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Réflectométrie dans le domaine temporal pour ’optique guidée
terahertz

Résume : Ce travail vise a construire un systéme compact et facile & mettre en ceuvre de réflectométrie
guidée par ondes térahertz (TGR) en tirant parti de I'émetteur-récepteur térahertz et des guides d'ondes pour
diverses applications. Par rapport aux systémes conventionnels utilisant une méthode quasi-optique, le
nouveau concept a une configuration beaucoup plus simple et permet des applications de sondage a distance.

Apreés des études sur le développement de la technologie térahertz, un émetteur-récepteur a double
ACP a pompage optique et deux émetteurs-récepteurs radar a ondes continues modulées en fréquence
(FMCW) ainsi que des guides d'ondes a parois minces a noyau creux sont sélectionnés pour mettre en ceuvre
le premier systeme TGR en mode impulsionnel et en mode FMCW. Les deux expériences et la simulation
3D pleine onde sont exploitées pour étudier les comportements de propagation des ondes a l'intérieur du
systéme et pour évaluer les performances du systéme. Les systémes TGR créés font I'objet d'une
démonstration a des fins d'imagerie et de détection. Grace a la capacité de guidage du guide d'ondes, ces
installations présentent un potentiel dans certaines conditions de mesure difficiles, comme dans un
environnement étroit et semi-fermé ou dans le liquide. En particulier, la lentille d'immersion solide insérée
a l'extrémité du guide d'ondes s'est avérée étre une méthode efficace pour améliorer la capacité d'imagerie
du systeme TGR en mode FMCW, donnant lieu a une résolution de sous-longueur d'onde dans la bande de
fréquences autour de 100 GHz.

En plus des études sur les systemes TGR, un systeme de réflectométrie sur plaquette exploitant des
sources a pompage optique est également proposé pour bénéficier de la large bande de fréquences des
sources photoniques. Comme premiere tentative, des sondes RF associées a un émetteur-récepteur a double
ACP sont utilisées pour délivrer le signal d'impulsion dans des échantillons sur la tranche et les signaux
temporels obtenus sont analysés. D'autres propositions sont faites pour pousser plus loin cette étude.

Mots-clés : guide d'onde, émetteur-récepteur térahertz, guide d'ondes, systtme de réflectométrie,
simulation 3D pleine onde, FMCW, télédétection, sonde haute fréquence de mesure sur plaquette, test non
destructif.

Laboratoire IMS, UMR CNRS 5218, Université de Bordeaux,
351 Cours de la Libération, 33405 Talence Cedex, FRANCE



Terahertz wave-guided reflectometry system

Abstract: This work aims to build up a compact easily-implemented terahertz wave-guided reflectometry
(TGR) system by taking advantage of the terahertz transceiver and waveguides for diverse applications.
Compared to conventional systems using a quasi-optical method, the new concept has a much simpler
configuration and allows for remote probing applications.

After reviews on the development of terahertz technology, an optical-pumped double-PCA
transceiver and two frequency-modulated continuous-wave (FMCW) radar transceivers together with
hollow-core thin-wall waveguides are selected to implement the first TGR system in pulse mode and in
FMCW mode. Both experiments and 3D full-wave simulation are exploited to investigate the propagation
behaviors of waves inside the system and to evaluate the system performance. The created TGR systems
are demonstrated for imaging and sensing purposes. Thanks to the guiding capacity of the waveguide, these
setups show potential in some difficult measurement conditions, such as in a narrow semi-enclosed
environment or the liquid. In particular, the solid immersion lens inserted at the end of the waveguide has
been proved as an efficient method to enhance the imaging capacity of the TGR system in FMCW mode,
giving rise to a subwavelength resolution at the frequency band around 100 GHz.

In addition to the studies of TGR systems, an on-wafer reflectometry system exploiting optical-
pumped sources is as well proposed to benefit from the wide frequency band of photonic sources. As the
first attempt, RF probes in association with double-PCA transceiver are used to deliver the pulse signal into
samples on-wafer and the obtained time signals are analyzed. More propositions are given to push further
up this study.

Keywords: wave-guided, terahertz transceiver, waveguide, reflectometry system, 3D full-wave simulation,
FMCW, remote sensing, on-wafer measurement high-frequency probe, non-destructive test.

IMS Laboratory, UMR CNRS 5218, University of Bordeaux,
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General Introduction

Lying between two well-developed domains, namely the microwaves and infrared, terahertz
radiations have attracted considering attention for their a priori seducing properties, among which can be
sorted their non-ionizing nature, their ability to penetrate through optically opaque materials, or even their
sensitivity to dielectric discontinuities. The development of spectroscopic techniques in the terahertz regime
has gradually extended to imaging, which nowadays allows both the academic and the industrial fields to
perform a wide panel of non-destructive tests ranging from quality control, to security inspection and
through other areas as heritage science.

It is clear that system configurations play an important role in practical uses, impacting the
application scope of terahertz technology. From a practical point of view, a compact terahertz measurement
system in reflection mode rather than in transmission geometry is more advantageous. More precisely,
compared to the transmission configuration that imposes restrictions on the form and properties of an object
under test, a reflection geometry requiring only the access to one surface of a sample is more suitable to a
wide variety of objects. This being said, although more likely to be used for diverse applications, the
complexity and the response understanding that accompany a setup in reflection configuration is
consequently higher. In fact, reflection geometries usually require the implementation of additional quasi-
optics elements such as lenses or beam splitters. More than inducing further work to achieve proper
alignment along the propagation path, these additions concomitantly hinder the possibilities towards
reaching compactness and integration of such systems.

To address this issue, terahertz wave-guided implementation is proposed in the present work as a
promising solution to conduct interrogative signals to the targeted zone of a sample. Once an optic-free
single communication channel is established by a waveguide between the transceiver and the sample, the
structure of waveguides directly stipulates the propagation path, reducing the difficulties in alignment. The
entire system configuration is simplified since no beam splitter or lens is required to enable the coupling.
The main objective of the present work is to implement a compact terahertz wave-guided reflectometry
(TGR) system following a demanding selection over the vast library of existing components.

Apart from the construction of a TGR system for sensing and imaging purposes, on-wafer/package-
level measurements in the terahertz band are of great interest due to the rapid development of terahertz
monolithic integrated circuit (TMIC). Indeed, prompted by the advances of semiconductor technologies and
3D packaging techniques, numerous high-speed devices have been proposed over the last decade. To verify
and to validate the novel designs prior to mass production, the research and development process of TMIC
must include on-wafer measurements. Compared to conventional tunable continuous-wave sources, a pulse
signal generated by an optoelectronic source covers a larger frequency region in the spectrum, making it
possible to obtain the scattering parameters in an extra-wide band via a single measurement. Not only the
measurement process can be simplified by the deployment of an optoelectronic source, but also the cost of
the measurement platform in an extreme-large frequency range can be reduced. Consequently, one part of
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this manuscript is focused on the implementation of an on-wafer reflectometry system by using an RF on-
wafer probe in association with a wideband double-PCA transceiver. Being the first attempt to deliver a
pulse signal into a sample on-wafer, the main challenges to face are how to couple efficiently a pulse signal
into a sample on-wafer and how to interpret the time signal with the presence of higher propagation modes.

Based on the aforementioned purposes, the whole manuscript is composed of four chapters that are
hereafter succinctly described. The first chapter offers an overview of the developments of terahertz
technology, including the advances in terahertz devices (sources, detectors and waveguides), system
configurations and applications. Compared to two distinct source and detector, a compact transceiver
lightens the system configuration by removing the beam splitter or coupler used to separate the incident
beam and the reflected one. Consequently, studies about terahertz transceivers are thoroughly reviewed. To
select a suitable waveguide to cooperate with transceivers, an overall account of the advances in terahertz
waveguides and their applications are provided. The state-of-the-art about waveguides is divided into two
parts: metal waveguides and dielectric ones. In addition to their working principles and propagation
properties, the coupling issue taking place in previous studies are especially reviewed with details.

In the second chapter, three selected transceiver units, i.e., a double-PCA lens-free transceiver, an
I11-V technology-based FMCW module, and a Si-based radar unit, are tested separately to assess their
performances. In particular, performances of the double-PCA transceiver including its operating frequency
band and imaging capacity are more detailed. Based on the preliminary studies, hollow-core anti-resonant
waveguides are considered as a suitable candidate to ensure the signal transmission between the transceivers
and a sample. Their transmission bands are verified through THz-TDS measurements, corresponding to an
optimized operating frequency band of the double-PCA transceiver (from 400 GHz to 500 GHz), both in
transmission and reflection mode. The additive manufacturing (3D printing) technique, that allows fast cost-
efficient waveguide development chain, is presented at the end of this chapter.

The third chapter reports the constructed TGR systems and their corresponding performances by
taking advantage of the aforementioned transceivers and waveguides. According to the selected transceiver
unit, this chapter is divided into two main parts: (i) terahertz wave-guided reflectometry systems in pulse
mode (TGR-P), and (ii) terahertz wave-guided reflectometry system in FMCW mode (TGR-FMCW)
systems. With respect to TGR-P systems, two selected hollow-core dielectric waveguides are tested to
establish an optic-free single communication channel between the double-PCA transceiver and a sample. In
addition to the time-domain waveform characterization, the imaging and sensing applications of the systems
are also delineated. While the TGR-G system exploiting a 3 mm diameter silica hollow-core waveguide
displays a resolution power around 700 um, the other TGR-G system including a 6 mm diameter plastic
waveguide display the potential for liquid depth detection. In regard to TGR-FMCW systems, 100 GHz
SynView head and 122 GHz Silicon Radar transceiver chip are separately tested with a plastic hollow-core
waveguide. The unwanted ghosting effect is then corrected by the integration of an extra termination
hemispherical lens, resulting in the imaging capacity improvement. In addition to experimental setups and
applications, investigations into the field properties inside the system are conducted with the help of the 3D
full-wave simulation, allowing the analysis of propagation behaviors of waves along the waveguide. The
parameters such as coupling efficiency, propagation modes, dynamic range are evaluated and discussed.
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The last chapter, more prospective, begins by introducing the rapid development of the TMIC,
offering the background of the increasing need for on-wafer measurements. Different methods to improve
the reliability and repeatability of on-wafer measurements at high frequencies are reviewed, including the
Z-travel control approach and non-contact probes. Apart from the on-wafer measurements, packaging level
default detection has benefited from the advances of optoelectronic devices. The EOTPR (Electro-Optical
Terahertz Pulse Reflectometry) technique exploiting PCA devices along with an RF probe, is particularly
detailed. Inspired by the EOTPR system, two RF probes in the frequency band of 140-220 GHz and 330
GHz to 500 GHz are separately deployed to direct a pulse signal from the double-PCA transceiver to a
sample on—wafer. Both system configurations give rise to ring-like shape signals, and the origins of
reflections are discussed.

The work reported in this manuscript was realized within a collaboration that gathered several
research teams. The implementation and analysis of guided terahertz reflectometry systems were
accomplished in IMS laboratory under the supervision of Dr. Patrick Mounaix and Dr. Jean-Paul Guillet
while on-wafer measurements were conducted under the guidance of Dr. Sebastien Fregonese (Bordeaux,
France). The hollow-core thin-wall waveguides were provided by Dr. Georges Humbert from XLIM
research Institute (Limoges, France). The design and the fabrication of 3D printed negative curvature
waveguides were carried out by Prof. Cristiano M.B. Cordeiro from UNICAMP (Brazil) and Marcos A. R.
Franco from IEAvV (Brazil).
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I.1. Introduction

An overview of the developments of terahertz technology is provided at the beginning of this
chapter, including the advances in terahertz devices, system configurations. Studies about terahertz
transceivers and waveguides are then thoroughly reviewed to provide valuable information to select suitable
components to implement a compact terahertz wave-guiding reflectometry system. At last, a great amount
of terahertz applications is given, proving the potentials of terahertz in different domains.

|.2. Terahertz active devices and system configurations

As shown in Figure 1.1, the terahertz frequency band spans from 100 GHz to 10 THz, corresponding
to a wavelength range from 3 mm to 30 um. It lies between two well-developed domains, namely the
microwave and infrared bands. Due to the lack of efficient sources and detectors, terahertz radiations took
several decades to complete the transition from a newly defined portion of the electromagnetic spectrum to
a widely studied topic. Since the 1980s, the progressive developments of terahertz devices, both active
components and passive ones, contribute to the advances of terahertz technology. Increasing attention from
the academic and industrial fields has been drawn to the terahertz region [1].

Wavelength(m)
10? 1 1072 10 106 108 10-10

Radio Microwave Infrared Ultraviolet ~ X-ray

3x10%  3x10%  3x10"  3x10  3x10'  3x10' 3x10%®

Terahertz Frequency (Hz)

Figure 1.1; Terahertz region in the electromagnetic spectrum, covering frequencies from 100 GHz to 10 THz.

1.2.1. Terahertz sources

The burst of terahertz technology is tightly linked to the technical advances of terahertz sources. At
the very beginning of the research stage, apart from radiations received from the astronomic objects, the
black body was the primary terahertz source. The absence of a convenient and powerful source limited the
research work to specialized laboratories. In the 1980s, new types of terahertz emitters, such as
photoconductive antenna (PCA), were developed. Since then, a great deal of effort has been made to
improve consistently the performances of existing sources and to develop novel effective ones [2].
According to the generation principle, terahertz sources can be classified into five distinct types: thermal
sources, vacuum electron device sources, terahertz lasers, solid-state devices, and laser-pumped sources [3].
The working principle and main features of each kind of source are briefly described below. In particular,
developments of photoconductive antennas are more detailed with novel designs.

Thermal sources

Thermal sources such as globar sources [4] and mercury lamps [5] can emit an extremely broadband
signal, but they provide a weak output power of the order of picowatts. Low output power, high-temperature
requirements prevent this type of source from industrial applications. It is worth noting that all the objects
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with a temperature above 10 K radiate terahertz waves naturally. On this basis, the feasibility of the passive
imaging technique is ensured [6].

Vacuum electron devices

Unlike thermal sources, vacuum electronic devices (VED) can obtain a remarkable high output
power in the terahertz region, from mW up to GW, showing great importance to fundamental science. This
type of source can operate either in pulse or continuous-wave mode by converting the kinetic energy of an
accelerated electron beam to electromagnetic energy within the interaction zone [3]. The commonly used
VED sources include the backward-wave oscillator (BWO), extended-interaction klystrons (EIK), traveling-
wave tubes (TWT), gyrotrons, free-electron lasers (FEL) and synchrotrons [7]. Although these high-power
sources are beneficial for applications such as terahertz imaging, remote sensing, their bulky size and high
cost limit their use outside laboratories. With the effort brought in this domain, further progress toward
compact, low-weight, reliable, cost-efficient terahertz VED sources is expected.

Solid-state sources

As integrated circuit technologies continue to develop, the high-speed device is pushing the
operating frequency up from microwave to the terahertz range. Thanks to the advances in semiconductor
materials (mainly I11-V based transistors), the limitation of output power associated with frequency is further
reduced [8]. On this basis, more performant solid-state sources are developed in the terahertz band. They
can be divided into two types: diode-based sources (e.g., Gunn diode [9], IMPATT diodes, TUNNETT
diode and resonant tunneling diodes) and transistor-based ones (e.g., CMOS or HEMT) [10], [11].
Considering their reasonable cost, easy usage, compact size, various frequency choice and excellent power
performances, they have been widely used in academic researches and for commercial applications. For
these exact reasons, two frequency-modulated continuous-waves (FMCW) radar units were investigated
and selected to construct a guided terahertz reflectometry system, more details are given in Chapter 1.4. If
readers are interested in the developments of solid-state sources, an overall review concerning their
performances is provided in [12].

Terahertz lasers

Among all terahertz lasers, gas lasers are considered as the first one in use. They can generate a
coherent signal in a wide spectral range with an output power reaching several hundreds of mwW [13]. In
2019, a terahertz molecular laser (ML) pumped by a mid-infrared quantum cascade laser was reported,
which can emit 1 mW at 1.1 THz in continuous wave [14]. However, their bulky volumes reduce the
potential application scope in industrials. Recently, a new member was introduced into the terahertz laser
family, quantum cascade laser (QCL). It can provide a more powerful output within a compact size. The
concept of QCL was firstly carried out in the mid-infrared (mid-IR) region before extending to the terahertz
band in 2002 [15]. Different from a conventional semiconductor laser, which generates photons by
exploiting the drop of the electron from the conduction band to the valence band, there is no recombination
between the electron and hole during the QCL generation process. Instead, transitions between electronic
subbands in a series of quantum wells, formed by the band structure of semiconductor material, give rise to
the emission of terahertz radiation. The characteristics of the laser are determined by the band structures and
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semiconductor properties. Currently, QCLs fill the gap of terahertz sources at frequencies between 1 and 5
THz with relatively high power output (>1 W) in a compact size, including narrow-line CW or pulse mode
[16]. Although the cryogenic cooling system is still required, QCLs remain attractive due to their powerful
output and compact volume. Researchers continue to explore the possibilities to reduce the operating
temperature, to extend the frequency band and to increase the dynamics of the output power in pulse mode.

Laser-pumped sources

Optical rectification

Optical rectification (OR) is one of the most widely used approaches to generating terahertz
radiations. Triggered by a short pulse laser (femtosecond laser beam), non-linear crystals such as LiNbO3,
organic crystal DAST and ZnTe generate terahertz waves efficiently if the phase-match (PM) condition in
materials is satisfied [17]. This method is frequently used for time domain spectroscopy owing to its
extremely broad spectrum capacity. Novel non-linear materials are proposed and tested to improve the
generation efficiency of terahertz waves. PM methods, including tilted-pulse-front geometry or Cherenkov
geometry, continue to be investigated for further improvement [17].

Photoconductive antenna

Thanks to the novel antenna designs and advances in semiconductor technology, the performances
of photoconductive switch (PCS) sources and detectors have been improved during the last decade. It has
become one of the most frequently used devices due to its simplicity, low cost, compact volume and steadily
improved fabrication process. It can work in two modes, either pulsed mode or continuous-wave (CW)
mode [18]. In combination with a dual-wavelength laser source, a photoconductive switch acts as a
photomixer to generate a CW signal [19]. Different kinds of photo-mixers have been developed, including
ErAs:GaAs inter-digitated photo-mixer, uni-traveling-carrier photo-diode (UTC-PD) [20], [21], etc.
Compared to photoconductive antennas, photo-mixers show more advantage in terms of output power at
frequencies below several THz. Considering the scope of the present work, the working principle of a
photoconductive antenna (PCA) in the pulsed mode (both generation and detection) is introduced in the
following part [22].
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Figure 1.2: Photoconductive antenna illuminated by a femtosecond laser beam for terahertz wave generation.
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As depicted in Figure 1.2, a PCA is biased with a DC voltage to generate a bias electric field Ebc
between two electrodes. Irradiated by a femtosecond laser carrying photon energy higher than the
semiconductor’s bandgap, photo-excited carriers are then created in the active zone of the substrate. These
photo-generated carriers may recombine, be trapped, or form momentum scatter, leading to a time-
dependent conductivity a(t) of the semiconductor layer, which can be expressed as :

1
a(t) = EeuN(t) @)

where o represents the optical absorption coefficient, e denotes the elementary charge, p is the mobility of
electron and N(t) is the density of photocarrier depending on carrier lifetime in the semiconductor layer and
the properties of laser pump. This sudden change of conductivity in the material gives rise to a transient
current J(t) under the bias field Eoc, which is given in Equation (2).

J(t) = a(®)Epc (2)

This transient current J(t) further leads to electromagnetic waves, i.e., terahertz radiations Et+z. The whole
generation principle can be described as below:

1 A dj®) Ae do (t) (3)
7 ot T bc 5r

ETHZ -

4me, c?z Ot 4ATreyC?2Z

where A is the gap area illuminated by the laser light, z is the distance between the field point, &, is vacuum
permittivity, and c is the speed of light in vacuum. It reveals that the generated terahertz waves depend on
the bias field, the properties of the semiconductor substrate and the laser pump. If the given energy of bias
field and laser excitation are too strong, the generated terahertz field may not respect Equation (3) anymore,
more deeper explanations can be found in [23].

On the contrary of generation principle, photo-excited carriers in a PCA detector are accelerated by
the transient terahertz field, leading to photocurrent between two electrodes. If the carrier lifetime in the
semiconductor is much shorter than the pulse duration, the produced photocurrent can be considered
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proportional to the instantaneous electric field of terahertz waves. The relation between the current density
J and terahertz field EtH: can be described by Equation (4):

J =Ne HETh,(T) (4)

where N denotes the average electron density, and 7 is the temporary delay between probe pulse and
terahertz pulse. By varying the time difference between laser pump and probe beams, a time-dependent
waveform can be obtained, i.e., both phase and amplitude information are obtainable. Hence, the
photoconductive sampling technique is a coherent detection method.

Semiconductor materials used for PCA

The aforementioned photocurrent formulas reveal that the properties of the substrate have a
significant impact on the final performances of PCA. A semiconductor material possessing high mobility,
short lifetime and low dark conductivity, allows to obtain broadband emission and high SNR detection.
However, it is difficult to find a substrate fulfilling all the requirements. While a short lifetime is an essential
condition to achieve broadband terahertz signal detection, high carrier mobility allows providing an intense
terahertz field. In the 1980s, silicon-on-sapphire (SoS) was first used for PCA generation. It was then
replaced by GaAs with more suitable properties in terms of bandgap, carrier mobility and lifetime. Up to
date, high-quality low-temperature grown GaAs (LT-GaAs) fabricated by molecular beam epitaxy (MBE)
technique, has become the most widely used PCA substrate due to its improved high resistivity, carrier
mobility and shorter lifetime. It can be used as the substrate for the PCA emitter and detector. However, the
current fabrication technigue cannot guarantee the reproducibility, and it remains expensive for large-scale
industrial production. To circumvent the need for low-temperature growth, various approaches have been
proposed to obtain semiconductors with a decreased carrier lifetime whilst maintaining its carrier mobility.
The use of ion implementation in materials has been demonstrated efficient, including GaAs:C, GaAs:Fe
and InP:Fe [22].

Considering the bandgap of GaAs (~1.42 eV), Ti:sapphire laser in the vicinity of 800 nm (~1.55
eV) is usually used as the excitation source. By using a narrower bandgap substrate, well-developed
telecom-band laser sources (such as Er:fiber 1550 nm and Yb:fiber 1050 nm) can help to construct a more
compatible, low-cost and robust photoconductive system. Therefore, increasing attention has been focused
on the InGaAs/InAlAs heterostructure with a 0.8-1.2 eV bandgap. In 2014, by using Be-doped
InGaAs/InAlAs multilayer PCA, Schell et al. have obtained a terahertz pulse signal covering the frequency
band in excess of 6 THz with a dynamic range up to 90 dB [24]. Apart from the alloy of InAlAs, ZnSe,
HgCdTe, graphene and other 2D materials are also exploited for more functionalities. In addition, the
demonstration of a single GaAs/AlGaAs nanowire photoconductive detector shows a promising future of
miniaturization of terahertz-integrated circuits [25].

Antenna design

Contact geometries on the substrate act as an electromagnetic antenna, which determine to a large
extent the coupling between generated photocurrent in the active zone and emitted electromagnetic waves
in free space. The most commonly used simple contact geometries include dipole antenna, bow-tie antenna
and strip-line antenna. Spiral, logarithmic periodic antennas, and other non-resonant antennas are frequently
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employed for broadband emission. Over the last two decades, the influence of typical antenna structures
(dipole and bow-tie antenna) on the performance of PCA have been largely studied [26], [27]. Recently,
special designs with multi-contacts have been proposed, allowing the detection of different components of
the terahertz electric field, making polarization-resolved TDS possible [28]. In the following part, the studies
using new antenna geometries to improve poor conversion efficiency are reviewed. These investigations
address mainly two issues during the generation: (i) photocarrier screening effect and (ii) low absorption
coefficient of the surface layer on the semiconductor substrate.

Since the generated terahertz field depends on the given bias field, a more intense terahertz pulse
can be achieved by increasing the breakdown value of the bias field. Large area photoconductive antenna
(LAPCA) is one of the most successful concepts to decrease the screening effect, in which the radiated
terahertz field is linearly proportional to the applied bias field [29]-[31], [37]. In 2010, a 5 um-spacing-
electrode microstructured large-area photoconductor was demonstrated to generate high terahertz electric
field in the frequency range of 0.2 - 4 THz up to 36 kV/cm (in vacuum electric field) [32]. The optical-to-
terahertz conversion efficiency was up to 2 x 10-3. Four years later, 20 THz broadband generation was
realized by using a semi-insulating GaAs interdigitated photoconductive antenna, which combined the
advantages of large aperture for optical excitation (avoid the need for silicon lenses) and small electrode
gaps (3 um, 20V peak-to-peak) [30].

The plasmonic structure is another key to improve the conversion efficiency by concentrating
incident laser pump photons within nanoscale distance from the contact electrodes. As the collection time
of the majority carriers between plasmonic electrodes is reduced to a sub-picosecond scale, the quantum
efficiency of a PCA is enhanced. Compared to conventional PCAs, designs based on plasmonic structures
have achieved improved performances [33], [34]. Studies performed in 2012 have demonstrated that
nanostructures serving as plasmonic nano-antennas help to increase the coupling coefficient of the substrate
[35]. In 2014, Yang et al. have proposed a 3D plasmonic electrode structure (shown in Figure 1.3) to
overcome the efficiency limitation related to the photo-absorption depth [36]. In 2015, high-power terahertz
generation using a large-area plasmonic photoconductive emitter was demonstrated [37]. At the same year,
Park et al. have reported the importance of bias field distribution in power enhancement via plasmonic nano-
electrodes. Based on this research result, they have proposed a nano-electrode large-aperture PCA [38]. In
2018, 5-fold improvement in the generated signal around 1 THz was obtained by optimizing the size of
silver nano-antenna array compared to PCA without nanostructure [39]. More details about the mentioned
PCA designs and their experimental parameters are given in Table 1 and Figure 1.3. Apart from a great of
effort focused on the material properties and contact geometries, antireflection coating [40] as well as
layered structure [41], [42] have been studied to improve the laser absorption coefficient, hence offering
better PCA performances.
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Figure 1.3: Novel antenna designs proposed to improve PCA performance. (a) Mesa-structured InGaAs/InAsAl PA
layer, from [43]. (b) LT-GaAs logarithmic spiral antenna with 3D plasmonic contact electrode [36]. (c) Bowtie
antenna incorporating with plasmonic contact electrodes [33]. (d) Large area interdigitated PCA antenna allowing
a broadband terahertz wave generation [30]. () High—Power large-area PC emitter exploiting plasmonic contact
electrodes [37]. (f) Ag-nanoantenna coupled PCA, from [39].
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TABLE 1. NOVEL DESIGNS OF PHOTOCONDUCTIVE ANTENNAS

Plasmonic  nanocontact
electrodes [33]

3D  plasmonic  Contact

Electrodes [36]

Large area interdigitated
PCA [30]

Interdigitated  ZnSe
large aperture PCA
[31]

Optimized Plasmonic
nanostructured PCA [39]

Pulse width
Repetition rate

Optical
excitation

power

Bias voltage

Contact
structure

Performances

2010

emitter & detector implemented in
one terahertz system

100 periods of InGaAs/InAlAs

1550 nm
100 fs

100 MHz

varied within the measurement
(up to 60 mw)

varied (up to 14 V)

10 pum gap;
25 um spacing strip line antenna

275 folds improvement in
amplitude compared to the system
using non-mesa antenna;
frequencies extending to 4 THz

2013

emitter/detector
characterization separately

LT-GaAs

800 nm
200 fs

78 MHz

varied within the
measurement

(5-25 mW)

10-80V

20 pm length plasmonic
electrode contact
(separation 100 nm);
bowtie antenna

As emitter, 250 pW average
output power compared to
12 pW conventional PC
emitter and frequency
components up to 1.5 THz.
30 times higher detection
sensitivities.

2014

emitter

LT-GaAs

800 nm
200 fs

5 pm spot,
Varied (up to 5.6 mW)

varied (up to 60 V)

15*15 pm2 3D plasmonic
contact electrodes embedded
inside LT-GaAs substrate;
logarithmic spiral antenna

0.1-2 THz. High optical-to-
terahertz conversion efficiency
of 7.5 % at 1.4 mW optical
pump (105 pW with a bias
voltage 60 V).

13

2014

emitter

SI-GaAs

800 nm
15 fs (~35fs)

4 MHz

varied within the
measurement

2-3&

20V

3 pm width, 3 pm spacing;
interdigitated antenna
(500 pm length in total)

Bandwidth up to 20 THz
with peak electric field
exceeding 1 kV/cm
maximum peak at 1.5 THz.
No Si lens needed.

2016

emitter

ZnSe

400 nm
60 fs

10 Hz

20mJ

interdigitated PCA
(12.2 cm? aperture area)

8.3 £ 0.2 W generated
energy of terahertz
pulse, peak electric field
331+4kV/cm at
frequency 0.28 THz.

2018

emitter

SI-GaAs QD substrate

800 nm
120 fs

80 MHz

30 um spot, 50 mW pump
power

12v

log-periodic terahertz PCA
coupled to Ag nanoantenna
array

8 um gap, overall 1.8 mm
diameter
Substantial

around 1 THz.

enhancement
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Apart from PCA and optical rectification, difference-frequency generation (DFG) and
stimulated polariton scattering (SPS) methods associated with laser excitation are also exploited as
terahertz sources. The former type of source generates monochromatic signals by converting two optical
frequencies into a terahertz frequency in a non-linear material. And the latter type of source taking
advantage of parametric polariton scattering of laser light involves both second and third order non-
linear in a polar crystal such as LiNbOs and GaP. They can provide a wide tunability and an excellent
spectral purity [17]. Compared to DFG, the terahertz parametric oscillation (TPO) source exhibits
similar performances in a simpler configuration, making it more attractive in practical applications.
Besides, based on the Photo-Dember effect, a terahertz source generating radial polarization has been
proposed [44].

Different types of terahertz sources have been reviewed, including thermal sources, vacuum
electron devices, solid-state sources, terahertz lasers and optical-pumped sources. Their relevant
generation principles were described. In particular, photoconductive antennas were more detailed with
continuously improved designs. Depending on the nature of the source, different types of sources
display their respective advantages and performance limitations. Figure 1.4 is provided to give an overall
view of terahertz sources in terms of output power and frequency, which can help one to select a suitable
source for a specific application. As mentioned previously, tunable photo-mixers are also of great
interest in practical use due to their compact size and output power. Depending on the available devices
in my work, the state-of-the-art focuses on the photoconductive antennas.
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Figure 1.4: Logarithmic plot of the emitted power of different terahertz technologies sources as a function of
frequency and wavelength.

1.2.2. Terahertz detectors

Depending on working principles, terahertz detection techniques can be classified into three
types: direct detection, heterodyne detection and optoelectronic detection. As optoelectronic detection
techniques, photoconductive antennas and non-linear crystals (electro-optical sampling) can be
deployed for detection via the inverse generation principle. Both of them belong to coherent detection
methods, providing information on the amplitude and phase.
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Before introducing other detectors, the notion of Noise Equivalent Power (NEP, in W/Hza12)
should be given. It is defined as the input power level at which the signal-to-noise ratio (SNR) over 1-
Hz bandwidth is unity. As a critical figure of merit, NEP allows to compare the performances of
different types of detectors in terms of the sensitivity and noise level [45]. The smaller the value of NEP
is, the higher the sensitivity of the detector is. In addition to NEP, the response time and bandwidth
should also be taken into consideration with regards to the intended application.

Direct Detection

Detectors exploiting direct detection consist of thermal detectors and some electronic devices
developed from the microwave frequency band. Since the output signal of this type of detector is
proportional to the square of the incident field, they are also called square-law devices. The most
commonly used thermal devices include bolometers, pyroelectric detectors and Golay cells. They
convert the electromagnetic field energy of terahertz waves into a measurable electric signal. More
precisely, pyroelectric detectors measure the current linked to the change of dielectric material
properties induced by thermal effect. Noise Equivalent Power (NEP) of a pyroelectric detector can be
up to 500 pW/Hz1z2in a broad frequency band from terahertz to infrared. Golay cells measure the change
of gas volume caused by the absorption of terahertz waves. Bolometers perform measurements through
a resistance thermometer, which is thermally attached to an absorbing material. While certain
bolometers can work at room temperature (NEP in order of 10-10 W/Hz112), the most sensitive bolometers
are liquid helium-cooled (NEP of 10-1s W/Hz12) [46]. There is a trade-off between the operating
temperature and the sensitivity. In spite of the slow response of a thermal detector, their large band
detection capacity and high sensitivity make them attractive for the most research works. If the
integration of a detector in a system is wanted, cryogenic setup may be problematic. In this way,
electronic devices operating at room-temperature such as small-area Schottky diodes (used as antenna-
coupled) and field-effect transistors (FET) shown more advantage. Based on plasma wave oscillation,
the resonance absorption frequency of a FET is determined by the gate voltage related to channel
dimensions [10]. Thus, as technology advances, FET can offer a wider detection frequency range. NEP
of a FET under zero-bias source-drain conditions can reach the order of 10-11 ~10 -12 W/Hz »while NEP
of zero-bias Schottky barrier diode (SBD) can reach the order of 10-10 ~10 -11 W/Hz » [11]. Since direct
detection techniques measure the power of terahertz radiations, no phase information can be assessed.

Heterodyne detection

Heterodyne detection is another method providing phase information. With the help of a non-
linear rectifying mixer device such as Schottky barrier diode (SBD), a hot-electron bolometer (HEB)
mixer or superconductor-insulator-superconductor (SIS) tunnel junction mixer, the intermediate
frequency (IF) can be obtained by multiplying the input signal and a closed spaced reference signal
from a local oscillator. Finally, both amplitude and phase information of the input signal can be achieved.
This kind of detection offers an extremely wide dynamic range and high signal-to-noise ratio while
maintaining high-speed data acquisition, stable magnitude and phase measurements, room temperature
measurement [47].

This is only a brief account of commonly used single detectors, a great deal of effort has been
made to develop terahertz imagers with multi pixels. More information can be found in the thesis of J.-
B. Perraud [48]. Figure 1.5 depicts the progress of terahertz detectors over recent years, which gives a
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comparison in terms of sensitivity between different types of detectors, including Micro-bolometer,
CMOS based detectors, Schottky barrier diodes, pyroelectric detectors and Golay cells.
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Figure 1.5: Progress of terahertz detectors over recent years. It includes single detectors and the same
technology-based focal-plane arrays (FPAS).

1.2.3. Terahertz measurement systems

All terahertz measurement systems consist of three types of components: a source to generate
terahertz radiations, a detector to receive signals, and passive devices to control the propagation
behaviors of the terahertz beam. Similar to the terahertz sources and detectors, passive terahertz
components, such as quasi-optics, waveguides [49], filters [50], absorbers [51] and antennas, benefit
from both well-developed technologies in microwaves and infrared frequency bands. In particular,
guasi-optical components including lenses, parabolic mirrors are the most frequently used components
in a terahertz measurement system. They are deployed to manipulate a terahertz beam (propagation
direction and beam width) in free space. By collimating terahertz radiations out of an emitter, the losses
related to the divergence in free space can, to a large extent, be reduced. In addition, a focused beam
with a reduced size permits to obtain a better resolution for imaging applications.

A terahertz measurement system can be established either in transmission mode or in reflection
geometry. Typically, transmission system configuration is preferred due to its simplicity. As shown in
Figure 1.6 (a), a terahertz emitter and detector are placed on each side of a sample. After being focused
by lenses or parabolic mirrors, the terahertz beam with a reduced size passes through the sample. The
transmitted signal is then collected and detected by the detector. This classical measurement setup is
suitable for most applications. However, depending on the properties of sample and measurement
conditions in a practical application, reflection configuration remains compulsory. The coating
inspection for automobile is a good example, which is impossible to perform a transmission
measurement due to the metal substrate. In fact, absorptive, thick samples or objects on a metallic
substrate can easily exceed the limits of the measurement capacity of the system in transmission
geometry. In these cases, a reflection configuration is more convenient. Since the sizes of terahertz
emitter and detector cannot be ignored for device arrangements in a reflection configuration, a small
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incident angle reflection setup (depicted in Figure 1.6 (b)) is commonly applied to avoid the congestion
issue of terahertz devices. Compared to a transmission geometry, the propagation paths of the terahertz
beam in reflection mode are more complicated and optical alignment has a significant influence on the
system performances. Otherwise, an alternate option is to implement a normal incidence reflection
measurement (illustrated in Figure 1.6 (c)) with a beam splitter or couple, which allows retrieving the
reflected signal from the emitted beam.
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Figure 1.6: Terahertz measurement systems (a) in transmission mode, (b) and (c) in reflection geometries. To
avoid the space congestion issue between the emitter and detector, measurements in reflection mode can be
performed with a small incident angle (b) or a normal incidence with a beam splitter or coupler to separate the
incident and reflected signals (c).

Based on the above-mentioned configurations, a terahertz measurement system in pulse mode
or CW/FMCW mode [52]-[54] can be established by choosing a suitable source and detector. Figure
1.7 depicts a Time Domain Spectroscopy (TDS) system in transmission, which is composed of a near-
infrared femtosecond pulsed source, a coherent detector and dedicated quasi-optics. By means of lenses
or parabolic mirrors, a broadband pulse signal is focused and directed towards a sample. After that,
terahertz radiations interact with the sample, the transmitted time signal is recorded for further analysis
in the frequency domain. Since both amplitude and phase information can be achieved from recorded
signals, the complex refractive index of the sample, that governs propagation within the object, can be
obtained [55]. Specific characteristics in the spectrum enable the analysis or identification of materials.
In addition to terahertz spectroscopy, terahertz imaging can also be performed with a TDS system setup.
Instead of measuring at a single point, a raster scan in the targeted area is performed. The time signal at
each point forms one pixel, and recorded signals over the entire area constitute a pixelated map
containing sample information. Depending on the objective of the application, suitable parameters are
selected to construct images with the desired information.
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Figure 1.7: Typical THz-TDS transmission setup. (OAPM: off-axis parabolic mirror, BS: beam splitter, M:
mirror.) A femtosecond laser is used to excite and gate photoconductive antennas to generate and to detect
terahertz waves. OAPM is employed to focus the terahertz beam on the sample.

1.2.4. Developments of optical-pumped pulsed transceivers

The importance of a reflection-mode system setup in a practical application has been
emphasized in the review about the development of terahertz system configurations. However, two
distinct devices, namely a source and detector, may impose space constraint between themselves. A
beam splitter or a coupler is required to separate the incident beam and the reflected one. Over the last
two decades, terahertz transceivers have attracted increasing attention with their compact size and
excellent performances. A terahertz transceiver is defined as the device which integrates an emitter and
receiver for signal generation and detection. The use of them allows simplifying the system setup in
reflection geometry by removing the beam splitter. Two different types of terahertz waveguides are
involved in this present work: pulsed ones and CW/FMCW ones. While the advance of the optical-
pumped transceivers is given in the following part, the working principle of FMCW transceiver units
are explained in Chapter 11.3.1.

