, an extender (Rohde & Schwarz ZC330) is connected to the VNA
(Rohde & Schwarz ZVA-40), while another extender (Rohde & Schwarz ZRX330) is
used for signal detection. The receiver with a high-gain horn antenna is installed on an
automatic hemispherical goniometer system which enables a measurable inclination
angle from 0° to 51° and an azimuthal angle of 360°. THz signal from the VNA is fed
to the THz LWA using a GSG-probe contacted with the GCPW-MSL transition. It
needs to be mentioned that this measurement system can correctly measure the far-field
radiation patterns only from broadside to endfire of the LWA, because the radiation
towards backfire is partially reflected by the GSG-probe. Experimentally characterized
far-field patterns in steps of 2° over an inclination range from 0° to 50° and in steps of
5° over the full azimuthal plane are presented in Fig. 2-8 as well. These results show an
excellent agreement with the simulated beam patterns. For the LWA on the intact InP
substrate, not only the finger-like radiation patterns, but also even the side lobes agree
qualitatively for each frequency. Some stronger side lobes can be observed when having
the 1.5 mm wide antenna substrate, which is mainly due to roughness introduced to the
substrate edges during the sawing process.

(“\-\

N I~ Receiver with "

Extender

v =

Receiver with §
Extender

GSG-Probe
with Extender

Fig. 2-9 On-wafer antenna measurement system for far-field radiation pattern measurements [Lu I].

The quantitative evaluations of beam direction, 3-dB beam width and realized gain
from both simulated and measured results are summarized in Fig. 2-10, Fig. 2-11, and
Fig. 2-12, respectively.

Regardless of the substrate width of the LWA, simulation results as shown in Fig.
2-10 indicate that the beam direction is steered quasi-linearly from —46° to 42° in the
H-plane when the frequency is varied from 230 to 330 GHz. This simulation trend is
verified by the measurement results from 280 to 330 GHz. Only a slight deviation can
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be observed for the LWA on the 1.5 mm wide substrate above 320 GHz. This can be
attributed to the rough substrate edges introduced during the sawing process.
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Fig. 2-10 Simulated and measured relationship between beam direction and frequency from 230 to
330 GHz of the THz LWA with the GCPW-MSL transition in the H-plane. Adapted from
[LuI].

As illustrated in Fig. 2-11, substrate width also has a minimal influence on the 3-dB
beam width in the H-plane. The maximum 3-dB beam width reaches ~17° at 230 GHz
and reduces as the frequency increases. Measurement results confirm the simulated
values and demonstrate the impact of the edge roughness on the cleaved InP substrate
at higher frequencies. Nonetheless, the minimum 3-dB beam width is still larger than
9°. Given that a beam steering range of ~88° is expected, when the LWA frequency is
varied from 230 to 330 GHz with a steering rate of ~0.88°/GHz, the coherence
bandwidth of the LWA is determined to be more than 10 GHz for the entire beam

steering range.
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Fig. 2-11 Simulated and measured relationship between 3-dB beam width and frequency from 230 to
330 GHz of the THz LWA with the GCPW-MSL transition in the H-plane. Adapted from
[Lu I].

Fig. 2-12 presents both the numerically analyzed and experimentally determined
realized gains of the LWA on InP substrates with varying widths. A noticeable
discrepancy exists between the simulated and measured realized gain of the LWA on
the intact substrate in the 280 to 330 GHz range. This can be partially attributed to the
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suboptimal pitch of the GSG-probe utilized during the experimental characterization,
leading to calibration challenges. However, after employing a compatible GSG-probe
for characterization of the LWA on the cleaved substrate, the experimental results show

a good agreement with the simulated values.
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Fig. 2-12 Simulated and measured relationship between realized gain and frequency from 230 to
330 GHz of the THz LWA with the GCPW-MSL transition. Adapted from [Lu I].
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3 Mobile THz communications using InP-based leaky-wave
antenna

In this chapter, the first mobile 6G THz communication system is demonstrated.
This system utilizes radio-over-fiber technology combined with an optical heterodyne
setup to generate THz data signals which are then radiated by the innovative InP-based
THz LWA. By adjusting the wavelength of the local oscillator (LO) laser, the beam
direction can be easily steered. For detection, an envelope detector is employed. The
performance of this mobile THz communication system is experimentally investigated
across various wireless transmission angles and distances, in both single-user and multi-
user scenarios.

3.1 LWA transmitter chip with Teflon lens

To enhance the directivity of the LWA, a hemicylindrical Teflon lens is designed
using CST Studio Suite. This lens has a diameter of 3.8 mm and a relative permittivity
of ~2.1. Its impact on the LWA is evaluated using the previously mentioned THz on-
wafer antenna measurement system [180]. Specifically, the far-field radiation patterns
of the LWA are experimentally characterized at various angles with the lens positioned
2.7 mm above the antenna. The measured values, together with the simulation results
both with and without the Teflon lens, are presented in Fig. 3-1, Fig. 3-2 and Fig. 3-3.

The simulation results in Fig. 3-1 reveal that the lens has a slight impact on the
LWA’s beam steering capability with a maximum deviation of 4°. Experimental
characterization indicates that the beam scans over 33°, i.e., from 6° to 39°, in a quasi-
linear manner with ~0.7°/GHz when the frequency is adjusted between 280 GHz and
330 GHz.
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Fig. 3-1 Simulated and experimentally characterized beam direction of the THz LWA with the GCPW-
MSL transition on the 1.5 mm wide InP substrate in the H-plane. Adapted from [Lu I1].

It can be observed from Fig. 3-2 that the lens has a negligible influence on the
simulated 3-dB beam width in the H-plane over the entire steering range as expected,
since the lens is intentionally designed to focus the beam only in the E-plane. Also, a
good agreement between the measured and the simulated results is achieved with a
maximum deviation of 1°. The smallest measured 3-dB beam width is 9°. With the
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beam steering rate of 0.7°/GHz, the coherence bandwidth of the antenna exceeds
12 GHz.
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Fig. 3-2 Simulated and experimentally characterized 3-dB beam width of the THz LWA with the
GCPW-MSL transition on the 1.5 mm wide InP substrate in the H-plane. Adapted from [Lu I1].

As depicted in Fig. 3-3, the simulated LWA'’s directivity without the developed
Teflon lens is around 14 dBi, which is significantly enhanced to ~23 dBi when
employing the lens. A minor discrepancy of less than 2 dB between the simulated and
measured values can be observed for beam directions exceeding 20°, which can be
attributed to imperfections in the shape of the fabricated Teflon lens and potential
misalignment during the measurements.
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Fig. 3-3 Simulated and experimentally characterized directivity of the THz LWA with the GCPW-MSL
transition on the 1.5 mm wide InP substrate. Adapted from [Lu I1].

3.2 THz communication system setup

Fig. 3-4 presents a schematic view of the THz communication system which uses
the photonic-assisted THz LWA as a beam-steering transmitter. The system employs
an optical heterodyne setup for THz data signal generation and an envelope detector. In
this setup, an arbitrary waveform generator (AWG, Keysight M9505A) generates an
intermediate frequency (IF) orthogonal frequency-division multiplexing (OFDM)
waveform in the digital domain and then converts it to the analog domain. After
amplification using a medium power amplifier (MPA), the waveform is modulated onto



Chapter 3 - Mobile THz communications using InP-based leaky-wave antenna 23

a 1.55 um optical carrier by means of a Mach-Zehnder modulator (MZM) and then
optically amplified by an erbium-doped fiber amplifier (EDFA). A second laser
(laser 2) with a tunable beat frequency relative to laser 1 in the THz range is employed
for optical heterodyning in the UTC-PD (NTT Electronics J-band photomixer module)
and consequently, the OFDM waveform can be transferred to the THz domain. To
investigate multi-user scenarios using the LWA, a third laser is added to generate a
second THz carrier. Through the GSG-probe (FormFactor 1325-T-GSG-100BT), the
THz OFDM waveform generated by the UTC-PD is transmitted to the LWA. The beam
direction can be manipulated by adjusting the wavelengths of laser 2 or laser 3. The
Teflon lens is placed 2.7 mm above the LWA. For reception, a WR-2.8 diagonal horn
antenna is used to receive the wireless transmitted THz waveform which is then
amplified by the THz low noise amplifier (LNA, Radiometer Physics LNA 250-
350 25 8). The subsequent down-conversion to IF is executed using an envelope
detector, i.e., the zero-biased Schottky-barrier diode (SBD, Virginia Diodes WR-2.8
ZBD-F40). In contrast to a heterodyne detection approach, the performance of an
envelope receiver is independent of the frequency difference between the data carrier
and the LO signal [53, 181]. Thus, the envelop detection approach is suitable for LWA-
based transmitters with variable THz carrier frequencies. After that, the waveform is
digitized by the high-frequency digital signal analyzer (DSA, Keysight DSA-Z 634A)
and then analyzed using the off-line digital signal processing. The maximum data
bandwidth of this mobile THz communication system is expected to be ~12 GHz which
is only limited by the coherence bandwidth of the LWA. The photograph in Fig. 3-4
shows the wireless frontend and receiver setup. The receiver is mounted on a
goniometer to support angular-dependent measurements and emulate a mobile user
scenario.

Signal Generation Wireless Frontend Wireless Receiver
Teflon Hom
Laser 1 UTC-PD LWA Lens Antenna SBD
k GSG-
&\\n‘ <;> DE. i“\\ Probe \i/ D ))) \f/ $
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: LNA
> > ¥
AWG S‘Z\ S‘Z\ £ 1hs Horn bSO
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GSG-Probe LWA Teflon Lens

Fig. 3-4 Schematic view of the mobile THz communication system using the photonic-assisted THz
LWA with the Teflon lens. The photograph shows the wireless frontend and receiver.

The link budget of the system is estimated in Table 3-1 for beam directions of 6°,
20° and 32°. As intended, the system performance remains largely consistent regardless
of the beam direction or the corresponding THz wireless carrier frequency. This leads
to a quasi-uniform input power to the SBD of around —9.6 dBm for all beam directions.
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It needs to be mentioned that while though the Teflon lens enhances the LWA
directivity by about 9 dB, the measured realized gains are around 14.3 dBi, as shown
in Table 3-1. This is only an improvement of ~3 dB compared to the results (without
the lens) presented in Fig. 2-12. The primary reason for this discrepancy is that repeated
characterizations of the fabricated LWA damaged the contact pads of the GCPW-MSL
transition, resulting in increased losses. Therefore, a ~6 dB higher input power to the
SBD is expected when a freshly fabricated LWA is used in this communication system.