Although the concept of terahertz transceiver in pulse mode exploiting photoconductive
antenna has been proposed [56] since 2000, it remains a poorly-studied research topic. Their broad
frequency band is advantageous for a THz-TDS measurement. Studies concerning terahertz PCA
transceivers can be divided into three types: single-PCA transceiver, double-PCA transceiver, and
integrated transceiver module. While the two former types of transceivers have only one chip, the latter
type integrates two distinct modules to form one device.

A single-PCA transceiver was firstly proposed by Tani et al. in 2000 [56], in which a PCA was
used to transmit as well as to receive terahertz signals. Since the emitted terahertz beam was modulated
by a chopper at a specific frequency, the photocurrent induced by reflected terahertz waves could be
extracted from the photocurrents associated with the DC field during the generation process. Several
years later, this PCA transceiver was implemented in a reflection system configuration for tomography
measurement [57]. However, the background noise related to DC bias voltage resulted in a low signal-
to-noise ratio. In 2003, a compact fiber-coupled single-PCA terahertz transceiver head was reported
[58]. Compared to a free-space THz-TDS system, this transceiver head allowed a flexible operation
thanks to the fiber-coupler PCA design [59]. SNR was as well improved to 40 dB at 300 GHz with a
reduced optical beam power. In 2014, another single-PCA transceiver head based on the modulation of
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optical pulses was introduced [60]. This transceiver head system operated at the telecom band (at 1.5
um). Instead of mechanical chopping, optical pulses for generation and detection were modulated at
different rates. It moved a step closer to achieve the goal of a compact and flexible terahertz
measurement system.

To circumvent the noise issue occurring in a single PCA transceiver, Tani et al. proposed a
transceiver with two spatially separated PCAs on the same chip in 2002 [61]. This terahertz transceiver
achieved an SNR around 200 with a spectral peak located at around 100 GHz. In 2015, a Korean
research team introduced an optical fiber-coupled double-PCA terahertz transceiver, which was aimed
for in-situ biomedical measurement. The bandwidth of detected reflections from the metal was up to 2
THz, and an SNR of 1000:1 was achieved [62]. Although it is possible to introduce this optical fiber-
coupled PCA transceiver inside the body, the danger related to the bias voltage (9 V) in the body cannot
be ignored. Consequently, it was eventually unsuitable for in-vivo diagnosis. In 2016, a double-PCA
terahertz transceiver with better performance (4.5 THz bandwidth and 70 dB dynamic range) was
reported by Globisch et al. [63]. It was based on mesa-structures of beryllium-doped InGaAs/InAlAs
multilayers PCA technology [43], [24], implying a lower cost for fiber laser source (well-developed
fiber laser in the telecom band). The optical coupling between two PCAs and two individual
polarization-maintaining fibers was realized by polymer waveguides on the chip. Therefore, the use of
this fiber-coupled transceiver is no longer limited by the position of the laser source, providing more
conveniences in practical use.

Meanwhile, the development of conventional PCA modules contributes to the advances of the
transceiver. In 2009, a miniaturized optical fiber-coupled terahertz endoscope system with a front view
of 8 x 6 mm?2 was reported, which consists of two distinct photoconductive generator and detector
modules [64]. Less interferences between the emitter and detector are induced while taking advantage
of the great performances of two separate modules. However, it should be pointed out that despite the
reduced volume, the distance of 4 mm between the emitter and detector cannot be ignored when the
size or the feature of the sample is comparable. It means that the resolution of a transceiver is limited
for imaging applications. Table 2 below provides a comprehensive view of all aforementioned
transceivers, includes their operation conditions, the shortcomings as well as the advantages. Since no
beam splitter is required to separate the terahertz beams, transceivers can largely simplify the reflection-
mode configuration. While a single-PCA transceiver has an easy optical coupling, a double-PCA
transceiver can to a large extent mitigate the noise issue. While transceivers composed of two individual
modules benefit the excellent performances of separate emitter and receiver, their resolution is limited
by their proper size.
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1.3. Terahertz waveguides

The development of terahertz devices and system configurations have been briefly presented
previously. In particular, terahertz transceivers (optical-pumped type) was reviewed owing to their
potential to the simplify the system setup in reflection mode. To prompt the progress of the terahertz
science and applications, it is also crucial to develop low-cost terahertz waveguides with high
performances. In this part, an overall account of the advances in terahertz waveguides and reported
applications is provided. The state-of-the-art about waveguides is divided into two parts: metal
waveguides and dielectric waveguides. In addition to the working principles of different types of
waveguides, their respective performances (advantages and disadvantages) are discussed. Considering
the eventual use of waveguides in the present work, planar waveguides are not reviewed thoroughly
here. Nevertheless, their potential and importance in an integrated circuit is worthy of attention.

As shown in Figure 1.8, current terahertz waveguides are either scaled-down versions of metallic
waveguides or upscaled versions of optical fibers [66]. While the structure of a waveguide can be
adapted to the wanted operating frequency band, the host material loss of a terahertz waveguide remains
problematic. Indeed, the material absorption of waves in dielectrics and ohmic loss in metals are not
negligible in the terahertz band, which limits performances of terahertz waveguides. It should be pointed
out that a long-distance transmission of terahertz waves through a waveguide in an analogous manner
to the transmission via an optical fiber, is not yet realizable. The current studies and works are focused
on the utilization of terahertz waveguides for sensing and imaging applications.
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Figure 1.8: Photographs of different types of terahertz waveguides. (a) Metallic rigid rectangular waveguide
(WR-3 band). (b) 3D printed dielectric waveguide. (c) Dielectric porous waveguide.

1.3.1. Metallic terahertz waveguides

The review on metallic waveguides is separated into three parts: rigid metallic waveguides,
metal wires, and finally other waveguides that do not fit in the previous categories. The reported studies
that exploit metallic waveguides for sensing purposes are revised, with a particular focus on the
coupling issues occurred in applications.

1.3.1.1. Rigid metallic waveguides

Rigid rectangular waveguides, belonging to metallic terahertz waveguides, are the most
commonly used components in solid-state devices. By scaling down their sizes, rectangular waveguides
can operate at frequencies above 1 THz. For example, a WR-1.0 waveguide with internal dimensions
of 0.254*0.127 mm?2 has an operating frequency region from 750 GHz to 1100 GHz. They are
commonly used as the output component in fast electronic devices, allowing the connection with the
waveguide-based antenna or probe. The high-frequency on-wafer probe is a good example, in which a
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rectangular waveguide is employed as a housing structure, connecting the vector network analyzer
(VNA) extender and samples on a wafer. Rigid metallic waveguides have also been exploited for
sensing purposes. Figure 1.9 (a) shows a millimeter reflectometry system aimed for skin burns diagnosis
which consists of a vector network analyzer (VNA) and an opened-end rectangular waveguide probe
[67]. With the help of a scanning platform, the feasibility of millimeter-wave imaging at V-band
frequency was demonstrated. In 2012, a K-band (18-27 GHz) FMCW radar sensor aimed for position
detection of a piston was demonstrated by exploiting a circle waveguide inserted in a hydraulic cylinder
(illustrated in Figure 1.9 (b)). By analyzing the reflections from the liquid surface in specific guided
modes, the position of the piston with an accuracy better than 200 um was achieved [68].

(a) (b)
Figure 1.9 : (a) Millimeter-wave reflectometry used for the investigation into skin burn injuries [67]. (b)) FMCW
radar in oil-filled waveguides for position detection [68].
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Although millimeter/submillimeter hollow-core rigid waveguides benefit the sensing and
imaging applications, their wider use in diverse systems is restricted. In fact, the operating frequency
of a waveguide depends on its internal dimension. The micrometer-scale machining technique is
required to manufacture high-frequency waveguides, resulting in two main issues: increasing
fabrication cost and coupling difficulties. Besides, losses in metal due to the finite conductivity and skin
depth (which is inversely proportional to the square root of the frequency and it may cause more Joule
losses) become more significant at high frequencies. Although their enclosed structure can prevent from
perturbations arising from the outside, there are few flexibilities to adapt to different applications during
the measurement.

1.3.1.2. Metal wires

Metal wire, another type of metallic waveguide, was firstly studied by G. Goubau [69]. Due to
the finite conductivity of the metal, guided waves are loosely confined around the wire’s surface, they
are also called Sommerfeld waves. Over the last fifteen years, many investigations into their frequency-
dependent characteristics [70], guiding properties [71], [72] and radiation patterns [73] in the terahertz
band have been conducted. It has been revealed that metal wires exhibit low-dispersion, which makes
them a good option for broadband signal transmission (e.g., a pulse signal transmission in a TDS
system). Nevertheless, it has also been reported that most of the guided waves are weakly confined
around the metal surface, and a majority of the guided power propagate in free space. The guided waves
are prone to disturbances in the surrounding environment and a smaller curve depth may cause an
important bending loss. To address this problem, dielectric coating [73] wires and double-wire
waveguides [74], [75], were proposed to enhance the field confinement and to decrease the bending
loss.
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Figure 1.10: () Terahertz endoscopy experiment setup using a metal wire [76]. (b)Near-field imaging setup
using a tapered Sommerfeld wire [77]. (c) Continuous-wave near-field imaging setup using tapered wire as a
probe [78].

In 2004, K. L. Wang and D. Mittleman successfully demonstrated the first proof-of-principle
experiment of terahertz endoscopy using metal wire as waveguide [76]. As depicted in Figure 1.10 (a),
the incident pulse signal was first coupled into a wire and then reflected by the metal placed at the
bottom of the container. The reflected signal was guided back to the detector through a second wire.
After that, further work was carried out to investigate the guiding properties and different applications
of metal wires. The tapered metal wire has drawn considerable attention due to its great confining
capacity displayed at the tip. As illustrated in Figure 1.10 (b) and (c), tapered wires were deployed as
near field probes in conjunction with a pulse and continuous signal respectively. By exploiting the
former setup in pulsed mode (shown in Figure 1.10 (b)), two 20 um width straight metal lines with a
separation of 80 um on a GaAs substrate were spatially resolved [77]. Using a CW signal of 100 GHz,
the latter setup gave rise to a A/33 subwavelength resolution [78].

Coupling issue

Possessing radial polarization, the Sommerfeld propagation mode is difficult to be excited
efficiently by a linear terahertz source. Many studies have been performed to improve the coupling
efficiency. They can be divided into two categories: (i) the one that uses supplementary components to
improve the coupling efficiency with a linearly-polarized beam; (ii) the one providing a radially
polarized incident beam.

Figure 1.11 provides two experimental setups using the first method. As illustrated in Figure
1.11 (a), Mittleman et al.[76] implemented two metallic perpendicular wires to couple linearly polarized
beam into an aimed metal wire. Then in 2005, corrugated grooves on the metal wire, shown in Figure
1.11 (b), were directly used to couple linearly polarized signals [79]. By varying the geometry and
number of grooves, the waveform, the central frequency, and the linewidth of coupled surface waves
were controlled. For a single continuous wave signal, a single discontinuities phase element (shown in
Figure 1.11 (c) )was reported to be able to couple efficiently freely propagating waves into the wire with
a coupling efficiency up to 23 % obtained at the frequencies of 100 GHz and 300 GHz [80].
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Figure 1.11: (a) Dual-wire coupling configuration used in the proposed terahertz endoscope system setup [76].
(b) Experimental setup using milled grooves on a metal wire to couple incident radiation to a propagating
surface wave [79]. (c) Differential phase element, used to improve the coupling efficiency between the linearly
polarized beam and Sommerfeld waves on the metal [80].

Terahertz sources with radial polarization were proposed and tested as the second approach to
dealing with the coupling issue. In the article of [81], instead of a dipole or striplines, radially symmetric
contact geometry was deposited on the transmitter chip. The simulation results showed that compared
to the dual-wire coupling method, the radially symmetric emitter antenna could improve the coupling
efficiency from 0.4 % to 50% at a frequency of 100 GHz. Radially symmetric PCA design was also
reported by D. Grischkowsky et al. [82]. In addition to radial PCA, a conical wire tip was placed 5 um
away from the transmitter chip (illustrated in Figure 1.12 (a)) to optimize the terahertz coupling. The
experimental setup based on a similar concept was depicted in Figure 1.12 (b) [70]. After that, a tapered
wire was frequently used to improve the coupling efficiency or to probe the sample in the near-field
due to its enhanced field confinement in the vicinity [83], [84]. In addition to PCA, the optical
rectification effect allows as well for the generation of the terahertz wave generation. Segmented non-
linear crystals with three rotational symmetry (GaP (111) plate reported in [85]) and half wave-plate
mode converter [86] were proposed to generate a broadband terahertz cylindrical vector beam polarized
terahertz beam. The second method using a mode converter was demonstrated to achieve a total
coupling efficiency of up to 16.8 %.

S d half wave-plate
mode converter

(a) (b) (c)
Figure 1.12: Different methods to improve coupling efficiency. (a) Experimental setup including a metal wire
as the waveguide, a transmitter with radial symmetric contact geometries, and a receiver [82]. (b) Experimental
setup to forward a pulse signal along the metal wire, including a radical symmetric PCA transmitter and a PC-
probe [70]. (c) Segmented half wave-plate (HWP) mode converter, consisting of eight pieces of HWP for
controlling the spatial polarization mode of the incident laser beam [86].

In summary, a metal wire is an appealing choice for the transmission of a broadband signal
thanks to its low-dispersion guiding property. Although the coupling efficiency is low due to the
mismatch between the radial polarization of Sommerfeld mode and the conventional linearly polarized
source, different methods have been proposed to address this issue. Depending on the selected source,
metal wire can be used to forward a pulse signal and contribute to a high-resolution near-field
measurement.

25



Chapter I. General terahertz technology

1.3.1.3. Other metallic waveguides

Apart from metal wires, parallel-plate waveguide (PPCW) exhibits alluring propagation
properties for broadband signal transmission [87]-[89]. Since the fundamental mode in a PPCW is the
quasi-TEM mode, there is no cut-off frequency. Moreover, the required polarization condition
(perpendicular to the direction of two plates in PPCW) can be easily obtained by a conventional
terahertz source. It allows a low-loss, low-dispersion propagation for a broadband signal. In order to
improve its field confinement power, a tapered PPCW was proposed [90]. A spatial feature of 100 um
on a GaAs substrate was identified by using a tapered PPCW with a separation of 20 um as a line-
illumination probe for near-field inspection [91]. This study enlightened the potential of tapered PPCW
in near field measurement. Nonetheless, the high-resolution power of PPCW exists only in one direction
(normal to the plates), and the tapered air-gap structure is not easy to implement and hold, which make
them impractical for applications outside of laboratory. Some other studies focused on the coaxial cable
owing to its quasi-TEM mode [92]. However, higher modes can be easily excited by a linearly polarized
pulse source. The signal distortion associated with multi-mode propagation complicates the
interpretation of the transmitted signal, restricting its use in the terahertz domain.

Aside from these discrete wave-guided structures, planar transmission lines such as microstrip
line, CPW (coplanar waveguide) [93] are largely used in the integrated circuits for high-frequency
signal transmission. They have attracted considerable attention due to their essential role in high-speed
integrated systems and devices [94]. Surface plasma polariton (SPP) propagation is another highly-
concerned topic owing to its quasi-zero dispersion transmission capacity for broadband pulse signal and
the excellent ability to confine the electric field. On the one hand, the coupling between a transmission
line and a source can be carried out directly by a contact thanks to the loosely confined field around the
transmission line and the substrate. On the other hand, guided waves are easily prone to the disturbances
in the surrounding environment. Besides, the coupling efficiency out of a planar waveguide to interact
with a sample remains problematic. Although a planar waveguide is not optimized for remote sensing
applications, it shows excellent potentials for further developments of microstructure sensor and on-
wafer measurement. If a full integration of a sensor system consisting of a transceiver and a waveguide
is desired, the knowledge about planar waveguide is hence of paramount importance.

To sum up, previously-mentioned metallic waveguides possess their respective advantages and
shortcomings. According to the used source, the polarization condition, difficulties of implementation
and the dimension of the structure should be taken into consideration to select a suitable waveguide for
wanted application.

1.3.2. Developments of dielectric waveguides

In addition to metallic waveguides, various dielectric waveguide designs are proposed and
applied in the terahertz region. Most of the dielectric terahertz waveguide designs originate from the
optical domain. Their structure can be solid-core, hollow-core, or porous-core. According to the guiding
mechanisms, these waveguides can be classified into three types: total internal reflection waveguides,
photonic microstructured waveguides and antiresonant reflection waveguides. In the following parts,
the review about dielectric waveguides are separated into two main parts: (i) waveguide exploiting total
internal reflection (TIR) or modified total internal reflection (MTIR), and (ii) hollow-core waveguides
capitalizing on photonic bandgap or anti-resonant reflections. Not only their guiding properties but also
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relevant sensing and imaging applications are reviewed to provide necessary reference information.
That aims to help to select a suitable waveguide for the guided terahertz reflectometry system.

It is worth noting that although optical waveguide designs can be applied in the terahertz band,
silica as the most frequently used material in the optical domain, possesses a significant material loss
in the terahertz band. Compared to fused silica exhibiting an absorption coefficient of around 2 cm-
[95], the absorption of PTFE (polytetrafluoroethylene, also called Teflon), and COC (cyclic olefin
copolymer, also called as Zeonex /TOPAS) [96] are less than 0.9 cm-1 and 0.3 cm-1 at frequencies below
1 THz respectively [97]. Consequently, low-loss polymer materials such as HDPE (high-density
polyethylene) [98], PTFE and COC are preferred for the fabrication of waveguide geometries.

1.3.2.1. (Modified) Total internal reflection waveguides

As the most classic design, a step-index optical fiber exploits total internal reflection occurring
inside the high-index core as the guiding mechanism. If the normalized frequency (V number) is below
2.405 [99], a single-mode propagation can be obtained along a step-index waveguide. The concept of
total internal reflection is then adapted in the terahertz region, giving rise to microwires, solid-core
microstructured waveguides, and some porous-core waveguides.

Microwires

Dry air, regarded as the only terahertz ‘transparent’ material, has attracted full attention to
achieve a low-loss terahertz waveguide. By increasing the guided power fraction in the air, less
attenuation takes place in materials. In 2000, the propagation of a sub-ps pulse along sapphire fibers
with a diameter of several hundreds of um in HE11 mode [100] was firstly reported. In the same year, a
plastic ribbon waveguide with a thickness of 120-150 pm [101] (in TMo1 mode) was displayed. In 2006,
a PE fiber with a core diameter of 200 um was demonstrated with a propagation loss of less than 0.01
cm- at the frequency of 300 GHz [102]. Each of these three aforementioned waveguides has a
subwavelength dimension, and most of their guided electric field is in the surrounding air, which
contributes to the decrease of the absorption during the propagation. The waveguide exhibiting similar
features is named as microwire. The subwavelength dimension of the waveguide gives rise to great
flexibility, showing significant advantages in practical applications. For instance, a 180-um-diameter
PE wire was implemented in a transmission scan system as an imaging probe [103] so that the
displacement of the sample is no longer required during the scan. In 2009, a terahertz fiber-scanning
near-field microscopy, compatible with an optical microscope, was reported [104], in which a 240-um-
diameter PE fiber was utilized to send generated signals from the source to the bull’s eye structure. The
property of being highly sensitive to the surrounding conditions can also be exploited for sensing
purposes. The liquid detection by using a 300-pum-core-diameter PS wire was a good demonstration
[105]. Nevertheless, microwires display some disadvantages due to their extended electric field. They
are more prone to the perturbations such as bends, discontinuities, or fluctuations occurring in the
surrounding. Additionally, the handing equipment of waveguides without impacting the guided signal
remains problematic. For a practical guiding of terahertz waves, suspend core subwavelength fibers
were reported in 2011 [106], and 0.02 cm-1 propagation loss was achieved.

Solid-core microstructured waveguides

Solid-core waveguide exploits modified total internal reflection (MTIR) as a guiding
mechanism. Indeed, thanks to microstructured cladding composed of air-holes, the effective index of
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the cladding is lower than the index of solid-core, meeting the MTIR condition. In 2002, an HDPE
solid-core microstructured waveguide was firstly demonstrated in the terahertz band [107]. This study
indicates that the propagation loss of a solid-core microstructured waveguide is mainly impacted by the
host material and field confinement in the structure which is related to the index contrast between core
and index (effective index). By using a lower refractive index material Teflon (ntefion < nHore), the
absorption loss of the microstructured waveguide has been reduced to 0.12 cm-1 for 0.1-1.3 THz [108].
In 2011, a microstructured waveguide using COC as the host material was reported to achieve a low
absorption (< 0.1 cm- around 300 GHz) while keeping good field confinement [96]. Both analytical
field models and numerical simulations [109],[110] were deployed to investigate the propagation
characteristics of such type of microstructured waveguide, providing valuable information for
waveguide’s design with a deeper understanding of propagation modes. Apart from microwires and
solid-core microstructured waveguides, there is another type of subwavelength waveguide taking
advantage of total internal reflection: low-index discontinuity terahertz waveguides [111], which can
provide high confinement at the low-index discontinuity area. In summary, by taking advantage of
different cladding structures, solid-core microstructured waveguides can achieve better field
confinement inside the core, decreasing the influence from the outside of the waveguide.

Porous-core air-clad waveguides

Although solid-core microstructured waveguides provide better confinement inside the core
than microwires, their propagation loss is still highly impacted by the host material. With the intention
of reducing the propagation loss whilst keeping field confinement inside the core, relevant studies focus
on microstructured waveguides with a porous-core. The porosity of a waveguide is defined as the ratio
of air holes’ surface to the core area, dictated by the distribution of subwavelength holes. By increasing
the porosity of the core of waveguide, the absorption loss in the core can be lessened. In 2008, Hassani
et al. proposed a low-loss porous terahertz waveguide containing multiple subwavelength air holes
within a hexagonal array, revealing that the propagation loss can be reduced to 1/10 ~ 1/20 of bulk loss
by an important porosity in the core [112]. In addition to circular air holes [113], rectangular and slotted-
shaped air holes in a porous-core were also investigated by Atakaramians et al. [114], demonstrating
that the effective material loss and group velocity of a porous-core waveguide are independent of the
shape of the holes. Besides, this study indicated that a birefringence can be obtained by introducing
asymmetrical air-holes structure. In 2009, spider-web and rectangular waveguides with a porosity of
57 % and 67 % respectively were fabricated by means of extrusion and drawing techniques[115]. The
propagation losses of the rectangular-web waveguide were demonstrated to be less than 0.08 cm-1 in
the frequency range from 0.2 to 0.35 THz [116] and birefringence of 0.012 at 0.65 THz was achieved.
Dupuis et al. reported two PE porous-core subwavelength waveguides using two different techniques:
stack-and-draw and subtraction technique. The latter methods need a sacrificial material (PMMA in the
article), which is dissolved after the drawing process. The lowest loss of the reported subwavelength
waveguide (a porosity of 40 % and a diameter 380 um) was 0.01 cm-1 at around 0.3 THz [117].

These proposed porous-core air-clad waveguides have a subwavelength/wavelength diameter
(varying from 200 to 700 pum, depending on the proposed design). Compared to microwires, the
propagation losses associated with material absorption are significantly reduced by increasing the
guided power fraction in the air holes. However, few experimental investigations were conducted to
study the field distribution and guided-mode across the waveguide and current fabrication techniques
cannot guarantee the manufacturing quality.
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Porous-core microstructured waveguides

Since 2011, dielectric waveguides with a porous-core and microstructured cladding has
attracted increasing attention in order to develop a low-loss, broadband, flatted dispersion, single-mode
waveguide. For instance, a porous-core honeycomb cladding waveguide was designed [118]and
fabricated [119] by Nielsen.K and H.Bao. Thanks to the increased effective index of the core, the
bandgap formed by the honeycomb cladding resulted in a broad bandgap. By employing drilling and
drawing techniques, a flexible TOPAS waveguide with an outer diameter of 3.65 mm was fabricated.
It was demonstrated that this waveguide exhibited low losses <1.5 dB/cm at the fundamental band of
0.75-1.05 THz (1dB/ cm in a 0.78-1.02 THz). Based on the same concept, the possibility to use
honeycomb and Kagome lattice air holes for a broadband bandgap waveguide design was studied via a
semi-analytical approach [120].

Over the last five years, more novel waveguide designs, aimed for a low-loss flattened-
dispersion single-mode transmission, have been reported in the terahertz band, including the ones in
the core-cladding structures of hexa-hexa [121], octa-octa [122], rotated hexa-hexa [123], hexa-ring
[124], and hexa-Kagome [125]. Since a high birefringence of a waveguide holds particular interest for
polarization-sensitive biological applications, substantial attention has been focused on the asymmetric
core structure to achieve a high birefringence. For example, a waveguide design with a trip-holes unit
in the core and hexagonal cladding structure [126] was reported to exhibit a birefringence at a level of
10-2. Amongst all the relevant studies, the research team guided by M. Islam and D. Abotte makes
continuous effort to explore the novel designs for the performance improvement, including the proposed
hybrid core in 2017 [127] (rotated circular air-holes in an hexagonal arrangement and four
supplementary air-holes to form a rectangular core structure), elliptical-shaped air holes core in the
modified hexagonal arrangement in 2018 [128]. Their potential for sensing applications was
demonstrated for alcohol detection by using the analysis based on numerical simulation [129]. They
have also proposed slotted-shaped cladding with different core structures composed of rectangular holes
[130] (for low dispersion) and elliptical holes [131] (for flattened dispersion and high birefringence). In
particular, a hollow-core version of the slotted air-holes microstructured waveguide was demonstrated
to enable a high sensitivity sensing application [132].

With the aim of reducing further the propagation loss, porous-core with subwavelength air holes
have been considered, including air-clad and microstructured cladding waveguide. They have been
demonstrated as an efficient solution to decrease the propagation loss and dispersion, to broaden the
frequency band. Special porous-core designs exhibiting a high birefringence were as well reported.
Their polarization-maintaining capacity is of great interest for biomedical applications. While field
confinement is enhanced compared to the subwavelength waveguide, large dimensions of cladding
(generally several cladding layers) make them inflexible.

Fabrication technique difficulties

It is notable that while a large number of novel designs of waveguide have been proposed, the
investigations are limited via analytical methods or 3D full-wave simulation due to the lack of suitable
efficient fabrication techniques for microstructured terahertz waveguides. Most of the used fabrication
techniques for terahertz waveguides originates from the optical domain. They can be separated into two
steps: the preparation of a preform and drawing. A preform of the waveguide can be carried out by the
techniques, such as extrusion, molding, drilling or stack. Once the perform is realized with scaled-up
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dimensions, it passes the next step of drilling with optimized manufacturing parameters, including
drilling velocity and air/vacuum pressure. To decrease the propagation loss related to the material
absorption, low-loss materials such as PTFE, COC are recommended as hold materials for terahertz
waveguides, which is not compatible with the well-developed glass-based fabrication techniques used
in the optical domain. In addition to the scaled-up size of terahertz waveguides, the complex structure
with high air-filling, thin-wall capillaries features impose more difficulties on the fabrication process.
The existing fabrication techniques cannot meet all the requirements for the high-quality production of
terahertz waveguides. More efforts are needed in the domain to improve and to optimize the fabrication
techniques. Within such a context, the 3D printing technique has attracted increasing attention in the
terahertz domain, more details and discussion are given in Chapter I1.5.

Conclusion

The main features of solid-core and porous-core with air-clad or microstructured cladding
waveguides have been reviewed in this part. In regard to the microwires, their widespread field in free
space causes the difficulties in holding the structure without disturbing the propagation mode. While
solid-core microstructured waveguides exhibit better field confinement in the core, their propagation
loss is strongly dependent on the absorption of host material. To achieve a better trade-off between the
propagation loss and the field confinement, porous-core waveguides (both air-clad and microstructured
one) have been proposed and tested. However, the existing fabrication techniques are not optimized for
complex structure. The availability of terahertz waveguides with novel design is limited in certain
laboratories and their quality cannot be guaranteed. To conclude, these dielectric waveguides provide
different advantages, such as the propagation loss, the flexibility or the filed confinement. Depending
on the targeted application and ued devices, each of them may provide different benefits.

1.3.2.2. Hollow-core waveguides

The major difficulty for terahertz waveguiding is the lack of low-loss materials. Since the most
transparent medium for terahertz waves is dry air, hollow-core waveguides with various cladding
structures have been studied to provide acceptable solutions by confining waves inside the air-core
region. Compared to solid-core and porous-core waveguides, hollow-core waveguides inherently
exhibit less loss related to the bulk material. The concept used in the optical domain, such as photonic
crystal fiber (PCF), Kagome lattice, Bragg structures and anti-resonant reflecting structure, has been
adapted in the terahertz band. Besides, different hybrid claddings were proposed to further lessen the
loss during the propagation[133]-[135]. For instance, the absorption coefficient of a dual cylindrical
metallic grating-cladding polymer hollow waveguide was reduced to 0.62 dB/m in 2010 [136]. In the
following part, hollow-core waveguides based on the photonic bandgap and anti-resonant reflection are
described subsequently.

Photonic bandgap waveguides

One part of hollow-core waveguides exploits the bandgap formed by the periodic cladding
structure as the guiding mechanism. According to the crystal structure of the cladding, they can be
divided into three types: one-dimension PCF, also called as omnidirectional waveguide or Bragg
waveguide [137]-[139], two-dimension PCF [140] (composed of triangles air-holes in a hexagonal or
octagonal arrangement) and three-dimension PCF (not yet applied in the terahertz domain). The waves
cannot propagate in the cladding structure at frequencies lying in the bandgap. Instead, they are

30



Chapter I. General terahertz technology

restrained inside the air-core for waveguiding. By controlling the parameters of the periodic structure,
the bandgap of the cladding, i.e., the transmission window of the PCF, can be established in the desired
frequency regions. Depending on the air-core mode, either a tightly confined mode or surface state of
core mode can be obtained. The former mode is desired to achieve a low-loss, low-dispersion
transmission. Nevertheless, this type of waveguide possesses a relatively narrow bandgap due to the
guiding nature of photonic bandgap waveguides. At the border of the transmission window, the signal
distortion becomes more significant owing to the dispersion, making them less attractive for broadband
transmission. Similar to other microstructured waveguides, the lack of efficient fabrication techniques
limits the development of terahertz photonic bandgap waveguides.

Anti-resonant waveguides

The anti-resonance effect has been proposed to guide the light since the 1980s [141]. In the
optical domain, this type of waveguide is called anti-resonant reflecting optical waveguides (ARROW).
During the developments of integrated optics, the ones with rectangular cross-section were investigated
[142]. Due to the simplicity, ARROWSs with a simple capillary structure began to drawn attention in the
visible frequency band [143], [144]. In 2008, ARROW:-like mode was firstly reported in a study of an
air-core microstructure fiber in the terahertz region [145]. One year later, a commercially available
Teflon air pipe was first demonstrated as a low-loss anti-resonant terahertz waveguide [146], and an
attenuation constant as low as 0.008 cm-1 was obtained. Given the simple structure (easily-fabricated)
and low-loss guiding, more studies have been conducted to investigate its propagation properties and
to explore its potential for diverse application. The working principle of the thin-wall hollow-core
waveguide is described below.

Anti-resonant waveguides with negative curvatures is also one of the anti-resonant waveguide
family. By controlling the structure parameters, e.g., the form, size and number of negative-curvature,
the wavenumber mismatch condition can be established so that the coupling between the core mode
and cladding modes is prohibited. Compared to anti-resonant waveguides with a capillary structure,
negative-curvature waveguides provide more possibilities to improve the propagation performances of
a waveguide by manipulating the structure of the negative curvatures. More discussion is given in
Chapter 11.5 together with the 3D printing technique.

Thin-wall antiresonant waveguide

In 2010, Lai, C. et al. provided a more detailed study about the propagation properties of a thin-
wall anti-resonant pipe waveguide, including the defined transmission bands and different modes,
which were verified by the experimental results [147]. In 2011, a plastic and silica thin-wall plastic with
a thinner wall were characterized over the frequency band from 0.3 THz to 2 THz [148], the anti-
resonant effect was then corroborated by the corresponding transmission dips. Based on the same
principles of ARROWS, a thin-wall hollow-core waveguide can transmit terahertz waves by taking
advantage of the anti-resonant effect. As shown in Figure 1.13, a thin-wall dielectric waveguide consists
of two materials, a low-index core (n1) and a high-index cladding layer (n2) with a thickness of d. For
the core-mode propagation, the high-index cladding acts as a Fabry-Pérot etalon. Depending on the
properties of the cladding (material nzand thickness d), a high transmission through the cladding in the
transverse direction can be obtained at specific frequencies which is due to the constructive interference
of waves through two interfaces of the cladding at its resonant frequencies. Consequently, most of the
emitted power leaks out from the waveguide at resonant frequencies, and core mode doesn’t exist.
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Otherwise, the majority of the transmitted power is reflected back in the core, giving rise to the confined
air-mode at non-resonant frequencies.

Transmission

Figure 1.13: Schematic diagram of a thin-wall waveguide exploiting the anti-resonant reflections as the guiding
mechanism. At non-resonant frequencies, most of the incident power propagate inside the low-index core,
resulting in a high transmission band. The resonant frequencies of the cladding correspond to the dips displayed
in the transmission spectrum.

In regard to a dielectric hollow-core thin-wall waveguide, the low-index core is composed of
the air (i.e., n1i= 1). The characteristic frequencies of the cladding can be expressed as [149][148],
fn = me )
m

2dn% —1

where c is the speed of the light in vacuum, m is an integer, d and nz are the thickness and refractive
index of the cladding respectively. The resonant frequencies can be identified in the transmission
spectrum of the waveguide as the repeated high-loss dips (seen in Figure 1.13). Several transmission
bands are determined by resonant frequencies. This spectral feature (repeated transmission dips) helps
to recognize anti-resonant waveguides, confirming the guiding mechanism.

This kind of waveguide has been applied for powder and liquid-vapor sensing applications
[150]. In 2011, B. You et al. has used the terahertz endoscope consisting of a pipe waveguide to identify
molecular concentration and measure the surface of the object [151]. Several years later, the same
concept was used to monitor a chemical reaction [152]. In 2019, thin-wall COC pipe waveguides with
a wall thickness of 33-58.6 um were reported, in which a minimum loss of 0.1 dB/cm is obtained for
1.05 THz [153]. It should be noticed that although the core diameter has no impact on the resonant
frequencies, it plays an important role in determining the propagation modes and corresponding
propagation loss.

To sum up, dielectric hollow-core waveguides are aimed for low-loss transmission by confining
the guided power into the air core. In comparison to the hollow-core bandgap waveguides, the structure
of the anti-resonant waveguide is much simpler. They can be easily fabricated with a low cost using
different materials. The transmission bands can be determined by controlling the thickness of the
cladding. A thin cladding can give rise to a wide bandwidth, beneficial for a broadband signal
transmission. Since the diameter of an anti-resonant waveguide doesn’t impact the resonant frequencies
of the cladding, the size of the waveguide can be adjusted for a better coupling or the optimization of
desired guided modes. Although hollow-core microstructured waveguides exhibit better field
confinement in the core thanks to the periodic cladding, the fabrication techniques developed in the
optical domain are not optimized for the theses waveguides made of polymers with high-air filling,
complex cladding structure. Indeed, due to the lack of suitable fabrication techniques, most of the
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investigations into the novel porous-core and hollow-core waveguide designs is limited to the
simulation results.

1.3.3. Conclusion

A brief overview of terahertz waveguides, including metallic waveguides and dielectric
waveguides, has been provided. While waveguides such as metal wires, coax cables, PPCW show great
low-dispersion propagation properties, the hollow-core dielectric waveguide displays low-loss
propagation and the microstructured waveguide possesses better field confinement. On the other hand,
the main difficulty in using a metallic waveguide is its poor coupling efficiency and small structural
dimension while the deployment of a dielectric waveguide is limited by their availability and holding
issue without disturbing the guided signal. Their working principles, propagation losses, dimension of
structure, coupling issue, fabrication techniques and corresponding applications have been reviewed
thoroughly, offering valuable information to select a suitable waveguide to implement a terahertz wave-
guided system later.

By taking account of all the parameters, thin-wall hollow-core waveguides have attracted
attention in this present work due to their advantages over the other waveguides for the implementation
of a terahertz measurement system with a transceiver. Their simple structure can be easily fabricated
with a low-cost and their transmission properties can be controlled via the thickness and property of the
cladding to match the selected source. Besides, the size of the air-core of a thin-wall hollow-core
waveguide may facilitate the coupling task. In Chapter 11.4, more details are given to justify the choice
of the waveguides for a terahertz wave-guiding reflectometry system.

|.4. Terahertz applications

Two main terahertz techniques, namely terahertz spectroscopy [154] and terahertz imaging
[155], [156], are deployed in diverse domains for different applications. Compared to the
radiofrequency (RF) signal, terahertz radiations possess a much higher frequency band covering from
100 GHz to 10 THz. Thanks to the broad bandwidth, the exploitation of terahertz radiations in wireless
communication allows an extremely high-rate data exchange (> 100Gb/s), which helps to meet the
increasing need for high-speed signal transmission in the communication field [157], [158], [159].
Considering the absorption of water vapor molecules in the air, freely propagating terahertz waves can
only transmit over a short distance. Based on this property, a concept of a secure indoor large capacity
network communication was proposed [160]. Besides, the studies in this domain have prompted the
development of ultra-fast electronic devices. More and more attention has been brought in this domain,
offering a promising future of terahertz communication link.

With respect to low-loss non-polarized dielectrics such as cotton and carton, terahertz waves
exhibit penetrating capacity. Besides, terahertz waves are non-ionizing sources, they pose no health risk
for the people exposed to radiation. By taking these properties into consideration, terahertz waves have
drawn considerable attention for public security applications [161], [6], [162]. As shown in Figure 1.14
(c), terahertz radiations are deployed for parcel threats inspection, which allows to check the content of
a package without opening it. Besides, terahertz technology also has been brought in industries as a
complementary non-destructive testing technique for quality control, for example, in the wood industry,
in the food package chain [163], [164], [165], and in the aeronautic industry (multilayer painting
measurement shown in Figure 1.14 (d)) [166], [167]. TeraCota sensor [168], a commercial system
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developed by the company Teraview Ltd., exploits terahertz waves to examine the coating quality for
automobile components. Moreover, painting restoration and art conservation (shown in Figure 1.14 (b))
can benefit from the valuable information provided by terahertz technology [54] [169], [170].

As terahertz radiations excite the rotational or vibrational modes of molecules, they can be used
to identify specific materials by their spectral features [154]. In particular, the possibilities to take
advantage of terahertz waves to recognize explosives and illicit drugs [171], [172] have been
investigated, showing therefore great interest to public security applications. Since terahertz waves are
also sensitive to the intramolecular interaction, they are alluring for the pharmaceutical industry [173].
Attracted by the specific properties of terahertz waves, a large number of investigations have been
conducted in the biomedical domain [174]. The potential of terahertz technology in clinical diagnosis,
especially regarding tooth and skin diseases [175][176] have been demonstrated. The cancer diagnosis
is another hot research topic in which terahertz radiations are expected to be able to distinguish between
normal tissues and tumors. One of the final aims is to provide a supplementary tool to enhance the
detection accuracy of tumor margin during cancer surgery [177]. More effort is being brought into the
investigations in this research area [178], [179], [180].
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Figure 1.14: Applications of terahertz technology. (a) Histology image and terahertz image of breast cancer
tissue [177]. (b) Optical and terahertz images of an oil painting, the latter providing information for the art
reconstruction (from [54]). (c) Image of weapons concealed in a box obtained in the terahertz band, benefiting
the security inspection applications (from [6]). (d) Both simulation and experimental time responses of a
terahertz pulse reflected from a multilayer structure, allowing for the material analysis (from [166]).

In addition to the development of terahertz sources and detectors, different configurations of
terahertz measurement systems have been also reviewed. Apart from the studies in the wireless
telecommunication field, terahertz techniques including terahertz spectroscopy and terahertz imaging
have been applied in diverse domains for probing and sensing purposes. They are used as a non-
destructive testing technique for quality control in industries. Besides, considerable attention has been
drawn to terahertz radiations for the public security application and the biomedical application.
Numerous studies have demonstrated the potential and advantages of terahertz radiations [46]. A
promising future for terahertz technology can be anticipated, which will be further encouraged and
pushed forward by the advance of technology.
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1.5. Conclusion

While many domains have benefited from the existing terahertz technology, it is notable that
the use of a terahertz system is still limited in practical use outside from the laboratory due to the size
of the system and their requirements for a sample and measurement conditions. From a practical point
of view, a compact terahertz measurement system in reflection mode rather than in transmission
geometry is more advantageous. Indeed, a reflection-mode system demands few prerequisites on a
sample, it can be used to measure a thick, absorptive sample with a metallic substrate. While a broader
application scope makes systems in reflection-mode more attractive, the complex configuration hinders
its development.

To address this issue, a terahertz transceiver together with a waveguide, has been investigated
as an effective solution, during this present work, to construct a compact reflection system. Based on
the review of the development of terahertz technology, three different transceivers and two waveguides
are selected. Their performances are detailed in the following chapter.
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Chapter Il. Terahertz wave-guided reflectometry qualification

I1.1. Introduction

The advance of terahertz technology has been briefly reviewed, displaying the potential of
terahertz systems in different domains. With the aim of extending the application scope of terahertz
system, the present work focuses on the development toward a compact and practical reflection system
by taking advantage of terahertz transceivers and waveguides. Indeed, a terahertz transceiver can
replace two distinct devices source and detector, avoiding the space congested issues between them.
Depending on the structure of a transceiver, optical components such as beam splitter is no more
required to separate the incident beam and reflected signal, simplifying the system’s configuration.
Meanwhile, the guiding capacity of a waveguide allows it to transmit an emitted signal to the targeted
position on the sample without any spatial requirements related to the opto-mechanical supports and
working distance of optics. Since the structure of a waveguide indicates directly the propagation path,
difficulties in alignment are also reduced in comparison to a conventional system using quasi-optical
method.

Prior to the implementation of a terahertz wave-guiding reflectometry system, transceivers and
waveguides with adapted performances should be selected and characterized separately. Three
transceiver units operating in pulse mode and in FMCW mode (the latter two), namely double-PCA
lens-free transceiver, 100 GHz SynView transceiver head and 122 GHz Silicon Radar transceiver chip,
has been selected. Their working principles and performances are introduced in this chapter. In
particular, being a novel design, the performance of double-PCA transceiver is few-reported in the
literature. Consequently, one part of the present work is focused on the assessment of the imaging
capacity of this pulsed transceiver probe.

The preliminary studies conducted in Chapter 1.3 reveal that hollow-core anti-resonant
waveguides are considered as a suitable candidate to construct a terahertz wave-guided terahertz
reflectometry system with the aforementioned transceiver units. Two waveguides with different
dimension have been selected. Their guiding capacity is verified by the transmission spectrum using
THz-TDS system and the corresponding results are presented. As an innovate fabrication method, the
additive manufacturing (3D printing) technique is introduced at the end, allowing a fast cost-efficient
waveguide development chain.

11.2. Double-PCA free-lens transceiver probe

A terahertz transceiver allows simplifying the system setup in reflection geometry by replacing
two distinct devices with one component. There is one common feature in the reviewed optical-pumped
transceivers in Chapter 1.2.4: a silicon lens attached on the backside of the substrate. This silicon lens
contributes to an efficient emission of terahertz waves from the substrate into free space. More precisely,
intrinsic properties of such a silicon lens allow to reduce the waves trapped in the high refractive index
semiconductor layer (n = 3.5 for GaAs) by collecting and focusing generated terahertz waves. It gives
rise to an emitted beam with a comparable size to the diameter of the lens.

Apart from large-aperture PCA, it exists a few PCA designs without lens. For instance, terahertz
radiation directly into the air with no influence of the substrate was reported by using an integrated
terahertz TEM horn antenna in 2007 [181]. Besides, a photoconductive free-space linear tapered slot
antenna transmitter proposed in 2016 [182], which has applied a planar transmission line to radiate out
waves efficiently into free space. Protemics GmbH company has developed different PCA microprobes
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without silicon lens [41], [183] for near-field measurements. The long slim cantilever of microprobe
gives them direct access to the vicinity of a sample for a low invasive near-field measurement. Under
the same philosophy, a double-PCA transceiver probe was developed. Instead of a silicon lens,
directional antennas on the transceiver are deployed to radiate out generated signals into free space and
to detect the reflections. This double-PCA lens-free transceiver with a miniaturized dimension allows a
direct coupling to a waveguide, which is beneficial for the reduction of the complexity of the entire
system. No additional optical component is required to control the beam propagation behaviors between
the transceiver and sample (no more lens or parabolic mirrors). Therefore, this double-PCA lens-free
transceiver probe is selected to construct a terahertz wave-guided terahertz system in pulse mode.

11.2.1. Design of a double-PCA lens-free transceiver

This selected terahertz transceiver probe (shown in Figure 11.1 (a) and (b)) was designed and
fabricated by Protemics GmbH company. As illustrated in Figure 11.1 (c), two identical directional
PCAs with a separation of around 700 um are deposited on a 1.3 um thick LT-GaAs layer at the tip of
a flexible 180 um thick PET cantilever. Similar to a conventional THz-TDS, one PCA of transceiver
under a bias voltage and laser excitation acts as an emitter to generate and radiate out terahertz waves
into free space. Meanwhile, the other PCA acts as a receiver to measure reflected signals. The
propagation process of terahertz waves can be described as three steps: (i) emission; (ii) interaction with
a sample; (iii) detection.

Instead of using a PCA design in combination with a silicon lens, Yagi antennas are selected to
enable the propagation direction of the emitted beam. Yagi antenna was first proposed by Yagi and Uda
in 1926 [184]. It consists of three main parts, driven element (or called feed), reflector, and directors.
Being the crucial component, a driven element could be a half-wave/full-wavelength or folded dipole
antenna. A straight wire or rode is usually placed behind the driven element, acting as a reflector.
Several shorter rods/wires act as directors in front of the driven element, indicating the main radiation
direction of the antenna. Up to date, Yagi-Uda antennas have been widely used for various applications
covering a broad frequency range due to its significant directivity. Television reception is the most well-
known application of Yagi antennas (shown in Figure 11.2 (a)). In addition, this antenna design has also
been adapted in the frequency bands of radio frequency (RF) [185], [186], [187] and optical frequency
region [188] (shown in Figure 11.2 (b) and (c)). Since these antennas at high frequencies are usually
fabricated on a planar surface, they are also named planar quasi-Yagi antennas.
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Figure 11.1: (@) Photograph of double-PCA lens-free transceiver probe. (b) Close-up view of the slim PET
cantilever of the transceiver, including an LT-GaAs layer and fed lines. (c) Schematic diagram of the double-
PCA design on the apex of the transceiver probe. (d) Photograph of the feed lines on the PET cantilever. To
suppress the internal reflections from the probe base, a special “wave-trap” design composed of different
perpendicular lines along the feed lines are added.
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Figure 11.2: (a) Yagi-Uda antenna for television reception. (b) Photograph of an X-band prototype planar Yagi
antenna. (c) Optical Yagi antenna.

In addition to these three main components (directors, driver and reflector), feeding structure is
also an indispensable element for a planar antenna to feed the dipole driver. Microstrip line feed with a
microstrip-coplanar stripline (MS-CPS) transition [189], coplanar waveguide (CPW) feed with a
coplanar waveguide-coplanar stripline (CPW-CPS) transition [190], or a microstrip line feed has been
proposed and tested in the RF band. These feeding structures allow easy integration in wireless
communication systems and broadband operation. Nevertheless, since they use the ground plane as a
reflector, it is difficult to obtain a radiation pattern as good as a conventional Yagi antenna. Moreover,
a PCA with ground plane design is impractical to construct. Simpler structures with CPS-fed line [191]
[185] have been proposed to enable a broadband emission with more flexibility of reflector position.
This CPS-fed line design is then applied in the double-PAC lens-free transceiver by Protemics GmbH.
They are used to supply DC bias voltage and photocurrent measurement.
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Nevertheless, the presence of CPS-fed lines leads to the current leakage from the antenna, i.e.,
one part of the generated current can flow into the bias line, and then the CPS-fed line becomes one
part of the antenna. As a result, terahertz waves can propagate towards the probe base along the CPS-
fed line. This undesired propagation decreases the radiation efficiency of the antenna. Moreover,
internal reflections from the probe base can propagate back to probe tip and then mix with signals
reflected by the sample. To address this issue, a special design, “wave-trap” was added along the bias
lines on the PET cantilever by Protemics GmbH. As shown in Figure I1.1 (d), “Wave-trap” consists of
numerous perpendicular short lines with different lengths attached along the bias lines. It contributes to
the suppression of the internal reflections from the probe base. The fluctuations caused by the undesired
propagation can be largely limited. To evaluate the performances of this transceiver in terms of
frequency composition, optimal working distance and imaging capacity, both numerical methods and
experiments were performed.

11.2.1.1. 3D full-wave electromagnetic simulation

CST Studio Suite is a high-performance three-dimension electromagnetic simulator, which
exploits different calculation methods, such as finite element method (FEM), finite integration
technique (FIT), and transmission line matrix method (TLM). It helps to design, to analyze, and to
optimizer electromagnetic components and systems by simulating the propagation progress of
electromagnetic waves. Among all provided solvers (such as frequency domain solver, eigenmode
solver or integral equation solver), the time-domain solver can perform broadband simulations in a
single run by taking advantage of the finite integration technique. This technique was first introduced
by T. Weiland in 1977 [192]. It is a spatial discretization scheme to numerically solve electromagnetic
field problems by using Maxwell’s equations in integral form. Since the resulting equations of the
discretized fields are suitable for computation calculations, FIT has been enhanced continuously and
deployed in several electromagnetic simulators. Compared to other simulation techniques, FIT is more
advantageous with respect to the models exhibiting complex geometries and arbitrary material
distribution. Being computing- and memory-efficient algorithms, FIT is suitable for transient field
analysis with a wide frequency band. This powerful multi-purpose 3D full-wave time-domain solver
helps to predict the performances of the transceiver probe efficiently, including the operating frequency
band and radiation patterns at different frequencies. Moreover, in regard to the constructed guided
terahertz reflectometry system, this solver can offer valuable information both in the time domain and
frequency domain, allowing to compare with experimental results.

Therefore, the simulation analysis method using the time-domain solver in CST is frequently
deployed to predict and to provide a deeper understanding of the propagation behaviors of waves inside
the system through the present work. The whole simulation process consists of several steps: modeling,
setting up simulation parameters, launching the simulation and extracting desired results for analysis.
In CST, a 3D model can be created easily with given dimensions. In addition to the materials provided
in the built-in library, new materials can be established by entering corresponding electrical, thermal
and mechanical properties. To perform the FIT, the first step is to impose the restriction of the
electromagnetic field problem, i.e., to delineate the boundary conditions of the simulation environment.
Then the determined computational domain should be decomposed into a local finite humber of
simplicial cells such as hexagonal meshes for calculations. While the stability and conservation
properties of the discrete fields can be always ensured by FIT, the mesh properties of the model, to a
large extent, determine the resolution of the simulation. It is important de check for mesh number to
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obtain correct simulation results. Once the energy contained in the model or the arranged time is reached,
the simulation will be stopped and all required field properties are saved.

Operating frequency band of a planar quasi-Yagi antenna

To evaluate the transceiver performances and to investigate field properties of terahertz
radiations, a simplified model of double-PCA lens-free transceiver was created with actual dimensions.
As depicted in Figure 11.3 (a), the simplified model consists of two planar quasi-Yagi antennas
connected to CPS-fed lines, an LT-GaAs layer and a PET cantilever. All materials used in the simulation,
including metals and dielectrics, were loss-free and no absorption in the air was considered. In order to
calculate far-field radiation patterns at different frequencies, a Gaussian pulse signal with a full width
at half maximal (FWHM) of 1.137 ps (frequencies up to 700 GHz) was used as the broadband excitation
signal. Two discrete ports were placed at the center of the dipole drivers for signal excitation and signal
detection (port 1 et 3 respectively, marked by red nodes). Additionally, two waveguide ports (port 2
and port 4) were added at the end of CPS-fed lines to absorb waves that propagate towards the direction
of the probe base. They avoid the perturbations related to the reflections from the border of the model.
The boundary conditions were set as “Open add” for free space simulation. By default, the unit of the

signal’s amplitude is /W, which corresponds to \/% It refers to the voltage value normalized with

respect to the root of the input impedance % .

The operating frequency band of the double-PCA transceiver depends not only on the radiation
properties of antennas but also on propagation paths. In the first place, the bandwidth of a planar Yagi-
antenna acting as an emitter was investigated. Here, the bandwidth of an antenna refers to a frequency
range in which a given return loss can be maintained. S11 denotes the proportion of rejected energy as a
ratio against waves that arrive at the antenna input port, indicating the quality of the impedance match
between the antenna and excitation. Hence, it can be used to assess the return loss. Based on the selected
criterion that return loss should be less than -9 dB (S11< -9 dB), a bandwidth of 540 GHz (90-630 GHz)
was identified. In addition to Si1, the radiation efficiency of the emitter, which is defined as the ratio of
the total power radiated by an antenna to the net power accepted by the antenna from the connected
transmitter, is also given in Figure 11.3 (b), which has a substantial impact on the antenna’s performances.
By taking these two factors into account, the total efficiency was obtained, shown in Figure 11.3 (c).
The total efficiency of the emitter is higher than 0.4 over the frequency region from 365 GHz to 645
GHz. The frequency components out of this frequency band cannot be radiated into free space
efficiently. This large bandwidth of 280 GHz (365-645 GHz) enables the functionality of transceiver in
pulse mode.
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Figure 11.3: (a) Simplified model of double-PCA transceiver probe. Discrete ports 1 and 3 are used to excite the
antenna and to detect signals. Two waveguide ports (port 2 and 4) are placed at the end of CPS-fed lines to absorb
the waves propagating towards the probe base. (b) Si1 and radiation efficiency of the emitter antenna as a function
of frequency. (c) Total efficiency of the emitter as a function of frequency. (d) S21and Ss: curves. While Saiindicates
the cross-talking signal between two PCAs, Ss1 represents the crosstalk signal between two antennas.

S21 and Sa1 have also been evaluated, shown in Figure 11.3 (d). While S21 represents waves
propagating along the CPS-fed line towards the direction of probe-based, Ss: depicts the power fraction
arriving at the detector (port 2) from the emitter (port 1). The considerable value of S21 proves the
existence of the unwanted leaked waves along the CPS-fed line and the necessity of “Wave-trap” design
for suppression of internal reflections in the real design. The non-zero value of Ss1 implies that there is
a direct transmission between two PCAs. It can be explained by the side lobe of the radiation pattern of
the antenna, which will be given in the following part. It should be pointed out that although this direct
transmission signal can announce the generation of terahertz pulse, it is not the generated or emitted
signal.

Radiation diagram of a planar quasi-Yagi antenna

Since the double-PCA transceiver probe is lens-free, radiation properties of PCAs, especially
their directivity, plays a critical role in enabling reflection-mode measurements. While experimental
verifications are challenging to perform, 3D full-wave simulation can calculate far-field radiation
patterns to reveal the directional dependence of emitted waves from the antenna. A radiation diagram
can be plotted by different parameters. The two most widely used parameters are the directivity and
gain. While the directivity refers to the ratio of the power density in one direction between the antenna
radiates and an ideal isotropic radiator emits, the gain performance considers both directivity and the
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total electrical efficiency of the antenna [193]. Since the gain value combines both total efficiency and
directivity, it was selected to plot all radiation patterns presented below.

Generally, the main lobe of a conventional Yagi antenna points to the axis of directors, i.e.,
most of the input signal is radiated into free space in front of itself. However, due to the high-index LT-
GaAs layer and PET substrate, the effective dielectric constant of the whole structure increases. The
main lobe of the emitter is supposed to be titled, slightly towards the high-index substrate, which is
consistent with the obtained 3D plot of radiation pattern shown in Figure 11.4 (a). This plot of radiation
pattern at a frequency of 400 GHz gives an intuitive and direct view of the propagation directions of
radiations emitted by the model. In order to observe clearly this slope angle, a polar diagram based on
the antenna’s gain in the xy-plane (6 = 90 °) is depicted in Figure 11.4 (b), where the main lobe lies in
the direction of ¢ = 27 ° instead of ¢ =0 ° (corresponding to the director axis). In the xz-plane (¢ =0 °,
shown in Figure 11.4 (c)), apart from gains points to the front direction, a significant side lobe can be
seen at an angle of around 8 = 180 °. It implies that a considerable power fraction is radiated to the right
side of the emitter, i.e., to the direction of the other PCA on the same substrate. That can explain the
origin of Sa1 mentioned previously, which is the crosstalk signal between two PCAs. Since this direct
transmission can be carried out either in the air or through the substrate, the crosstalk signal is not the
exact same as emitted waves in free space. It is important to notice the difference between them, which
means the detected crosstalk signal and the real emitted signal may have different frequency
compositions.

Considering that a PCA generates a broadband signal, radiation patterns at different frequencies
covering from 300 GHz to 700 GHz were calculated. Figure 11.4 (d) and (e) display 3D plots of far-
field radiation patterns of the double-PCA transceiver model at frequencies of 475, 550 GHz
respectively. To facilitate the comparison, their gain in the xy-plane are plotted in the same polar
diagrams (shown in Figure 11.4 (f)). It can be seen that as the frequency increases, there is less power
fraction radiated into free space in front. Instead, more power fraction is radiated in the down direction
(down side of the substrate). The main lobe of the radiation pattern is more oriented towards the bottom
of the transceiver.

As mentioned before, the propagation path of emitted waves has an important influence on the
performances of the transceiver. To enable the functionality of the transceiver, not only the emitter is
required to radiate a pulse signal efficiently, the reflected waves from sample should be able to be
detected by the other PCA on the substrate. Once emitted waves arrive at the interface of a sample, one
part of signal power will be reflected. Compared to radiations that arrive with a large incident angle,
the power fraction arriving with a small/ normal incident angle has more chance to be detected by the
other PCA on the transceiver. Although there may be more losses at high frequencies due to the
propagation paths (inefficient detection), a normal reflection configuration with a large frequency band
can still be guaranteed by this transceiver probe.
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Figure 11.4: (a) 3D plot of radiation pattern (based on gain) of the emitter of the transceiver at a frequency of
400 GHz. (b) Polar diagram based on the gain value of emitter of the transceiver in the xy-plane with 6 = 90 °.
The main lobe points to the direction of 6 = 27 ° and its angular width (3dB) is 85 °. (c) Polar diagram based
on the gain value of emitter of the transceiver in the xz-plane with ¢ = 0 ° The main lobe points to the direction
of ¢ =96 ° and its angular width (3dB) is 127.5 °. (d) and (e) 3D plots of radiation pattern at frequencies of 475
GHz and 550 GHz respectively. (f) Polar diagram of radiation patterns of the transceiver at 6 = 90 ° at different
frequencies . The main lobes at different frequencies (400/475/550 GHz) point to the direction of 6 =27/41/16 °
and their angular width (3dB) are 85/70.9/50.9 ° respectively. (g) Transceiver model in CST.

Apart from S parameters and far-field radiation patterns, electric field distribution in the near
field was also simulated by means of time-domain solver in CST. As illuminated in Figure 11.5 (a), a 2
mm long air block was added in front of the transceiver mode, allowing to observe the propagation
process of emitted waves in free space. While the propagation of the waves can be observed in the time
domain, it is easier to display field distributions with RMS values, which is time-independent. As shown
in Figure 11.5 (b) to (d), electric field distributions of emitted waves at the frequency of 400 GHz are
plotted on the three different planes. It can be observed in the cut yz-plane that most emitted terahertz
waves are radiated into free space in the front direction, slightly towards the substrate, which is in
accordance with the previously obtained radiation pattern. Meanwhile, the direct power transmission
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from the emitter to the receiver can be observed in the xz-plane (Figure 11.5 (d)). Additionally, waves
propagate along the CPS-fed line due to current leakage can also be clearly observed, expressed as a
strong electric field along the bias line. The electric field distribution in the xy-plane depends on the
distance to the transceiver. In the vicinity of the transceiver probe (Figure I11.5 (d)), the strongest electric
field can be found in front of the emitter while more radiations propagate below the substrate than above
the substrate. As the distance increases, the field distribution changes due to the beam divergence. This
simulation result provides an intuitive view of the propagation process of emitted waves from the
transceiver, helping to understand the working principle of the transceiver in reflection-mode. In
conclusion, quasi-normal reflection measurement can be guaranteed by this lens-free transceiver probe
thanks to the directivity of planar quasi-Yagi antennas.

(b) C d

Figure 11.5: (a) Simulation model consisting of a simplified transceiver probe and an air block (blue one) of
4*4*2 mm. (b), (c) and (d) Electric field distribution in the yz-plane, xz-plane and xy-plane respectively.

11.2.1.2. Experimental setup

By means of 3D full-wave simulations, the operating frequency band and radiation patterns of
PCAs of transceiver have been investigated. Following these simulation results, characterization
experiments were performed to validate the simulation results. The entire system setup can be divided
into three subsystems, a subsystem on the optical table (shown in Figure 11.6 (a)), a subsystem fixed on
a vertical breadboard and a horizontal platform as sample’s support (shown in Figure 11.6 (b)). A
schematic diagram of the constructed TDS experimental setup composed of this transceiver and a
waveguide is presented in Chapter I11.2.1, providing a more straightforward explication about the
experimental setup. As shown in the photographs, most of the optical and mechanical components such
as laser source, mirrors, beam splitters and chopper were placed on the optical table. An 800 nm
wavelength laser beam generated by a Ti:sapphire mode-locked source was divided into two in-phase
beams, namely pump and probe. They were sent into the vertical subsystem via mirrors. Since the direct
output power of the laser source was too strong (an average power around 2.8W) for PCAs, neutral
density filters (ND) were used to reduce laser power to a suitable level (around 4 mW). To optimize the
performances of the double-PCA transceiver, not only the power of the optical excitation but also the
size of the laser spot should be adjusted. According to the specifications given by the Protemics, the
optimal size of the laser beam should be around 30-50 um. Before exciting the active zone on PCAs,
two laser beams must be resized by lenses. Considering the space constraint nearby transceiver, two
lenses with a focal distance of 50 mm /75 mm were selected to be implemented on the vertical
breadboard to achieve a 30 pum diameter laser spot.
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Being an optical-pumped device, once the optical paths composed of mirrors and lens are fixed,
the position of the transceiver probe is determined. The horizontal platform in the setup was equipped
with multi-directional translation stages, allowing the movements in x, y and z directions. Consequently,
it is preferred to move the sample by changing the position of the platform instead of the transceiver for
a raster scan.

(@)

Figure 11.6: Photographs of the whole system setup. (a) A laser source and optical components (mirrors,
BS:beam splitter, ND: neutral density filter) are placed on the optical table to send the pump beam and probe
beams to the transceiver. (b) Apart from all the aforementioned components, the system can be divided into
two parts. The first subsystem system is fixed on a vertical breadboard, consisting of a double-PCA transceiver
and required optical components such as mirrors and lens to excite the transceiver. The second part is a
horizontal platform equipped with three-dimension linear translation stages, acting as the sample support.

As illustrated in Figure 11.7, there are two approaches to illuminating photoconductive switches
located on the substrate: (a) from the front side with antenna pattern or (b) from the two sides separately.
Although the camera vision of antenna patterns can facilitate the laser alignment work, it is challenging
to irradiate both PCAs from the front side due to the limited space for lenses’ supports around the
transceiver. Besides, it is difficult to carry out two normal incidences to PCAs through the lenses due
to the large volume of the support and the small distance between two PCAs on the substrate. A non-
zero incident angle may lead to the direction change of laser beams after passing through lenses,
resulting in more complicated alignment work and inefficient laser excitation. Therefore, this
configuration was not selected in the first place. The second method is to excite PCAs from both sides
of the substrate. It is not evident to illuminate a PCA from the backside without the antenna pattern to
indicate the active zone. However, since the PET cantilever is transparent and the LT-GaAs layer is
very thin (1.3 pm), camera vision at the front side can help to identify the position of laser spot irradiated
on the other side. In addition, photocurrent generated by laser beam gives as well an indication of laser
location on the substrate. Hence, laser excitation can be achieved from the two sides of the transceiver
and no space constraint is imposed due to lenses’ support.

To measure the reflected signal, a mechanical chopper and a lock-in amplifier are also included
in the system. They are used to modulate the pump laser beam and perform lock-in detection, which
allows measuring a weak signal drown in much stronger noises. A linear translation stage with two
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mirrors forms a delay line, providing a linear motion range by = 75 mm (150 mm), corresponding to a
detectable 450 picosecond time span. By changing the position of the delay line, the difference in length
between the two optical paths varies, giving rise to time delay. Consequently, the time signal’s
reconstruction can be realized by photoconductive sampling.

(a) (b)
Figure 11.7: Two different configurations for two laser beam excitation. (a) Both laser beams excite the PCAs
from the front side of the probe. (b) Laser beams excite two PCAs from both sides of the transceiver probe.

11.2.1.3. Time-domain waveform characterization

A close-view of the core part of the experimental setup is shown in Figure 11.8 (a). In addition
to the transceiver probe and relevant optics, a horizontal platform acting as a sample’s support was
placed below the transceiver. As depicted in Figure 11.8 (b), a metallic sheet was selected as the sample.
Acting as a perfect mirror, a metallic sheet reflects the maximum terahertz waves back to the detector
of the transceiver.

Transceiver
probe tip
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Z

Metallic sheet

(a) (b)
Figure 11.8: (a) Photograph of the experimental setup, including transceiver probe, lenses, sample’s support and
two cameras. (b) Schematic diagram of the experimental setup. A metallic sheet was used as the sample. During
the measurements, the distance between the transceiver tip and the metallic sheet varied.

The first measurement was performed with a small distance d (roughly estimation value was
1.5 mm). The recorded time signal is shown in Figure 11.9 (a), which can be separated into two parts:
main pulses at the beginning (Figure 11.9 (b)) and reflections from the metal surface (Figure 11.9 (c)).
Previous simulation results have brought into light the origin of the first main pulse waveform, which
originates from the crosstalk signal between two PCAs through the substrate and the air. It can be
obtained without any sample, indicating the generation of terahertz waves by the emitter. It should be
pointed out that this signal does not carry any information about the sample. In order to focus on the
reflections from the sample, this crosstalk signal was then removed from the originally detected signal.
By using the FFT function, spectra of the crosstalk signal between the two PCAs and reflected signals
from the metallic sheet were obtained. As depicted in Figure 1.9 (d), the noise level during the
measurements was around -90 dB, which means the signal weaker than this value cannot be
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distinguished. The crosstalk signal covered a wider frequency band up to 800 GHz with 30 dB dynamics.
Considering the antenna’s properties obtained by simulation, the high attenuation at frequencies above
800 GHz is associated with loss due to the input impedance mismatch of the antenna. In comparison to
the crosstalk signal, the bandwidth of reflected signals is much narrower, mainly lying in the frequency
band from 400 to 600 GHz. This result is consistent with the operating frequency band deduced from
simulation analysis.
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Figure 11.9: (a) Recorded signal by the transceiver probe. The distance between the probe tip and the metallic
sheet was around 2 mm. (b) Crosstalk signal between two PCAs on the transceiver. (c) Reflections from the
sample. It was obtained by removing crosstalk between two PCAs from the detected signal. (d) Spectra of the
cross-talk signal and pure reflected signal from the perfect mirror.
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Figure 11.10: (a) Nine recorded waveforms. A metallic sheet was placed right below the probe tip with a varied
distance (distance step =1 mm). Here, d represents a small distance between the probe tip and metallic sheet,
less than 1.5 mm. (b) Reflected signals from the metallic sheet. They were obtained by removing the crosstalk
signal. (c) Spectra of reflected signals.

More measurements were performed by moving farther the metallic sheet with a step of 1 mm.
Nine waveforms of detected signals are shown in Figure 11.10 (a). All of them can be separated into two
parts, overlapped crosstalk signal and reflections from the metal surface. The crosstalk signal was
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removed from initially detected signals, giving rise to in Figure 11.10 (b). As the distance increases, the
reflected power decreases due to the beam divergence in free space and absorption in water vapor. Since
there is no significant dispersion during the propagation in the air, the waveform of reflected signals
remains similar. They have a similar frequency composition, in which most of the energy is preserved
in the frequency band ranging from over 400 GHz to 600 GHz (shown in Figure 11.10 (c)). In addition,
it can be observed that the time-of-flight of reflections depends on the distance between the transceiver
and the sample, allowing to estimate the properties of the propagation medium and the surface state of
the sample.

These experimental results validate the previous analysis by means of simulation,
demonstrating that a double-PCA lens-free transceiver can enable measurements in reflection-mode in
a large frequency band roughly from 400 GHz to 600 GHz. Additionally, this series of experiments
reveal that the signal-to-noise ratio (SNR) of the measurements can be enhanced by decreasing the
distance between the transceiver and sample. Therefore, a new series of experiments with shorter
working distances were performed using the same setup and corresponding waveforms of time signal
were recorded.
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Figure 11.11: (a) Three waveforms of reflected signals obtained with a working distance of 50 pm, 70 um and
110 pm. It should be noted that even with 0 um working distance, there is a minimum distance d between the
probe tip and sample to prevent the mechanical damage to the transceiver probe. (b) Absolute value of the
amplitude of peaks as a function of the distance between transceiver probe and sample. The positive peak is
the first maximal peak lying around the optical delay of -49.2 mm. The negative peak is the minimum peak
lying around the optical delay of -49 mm. (c) Locations of peaks as a function of the distance between
transceiver probe and sample. Here, optical delay in mm represents the peak location in the time domain.

Measurements were performed with a distance range of over 750 um by rising the horizontal
platform on which the sample was positioned. Considering the fragility of the transceiver probe, a small
distance between the transceiver tip and metal plate was respected (estimated distance < 50 um), no
closer measurements were performed. The closest position was taken as a basic point for distance
calculation, i.e., the distance in that position was regarded as 0 um. As previously, reflections from the
metallic sheet were obtained by subtracting the crosstalk signal from originally detected signals. Time
—domain waveform detected by the transceiver probe from the metallic sheet in three different distances
are shown in Figure 11.11 (a), where time shifts and changes in amplitude can be observed.

In order to find out the relation between the waveform and working distance, the peaks analysis
method was applied. Both the location and amplitude of peaks were plotted as a function of working
distance. Regarding amplitudes of peaks, they enhance as the sample moved closer (shown in Figure
11.11 (b)), implying a higher SNR is obtained by moving closer the metal. Figure 11.11 (c) depicts the
relation between the location of peaks of reflections and the working distance, which can be estimated
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to follow a linear dependence. Having a closer look at the results obtained in the vicinity of the probe
(distance less than 50 um), one may observe that some irregular points appear in both figures. The
amplitude and the time-of-flight of reflections vary slightly with the working distance. In fact, when the
working distance is less than one wavelength (e.g., 500 GHz corresponding to 600 um), the sample is
placed in the near field (or the transition field) of the antenna. The radiation pattern of the antenna is
impacted by the presence of the sample. Additionally, the separation between the two PCAs must be
considered in a near-field measurement, which further complicates the response of the transceiver to a
sample.

To sum up, after having explored the working principles of the transceiver by 3D full-wave
simulations, the responses (time-domain waveform) of the transceiver to a plate metal surface were
characterized by experiments. It reveals that the waveform recorded by the transceiver is composed of
the crosstalk signal between two PCAs and reflections from a sample. As predicted by the simulation,
the efficient operating frequency band of the transceiver covers the 365 GHz-645 GHz window (roughly
400-600 GHz). By decreasing the working distance between the transceiver and sample, a greater power
fraction reflected by a sample can be detected so that the operating frequency band may be extended.
Nevertheless, it is worth noting that although the SNR of a measurement can be enhanced by decreasing
the working distance, the sophisticated propagation behaviors of radiations in the near field make it
difficult to extract the information about sample from the detected signal by the transceiver. This issue
is discussed in the following part from imaging application.

11.2.2. Imaging capacity of double-PCA lens-free transceiver

It is known that after emitted terahertz radiations arrive at the interface of a sample, one part of
the signal is reflected and detected by the receiver on the transceiver. This part of the waveform contains
information about sample properties and the propagation path. An image of an object can be obtained
by performing a raster scan with the transceiver probe. As was pointed out in the foregoing, the shorter
the working distance is, the stronger the reflected signal becomes. Nevertheless, the presence of a
sample in the near field may influence the response of the transceiver.

The investigation into the resolution power of the transceiver probe in the near field is reported
in the following part. Both experimental and simulation results are provided to highlight and to explain
the imaging limitations of the transceiver. Different methods can be applied to characterize and validate
the lateral resolution of an imaging system, such as line spread function (LSF), edge response, and
contrast transfer function (CTF). In this part, the contrast transfer function which can be obtained by
using a test chart is studied. Based on the scan results, the discussion focused on the impacts of a sample
(geometry and configuration) on the time response of the transceiver is given.

11.2.2.1. Experimental setup

A 1951 USAF resolution test chart is widely used to evaluate the resolution of an optical
imaging system, in which chrome-covered patterns are deposited on the clear glass substrate to form
black-white patterns. As shown in Figure 11.12 (a), it consists of 9 groups, and each group is composed
of 6 elements. Every element includes three vertical metal-covered bars and three horizontal metal-
covered bars, which allow verifying resolution power in two different directions. Since metallic
materials are considered as a perfect mirror for terahertz waves and a glass substrate reflect back less
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power fraction, a 1951 USAF chart can be as well applied to assess the imaging capacity of the terahertz
system.

Prior to the definition of the resolution power of the transceiver probe, several notions should
be introduced. A contrast transfer function is a commonly used method for the characterization of an
imaging system. It permits to obtain the modulation transfer function (MFT) curves as a function of
spatial resolution by applying the binary black-white bar pattern. It reveals how much of the object’s
contrast is captured in the image as a function of spatial frequency. MFT has a range from 0 to 1, and it
tends to decrease with the increasing spatial frequency due to the diffraction limit. In the experiments,
contrast can be used as MTF to plot the curves. The contrast between the metal covered line (bright
area) and clear substrate (dark area) can be calculated as follows:

Amax = Amin (6)

Contrast = —
Amax + Amin

where Amax represents the magnitude of the signal reflected by the metal-covered line, Amin represents
the magnitude of the signal reflected by the glass substrate. The table, shown in Figure 11.12 (b), gives
the corresponding spatial frequencies and line widths for all elements in group 1. The spatial frequency
can be as well calculated as follows:

6

Resolution (Ip/mm) = 2<grwp+(element 1)) O
The Ip (line pair) corresponds to one black and one white line. Here, a contrast of 0.4 is applied as the
criterion to determine if the element is spatially resolved. Once the smallest distinguishable element in
the test chart is fixed, the corresponding spatial frequency is the spectral spatial resolution of the
transceiver. Yet, it should be underlined that the definition of the contrast value for which are considered
resolved spatially distant elements remains subjective.

Group Number

| | Groupl | Number of Width of 1 line in
-2 _1 Element | Line Pairs / mm | um
— —% —
=TS (= 1 — —
3= 4 m=s =2 ' :
— i E n=4 — 2 2.24 222.72
Element Number a= m=s | =3
= “ EoET =6 n=4 3 2.52 198.43
5= _'2 _ 5 4 2.83 176.78
6= I " — =6 5 3.17 157.49
USAF ]95] ]X Targeted zone for near-field 6 3.56 140.31
measurement: Group 1
(a) (b)

Figure 11.12: (a) 1951 USAF resolution test chart, in which group 1 was scanned. (b) Table of spatial resolution
indicated by each element in group 1.

The same setup was deployed to perform a raster scan. While the transceiver probe was fixed
in the vertical subsystem with other optical components, a 1951 USAF test chart was placed on the
horizontal platform equipped with three direction linear translation stages to perform a raster scan. By
adjusting the height of the platform, the distance between the probe tip and test chart was set around
110 pm (plus a minimum distance mentioned before). No active height control was applied during scans.
Element patterns in group 1 of a 1951 USAF resolution test chart were scanned to evaluate the resolution
performance of the transceiver. These elements have a width varying from 250 pm to 140.31 pm. They
can provide a standardized series of logarithmic steps in the spatial frequency range from 2 to 3.56 line
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pairs per millimeter (Ip/mm). To optimize the time cost, two scans were performed separately. As
marked by red rectangles in Figure 11.12 (a), the first scan zone covered both horizontal and vertical
elements from 1 to 4 while the second raster scan was performed in the area including only the vertical
lines of element 5 and 6. It should be noted that vertical bars in group 1 were parallel to the transceiver
cantilever (axis of two PCAS).