Table 3-1 Link budget for beam directions of 6°, 20° and 32° for a wireless distance of 6 cm. Adapted

from [Lu I1].
Beam direction (degree) 6 20 32
Wireless carrier frequency (GHz) 280 300 320
PD output power (dBm) —14.27 —13.64 —14.46
Probe insertion loss (dB) 4.73 5.11 5.79
LWA realized gain (dBi) 14.08 14.01 14.76
FSPL (dB) @ 6 cm 56.95 57.55 58.11
Horn antenna realized gain (dBi) 23.63 24.03 24.56
THz LNA gain (dB) 27.95 28.82 29.92
SBD input power (dBm) -10.29 —9.46 -9.12

3.3 Single-user mobile THz communications

The performance of the mobile THz communication system is first verified by
measuring the bit error rate (BER) over a wireless distance of 6 cm and with beam
angles from 6° to 39°. The measured signals have bandwidths of 8 GHz and 12 GHz at
an IF of 6 GHz using a 4-QAM IF-OFDM modulation. The MZM is biased at ~2 V to
minimize the effects of signal-signal beating interference (SSBI) [181]. Of the 512
subcarriers, 16 are used as pilots to compensate for the carrier-frequency offset. Since
the input power of the SBD receiver is nearly independent of the beam direction as
detailed in Table 3-1, a consistent BER is expected and has been confirmed by the
measurement results plotted in Fig. 3-5.
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Fig. 3-5 Measured BER of 4-QAM IF OFDM data signals with bandwidths of 8 GHz and 12 GHz from
6° to 39° over a wireless distance of 6 cm. The IF is 6 GHz. Adapted from [Lu I1].

For both bandwidths, the BERs are below 3.8x107 which is the threshold for 7%
overhead hard decision forward error correction (HD-FEC) [182]. Based on these
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results, it can be concluded that a minimum net data rate of 20.46 Gbit/s is achieved for
all beam directions using a 12 GHz bandwidth.

To evaluate the system performance for extended wireless distances, the BER is
measured again for 4-QAM IF OFDM waveforms with bandwidths of 6 GHz, 4 GHz
and 2 GHz (IF at 3 GHz), while progressively moving the receiver away from the
transmitter at a beam direction of 6°. The results are depicted in Fig. 3-6. For a
bandwidth of 6 GHz (data rate: 12 Ghit/s), a wireless transmission distance is achieved
up to 16 cm for below the HD-FEC level. When the bandwidth is reduced to 4 GHz,
the wireless link can be expanded up to 20 cm, while a data rate of 4 Gbit/s (bandwidth:
2 GHz) is accomplished for a wireless distance of 32 cm.
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Fig. 3-6 Measured BER of 4-QAM IF OFDM data signals for wireless transmission distances from 6 to
34 cm. The IF is 3 GHz, and the beam direction is 6°. Adapted from [Lu I].

3.4 Multi-user THz communications

For multi-user scenarios, the proposed THz LWA can be used to simultaneously
generate multiple beams pointing in different directions by assigning a different carrier
frequency to each user waveform. In the proposed mobile THz communication system
based on optical heterodyning, multiple carriers can be generated by using additional
LO lasers. To survey the number of users and the total data capacity that this system
can support, it is necessary to experimentally determine the minimum angular
difference between beams assigned to different users. For this reason, an additional LO
laser (laser 3) is added to simultaneously generate and radiate two THz waveforms
targeting different directions (see Fig. 3-7).

f

THz waveforms: f;,

) LWA |

Fig. 3-7 Schematic view of the LWA in multi-beam operation.

One beam with frequency fi is fixed at a direction of 6°, while the second beam is
steered closer to the first one by reducing its frequency f. The BER is measured for a
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wireless distance of 6 cm until the values for one user reach the HD-FEC threshold of
3.8x10° due to the interference between the two OFDM waveforms. Systematic
experiments are executed for data signals with different modulation parameters and the
yielded results are summarized in Table 3-2.

It is found that regardless of bandwidth, the guard band between two waveforms
must be larger than 1 GHz to ensure transmission below the HD-FEC threshold. The
number of users that the system can potentially support is linked to the available
bandwidth for each user. In detail, with a wireless data rate of 12 Gbit/s per user, a
minimum user separation of 10° allows the fabricated LWA to simultaneously support
up to four users within its 33° scanning range. This results in a total data capacity of
48 Gbit/s, assuming that the spectral power density of the beams satisfies the below
HD-FEC requirements. By reducing the bandwidth, the signal-to-noise ratio (SNR) is
increased which enables the use of more complex QAM modulations, such as 16-QAM.
Consequently, a data rate of 4 Gbit/s is achieved with a narrow bandwidth of 1 GHz.
Here, users can be located closer to each other. This increases the potential user count
to 12, while maintaining a total data capacity at 48 Gbit/s.

Table 3-2 Measurement parameters and results for multi-user scenarios [Lu I].

= EE()';\ ?:3_ Data Guard User User Total Data
QAM (GHz) | width Rate BER Band Separation Number Capacity
(GH2) (Gbit/s) (GH2) (degree) (Gbit/s)
16 1 1 4 3.2x10°° 1 3 12 48
16 3 2 8 7.8x10* 1 6 6 48
4 4 6 12 1.3x1073 1 10 4 48
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4 Optical beam forming network chip for THz phased array

For certain THz applications, such as imaging, frequency-independent photonic-
assisted THz beam steering approaches are required. As discussed in chapter 1.2.2, it is
quite challenging to implement easy-to-use optical TTDs for THz phased arrays. Due
to the reduced influence of the beam squint effect in the THz domain, OPSs are deemed
as an attractive alternative. This chapter reports on the design and experimental
characterization of a 1x4 OBFN chip based on four OPSs consisting of ORRs for
continuous beam steering at 300 GHz. Compared to OPSs relying on straight
waveguides [114], this OBFN chip avoids waveguide intersections and allows a higher
phase tuning efficiency. The fabrication of this OBFN chip employs TriPleX
waveguides with an extremely low optical propagation loss and a high optical
confinement factor, leading to a compact chip design [133]. Additionally, this chip can
be monolithically integrated with diverse photonic components, e.g., reconfigurable
photonic RF filters [183], high-granularity wavelength division multiplexers [184],
high-order ring resonators [185] and programmable optical signal processors [186].
Thus, it becomes feasible to develop a single PIC that incorporates multiple complex
functions, including the capability for beam steering.

4.1 OBFN chip design

The concept of the 1x4 OBFN chip with integrated THz PDs for 1D beam steering
at 300 GHz is shown in Fig. 4-1. Two laser signals (@1.55 um) with a beat frequency
of 300 GHz are coupled into the OBFN chip and then divided into four waveguides by
three MZIs with tunable power distribution capabilities. Each OPS consists of two
cascaded and identical ORRs based on TriPleX waveguides. Using coupler heaters, the
power coupling coefficients of the ORRs can be adjusted, while their resonance
frequencies are modified by the biases of the ring heaters. Four butt-coupled PDs with
integrated antennas having a half-wavelength pitch are used to transfer the optical phase
shift to the THz domain by optical heterodyning, allowing control of the THz beam
direction through the OBFN chip.

Fig. 4-1 Concept of the 1 x 4 OBFN chip with integrated MUTC-PDs for 1D beam steering at
300 GHz [Lu 111].

To understand the operating principle of OPSs based on ORRs, the phase response
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of a single ORR must be investigated. Under the condition of over-coupling range (the
power coupling coefficient k is larger than the round-trip loss Py), the phase response is
given by [187]:

(p(-Q) =T — (Z-Q + (pring) -

Vi—k-sin(2+@ring)
q—Vi-k-cos(2+@ring)

qVi-k'sin(Q+@ring) (4.1)

1-gVi-k-cos(2+@ring)]’

arctan — arctan [

where Q is the normalized angular frequency to the free spectral range (FSR) of an
ORR (2 =2-n-f/ frsr) and ¢ring is the normalized round-trip phase shift which indicates
the resonance frequency offset of the ORR (¢ring= 27t fres oftset / frsr). The amplitude loss
factor q is a function of the round-trip loss P.:

g =105 4.2)

For a lossless ORR (q = 1) with a power coupling coefficient of 0.5, the calculated
phase response of a single ORR (¢ring = 0) over one FSR (red line) is shown in Fig. 4-2.
By changing ¢ring using the ring heater, the phase response can be shifted as illustrated
by the purple and yellow lines. When one laser signal (fLpy) is set at the ring’s resonance
frequency and the other optical heterodyne signal (fup2) is set at the off-resonance
frequency, different optical phase shifts are applied to the two laser signals, which are
subsequently transferred to the THz domain using the PDs described by
A@THz = AgLp1 — AgLp2 [188].
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Fig. 4-2 Calculated phase responses over one FSR for a single ORR with different round-trip phase
shifts gring and for two cascaded ORRs with the same resonance frequency. The power coupling
coefficient k is 0.5 and the amplitude loss factor g is 1 [Lu Il].

The maximum phase tunable range of the laser signal 1 is 2n (AgLp1,max = 27) and
its phase adjustment concurrently leads to the phase variation of laser signal 2
(AgLp2 # 0). Therefore, two cascaded ORRs are used for each OPS to achieve a THz
phase shift ApTH, Of at least 2z. The related phase response is depicted by the blue line
in Fig. 4-2. Furthermore, it can be observed that the FSR of the ORRs should be twice
the THz frequency, i.e., 600 GHz. The corresponding ORR round-trip length L should
be 0.282 mm which can be calculated using:

Co

L= (4.3)

Ng fEsR '
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where ng is the group index of TriPleX waveguides and equal to 1.777. However, the
minimum round-trip length of a fabricated ORR must exceed 7 mm due to the required
heater length for thermo-optical control. This leads to a maximum FSR of 24.1 GHz
which is smaller than the optimum value. However, thanks to the periodicity of ORRs,
it is possible to satisfy the conditions, i.e., fLpz at the off-resonance frequency and fip:
at the resonance frequency, if the FSR meets the following criteria:

|fup1 — fip2l = (m + i) * frsrs (4.4)

where m is a natural number.
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Fig. 4-3 Calculated phase response over fourteen FSRs for two cascaded ORRs with the same
resonance frequency. The power coupling coefficient k is 0.5 and the amplitude loss factor g is 1
[Lu I1].

As can be seen from Fig. 4-3, the phase shift of the laser signal with f_p2 (m = 13) is
the same as that with fup2 (m = 0) when adjusting ¢ring, i.€., the resonance frequency of
the ORRs. Consequently, all ORRs in the OBFN chip are designed with an FSR of

22.22 GHz.
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Fig. 4-4 Mask design of an ORR. The inset shows the fabricated OBFN chip.

The OBFN chip is designed using the Synopsys OptoDesigner software and
fabricated by LioniX International BV. The mask design for an ORR is illustrated in
Fig. 4-4. The TriPleX waveguides are represented by red lines, and heaters are indicated
by green lines. The MZI consists of two directional couplers and a coupler heater. The
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inset shows the fabricated OBFN chip under visible light test.
4.2 OBFN chip characterization

To use the fabricated OBFN chip for beam steering applications, the thermo-
optically controlled power coupling coefficient k and the resonance frequency offset
fres,offset OF €ach ORR must be experimentally characterized as functions of the voltages
applied to the coupler and ring heaters, respectively. The power coupling coefficient k
can be derived from the measured ORR group delay 74 using [187]

q-m-COS(Q'HPring)_(l_k) .
(1-k)=2qV1-k-cos(2+@ring)+q?

Tg = TRT + RT +
(4.5)
q 1—k'COS(.Q+(pring)—q2-(l—k)

1-2q"V1-k-cos(Q+@ring) +q%-(1-k)

- TRT'

The group delay of each ORR is experimentally determined using a wavelength-
sweeping approach [189] (see Fig. 4-5). For an optimal trade-off between measurement
resolution and noise, a RF signal at 200 MHz (frr < 1% - frsr) is generated by a VNA
(Anritsu-360) and then modulated onto an optical carrier with a tunable wavelength
using an MZM. As the laser wavelength and the coupler heater voltage for the ORR are
adjusted, the phase shift of the RF signal Agrr is measured by the VNA and the
associate group delay can be calculated using zg =~ Aprr/ (21 - fre). Finally, the power
coupling coefficient for each ORR can be determined using Eq. (4.5). For the fabricated
OBFN chip, the experimentally determined optical propagation loss is ~0.7 dB/cm.
Considering the round-trip length of 7.59 mm, the round-trip loss P is calculated to be
0.5 dB, which translates to an amplitude loss factor q of 0.944. The round-trip time can
be calculated using Trr = 1 / frsr. It needs to be mentioned that the temperature changes
caused by the heaters can alter the optical characteristics of the entire OBFN chip during
measurements. Therefore, the chip is mounted on a heat sink equipped with a thermo-
electric cooler (TEC) which is regulated by a temperature controller (Thorlabs
TED4015) at 20 °C.
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Fig. 4-5 Measurement setup for group delay characterization.

The measured power coupling coefficient k as a function of the coupler heater bias
is presented in Fig. 4-6. As observed, the power coupling coefficient increases from
~0.19 to ~1 as the bias voltage is adjusted from 4 to 12 V. The power coupling
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coefficient of 0.5 can be achieved with a bias setting of 8.3 V.
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Fig. 4-6 Measured power coupling coefficient as a function of the coupler heater bias of an ORR
[Lu I1].

The resonance frequency offsets of the ORRs are experimentally determined using
a high-resolution optical spectrum analyzer (OSA, APEX Technologies AP2060A) and
the results are depicted in Fig. 4-7. As can be seen, to shift the resonance frequency
over one FSR, a bias voltage of ~17 V is required.
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Fig. 4-7 Measured resonance frequency offset as a function of the ring heater bias of an ORR [Lu I11].

Using these measurement results, the power coupling coefficients of all ORRs are
set to be 0.5 and the ring heaters are tuned to ensure that each ORR possesses an
identical resonance frequency. This configuration, in which the phase shifts of all four
OPSs are identical, is defined as the initial state of the OBFN chip. Fig. 4-8 shows the
optical frequency response of one OPS in this initial state. As can be seen, the two
resonance frequencies are at 193.4001 THz and 193.4220 THz, indicating an FSR of
~21.9 GHz. Due to this minor deviation from the initially designed FSR of 22.22 GHz
(< 1.5%), the fabricated OBFN chip is optimally suited for beam steering at
295.65 GHz instead of the intended 300 GHz according to Eq. (4.4).
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Fig. 4-8 Measured optical frequency response of one OPS with two cascaded ORRs having the same
resonance frequency [Lu Il].

To measure the THz phase shift controlled by the OPSs, the measurement setup
illustrated in Fig. 4-9 is used. Two optical heterodyne signals (@1.55 pum) are generated
using two free-running integrable tunable laser assemblies (Pure Photonics PPCL200).
After amplification by the EDFA (Thorlabs EDFAL100P), an optical polarization
controller is employed to mitigate potential optical losses in the OBFN chip caused by
the large polarization birefringence of TriPleX waveguides [132]. To precisely regulate
the bias of each heater, a heater control system is developed and implemented. The
temperature of the OBFN chip is maintained at 20 °C by the temperature controller. To
measure the phase difference between two waveguide ports (WPs), two PDs are
interfaced with WP1 and WP2 through fiber-chip coupling. Optical delay lines (ODLs,
Newport MDL-002-1-15-56-PP-FC/APC) are used to compensate for the fiber length
difference from the OBFN chip to the PDs. A DSA (Keysight DSA-Z 634A) is
employed to measure the amplitudes of the RF signals generated by the PDs.
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Fig. 4-9 Measurement setup for phase shift characterization [Lu I11].

Before executing the experimental characterization, all ORRs are set their initial
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state using the heater control system, i.e., with a power coupling coefficient of 0.5 and
a resonance frequency of 193.4001 THz. Since the maximum analog bandwidth of the
DSA is 63 GHz, the phase shift between the two WPs cannot be directly measured in
the THz domain. However, the periodicity of the ORRs allows THz phase shift
measurement using lower microwave frequencies. As explained in chapter 4.1, any
frequencies fup: and fLp2 that satisfied Eq. (4.4) will demonstrate the same phase shift.
This means when f_pz is fixed at 193.4001 THz (resonance frequency of the ORRS), the
phase shift for fup, = 193.41105 THz (m = 0) is same as for fip2 = 193.69575 THz
(m = 13), as shown in Fig. 4-3. Therefore, an RF signal with a frequency of 10.95 GHz
mirrors the phase shift of a signal at 295.65 GHz. This method effectively circumvents
the bandwidth limitation of the DSA and allows for accurate phase shift measurements.

During the measurements, the RF signal at 10.95 GHz generated by the PD at WP1
serves as the trigger reference for the DSA. The RF signal from WP2 is then measured
when tuning the OPS, i.e., the ring heater biases of the two cascaded ORRs (ORR3 and
ORR4), and the results are plotted in Fig. 4-10. As observed, the amplitude with a peak
at the normalized time of 0 ps (black solid line) corresponds to the initial state of the
OBFN chip. By increasing the ring heater biases, the time delay of the measured RF
signal is tuned to 15.2 ps (blue solid line), 30.5 ps (red solid line) and 45.7 ps (green
solid line). These are equal to phase shifts of 60°, 120° and 180°, respectively. Inverse
phase shifts down to —180° can be achieved by reducing the ring heater biases, as
illustrated by the dashed lines. Overall, a phase tuning of 2 is achieved.
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Fig. 4-10 Measured amplitudes of the 10.95 GHz RF signal (WP2) for various ring heater biases
[Lu 1]

The corresponding ring heater bias settings for ORR3 and OOR4 are plotted in Fig.
4-11. A slight difference can be observed due to fabrication tolerances. To achieve a 21
phase shift, the ring heater bias of the ORR3 is changed from 3.42 to 6.52 V, and the
bias of the ORR4 is increased from 3.72 10 6.79 V.
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Fig. 4-11 Measured ring heater biases of the ORR3 and ORR4 for phase shifts from —180° to 180°
[Lu H1].

The dissipative power of the heaters is calculated based on the measured heater
resistance of 540 Q and presented in Fig. 4-12, which indicates a phase tuning
efficiency of 0.058 W/x.
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Fig. 4-12 Calculated dissipative ring heater power of ORR3 and ORR4 for phase shifts from —180° to
180° [Lu H1].

From Fig. 4-10, it can be observed that the amplitude of the 10.95 GHz signal varies
for different phase shifts. This is because the dispersive power transmission loss of the
ORRs leads to a fluctuation in the transmitted optical power, especially for the laser
signal near the resonance frequency. As can be seen, the largest amplitude deviation
reaches ~40.15 mV when comparing the amplitudes corresponding to phase shifts of
180° and —60°. To systematically analyze the impact of this inherent power variation
on the THz beam steering performance of a 1x4 phased array, the output power of a
UTC-PD (NTT Electronics J-band photomixer module) is measured at 295 GHz for
different phase shifts using an SBD (Virginia Diodes WR-3.4 ZBD) as the power
detector. The results are presented in Fig. 4-13. The minimum relative power is found
at a phase shift of —30°, not at 0° as one might expect. This is traced back to a slight
mismatch between the laser wavelength and the ORR’s resonance frequency during the
experiments. When considering the entire phase tuning range of 2z, the maximum
deviation in detected THz output power is about 3.8 dB.
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Fig. 4-13 Measured relative output power of the UTC-PD at 0.295 THz for phase shifis from —180° to
180° [Lu I1].

4.3 THz beam steering using a 1x4 phased array

The impact of the measured THz power variation on beam steering performance is
numerically analyzed using CST Studio Suite. This is carried out for a 1x4 phased array
that comprises four BT antennas with a pitch of 500 pum placed on a 100 pum thick InP
substrate. To enhance directivity, InP-based dielectric rod waveguide (DRW) antennas
are positioned beneath the BT antennas, as depicted in the inset in Fig. 4-14. Each DRW
antennas has a thickness d of 150 um, a length | of 3500 pum, and a width w of 500 pm.

The beam steering behavior of the 1x4 phased array is explored under two scenarios:
(a) with a constant power applied to each BT antenna, and (b) incorporating the
measured power variations. In both scenarios, the phase difference between adjacent
antennas Ay is adjusted between —120° and 120°, with a step size of 30°. While phase
differences exceeding 120° are attainable using the fabricated OBFN chip, they result
in significantly increased side lobes, and thus lower directivity and gain. Table 4-1
summarizes the parameters assigned to each antenna for simulations. In the constant
power scenario, each antenna receives a uniform input power of 0.21 dBm, independent
of the phase difference. This power level is determined based on the 0° phase shift when
the power level at —30° is assumed to be 0 dBm (see Fig. 4-13). The phase of the BT1
remains constant, while the phases of the other antennas are adjusted accordingly. For
instance, with a phase difference Ap of 30°, the phases for BT1 to BT4 are set at 0°,
30°, 60° and 90°, respectively.

Fig. 4-14 (a) to (h) present the polar diagrams of the absolute radiation power of the
phased array for all phase differences (blue lines). This power is the sum of the total
input power in dBm of the four BT antennas combined with the simulated realized gain.
As can be seen, the beam is steered to 31° with a phase difference of 120° between
adjacent antennas. The maximum absolute radiation power consistently exceeds
15.2 dBm that is independent of the phase difference. Negative phase shifts result in
the beam steering in the opposite direction. Consequently, the maximum beam steering
range is 62°.
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Fig. 4-14 Simulated polar diagrams of the absolute radiation power of the 1x4 phased array with
constant (blue lines) and variational (red lines) power at 295 GHz for phase differences between
adjacent antennas of (a) 30°, (b) 60°, (c) 90°, (d) 120°, (e) —30°, (f) —60°, (g) —90° and (h) —120°. The
inset shows a schematic drawing of the 1x4 phased array with DRW antennas [Lu I11].