In the first raster scan, the translation step in x and y directions were both 50 um. At each point,
the time signal with a duration of 5.87 ps (corresponding 0.88 mm optical delay) was recorded.
Eventually, 570240 points constituted a pixelated data map covering the zone of 4.4*7.2 mm? (88*144
pixels). In the second raster scan, the translation step in x and y directions was reduced to 20 pum instead
of 50 um and a shorter time signal of 3.33 ps (corresponding 0.5 mm optical distance) was recorded at
each point. 437500 points constituted the second pixelated data map covering the zone of 2.5 *2.8 mm?
(125*140 pixels). After removing the cross-talking signal from the recorded time signals, reflected
signals from the 1951 USAF test chart were transformed in the frequency domain via Fast Fourier
transform (FFT) analysis. It was realized with 257 points with zeros padding sampling method. While
the previous studies have demonstrated that a double-PCA lens-free transceiver can operate efficiently
in the frequency range of roughly from 400 GHz to 600 GHz, higher or lower frequency components
which possess a small power fraction can still be emitted and detected by the transceiver, especially for
the measurements in the near-field. For that reason, images based on magnitude were obtained over
frequencies from 300 GHz to 800 GHz with a frequency resolution of 14.6 GHz.

—
=
—
_
o
=4
—

Element1 Element2 Element3

25

2

15 0 Contrast 050 Contrast 062 o Contrast 048
mm)

w

Magnltude
Magnllude
Magnllude

—
Zamet S5 1 ,
= o mm)
a=|||--"-"- 1 =4 '
:lll [i Element4 Element5 Element6
sEM 5 0s
sEm |||—l 6 3 3 1
L] [} Q
O\ E A E 2 g
1 !
— Contrast = 0.61 Contrast = 0.40,

e (]
0 05 1 0 1 2 3
X (mm) Position(mm) Position(mm)

(a) (b) ()

Figure 11.13: (a) Image of a1951 USAF resolution test chart, in which two scan zones in group 1 are marked
by red rectangles. (b) Reconstructed images of scanned zones at a frequency of 791 GHz. (c) Line profiles of
different elements in groupl, corresponding to the red line noted in the (b).

It is known that the resolution of an imaging system depends, to a large extent, on the frequency
of emitted waves. As the frequency increases, the resolution capacity of emitted waves enhances.
Therefore, two images of the scanned zones at a frequency of 791 GHz are shown in Figure 11.13 (b) to
provide the best imaging resolution of the transceiver. Limited by SNR, no frequency components
above 800 GHz can be used to extract the sample information. Distinct differences of resolution power
in two directions can be observed: while vertical bars are distinguishable, horizontal lines cannot be
spatially resolved. Therefore, investigations into the imaging capacity of the transceiver are separated
into two parts: resolution power demonstrated by vertical bars and defaults with horizontal bars. In
order to deepen the understanding of artifacts caused by the transceiver, 3D full-wave simulations were
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as well performed to study the propagation behaviors of waves between the transceiver and the sample,
which are present in the next part.

11.2.2.2. Image of vertical bars in group 1

Since vertical bars in group 1 are parallel to the slim cantilever of the transceiver, it facilitates
the detection of reflected signals for the detector of the transceiver which is positioned on the same
substrate with the emitter. The resolution power of the transceiver in this direction is first given and
investigations focused on the causes of artifacts that appear in the previously obtained image are then
presented.

Imaging resolution at different frequencies

Based on the magnitude of reflected signals at the frequency of 791 GHz, line profiles of
vertical bars in group 1 were extracted, shown in Figure 11.13 (c). Accordingly, the corresponding
contrasts of elements in group 1 were calculated: 0.60/ 0.62/ 0.48/ 0.61/ 0.40/ 0.24 respectively. Using
the criterion that contrast between the substrate and metal elements should be higher than 0.4, the
resolution of the transceiver is 3.17 Ip/mm at a frequency of 791 GHz with a working distance of 110
pum. Using the same method, line profiles and corresponding contrasts of vertical bars in element 1 to
element 6 were deduced. Figure 11.14 depicts the contrast curves as a function of spatial frequency at
four different frequencies of 300 GHz, 500 GHz, 700 GHz and 791 GHz respectively. It can be observed
that the minimum distinguishable bars were limited to element 2 (width of 222.72 um) at frequencies
of 300 and 500 GHz. Vertical lines in elements 4 can be spatially resolved at the frequency of 700 GHz
while the contrast of element 5 is higher than 0.4 at the frequencies of 791 GHz. This result is consistent
with the previous analysis: as the frequency increases, resolution of the transceiver probe for imaging
applications enhances. It should be noted that although better contrast can be obtained at higher
frequencies, the noise during the measurement has a more significant effect on the quality of the image
due to their weak SNR. There is a trade-off between the noise level in the obtained image and the lateral
resolution.
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Figure 11.14: Contrast versus spatial frequency at frequencies of 300 GHz, 500 GHz, 700 GHz and 790 GHz
respectively. E1 to E6 represent the element 1 to 6 in group 1 of the test chart.

To conclude, the resolution of this transceiver probe in the x-direction (evaluated by the vertical
bars) can reach up to 2.24 Ip/mm at the frequency of 791 GHz. It can differentiate vertical bars with the
smallest width of 157.49 um, which is close to the limitation induced by the diffraction effect of
conventional imaging systems, i.e., resolution in the order of A/2 (379/2 um).

54



Chapter Il. Terahertz wave-guided reflectometry qualification

Artifact in the x-direction

In addition to the imaging resolution of the transceiver probe in the x-direction, some interesting
phenomena can be observed in the obtained images. As shown in Figure 11.13 (c), the center of three
vertical bars have different amplitudes at the frequency of 791 GHz. While elements 1 to 4 have the
weakest amplitude of reflection from the bars at the right side, the bars of elements 5 and 6 have the
weakest amplitude in the bar on the left side. The possible tilted surface of the sample cannot solely
explain the unusual phenomenon. In fact, according to radiation patterns of the PCA on the substrate
introduced in Chapter 11.2.1.1, the directivity and beamwidth of the antenna are expected to change with
the frequency. As the frequency increases, more power fractions are radiated towards the substrate
(down direction) instead of the front side of the transceiver. Besides, the electric field distribution in
the proximity of the transceiver displayed in Figure 11.5 (d) has revealed that the form of the emitted
beam is irregular due to the high-index substrate, express as more power fractions radiated towards the
substrate. By considering all the mentioned factors, the different amplitudes of the three bars in an
element can be explained. Since the main lobe of the PCA on the transceiver at the frequency of
791 GHez is tilted towards the substrate, a non-negligible power portion arrives on the right side of the
sample, i.e., the next bar of the targeted one. Since there is more empty area without any metallic pattern
at the right side of the third bar for elements 1 and 4, the third bars possess less power portion than the
two others. In regard to element 5 and 6, bar sizes and separation between the vertical and horizontal
pattern is much small. Hence, the horizontals bars are suggested to contribute to the higher amplitude
of the right bars in elements 5 and 6.

The above analysis is based on the radiation properties of the emitter of the transceiver, in which
no propagation path or detection efficiency related to the other PCA is considered. By means of 3D full-
wave simulation, the response of the transceiver to a sample were directly investigated. A simplified
double-PCA transceiver probe model was used in the following simulation. The CPS-fed lines were
removed to decrease the calculation number. Similarly to previous cases, two discrete ports were
inserted at the center of the dipole driver for signal excitation and detection. All materials used in the
simulation were loss-free, no absorption in the air or in the substrate was considered. Prior to the
simulation with a metallic sheet, the transceiver model was simulated alone with “Open Add”
boundaries conditions to obtain a default crosstalk signal between two PCAs, which was consistently
removed from the detected signals, giving rise to reflections from the sample.
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Figure 11.15: (a) Simulation model in CST, including a simplified transceiver model (2*0.77*0.18 mms) and a
0.3*3 mm? metallic sheet in front. (b) Side view of the model in the xz-plane, illustrating the metallic sheet moving
up with respect to the transceiver. The relative distance between the transceiver and the metal plate can be calculated
based on their center position. Left: the relative distance between two objects is negative. Right: the relative distance
in the x-direction is positive. (c) and (d) show the time responses when the relative distance between them is positive

and negative respectively. (f) Line profiles obtained at different frequencies, corresponding to 425 GHz, 544 GHz,
and 568 GHz.

In order to verify the previous analysis, the transceiver probe was simulated together with a
slim metallic sheet moving in the x-direction, shown in Figure 11.15 (a). A slim metallic sheet with a
surface of 0.3*3 mma2 is placed in front of the transceiver tip. To achieve the same configuration in the
experiment, this sheet is placed parallel to the double-PCAs axis (parallel to the y-axis). The relative
distance between the transceiver and sample is calculated based on the center position of the sample
with respect to the transceiver, i.e., the origin point is at the center of the substrate. Figure 11.15 (b)
illustrates the movement process of the metallic bar in the x-direction during the ascent in simulations,
where the relative distance changes from negative (Ax < 0) to positive (Ax > 0). Detected signals by the
other PCA were recorded after each movement.

Figure 11.15 (c) gives the detected reflections by the transceiver when the metallic bar is higher
than the transceiver (Ax = 150/200/250 pm respectively). As the bar rises, the amplitude of peaks
decreases and no significant time shift can be observed, implying that more power fraction can be
reflected and detected by the transceiver efficiently when the sample is placed right in front of the
transceiver. On the other hand, as the metallic bar moves down (Ax<0), there is less change in amplitude
while there is a significant time delay compared to the previous results, shown in Figure 11.15 (d) with
Ax = -150/-200/-250 um respectively. According to the radiation patterns of the emitter, a considerable
power portion is radiated to the front-down direction with a wide angle width. Consequently, the
decrease of the reflected power fraction is less prominent during the descent of the transceiver. Since
the detected reflection power from the metallic bar below the transceiver must propagate through the
substrate (LT-GaAs and PET cantilever), a longer time-of-flight is required due to the high-index
substrate compared to the air.

Line profiles of the metallic sheet in the x-direction were obtained based on the magnitude of
different frequency components by using the FFT analysis. Figure 11.15 (f) gives line profiles at three
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frequencies of 425 GHz, 544 GHz and 568 GHz respectively. While the highest magnitude is achieved
at the relative position of 90 um, the asymmetrical line profile that depends on the moving direction
can be observed. In particular, when the sample moves far away from the transceiver probe towards the
down direction, signal attenuates quickly at first and then the diminution of power reaches a stable value
within Ax varying from -200 to -400 pm at high frequencies (marked by the black rectangle in Figure
11.15 (f)). After this stable platform phase, the signal continues to attenuate with distance. Considering
that the thickness of the PET substrate is 180um, this result reveals that the front side in the proximity
of the antennas is the most sensitive area of the transceiver during the measurement. The asymmetrical
property and stable phase occurring at the backside of the transceiver is on account of the tilted emission
beam, which is in accordance with the previous analysis.

Thanks to this simulation, it corroborates that the response of the transceiver to a sample
depends unsymmetrically on its relative position with respect to the transceiver (up-down side of the
transceiver). In regard to the experimental three-bars pattern scan, while the time response of the
transceiver depends to a great extent on the bar right in front of it, the close surrounding of the targeted
area also has a strong impact on the response of the transceiver. The detected signal is the superposition
of the reflection from the bar right in front of it and the ones from the pattern nearby. More precisely,
as frequency increases, the objects at the backside of the substrate (right side in the experiments) of the
transceiver have an increasing influence, which can explain the uneven amplitude of three bars on the
images obtained at different frequencies.

Artifacts in the y-direction (active area in front of the double antenna)

Figure 11.16 (a) shows a reconstructed image of elements 1 to 4 based on the averaging
magnitude over the frequency range from 400 GHz to 600 GHz. The line profiles of verticals bars of
elements 1 and 2 in the y-direction at two different frequencies are plotted in Figure 11.16 (b) and (c)
respectively. Typically, when the beam size is comparable with a sample, the highest reflection
amplitude is obtained at the center of the sample. However, it is noticeable that there is a dip at the
center of the bars in element 1, and the highest amplitudes are achieved aside (shown in Figure 11.16
(b)). In order to ascertain the reason behind this unexpected phenomenon, two simulations were
performed with a metallic bar standing as a sample.
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Figure 11.16: (a) Reconstituted image in the frequency domain. (b) Line profile of vertical bars in element 1 in
the y-direction. Top: profile obtained at a frequency of 424 GHz. Top figure: profile obtained at a frequency of
424 GHz. Bottom figure: profile obtained at a frequency of 717 GHz. (¢) Line profile of vertical bars in element
2 in the y-direction. Top: at a frequency of 424 GHz. Bottom: at a frequency of 717 GHz.

As shown in Figure 11.17 (a), a slim metallic sheet with a width of 300 um is placed right in
front of the transceiver probe. While the center of the metallic sheet is aligned with the transceiver, the
length of the sheet | varies from 2750 to 100 um. Figure 11.17 (b) depicts the reflections detected by the
transceiver when the length I is equal to 1200, 1000, 800 um, respectively. Unexpectedly, as the length
decreases, the detected power enhances. Additionally, it is worth noting that the change in amplitude
mainly takes place in the second peak and time delays of the third peak can be observed. While the
length of the metallic bar continues to decreases (shown in Figure 11.17 (c)), the reflected power
decreases. By using FFT analysis, the magnitude of reflected signals as a function of the sheet length at
frequencies of 377 GHz, 425 GHz and 544 GHz are given in Figure 11.17 (d). When the metallic sheet
is longer than 2 mm, the response of the transceiver to the sample remains the same. In the case of | <
800 um, the reflected power is proportional to the length of the bar. When 1 is between 800 um and
2 mm, the relation between the bar’s length and reflected power becomes more complicated. To
understand this result, it should be kept in mind that since the distance to the sample is less than one
wavelength (in the near or transition-field), the separation of 700 um between two PCAs can no longer
be ignored. The transceiver cannot be considered as one component but rather as an entity made of
several components.

When the metallic sheet is small, most of the emitted power passes through the sample and
radiate into free space. As it becomes larger, more emitted power fraction is reflected back. Meanwhile,
this metallic bar can guide high-frequency components as transmission lines due to its small dimension.
Instead of being reflected, one part of power propagates along this metallic sheet, which can explain
why detected reflections decrease as the length continues to increase. The maximum power fraction is
obtained with | of around 800 um owing to the fact that the reflections occurring at the end of the sheet
are in front of the detector, allowing for efficient detection of reflections. To include, the strongest
reflections can be obtained when a metallic sheet is placed in front the transceiver and it has a
comparable size to the separation between two PCAs due to the wave propagation along the sample’s
surface.
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Figure 11.17: (a) Simulation model in CST, including a simplified transceiver model and a metallic sheet with
a varying length from 2750 um to 100 um. (b) Waveforms of reflected signals from the metal sheet with a
length of 1200/100/800 um. (c) Waveforms of reflected signals from the metal sheet with a length of
700/500/300 um. (d) Magnitude of reflected signal as a function of sheet length at frequencies of 377 GHz,
425 GHz, and 544 GHz, respectively.

To clarify the origin of the dip at the center of the vertical bar shown in Figure 11.16 (b), another
simulation was performed to simulate a scan of a vertical bar in the y-direction. As shown in Figure
11.18 (a), a metallic sheet of 0.3 *1 mm?2 move towards the right side during the simulation and the
relative position of the metallic sheet (Ay) is calculated based on the distance from its center position
with respect to the transceiver (illustrated in Figure 11.18 (b)). Reflected signals obtained with relative
distances of = 200 um (shown in Figure 11.18 (c)) and of £ 400 um (Figure 11.18 (d)), have the exact
same waveforms. It reveals that the time response of the transceiver as a function of the metallic sheet’s
position in the y-direction is symmetric with respect to the center. It is also demonstrated by the line
profiles of the sheet shown in Figure 11.18 (e), which was obtained from the magnitude of the frequency
components by using FFT. Apart from the symmetrical property, a dip of magnitude can be observed
at the center of the curves and the maximum value is achieved at both sides, which are similar to the
experimental results.

It has been revealed that the strongest reflected signal can be achieved with an around 800 um
long metallic bar because reflected power from the sample can be more efficiently reflected. In this
simulation, the length of the metallic sheet is 1000 um. Since the response of the transceiver with respect
to the position of the metallic sheet (Ay) is symmetric, only one side movement needs to be studied.
Therefore, to achieve the maximum detected power, the sample should be moved 200 um to one side.
In this way, one end of the metallic sheet is in front of a PCA, resulting in better detection of reflections.

59



Chapter Il. Terahertz wave-guided reflectometry qualification

Metallic sheet y
Relative position

y
— [====31
X -400 T
’ z sceiver prob . S
y e X :

003f 003 10
-200 ym -400 pm 6r T
002} - - 002} - - . i . .Iv. ’
- s | = —=—424GHz  Relative position
5 001l S 001} =2 448 GHz Opm |
s s =4 —%— 500 GHz '
2 o 2 0 S AT o\ 543 GHz o ——
E z 2 A\ —e
2 80} f 001 Saf \ |
< < g ‘Relative p
002} 002} +400 prr
003 003 s
0 5 10 15 20 0 5 10 15 20 -1000 -500 0 500 1000 (b)
Time (ps) Time (ps) Relative position in y direction (um)
(c) (d) (e)

Figure 11.18: (a) Simulation model in CST, including a simplified transceiver probe and a metallic sheet mowing
in the y-direction. (b) View of the model in the xy-plane during the movement of the metallic sheet. The relative
distance Ay in the y-direction between the metallic sheet and the transceiver probe tip is calculated with
reference to the center of the transceiver probe. (c) and (d) Time responses of the transceiver when the metallic
sheet is in different relative positions (Ay = + 200, +400 um respectively). (e) Line profiles obtained at different
frequencies varying from 352 GHz to 543 GHz.

Conclusion

The imaging resolution of the transceiver in the x-direction (perpendicular to the vertical bars)
can reach up to 3.17 Ip/mm at a frequency of 791 GHz with a working distance around 110 um, which
means that vertical bars with a width of 175.49 um can be distinguished (contrast > 0.4). By means of
3D full-wave simulations, it has been revealed that the surrounding of the targeted object, especially
the zone that receives radiations from the backside of the transceiver, contributes as well to the detected
signal by the transceiver. This fact can serve to explain the uneven amplitude of the three bars in the
same element. Besides, it is demonstrated that the distance between the two PCAs cannot be ignored
during the near field measurement and the strongest reflected signal can be detected when the sample
has a size comparable to the separation between two PCAs, around 700 - 800 um.

11.2.2.3. Image of horizontal bars in group 1

As depicted in Figure 11.19 (a), while vertical bars in group 1 can be distinguished by selecting
a suitable frequency component, the image of horizontal bars remained ambiguous. Although four zones
of element patterns (element 1 to 4) can be recognized, three horizontal bars inside the element pattern
cannot be differentiated. Instead of three high-amplitude peaks reflected by metal-covered bars, two
high peaks at the center and two small peaks can be observed in the line profiles shown in Figure 11.19

(b).
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Figure 11.19: (a) Image of element 1to 4 in group 1 of 1951 USAF test resolution chart obtained at a frequency
of 659 GHz (b) Line profiles corresponding to marked color lines in the left.

To understand this unresolved image result, it is important to realize that the width of horizontal
bars in group 1 varies from 250 um to 176 um, smaller than the wavelength of emitted waves (300 GHz
to 800 GHz, corresponding to 1 mm to 375 um). When emitted waves arrive at the interface with
horizontal bars, diffraction may take place and one part of the waves travels through and one part of
power is reflected. Most importantly, since the area in front of the transceiver between two PCAS is
composed of two different materials (glass substrate and metal-covered bars), the complex geometry
and material composition make it more difficult to predict or to interpreted the response of the
transceiver. To sum up, this transceiver probe has limited imaging resolution in the y-direction (parallel
to the two-PCAs axis). The object with subwavelength-dimension feature or smaller than the separation
of the PCAs cannot be spatially resolved. If a high-quality image with high resolution in both directions

is required, two raster scan should be performed to provide correct information about vertical and
horizontal features.

11.2.3. Conclusion

In addition to the development on PCA transceivers in the literature, the properties and the
imaging performances of a double-PCA lens-free transceiver are studied in this section by taking
advantage of 3D full-wave simulations and experiments. It is verified that the transceiver operates
efficiently in the frequency band from 400 GHz to 600 GHz. Its bandwidth can be further extended by
decreasing the working distance, reaching up to 300 - 800 GHz. In regard to the imaging capabilities, a
resolution of 3.17 Ip/mm was obtained at a frequency of 791 GHz in the direction perpendicular to the
two-PCAs axis. However, the imaging resolution is limited in the other direction due to the unique
double-PCA design. In fact, the choice of the waveguide is partly determined by the properties of the
transceiver such as its emission pattern, frequency band. These preliminary studies provide valuable

information to select a suitable waveguide to construct a guided terahertz reflectometry system in pulse
mode.

11.3. Terahertz FMCW radar transceiver units

Apart from optical-pumped transceivers, there are many transceivers developed in the RF and
microwave bands. As a commonly used concept, transceiver modules have a wide application scope in
the electronic systems, such as in radars or sensors. As the operating frequency of electronic devices
increases, more and more terahertz transceivers are available in the market, they can be divided into

61



Chapter Il. Terahertz wave-guided reflectometry qualification

two categories: transceiver in CW modes or in FMCW mode. These transceivers are usually realized
by the integration of two individual detector and emitter modules into one device. This part provides
more information about FMCW radars, including their architectures, working principles. In particular,
two specific radar transceiver units are introduced with details: (i) 111-V based 100 GHz SynView unit
and (ii) 122 GHz Si-based radar chip.

11.3.1. FMCW radar working principle

The continuous scaling of Si-based on-chip transistors and the investigations into IlI-V
technologies (such as InP-based transistors) push up the operating frequency of electronic devices
towards the terahertz regime. On this basis, high-speed electronic devices with low power consumption,
high switch speed and better compactness have been developed in the terahertz frequency region. Being
cost-effective systems supported by continuously improved fabrication techniques, solid-state terahertz
devices play an important role in academic researches and industrial applications. Compared to a
conventional continuous-wave (CW) system combined with reconstruction approaches such as Shape
from focus [156] and Computed tomography [155], a terahertz Frequency-Modulated Continuous-
Wave (FMCW) radar unit can natively provide supplementary phase information for result analysis and
to simplify 3D reconstruction process. In particular, exploiting an FMCW system in conjunction with a
simple quasi-optical method (using lenses or parabolic mirror) allows in-depth measurements for
quality control or defect detection. It combines the high sensitivity possessed by FMCW signal with the
penetration capabilities of terahertz waves. Based on those benefits, wideband FMCW Radars have
found suitable applications in the automobile, aerospace industry [194], [53] and art-painting diagnosis
[54] amongst others for their non-destructive testing capabilities.

Antenna
TXRX

Coupler
Vi) fi Multiplication Chain l_ —
T 1 VCO/PLL
Voltage sweep D—’mg
Reference input D

Mixer
Mixer’s output D

Beating signal

DAQ

Figure 11.20: Simplified architecture of a monostatic FMCW radar transceiver.

The typical implementation of a mono-static radar transceiver (including both transmitter and
receiver modules) is given in Figure 11.20, in which a linear FMCW reference signal is generated at low
frequency by a Voltage Control Oscillator (VCO) or a Phase Locked Loop (PLL) oscillator. This
reference signal is then fed into the frequency multiplication chain for signal up-conversion to reach the
desired operating frequency band. A 3-ports coupler leads this probing signal towards the emission
antenna while redirecting the reflected signal towards the mixing unit for down-conversion. Based on
well-developed Si-based IC technologies and advanced packaging techniques, similar bi-static
architectures with a full integration are also practicable. Consequently, the partition between the
emitting chain and the receiving unit is required, resulting in a complexification of the system.
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Figure 11.21: Working principle of distance detection using frequency modulation continuous wave radar signal.
While the solid line represents the reference radar signal, the dashed line denotes the reflected signal from the
sample.

As depicted in Figure 11.21, the reflected signal (dash line) from the target is delayed by 4t
with respect to the reference signal (solid line) and thus gives rise to a beating signal at a frequency of
fo. This beating signal contains amplitude and phase information, depending on the distance to the

sample d and the chirp slope, i.e., the rate of change of frequency? . Their relation is given in Equation
(8) below:

B
fo =Fs At ®)

where B denotes the sweep frequency bandwidth and 7 represents the period of a sweep cycle. The

distance d to the object can be derived from fo and FMCW radar setup parameters, expressed in Equation
(9). It implies that the longitudinal resolution is limited by the bandwidth of radar signal 5.

T. 9

At c, ¢, fo §S ©)

2 n n’

where nis the optical refractive index of the propagation media and ¢, is the speed of light in vacuum.

When multiple targets are involved, the contribution of each object on the received signal is
expressed as a distance-related beating frequency fo. By means of simple data processing, FMCW
technique enables remoteness sensing possibilities and in-depth measurement. This auxiliary feature is
meaningful for the analysis of multilayer materials in industries. In particular, the phase information
provided by FMCW radar signal is extremely valuable to differentiate the contributions of the sample
from the reflections induced along the waveguide in a guided reflectometry system. Compared to the
same configuration exploiting CW sources, FMCW radar signal allows localizing the targeted zone and
giving rise to an enhanced dynamic range. That is the primary motivation for applying terahertz FMCW
radar units rather than CW sources to construct a guided reflectometry setup.

11.3.2. SynView FMCW radar module

Recently, 111-V based transistors have attracted increasing attention due to their advantages in
terms of electron mobility, thermal conductivity and operating voltages. Their maximum frequencies
can easily exceed 1 THz, which makes it possible to realize highly integrated, powerful complex
transmitter and receiver at higher terahertz frequencies. Thanks to the Schottky diodes implementation,
2 THz [195] frequency multiplication chains are achievable. Despite all mentioned advantages, 111/V-
based integrated MMIC [196] displays high-frequency implementation limitations. To address this issue,
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hybrid integration is proposed as a solution for high-end applications. A high-frequency device can be
established through fine-tuning of a succession of components in discrete waveguide blocks [194],
[197].

Emission/ detection head
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Figure 11.22: (a) Photograph of SynView system setup. (b) Schematic diagram of Synwiew radar system in
reflection configuration with 100 GHz head. The closeup view illustrates the conical horn antenna used as Tx
and Rx in the 100 GHz transceiver head.

I11-V based radars have been demonstrated at 300 GHz and 600 GHz for different application
cases, and solutions up to 850 GHz are developed by SynView GmbH. Figure 11.22 (a) shows a
SynView system composed of 4 radar heads, 3D motion control translation stages for radar units and
relevant mechanical supports. The equipped radar heads are a pair of SynView Scan 100 heads
(frequency range of 75-110 GHz) and a pair of SynView Scan 300 heads (frequency range of 230-
320 GHz) respectively. While two heads (transceiver and receiver respectively) should be implemented
in transmission mode setup for signal emission and detection, only one transceiver head is required in
reflection configuration. Figure 11.22 (b) illustrates the experimental setup in reflection geometry using
the quasi-optical method. By focusing the radar signal beam with HDPE lenses, this FMCW system can
be used for sensing and imaging purposes. During the measurements, a sample is fixed at the focal plane
of the lens and selected heads move simultaneously to acquire data. Being an efficient imaging device,
SynView system allows for measurements at two frequency bands in both transmission and reflection
configuration simultaneously.

Emission pattern of conical horn antenna

A 100 GHz SynView FMCW transceiver head provides 50 dB measurement dynamics. A
conical horn antenna acts as a Tx (transmission) and Rx (reception) antenna to ensure the functionality
of this transceiver head in a mono-static block-integrated architecture. Single antenna configuration
simplifies the coupling process between a transceiver unit and a waveguide, therefore this mono-static
architecture transceiver is selected to construct a guided terahertz FMCW reflectometry system. Prior
to constructing a guided reflectometry system, the radiation pattern of the horn antenna was investigated
to provide essential information for the selection of a suitable waveguide. Based on the measured
dimensions (shown in Figure 11.23), a conical horn antenna model was created in CST. To simplify the
calculation, the components before the horn antenna was not included in the simulation model. Instead,
the circular input facet of the conical horn antenna was selected as a waveguide port for signal excitation
covering the frequency band from 88 GHz to 110 GHz. Once the excitation signal is fed into the horn
antenna, most of the energy is radiated efficiently into free space as a narrow beam thanks to the gradual
impedance change in horn antenna. Figure 11.24(a) depicts a 3D plot radiation pattern of the antenna at
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a frequency of 100 GHz. A maximum directivity of 20 dBi is obtained in the direction of the antenna.
While an angular width of 14.4 ° is obtained in the xz-plane (shown in Figure 11.24(b)), a larger angular
width of 24.1° is achieved in the yz-plane (shown in Figure 11.24(c)). A satisfactory directivity and
beam size in the far field is reached, ensuring the measurements using an optical method with lenses.

Waveguide port Unit: mm x
¢1 16.2
. 239114 ]
antenna
\ -« > .Y
28.9
(a) (b) ©

Figure 11.23: (a) Simulation model of the conical horn antenna integrated in the 100 GHz synView radar head
and its dimensions (b). (c) shows the excitation mode by the waveguide mode through a circular waveguide
interface. (TE mode).
y Directivity (Phi = 0) Directivity (Phi = 90)

Y ]

Theta / Degree vs. dBi Theta / Degree vs. dBi
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Figure 11.24: Directivity-based radiation pattern of the conical horn antenna at a frequency of 100 GHz. It
includes (a) a 3D plot, (b) a 2D polar diagram in the xz-plane at = 0°, and (c) a polar diagram in the yz-plane
at ¢=90°.

Electric field distribution inside the horn antenna

The emission pattern indicating the direction in which the emitted waves radiate, only validates
in the far field. Considering the dimensions of this horn antenna (outer diameter =16.2 mm), it is of
interest to insert a waveguide inside the antenna to achieve a higher coupled power. Therefore, the
electric field properties inside the antenna were as well simulated. Figure 11.25 (a) and (b) provide the
electric-field energy density in the yz-plane, xz-plane and xy planes at a frequency of 100 GHz. It can
be observed that waves are radiated out of the horn antenna in a narrow beam. Instead of a symmetric
Gaussian beam, the electric field of the emitted beam is more tightly confined in the y-direction than in
the x-direction. It is noted that the electric field is more tightly confined at the center in the area of from
z=10 mm to z = 15 mm (Figure 11.25 (a)). The E-energy density at the cross-section of z=10 mm and
z = 25 mm are provided in Figure I11.25 (b) I and beam profiles in x and y direction are given in (c-d ).
Compared to the beam profile at z = 25 mm, the maximum E-field energy density at z = 10 mm is 2.5
times stronger and the Full Widths at Half Maximum (FWHM) of the radiated beam is smaller (4 mm/
6 mm in comparison to 8 mm/5 mm in the x/y direction respectively. Depending on the selected
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waveguide, an optimized insertion position may be achieved, which will be discussed in Chapter IlI. to
construct a guided FMCW radar reflectometry system.
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Figure 11.25: Electric field energy density distribution inside the horn antenna at a frequency of 100 GHz
(nearfield distribution). (a) E-energy density on the yz-plane and xz-plane. (b) E-energy density in the xy-plane
at the position of z = 10, 15, 20 and 25 mm. (c) and (d) Beam profiles in x and y directions at the position of z
= 10 (Position I1) and 25 mm(Position 1V) respectively. While FWHM at z = 10 mm is around 4 mm in both
directions, 8 mm width in the x-direction and 5mm width in the y-direction are obtained in the xy-plane of z =
25 mm.

11.3.3. Silicon radar chip

By continuously scaling down the dimension of the Si-based transistors, the overall
performances of electronic devices such as the operating frequency, the integration level is consistently
enhanced. While the fabrication techniques of Si-based transistors are being improved, the production
cost of the Si-based device is continuously lowering. Thanks to the high integration level, low-cost and
versatility, Si-based FMCW radar transceivers are drawing attention in industrial fields. As an example,
various radar designs for automotive applications [198] have been developed in the 77 GHz band instead
of 24 GHz band with bi-static architectures. It should be noted that although the scaling helps to obtain
higher density and efficiency in the IC system, the maximum oscillation frequency of Si-based transistor
does not scale up simultaneously. The low speed of silicon MOSFET and bipolar transistor begins to
limit the IC’s development in the terahertz region above 300 GHz.

While 111-V technologies offer possibilities to develop high frequency, high power, low noise
devices, the great strength of Si-based technologies lies in its high integration level, large yield at low
cost. A 120 GHz radar transceiver based on SiGe technology [199], [200] is developed by Silicon-Radar
GmbH. Apart from the 245 GHz radar unit under development [201], this transceiver is the only
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commercially available Si-based radar unit above 100 GHz. This radar unit is characterized by
miniaturization, high measurement resolution, and low-cost. As shown in Figure 11.26 (a), the radar
front end is realized in a QFN package with a size of 8x8 mm. Operating in FMCW mode, this
transceiver chip can offer a full tuning frequency range up to 7 GHz (119-126 GHz). Different from the
aforementioned SynView FMCW radar system, its main field of application is in a short range radar
system for distance and speed detection. By using dielectric lenses, depicted in Figure 11.26 (b), the
detection range can be increased to 10 meters and beyond 100 meters. Moreover, this optical method
allows to conduct an investigation of a material surfaces, to perform a measurement of layer thicknesses
and other properties of the measurement objects. Figure 11.26 (¢) shows a compact subsystem composed
of a 122 GHz transceiver and an adapted objective fabricated by 3D-printed technique, which are
developed by Laser & Terahertz team in the IMS laboratory for low-cost imaging purpose.

(@) (b)

Figure 11.26: (a) Photography of a 122 GHz radar transceiver chip. (b) Photograph of a 122 GHz radar
transceiver in conjunction with the HDPE lens, proposed by Silicon Radar GmbH. (c) Photograph of a 122 GHz
radar transceiver chip with an adapted objective composed of two 3D printed lens, proposed by the research
team in IMS laboratory.

Radiation pattern of planar patch antennas

Being low-cost, low-profile, easily fabricated antennas, patch antennas have been widely
deployed in different frequency regions for diverse applications. The widespread use of mobile phones
is a good example. This planar antenna design has also been applied in the 122 GHz FMCW radar
transceiver chip to ensure the apparition of the transmitting and receiving units in a small dimension.
Prior to integrating this FMCW radar into a guided reflectometry system, the radiation pattern of planar
antennas on the transceiver unit is investigated.

As shown in Figure 11.26(a), two 2x2 patch array antennas are on the surface of the transceiver
chip (which are then covered by a ceramic layer as protection), acting as Tx and Rx antennas
respectively. They are coupled to the integrated circuit to enable the functionality of the radar
transceiver. Figure 11.27 (a) displays the simulation model of the transceiver chip created in reference
to the actual dimensions of patch antennas. Two waveguide ports were connected to the feed lines to
excite and detect signals. The excitation signal covered the frequency band from 110 GHz to 130 GHz.
All the boundary conditions were set as “Open add” and no material loss was considered in this
simulation. Figure I1.27 (b) shows the scattering parameters Si1 of the Tx antenna, representing return
loss caused by the impedance mismatch at the input of the antenna. It can be seen that a minimum return
loss (corresponding to the smallest Si1 of -25 dB) is obtained at a frequency of 125 GHz. Determined
by radiation efficiency and impedance mismatch loss, the total efficiency of the Tx antenna is higher
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than 58% in the full tuning frequency band (119 -126 GHz), ensuring the wide-band operation of the
transceiver in FMCW mode. In comparison to lower frequencies, high-frequency components around
125 GHz are more efficiently radiated into free space by the antenna.
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Figure 11.27: (a) Schematic of 2x2 patch antennas acting as Tx and Rx on the radar transceiver front-end. (b)
S-parameter Si1 of patch antenna Tx as a function of frequency. (c) 3D emission pattern of Tx antenna at the
frequency of 122 GHz. The maximum directivity is 11.4 dBi, while the angular width in the xz-plane and yz-
plane is 48.4 and 46.7° respectively.

Figure 11.27 (c) provides a directivity-based 3D plot of the radiation pattern of the Tx antenna
operating at the frequency of 122 GHz. A maximum directivity of 11.4 dBi together with an angular
width of 47° and 48° on the xz-plane and yz-plane respectively is achieved, corresponding to a typical
response of such patch array antennas design.

11.3.4. Conclusion

In addition to the basic principle of FMCW radars, the structure and radiation pattern of a IlI-
V technology based 100 GHz SynView transceiver head and a SiGe-based 122 GHz transceiver chip
were studied respectively. Their respective geometries and performances impose requirements on the
choice of the waveguide. The knowledge about transceivers allows to achieve a better understanding of
propagation behaviors of waves in a guided reflectometry system.

11.4. Thin-wall hollow-core waveguides

A variety of waveguides based on RF waveguide and optical fiber designs has been developed
in the terahertz band, offering more choices for diverse application. While metal wires, PPCWs, coax
cables possess low dispersion for a broadband transmission, dielectric microwires exhibit low-loss
propagation and flexibility. In regard to microstructured PCF waveguides, a better trade-off between
the propagation loss and field confinement can be achieved. Considering the ultimate goal of this work
is to construct a terahertz wave-guided reflectometry system with a transceiver unit (one of three options
mentioned before), the properties of transceivers must be taken into consideration to select a suitable
waveguide. The selected waveguide must match with the operating frequency band of the transceiver
to support signal transmission from the transceiver towards a sample. Since the propagation behaviors
of waves inside the system is controlled by a waveguide, its guiding modes with specific field
distribution and propagation loss are worthy of attention, thus determining the performance limitations
of the whole system. In particular, a great field confinement capacity allows a small beam, which is
beneficial for high-resolution imaging probe. To enable the dynamic range of the measurement using
the guided reflectometry system, a low-loss waveguide is wanted. To address the coupling issues, a
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waveguide possessing a field distribution similar to the emission pattern of the transceiver seems to be
a good choice.

Regarding the double-PCA lens-free transceiver, it operates efficiently in the frequency band
of 400 GHz to 600 GHz, requiring a wideband transmission band. Considering the 700 um separation
between two PCAs of transceiver tip, the propagation area along a waveguide should be larger than this
value to ensure the coupling between the emitter-waveguide and the receiver-waveguide simultaneously.
With respect to 122 GHz silicon FMCW radar (119 GHz -126 GHz), a waveguide with a propagation
area larger than 3 mm separation between two patch array antennas is preferred. Otherwise,
supplementary devices such as beam splitter should be added in the system setup, leading to an
unwanted complexity of the system configuration.