In the variational antenna input power scenario, the simulated phase settings are
identical to those for the constant power scenario. Only the input power for each
antenna is adjusted according to the measurement results presented in Fig. 4-13. For
these simulations, the power level at —30° is also assumed to be 0 dBm. It needs to be
mentioned that due to the phase periodicity, the power levels at negative phases (from
0° to —180°) can be used for phases between 180° and 360°, e.g., the measured value at
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—120° is employed for the power level at 240°. The power levels for phases within the
—180° to —360° range are determined using the same methodology. The resulting polar
diagrams of the absolute radiation power (red lines) are presented in Fig. 4-14 (a) to (h)
as well. As can be seen, the radiation patterns, including the power variations, show a
good agreement with the patterns where antenna power levels remain constant. In
general, the observed deviations in the beam direction and absolute radiation power are
lower than 1° and 0.8 dB, respectively. Only for the phase differences of 60° and 90°,
a slightly larger power mismatch of less than 2 dB can be noticed, which is still within
acceptable limits. Thus, it is concluded that the inherent power variations caused by the
OBFN chip only have a minor impact on the beam steering performance of the phased
array.
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Table 4-1 Parameters for numerical analyses of constant power and variational power scenarios at 295 GHz [Lu Il1].

o Antenna
ase
Difference BTL BT o -
between Input Power (dBm) Input Power (dBm) Input Power (dBm) Input Power (dBm) Figure
Qr?gear?ﬁgz Phase | constant | Variational | Phase | Constant | Variational | Phase | Constant | Variational | Phase | Constant | Variational
Power Power Power Power Power Power Power Power
30° 0° 0.21 0.21 30° | 021 0.66 60° | 0.21 1.09 9° | 021 170 Flg(;)_M
60° 0° 0.21 0.21 60° 0.21 1.09 120° | 0.21 2.40 180° | 0.21 3.81 Flg(t?)_m
90° 0° 0.21 0.21 90° | 021 1.70 180° | 0.21 3.81 270° | 021 0.36 Flg(:)_M
120° 0° 0.21 0.21 120° 0.21 2.40 240° 0.21 1.22 360° 0.21 0.21 Flg(.dﬂ;l4
-30° 0° 0.21 0.21 -30° | 021 0 —60° | 021 0.13 —90° | 021 0.36 Flg(:)_M
-60° 0° 0.21 0.21 -60° | 021 013 | -120°| 021 1.22 -180° | 021 3.06 Flg'(fl;_14
—90° 0° 0.21 0.21 —90° | 021 036 | -180°| 021 306 | -270°| 021 1.70 F'gtg‘;“
~120° 0° 0.21 021 | -120°| 021 122 | -240°| o021 240 | -360°| 021 0.21 Flg(hL;_M
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5 Towards 2D THz beam steering

The capability to steer THz beams in two dimensions is necessary for daily
applications. Although preliminary attempts using electronic technologies have been
reported [107, 108], photonic approaches remain comparatively underexplored. This
chapter will investigate methods to extend the beam steering capabilities of the
developed InP-based THz LWA and the photonic-assisted THz phased array to two
dimensions.

5.1 PIC based on THz LWA array

To facilitate 2D beam steering with the InP-based THz LWA, a PIC using an array
configuration is proposed. Implementing this PIC in the mobile THz 6G
communication system presented in chapter 3, will significantly extend the wireless
range and enable 2D tracking of mobile users. The expected performance of this system
will be discussed in detail in the following sections.

5.1.1 PIC design

Fig. 5-1 Concept of the PIC featuring 2D THz beam steering.

The concept of the PIC supporting optical heterodyning for THz signal generation
and 2D beam steering is illustrated in Fig. 5-1. In contrast to the configuration of a
single THz LWA integrated with a PD, this 1x4 array design significantly improves the
realized gain of the transmitter and enhances the transmitted power by coherently
combining the output power of multiple PDs in free space. The LWA pitch is set at
535 um, corresponding to half wavelength at 280 GHz signals (the median operating
frequency of LWAS). Further improvement of the THz output power is achieved by
integrating THz traveling-wave amplifiers (TWAs) with the LWAs and PDs via flip-
chip bonding. Semiconductor optical amplifiers (SOASs) are butt-coupled to the PDs to
provide sufficient optical power. An OBFN chip, designed to modify the phase shifts
between adjacent PDs, enables beam steering in the E-plane of the LWAs and is
integrated with the SOAs also using butt coupling. Due to the limited FSR of ORRs
and their dispersive phase response, four OPSs based on straight waveguides are
employed in the OBFN chip to provide the 100 GHz bandwidth required for LWA
frequency sweeping. To avoid the 3 dB optical loss caused by directional couplers,
MZlIs are utilized to combine the optical heterodyne signals. The mask layout for the
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OBFN chip is shown in Fig. 5-2. The inset presents the fabricated chip, where the
golden lines indicate electrical leads and heaters. To align the optical waveguides of the
OBFN, SOA, and PD & LWA chips at a uniform height for butt coupling, a submount
is employed to compensate for any chip thickness differences. This innovative PIC
design enables 2D beam steering with only one control unit for frequency tuning and
four for phase adjustments, resulting in a relatively simple and feasible control circuit.

OPSs \: e L v AMZIs
| E—
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\ | . /
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Fig. 5-2 Mask design of the OBFN chip with four OPSs based on straight waveguides. The inset shows
the fabricated OBFN chip.

5.1.2 Expected performance

To evaluate the performance of the PIC in the THz domain, it is crucial to determine
the output power of the THz PDs, which largely depends on the optical power supplied
by the SOAs. A single SOA can generate an optical output power of around 15 dBm,
provided its input power exceeds 5 dBm [190]. To meet this requirement, each optical
input of the OBFN chip should receive an optical power of 12.5 dBm, considering fiber-
chip coupling loss (~0.5 dB), power division loss into four waveguides (6 dB), optical
propagation loss in waveguides (<3 dB) [133], ~3 dB gain from combining two
heterodyning signals using MZls, and optical coupling loss (~1 dB) between the OBFN
and SOA chips. This power level can be achieved with commercial tunable lasers and
EDFAs. Due to the additional butt-coupling loss from an SOA to a PD (~1 dB) and
optical propagation losses in a PD waveguide (~0.5 dB), the expected optical input
power of each PD Ppp,input IS estimated to be ~13.5 dBm. Using Ansys Lumerical, the
simulated absorption efficiency is ~63 % for a THz PD with a footprint of 3x16 pum?
[12]. Then, the PD responsivity can be calculated using [191]

Si,PD = Nabs * m1 (5.1)

h'Co

where e is the electron charge, Aaser IS the laser wavelength and h is the Planck constant.
The calculated responsivity of the PD is 0.79 A/W at a laser wavelength of 1.55 um.
Multiplying this value by the optical input power of the PD results in a photocurrent Ipn
of 17.6 mA, which is lower than the saturation photocurrent of 20 mA [12]. Assuming
a modulation depth of 100% (two optical heterodyne signals with the equal optical
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power), the ideal output power of the PD with a 50 Q load is estimated to be 8.9 dBm
[192]. The frequency response of the PD demonstrates a decrease with a 1/f 2 slope
from the calculated RC limited 3-dB frequency (~80 GHz) and a 1/f * slope from
transit time limited cutoff frequency (~254 GHz) [12]. Consequently, based on these
characteristics, the PD output powers are calculated from 230 to 330 GHz and presented
in Table 5-1.

Table 5-1 Link budget calculation of the mobile THz 6G communication system using the proposed PIC
as the transmitter.

Frequency
(GH2)

Beam direction
in the H-plane | —48 | -33 -21 | -12 | -3 6 13 20 27 35 43
(degree)
Single PD
output power | -33 | -36 | 40 |-47|-53|-60|-66|-72|-77| 83 | 8.8
(dBm)
Single TWA
output power | 125 | 131 | 132 | 12,6 | 11.0 | 10.8 | 10.1 | 100 | 9.5 59 | N.A.
(dBm)
Single LWA
input power 116 | 124 | 125 | 119|103 (101 | 94 | 9.3 | 838 52 | N.A.
(dBm)
LWA array
input power 178 | 184 | 185 | 179 | 163 | 16.1 | 154 | 153 | 148 | 11.2 | N.A.
(dBm)
LWA array
realized gain 142 | 16.3 | 16.8 | 17.8 | 176 | 17.7 | 185 | 188 | 18.7 | 18.6 | 17.8
(dBi)
FSPL (dB)
@45m

Horn antenna
realized gain 228 | 23.1 | 235 | 238|241 | 244|247 | 250|253 | 255 | 25.8
(dBi)
THz LNA gain
(dB)
SBD input
power (dBm) N.A. | 294 | -170| 56 | 95| -82 | -6.7 | =7.1 | -5.5 | =10.5 | N.A.
@45m

230 | 240 250 | 260 | 270 | 280 | 290 | 300 | 310 | 320 | 330

927 | 931 | 935 [ 938 | 941|944 | 948 | 95.0 | 953 | 95.6 | 95.9

N.A. | 59 17.7 | 28.7 | 26.6 | 28.0 | 29.5 | 28.8 | 31.0 | 29.8 | 285

Next, the THz signals generated by the PDs will be amplified using flip-chip bonded
TWAs [193]. With carefully designed transitions, a bonding insertion loss of less than
0.7 dB can be obtained for the entire WR-3 band [194]. This ensures that the TWASs
operate in a saturated condition across all operating frequencies, because their input
powers exceed —9 dBm. The output power of a single TWA is summarized in Table
5-1. Assuming a bonding insertion loss of 0.7 dB from TWAs to LWAs, the total input
power of the 1x4 LWA array is calculated and presented in Table 5-1 along with the
simulated realized gain of the array determined using CST Studio Suite. Employing the
same receiver setup as reported in chapter 3, the input power for the SBD is calculated
for a wireless distance of 4.5 m. As shown, this mobile THz communication system
allows beam steering within an H-plane range from —33° to 35° over a frequency
spectrum from 240 to 320 GHz, limited by the bandwidths of the TWAs and LNAs. A
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data rate of 24 Gbit/s can be achieved for a single user between —12° and +35° up to
4.5 m due to equivalent SBD input power levels compared with those in Table 3-1.
Additionally, the E-plane beam steering capability of the PIC is numerically analyzed
using CST Studio Suite. Fig. 5-3 illustrates the simulated far-field radiation patterns at
the broadside of the LWA array. By adjusting the phase difference between adjacent
LWAs from 0° to 120°, a beam steering range of 30° is achieved with only a minor
decrease of 1.7 dB in realized gain. Therefore, changing the phase difference from —120°
to 120° enables a total beam steering range of 60° in the E-plane with negligible impact
on the realized gain. The rapid tunability of thermally-controlled OPSs based on
TriPleX waveguides and high wavelength sweep speed lasers such as Santec TSL-570
allows for scanning both E- and H-plane ranges within several milliseconds [195].
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Fig. 5-3 Simulated polar diagrams of realized gain in the E-plane and at broadside of the LWA array
for phase differences between adjacent antennas of 0°, 60° and 120°.

5.2 Heterogeneous integrated I11-V/Si platform for phased array

To date, the integration of OBFN chips based on TriPleX waveguides with PDs has
predominantly relied on optical butt coupling [133]. However, this approach restricts
the integration to linear PD arrays for 1D beam steering since it is limited to the chip’s
edge. To enable 2D beam steering, a vertical integration approach is essential, allowing
the integration of a PD matrix onto the surface of an OBFN chip. In this subchapter, a
heterogenous integrated 111-V/Si platform is demonstrated where precise lithography
can be employed for aligning PDs to TriPleX waveguides instead of relying on high
precision bonding in hybrid integration technologies. This technology eliminates the
need for complex bonding processes and facilitates large-scale integration of PDs [196].