Although metal wires, coax cables can support a wideband transmission with low dispersion,
radial polarization condition required to achieve efficient coupling cannot be meet by the double-PCA
transceiver. A rectangular waveguide in WR-1.9 band (400 GHz to 600 GHz) is adapted to the
frequency band of the double-PCA transceiver. Yet, its small cross-section of 0.483*0.241 mmz2 cannot
ensure the coupling between two PCAs of transceiver and the waveguide at the same time. While PPCW
can provide a low-dispersion transmission with linear polarization, the implementation of two parallel
plates with small gap is not easy. Despite their respective advantages, previously-mentioned metallic
waveguides are unsuitable choices for selected transceiver units due to unsuited dimensions,
mismatched polarization condition and difficulties of implementation. Fortunately, a variety of
dielectric waveguides based on optical fiber design has been developed in the terahertz band, offering
more choices as a communication channel between the transceiver and sample. Given the difficulties
in holding and the subwavelength size, dielectric microwires are less attractive for the selected
transceivers. While a solid-core waveguide exploiting modified total internal reflections can provide a
large transmission band, its propagation loss is strongly dependent on the material absorption of the
core material. Due to the lack of the low-loss terahertz materials, this type of waveguide is not the best
choice for a terahertz wave-guided reflectometry system. A porous-core waveguide (both air-clad and
microstructured one) seems to be a suitable option with lowered propagation losses. Nevertheless, its
availability is limited in certain laboratories and the existing fabrication techniques are not optimized
for complex microstructure. The quality of the waveguide cannot be guaranteed. Although these
dielectric waveguides show advantages in terms of the propagation loss, flexibility or the filed
confinement, they are not suitable/available to build up a terahertz wave-guided reflectometry system.

After taking account of the availability, propagation properties and implementation difficulties,
the hollow-core thin-wall waveguide is considered as the best candidate for a terahertz wave-guided
reflectometry system. With a single “ring” structure, a hollow-core thin-wall waveguide can guide the
waves in the air core with low losses by exploiting anti-resonant reflections at non-resonant frequencies
of the cladding. A thin cladding can provide wide transmission bands, benefiting the transmission of
the pulse signal emitted by the double-PCA lens-free transceiver (frequency band covering from 400
GHz to 600 GHz). The previous studies have revealed that while the diameter of the waveguide has no
impact on the transmission band, it alters the propagation loss of the fundamental mode of the
waveguide. To obtain a low-loss propagation, a larger diameter is wanted. In view of the distance
between two PCAs of the transceiver (~700 um), a diameter larger than this separation is required to
facilitate the coupling process. In the case of the 122 GHz radar with the separation of around 3 mm, a
waveguide with a larger diameter is demanded.
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The advantages of the anti-resonant waveguide have been highlighted to justify the choice of
the selected waveguide. On this basis, two hollow-core thin-wall dielectric waveguides with different
dimensions and cladding materials were selected as a suitable candidate to integrate into the guided
terahertz reflectometry system with the aforementioned transceiver units: a 3 mm diameter silica thin-
wall waveguide and a 6 mm diameter plastic thin-wall waveguide. Their transmission properties are
verified through a THz-TDS measurement, and corresponding results are presented in the following
part. Standing as an innovative fabrication process, the additive manufacturing (3D printing) technique,
that allows fast cost-efficient waveguide development chain, is presented at the end of this chapter.

11.4.1. Fused silica hollow-core waveguide

In view of the foregoing, a silica hollow-core thin-wall waveguide with a diameter of 3 mm
and a cladding thickness of 130 um (shown in Figure 11.28 (a)) was selected to work with the terahertz
double-PCA transceiver. A time-domain spectroscopic measurement was performed with a slice of
fused silica to assess its material properties. The obtained result is shown in Figure 11.28 (b), including
the refractive index and extinction coefficient as a function of the frequency. It can be seen that the
material loss increases with frequencies in the terahertz band. For the frequencies below 2 THz, the
refractive index of the used silica is around 1.935, and the corresponding absorption coefficient is in
the order of several cm-1. The extracted results are consistent with the value (1.95+0.05) given in the
literature [148]. The mean value of the refractive index (n = 1.935) was used to calculate the resonant
frequencies. Based on Equation (5), the transmission dips, i.e., the resonant frequencies of the silica
cladding, are anticipated at frequencies of around 0.70 THz, 1.39 THz, 2.09 THz and 2.78 THz.
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Figure 11.28: (a) Microscope photograph of the silica hollow-core thin-wall waveguide. (b) Extracted material
properties of the fused silica as a function of the frequency.

Transmission characterization results

In order to verify the propagation properties of this thin-wall anti-resonant waveguide,
measurements in transmission configuration were performed with a commercial fiber-coupled THz-
TDS system (Teraview Terapulse 4000) with an effective frequency band ranging from 0.1 to 3 THz.
Since the beam size out of the PCA emitter is around tens of millimeters, a polyethylene lens was added
before the waveguide to focus the THz beam, providing a preferential excitation for core modes. A
diaphragm was added at the beginning of the propagation path to filter out the unguided power fraction
in free space. The transmitted signal was detected and recorded by the PCA receiver on the other side.
It should be pointed out that the cut-back method was not performed due to the cleaving difficulties on
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a thin-wall silica waveguide. Instead, two waveguides with different lengths (201 and 301 mm
respectively) were characterized in transmission configuration.

Figure 11.29 (a) and (b) display the transmitted signals through two waveguides and their
corresponding spectra respectively. The distortion and the broadening of the transmitted signals shows
the dispersive propagation properties of the waveguide. By extending the time window, signals in
higher-order modes with a considerable time delay of around 50 ps can be observed (not shown in the
figure), which mainly lies in the frequency region around 200 GHz. As depicted in Figure 11.29 (b), the
dips in the spectrum of the transmitted signals (marked by the black dot-dash lines) correspond
appropriately to the calculated resonant frequencies, confirming the waveguide’s guiding mechanism.
Between the resonant frequencies of the cladding, several low-loss transmission bands appear around
the frequencies of 500 GHz, 1.2 THz and 1.71 THz. The first transmission band is roughly from 400
GHz to 600 GHz, matching the main operating frequency band of the transceiver.
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Figure 11.29: Transmitted signals (a) and corresponding spectra (b) through silica hollow-core pipe waveguides
with different lengths. Blue curves: silica waveguide with a length of 201 mm. Red curves: silica waveguide

with a length of 301 mm.

In regard to the propagation loss, no significant attenuation is observed between two
measurements for frequency higher than 1 THz, indicating the low-loss propagation properties of the
waveguide. However, an important attenuation coefficient of 0.33 cm-1 at the frequency of 500 GHz
can be deduced from the two measurements, which is higher than previously reported results in the
order of 10-2 cm-1[149],[148]. Compared to the waveguides possessing a diameter of 5/7/9 mm diameter
in [146], silica thin-wall waveguide has a much smaller diameter (3 mm) and the higher material
absorption, resulting in more significant propagation loss in air-core mode. Limited by the SNR of the
TDS system, a much longer waveguide is required to estimate the absorption coefficient at high
frequencies. It should be pointed out that although careful attention was paid to maintain the same
coupling condition, small differences may exist, giving rise to the higher transmitted power through the

longer waveguide.

In addition to the transmission band and propagation losses, the field distribution along the
waveguide is as well of interest. By varying the aperture of the diaphragm across the waveguide, the
leaked field outside of the waveguide was studied. When the diaphragm across the waveguide is closed,
transmission spectral dips related to the resonant frequencies remain clear, indicating that most of the
guided waves propagate in the air core. As the aperture of the diaphragm increases, more power lying
in the lower part of the spectrum (from 300 GHz to 600 GHz) is transmitted, while few changes of high-
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frequency components occur. It reveals that waves at lower frequencies are less tightly confined, and
one part of guided waves exceeds the cladding structure.

Reflection characterization results
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Figure 11.30: (a) Photographs of experimental setup in reflection, without sample (left) and with a plastic
hollow-core waveguide (right). (b) Simplified schematic diagrams of the experimental setup.

The aforementioned measurement results in transmission mode demonstrate that this silica
waveguide has a large carrying bandwidth from 400 GHz up to 600 GHz, matching the operating
frequency band of the transceiver. Since the final usage of this thin-wall silica waveguide is in reflection
geometry, a measurement in reflection-mode with a short waveguide was as well performed. As shown
in Figure 11.30, a parabolic mirror were used to focus the emitted beams before entering the waveguide
and to collect the reflected signal to the receiver. The entrance of the waveguide was placed at the focus
plane of the parabolic mirrors and a metal plate is positioned at the end of the waveguide to obtain the
maximum reflection.

The spectrum of the reflected signal is shown in Figure 11.31, in which resonant frequencies of
the cladding can be identified appropriately. Since the waveguide under test is much shorter than the
ones in transmission mode, less propagation loss gives rise to a higher detected power. In particular, the
power fraction lying in the first transmission band around 500 GHz is significantly less than the ones
in the frequency band around 1THz. Depending on the wavelength, frequency components obtain
different beam width after passing through the parabolic mirrors, i.e., the excitation condition varies as
frequencies. The larger beamwidth at lower frequencies leads to a poor coupling efficiency between the
emitted waves and the waveguide. These phenomena emphasize the importance of an optimized
coupling condition.
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Figure 11.31: Spectrum of the reflected signals via a silica hollow-core waveguide.

11.4.2. Plastic thin-wall waveguide

The same method was applied to access the propagation properties of a plastic hollow-core
waveguide: the assessment of the material properties, prediction about the resonant frequencies of the
cladding, and verifications of transmission dips by THz-TDS measurements. As shown in Figure 11.32
(2), the selected plastic pipe waveguide has a diameter of 6 mm and a cladding thickness of 158 um. A
time domain spectroscopy was performed with a small piece of the cladding to assess the material
properties. The extracted refractive index and extinction coefficient as a function of the frequency are
shown in Figure 11.32(b). The absorption coefficient is < 0.8 cm-1 at frequencies below 2THz and the
value of 1.49 was taken as the refractive index of the plastic to calculate the resonant frequencies. By
applying Equation (5), the transmission dips were anticipated at frequencies of around 0.86 THz, 1.72
THz and 2.58 THz. The same experimental setups were used to characterize this plastic waveguide,
both in transmission (54 cm long) and in reflection modes (8 cm long). The detected time signals and
corresponding spectra in two configurations are given in Figure 11.32 (c-f). The dips of the transmission
and reflection spectra are identified in the vicinity of the calculated resonant frequencies, confirming
the anti-resonant guiding mechanism. The slight shift of the resonant frequencies may be associated
with the inhomogeneity of the cladding caused by the fabrication. While the same spectral features can
be identified in two experiments, it is remarkable that the waveform of the detected signal in
transmission (Figure 11.32 (c)) is different from the one obtained in reflection mode (Figure 11.32 (e)),
which may be related to the different excitation condition and propagation length. It is worth noting that
since the entrance of this waveguide is much larger, the beam size as a function of the frequency does
not play an important role during the coupling process. The reflected power fraction in the transmission
band around 500 GHz is comparable to the one lying around 1 THz in the reflection geometry, unlike
the previous case with a small entrance silica waveguide.

Considering the diameter of the plastic hollow-core thin-wall waveguide (6 mm), the
propagation area in the air core can enable the direct coupling between the transceiver and the
waveguide, both photoconductive transceiver and the FMCW radar units. The resonant frequencies of
the plastic waveguides around 0.86 THz also provide a transmission band large enough for the pulsed
signal emitted by a double-PCA transceiver. It should be noticed that although the used THz-TDS
measurement system operates in the frequency region from 100 GHz to 3 THz, the measurement at the
lower part of the spectrum (around 100 GHz) is not precise and it cannot be taken as reference. A
transmission measurement with a 30 cm long plastic waveguide was performed by means of a vector
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network analyzer (VNA) in the frequency band from the 75 GHz to 105 GHz. Two horn antennas were
added to the output of the VNA for signal emission and detection. The waveguide was inserted inside
the antennas for better coupling. The result shows that the attenuation is less than 4 dB after 30 cm
propagation at the frequency around 100 GHz. The attenuation increases as the frequency decreases.
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Figure 11.32: (a) Microscope photograph of the hollow-core thin-wall waveguide. (b) Extracted material
properties (refractive index and extinction coefficient) of the plastic as a function of the frequency. (c)
Transmitted signals through a 54 cm-long-waveguide and (d) its corresponding transmission spectrum. (e)
Reflected signals through an 8 cm-long-waveguide and (f) its corresponding spectrum.
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11.5. 3D printed negative-curvature waveguide

In parallel to thin-wall pipe waveguides, negative curvature waveguides, firstly proposed in the
optical domain (more details can be found in the review [202]), are also adapted in the terahertz region.
This type of waveguide inhibits coupling between the core and cladding modes by the wavenumber
mismatch conditions, consequently reducing the propagation loss of the fundamental mode.

11.5.1. State-of-the-art of negative curvature waveguides

Besides the study performed by Lu et al. in 2008[145], Vincetti L. conducted investigations
into the propagation properties of a plastic hollow-core microstructured fiber by the numerical method
in the following two years [203], [204], revealing that the transmission bands of the waveguide depend
on the thickness of tubes. In 2013, a PMMA hollow-core waveguide composed of eight circular tube
lattice was characterized [205] and a low loss of 0.16 dB/cm was demonstrated at the frequency of
0.828 THz. These microstructure waveguides (both designs and fabricated waveguides) are recognized
as negative curvature waveguides instead of hollow-core photonic bandgap waveguide for two reasons.
Firstly, dips of the transmission spectrum depend on the thickness of the tube lattice. Secondly, the
periodic structure in the cladding has no influence on the propagation properties, which is distinct from
the photonic bandgap waveguide.

The investigations conducted in the optical domain have revealed that the form, dimension, and
the number of the tube lattices impact performances of a negative curvature waveguide, including the
field confinement, transmission band, propagation losses, mode coupling, etc. Since the separation
between the cladding tubes can eliminate additional resonances in the transmission bands, the nodes
created by the contact of the tubes are suggested to avoid. Apart from twelve negative curvature
waveguides [145] and the version with eight tubes [206], novel designs were proposed and tested in
the terahertz region, including a waveguide with hypocycloid negative curvatures [207], the one with
elliptical cladding [208] and nested negative curvatures waveguide [209]. In 2020, a novel design of
hollow-core negative curvature with metal-wire inclusions is proposed to achieve a low-loss
propagation with better confinement in the core [210]. An overall review of the negative curvature
waveguides in the terahertz domain is given in Table 3, providing information about the proposed
waveguide’s structure and guiding performances.
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TABLE 3. TERAHERTZ NEGATIVE CURVATURE WAVEGUIDES

2008, [145]
Fabrication

&
Characterization

2009[203] and 2010 [204],

Design & analysis.

2013 [205]
Characterization

2015 [211]

2018 [206]
Fabrication

&
Characterization,

2018 [209],
Design and analysis

2020[210]
Design & Analysis

Teflon
Air-core (dcore = 2.64, A = 5.5 mm)
microstructure

five-layer Cladding:

hexagonal closet arrangement

tube:

Douter = 2.08, Dinner = 1.68, A = 2.08 mm

Teflon.

Triangular lattice formed by a periodic
arrangement of dielectric tubes of Teflon

PMMA.

Circular arrangement of dielectric tubes
surrounded by a heat-shrink jacket.

t =252 um, Dtube = 1.99mm
Dcore = 1.62*2 = 3.24 mm

ZOonex.
Eight circular tube lattice.

t = 0.378 mm, Dtube = 2.4 mm
Dcore = 3.84 mm

PP.
Hollow-core fiber with a cladding of eight PP
capillaries.

TOPAS.
Anti-resonant node-free cladding tubes.

DC=3mm,do=26mm;z=1mm t=
0.09 mm =90 um .

TOPAS, HC-ARRCF with metal inclusion.

Loss of 0.002 cm-1 at 700 GHz

Propagation loss four decades lower than
bulk absorption.

Loss of 0.3 and 0.16 dB/cm for 0.375
THz and 0.828 THz respectively.

Dispersion < 0.03 ps/nm km over a band
of about 1.7 THz centered at 2.1 THz.

Loss of 0.01-0.05 dB/cm.

Loss of 7 dB/m at 2-2.2 THz.
Dispersion < 1 ps/THz /cm.

Loss of 0.05dB/m at 1 THz.
Wide dispersion flattened bandwidth of
0.6 THz.

Six-time lower loss compared to the tube
lattice fiber at 700 GHz.

Compared to the thin-wall anti-resonant waveguides, negative curvature waveguides provide
more design possibilities to optimize the propagation properties by modifying the cladding structures.
Although their structure is much simpler than microstructured waveguides, the irregular forms (such as
the semi-elliptical lattices) remain challenging for conventional fabrication technigues. On that account,
more attention has been focused on 3D printing techniques.
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11.5.2. 3D printed fabrication techniques

The conventional fabrication techniques developed in the optical domain face important
challenges in the terahertz domain due to the change of the host material and the scaled-up high air-
filling structure. Within such a context, the 3D printing technique has drawn increasing attention in the
terahertz domain. In the 1980s, the first 3D object was created via additive manufacturing layer by layer.
According to the fabrication method, the additive manufacturing techniques can be divided into several
categories: Fused Deposition Modeling (FDM), Stereolithography (SLA), Electron Beam Melting
(EBM), Selective Laser Sintering (SLS), Polymer Jetting (Polyjet), and so on [212]. Different materials
such as polymer, metal, biocompatible material, ceramic and organic compounds are available for these
additive manufacturing processes. Various fields have benefited from these fabrication techniques, for
instance, food, medical, pharmaceutical and mechanical domains [212]. In the microwaves and terahertz
band, they have been deployed to fabricate metallic and dielectric waveguides [213], antennas [214],
lens, couplers [215] and beam splitters [216] [217] over the last decade. The very first terahertz
waveguide fabricated via a 3D printing technique was in 2011 [218].

Fused Deposition Modeling (FDM) technique extrudes the heated thermoplastic filaments
(such as ABS, PC and PLA) through a nozzle and subsequently deposits materials on the building bed.
As a result, the spatial resolution of this technique depends on the nozzle opening and the surface of the
printed object commonly appears step defects. Overall, it is a cost-efficient technique for the application
with a moderate resolution requirement. Stereolithography (SLA) process exploits a UV laser beam to
scan the surface of a photo-resin tank to form each layer of the object. Being a high-precision technique,
the platform is more costly. In the process of polymer jetting, a print head, in the first place, deposits
thin layers of UV-curable construction tray, then UB lamps cure the deposited material. The spatial
resolution of the Polyjet technique depends on the laser spot size. It is one of the most frequently used
technique due to its cost-efficiency and good precision around 100 um. These three techniques have
been used to produce Bragg waveguides [219], [139], hollow-core PCFs [218], [220] and different
negative curvature waveguides [207], [208], [221] . More examples are provided in Table 4, giving the
details about the used materials, structures and corresponding guiding performances.

The precise reproduction of a designed structure requires great effort and time to optimize the
facility’s parameters. By taking advantage of 3D printing techniques, the fabrication process of a
terahertz waveguide with a complex structure becomes faster and more cost-efficient, allowing to verify
and to improve the performances of various novel waveguide designs. Apart from the direct fabrication,
a 3D printer can be used to make up the preform of a waveguide with a complex structure before the
drawing process, which benefits as well waveguides with structural dimension smaller than the
precision of the printer. The potential of 3D printing techniques in the terahertz domains is enormous.
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TABLE 4. 3D PRINTED TERAHERTZ DIELECTRIC WAVEGUIDES

2011 [218], Polyjet, UV-curable Rcore = 4.2 mm 0.3dB/cm at 105 GHz
Photonic polymer ( n = 2.75, tair-cyclinder = 400 um
Bandgap tangent loss = 0.02 near (80-220 GHz)

150 GHz).
2015 [207] FDM Dtotal = 25 mm, 0.3dB/cm at 0.47 THz
Negative ABS (n=1.6), e =0.5 mm, Rcore
curvature resolution aorun 400 um  =4.2 mm
2016 [220] hollow-core with Kagome 0.02 cm-1 for 0.2-1.0 THz
PCF PCEF structured cladding Advantages: mechanically
waveguide spiced.
2017 [219] SLA , UV —resin both air and resin layer has a 0.65AT 0.35 THz
Bragg thickness of 512 um. Dcore =
waveguide 4.5 mm (n=1.63at 0.3 THz,

alpha = 2 cm-1)

2018 [139] SLA, UV-resin Dcore = 2*Rcore = 2*4.742 < 5dB/m = 0.05 dB /cm at
Bragg n=1.64at0.3 THz, =9.484 mm 0.246-0.276 THz in HE11
Waveguide mode
2018 [208] FDM printer, multiples Dcore = 6 mm/10/10 mm 10 times lower than in the bulk
Negative of 0.6 mm . t=0.6/0.6/1.2 mm material
curvatures elipse length = 3.6/5/5 mm

Polycarbonate PC (n =
1.6), absorption in the
order of tens of dB/cm

2019 [221] photosensitive resin Pentagram THz hollow-core /
Anti-resonant n=1.62at 1 THz,
tangent loss = 0.024 Rtotal = 10/10/8 mm, d

(thickness)= 1/0.8/1 mm

11.5.3. 3D printed negative curvature waveguide

Compared to hollow-core thin-wall waveguides, negative curvature waveguides offer more
possibility to adjust the propagation properties (field confinement, propagation loss) by changing the
structure of the negative cladding. With the help of 3D printing techniques, the potential of this type of
waveguide with complex structures can be explored in a cost-efficient way. Based on this concept, a
new geometry composed of half-elliptical capillaries was proposed by Prof. Cristiano Cordeiro in the
terahertz regime. The numerical study and fabrication via 3D printing techniques were carried out by
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Prof. Cristiano Cordeiro and Prof. Marcos A.R. Franco in 2018 [222], [223]. The experimental

characterization was then performed by the author in the IMS laboratory and corresponding results are
given in the following part.

The whole design process of waveguide consists of modeling, fabrication and characterization.
Once the design of a waveguide is created, the fabrication process includes generally three phases:
drawing in CAD software, converted to an STL file, and sent to the printer for producing. After that,
the fabricated waveguide is characterized by the THz-TDS experiment to verify its propagation
properties. The experimental results are compared to the ones obtained by simulation. The fabricated
design is shown in Figure 11.33 (a) and (b), in which the cladding is composed of six half-ellipse. The
core is determined as the center area surrounding by these negative curvature structures, around 3.5 mm
in diameter. The length of the waveguide is 11.6 cm. Limited by the available materials for SLA 3D
printing technique, UV-resin has been used as the host material of the waveguide. The material
properties are assessed by means of the THz-TDS measurement with a slice of bulk material with a
thickness of 6 mm. The extracted refractive index and the absorption coefficient are shown in Figure
11.33 (). It can be observed that the refractive index is around 1.67.
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Figure 11.33: (a) Photographs of 3D printed hollow-core waveguide with negative curvature. (b) Microscopy
photo of the waveguide. (c) Material properties of the bulk material used for 3D printing.

Characterization results

Asshown in Figure 11.34 (2), the same experimental setup in transmission geometry was applied
to characterize this 3D printed waveguide. Considering the size of the emitted beam, a PE lens was
inserted before the entrance of the waveguide to excite the core mode efficiently. The transmitted signal
and its corresponding spectrum are given in Figure 11.34 (b) and (c). The prediction of the transmission
band of the negative curvature waveguide was performed through the numerical method: Beam
Propagation Method (BPM) implemented in the BeamPROP software from RSoft Design. Limited by
the BPM software, the frequency-dependent refractive index of material is simplified to a fixed value.
Based on the extracted results from the THz-TDS measurement, n = 1.67 and frequency-dependent
absorption in material were used to evaluate the spectral transmission of the waveguide in the simulation.
To compare the numerical results with the experimental ones, it is necessary to evaluate the spectral
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transmission of THz fiber without the influence of the THz source. Therefore, the transmitted signal is
normalized with respect to the reference signal (transmitted signal without the waveguide), shown in
Figure 11.34 (d).
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Figure 11.34: (a) Photograph of the experimental setup. (b) Transmitted signal and (c) the corresponding
spectrum. (d) The normalized transmittance as a function of the frequency.

The normalized transmission data and the simulated transmission based on the initially
designed dimensions are given in Figure 11.35 (a). Since the main dimensional parameter is the web
thickness, it is important to verify the fabrication quality. Figure 11.35 (c) shows the original waveguide
design and the microscopy photo of the produced 3D printed waveguide. Instead of a web thickness of
400 pm, the printing process resulted in thicker webs varying from 440 to 540 um. Considering the
thickness change related to the precision of the fabrication technique (Polyjet), a new simulation was
performed with increased web size (from 400 um to 480 pum), giving rise to the result shown in Figure
11.35 (b). A better match is obtained between the simulation results with a scaled factor of 1.2 and the
experimental results, in which the transmission dips at frequencies of around 300 GHz, 550 GHz and
760 GHz correspond appropriately to the ones appeared in the experimental results. Concerning the
transmission band, this 3D printed waveguide provides a transmission peak around the frequency of
450 GHz, then the transmission decreases rapidly. Since the relatively narrow band of the waveguide
doesn't fully comply with the broadband requirement of the double-PCA transceiver probe, it was not
selected as the communication channel between the transceiver and the sample. Although the 3D printed
negative curvature waveguide is not suitable to work with the transmitted probe, it provides a cost-
efficient, fast method to design, fabricate and validate the novel design of the waveguide. It can be
expected that the resolution improvement and more material availability of 3D printing techniques will
further contribute to the development of terahertz waveguide. Waveguides with better performances
will be more applied in the terahertz system as an indispensable component.
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Figure 11.35: (a) Normalized transmission spectrum obtained by the simulation and experiment with initial
design dimensions. (b) Normalized transmission spectrum obtained by increasing the web size by a factor of
1.2. (c) Schematic of the waveguide design and the microscopy photos of two half-ellipse webs. It can be seen
that the thickness of the web varies with the position.

By exploiting a 3D printing technique, a negative curvature waveguide with 6 half-ellipse
capillaries was fabricated. Despite small dimensional error related to the precision of printing technique,
the accordance between the simulation result and experimental results demonstrate the potential of the
3D printing techniques for terahertz waveguides. Being a new fabrication technique, it allows
shortening the time spent and development cost of novel waveguide designs before achieving a
performant fabrication process. While novel designs of terahertz waveguides aimed for broadband
transmission, lower losses, bending losses are proposed, the fabrication of these waveguides can be
ensured by 3D additive manufacturing techniques. Moreover, 3D printing technique can be used to
manufacture the preform of a more complex waveguide (such as microstructured PCF waveguides),
allowing to decrease the dimension of waveguide by drawing process. The future collaboration with
ICMCB laboratory will permit to explore the potential of their waveguides.

11.6. Conclusion

Before the implementation of a terahertz wave-guided reflectometry system, three transceivers
units (a double-PCA lens-free transceiver, an Il1-V technology-based FMCW module and a Si-based
radar unit) and two hollow-core thin-wall waveguide have been investigated separately. The simulation
and experimental results have revealed that the double-PCA transceiver can operate efficiently in the
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frequency region from 400 GHz to 600 GHz. Depending on the working distance, the bandwidth of
emitted signal can be further enlarged. While a resolution of 3.17 Ip/mm was achieved at a frequency
of 791 GHz in the direction perpendicular to the two-PCAs axis for imaging purposes, the imaging
capacity of the transceiver is severely restricted by the distance between two PCAs. Besides, the
structure and emission pattern of two FMCW radars have been introduced as the preliminary studies.

Based on the aforementioned information about transceivers, hollow-core thin-wall
waveguides are suggested as a good choice for its easily-adjustable transmission bands with simple
structure, low-loss propagation and low-cost availability. Two hollow-core waveguides with suitable
dimensions were eventually selected and the measurements in transmission and reflection have
demonstrated their guiding capacity for the frequency lying between 400 GHz and 600 GHz, which
meets the operating band of the double-PCA transceiver. In regard to the two FMCW radars operating
in the lower part of spectrum, the measurements performed by a vector network analyzer guarantee the
guiding capacity of the hollow-core waveguide with a diameter of 6 mm. To address the fabrication
difficulties encountered for terahertz waveguides, 3D printing techniques have also been mentioned.
The fabrication and obtained consistent transmission bands of the negative curvature waveguide
composed of six half-elliptical capillaries demonstrate the potential of 3D printing technique, providing
a fast, cost-efficient development process for novel waveguide designs. After all these investigations,
it’s time to build up terahertz wave-guiding reflectometry systems!
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I11.1. Introduction

From the point of view of applications, reflection geometry imposes less restriction on the form
of the object and measurement conditions, it can enable measurements on a thick or metal-substrate
material. A terahertz system in reflection mode exhibits broader applicability than the one in
transmission modality, and it permits as well to study the surface properties without mixing the
contributions from the bulk of the substrate [224]. However, the quasi-optical method used in a
conventional terahertz sensing system limits developments towards a compact practical terahertz
system configuration for the following reasons. Firstly, optical components such as lenses and parabolic
mirrors require specific longitudinal operating distances and a minimum volume for implementation.
Secondly, due to their optical nature, a large number of alignment work is demanded to obtain and to
maintain the optimum system’s performance. Thirdly, additional space along the propagation path
should be kept to avoid the disturbance from the environment, which makes the conventional setup
unsuitable for applications aiming to probe samples directly in-situ or in a narrow semi-enclosed
environment. Sophisticated alignment requirements together with space-consuming configuration
hinder the terahertz system from a wider application scope in practical use.
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Figure 111.1: Schematic diagram of a terahertz wave-guided reflectometry system demonstrated in the literature.

To overcome these issues, the use of a waveguide to guide the terahertz signal directly to the
region of interest and to carry back the reflected signal has been proposed as one solution. Throughout
the literature, guided reflectometry operations have been realized with different metallic waveguides,
including metal wire [80], [78], [225], parallel-plate waveguide (PPWG) [91] and coax cable [226].
Their low dispersion property of quasi-TEM mode allows for a broadband signal transmission in the
terahertz regime. Dielectric waveguides have also been tested as alternative components to develop
terahertz wave-guided reflectometry systems. It has been demonstrated that dielectric waveguides can
be applied to analyze the surface state of objects, or to determine the molecular concentration and for
chemical reaction monitoring [152]. In particular, a considerable amount of effort has been focused on
differentiating the cancerous and normal tissues [176], [227], [228] by using terahertz radiations in
reflection mode. In 2014, a single—channel flexible waveguide-based terahertz endoscopic system was
reported for future clinical application [229]. Figure 111.1 depicts its system configuration, in which
system optics should be added before the input of the waveguide. While a beam splitter is deployed to
separate the incident beam and reflected signal due to the volume of the source and the detector, either
a lens or a parabolic mirror is used to reduce the beam size to couple the terahertz signal into the
waveguide efficiently. After adding all these devices to optimize the terahertz beam, the whole system
becomes complicated and bulky. Table 5 provides a detailed summary of studies of terahertz wave-
guided reflectometry systems, giving information about the experimental configuration and related
applications. It is noticeable that most of the studies were conducted with continuous sources and
detectors. Apart from the study [57], no terahertz wave-guided reflectometry has been yet investigated
with a transceiver unit (in pulse or FMCW mode).
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To further push up the development of a compact reflectometry system, the present work exploits
the combination of a transceiver unit and a hollow-core thin-wall waveguide to construct a terahertz
wave-guided reflectometry system. Thanks to the small separation between the emitter and receiver of
the transceiver or their mono-static architecture, the separation of the beams is no longer necessary,
simplifying the system configuration. The selected hollow-core thin-wall waveguides offer a low-loss
propagation mode in their core, which allows as well the direct coupling between the transceiver unit
and the waveguide. According to the selected transceiver unit, this chapter is divided into two main
parts: (i) terahertz wave-guided reflectometry system in pulsed mode (TGR-P), and (ii) terahertz wave-
guided reflectometry systems in FMCW mode (TGR-FMCW). In addition to their experimental setups
and applications, studies about field properties inside the system related to their uncommon excitation
condition such as coupling efficiency, propagation modes, imaging resolutions are presented.
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Tapered wire

Stainless steel

Dmetai= 0.8 mm
(Dapex: 50 um)
a=0.2dB/cm

Near-field imaging
(M33 resolution)

. Ccw
100 GHz electronic source;

Schottky diode

. DPE
to enhance the coupling
efficient (theoretical 35 %)

o Y-splitter

% High resolution
(A/33resolution)

[78]

Tapered PPCW

2.5cm * 5 cm (plate)
20 pum to the sample
Spacing from 2 mm to 20 pm

Near-field imaging

(Identifying 100um feature on the
substrate GaAs)

e  Pulsed
Fiber-coupled PCA transmitter
and receiver with a Al foil

e  Teflon lens
to couple the terahertz beam into
the tapered PPCW

*  High resolution

¥ Only in one direction
(perpendicular to two
plates)

[91]
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Teflon

30 cm length

Dout = 8.5 mm
t Teflon = 1 mm
Bending loss:

below 10% within +/—5°; negligible
within +/—1°

Refractive index detection and
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. cw
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e Waveguide + lens

¥ Real-time measurement by
reflectivity.
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SNR approaching 200;

[152]

Metal-coated dielectric
waveguide

Silver-coated dielectric fiber, 45 cm
length

Dinner = 4 mm

Endoscopy

(Aimed for the diagnosis of
colorectal cancer)

. Ccw
CO2 pumped gas laser at 584 GHz
around 33 mW;

Liquid Helium cooled silicon
bolometer

e Short waveguide
to obtain the Gaussian mode

e Waveguide + lens

SNR ~ 26 dB
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I11.2. Terahertz wave-guided reflectometry systems in pulse mode

Thanks to the tiny size of the transceiver probe tip (0.18 mm thick and 2 mm wide), the
communication between the transceiver and a waveguide with adapted size can be carried without
supplemental optics (beam splitter). Two selected hollow-core dielectric waveguides are tested separately
with this double-PCA lens-free transceiver to implement a terahertz wave-guided reflectometry system.
After the waveform characterization, the constructed systems are applied for imaging and sensing
applications. Propagation behaviors of waves inside the system, including the coupling issue, dynamic
range, and lateral resolution are investigated via 3D full-wave simulation and experiments. The
corresponding results are given in the following part.

111.2.1. Global experimental setup

Based on the previous studies, two dielectric hollow-core thin-wall waveguides have been selected
to integrate into the terahertz wave-guided reflectometry system. They are a 3 mm diameter silica hollow-
core thin-wall waveguide with a thickness of 130 um, and a 6 mm diameter plastic waveguide with a
thickness of 158 pm respectively. Their guiding mechanism has been confirmed by the repeated
transmission dips in THz-TDS measurements. Most importantly, both two waveguides can provide an
adapted transmission band covering from 400 GHz to 600 GHz, corresponding to the operating frequencies
of the double-PCA lens-free transceiver. Regarding the propagation loss, air-core mode propagation can
reduce the absorption in the host material of the waveguide. Since the distance around two photoconductive
antennas on the transceiver probe is around 700 pum, which is smaller than the diameter of the two hollow-
core waveguides (3mm and 6 mm respectively), the reflected beam can be directly detected by the receiver
of the transceiver without the help of a beam splitter. Considering the beam size out of the transceiver in
the proximity (beam size less than 2 mm at a distance of 1 mm at 475 GHz), no lens or parabolic mirror is
used to enable the coupling between the transceiver and the waveguide.

Above all, two waveguides were implemented separately in association with the double-PCA
transceiver to construct a terahertz wave-guided reflectometry system in pulse mode (TGR-P). The
experimental setup of the TGR-P is shown in Figure I11.2, in which the transceiver probe and hollow-core
waveguide are fixed on the vertical breadboard. A sample is placed on the horizontal platform equipped
with three-directional translation stages, which is close to the output of the waveguide. Once the waveguide
is positioned with respect to the transceiver, it is fixed to keep the same excitation condition. Considering
the fragility of the probe, a small distance is kept between the transceiver probe tip and waveguide entrance.
This distance can also avoid the perturbation to the guided wave caused by the presence of the transceiver

tip.
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Figure 111.2: (a) Schematic diagram of a guided terahertz pulse reflectometry system setup, including the
double-PCA transceiver probe and dielectric hollow-core waveguide. (b) Schematic diagram of the propagation
process from the transceiver to waveguide and then back to the transceiver.

Change in impedance

Figure 111.2 (b) depicts the propagation process of waves in a GTPR system. First, one of PCAs of
transceiver, acting as emitter, radiates a pulse signal into free space. Due to the crosstalk between two
antennas, the generated signal is recorded by the receiver antenna. When the emitted pulse signal arrives at
the input of waveguide, the mismatch of impedance between the freely propagating waves and guided
waves along the waveguide may give rise to reflections. The same reflections occur at the output of
waveguide. Since the reflection coefficient is determined by the impedance difference between two
propagation mediums, the air-core waveguides are supposed to have unimportant reflections. Depending
on field distribution of arrived signals, various propagation modes may be excited and uncoupled power is
radiated into free space as coupling loss. While higher propagation modes attenuate rapidly with distance,
a stable propagation with low losses along the waveguide is expected after a certain distance. Once the
guided signal propagates out of the waveguide, it encounters the sample and it is reflected back to the
transceiver with information about the properties of the sample. Depending on the waveguide in use, the
following part is separated into two parts: (i) the TGR-P system consisting of the transceiver and a silica
waveguide, and (ii) the one composed of the transceiver in conjunction with a plastic waveguide.

111.2.2. TGR-P system | with a silica waveguide

The first TGR-P system was built up with the double-PCA transceiver and a 5.3 cm-long silica
hollow-core waveguide. The coupling process between the transceiver and the waveguide was directly
carried out in free space. The divergent emitted waves from the transceiver provide an atypical excitation
condition, complicating the propagation behaviors of the coupled waves along the waveguide. Both
numerical method and experiments have been performed to explore the performance limitations of the
constructed system and their respective causes.

111.2.2.1. Propagation behaviors analysis (simulation)

By taking advantage of the time domain solver in CST Microwave Suit, the propagation behaviors
of waves inside this TGR-P system in association with a silica waveguide were simulated. As shown in
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Figure 111.3 (2), the TGR-P system model was composed of a double-PCA transceiver probe, a 5.3 cm-long
silica hollow-core waveguide and a metal plate placed at the end as a perfect mirror to maximize the
reflected signal. Since foregoing studies have revealed that the transceiver probe is more efficient in the
frequency band from 400 GHz to 600 GHz, a Gaussian pulse signal covering over the interested frequency
region (300 GHz to 600 GHz) was applied as the excitation source signal. The material parameters of fused
silica (cladding material) are extracted through THz-TDS measurements. In the simulation, the permittivity
and dielectric loss tan(d) of the silica was set as 3.74 and 0.0027 at the frequency of 450 GHz
respectively. Since the transceiver tip and the input facet of the waveguide were very close in the
experiment, a distance of 130 um was kept between the two objects. Both the electric field and power flow
were monitored during the simulation.

Pulse propagation in the time domain

The electric field distribution in the xz-plane at different propagation times are given in Figure 111.3
(b). As can be observed, after the pulse signal is radiated into free space, one part of the emitted energy is
coupled into the waveguide (at the time of 20 ps). After 140 ps, the separation of guided waves can be
clearly observed: while some power fractions propagate in free space (both inside the air-core and outside
the waveguide), another power fraction is confined inside the cladding with a significant time delay. This
spatial segregation of waves in the time domain reveals the presence of two different kinds of propagation
modes: air-core mode and cladding mode. The air-core mode propagation exploits the anti-resonant
reflection as the guidance mechanism. Due to the loose confinement, one part of guided waves is leaked
out of the waveguide, resulting in some propagation loss. The waves confined inside the silica wall are
guided by the total internal reflection. Owing to the high refractive index of fused silica, waves in the
cladding display a significant time delay with respect to the waves propagating in the air-core, explaining
the separation of waves in the time domain.