A key step in this process is the successful transfer of epitaxial layers of THz PDs
from the InP substrate onto the TriPleX chip using the developed epitaxial-layer-
transfer procedure. Aluminum oxide (Al20z3) layers are utilized as bonding layers due
to their transparency and intermediate refractive index at a wavelength of 1.55 pum [197].
These Al>O3 layers are deposited on both the InP PD chip and TriPleX chip through the
atomic layer deposition (ALD) process that offers conformal and uniform interlayers
along with precise thickness control [198-200]. Furthermore, Al>O3 layers have a
relatively high hydroxyl group density (~18 OH/nm?), which is four times higher than
that of Si [201]. This facilitates strong bonds at a low annealing temperature without
altering the doping profile of PD epitaxial layers and compromising the high-frequency
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performance characteristics of PDs. Moreover, the overall thickness of these Al>Os
layers is only ~20 nm, resulting in an increased overlap area between the evanescent
fields of modes in the TriPleX waveguides and the InP PDs. This integration approach
enables prism coupling for efficient optical coupling without requiring additional
couplers for TriPleX waveguides.

5.2.1 Optical prism coupling

A schematic view of the prism coupling approach is illustrated in Fig. 5-4. This
method employs a prism placed on top of an optical waveguide with a sufficiently thin
top cladding layer. The evanescent tails of the incident light field within the prism and
the guided wave within the waveguide can interact. By carefully choosing the incident
light angle Gprism, phase matching between the two light waves can be achieved. This
results in the efficient coupling of light into the waveguide. The incident light angle is
given by [202]:

n
Oprism = arcsin( effwg) . (5.2)

nprism

As can be seen, the effective refractive index of the waveguide nefrwg must be
smaller than the refractive index of the prism material nprism to enable optical coupling.

(2

1
i
prism |
1

0 |
5 .
prism rism 1

Cladding

y
Substrate
X l— 7z

Fig. 5-4 Schematic illustration of prism coupling.

By utilizing the reciprocity principle of prism coupling, a second prism can be
employed to couple light out of the waveguide. If a rectangular structure, instead of a
prism, is placed on top of the waveguide and Gprism €Xceeds the critical angle for internal
total reflection, the light field will propagate within the rectangle. This concept is
applied in the optical coupling from TriPleX waveguides to InP PDs. Using Ansys
Lumerical FDTD Solver, the effective refractive indices for a TriPleX waveguide and
an InP PD are determined to be 1.52 and 3.23, respectively. This results in a calculated
Gprism Of 28.1° according to Eq. (5.2), which exceeds both critical angles for total
reflection at the InP/air interface (18.0°) and the InP/SiO> interface (26.5°). Therefore,
this approach ensures efficient light coupling and propagation in InP PDs.

5.2.2 PD epitaxial layers optimization

The integration of an InP PD with a TriPleX waveguide, utilizing Al2O3 as the
bonding layer, is schematically illustrated in Fig. 5-5. The PD design, detailed in the
previous publication [203], includes several key features to optimize its performance.
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The p-doped quaternary indium gallium arsenide phosphide (InGaAsP) spacer reduces
hole trapping at the InP/absorber heterojunction. To minimize the carrier transit time, a
non-intentionally doped (n.i.d.) InGaAs absorber is employed. Another n.i.d. InP spacer
is used to smooth the energy band discontinuities at the absorber/collector interface,
facilitating accelerated electron injection into the collector region. The TriPleX
waveguide consists of two SisN4 layers forming the waveguide core with a width of
1.1 um, enclosed by SiO; cladding. To ensure the overlap of evanescent fields between
the waveguide and the PD for efficient optical coupling, the SiO. cladding is partially
removed.

pInP-Zn 2-10% cm~", 800 nm N\
pInGaAsP(QL.15):Zn 210 cm™, 10 nm
p~InGaAsP(Q1.26)Zn 210 cm™, 10 nm
pInGaAsP(Q1.46):Zn 210 em™, 10 nm
p-InGaAs:Zn 2-10%—2-10'" em™, 60 nm

n.id-InGaAs, 50 nm D
n.i.d-InGaAsP(Q1.46), 10 nm

n.i.d-InGaAsP(Q1.26), 10 nm

n.id-InGaAsP(Q1.15), 10 nm

n*-InP:Si 1:10"% ¢m™3, 10 nm
n.id-InP, 140 nm

ALO, " InGaAsP-(Q1.00) $i3-10 em™, 300 nm j
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@ ~1.55 pm
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Fig. 5-5 Schematic side view of the InP PD with the integrated TriPleX waveguide using Al,O3 as
bonding layer.

The PD epitaxial layers are intentionally doped to achieve the required high-
frequency properties, which simultaneously results in changes in optical properties.
This phenomenon, known as free carrier absorption (FCA) [204], occurs due to the
excitation of free carriers (holes and electrons) within the subbands of valence and
conduction bands through photon absorption. Consequently, not only the absorption
coefficients, but also the refractive indices of semiconductors undergo changes.
Therefore, it is essential to investigate the resulting optical variations before optimizing
the PD layer structure to maximize the effective absorption efficiency.

For n-doped InGaAsP and InP, the absorption coefficient caused by FCA can be
calculated using [205]:

Ne313

2 2,3 '
4 no(m;me) CoHe€o

anFcA = (5.3)

Here, N is the doping concentration, no is the refractive index without doping, me”
is the effective mass of electron, me is the mass of electron, [ is the electron mobility
and &o is the vacuum permittivity.

The FCA coefficient for p-doped InGaAsP and InP is given by [206]:
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where P is the doping concentration.

The changes in the refractive indices of n- and p-doped InGaAsP and InP materials
induced by FCA are [207]:

Ne?]3
Anprca = — 8m2e. 2 " (5.5)
m2eycingmim,
Pe?22  mM? +m/?
Anppea = — - —n o (5.6)

" 8mle~cin 3/2 3/2°
000 My}, +mlh

where mnn and myn are the effective masses of heavy holes and light holes, respectively.

Taking these changes in optical properties into consideration, the design depicted in
Fig. 5-5 is simulated using Ansys Lumerical FDTD Solver. The PD width is setat 3 pm.
It should be noted that absorption coefficients in all layers are assumed to be zero in the
simulation for an intuitive observation of the prism coupling. As shown in Fig. 5-6, the
amplitude distribution of the simulated optical field demonstrates the successful
coupling of light from the TriPleX waveguide into the InP PD and the expected
reflection between interfaces. The striated pattern appears due to the interference of
reflected light.
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Fig. 5-6 Simulated optical amplitude distribution in the InP PD with the integrated TriPleX waveguide.

Absorption within a PD occurs both in the absorber, contributing to photocurrent
generation, and in the doped layers, where FCA leads to losses. To accurately determine
the PD’s effective absorption efficiency, numerical analyses are carried out utilizing
Ansys Lumerical FDTD Solver. The absorption efficiency in absorber #abs is firstly
simulated by only considering the absorber’s absorption coefficient while setting those
of the doped layers to zero. Similarly, the absorption efficiency in doped layers 7rca is
obtained by specifically focusing on the absorption within the doped layers. Finally, the
absorption efficiency in all layers nan is determined by considering the absorption
coefficients in all layers of the PD. The effective absorption efficiency is then calculated
using the formula #eft = nan-nabs/ (navstyrca). In these analyses, the thickness of the p-
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doped InP layer (InP blocker) is varied while the design of other epitaxial layers
remains unchanged, ensuring no degradation in the PD’s high-frequency characteristics.
The results for PDs with a constant width of 3 um and varied lengths from 4 to 16 pm

are presented in Fig. 5-7.
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Fig. 5-7 Simulated effective absorption efficiency of InP PDs with lengths from 4 to 16 um and InP
blocker thicknesses from 400 to 1200 nm.

The analyses revealed that a longer PD length results in a higher effective absorption
efficiency 7err. For PDs with a length of 16 um, two peaks of #efr are observed at InP
blocker thicknesses of 500 nm and 1000 nm. A thickness of 500 nm is chosen primarily
due to the slightly higher 7. of 41.3%, combined with the shorter processing time and
reduced cost. To minimize the p-contact resistance, a p-doped InGaAsP layer with a
thickness of 30 nm is added on top, resulting in the corresponding reduction of the InP
blocker thickness to 470 nm to maintain the optimized effective absorption efficiency.
The final design of the epitaxial layers for the PD is illustrated in Fig. 5-8.

p*-InGaAsP(Q1.30):Zn >5-10'¥ cm™, 30 nm

p-InP:Zn 1.5-10" cm™, 470 nm

p-InGaAsP(Q1.15):Zn 2-10'® cm™, 10 nm

p-InGaAsP(Q1.26):Zn 2-10'® cm™, 10 nm

p-InGaAsP(Q1.46):Zn 2-10'® cm™, 10 nm

p~-InGaAs:Zn 2-10"*—2-10"7 cm, 60 nm

n.i.d.-InGaAs, 50 nm

n.1.d.-InGaAsP(Q1.46), 10 nm

n.1.d.-InGaAsP(Q1.26), 10 nm

n.1.d.-InGaAsP(Q1.15), 10 nm

n™-InP:S1 1-10'® ¢cm™, 10 nm

n.i.d.-InP, 140 nm

n*-InGaAsP:(Q1.00) Si3-10%* ¢cm™, 300 nm

Fig. 5-8 Final design of epitaxial layers for the heterogenous integration with TriPleX waveguides.

5.2.3 Epitaxial-layer-transfer technology

As previously discussed, achieving optical coupling between TriPleX waveguides
and InP PDs through prism coupling requires the transfer of PD epitaxial layers from
the InP substrate onto the TriPleX chip. To accomplish this, an epitaxial-layer-transfer
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technology based on surface active bonding (SAB) has been developed. The process
flow is illustrated in Fig. 5-9. A TriPleX chip with a bonding window in its central
region is employed to enable the overlapping of evanescent fields from modes within
both TriPleX waveguides and InP PDs after the subsequent bonding process. This
window is created by removing the top SiO2 cladding layer of waveguides. Using ALD
process, Al2O3 layers are deposited on both the InP PD chip and the TriPleX chip. To
enhance the bonding strength, both chips are then treated with an O, plasma activation
process. After successful bonding, grinding and wet chemical etching processes are
employed to remove the InP substrate. A detailed description of the epitaxial-layer-
transfer technology is provided as follows.

Bonding

Epitaxial Layers Window,
InP Substrate
] Atomic Layer Deposition 0, Plasma
0O, Plasma ] ] ]
/ r{’(
AlO;
Epitaxial Layers

InP Substrate

Grinding &
Wet Chemical Etching

Fig. 5-9 Process flow of the epitaxial-layer-transfer technology for the heterogenous integration of InP
PDs with TriPleX waveguides.