Apart from the electric field distribution, the time signal detected by the receiver of the transceiver
is as well given in Figure 111.3 (c). After t = 8 ps, a pulse signal is fed to the Tx antenna for the emission.
The direct communication between the two antennas is recorded in the time window from 10 ps to 50 ps
(Zone I'in Figure 111.3 (c)), in which the reflected portion from the entrance of the hollow-core waveguide
is also included. Considering the dimension and structure of the waveguide, no considerable reflection at
the beginning was expected. The signal reflected from the metal lies in zone Il in Figure I11.3 (c), recorded
in the period between t = 355 ps and 400 ps. The amplitude ratio between reflected signal (0.000842) and
crosstalk signal (0.022) is equal to 3.8 %, allowing to compare with experimental results later. By taking
account of the propagation time required in the cladding, it is logical that only waves in air-core mode are
recorded in this limited time window. It takes around 350 ps for guided waves to be reflected and detected,
which is very close to the free space propagation time (345 ps), implying a low effective index of the air-
core propagation mode. As a result, a weak response of the TGR-P system in an open-end configuration is
anticipated, contributing to the dynamic range of the whole system.
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Figure 111.3: Full simulation of the setup. (a) Scheme of the model including the transceiver, a 5 cm-long silica
waveguide and a metal plate placed at the output. (b) E-field distribution (based on the absolute value) on the
Xz cross-section along the waveguide at different times. (c) Reflected signal detected by the Rx antenna on the
transceiver. Two small figures below provide a close-up view on the waveform in the zone I and II. (d) X
component of the electric field detected at the center of the core and in the cladding at the cutplane of z =
40 mm.

At last, the focus is given on the power distribution in two different propagation modes. Two
electric field probes were placed at the center of the air-core and inside the cladding at the position of z = 4
cm respectively. Since the planar antennas are more sensitive to the components polarized in the x-direction,
only X components of the electric field are displayed in Figure I11.3 (d), where the blue curve represents
the time signal detected at the center of the waveguide and red curve denotes the one detected in the cladding.
At t = 150 ps, the X component of the electric field (blue curve) at the center displays two distinct
waveforms with a short time delay, representing the incident and reflected signals guided in air-core mode
respectively. A ten times weaker electric field is as well detected in the cladding at the time around 150 ps
due to the weak confinement. After the time delay of around 100 ps, the second part of energy in cladding
mode begins to appear. This result reveals that although two different kinds of propagating modes are both
excited along the waveguide, more guided power propagates in air-core mode. The quantitative analysis of
the power proportion in different modes will be given in the following part at a specific frequency.
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To conclude, the simulated propagation of waves inside the TGR-P system in the time domain
validates the guiding capacity of the silica hollow-core waveguide in air-core mode. It displays as well the
presence of the cladding mode which is excited by an atypical coupling condition related to the emission
pattern of the transceiver.

Propagation behaviors of waves at 450 GHz
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Figure 111.4: 3D full-wave simulation results obtained at the frequency of 450 GHz. (a) Numerical model including
a transceiver probe, a 10 cm long waveguide and an air-block. (b-d) Power flow distribution on different cutplanes.
Position | to VI correspond to z = 2/5/25/50/75/102.5 mm respectively. In the position I, strong power density
displays at the right-down side of cutplane, which is related to the emission pattern of the antenna on the transceiver.
In position I1, while part of the energy is radiated out of waveguide as coupling loss, part of the energy is coupled
inside the waveguide. From the position I11, guided power in mixed propagation modes along the waveguide can
be observed. (e) Power passing through cross-section as a function of distance. Based on the simulation data, the
attenuation coefficient of the waveguide is deduced (red curve with a = 0.0036 cm-1). (f) Close-up in the zone of
20-50 mm and 30 to 80 mm.

Since the waveguide in the TGR-P system is employed in reflection geometry, the total guided
propagation distance is two times of waveguide length. To facilitate the investigations task, the following
study is exclusively focused on the propagation properties of waves along a 10 mm-long waveguide in
transmission. As illustrated in Figure I11.4 (a), a 10 cm long waveguide together with an air block is placed
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after the transceiver probe. Figure 111.4 (b-d) displays the power flow of the frequency component 450 GHz
on the yz-, xz- and xy-plane respectively. The different colors indicate the maximum value (peak value) of
Poynting vector of the electromagnetic field at every spatial point.

The whole power transmission process can be concluded into three steps: the emission of the pulse
signal from the transceiver, the coupling into the waveguide, and the propagation along the waveguide in
certain guided mode. As the first step, the generated pulse signal is emitted into free space by one PCA of
transceiver. The total efficiency of the antenna is around 45% at the frequency of 450 GHz, i.e., maximum
power of 0.45 W can be radiated into free space with a 1W power excitation signal. Amongst emitted waves,
only the waves arriving inside the waveguide (inside the core or cladding) have the possibilities to excite
propagation modes along the waveguide, which is defined as the effective incident power here. Since the
power directing outward of a surface can be derived from the surface integral of the Poynting vector and
the propagation direction of waves along the waveguide points to the z-axis, the power P traversing a cross-
section of the waveguide can be calculated based on the Z component of the power flow (Poynting vector
P), expressed as:

P=#?-nd$= #?zds (10)
S S

where P represents the Poynting vector, 2, denotes the Z component of the Poynting vector and

n is the normal vector of the surface. By applying Equation (10), an effective incident power of 0.26 W is
achieved at the entrance of waveguide. Depending on the field distribution of the incident waves, certain
propagation modes are excited along the waveguide and the other power is radiated into free space as
coupling loss, which is expressed as radiations propagating outside the waveguide between the position |
and Il in Figure 111.4 (b) and (c). After a certain distance propagation, the uncoupled power is radiated into
free space and waves propagating in higher modes vanish due to significant loss. Consequently, only low-
loss modes remain, and stable guided waves are formed along the waveguide and they continue to propagate
with an attenuation coefficient determined by the propagation mode. Figure 1l11.4 (b) and (c) show a
continuous power flow inside the air-core after position 111 (z =25 mm). Based on Equation (10), the power
propagating along the waveguide is plotted as a function of the z position, shown as the blue curve in Figure
111.4 (e). By analyzing the relation between the power and distance starting from z =50 mm, an attenuation
coefficient of o = 0.0036 cm-1 is deduced from the red fitting curve shown in Figure 111.4 (e). In reality, the
absorption of the waveguide should be slightly higher than this value due to the absorption of water vapor
in the air.

Coupling issues and propagation loss

A close-up view is provided in Figure I11.4 (f), in which two curves match well except for the
results obtained with a distance less than 30 mm, which is associated with the coupling loss at the beginning.
Hence, the power passing through the cross-section at z = 30 mm is regarded as the coupled power. Due to
the complexity of the modes existing along the waveguide, the method of the power overlap integral
between the incident beam and propagation modes was not applied. Instead, the coupling efficiency 7 is
defined as the ratio of the coupled power (deduced from data fit shown in Figure I11.4 (¢)) to the initial
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excited power (1W) in the present work, expressed as Equation (11). The coupling efficiency of 4 % (g ~
4 %) is then obtained.
Pcoupled (11)
excitation

It should be noted that here both the absorption coefficient and the coupling efficiency are calculated based
on the power propagating along the waveguide, their values don’t correspond to a specific propagation
mode.

Multi-mode propagation
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Figure 111.5: (a) Power outgoing through cross-section as a function of position at a frequency of 450 GHz. Blue
curve: power crossing over the whole cross-section. Red curve: power propagating through air core. Yellow curve:
power transmitting in the cladding. The beam profile at the output of waveguide is as well provided in the figure,
in which power passes through air core and cladding. (b) Remained power at the output of waveguide as a function
of frequency. The blue curve represents the power passing through the whole cross-section and the red curve
denotes the power crossing the air-core. Beam profile at frequencies of 400 GHz and 475 GHz are given.

Figure 111.4 (d) illustrates the distribution of the power density in the xy-plane at the different
positions, where most of the guided power is confined inside the core and the cladding after the position
I11, corroborating the previous simulation result in the time domain. It is of interest to assess the power
proportion in these two different modes to estimate the efficiency of this optical-free coupling configuration.
In accordance with the guiding mechanism, the locations of these waves are specific: while the cladding
mode waves are confined in the silica layer, air-core mode waves propagate in the air around the waveguide
(inside and outward). On this basis, transmitted power in different modes as a function of distance is given
in Figure 111.5 (a). It reveals that the waves propagating in the cladding doesn’t occupy many shares of
guided power, less than 10%. More than 60 % of the guided power propagate inside the air-core. From the
field distribution on the xy-plane at the position of z = 100 mm, it can be seen that most of the guided field
is confined inside the core.
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Frequency composition

By combining the power flow results obtained at different frequencies, the transmitted power
passing through the cross-section at the end of the 100 mm-long waveguide can be used to estimate the
frequency composition of the detected signal by the transceiver in reflection modality with a 50 mm-long
waveguide. It is notable that two curves as a function of the frequency are plotted in Figure I11.5 (b). While
the blue one represents the power over the whole cross-section and the red one denotes only the power
traveling inside the core of the waveguide.

In reality, the power fraction guided in the cladding mode was not recorded during the experimental
measurements due to the significant time delay between the air-core mode and cladding mode. In addition
to the attenuation in material, the reflection occurring at the silica-air interface further reduced the power
of the reflected signal from the sample, leading to a poor SNR. Consequently, this part of power is not
useful and it should be included to evaluate the frequency composition of the time response of the system.
Since one part of the electric field is loosely confined outside of the waveguide (shown in Figure 111.3), this
power fraction cannot be detected efficiently by the receiver of transceiver placed at the center of the
waveguide due to the considerable distance. As a result, only the power confined inside the air core is
detectable and valuable. The comparisons of two curves indicate that almost 60 % of the guided power is
accessible to the transceiver and most of them lie in the frequency band varying from 400 GHz to 500 GHz.
Besides, a peak power is anticipated obtained at the frequency of around 475 GHz.

To sum up, field properties in the time domain and frequency domain have been investigated
through 3D full-wave simulation. Although both air-core mode and cladding mode propagation take place
due to the atypical excitation condition, they are naturally separated by an important time delay. More
importantly, the desired low-loss air-core mode takes the dominant roles in guided power, proving the
feasibility of the concept of guided terahertz pulse reflectometry system.

111.2.2.2. Characterization of detected time signal

A guided terahertz pulse reflectometry system was built up based on the previously presented
configuration, in which the coupling between the transceiver and the waveguide was carried out without
any optics. Details about system setup have been given in Chapter 111.2.1, shown in Figure I11.2 (a). The
detected time signal by the TGR-P system to a metal placed at the end of the waveguide was recorded,
allowing to assess the performance of the system. Besides, a raster scan was also performed by applying
this TGR-P system.
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Figure 111.6: (a) Detected signals by the terahertz transceiver. Blue curve: signal propagating through the
waveguide. Red curve: signal propagating in free space. This signal can be divided into three zones. First, the
zone | (t = [0-30] ps) corresponds to the crosstalk signal between the two photoconductive antennas on the
transceiver. Then waveform in zone Il (t=[30 -250] ps) corresponds to the reflection signal coming from probe-
mount and imperfection of wave trapping design. Finally, the reflected signal from the sample at the end of the
waveguide (blue curve) and a weak reflected signal by freely propagation (red curve) can be seen in zone IlI
(after 340 ps). (b) Reflections from the metal propagating through a waveguide and in free space respectively.
(c) Spectrum of reflection signals obtained at (b). Compared to the propagation in free space, more signal power
is transmitted through waveguide owning to its guiding capacity.

The benefits of the wave-guiding lie in the fact that terahertz waves can reach the farther targeted
site of inspection while minimizing energy dissipation in comparison to free space propagation. This aspect
was verified by measuring the reflected signal from a metal plate situated 53 mm (the length of the used
waveguide) from the terahertz transceiver. Results are reported in Figure 111.6, including (a) originally
detected signals, and (b) reflected signals from the sample after removing the direct transmission signal
between two PCAs. According to the origin of the reflections, time signals can be divided into three zones.
The zone | (t = [0-30] ps) and zone 11 (t=[30 -250] ps) correspond to the crosstalk signal between the two
PCAs and internal reflections coming from probe-mount respectively. No information about the sample is
carried. Zone 11 (after 340 ps) represents the reflected signal from the sample (metal) placed in the vicinity
of the output of waveguide. The reflected signals (shown in Figure 111.6 (b)) are hence compared between
the free-space propagation (red curve) to that of the guided regime (blue curve), showing a small time delay
of several picoseconds. Being close to the light velocity in free space, the propagation speed of the reflected
signal confirms the air-core mode guidance of the waveguide. The amplitude ratio between the crosstalk
signal and the reflected signal is around 0.038/1 = 3.8 %, which is in accordance with the estimation given
by means of simulation (see in Page 89 of Section Pulse propagation in the time domain).

As expected, guided terahertz pulses exhibit a significantly higher amplitude than that of non-
guided ones. The power fraction carried by reflected pulses propagating through the hollow-core waveguide
is roughly 12 dB greater than that of those propagating in free space for frequencies spanning from 400 to
550 GHz (shown in Figure 111.6.(c)). By taking account of the efficiency of the PCAs, the transmission
band supported by the waveguide and their coupling efficiency, the frequency composition analysis that
was carried out through 3D full-wave simulations (see Figure 111.5 (b)) has anticipated a consistent result,
in which the transmission peak at around 480 GHz also displayed. This accordance between the
experimental and simulation results corroborates the correctness and precision of the simulation.

111.2.2.3. Imaging application
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After demonstrating the pulse guiding capacity of the silica waveguide, the implemented TGR-P
system was used for imaging application. As represented in Figure 111.7 (a), a positive 1951 USAF
resolution test target was placed below the output of waveguide. The scanned zones cover elements in group
-1 and -2, which are marked with red rectangles. By moving the 1951 USAF test chart, a raster scan was
performed to record the time signal at each point, giving rise to a pixelated data map. An image can be
obtained both in the time or frequency domain by using different mathematical criteria [231]. For example,
by integrating frequency components from 400 GHz to 500 GHz, two images have been extracted (Figure

111.7 (b) and (c)).
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Figure 111.7: (a) Left: Photograph of the experimental setup. The silica hollow-core waveguide is placed below
the terahertz transceiver and a 1951 USAF test target as the sample is mounted on the multi-directional linear
translation stages. Right: 1951 USAF resolution test target, in which the scanned areas are marked by the red
rectangles. (b) and (c) Two images of the scanned areas (elements in group -1 and in group -2 respectively) are
obtained from the trapezoidal integration over frequencies from 400 GHz and 500 GHz. (d) and (e) The line
profiles of terahertz field magnitude along the solid line AB in group -2 and solid line A’B’ in group -1.

Line profiles of terahertz magnitude along the solid line AB in group -2 and line A’B’ in group -1
are additionally provided. The resolution is given in pairs of lines (a transparent and a reflective) per
millimeter (pl/mm) or in the thickness of the corresponding line. When the contrast between bars and
substrate is lower than 0.3 it is estimated that two stripes cannot be differentiated. Therefore, lines are still
clearly distinguished until the element 4 in group -1. The width of the line is about 707 um and the spatial
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frequency is about 0.707 pl/mm. The imaging capacity of the constructed system is in the order of the
wavelength.

To conclude, a terahertz wave-guiding reflectometry system in pulse mode has been demonstrated
by combining a double-PCA lens-free transceiver with a silica hollow-core waveguide. The 3D full-wave
simulation reveals that both cladding-mode and air-core mode are excited along the waveguide with the
atypical excitation condition provided by the transceiver. In spite of it, only the waves propagating inside
the air core contribute to the detected signals due to the small size and the position of the transceiver with
respect to the waveguide. Thanks to the air-core propagation mode, the frequencies varying from 400 GHz
and 500 GHz can be transmitted to the targeted area on the sample and then be reflected and detected. Its
imaging capacity was then characterized by using a 1951 USAF test, giving rise to an imaging resolution
around 0.707 pl/mm. It is worth noting that although the direct coupling was demonstrated feasible, only
5% (at 450 GHz) of the efficient incident power was coupled into the waveguide, which should be addressed
if the performance improvement of the TGR-P system is wanted.

111.2.3. TGR-P system Il with a plastic waveguide

In addition to a 3 mm silica hollow-core waveguide, a 6 mm diameter plastic waveguide was also
selected to construct a TGR-P system. Although its guiding capacity exploiting the anti-resonant reflection
has been demonstrated by THz-TDS measurements, the propagation behaviors of waves along the
waveguide under the excitation condition provided by the transceiver remained unknown. To explore the
feasibility of this system configuration and its application potential, the same approach (3D full-wave
simulation in combination with experiments) has been applied. Relevant investigations are presented in the
following part.

111.2.3.1. Propagation behaviors analysis (simulation)

As illustrated in Figure 111.8 (a), the simulation model consisted of a simplified transceiver probe,
a 10 cm-long plastic waveguide and an air block. During the transmission process, both electric field and
power flow were both monitored. Figure 111.8 (b-d) show the distribution of the power flow (Poynting
vector) on different cutplanes at the frequency of 450 GHz.

Multi-mode propagation

Similar to the previous case, both air-core modes and cladding modes are excited along the
waveguide, expressed as the spatially separated field confinement areas, in the air-core and inside the
cladding (see Figure 111.8 (d)). The segmentation of the guided power in the time domain related to the
refractive index of the cladding also confirms the presence of two different kinds of propagation mode (not
shown here). By surface integral of Poynting vector, the power propagating through the waveguide (total
forward-propagating power, power propagating in the air-core and the one passing through the cladding
respectively) was also deduced, depicted in Figure 111.8 (e). The result indicates that only 0.22 W effective
incident power arrives inside the entrance of waveguide. Due to the mode overlap mismatch between the
transceiver emission pattern and guided modes, a considerable power fraction is radiated into free space as
the coupling loss. This phenomenon can be seen in the area between the position | and 11 in Figure 111.8 (b-
d). After a propagation distance of 30 mm, 12 % of the effective incident power is coupled into the plastic
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waveguide, which is higher than 5 % coupling efficiency obtained in the previous system incorporation
with silica waveguide. After a 10 cm-long propagation, 0.005 W power is still confined in the air-core, 5
times higher than the results obtained with silica waveguide thanks to the improved coupling efficiency.
Although the cladding mode is excited along the waveguide, their power portion amongst guided waves is
reduced to 5% while the guided power portion in the core is higher than 58 %. In fact, waves propagating
in cladding mode are of no interest in the experiment due to their low carried power portion with significant
time delay, and the important distance to the detector of the transceiver. Further investigations focus on
waves propagating in the air-core.

It is noticeable that the continuous power flow confined in the air-core obtained in the previous
case (shown in Figure 111.4) is not established here. Instead, power flow distribution on the xy-plane inside
the waveguide varies with propagation distance. For instance, the power flow on the cutplanes of IV and V
(z = 75 and 90 mm respectively) in Figure 111.8 (d) display distinct differences: while the highest power
intensity lies at the center of air-core with an FWHM of 1.7 mm at the xy-plane of z = 75 mm (IV), a ring-
shaped power flow distribution can be observed inside the air-core on the cross-section of z = 90 mm (V).
The geometry feature of the waveguide is suggested to be associated with this position-dependent field
distribution. The applied plastic waveguide possesses a diameter of 6 mm, much larger than the dimension
of the transceiver probe and transmitted wavelength. The emitted waves arrive at different positions inside
the waveguide at different moments, exciting various propagation modes. The superposition of propagation
modes may result in a strong/weak E-field at certain locations. Since the propagation direction changes
after each reflection taking place at the interface of cladding, the final field distribution becomes position-
dependent, expressed as the oscillation of power inside the core. It should be pointed out that although the
power density at the center of waveguide varies sharply, the whole power guided by the waveguide remains
stable.
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Figure 111.8: Full-wave simulation result obtained at the frequency of 450 GHz. (a) Numerical model including a
transceiver probe, a 10 cm long plastic waveguide and an air-block. (b-d) Power flow distribution on the cutplanes
(V.A/m?). | to VI correspond to cutplanes of z = 2/10/40/75/90/100 mm respectively. (e) Power passing through
cross-section as a function of distance. Blue curve: surface integral over the whole cross-section. Red curve: surface
integral of the Poynting vector over the air-core section. Yellow curve: surface integral of the Poynting vector inside
the cladding.

Frequency composition

Foregoing discussions reveal that the electric field distribution on the cross-section depends on the
propagation distance at 450 GHz. As the pulse signal emitted by the transceiver probe is a broadband signal,
it is of interest to study the frequency-dependent propagation properties. Considering the relative position
between the waveguide and the transceiver, the signal propagating at the center area of the waveguide core
can be detected efficiently by the transceiver. Figure 111.9 provides the power passing through the central
area (radius less than 1 mm, which is plotted as dash-dot lines) and the one cross all the air-core (plotted as
the solid lines) as a function of the distance at two different frequencies of 450 and 550 GHz respectively.
While the power inside the core decreases gradually and slowly (solid lines), the dependence of the power
crossing the center area on the position is noticeable. While the guided power lies at the center of the air-
core in the position of 70 mm for both frequency components of 450 GHz and 550 GHz, 450 GHz frequency
component display a ring field distribution in the air core in the position of 90 mm. To conclude, the
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frequency composition of the detectable signal (lying at the center of the core) at the end of the plastic
waveguide varies with the propagation distance.
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Figure 111.9: Power passing through cross-section as a function of the propagation distance at the frequency of

450 GHz (blue curves) and 550 GHz (red curves). Solid curves represent the power crossing the whole cross-section
while dash-dot curves denote the power passing through the center area of the waveguide’s core (radius < 1 mm).

111.2.3.2. Characterization of detected time signal
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Figure 111.10: (a) Photograph of experimental setup exploiting a plastic hollow-core waveguide as the single
communication channel between the transceiver and sample. A metal plate acting as a perfect mirror is placed
at the output of the waveguide to obtain the maximum reflected energy. (b) Time signals reflected by the metal,
in the free space (blue curve) and though a plastic hollow-core waveguide (red curve). According to the origins
of reflections, the waveform of time signal can be divided into three zones. The waveform in zone | corresponds
to the crosstalk signal between two antennas and the one in zone Il originates from the internal reflection from
the probe-base. Signals reflected by the metal lie in zone Ill, a close-up view is given in (d), in which the
amplitude of the signal passing through the waveguide is much stronger than that propagates in free space.

By taking advantage of the same experimental implementation as previously (depicted in Figure
111.10 (a)), the time signal reflected from a metal sheet was characterized. While keeping the position of the
metal plate, time signals were recorded in two different configurations, freely propagating signal (blue
curve) and guided waves along the waveguide (red curve) respectively. As shown in Figure 111.10 (b) and
(c), the crosstalk signal between two PCAs can be observed in zone |, indicating the generation of a terahertz
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pulse signal. Zone Il contains significant low-frequency pulse signals induced by the internal reflections.
In comparison to the reflections propagating in free space, the reflections passing through the waveguide
display a considerable power enhancement lying in zone Il shown in Figure 111.10 (c). The distortion of

pulses signal caused by modal dispersion and multi-mode propagation can also be observed.
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Figure I11.11: (a) Reflected signals from metal placed at the output of plastic waveguide. In each measurement,
the plastic hollow-core waveguide has a different length. While the crosstalk signals in different measurements
are overlapped (zone 1), reflections from the sample have different features (zone II). (b) Reflections from
metal after removing the crosstalk signal induced by the probe itself. (c) Spectra of reflections shown in (b).

Based on the simulation results, it is anticipated that the time signal detected by constructed TGR-
P system depends on the propagation distance, i.e., the length of plastic waveguide. To verify this
assumption, plastic hollow-core waveguides with different lengths varying from 61.2 to 72.6 mm were
tested in association with the double-PCA transceiver probe. A metal plate was placed at the output of
waveguide to maximize the reflected signal. The obtained waveforms of time signals are given in Figure
111.11 (a) with two close-up views in zone | and I1. By removing the crosstalk signal and internal reflections,
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the reflections from the metal were obtained, shown in Figure 111.11 (b). The corresponding spectrum is
given in Figure 111.11 (c). As shown in Figure 111.11 (b), detected reflected signals via waveguides display
significant time delay due to the different propagation lengths. In particular, they exhibit distinct waveforms,
for instance, while the recorded waveform through a 64.6 mm-waveguide waveguide contains two pulse
signals, the signal detected by the system through a 69.6 mm-long waveguide contains three distinct
reflections. With respect to the frequency composition, clear dissimilarities can be observed between the
spectra of reflected signals. While the frequency component of 450 GHz can be detected in the signal
propagating through waveguides with a length of 64.6/67.7 mm, less power fraction at this frequency is
contained in the detected reflections through the waveguides of 69.6/72.6 mm. These uncommon
experimental results corroborate the assumption about distance-dependent field distribution developed on
the basis of simulation analysis.

To sum up, experimental results are consistent with simulation presumption, demonstrating that the
detected signal is extremely sensitive to the propagation distance. This distance-dependent propagation
property preventing the TGR-P system from imaging applications. It is worth noting that despite multi-
mode propagation and distance-dependent frequency composition, it is confirmed that the time delay is still
in accordance with the propagation path length by taking the arrival time of the first peak as the reference.

111.2.3.3. Liquid depth detection application

Although the scope of application of this TGR-P system using a 6 mm diameter plastic hollow-
core thin-wall waveguide is limited due to the distance-dependent field distribution, the time delay linked
to the propagation path length opens the door to distance detection for this TGR-P system. Compared to a
conventional terahertz system, the guiding capacity of the waveguide in a TGR-P system can facilitate the
task to control the propagation properties of waves in the liquid. Consequently, the feasibility to perform a
measurement in the liquid using the created TGR-P system was explored and relevant results are introduced
in this part.

Working principle

As shown in Figure 111.12 (a), a TGR-P system composed of a double-PCA transceiver and a plastic
hollow-core waveguide was fixed on the vertical subsystem, and the liquid container in Teflon was placed
on the horizontal platform. In order to maximizer the reflected signal, a metal plate was placed at the bottom
of the container. Figure 111.12 (b) illustrates two different measurement configurations, corresponding to
the waveguide in an empty container and the waveguide inserted in a paraffin-filled container. The end of
the waveguide is not in contact with the bottom of the container during the measurement.
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Figure 111.12: (a) Photograph of the experimental setup. A metal plate is placed at the bottom of the container
to maximize the reflected power. (b) Schematic diagram of two different measurement configurations. Left one
represents the measurement performed without liquid, providing a time signal reference. Right one depicts the
measurement in the liquid with a depth of h. (c) Time signals detected by the transceiver in two experimental
conditions. Red curve: reference signal obtained with an empty container. Blue curve: Detected reflections
from the liquid surface and the metal placed at the bottom.

In the case of an empty container, the guided signal after leaving out of the waveguide continues
to propagate. When the freely propagating signal arrives at the bottom of the container, it will be reflected
to the transceiver through the same waveguide. Apart from the reflection from metal at the bottom, no other
significant reflection is expected at the output of the waveguide due to the modest mismatch in impedance
between the guided waves and freely propagating waves. Once the liquid paraffin is poured into the
container, the properties of the propagation media change. A significant portion of the incident power will
be firstly reflected at the interface of air-paraffin, then another power fraction will be reflected by the metal
plate placed at the bottom. Consequently, two distinct reflected signals with a time delay determined by the
liquid depth are anticipated. The time signals recorded by the TGR-P system in two experimental conditions,
depicted in Figure 111.12 (c), confirm this assumption with two separate reflections. The second part of the
reflected signal from the metal arrives later than the ones propagating in free space due to a slower
propagation velocity in the liquid paraffin.

By taking the arrival time of reflections generated at the output of the waveguide in free space (to)
as the reference (it cannot be observed clearly in the experiment), the arrival time of waves reflected from
the liquid surface tsy,race1 aNd toyrpace2 Can be expressed as Equation (12):

2Xe
tsurfacer = to — Atosr = to — v91 2XAe 42
axe = Atsurface =
— — 2 Vg
tsurfacez =ty — Atysy = t, — vg

where e1 and ez denote the lengths of the waveguide submerged by the liquid in different measurements
and the vg represents the propagation velocity of waves along the waveguide. It is then deduced that the
time shift of reflections from the liquid surface (Atsurface )depends on the change of the liquid surface

level and the propagation speed along the waveguide (de, vg). Given that the time delay used in the system

AODelay x2
c

is composed of two mirrors and a linear translation stage, i.e., At = , optical delay in millimeter

can further simplify Equations (12) as below,
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Ae-c (13)
Vg

AODelay syrface =

where e represents the change of the liquid surface level, vg and ¢ denote the propagation velocity along
the waveguide and in vacuum respectively. It implies that if the liquid surface level detection is wanted, the
propagation velocity in different mediums must be known. Although the propagation velocities along the
waveguide (either in free space or in the liquid) are difficult to obtain by analytical formula due to their
complicated multi-mode propagation behaviors, 3D full-wave simulation in the time domain allows to
estimate the propagation velocity by calculating the time shift between the excitation signal and the
transmitted signal in a certain distance. As a result, the propagation velocity along the waveguide in the air

is inferred from the simulation, around 2.8 - 108 m/s (vi ~ 1.07).
g
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Figure 111.13: (a) Schematic diagram of the experimental setup. (b) Recorded time signals reflected by the liquid
paraffin. While the quantity of paraffin in the container remains the same, the container is raised up twice during
the experiment. (c) Arrival time (given as optical delay in mm) of the first peak in reflections from liquid
surface and container bottom.

According to Equation (13), the propagation velocity along the hollow-core waveguide can also be
assessed by monitoring the time shift of reflections from the liquid surface with controlled liquid surface
levels. On this basis, an experiment in the liquid paraffin was performed to verify the propagation velocity
in the different mediums. As shown in Figure I11.13 (a), the TGR-P system is fixed while the liquid
container is placed on a controlled movable platform. The quantity of liquid paraffin remains the same
during the measurement and one part of the waveguide is submerged by the liquid. Three measurement
results were obtained by raising the liquid container twice (5 mm and 2 mm respectively), given in Figure
111.13(b). It can be seen that both reflections from the liquid surface (marked by yellow rectangles) and the
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ones from the bottom of the container (marked by orange rectangles) arrive earlier due to the upward motion
of the container.

By comparing the arrival time of the first peak of the reflections (Table shown in Figure 111.13 (¢)),
the time shifts between the measurements were obtained (AODelay = 4.9 mm and 2 mm respectively).

Based on Equation (13), it can be deduced that the propagation velocity is very close to the vacuum velocity

. AODelay surface .. . . .
of light (vi = DeaZ—ef ~ 1), confirming the correctness of the simulation result. The approximate
g

value (v, = c) is then used in the following work.

Once the guided waves enter inside the liquid, the propagation path is divided into two parts: guided
along the waveguide in the liquid and freely propagating in the liquid paraffin. Hence, the time delay
between the reflections from the liquid surface and bottom of the container can be expressed as below,

2:¢ 2:(h—e) (14)

vgl vliquid

thottom — tsurface =
where thottom represents the arrival time of reflections from the bottom of the container, h denotes the paraffin
depth in the container, h — e refers to the propagation length of waves freely propagating in the liquid, and
vgi and virepresent the propagation speed of waves along the waveguide inside the liquid and the freely
propagation velocity inside the liquid respectively. Since the refractive index of liquid paraffin is obtained
(niiquia =1.465) through THz-TDS measurements [232], the propagation velocity in the liquid paraffin can

be then calculated, i.e., vjjguiqg = —

- = 2 - 108 m/s. The propagation velocity along the waveguide in

liquid

the liquid paraffin was inferred through 3D full-wave simulation (v, = 1.887 - 108 m/s ), which is very

close to the value of Viiquid (vlliﬂ = 1.06). Equation (14) can be transformed into Equation (15), expressed
gl

based on the optical delay values:

ODelaypotom — ODelaYSurface = ODelaygs (15)
g o I +<L— < )-e
Vgl Vliquid Niiquid Vgl Viiquid

Cc

Since the difference between viiquid and vgi is small (— —
Vgt Vliquid

< 0.1), Equation (15) can be further

simplified as follows:

h (16)

nliquid

ODelaygs =

Measurement of the liquid depth
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Figure 111.14: (a) Experimental setup. While the liquid container is fixed, liquid paraffin is added after each
measurement. (b) Recorded waveforms of time signal reflected by the liquid paraffin. (c) Arrival time (given
as optical delay in mm) of the first peak in reflections from liquid surface and container bottom. Based on the
time delay between two reflections, liquid depth and level change between measurements are given in the table.

New measurements were performed to verify the liquid depth detection capacity of the constructed
guided reflectometry system. As shown in Figure I11.14 (a), both TGR-P system and the container was fixed
during the measurements while the liquid paraffin was added after each measurement. The recorded time
signals and measured arrival time are shown in Figure 111.14 (b) et (c). Due to the augmentation of liquid
quantity, reflections from the liquid surface arrive earlier while the reflected signal from the bottom displays
a more significant time delay due to the increment of the propagation path in the liquid. The approximation
of the propagation velocity, i.e., v, = ¢, vy = Vjiquia Were applied to calculate the liquid depth. Based on
Equation (16), liquid depths of 12.90/14.85/16.45/17.44 mm were deduced. The depth difference between
each measurement is in agreement with the one deduced from the arrival time of reflections from the surface
level. Nevertheless, for a high-precision detection, the difference between the propagation velocity in

diverse mediums (vi =1.07, v‘l‘]q—’“d = 1.06 ) must be taken into consideration. Additionally, it should be
g gl

pointed out that the resolution of liquid depth detection is partly impacted by the dynamic range of this
TGR-P system and its parameter set up, especially the step of the optical delay.
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As a proof-of-concept, the aforementioned experiments for paraffin depth detection demonstrate
the potential of the TGR-P probing system for diverse applications. By taking advantage of the time shift
of reflections from the liquid surface, the change of the liquid surface level can be evaluated. If reflections
from the surface and bottom are both recorded, the depth of liquid can be inferred. The use of a 6 mm
diameter plastic hollow-core waveguide expands the scope of the application of the double-PCA transceiver
to measurements in the liquid with a reduced damage risk. It is worth noting that if the liquid depth is set
and known, the dielectric properties of the liquid can be inversely accessed by analyzing the time signals.
At last, it should be pointed out that all analysis was based on the condition that the guided modes along
the waveguide in the liquid can be maintained (anti-resonant reflection), which limits the liquid depth
detection for the liquid with a lower refractive index than the plastic cladding (Niiquid < Neladding).

111.3. Terahertz wave-guided reflectometry system in FMCW mode

Benefitting from the advances in semiconductor technologies, the performances of millimeter-
waves devices are being improved continuously while their operating frequency has been pushed up in the
terahertz band. Amongst these devices, FMCW radars in the terahertz band in combination with quasi-
optical components have been widely used in different fields for imaging and sensing purposes. However,
the implementation of optical components involves tedious alignment and imposes mechanical restrictions
on the propagation path, limiting the development towards a compact, portable and easily-implementable
terahertz measurement system for a larger scope of applications. To address this issue, an alternative
solution is under investigation with the use of waveguide for signal transmission. Through the literature,
this guided reflectometry concept has already been investigated with various CW sources and different
waveguide specifications. For instance, the chemical process was monitored by a Teflon hollow-core
waveguide in combination with a 400 GHz CW source [152] and a remote endoscopic system was displayed
with a metal-coated waveguide and a 584 GHz CW source [230]. Compared to guided reflectometry
measurement techniques using CW sources, where the detected signal is a superposition of all the
contributions that are generated along the waveguide, the phase information provided by guided FMCW
techniques unlocks depth sensing capabilities and allows for a differentiation of those contributions. In
other words, FMCW radars can distinguish different origins of the contributions along the waveguide,
ensuring a drastic improvement of the signal-to-noise ratio by detecting only the signal localizing at the
targeted sensing area without taking account of other parasitic signals. Although a waveguide was used to
forward a signal in the previously mentioned studies [152], [230], the complexity induced by the optical
coupling system (beam splitter, lenses, parabolic mirror placed before the input of the waveguide) limits
the progress towards compact guided sensing units.

To deal with this problem, the same concept used in Chapter 111.2 (TGR-P system) was applied to
construct a terahertz wave-guided reflectometry system in FMCW mode (TGR-FMCW): the system
configuration can be highly simplified by combining a compact FMCW transceiver with a dielectric thin-
wall hollow-core waveguide. An optic-free transmission channel between the transceiver and the sample is
then ensured with all the benefits of the FMCW radar sensing technique. Chapter 11.3 has presented two
available FMCW transceiver units, namely 100 GHz SynView head and a 122 GHz Silicon Radar
transceiver chip. In order to ensure the coupling between the transceiver unit and waveguide (both forward-
coupling and back-coupling), the propagation area in the waveguide must cover the front zone of Tx and
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Rx. This requirement can be easily meet in the case of the 100 GHz SynView head due to its mono-static
architecture. Nevertheless, the separation of 3 mm between two patch array antennas on the 122 GHz
Silicon Radar chip imposes a minimum diameter requirement for the hollow-core waveguide. As a result,
only the 6 mm-diameter plastic waveguides was tested as the optic-free communication channel between
the sample and transceiver chip.

In the following part, two guided reflectometry configurations consisting of different compact
FMCW radar units are introduced. Investigations into the propagation behaviors along the waveguide
conducted by simulation together with system performance assessed by experiments are given. In particular,
discussions with respect to the guiding modes, coupling issue, dynamic range, and imaging capacity are
detailed. Additionally, the imaging capacity improvement induced by the integration of an extra
termination hemispherical lens is presented.

111.3.1. TGR-FMCW system | using SynView transceiver unit

Figure 111.15: Photograph of experimental setup by combining the SynView 100 GHz head with a hollow-core
waveguide.

The first terahertz wave-guided reflectometry consists of a 100 GHz SynView transceiver head and
a 30 cm-long thin-wall plastic waveguide. Since the horn antenna in 100 GHz transceiver head plays the
roles of Tx and Rx antennas at the same time, a single communication-channel between the transceiver and
sample can be directly ensured by a hollow-core dielectric waveguide. In regard to the coupling
implementation, the dimension mismatch between the waveguide (6 mm diameter) and the horn antenna
(16.2 mm diameter open mouth) must be taken into account. The field distribution inside the horn
(illustrated in Figure 11.25 in Chapter 11.3.2) has revealed that the beamwidth out of the horn antenna is
comparable to the outer diameter of the antenna. Besides, the result displayed that the electric field is better
confined with a higher energy density at the center of the antenna at the position of z varying from 10 to 20
mm. For the aforesaid reasons, a hollow-core waveguide was directly inserted inside the horn antenna to
maximize the forward-coupled power to implement the guided reflectometry system with the 100 GHz
Synvview radar head (depicted in Figure 111.15). As a simple optimization, the foam support acting as
terahertz absorber was placed at the beginning of the waveguide to neutralize the unwanted parasitic
reflections and fluctuations induced by the non-coupled echoes from optomechanical elements or the
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presence of waveguide. Moreover, this inserted absorber helps to establish the symmetric positioning of the
waveguide with respect to the input facet of the conical horn.