Atomic layer deposition

ALD is a gas phase thin film deposition technology repeated in a cyclic manner that
relies on sequential surface reactions [208]. Typically, one ALD cycle consists of four
steps: (a) exposure to the first precursor, (b) purge or evacuation to remove non-reacted
precursor molecules and gaseous reaction by-products, (c) exposure to the second
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precursor, and (d) further purge or evacuation to remove non-reacted precursor
molecules and gaseous reaction by-products [209]. In an ideal ALD process, the
precursor molecules do not tend to react with each other, so chemisorption stops when
all active surface sites are occupied. This self-terminating nature ensures highly
conformal material layers with sub-angstrom or monolayer thickness control [210].

The in-house atomic layer deposition system (Sentech SI ALD LL) offers two
different processes for depositing Al.Oz bonding layers, i.e., plasma-enhanced atomic
layer deposition (PEALD) and thermal atomic layer deposition (TALD). Both
processes utilize trimethylaluminum (TMA, Al>(CHs)s) as the aluminum precursor and
nitrogen gas of 5N purity (99.999%) as the carrier and purge gas. Initially, TMA is
introduced into the reaction chamber to react with surface radicals on the substrate.
Subsequently, the residual precursor and reaction by-products, such as methane, are
purged using Na. Thereafter, the two ALD processes differ in their oxygen precursors.
In PEALD, O plasma is excited to replace the methyl groups (-CHs) bonded with Al
atoms by O-radicals. The by-products are carbon monoxide (CO), carbon dioxide (CO3)
and water (H2O) vapor [211]. In TALD, water vapor replaces Oz plasma, leading to
CHys production as a by-product [212]. As the last ALD cycle step, the reaction chamber
is purged by N.. After these four steps, i.e., one cycle, a monolayer of Al;Os is
deposited. The desired film thickness can be achieved by repeating the cycles.

To determine the optimal ALD process for depositing bonding layers, Al,Os layers
with a thickness of 10 nm are deposited on InP and Si wafers at 150 °C using PEALD
(84 cycles) and TALD (170 cycles), respectively. The PEALD process lasts
approximately 6 minutes, while the TALD process takes around 23 minutes.

Surface active bonding

Before the bonding process, Al2O3 layers deposited on the InP and Si wafers are
treated with O, plasma and subsequently rinsed with deionized (DI) water. This
procedure effectively breaks the surface bonds of Al.Os, enhancing the density of
hydroxyl groups and leading to an improved bonding strength [213, 214]. However, it
is important to note that excessive plasma exposure can result in increased surface
roughness, which may adversely affect the bonding strength [215].

To investigate the optimal plasma activation duration, InP and Si wafers with
PEALD- or TALD-AIO3 layers are cleaved into small chips measuring 1x1 cm?, which
are activated for different durations of 10 s, 20 s, 30 s, and 40 s using the Sentech Sl
500 inductive coupled plasma reactive ion etching (ICP-RIE) plasma etcher. In the
reaction chamber, the plasma conditions are kept with an O flow rate of 28 sccm and
a pressure of 10 Pa. The plasma power is set to be constant at 100 W. Following the
activation processes, the chips are rinsed with DI water. To emulate the integration of
InP PDs with TriPleX chips, the InP chips are bonded with the Si chips that possess
identical ALD layers and activation durations. For instance, an InP chip with a PEALD-
Al>O3 layer activated for 20 s is bonded with a Si chip undergoing PEALD-AI>O3 layer
activation also lasting for exactly 20 seconds. The bonding procedures for different
pairs of chips are executed using the consistent parameters as illustrated in Fig. 5-10 by
means of the flip-chip bonder (SET FC150). The bonding pressure is increased to
2.5 MPa within 100 s and maintains for more than 5 hours. Similar to the substrate-



Chapter 5 - Towards 2D THz beam steering 49

transfer technology demonstrated in chapter 2.2, the bonding temperature
(maximum 270 °C) is regulated only after reaching the desired bonding pressure to
minimize any potential displacement and deformation between the chips.
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Fig. 5-10 Bonding parameters of the developed epitaxial-layer-transfer technology.

The bonded chips then undergo tensile tests to evaluate the bonding strength [216].
In these tests, bonded InP/Si chips are mounted on glass plates and then pulled
perpendicularly to the bonded interface. The force required to break the bonding
interface is divided by the bonding area to determine the bonding strength. The results
are presented in Fig. 5-11 for chips bonded with PEALD- and TALD-AI>Oz layers.
Overall, chips bonded with PEALD-AI>O3 layers exhibited a higher bonding strength
and activation duration indeed influences the bonding strength. The PEALD-AIO3
layers activated for 30 s exhibit the highest bonding strength of 6.1 MPa, compared to
1.8 MPa for TALD-AI>O3 layers activated for 20 s. Consequently, for the integration
of the PD chip with the TriPleX chip, PEALD-AI>O3 layers activated for 30 s are
employed, following the bonding parameters shown in Fig. 5-10.
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Fig. 5-11 Measured bonding strength for InP/Si chips bonded using PEALD- and TALD-AI,Os layers.

Grinding and wet chemical etching

By employing a selective wet etching process, the InP substrate of the PD chip can
be removed using 37% hydrochloric acid (HCI) while the p-contact layer (p*-InGaAsP,
Q1.30) acting as a stop layer. Due to the substantial thickness of the InP substrate
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(~290 um), an etch duration exceeding 24 minutes is required based on the
experimentally determined etch rate of ~12 um/min. However, the isotropic nature of
wet etching leads to lateral etching of the InP layers within the PD epitaxial structure.
To mitigate this, the thickness of the InP substrate is first ground to approximately
15 um. Multiple short immersions in HCI are then performed on the bonded
PD/TriPleX chip, each lasting no longer than 30 s, until the InP substrate is completely
removed. Fig. 5-12 illustrates the resultant TriPleX chip with the transferred PD
epitaxial layers (thickness: ~1.2 um) from its original InP substrate. It can be observed
that some edge areas exhibit a partial absence of the epitaxial layers. This may be
attributed to non-bonded regions resulting from voids or bubbles during the bonding
process or stress induced during the grinding process. Nevertheless, most of the
epitaxial layers are successfully transferred onto the TriPleX chip for future PD
fabrication.

‘ Bonding Window

TriPleX Chip

Fig. 5-12 TriPleX chip with the transferred PD epitaxial layers from the InP substrate.
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6 Discussion

This chapter aims to provide a detailed analysis of the characteristics, limitations
and key performance indicators (KPIs) of state-of-the-art THz beam steering
technologies. The focus is primarily on LWAs and phased arrays, including the InP-
based THz LWA and the OBFN chip based on OPSs, which were successfully
developed in this thesis. A comprehensive summary of these technologies can be found
in Table 6-1.

The main objective of this discussion is to provide guidelines for selecting the
optimal THz beam steering technologies based on specific application requirements.
The discussion is focused on the following aspects: integrability, THz output power,
antenna gain, beam steering range, bandwidth, the complexity of control circuits,
scalability for 2D beam steering and potential application domains.

Integrability

Previous works on THz LWAs utilizing graphene [94, 96], PPWG [100] and COP
[101] faced integration challenges with both electronic and photonic THz sources due
to differing material bases. This thesis has addressed these challenges with the
development of the InP-based THz LWA. The novel substrate-transfer technology,
combined with the innovative GCPW-MSL transition featuring a broad bandwidth
exceeding 350 GHz, facilitates the monolithic integration of LWAs with THz PDs on
an InP substrate.

Regarding phased arrays, electronic technologies currently surpass photonic ones in
terms of integrability, primarily due to the dominance of CMOS technology in
electronic device fabrication. In contrast, state-of-the-art photonic components
typically rely on diverse material systems. Consequently, photonic integration often
requires the invention of novel hybrid or heterogeneous methods to enable efficient
inter-chip optical and electrical coupling.

THz output power

Phased arrays typically provide substantially higher THz output power compared to
LWA:s. In 1D beam steering configurations, each LWA is driven by a single THz source,
whereas a phased array with N antennas requires N THz sources, one for each antenna.
This disparity becomes even more pronounced in 2D beam steering setups, where the
number of THz sources for phased arrays increases quadratically, but only linearly for
LWA arrays.

Regarding the output power of individual THz sources, electronic technologies used
in phased arrays exhibit a range from —12.9 to 2.5 dBm at ~300 GHz [106, 108, 111].
Competitive THz powers can be produced by photonic technologies as well [12]. By
integrating these sources with additional THz amplifiers, significant increases in output
power are achievable. Specifically, devices leveraging metamorphic high-electron-
mobility transistor (MHEMT) technology can offer gains around 20 dB and a saturated
output power exceeding 10 dBm up to nearly 330 GHz [22, 193]. However, such
enhancements necessitate the development of complex integration processes due to the
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disparate material systems and fabrication technologies used for THz amplifiers and
THz sources in both electronic and photonic systems.

Antenna gain

The gain of a single LWA is significantly affected by the substrate’s permittivity on
which it is fabricated [217]. For instance, the InP-based THz LWA developed in this
thesis exhibits a gain ~7 dB lower than that fabricated on a COP substrate [101]. To
increase the gain, one can use antenna array configurations and increase the antenna’s
quantity. Fig. 6-1 illustrates the simulated realized gain of an array consisting of InP-
based THz LWAs as a function of the antenna quantity at 300 GHz. The antenna’s pitch
is set at 500 um. An increase from one to twenty elements in the LWA array
corresponds to a gain enhancement of about 20 dB. A similar effect is observed in
phased arrays.
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Fig. 6-1 Simulated realized gain as a function of InP-based THz LWA quantity at 300 GHz. Adapted
from [Lu I11].

Beam steering range

Although a higher permittivity of the LWA substrate results in reduced gain, it also
enables an extended beam steering range. Consequently, the InP-based THz LWA, a
novel contribution of this thesis, enables a beam steering range of 88°. This
achievement marks the widest beam steering range within the WR-3 band, as illustrated
in Fig. 6-2.

The beam steering range of phased arrays is generally comparable to that of LWAs.
Table 6-1 details beam steering ranges from 30° to 91° for various photonic and
electronic phased arrays. The 1x4 OBFN chip developed in this thesis allows a beam
steering range over 60°. This performance is above the average of existing technologies
within the WR-3 band, as substantiated in Fig. 6-2.
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Fig. 6-2 Beam steering range for the state-of-the-art THz beam steering approaches. Adapted from
[218] (licensed under a Creative Commons License).

Bandwidth

Bandwidth is inherently constrained in LWAS due to the frequency-dependent beam
direction. For instance, the InP-based THz LWA developed in this thesis provides a
bandwidth of approximately 10 GHz, which is only ~10% of its entire operating
frequency range.

In contrast, phased arrays can offer a broader bandwidth. In the THz domain, the
beam squint effect becomes less pronounced, allowing the use of both electronic [107-
111] and optical [114] PSs for THz phased arrays, also this thesis has introduced an
OBFN chip with four OPSs. Nevertheless, there is still a concern about the beam squint
effect, especially for a broad bandwidth. For quantitative evaluation, the variation in
the calculated beam direction of a phased array, which correlates with the phase shift
between adjacent antennas, is plotted in Fig. 6-3. With a 500 um antenna pitch and a
carrier frequency of 300 GHz, the beam squint effect is accentuated with wider
bandwidths and larger phase shifts. For example, the beam direction of a signal with a
bandwidth of 60 GHz can deviate by more than 10° with a 120° phase shift.