111.3.1.1. Propagation behaviors of radar signal (simulation)

As shown in Figure 111.16 (a), the simulation model based on the 100 GHz SynView transceiver
reflectometry unit was composed of a typical W-Band (WR-10) conical horn antenna, a 30 cm long plastic
hollow-core waveguide and a 5 cm long air block. The circular input face of the conical horn antenna was
selected as a waveguide port for signal excitation and detection. The waveguide was placed at 10 mm
(Position 1) after the interface of the horn antenna and circular waveguide (origin plane, z = 0). All the E-
field results presented below were obtained at the frequency of 100 GHz. No material loss (neither in
dielectric material nor in metal) was considered in those simulations.
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Figure I11.16: (a) Simulation model of terahertz wave-guided reflectometry system consisting of a horn antenna

and plastic pipe waveguide. (b) and (c) E-field distribution (|§|max) at frequency of 100 GHz on the cutplant

of x=0andy = 0 respectively. (d) E-field on the xy-planes (18*18 mm?) at different positions of z = 10 mm
(1, the entrance of waveguide), 40 mm (I1), 180 mm (111), 310 mm (IV, the output of waveguide), 315 mm (V,
5 mm after the output), 330 mm (VI, 20 mm after the waveguide).
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Propagation modes

Field distribution simulation results at the frequency of 100 GHz, displayed in Figure I11.16 (b) and
(c), provide substantial information concerning the propagation behaviors of guided waves in the system
which are tightly related to the profile of the injection source. Over the first part of the propagation, a
stabilization of the guided signal is noticeable. Once waves propagate out of the horn antenna, uncoupled
waves radiate into free space and unfavorable modes attenuate rapidly with the distance. After 100 mm’s
propagation, a steady state is attained, expressed as the waves loosely confined along the waveguide. The
stable guided waves corroborate the guidance capacity of the waveguide. Nevertheless, the field distribution
along the waveguide in the xz-plane, shown in Figure 111.16 (c), reveals that not only air-core modes but
also cladding modes are excited under that specific excitation condition of the conical horn antenna,
resulting in the significant field confinement in the vicinity of the cladding in the x-direction. In addition to
the field distribution at specific frequencies, the propagation behaviors of waves simulated in the time
domain were also examined (not shown here). Different from the cladding mode displayed in the silica
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thin-wall (shown in Figure 111.3), no power fraction can be observed in the cladding with considerable time
delay related to the refractive index of the plastic. Moreover, the guided power in this mode exhibits a
propagation speed close to the light velocity (= 2.78 - 108 m/s), and most of them is confined in the air
close to the cladding. These propagation properties correspond to that of a dielectric microwire, which
exploits modified total intern reflection as the guiding mechanism within a subwavelength dimension.
Considering the thickness of the cladding (158 um), the wavelength of radar signal (around 600 pm) and
the field distribution along the waveguide, it is assumed that the part of the signal confined in the two
extremities of the waveguide in the x-axis is guided in cladding mode with total internal reflection. Since
most of the guided waves in cladding mode lie in the surrounding air, low-loss propagation enables the
arrival of the guided waves at the end of the waveguide. While one part of guided power is reflected due to
the change of resonant impedance, the other power fraction radiates into free space. More precisely, modest
reflections from the waveguide-air interface are anticipated due to the effective index close to the air,
ensuring a good system dynamic range.
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Figure 111.17: Beam profile evolution in free space. (a) 2D beam profiles and (b) line profiles in the x- (blue curve)
and y-direction (red curve) obtained at a distance of 0/3/6/9 mm from the output facet of the waveguide respectively.

It is worth noting that the cladding mode propagation contributes as well to the beam profile out
of the waveguide in free space (depicted in Figure 111.16 (c)). The cross-section views of the electric field
in the vicinity of the output of the waveguide are given in Figure 111.16 (d), in which Paosition 1V to VI
display the evolution of the beam profile in free space: two significant lobes of E-field confined in the
vicinity of the cladding are transformed to one centered beam in a distance of several millimeters after the
waveguide due to the beam spreading. The beam profiles radiating into free space as a function of the
distance are also given in Figure 111.17. The beam profile in the vicinity of the output of the waveguide
exhibits two lobes (see Figure 111.17 (a)), which may result in the unwanted artifacts (superposition of the
two images) for imaging purposes. As waves continue to propagate in free space, the overlap of two lobes
in free space leads to a significant peak at the center (see Figure 111.17 (b) and (c)). While the highest power
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can be obtained at the output of the waveguide, a Gaussian-like beam can be achieved at a working distance
of > 5 mm, which can minimize the artifact caused by the irregular beam form. Without any imposed
restriction, the output beam in free space continues to expand. It should be noticed that while the energy
density increases at the center from Figure 111.17 (b) to (c), the carried power begins to dissipate in the air.
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Figure 111.18: Power propagating through the cross-section as a function of distance at the frequency of
88/94/100/106 GHz respectively.

The coupling was achieved directly by inserting the waveguide into the conical horn antenna of the
radar unit with a proper position centering. Although the assessment of the coupling efficiency via
experiment is difficult, 3D full-wave simulation can help to estimate the forward coupled power in the
waveguide. Figure 111.18 depicts the propagating power as a function of the distance (zmax= 300 mm) at
different frequencies. The power featured over the first 30 mm (Phase 1), corresponds to the excitation
signal confined in the metallic horn antenna. The gradual decrease (Phase Il) is induced by the radiation
loss of non-coupled waves. The stable propagation then takes place along the waveguide (Phase I11). Here,
the forward-coupling efficiency is determined as a ratio of the coupled power and excited power. Therefore,
the coupling efficiency at the frequency of 100 GHz can be directly inferred from the simulation,
approximately 70%. Compared to lower frequencies, the components lying in the higher part of the
spectrum display higher efficiency. The coupling efficiency varies from 52 % to 72% for frequencies
spanning from 88 GHz to 106 GHz, demonstrating the efficiency of this simple optic-free coupling method.

Working distance and dynamics

The propagation behaviors of waves in free space after the waveguide is of interest to characterize
the sensing and imaging capabilities of the entire system. Indeed, the propagation properties of radar signal
leaving out of the waveguide determine the optimal sensing distance as well as the lateral resolution at the
probing point. While the maximum sensing distance is related to the back-coupling efficiency between the
sample and waveguide, the imaging capacity is established by the beam profile, the latter being especially
important for imaging purposes. To investigate the back-coupling efficiency, a metal plate was added after
the output facet of the waveguide at different distances and the energy remained in the simulation box was
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monitored in the time domain. The relevant results are given in Figure I11.19, displaying that the guided
waves arrive at the end of the waveguide at the time of around 1300 ps and then encounter the perfect
mirror. After 2500 ps, the reflected power is absorbed by the simulation box. Depending on the distance
between the waveguide and the metal, the divergence of the beam occurring in free space results in the
reduction of the reflected power fraction. As a result, the back-coupling efficiency between the sample and
the waveguide is optimized in the vicinity of the waveguide's output (blue curve in Figure 111.19 with
distance = 0 mm).
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Figure 111.19: Energy remained in the simulation box during the transmission and reflection under the condition
that a perfect mirror (metal) is placed at the end of the waveguide with different distances. At the time of around
1300 ps, guided waves encounter the perfect mirror and then are reflected back through the waveguide. After 2500
ps, the reflected waves are detected and absorbed by the waveguide port.

For such reflectometry sensing tools, the measurement dynamic is one of the main performance
indicators. A 100 GHz SynView FMCW Radar head itself offers a 50 dB dynamics when used in standard
imaging configuration. Nevertheless, limitations induced by the implementations of the waveguide are
expected. An unavoidable signal returns from the open probing end of the waveguide and the coupling loss
are the main limiting factors for the dynamic range together with the imperfect waveguide-antenna coupling.
A -28.5 dB amplitude reflection coefficient from this open-end back-reflection has been deduced from the
conducted simulations. Similarly, using a perfect reflector at the end of the waveguide, a -0.5 dB return
signal coefficient has been deducted from the reflected field amplitude in comparison with the input
excitation, mainly impacted by the imperfect coupling from the horn antenna to the waveguide at the
beginning, leading to a total dynamic range of 27 dB.

While the highest dynamic range can be achieved in the vicinity of the waveguide, the beam profile
with two main amplitude lobes confined in the opposite sides of waveguide's cladding (depicted in Figure
111.17, when distance = 0) may lead to ghost imaging artifacts. The simulated evolution of the beam profile
in free space implies that a Gaussian-like beam with an FWHM of 4.5 mm can be obtained at a working
distance of 6 mm thanks to the spreading of the two lobes (see Figure 111.17), which may contribute to the
quality improvement for imaging purpose. There is a trade-off between the dynamic range and lateral
resolution power to determine an optimum working distance.
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111.3.1.2. Imaging application

Resolution power of the TGR-FMCW system is extremely important for imaging applications,
which is established by its beam profile. A test chart, shown in Figure 111.20 (a), was used to evaluate the
imaging capacity of the constructed guided reflectometry system. For comparative purposes, the far-field
image obtained with the classical quasi-optical implementation of the 100 GHz SynView unit in the
configuration of NA = 0.5 is as well displayed in Figure 111.20 (b). Figure 111.20 (c) shows the raster scan
image obtained when the test chart was placed 1 mm far away from the output of the waveguide for a better
back-coupling efficiency between the waveguide and sample.
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Figure 111.20: (a) Photograph of a 1951 USAF test chart. (b) Raster scan acquired image using the regular far-field
100 GHz SynView unit at NA=0.5 (a 50 mm diameter dielectric lens with a focus distance of 50 mm was used to
focuse the incident beam) for reference. (c) Raster scan acquired image using the guided 100 GHz Synwiew probing
system in optic-free geometry at 1 mm imaging distance.

In comparison to the image obtained with the quasi-optical method, the constructed TGR system
exhibits a similar resolution power: the vertical bars of element 6 of group -3 with a width of 2.2 mm, can
be distinguished. However, the images of bars in group -3 are fuzzy, expressed as a duplication of the bars
(shown in the left-top side of Figure 111.20 (c)) in the x-direction. This obvious ghosting effect in a single
direction validates the correctness of the simulation results, confirming that the cladding mode is excited
along the waveguide and it contributes significantly to the guided waves. It has been discussed previously
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that while the impact of the optical profile heterogeneity is noticeable in the proximity of the waveguide, a
Gaussian-like beam can be achieved in a working distance of 6 mm due to the spreading of the two lobes.
Although the experiment was not performed, it is estimated that while the ghosting effect will be avoided,
the resolution power can reach up to 4.5 mm (FWHM of the beam) with a reduced dynamic.

111.3.1.3. Optical resolution improvement

Benefiting from the adapted dimensions of the waveguide, a satisfactory coupling efficiency from
the transceiver to the waveguide (up to 70%) has been achieved via optic-free configuration. Nevertheless,
significant power fraction confined in both sides of the cladding prevents the guided reflectometry system
form high resolution required applications. To address the limitations of the imaging resolution linked to
the waveguide's diameter while avoiding heavy configuration with optical components, an end-of-
waveguide solid immersion lens has been selected as an adequate solution. Thanks to their specific
geometries and materials, typically hemispherical, hypo or hyper-hemispherical or bullet dielectric lens
designs, solid immersion lenses allow for high numerical aperture (NA) focusing for high-resolution
imaging.

End-of-waveguide solid immersion lens

As illustrated in Figure 111.21 (a), the improved system configuration added a 9 mm diameter
hemispherical high-density polyethylene (HDPE), which was inserted at the output of the waveguide to
focus the outgoing beam. Its relatively low refractive index induces a moderate unwanted signal return from
the interfaces while contact-less sensing can still be ensured by the back working distance linked to its
diameter. An air block was added at the end to observe the beam profile out of the lens. The energy density
of the electric field (f = 100 GHz) on the yz-, xz- and xy-plane are given in Figure 111.21 (b-d). It can be
observed that waves propagating along the waveguide are focused by the HDPE, giving rise to a smaller
beam size with intensified E-field at the center (' see Figure 111.21(d), obtained on the plane of z = 317 mm,
3 mm after the flat surface of the lens). This focused beam contributes to the enhancement of system
performance in terms of resolution power for sensing and imaging applications.
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Figure 111.21: Simulation results. (a) Schematic diagram of the terahertz wave-guided reflectometry system
setup including a SynView 100 GHz head, a waveguide and a HDPE lens inserted in the output of the
waveguide. (b) and (c) Electric field energy density distribution in the yz-and xz-plan respectively. (d) Beam
profile in the xy-plane at a distance of 3 mm to the output of the waveguide. 2D beam profiles (e) and
corresponding line profiles in the x and y directions (f) are given to highlight the improvement that is brought
about by the solid immersion lens to the guided reflectometry systems. While 1. and II. represent the beam
profiles obtained in the original setup without the lens, (at the output, and at a distance of 5 mm after the output
of the waveguide respectively), Ill. depicts the beam profile obtained in the position of 2.7 mm after the PE

lens.

In order to offer a quantitative assessment of the efficiency of this optical method, the energy
density distribution of the electric field out of the reflectometry system in two configurations (original setup
and the ones with a lens) is given in Figure 111.21 (e) and (f). Compared to the field distribution at the output
of the waveguide (shown in Figure 111.21 (e)-1 and (f)-1), the beam obtained at a distance of 5 mm after the
waveguide (shown in Figure 111.21 (e)-11 and (f)-11) and the one achieved at a distance of 2.7 mm after the
lens (shown in Figure I11.21 (e)-111 and (f)-111) exhibit a Gaussian-like form, avoiding the unwanted artifacts
for imaging purposes. In comparison to the results obtained with the original setup (I and I1), the reshaped
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beam out of the lens displays a reduced size with significantly enhanced energy density: the peak value of
the E-field energy density at the center is 6.8 times higher (Figure I11.21 (e)-111, 2.2 x 107*J/m™~3) than
the one obtained due to the beam spreading (Figure 111.21 (e)-11 3.2 x 1075 /m™3). By exploiting the
optical control capacity of the lens, the beam default related to cladding propagation modes can be
significantly corrected. A smaller beamwidth in combination with higher E-field energy density validate
the effectiveness of this solid immersion lens improvement method, promising a broader scope for high-
resolution required imaging applications.

Working distance range

Figure 111.22 (a) depicts the beam size ( represented as FWHM in the x-and y-directions) and the
maximum power density as a function of the distance after the lens. The results reveal that the smallest
beamwidth with intensified power can be obtained in the position of around 2.7 mm, which is considered
as the optimal working distance. If the distance from the object to the optimal working position is less than
1 mm, the increase of the beam size and the reduction of the power intensity are not significant, giving rise
to a working distance range around several millimeters. In regard to a multi-layer sample, this beam
property in conjunction with the phase information provided by FMCW radar allows for in-depth
measurements. It is noticeable that the width in the x-and y-direction is slightly different due to the
asymmetric field distribution along the waveguide prior to entering the lens.
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Figure 111.22: Simulation results. (a) Beam size and power intensity as a function of distance after the PE lens.
Bleu and red curve denote the FWHMSs in the x- and y-directions respectively. The yellow curve represents the
maximum power intensity as a function of distance. When d = 2.7 mm, the maximum power flow is obtained,
corresponding to the focal plane of the lens. (b) Reflections detected by the conical horn antenna in different
configurations. Blue curve: open-end configuration. Red curve: a metal is placed at the output of the lens. Yellow
curve: a metal plate is placed at a distance of 2.7 mm after the lens. (c) Field energy contained in the simulation
box as a function of time in different configurations.

The back-coupling efficiency between the sample and waveguide has also a significant impact on
performances of the terahertz wave-guided reflectometry system. In addition to the open-end configuration,
the responses of the improved TGR system (adding the lens) to a metal plate placed in different positions
were simulated. The obtained waveform of the detected time signal together with the energy remained in
the simulation environment are displayed in Figure 111.22 (b) and (c) respectively. The reflected power
fraction from the open-end air interface after inserting the lens is stronger (blue curves shown in Figure
111.22 (c)) than the one obtained in the original lens-free system configuration (not shown here). The extra
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gain of 3.5 dB (-25 dB rather than -28.5 dB) is associated with the supplementary reflection from the lens
surface. Compared to the case that a metal plate is placed at the output facet of the HDPE (represented by
red curves), the metal placed in the focal plane (yellow curves) can reflect more power fraction efficiently
by providing a similar beam profile back to the lens and waveguide, giving rise to a higher back-coupling
efficiency and a dynamic range of 18 dB (-7-(-25)dB). The red curves shown in Figure 111.22 (b) displays
two separate waveforms rather than a ring signal due to the change of the beam profile to the lens. It results
in a poor back-coupling efficiency, expressed as the declining slope of the red curve shown in Figure 111.22
(c). Consequently, the dynamic range of the system is reduced to 7 dB.

Experimental result

In order to corroborate the analysis based on simulation results and to validate this improvement
method, the same test chart was placed at 3 mm after the lens to perform an imaging measurement with the
constructed reflectometry system. Figure 111.23 displays an obtained image of the test chart with a dynamic
range of around 20 dB. Thanks to the solid immersion lens implementation, no more ghosting effect can be
observed in the image. The bars of element 1 in group -2 with a width of 2 mm can be still distinguished,
i.e., the resolution power is limited to 0.25 Ip/mm. This resolution power is comparable to the focused beam
size predicted by the simulation. All the experimental results are consistent with previous simulation
analysis.

Figure 111.23: Raster scan acquired image of a test chart using the guided terahertz FMCW radar reflectometry
system with the help of an HDPE lens.

111.3.1.4. Conclusion

In this part, the terahertz guided reflectometry probing system concept was successfully
demonstrated by taking advantage of a SynView 100GHz transceiver unit and a hollow-core waveguide.
The single communication path between the FMCW radar unit and the sample was enabled by a hollow-
core dielectric waveguide, and no dedicated quasi-optical elements were employed for coupling purposes.
By means of experiments and simulations, the propagation properties of waves inside the TGR-FMCW
system were investigated. The propagation modes, coupling issue, working distance and dynamics of the
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systems were discussed. To improve the imaging capacity limited by the beam form out of the waveguide,
the solid immersion lens implementation was proposed for beam reshaping, contributing to a resolution
power up to 0.25 Ip/mm. The bars with a width of 2 mm, which is smaller than the waveguide’s diameter,
can be clearly distinguished.

111.3.2. TGR-FMCW system Il using Silicon Radar transceiver chip

Silicon radar chip, as a low-cost device with miniaturized size and satisfactory performances, meets
well the requirements to develop a cost-effective, compact, and easily-implemented terahertz measurement
system. Same research methodology as previously, i.e., the combination of 3D full-wave simulation and
experimental validation, was applied to explore the feasibility of constructing a low-cost terahertz wave-
guided reflectometry probing system using the 120 GHz radar chip. In addition, the solid immersion lens
implementation was applied to improve the imaging capacity of the system.

111.3.2.1. Propagation behaviors analysis

In the experimental setup, the hollow-core waveguide was placed in touch with the front side of
the radar unit to avoid propagation loss in free space. The position of the plastic hollow-core waveguide
was centered on the focal point between Tx antenna and Rx antenna (defined in the article [200] when the
dielectric lens is applied to enhance the directivity of radar unit) to ensure the coupling of Tx-waveguide
and waveguide-Rx at the same time. In consequence of the off-center position of the Tx antenna and its
broad emission pattern, excitation conditions including E-field distribution and incident angle of the beam
at the entrance of waveguide are distinctly different from the previous system setup with a horn antenna.
More coupling losses were expected due to the mismatch of excitation condition and air-mode propagation
modes. In the following part, the investigations via simulation into the field distribution, coupling, dynamic
range and lateral resolution power of the original setup are presented. The image of a test chart using this
guided reflectometry setup is provided.

Since structure features of the patch array antenna are much smaller than the hollow-core
waveguide, the entire system model must be divided into a huge amount of meshes to maintain the
correctness and precision of the simulation. However, limited by the calculation capacity of the computer,
simulation with a complete model including antennas and waveguide are time-cost. To address this
limitation, a near field source equivalent to the transceiver chip consisting of two patch antennas was
deployed as the excitation source. Therefore, the final simulation model (shown in Figure 111.24 (a))
included an equivalent near-field source of the 122 GHz transceiver chip and a 30 cm-long plastic hollow-
core waveguide. The configuration implemented in the experiment was respected in the simulation where
a 30 cm long waveguide was positioned very close to the equivalent source (distance less than 1 mm).
Besides, a 5 cm long air block was added at the end to study the beam profile in free space. All below E-
field results were obtained at a frequency of 122 GHz.
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Figure 111.24: (a) Simulation model of the TGR-FMCW system, consisting of a 122 GHz Silicon radar chip and a
plastic waveguide. (b) and (c) E-field distribution on the yz-plane and xz-plane at a frequency of 122 GHz. (d) E-
field distributions on the xy-plane at different z positions (xy-cutplane surface: 20%20 mmg?). | to VI represent the
cutplane of z =1/130/170/300/302/ 320 mm respectively.

Propagation mode

Compared to the 100 GHz SynView head, Silicon Radar transceiver chip displays a different front
end architecture: two spatially-separated patch antennas with a much broader emission pattern. Significant
modifications of the electric field distribution along the waveguide were expected and are depicted in Figure
111.24 (b-d). Contrary to the symmetry field distribution in the x-direction obtained with the 100 GHz
SynView head, obvious reflections on the waveguide's cladding can be observed through the oscillating
behavior during the propagation. This can be explained by the decentering of the transmitter with respect
to the waveguide, the excitation conditions not being symmetrical anymore. Moreover, the broad emission
pattern of the antenna gives rise to different incident angles, which further complicates the excitation
condition and leads to a sophisticated multi-mode propagation. Although it is difficult to recognize the
overlapped propagation modes, the field distribution displays that on part of the power is guided along the
waveguide. After the transmitted signal propagates out of the waveguide, and it begins to expand in free
space (shown in Figure 111.24(d), from 1V to VI). According to simulation results, the electric field in the
vicinity of the output waveguide with a small beam size can be exploited for imaging applications. However,
the outgoing beam from the waveguide displays an irregular form (shown in Figure 111.24 (d)-V).

Coupling efficiency and dynamics

Owing to the wide emission pattern of the patch antenna design, a considerable power fraction is
radiated into free space rather than coupled into the waveguide. Figure 111.25 phase | depicts this power
loss while phase Il indicates that the radar signal reaches guided power stabilization after a 50 mm
propagation. As a direct consequence, the coupling efficiency is reduced to 20 % at the frequency of 122
GHz compared to the previously achieved 70 % with the former setup, induced by the near-isotropic
emission profile of the patch antennas. In addition, it can be seen that the difference between guided power
at different frequencies is less important. Aside from coupling efficiency, the dynamics of the constructed
guided reflectometry system were deduced by comparing the remaining field energy in two different
configurations, open-end and perfect mirror reflection respectively. The estimated full dynamic range
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reaches up to 27.6 dB. Although the dynamic range of this reflectometry system are close to the one using
SynView 100 GHz architecture, a much larger coupling loss is witnessed in the system using the 122 GHz
integrated radar chip.
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Figure 111.25: Power passing through cross-section as a function of distance at two different frequencies (122 GHz
and 126 GHz respectively). The couped power ratio is around 20% at the frequency of 122 GHz.

111.3.2.2. Imaging application

According to the simulation result, the proximity of output waveguide provides the highest
dynamics. Hence, a test chart was placed at a distance of 1 mm to the waveguide for imaging purposes.
Figure 111.26 displays the obtained image of the test chart obtained using this guided reflectometry system
setup. Limited by the beam size and irregular form, this image is fuzzy. While the bars of elements in group
-4 can be distinguished, the shadow effect is displayed around the contour of the pattern. In fact, the atypical
coupling-in geometry gives rise to an asymmetric field distribution at the output of the waveguide, where
the highest electric field is confined at one side of the waveguide in the proximity of the cladding (Figure
111.24 (d)-V). This irregular beam causes a noticeable shadowing effect on the image. In spite of it, the
sample support on the backside can be seen in the center bottom part of the image, demonstrating the in-
depth sensing capability of the system. Besides, sample support at the backside can be seen in the image,
demonstrating the penetrating capacity of our system for in-depth measurement.
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Figure 111.26: Image of a test chart using terahertz wave-guided reflectometry system setup.

111.3.2.3. Resolution improvement via an HDPE lens
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Figure 111.27: E-energy density distribution on different cutplanes at a frequency of 122 GHz. (a) Simulation model
including an equivalent field source of 122 GHz transceiver chip, a 30 cm long waveguide, a solid immersion HDPE
lens and a 15 mm air block. (b) and (c) E-energy density on the yz-plane and xz-plane respectively. (d) E-energy
density on the xy-planes (2020 mm?) at the positions of z = 300 mm (Position I, in the vicinity of the output of the
waveguide, inside the PE lens),304 (Position Il, nearby the output of PE lens), 307 (Position IlI, after PE lens) and
310 mm (Position 1V, after PE lens) respectively.

For the sake of imaging resolution improvement, a 9 mm diameter hemispherical HDPE
termination lens was inserted to counteract the propagation beam divergence in free space and to obtain a
better-resolved focus point. Prior to the experimental test, a model including an equivalent near-field source,
a 30 cm-long waveguide, a lens and an air block (shown in Figure 111.27 (a)) was simulated. The energy
density distribution of the electric field at the frequency of 122 GHz are given in Figure 111.27 (b-d).

Since the beam leaving out of the waveguide is not centered with respect to the optical axis of the
lens, the propagation direction of the incident beam is changed by the HDPE lens and transmitted waves
are focused on the optical center axis (depicted in Figure 111.27 (c) and (d)-1 to IV). Nevertheless, the
focused beam displays an irregular form with a second beam lobe at one side (depicted in Figure 111.27
(d)-11, 111). From the point of view of imaging applications, this imperfect beam profile may deteriorate the
lateral resolution and bring about unwanted artifacts.

Experimental result

The above experimental setup shown in Figure 111.28 (a) was implemented to test the resolution
power of the system, in which a test chart was placed at a distance of 3 mm after the PE lens. Two images,
shown in Figure 111.28 (c) and (d), were obtained by raster scans from the front and back sides of the test
chart respectively, in which the elements in group -3 and -4 are distinguishable. The resolution power of
the guided reflectometry reaches up to 0.353 Ip/mm, corresponding to element 4 in group -2 with a width
of 1.4 mm (at the center of the test chart), better than the resolution obtained with the TGR-FMCW system
using a 100 GHz guided SynView unit (0.25 Ip/mm, element 1 in group -2). Additionally, the presence of
the sample support in Figure 111.28 (c) and the bars in Figure 111.28 (d) (the objects after the substrate)
demonstrates that the penetrating capacities of FMCW radar within several millimeters have been kept,
which is advantageous for multi-layer material analysis.
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Figure 111.28: (a) and (b) Schematic diagram and photograph of the experimental setup. The sample is placed at a
distance of 3 mm after the HDPE lens. (c) Raster scan acquired image of the test target from the front face. (d)
Raster scan acquired image of the test target from the backside.

(c)

Although the resolution power is enhanced with the help of the HDPE lens, some noticeable
artifacts can be observed in the images. Different from the ghosting effect that appeared in the previous
configuration, here the shadow around the contour of bars in the vertical direction (y-axis) is remarkable,
for instance, shadow displaying in element 5 and 6 in group -4 situated at the left side in the image.
According to the aforementioned simulation, the focused beam propagating out of lens displays an irregular
form with a non-ignored side lobe in the x-direction (shown in the Figure I11.27 (d)- position 11l and V) due
to the misalignment between the incident beam and HDPE lens optical axis. Consequently, the shadow
artifact in one direction, especially around the contour of an object is anticipated. To conclude, the enhanced
resolution power of TGR-FMCW system validates the proposed optical improvement method using a
HDPE lens. Nevertheless, quality defaults such as shadow artifacts are still noticeable in the obtained image,
which are associated with the improper beam focusing with non-negligible side lobes.

111.3.2.4. Resolution improvement via a Si bullet lens

To further improve the imaging capacity of the TGR-FMCW system, a silicon bullet lens (10 mm
diameter hemispherical lens in combination with a 1.46 mm long cylinder) was as well tested. The
investigation into the propagation behaviors of waves in the system was firstly conducted via simulation.
Figure 111.29 (a-c) displays the energy density distribution of the electric field on the different cutplanes.
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Figure 111.29: (a-c) E-energy density distribution on different cutplanes (yz-plane, xz-plane and xy-palne
respectively) at a frequency of 122 GHz in a reflectometry system in conjunction with a silicon bullet lens. -V
corresponds to the position of z = 300/ 305.5/ 306/307/308 mm respectively. The output facet of the silicon lens lies
at the position of z = 306.55 mm. (d) 2D beam profile obtained on the xy-plane of z = 306.7 mm, (0.15 mm after
bullet silicon) and the corresponding line profiles in the x-and y-direction. The FWHM in the x- and y-direction is
0.6 mm and 0.66 mm respectively.

As shown in Figure 111.29 (c)-11I, guided waves in the proximity of the waveguide’s cladding is
tightly focused at the center of the lens, along its optical axis with a high energy density. Figure 111.29 (d)
depicts the beam profile on the xy-plane at a distance of 150 um after the output of the Si lens. Due to the
misalignment between the incident beam and lens, the focused beam after the silicon lens is slightly shifted
with respect to the center of the lens (0.4 mm) in the x-direction. In addition to the reduced beam size
(0.6/0.66 mm), a maximum energy density of 1.5x10-3 J/m-s, 31 times higher than the focused beam using
the HDPE lens (4.73x10- J/m-3), is achieved. Regarding the imaging applications, the reshaped beam after
the silicon lens allows for a much better lateral resolution power. Nonetheless, it can be observed that the
highest energy density is achieved inside the lens. Once the beam leaves out of the lens, the energy
dissipates rapidly.

Working distance and dynamics

Figure 111.30 (a) illustrates the beam size (FMCW in two directions) and the maximum E-energy
density curves as a function of the distance to the output facet of the silicon lens, allowing defining an
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optimal working distance. It can be observed that while the beam size can be maintained in a short distance,
the energy density decreases shapely with the distance. As a result, the working distance is limited to the
area in the vicinity of the output of the silicon lens, i.e., the sample should be placed as close as possible to
the lens for the best imaging capacity. The penetrating capacity of this system is limited to the vicinity of
the lens, making it unsuitable for in-depth measurements.
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Figure 111.30: (a) Analysis of beam profile after the silicon lens. Bleu and red curves represent the FWHM of the
beam in the x- and y-direction as a function of distance. Yellow curve: the electric field energy density at the beam
center as a function of distance. (d = 0 mm the focal plan with an FWHM of 0.6 mm and 0.66 mm are achieved in
two directions. ) (b) Difference of the electric field (Y component) detected by the probe in the receiver’s position
in two different configurations (reflected by the air and perfect mirror respectively). (c) E-field energy remained in
the simulation box as a function of the time.

To assess the dynamic range of the TGR-FMCW system in combination with the silicon bullet lens,
both open-end configuration (using an air block) and perfect mirror setup (a metal plate is placed at the
output of the silicon lens) were simulated. Figure 111.30 (b) shows the difference of the time-dependent
electric field detected by a probe in the receiver’s position in two different configurations. Multi-reflections
from the end of the system can be observed, which are associated with the total internal reflections occurring
inside the high-index silicon lens. The energy remained in the simulation box is also given in Figure 111.30
(c), in which reflections from the output of the system occur at the time of around 1600 ps. Several factors
contribute to the reduction of the energy during the reflection, including the loss caused by the total internal
reflections inside the lens and the poor back-coupling efficiency between the sample and waveguide linked
to the change of the field distribution. By comparing the remained power after the reflection in two cases
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(from air interface and from the metal), a weak dynamic range of 4 dB is finally deduced from Figure 111.30

(c).
Experimental result

According to the simulation result, the test chart was placed as close as possible to the silicon lens.
Figure 111.31 displays the experimental setup and the obtained image of the test chart. An excellent
resolution up to 0.891 Ip/mm is obtained, corresponding to element 6 in group -1with a width of 0.56 mm
(the center of the test chart). It is consistent with the simulation result, in which the beam width is in the
order of 0.6 mm. By taking account of the low dynamic range derived from simulation results, low-contrast
between the flat metal surface on the bar and the dielectric substrate is anticipated. Indeed, after passing
through the silicon lens, the propagation direction of the incident beam is changed. A non-zero incident
angle means the reflected signal is more susceptible to the surface condition of the sample, which further
impacts the back-coupling efficiency between the waveguide and sample and dynamic range of the system.
That can explain the remarkable amplitude difference displayed at the contour of bars instead of whole
metal bars' surface.
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Figure 111.31: (a) Experimental setup and (b) image of the test chart obtained using the reflectometry system in
combination with a bullet silicon lens.

Performance improvements prompted by the solid immersion lens implementation have been
validated in this part. Simulation results are in accordance with the experiments, giving a deep insight into
the propagation behaviors of waves in the system. While the use of an HDPE lens keeps the penetrating
capacities of TGR-FMCW for in-depth measurements with an acceptable dynamic range, a silicon bullet
lens provides better resolution power. Depending on the application, a suitable lens should be implemented
for performance improvement. Further optimization of lens design may bring a better trade-off between the
lateral resolution and penetrating capacity. It is as well of great interest to investigate new waveguides
possessing different propagation modes matching this transceiver chip.
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111.4. Conclusion

After plenty of investigations based on simulations and experimental operations, easily-
implementable, compact terahertz wave-guided reflectometry probing systems have been demonstrated by
the transceiver units in combination with hollow-core thin-wall waveguides. Compared to a conventional
terahertz measurement system requiring a sophisticated alignment process, all the aforementioned systems
transmit straightly the signal to the targeted zone by a waveguide, simplifying the alignment process.
Besides, no optic is used to carry out the coupling between the transceiver and waveguide, contributing to
the compactness of the system.

By taking advantage of a double-PCA lens-free transceiver probe, the first terahertz wave-guided
reflectometry system in pulse mode has been displayed. The 5.3 cm-long silica hollow-core waveguide is
used as the remote probe to guide the signal covering the frequency band from 400 GHz to 550 GHz to the
sample. A resolution power of 0.707 pl/mm has been demonstrated, which is comparable to the wavelength
of the transmitted signal. Although the TGR-P system composed of the plastic waveguide is not suitable
for imaging applications due to its complicated propagation modes, it has been applied for liquid depth
detection to extend the scope of the application of the double-PCA transceiver. Compared to the direct use
of the double-PCA transceiver, the TGR systems show more advantages for some specific measurement
conditions, such as in a narrow semi-enclosed environment or in the liquid.

In addition to the TGR-P systems, FMCW transceiver units are also deployed to build up a terahertz
wave-guided reflectometry system with a plastic hollow-core waveguide. Compared to CW sources, phase
information provided by FMCW radars allows differentiating the contributions along the waveguide and
then enhancing the measurement dynamic range. While a SynView 100 GHz head in monostatic
architecture with a single horn antenna structure eases the task of establishing a single communication
channel between the transmitter and sample, a SiGe-based 122 GHz transceiver chip appears attractive as
a low-cost solution to construct a guided radar reflectometry measurement. Despite atypical excitation
conditions, the optic-free implementation between the transceiver and the waveguide can ensure an
adequate coupled power. The coupling efficiency between the FMCW transceiver units and waveguide is
up to 70 % and 20 % for two TGR-FMCW systems. To address the limitation of the imaging capacity of
these two systems, the solid immersion lens has been proposed to correct the irregular beam. Both HDPE
hemispherical and silicon bullet lens have been tested at the output of waveguide for beam reshaping,
contributing to the enhancement of imaging quality and resolution power. While the reformed system
composed of the SynView 100 GHz head and an HDPE lens offers an imaging capacity around 0.25 Ip/mm
in a working distance around 3 mm, the other TGR-FMCW system consisting of the 122 GHz radar chip
and silicon lens gives a resolution power up to 0.891 Ip/mm in the vicinity of the lens. Depending on the
application, the choice between the working distance range and lateral resolution power must be made to
find out a suitable lens. Besides, simulation results reveals that although the resolution power can be
enhanced by a lens, the use of a lens may decrease the dynamic range of the system.

It is worth mentioning that while the direct optic-free coupling is practical, atypical excitation conditions
(divergent source, asymmetrical position) result in sophisticated propagation behaviors along the
waveguide. The guided waves exhibit perplexing propagation properties, which is associated with multi-
mode propagation. Thanks to 3D full-wave simulation, the guiding capacity of the waveguide is
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corroborated and the field distribution inside the system are investigated, offering a deeper understanding
of the constructed TGR systems. To further improve the performance of a TGR system, more effort should
be brought into the terahertz waveguide’s domain to achieve a deeper understanding of propagation
properties of waveguides. This knowledge may allow to improve the excitation conditions of the incident
beam while keeping the compactness of the system. Waveguides using new materials with different
dimensions should also be considered. As millimeter, sub-millimeter technologies continue to develop, a
more compact FMCW radar with higher power output is anticipated. The continuous advances of
photoconductive devices will contribute to the improvement of the transceiver in pulse mode. Both of them
promise more possibilities to construct a performant guided reflectometry system.
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IV.1. Development of TMIC technology

Since the apparition of the integrated circuit around the early 1960s, the development of electronics
has accelerated dramatically. Both active and passive components can be integrated into a single
semiconductor chip to form an electronic circuit. The number of transistors contained for an equivalent IC
volume continues to increase while the fabrication cost is being largely reduced. High switch speed and
low power consummation contribute to improvements in electronic system performances. Over the last two
decades, the scaling of the components and advanced packaging techniques have promoted the advance of
monolithic microwave integrated circuit (MMIC) technology, benefiting the computing and
communication application.