Therefore, TTDs are still necessary for THz phased arrays when steering wideband
signals. Electronic TTD solutions have achieved bandwidths over 1 THz with 300 fs
resolution and 95 ps dynamic range [219]. Regarding photonics approaches, widely
used ORR-based TTDs at microwave frequencies are challenging to be scaled to THz
due to increased beam angle sensitivity to time delay variations. Furthermore, they
typically offer a maximum bandwidth below 20 GHz, limited by the finite FSR
determined by the length of thermo-optical control elements and the associated ORR’s
circumference. Although fiber-based optical delay lines offer theoretically unlimited
bandwidth [112], their bulkiness prevents compact integration. A promising alternative
could be the chip-integrated delay lines switched by MZIs [113], considering a balance
between bandwidth and integrability.
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Fig. 6-3 Calculated beam directions of a phased array as a function of the phase shift between
adjacent antennas with a pich of 500 um for freqgeuncies from 270 to 330 GHz.

Complexity of control circuits and scalability for 2D beam steering

Similar to metasurfaces, reconfigurable LWAs require complex control systems. In
contrast, THz beam steering can be more easily achieved by sweeping the operating
frequency. This process is particularly straightforward with photonic-assisted LWAS
by changing the wavelength of an optical heterodyne signal. For implementing 2D
beam steering, an LWA array is essential, and this still necessitates integration with PSs
or TTDs to modify the beam direction along the plane perpendicular to the one
controlled by frequency, as presented in chapter 5.1. Nonetheless, these control circuits
are less complex than those required for phased arrays.

In phased arrays, PSs or TTDs are necessary for 1D beam steering, and their
complexity increases quadratically for 2D steering. Nevertheless, thanks to advances in
CMOS integration technology, several initial 2D THz beam steering solutions
employing electronic-assisted phased arrays have been demonstrated [107, 108]. In
comparison, the existing photonic-assisted phased arrays are still limited to 1D beam
steering. Among these technologies, OPSs based on straight waveguides [114] require
the fewest tuning elements. The ORR-based OPSs, as discussed in this thesis, also
present a relatively simple control circuitry. Optical TTDs that employ MZI-switched
delay lines necessitate a significantly larger number of tuning elements, particularly to
achieve fine delay resolution. The heterogeneously integrated I11-V/Si platform
introduced in chapter 5.2 enables the fabrication of a PD matrix on a OBFN chip, paving
the way for developing photonic-assisted phased arrays in 2D THz beam steering
applications.

Potential application domains

The suitability of THz beam steering technologies varies depending on their distinct
advantages and limitations, meaning no single approach is universally applicable.

For mobile THz communications, frequency-sweeping LWAS can be considered as
a promising option, not only due to their straightforward beam steering capability but
also because of their inherent frequency-dependent beam directionality. This
characteristic can simultaneously support multiple users utilizing additional LO lasers,
as confirmed in this thesis. Additionally, the demonstrated THz radar system based on
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an LWA [101] proves the potential in the development of THz joint communication
and sensing systems which have already been demonstrated at microwave frequencies
[138, 139].

In the realm of spectroscopy, where photonic technologies currently dominate in
generating wideband THz signals across several THz [220], it is essential to use
frequency-independent beam steering technologies. In this scenario, photonic-assisted
phased arrays employing MZI-based switched delay lines are ideal due to their broad
bandwidth, despite the complexity of control systems.

For THz imaging systems that operate at a single frequency or within a bandwidth
of several GHz, phased arrays utilizing PSs become more desirable. These systems
benefit from minimal beam squint effects and simplified control circuits, making them
efficient for applications with narrower bandwidth requirements.
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Table 6-1 Comparison of state-of-the-art THz beam steering approaches.

Frequency Control Integrable Footprint Array Number of Steering
Ref. (GH2) Type Technology Method with THz PD (mm?) Configuration | Control Units | Range (degree)
[94] 2000 LWA Graphene | Reconfigurable No N.A. N.A. N.A. 82.9
structure
[96] 2000 LWA Graphene RGZ?PJé?l‘J‘::b'e No 0.3x1.4 1x144 144 94
[100] | 37-512 LWA PPWG Eggﬁggfg’a{ No 1x50 1x1 1 68
[101] | 235-325 LWA coP Eiﬁﬁiﬁfﬁ) No 1x26 1x36 1 38
Digital
1
[61] 140 Phased array CMOS (Electronic) No N.A. 8x16 16 80
[105] 140 Phased array CMOS (EI;tTrEniC) No 3x5.2 x4 8 40
[106] 280 Phased array CMOS (Ele-zrc-It—rDonic) No 1.4x2 1x4 4 30
[109] | 374-407 | Phased array CMOS (Elegfonic) No 3x35 1x8 8 75
[110] 5315 Phased array CMOS (EIecPtrSonic) No 2.5 1x4 8 60
SiGe PS
[111] 320 Phased array BICMOS (Electronic) No 8x4.3 1x4 4 24
[107] 280 Phased array CMOS (EIecPtrSonic) No 2.7x2.7 4x4 16 280/80
[108] 338 Phased array CMOS (EIecPtrSonic) No 4.1 4x4 N.A. 245/50
[112] 600 Phased array Optical fiber (Ph-I(—)-troaic) No N.A. 1x4 4 35
[113] 94 Phased array SisN4/ SiO; (Ph-goaic) Yes 8x32 1x4 20 91
[114] 300 Phased array SiO, / Si (Phgtposnic) Yes N.A. 1x4 4 50
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Steering
Frequency Control Integrable . Array Number of
Ref. (GHz) Type Technology Method with THz PD Footprint Configuration | Control Units (Cﬁg?fe)
3This Frequency
work 230-330 LWA InP (Photonic) Yes 1x7 1x32 1 88
This . . OPS 4
work 295 Phased array SisN4/ SiO; (Photonic) Yes 8x32 1x4 16/8 62

This approach has been successfully employed for mobile THz 6G communications. >Two dimensional beam steering. The world’s first mobile THz 6G communication
system has been demonstrated using this LWA. “The number of control units can be reduced to eight using 3 dB directional couplers or multi-mode interferometers (MMIs)

instead of MZIs for ORRs.






Chapter 7 - Conclusion and future work 59

7 Conclusion and future work

This thesis has reported on the successful development of two PICs supporting the
integration with THz PDs for 1D THz beam steering, i.e., the InP-based THz LWA and
the OBFN chip for a 1x4 photonic-assisted phased array. Additionally, it presented the
first mobile THz 6G communication system and investigated the 2D photonic-assisted
THz beam steering approaches.

Chapter 2 reported on the design, fabrication, and experimental characterization of
the pioneering InP-based THz LWA for a frequency range from 230 to 330 GHz. This
LWA incorporates a novel GCPW-MSL transition to enable monolithic integration
with InP-based THz PDs. A substrate-transfer process using a Si wafer as the carrier
substrate has been established to fabricate the LWAs on an only 50 um thick InP
substrate. A good agreement between the simulated and experimentally determined
antenna performance has been achieved in terms of beam direction, realized gain and
3-dB beam width. Quantitatively, the fabricated THz LWA provides the largest beam
steering range of 88°, surpassing other existing beam steering approaches in the WR-3
band. For a 1.5 mm wide InP antenna, a 3-dB beam width of ~10° and a realized gain
of 11 dBi were achieved.

Using this fabricated LWA, the first THz communication system supporting mobile
single and multi-user applications was demonstrated in chapter 3. In single user
operation, a data rate of 24 Gbit/s was achieved at a wireless distance of 6 cm within
the LWA'’s scanning range of 33°. The transmission range extended to 32 cm with a
data rate of 4 Gbit/s. Furthermore, multi-user operation was investigated, revealing a
minimum guard band of 1 GHz which indicates that the proposed approach can support
up to 12 users within the antenna’s coverage sector with a total capacity of 48 Gbit/s.

This thesis also introduced a THz PIC based on an array configuration of the
developed InP-based THz LWAs for 2D beam steering. Compared to a single LWA,
the 1x4 LWA array with four monolithically integrated THz PDs significantly
enhanced the THz output power and realized gain. To further improve the THz output
power, additional TWASs were proposed to be integrated with the PIC. An SOA array
was suggested to be butt-coupled to the PDs to provide sufficient optical power. For
beam steering in the E-plane of the LWA array, an OBFN chip has been developed to
adjust phase shifts between adjacent PDs. Since beam steering in the H-plane is
achieved by sweeping the antenna frequency, only four OPSs within the OBFN chip
are required, enabling a simple control circuit with low power consumption. Comparing
this PIC with the photonic transmitter (single LWA fed by one THz PD using a WR-3
GSG-probe) equipped with a Teflon lens for the mobile THz communication system
discussed in chapter 3, it offers an average enhancement of ~30 dB in THz output power
and ~4 dB higher realized gain without requiring any additional lens. Consequently, it
enables a data rate of 24 Ghit/s for a single mobile user at wireless distances upto 4.5 m
within its scanning range of 47° in the H-plane and 60° in the E-plane. This
advancement makes practical deployment of THz communication systems feasible for
mobile in-door applications such as AR/VR goggles.

Furthermore, chapter 4 explored a THz photonic-assisted phased array for 1D
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frequency-independent beam steering. It detailed the design and experimental
characterization of a 1x4 OBFN chip for beam steering at 300 GHz. The OBFN chip
based on TriPleX waveguides consists of three MZIs that control the power distribution
of the optical heterodyne signals to each THz PD, and four OPSs, each incorporates
two cascaded ORRs to achieve a tunable THz phase shift range of 2n. The ORRs were
designed to impose only a tunable phase shift on one of the optical heterodyne signals
while leaving the second optical carrier’s phase quasi-unchanged. Experimentally, a
THz phase tuning range up to 2m was demonstrated with a tuning efficiency of
0.058 W/m per OPS. Despite a maximum inherent power variation of 3.8 dB at 295 GHz
due to the dispersive power transmission loss in the ORRs, numerical simulations using
CST Studio Suite indicated minimal impact on the beam steering performance. The
deviations in the beam direction and maximum absolute radiation power of the 1x4
phased array were found to be below 1° and 2 dB, respectively. The observed beam
steering angle at 295 GHz was ~62° by varying the phase difference between adjacent
antennas from —120° to 120°.

To achieve 2D beam steering using THz photonic-assisted phased arrays, chapter 5
introduced a novel heterogeneous I11-V/Si platform, enabling the fabrication of a PD
matrix on an OBFN chip. Using prism coupling for optical coupling between TriPleX
waveguides and InP PDs, this innovative approach eliminates the need for additional
optical couplers and facilitates the large-scale integration of PDs. The optimized PD
epitaxial layers achieved an effective absorption efficiency of ~41% excluding the FCA
for PDs with a footprint of 3x16 um?. For the fabrication of PDs, an epitaxial-transfer
process was developed. Following the successful implementation of PEALD and
TALD processes, the Oz plasma activation process was optimized. With an activation
duration of 30 s, a bonding strength of 6.1 MPa was achieved with the PEALD Al>O3
bonding layers. After the successful bond of a PD chip and a TriPleX chip, the InP
substrate of the PD chip was removed using a combination of grinding and selective
wet chemical etching. Finally, the ~1.2 um thick PD epitaxial layers were successfully
transferred from the original InP substrate onto the TriPleX chip.

For future work, the primary objective is the manufacturing of the proposed PIC
based on the LWA array. Beyond the development complexities associated with each
component, there are significant challenges in achieving low-loss optical and THz
interconnects between them. The careful design and fabrication of transitions among
PDs, TWAs and LWAs are crucial to minimize losses over a broad bandwidth in the
THz domain. Additionally, the precise machining of the submount with tolerances in
micrometer level is required for achieving low-loss optical butt coupling between chips.
The integration of spot size converters with optical waveguides is proposed to enhance
coupling efficiency.

Another crucial task, which is not completed in this thesis due to time constraints,
is the fabrication and experimental characterization of THz PDs using the transferred
epitaxial layers on the TriPleX chip. Moreover, the development of a new OBFN chip
is necessary for effective phase/time control of the integrated PD matrix. These future
endeavors aim to realize 2D THz beam steering using photonic-assisted phased arrays
and to advance their deployment in mobile applications.



Abbreviations and symbols 61

Abbreviations and symbols

Abbreviations

1D one-dimensional

2D two-dimensional

Al aluminum

Al203 aluminum oxide

ALD atomic layer deposition

Au gold

AWG arbitrary waveform generator
BCB Benzocyclobutene

BER bit error rate

BiCMOS bipolar complementary metal-oxide semiconductor
BT bow tie

CMOS complementary metal-oxide semiconductor
CMP chemical mechanical polishing
CoO carbon monoxide

CO2 carbon dioxide

COP cyclin olefin polymer

CPW coplanar waveguide

Ccw continuous-wave

DAC digital-to-analog converter

DI deionized

DRW dielectric rod waveguide

DSA digital signal analyzer

EDFA erbium-doped fiber amplifier
FCA free carrier absorption

FIB focused ion beam

FPGA field-programmable gate array
FSPL free-space path loss

FSR free spectral range
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GCPW grounded coplanar waveguide

GST germanium-antimony-telluride

H20 water

HCI hydrochloric acid

HD-FEC hard decision forward error correction
ICP-RIE inductive coupled plasma reactive ion etching
IF intermediate frequency

InGaAsP indium gallium arsenide phosphide

InP indium phosphide

KPI key performance indicator

LC liquid crystals

LNA low noise amplifier

LO local oscillator

LWA leaky-wave antenna

MARIE mobile material characterization and localization by electromagnetic
sensing

MEMS microelectromechanical systems

MHEMT metamorphic high-electron-mobility transistor

MMI multi-mode interferometer

MPA medium power amplifier

MPW multi-project wafer

MSL microstrip line

MUTC-PD  modified uni-traveling carrier photodiode

MZI Mach-Zehnder-interferometer

MZM Mach-Zehnder modulator

n.i.d. non-intentionally doped

OBFN optical beam forming network

ODL Optical delay line

OFDM orthogonal frequency-division multiplexing
OPS optical phase shifter

ORR optical ring resonator
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OSA
OSB
PCA
PD
PEALD
PIC
PPWG
PS

Pt
QCL
RFIC
RMS
SAB
SBD
Si
SiGe
SiO»
SIW
Sn
SNR
SOA
SSBI
TALD
TCB
TEC
THz
Ti
TMA
TTD
TWA

optical spectrum analyzer
open-stopband

photoconductive antenna
photodiode

plasma-enhanced atomic layer deposition
photonic integrated circuit
parallel-plate waveguide

phase shifter

platinum

quantum-cascade laser
radio-frequency integrated circuit
root-mean-square

surface active bonding
Schottky-barrier diode

silicon

silicon germanium

silicon dioxide

substrate integrated waveguide
tin

signal-to-noise ratio
semiconductor optical amplifier
signal-signal beating interference
thermal atomic layer deposition
thermocompression bonding
thermo-electric cooler

terahertz

titanium

trimethylaluminum

true time delay

traveling-wave amplifier
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VIA vertical interconnect access
VNA vector network analyzer
VO3 vanadium dioxide

WP waveguide port



Abbreviations and symbols 65

Latin symbols

a microstrip line length

Co light speed in vacuum

e electron charge

f frequency

frsr free spectral range of optical ring resonator
fLp frequency of laser signal

fLwa operating frequency of leaky-wave antenna
fres offeet resonance frequency offset of optical ring resonator
fre frequency of RF signal

g gap

h Planck constant

Nsub substrate thickness

o photocurrent

k power coupling coefficient

Ko free-space wavenumber

Ig ground-strip length

ImFp mean free path of conduction electron

Is signal line length

L round-trip length of optical ring resonator
Me mass of electron

me effective mass of electron

Mhh effective mass of heavy hole

Min effective mass of light hole

n harmonic order

No refractive index without doping

Neff,wg effective refractive index of waveguide

Ng group index of TriPleX waveguide

Nprism refractive index of prism material

N doping concentration for n-doped materials



66 Abbreviations and symbols

PL

sl
SW

SipD

TrT
VF
wg
WmsL

Zo

stub offset

unit cell period

doping concentration for n-doped materials
round-trip loss

amplitude loss factor

signal line width

stub length

stub width

responsivity of photodiode

temperature

round-trip time of optical ring resonator
fermi velocity

ground-plate width

microstrip line width

characteristic impedance
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Greek symbols

UInP thermal expansion coefficient of indium phosphide
0in,FCA free carrier absorption coefficient of n-doped materials
Olp,FCA free carrier absorption coefficient of p-doped materials
asi thermal expansion coefficient of silicon

S phase constant of dominant mode

Po phase constant of fundamental space harmonic

b phase constants of space harmonics

0 skin depth

AgpLp phase shift of laser signal

Agrr phase shift of RF signal

AQTHz phase shift in the THz domain

AnnFca refractive index change of n-doped materials
AnpFca refractive index change of p-doped materials

€0 vacuum permittivity

Eeff,MSL effective permittivity of microstrip line

&r,InP relative permittivity of indium phosphide

Nabs absorption efficiency in absorber

Aall absorption efficiency in all layers

Neff effective absorption efficiency

1FCA absorption efficiency in doped layers

0 angle of ground-strip

Oprism incident light angle in prism

Ao wavelength in vacuum

g guided wavelength

Alaser laser wavelength

e electron mobility

00 static electric conductivity

Ty group delay

(Pring normalized round-trip phase shift
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Q normalized angular frequency to the free spectral range
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InP-Based THz Beam Steering Leaky-Wave Antenna

Peng Lu", Thomas Haddad
Sumer Makhlouf”, Sebastian Diilme
Daniel Erni Y, Member, IEEE, Ullrich Pfeiffer

Abstract—For mobile THz applications, integrated beam steer-
ing THz transmitters are essential. Beam steering approaches using
leaky-wave antennas (LWAs) are attractive in that regard since they
do not require complex feeding control circuits and beam steering
is simply accomplished by sweeping the operating frequency. To
date, only a few THz LWAs have been reported. These LWAs are
based on polymer or graphene substrates and thus, it is quite
impossible to monolithically integrate these antennas with state-
of-the-art indium phosphide (InP)-based photonic or electronic
THz sources and receivers. Therefore, in this article, we report
on an InP-based THz LWA for the first time. The developed and
fabricated THz LWA consists of a periodic leaking microstrip line
integrated with a grounded coplanar waveguide to microstrip line
(GCPW-MSL) transition for future integration with InP-based
photodiodes. For fabrication, a substrate-transfer process using
silicon as carrier substrate for a 50-,:m thin InP THz antenna chip
has been established. By changing the operating frequency from
230 to 330 GHz, the fabricated antenna allows to sweep the beam
direction quasi-linearly from —46° to 42°, i.e., the total scanning
angle is 88°. The measured average realized gain and 3-dB beam
width of a 1.5-mm wide InP LWA are ~11 dBi and 10°. This
article furthermore discusses the use of the fabricated LWA for
THz interconnects.

Index Terms—Beam steering, indium phosphide (InP), leaky-
wave antenna (LWA), monolithic integrated -circuits, wafer
bonding.

I. INTRODUCTION

ERAHERTZ (THz) waves feature distinct advantages
compared to its neighboring spectra, making this frequency
spectrum (0.1-10 THz) very attractive for several applications.
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THz waves are far less energetic than X-rays, i.e., they are
nonionizing for biological tissues and, consequently, are promis-
ing for several medical applications [1]-[4]. Benefiting from
the shorter wavelength in contrast to microwaves, THz waves
offer a much higher spatial resolution, which makes them quite
intriguing for high-resolution imaging applications [5], [6]. Be-
yond the high spatial resolution, most dry dielectric materials
are transparent for THz waves, whereas materials with high
electrical conductivity or with large static dipoles (i.e., metals
and water) are strong reflectors or absorbers for THz waves.
This leads to high image contrasts [7], [8]. In addition, THz
spectroscopy systems have received much attention, benefiting
from the unique fingerprint spectra of various chemical com-
pounds [9], [10]. Not the least, in comparison to the scarce
available spectrum in the microwave region, THz waves offer a
much wider available bandwidth which is crucial for future high
data-rate wireless communications [11]-[13] and short-range
THz interconnects [14]. Reconfigurable short-range high data
rate THz interconnects would be very beneficial, e.g., for data
centers and even for intramachine communications.

The above-mentioned applications have stimulated techno-
logical advances mainly focusing on the development of THz
sources and THz receivers with higher transmit power levels
and better sensitivities [15]-[17]. However, despite the fact that
there have been great achievements in that regard, high-gain THz
antennas and THz beam steering technologies are still essential
for many applications, such as THz interconnects, to overcome
the comparably high THz free-space path loss (FSPL). This is
on the one hand to relax requirements of the employed THz
transmitter and THz receiver but moreover to enable mobility
and spatial multiplexing.

In the recent past, different THz beam steering approaches
have been investigated, including, for instance, microelectrome-
chanical systems (MEMS) enhancing the scanning-speed and
precision compared to classical mechanical approaches [18].
Also, several electronic approaches such as phased-array trans-
mitter [19], electronically controlled metasurfaces based on
VO3 [20], or graphene reflect arrays [21] have been studied.
Also, photonic beam steering approaches have attracted much
attention. This is because photonics offers some key generic
advantages with respect to beam steering, which include a
wide operational bandwidth, the availability of low phase noise
sources, and a compact chip size [22], [23]. Furthermore, it
is possible to transfer phase shifts and even true time delays
performed in the infrared domain to the THz regime for beam
steering. By means of an 1 x4 photomixer array and fiber-optic
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