Thanks to the continued scaling of Si-based transistors on-chip and novel InP (Indium Phosphide)-
based transistors technologies, the maximum frequencies of ICs can easily exceed 1 THz, which allows
realizing highly integrated complex transmitter and receiver at terahertz frequencies. Terahertz monolithic
integrated circuit (TMIC) technology with an operating frequency covering from 100 GHz to 10 THz is on
its way. In 2016, a SiGe BiCMOS technology-based transmitter operating in a large frequency band from
341 to 386 GHz was reported. Compared to Si-based semiconductor technologies, InP (Indium Phosphide)-
based transistors, both high electron-mobility transistor (HEMT) and heterojunction bipolar transistor
(HBT), show advantages in terms of electron mobility, thermal conductivity and operating voltage. Being
the leader of InP HEMT technology, Northrop Grumman corporation reported its first InP HEMT TMIC
low noise amplifier operating at 670 GHz in 2011 [233]. A power amplifier at 650 GHz [234] together with
a mixer and multipliers using the same process [235] were then demonstrated. In 2015, they reported the
gain of an InP HEMP amplifier working at 850 GHz for the first time [236]. On the other hand, Teledyne
Scientific Company is driving the state-of-art HBT technology. In 2011, a 250 nm InP HBT process with a
maximum frequency of oscillation higher than 1 THz had been reported [237]. In 2016, the 130 nm HBT
process along with a circuit demonstration at 670 GHz was displayed [238]. Up to date, a variety of
integrated circuit blocks such as a fundamental oscillator, power amplifier, dynamic frequency divider [239]
have been implemented based on their 250 nm or 130 nm InP HBT technologies. The heterogeneous
integration between I11-V and Si-based technologies is also proposed as an effective approach to obtain a
better IC performance to take advantage of both well-developed Si-based technology and a higher operating
frequency of I11-V semiconductor [238], [240]. Smaller volume, higher integration, higher operating
frequency, lower noise and higher power efficiency, all mentioned features promise a bright future for
TMIC technology. More high-speed electronic devices will be developed for satellite communication, high-
speed internet access or sensing applications.

1VV.1.1. On-wafer measurements

While the advances in semiconductor technologies benefit the development of TMIC, their
fabrication cost, especially one of InP-based, remains considerable due to high-level integration and low
process yield. Before packing a TMIC in a suitable environment, on-wafer measurements is used to evaluate
their performance at aimed frequencies via the extraction of resonants of components [241]. This quick
assessment of performance is essential to validate and improve the design for sequent circuit fabrication
iterations. On-wafer measurement is as well paramount for quality control in a mass production
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environment [242]. Compared to the packaging-level characterization, on-wafer measurements can easily
identify inherent design problems, helping to reduce the new product research and development cycle time
and cost. Typically, a vector network analyzer (VNA) in conjunction with RF probes are deployed to
measure S-parameters on wafer level. Calibration, as one necessary procedure during the measurement,
allows setting the reference planes within the wafer past the probe contact pad. After the calibration,
measurements can be directly applied to generate the model of the sample without further de-embedding
[243].

IV.1.1.1. RF probe development

Being crucial for on-wafer measurements, RF probing technology makes amazing progress in
meeting the increasing need at high frequencies in IC (MMIC & TMIC) domain [244]. Thanks to various
novel technologies developed by several manufactures, the frequency capability of modern on-wafer
probes has increased exponentially, from 4 GHz in the early 1980s up to 1.1 THz in 2014 [245]. Since
Cascade Microtech was created, it has been playing an important role in on-wafer probe developments.
Around the 1990s, they have introduced two important probe designs contributing to the advances of
microwave technology: waveguide input probe [246] and air coplanar probe [247]. Afterward, on-wafer
probes provide two types of input connection to meet the needs in practical measurements: coaxial
connector or waveguide. In particular, when frequencies exceed 110 GHz, waveguide-based frequency
extenders have to be included in the measurement system, between the VNA and RF probe. While the first
generation of probe tip was based on a microstrip line with a short wire tip through a probe substrate,
nowadays the group-signal-group (GSG) probe tip has become a recommended standard contacts due to
its precise line impedance. Depending on the transition to GSG probe-tip, RF probe technologies can be
classified into several types, more details are given in Table 6. Being the latest technologies, T series probes
developed by DMPI company are available in the frequency bands from 140 GHz to 1.1 THz [245], [248],
[249], in which the micromachining Si wafer CPS probe tips are affixed to the probe body via mechanical
clamping using SOI (silicon on insulator) technique.

TABLE 6. ON-WAFER PROBES FROM DIFFERENT COMPANIES

ACP Air-coplanar Coax/Waveguide to micro coax to air-isolated CPW tip
Picoprobe Micro-coax Coax/Waveguide to micro coax to GSG tip (spring load ground)
|Z]-probe MEMS Direct transmission from coaxial to coplanar line
Infinity Thin-film Direct transition from rectangular waveguide/ micro coax cable to a
microstrip flexible polyamide microstrip line [250][251]
T Si micromachined E%cé?ngular waveguide to silicon wafer CPW tip [252], [253] [254],

Despite various choices of on-wafer probes operating at sub-millimeter wave frequency, their
performances are not entirely satisfactory at frequencies above 300 GHz. The uncertainty of S-parameter
measurements above 110 GHz at probe-level has been discussed over one decade. The results are prone to
distortion due to spurious higher-propagation mode in the substrate generated by the discontinuities of the
signal path at the probe tip. The crosstalk signal between the two probes or other devices on the same chip
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may cause further parasite errors. In addition, the insertion loss and return loss of RF probes degrade as
frequency increases. Most importantly, the physical contact between the probe and device under test (DUT)
plays an important role in the measurement quality. Good physical contact can not only guarantee reliable
and repeatable measurements [256], [257] but also ensure a long usage duration of the probe.

1V.1.1.2. On-wafer measurement improvement

To address the uncertainty issue at high frequencies, several approaches have been proposed and
tested recently. The first kind of method exploits Z-travel control provided by the probe station [258] or
strain sensors integrated inside the RF probe [259] [253] to maintain the same contact conditions. They can
enhance the measurement repeatability as well as the probe lifetime. Aside from the solutions based on the
waveguide-based RF probes, novel probe structures using quasi-optical methods are proposed. For instant,
a broadband dielectric-based probe was demonstrated for on-wafer terahertz device characterization in 2018
[260]. Although the design is not yet consummated, dielectric probes show great advantages in terms of
low loss, low-cost, polarization maintenance and minimized cross talk. In the following part, the novel
configuration involved the non-contact probe and a quasi-optical directional coupler are presented.

Quasi-optical probe
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Figure IV.1: Photograph of the TeraProbe testbed.

While the dielectric-based probe still needs physical contact, a novel on-wafer non-contact probe
[261], [262], [263], [264] has been developed by TeraProbes, Inc (See Figure IV.1). By taking advantage
of parabolic mirrors and an extended hemispherical lens, the emitted waves are focused on the non-contact
probes lying on the test device and then coupled into the sample through a transmission line. These non-
contact probes are the planar antennas monolithically integrated on the chip, allowing an efficient
reception/emission of high-frequency waves. Benefiting from a digital microscope with pattern recognition,
the alignment of on-wafer antennas at the test ports can be performed automatically. The positioning
repeatability errors can be then minimized [264] and the accuracy and repeatability of measurements can
be enhanced. Since there is no physique contact between the probe and sample on-wafer, the use life of
probe is largely extended and reliabilities issue caused by the probe landing such as electrical contact
resistance and probe tip deflection variability can be largely avoided. Regarding the frequency bandwidth,
the double-slot antennas integrated with DUT can operate for two frequency bands: WR2.2 and WR 1.5
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bands, displaying the potential to simplify the measurement steps and reduces the probe cost for a wide
frequency band measurement. Differential-mode noncontact measurement can also be performed by adding
non-contact probes connected to the DUT. Nevertheless, to enable the use of non-contact probes, planar
antennas must be directly fabricated on the substrate and an unobstructed access to the on-chip antenna
between the VNA port and device under test is required, i.e., the ground metallization at the bottom surface,
especially directly under the on-chip antenna is unworkable.

To sum up, the use of optical components together with easily-fabricated planar antennas on-wafer
allows a cost-efficient electromagnetic coupling of VNA port into a coplanar waveguide in DUT. It shows
considerable advantages in terms of reliabilities, repeatability of measurements and life duration over
conventional RF probes. Nevertheless, planar antennas must be considered specifically during the
fabrication of the circuit or devices, imposing requirements on the device under test.

Quasi-optical VNA

Apart from the non-contact probe presented previously, most on-wafer measurements are
performed with a RF probe and a VNA connected to waveguide-based high-frequency extender modules.
Although ono-contact probe possesses a wide frequency band, the measurement range is limited by the
bandwidth of the VNA extender, determined by the fundamental mode of the metallic waveguide. To
address this issue, the concept of a terahertz quasi-optical vector network analyzer has been proposed. A
directional coupler composed of dielectric lenses and beam splitter was proposed in 2017 [265]. In
comparison to the metallic directional coupler, this coupler can be regarded as frequency-independent. Two
years later, a terahertz quasi-optical system (directional coupler) in conjunction with non-contact probes at
frequency band from 300 to 340 GHz were demonstrated for on-wafer measurements in one-port network
reflectometer configuration [266]. Although the applied source and detector remain solid-state devices (a
comb generator and VNA extenders) due to power consideration, all available devices are compatible with
terahertz photonic sources and detectors. Indeed, photonics-based sources by means of photo-mixing can
provide a broad tunable bandwidth with higher frequencies. Once the advances of photonic devices satisfy
power requirements, a terahertz quasi-optical VNA system with an ultra-wide operation frequency band
can be established.

IV.1.2. Non-destructive fault isolation techniques

Not only the advances in semiconductor technologies but also the rapid developments of the
packaging techniques contribute to the progress of the high-speed electronic devices. To offer a
background of the emergence of the terahertz fault isolation technique for 3D packaged devices, 3D
integration techniques and technical challenges to face are introduced here. In fact, since the three-
dimension (3D) integration allows achieving better performances (higher power, multi-functionality, better
reliability) in a smaller volume for further miniaturization, this technique has attracted increasing attention
in the IC industry. The 3D integration can be divided into three types: 3D IC packaging, 3D IC integration,
and 3D Si integration. 3D memory stack is a typical application of 3D IC packaging, in which wire bonds
and die attachments are applied to stack dies in the vertical direction. Package on package (PoP) is another
mature technology allowing a high-volume production. The through silicon via (TSV) can connect directly
the chips, or the chip and wafer in the vertical direction. It plays an essential role in the development of 3D
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IC integration and 3D Si integration, allowing a single chip to contain several different active component
layers, without bumps. It offers advantages in terms of power consumption, reliability, system size, weight,
and electrical performance [267].

IV.1.2.1. Fault isolation techniques

While advanced packaging and 3D integration technology benefit high-density high-performance
microelectronic devices, they also bring about considerable challenges related to product reliability, cost,
and process integration. As an essential and indispensable step for product optimization in the development
period and for quality control at the fabrication stage, failure analysis (FA) flows help to reduce costs and
enable the device’s reliability in the industry [268]. FA flows can be divided into two main steps: fault
isolation and fault analysis. In order to find out the root cause of a failure, physical destructive sample
preparation is necessary. Thanks to the great alignment and artifact-free finish capacity, the focused ion
beam (FIB) technique is frequently used to cross-section the sample in a targeted zone. The techniques,
such as energy-dispersive X-ray spectroscopy (EDX), X-ray photo-electron spectroscopy (XPS), are then
used for material analysis [269]. In order to improve the efficiency of FA flows and to reduce the cost of
the development, a fast non-destructive fault detection and localization technique is imperative prior to a
time consuming, destructive sample preparation.

Many different fault isolation techniques have been proposed to localize the defect on chips or 2D
packaged devices, such as Optical Beam-Induced Current (OBIC) technique for a semiconductor chip.
However, the high miniaturization level, the complexity of the design and the diverse materials make it
difficult to localize a default in a 3D package with the majority of the existing 2D FI techniques. As a
consequence, new techniques, together with improved 2D methods, are being proposed to fulfill the need
for defect localization in an advanced 3D package, hence improving the efficiency of FA flows. Different
techniques exploiting ultrasound, magnetic field, X-ray, and lock-in thermography have demonstrated their
capacity to work within a multi-layer structure over the last decade (more details are given in Table 7) with
continuously improved performance. For example, scanning acoustic microscopy (SAM) remains a suitable
analysis method to find out mechanical and thermomechanical issues in a 3D package, especially for
cracking and for interface delamination [268], [270]. The new challenge is to reach a compromise between
spatial and depth resolution capabilities.
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Non-destructive FI
techniques

Principle

incorporation with
the simulation of
3D packaged
structure

Default type
&

Applicable device

Lateral
resolution

Advantages /
note

/depth

TABLE 7. NON-DESTRUCTIVE FAULT ISOLATION TECHNIQUES FOR 3D PACKAGED DEVICES

LIT
Lock-in thermography
[271][272]

Detecting and imaging of related hot spots
generated by small amount of dissipated
electrical power

The depth information is calculated using a
quantitative phase shift analysis based on
time delay between electrical simulation and
thermal response

Electrical defect in packaged devices, such as
short, high resistance open, leakage and latch
up.

differentiate hot spots in the stacked dice of a
3D package [269]

below 5 pm

Depth calculated by the time delay related to
phase shift between the excitation signal and
thermal response

(direct thermal image and two phase lock-in
amplification )

XCT

X-ray computed tomography

[273]

Imaging based on X-ray in

combination  with
tomography technology

NO NEED

computer

Internal structure defect in 3D
package, especially useful for

dense interconnectors
small volume

/

/

within a
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MFI
Magnetic field imaging
[274]-[276]

Imaging based on sensitive detection of FA; the
related local magnetic field caused by electrical
leakage

Direct information about spatial location of
interconnect failure by visualization of electrical
leakage paths

Electrical defect in packaged device and
complex systems containing multi levels chips

about 3 um, but limited by the minimal distance
between magnetic sensor and the device.
3D image has been obtained.

TDR
Time domain reflectometry
[277] [278]

Fault localization based on the
reflected signal caused by the
discontinuity of impedance

needed information including pulse
group velocity as well as the
architecture of device

Electrical defect, such as short or
open within conducting line system

Performance limited by the signal
frequency (rise time)

Difficulties : a fraction of power is
reflected for every impedance
change
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IV.1.2.2. Electro-Optical Terahertz Pulse Reflectometry technique

Developed by Teraview Ltd., Electro-Optical Terahertz Pulse Reflectometry (EOTPR) system is
declared as the world’s fastest and most accurate fault isolation system with a pin measurement duration of
less than 5 seconds and a distance-to-defect fault isolation accuracy up to less than 5 um. Since the electro-
optic (EO) technique was used in the initial setup, the system was named as EOTPR [226]. Nowadays, the
EOTPR system utilizes PCAs to generate and detect pulse signals. Different versions of EOTPR systems
are available, including EOTPR 3000, 4000, and 5000 [279]. The main difference lies in probe stations
which may be manual, semi-auto, or fully automatic.

As shown in Figure 1V.2 (a), laser beams from the TPI-core unit are sent to the transceiver module,
which contains the two photoconductive devices linked by an umbilical. With the excitation of a
femtosecond laser beam, PCA generates a short terahertz pulse signal (~1 ps). A semi-rigid coax line in
association with an RF probe is used to deliver the terahertz pulse into the device under test (DUT) via
BGA contact. Based on reflections caused by the discontinuities of impedance along the conducting line
(including traces, via and other interconnectors), defaults in an IC package can be localized. Since the
discontinuities of impedance may originate from electrical architecture’s features or defects, a known good
device (KGD) is needed to provide a reference signal.

Distinctive resistive peaks are
visible in the EOTPR waveforms for 20um
transceiver module each step. le—ef
optical

fibers + p-bump height = 20pm ?
/"g + TSV height = 50pm L) P
[—*X "//“ ' ¥ 19| Top pC4
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BS J elements
/ optical delay =t ( - Jottom pC4
] s
) semi-rigid o Top TSV : :
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modelocked -
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—
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o ’
»
DUT ‘\{/
Distance in DUT (mm)
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Figure IV.2 : (a) Schematic diagram of an EOTPR system developed by the Teraview Ltd. company. The terahertz
pulses are coupled into the device under test (DUT) via a semi-rigid coaxial cable connected to a high-frequency
probe. (b) References signals from different levels (from the top die to the substrate) of a packaging. At the left
side, there is a photograph of EOTPR 2000 system.

To pre-define the suspected zone, the reference signals related to different architecture features in
the package are imperative. For instance, the structure shown in Figure 1V.2 (b) should have at least five
reference signals [280]. The first reference signal should be measured with the whole component. Then top
die should be removed to perform a new measurement. Subsequently, microbumps, circuit over TSV, and
TSV should be removed respectively to re-measure a new reference signal. Finally, waveforms as a function
of the position of defect are achieved. If there is an open circuit in a failed sample, then the defect can be
localized easily by comparing its waveform with these reference signals. This example emphasizes the
importance of the reference signal obtained by a KGD and complementary preparation. Without these
prepared samples, the interpretation of EOTPR results is impossible.

136



Chapter V. On-wafer reflectometry system: first test

If a KGD is not available, electromagnetic simulations should be carried out with all the necessary
information about the materials and structure of the package to give a virtual known good device (VKGD)
reference signal. By monitoring the propagation progress of signal during the simulation, the reflections
arising from main architectural features in the device can be identified. Moreover, the simulation can also
provide the group velocity of pulse in the package. As a consequence, not only the pro-localization of defect
is achieved, but also the precise calculation of defect location using time-of-flight and group velocity can
be performed. It has become an essential step to predict and interpreter the detected signals during the
EOTPR workflow.

Compared to a conventional time-domain reflectometry (TDR) technique, an optical-pumped
source can provide a high SNR short pulse signal with less jitter noise (< 30 fs). After passing through the
coax cable and high-frequency probe, the rise time of the emitted terahertz signal is still less than 6 ps,
much faster than the raise time obtained by a conventional TDR (~ 35 ps). Low jitter noise, together with
high-frequency content, contribute to the enhanced accuracy of fault location. Depending on the system
version, EOTPR has a penetration range that varies from 200 mm to 270 mm to meet the requirements for
different samples. To sum up, an EOTPR system provides a quick, non-destructive and accurate fault
isolation technique for IC package devices. The advances in 3D integration technology have given a
promising future for this terahertz reflectometry system. Meanwhile, it is worth noting that despite various
demonstrations of EOTPR techniques in diverse IC package devices, its working principles remain little-
known. In regard to semi-rigid coax cable between the transceiver module and RF probe, no research results
are given to explain the coupling issue between them and corresponding excited propagation modes. Further
signal distortion resulted from modal dispersion and propagation loss is not mentioned in all investigated
cases. While the PCA in the transceiver module can generate a pulse signal with a duration of less than 1
ps covering (frequencies up to several THz), an RF probe operating in a relatively low part of the spectrum
(up to 110 GH2) is selected to deliver the pulse signal into the device. The questions about the choice of
RF probe are then raised. Still, no detail about this issue is given. More studies focused on the propagation
behaviors of pulse signal along the coax cable and RF probe are required to explain clearly the working
principle behind this system.

IV.2. Attempt to an on-wafer reflectometry system

In addition to the rapid development of semiconductor technologies, advanced packaging
techniques and 3D integration technologies benefit the progress of performant high-speed devices. The
widespread use of electronic devices in the terahertz band can then be anticipated. Lying between the
microwaves and the infrared frequency regions, terahertz radiations can take advantage of the methods
applied in both domains.

To enable the reliability and repeatability of on-wafer measurements at high frequencies, non-
contact probes composed of quasi-optical components and planar antenna are proposed to replace a
waveguide-based high-frequency RF probe. Instead of a wave-guided coupler, a directional coupler
consisting of optical components has been demonstrated with the aim of extending the operating frequency
range. By exploiting PCA devices along with an RF probe, EOTPR technique with high resolution is
developed on the basis of the TDR for fast non-destructive default detection in packaging level. All these
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studies take advantage of both solid-state technology and optoelectronic technology to address the initial
performance limitations. It is believed that the use of electronic components and photonic devices can
further improve the overall performances of the terahertz measurement system. Indeed, the combination of
the solid-state technologies and optical methods can, to a certain extent, compensate for their respective
disadvantages to construct a more powerful measurement system.

Compared to the continuous-wave sources, a pulse signal has a wide bandwidth, allowing to
achieve scattering parameters in an extra-wide band via a single measurement. The use of a pulse signal as
an excitation signal can simplify the measurement process and reduce the time and cost. The main
challenges to face are how to couple a pulse signal into a sample on-wafer and how to interpret the time
signal with the presence of higher propagation modes. To address the coupling issue, the same approach
applied in the EOTPR system is employed: using an RF probe to direct the electric field from a PCA
transceiver to a sample. As the first attempt, the objective of the work is to explore the possibilities to couple
a pulse signal into a sample on-wafer through an RF probe. On-wafer probes in the frequency band of 140-
220 GHz and 330 GHz to 500 GHz were tested with a double-PCA transceiver separately to build up an
on-wafer reflectometry setup.

IV.2.1. Experimental setup

Two on-wafer probes fabricated by GGB Industries INC were tested in association with the double-
PCA transceiver: (Model 220 and Model 500 B respectively). As one of the main manufactures of RF
probes, GGB Industries INC provides a series of high-performance microwave probes covering the
frequency band from DC to 1.1 THz. The use of a microcoaxial cable as an intermediate transition between
coax connector/waveguide input and CPW tip is their most distinctive feature, giving rise to better
electrical characteristics (i.e., low loss, low VSWR launch and broadband). Individual spring-loaded
contacts of probe contribute to mechanical improvements for a reliable and repeatable measurement.

Picoprobe of GGB Industries ING

Figure IV.3: Photographs of two available high-frequency probes. (a) Model 220. (b) Model 500 B in combination
with waveguide transition. They are to couple a pulse signal, which is genrated by a double-PCA lens-free terahertz
transceiver, into a sample on-wafer.

The RF probe of Model 220 with a WR-5 waveguide input is recommended for on-wafer
measurement in the frequency region from 140 GHz to 220 GHz, determined by the cutoff frequencies of
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the fundamental propagation mode of the waveguide (the lowest cutoff frequency of WR-5 is 115.74 GHz).
When the frequency component is superior to 231.429 GHz, higher propagation modes can be excited,
leading to unwanted multi-mode propagation. Considering the input size of the RF probe (WR-5,
1.2954 mm *0.6477 mm), the coupling between the transceiver and high-frequency probe can be carried
out directly by simple alignment (depicted in Figure 1V.3 (a)).

The RF probe of Model 500 B operates in a frequency band from 325 GHz -500 GHz with an input
cross-section of 0.559 mm * 0.279 mm (WR-2.2), which is small than the distance between two PCAs. It
results in a poor coupling between the transceiver and the high-frequency RF probe. To deal with this
mismatch issue, a waveguide transition from WR-5 to WR-2.2 was added. It was connected to the high-
frequency probe input by the flange (shown in Figure 1V.3 (b)).

Testbed configuration

To enable a reliable measurement, a high-frequency probe station should be mounted on the air-
isolated platform and equipped with a high-precision positioner. Since the optical-pumped sources
prevented the possibility of using a commercial probe station (limited by the locations of laser source), the
whole experimental setup was implemented on an optical table with different devices (shown in Figure
IV.4 (a)). According to the key components (transceiver, high-frequency probe), this home-made on-wafer
terahertz reflectometry system can be separated into three parts: a vertical subsystem composed of a
transceiver probe and associated optical components, a horizontal subsystem including a high-frequency
RF probe, probe positioner, and the sample support platform with three-dimension translation stages.

As explained previously, the coupling between the double-antenna transceiver and high-frequency
probe (with or not waveguide transition) was directly implemented through the alignment in free space (see
Figure 1V.5 (a)). Considering the structure of the high-frequency probe, the double-PCA transceiver was
placed horizontally, close to the waveguide input of the probe. In this case, the laser excitation from both
sides of the probe tip became impractical, and two optical paths toward the same side of the transceiver
probe possessing antenna patterns were constructed, shown in Figure 1VV.4 (b). In order to provide a clear
view of the sample during the probe landing process, a vertical microscope system was installed at the left
side of the vertical breadboard, right above the sample support (see in Figure IV.5 (e)). Consequently, two
laser beams (pump and probe beam respectively) were arranged at one side of the microscope with different
incident angles, shown in Figure 1V.4 (b). Two lenses with different focal distances were used to avoid
congested space issues. Additionally, a home-made microscope system was mounted on the optical table
to offer a vision on the transceiver probe tip to check optical alignment.
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Figure 1V.4: (a) Photograph of the experimental setup. (b) Optical paths on the vertical subsystem to excite the
PCA:s of the transceiver. Two laser paths correspond to pump and probe laser beams.

In general, both probe positioners and sample support are equipped with three-direction translation
stages for position adjustment in a probe station. While translation stages on the sample support are aimed
for wafer alignment to determine the measurement area, the high-resolution probe positioner is used to
carry out pad-to-tip alignments. During the probe-landing process, once a probe tip and a sample both
appear in the view of optical microscopy, the distance in the z-direction between them can be roughly
estimated by observing the image while varying the working distance of the microscope. When both of
them become clear in the view of the microscope, it implies that they are in touch. To enable a good and
repeatable electrical contact, more force should be added to the probe tip to break through the passivation
layer on-wafer. Nevertheless, it should avoid too much pressure on the tip, which may limit the probe
performance and ultimately cause some probe’s damage. It is worth noting that the position of the high-
frequency RF probe in the present work is determined by the double-PCA transceiver unit. Once the optical
paths of laser beams are established, the RF probe should not be moved anymaore to keep the same coupling.
Consequently, although both the sample’s support platform and the probe positioner possess translation
stages (shown in Figure IV.5 (c) and (d)), the contact between the RF probe and sample on-wafer was
executed by controlling the sample support platform with a high-precision motorized z translation stage.
Instead of lowering a RF probe, the landing process of the probe was accomplished by raising the sample’s
support attentively.

A wafer chuck with vacuum holes was added on the support platform of the sample to hold the
wafer during the contact process (depicted in Figure IV.5 (c)). To realize a safe and high precision operation,
a really-time optical visualization is imperative. Considering the dimension of the RF probe, the working
distance of the camera must be long enough to avoid any possible contact. Besides, the resolution of the
microscope should be adjustable to locate the sample on wafer quickly while providing a clear image of the
probe tip during the landing process. As a result, a high-magnification zoom lens system in conjunction
with a camera was implemented on the vertical platform, providing a clear machine vision on the wafer
(depicted in Figure 1.5 (b) and (g)).
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Figure IV.5: Photographs of the on-wafer reflectometry setup, displaying the details of different parts. As shown in
(a) and (b), the transceiver probe is placed in the vicinity of the entrance of the high-frequency probe to achieve
proper coupling. (c) Sample support equipped with 3D translation stages and a chuck with vacuum holes to hold
the wafer during the measurement. (d) Manual probe positioner installed on an optical table. () Two microscope
systems, providing machine visions for optical alignment and wafer alignment, respectively.

1V.2.2. Reflected time signal | (Model 220)

A 220 GHz on-wafer probe was tested in the first experiment. A calibration kit on-wafer was used
as sample, including Open, Short, Thru, Line. As the first attempt, this measurement was aimed at observing
the reflections detected by the double-PCA transceiver after passing through a 220 GHz RF probe and with
different samples on-wafer. It may help to reveal the propagation behaviors of pulse signals inside the RF
probe.

Time signals obtained with different samples on-wafer are given in Figure V.6, in which distinct
reflections can be observed in zone | and Il. Compared to the crosstalk signal obtained in free space (shown
in Figure 11.9 (b)), noticeable waveform differences can be seen at the time of around 20 ps in zone I in
Figure 1V.6 (b). These reflections were anticipated by taking account of the small size of the waveguide
input of the RF probe. Due to the bending of the rectangular waveguide WR-5, a small portion of power is
continuously reflected, expressed as oscillations with weak amplitude in the time period from 30 ps to 120
ps. It should be recalled that the low-frequency peak lying at the time around 170 ps is induced by the
internal reflections, which is linked to the design of the transceiver probe itself.
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Figure I1V.6: (a) Recorded waveforms of time signals reflected from samples on-wafer using the experimental setup
with a 220 GHz high-frequency probe. In addition to the measurement in the air, other signals are recorded in the
case that the high-frequency probe is in contact with the calibration kit, including short, load, open and Thru. (b)
Close-up views of the waveform in zones | and II. It is known that zone (1) corresponds to the reflections induced
at the entrance of the probe.

A significant ring signal with a duration of more than 150 ps (from 350 ps to 500 ps) is shown in
zone Il in Figure 1V.6 (b). The considerable time delay between zone | and Il demonstrates that one part of
the emitted signal has successfully coupled into the high-frequency RF probe. Besides, the distortion of the
reflected signal implies that considerable dispersion occurs during the propagation. In fact, while a WR-5
waveguide can support a single-mode propagation (TEo: mode) in the frequency band varying from
140 GHz to 220 GHz, higher modes can be excited for the frequencies exceeding this band. Considering
that the used optical-pumped double-PCA transceiver emits a pulse signal covering the frequency roughly
from 400 GHz to 600 GHz, multi-mode propagation is expected inside the RF probe. The superposition of
higher modes with different group velocity and modal dispersion complicates the propagation behaviors of
waves. Instead of a waveform similar to the excitation signal, a broadened ring signals with a long duration
are observed. Since the short circuit on-wafer provides several hundreds of micrometers longer propagation
distance than the measurement performed in the air (regarded as open-end as well) due to the transmission
line between the contact pad and the short circuit, it was expected to observe a time shift in the order of
several picoseconds between the recorded reflections. However, the broadened waveform and the
measurement noise make it impossible to identify this time shift between measurements.

IV.2.3. Reflected time signal 11 (Model 500)

Due to the multimode propagation, it is extremely difficult to recognize the original reflections
from samples on-wafer by using a 220 GHz RF probe. Since the RF probe with WR-2.2 waveguide input
(Model 500) supports single-mode propagation in the frequency band from 330 GHz to 550 GHz, better
frequency band match between the double-PCA transceiver and RF probe was expected to mitigate the
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distortion issue. Consequently, this new RF on-wafer probe was tested in the second experiment by using
the same testbed. A calibration kit with gold pads was selected to ensure the good electrical contact between
the sample and the RF probe tip. Consider the small waveguide input of this 500 GHz probe (0.559 * 0.279
mm?2), a waveguide transition of WR-5 to WR-2.2 was connected to the RF probe to provide a larger input
surface, allowing to carry out directly a coupling from the transceiver to the on-wafer probe.
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Figure IV.7: (a) Recorded waveforms of time signals reflected from the calibration kit using a 500 GHz high-
frequency probe and a waveguide transition. In addition to the measurement in the air (open), other signals are
recorded in the case that the high-frequency probe is in contact with the calibration kit, including short, load. (b)
Close-up views of the waveform in zones I and Il. The zones | and Il correspond to the reflections from at the
entrance of the probe and the end of transitions.

Figure 1V.7 shows the obtained waveforms within a time window of 650 ps. One part of the emitted
power is reflected at the entrance of the waveguide transition, displayed in zone I in Figure IV.7 (b). The
progressive change of waveguide’s dimension gives rise to a modest amount of reflections during the
propagation (t varying from 20 to50 ps), then considerable reflections begin to appear at the time around
160 ps in zone II. After 180 ps, reflections with an extremely weak amplitude continue to be detected.
Limited by the noise, it becomes difficult to recognize the waveform of the signal after 350 ps.

Based on the time-of-flight of the reflections in zone I1 (160 ps), an equivalent propagation distance
in free space can be deduced, which is the order of 20 mm. This value is very close to the length of the
waveguide transition, it is then supposed that most of the emitted waves are reflected at the end of the
transition and little power couples into the 500 GHz RF on-wafer probe. There are two possible reasons
that can explain the poor coupling between the transition and on-wafer probe. The first one refers to the
mechanical issue: the connection between the transition and probe is not well established by the flange.
Considering the micrometer dimension of the WR2-2, even a small misalignment between them can damage
the propagation behaviors severely. The second possibility is related to the hasty change of the

electromagnetic environment between the transition and the probe. Limited by time, further studies were
not performed.
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IVV.3. Conclusion

The attempt to couple a broadband pulse into a sample on-wafer has been carried out by the
implementation of a high-frequency on-wafer probe in association with an optical-pumped transceiver.
With respect to the results obtained with the 220 GHz RF probe, the propagation distance has demonstrated
the successful coupling from the transceiver into the RF probe. However, the severe distortion of the signal
due to the multi-mode propagation and modal dispersion make it extremely difficult to interpret the
reflected time signal. On the other hand, although 500 GHz Picoprobe has a suitable operation frequency
band to operate with the double-PCA transceiver probe, the coupling issue becomes a stumbling block in
the way toward a novel optical-pumped on-wafer reflectometry system.

Although further studies are not performed due to the limited time, several new configurations may
be worth to be implemented to push up the investigation. Instead of a waveguide transition, a horn antenna
adapted to the entrance of the RF probe with gradually changed impedance and a large open aperture may
contribute to the coupling improvement between the double-PCA transceiver and the RF probe. Besides,
the use of a horn antenna lifts the restrictions on the size of the transceiver, other optical-pumped transceiver
devices with high power output and a larger bandwidth can also be applied to construct an on-wafer
reflectometry system.

In addition to the coupling issues, the interpretation of the reflected signal is the other major
difficulty. If the knowledge about the structure of the high-frequency probe is achieved, 3D full-wave
simulation can be carried out to achieve a thorough understanding of the propagation behaviors of pulse
signals inside an RF probe. It can as well contribute to the optimization of the RF probe and the whole
system configuration. In particular, the investigation should be focused on the transition configuration
inside the probe from the rectangular waveguide to the CPW probe-tip, which is supposed to impact
significantly the waveform of the reflected signal. Only with full knowledge about the impact of transition
between at the end of the RF on-wafer probe, a proper differentiation of reflections from the sample on-
wafer is attainable. Besides, the entire environment of the chip including other devices in the vicinity of the
sample on-wafer should be taken into consideration during the experiment and simulation to offer
comprehensive understanding of the reflected signal. This calibration process step is mandatory to establish
an applicable and practical on-wafer reflectometry system.

Apart from RF on-wafer probes, the development of near-field probes in the terahertz band is
expected to benefit on-wafer measurements. For instance, if a CPW waveguide is properly integrated into
an optoelectronic source/ detector as the output interface with a sample, it can be the solution to a quasi-
optical wideband on-wafer reflectometry system. The potential of photonic devices for terahertz
measurement systems is waiting to be explored.
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The present work aimed to construct a terahertz wave-guided reflectometry (TGR) system for a
wider application scope in practical use, which can be used in certain circumstances under which, terahertz
systems exploiting conventional optical methods may not be efficient. Remote TGR systems have been
implemented by hollow-core waveguides in combination with different transceiver units, including TGR
systems in pulse mode (TGR-P) and TGR system in FMCW mode (TGR-FMCW).

The focus of the work has first been given on terahertz transceivers amongst all existing sources
and detectors, especially optical-pumped transceivers and FMCW ones, to address the space congestion
issue between the source and the detector. Being a pulsed source, the used double-PCA lens-free transceiver
can be directly employed for imaging over the frequency band roughly ranging from 400 GHz to 600 GHz.
Its frequency band can be extended to 800 GHz by reducing the working distance. A resolution power
higher than 3.17 Ip/mm has been achieved at the frequency of 791 GHz in a near-field imaging application.
Nevertheless, it is worth noting that the distance between two planar antennas on the transceiver results in
differences in the resolution power in the two directions. In regard to FMCW radars, their phase information
allows to differentiate the contributions induced by a sample from the ones generated along a waveguide,
making them more advantageous than CW sources. Two FMCW radar units with different emission pattern
have then been selected.

A thorough review of terahertz waveguides was conducted, providing valuable information about
their corresponding propagation properties and possible difficulties occurring for different applications.
After taking into account the propagation losses, the field confinement and the coupling difficulties, hollow-
core thin-wall waveguides were selected as a suitable choice. Since the resonant frequencies of the cladding
of two selected waveguides are multiple of 0.7 THz (3 mm diameter silica waveguide) and 0.86 THz (6 mm
diameter plastic waveguide) respectively, both of them have been demonstrated to be able to transmit the
pulse signal, emitted by the double-PCA transceiver.

Based on the selected transceivers, the TGR systems are divided into two types, the ones in pulse
mode (TGR-P) and the systems in FMCW mode (TGR-FMCW). It is demonstrated that the TGR-P system
composed of a double-PCA transceiver and a silica waveguide can operate efficiently in the frequency
region from 400 GHz to 500 GHz, providing a lateral resolution up to 0.707 Ip/mm. By means of 3D full
simulation, the guided power along a silica waveguide is proved to propagate mainly in the air-core. While
the other TGR-P system including a 6 mm diameter plastic waveguide as probe cannot be used for imaging
application due to its complicated multi-mode propagation, its potential in liquid depth detection has been
demonstrated by taking advantage of the waveform of pulse signals.

The same concept has been applied with FMCW radar units. Despite the atypical excitation
conditions provided by two FMCW radars, one part of emitted waves is coupled into the waveguide in
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specific guided modes. The unwanted ghosting and shadow effects induced by the irregular beam profile
of the waveguide for imaging applications are then corrected by inserting a solid immersion lens at the end
of the waveguide. While the TGR-FMCW systems composed of a HDPE lens and a 100 GHz Synview
transceiver head provide a resolution power up to 0.25 Ip/mm, the one consisting of a 122 GHz radar
transceiver chip and a bullet silicon lens has achieved an imaging capacity of 0.891 Ip/mm, much smaller
than its corresponding wavelength. These studies reveal that depending on the application, either a longer
working distance range or an enhanced lateral resolution can be obtained by selecting a suitable lens.

While the remote imaging and sensing abilities of TGR systems have been demonstrated, the
irregular beam issues related to the complicated excited propagation modes along a waveguide remain to
be addressed, especially for the plastic waveguide. Instead of an optimized focused beam with adapted size,
a divergent beam provided by an emitter antenna in TGR systems (either the double-PCA transceiver or
FMCW radars) has been used as excitation source. These atypical excitation conditions result in specific
cladding mode propagation, even multi-mode propagation along the waveguide. Since the dimension of a
waveguide have a considerable impact on the overall performances of the system, it is worth to find out an
optimal diameter of the waveguide to improve the coupling efficiency and lateral resolution. To deal with
the multi-mode propagation issues, the incident condition is suggested to be reformed so that the emitted
power can be coupled properly into the waveguide with desired air-core mode. In these regards, the solid
immersion lens integration at the beginning of the waveguide appears to be an interesting solution. By
selecting a lens with suitable dimension and material, the incident beam can be focused by this integrated
lens without supplementary opto-mechanic support, offering improved coupling efficiency, desired
propagation mode and eventually a regular beam profile out of the system. Nevertheless, depending on the
refractive index of lens, there will be a trade-off between the transmitted power and focused beam. More
investigations are needed to be carried out to explore the efficiency of this suggestion.

From a long-term perspective, a full integration of a waveguide with a transceiver by a solid,
reliable and space-saving connection is required to establish a performant compact, practical and widely
applicable terahertz wave-guided reflectometry system. Before benefiting from a convenient TGR system,
more efforts are needed to achieve progress in two fields, terahertz transceivers and waveguides. While a
more compact high-power transceiver unit is wanted to ease restrictions on the choice of the integrated
waveguide, other waveguides such as microstructured waveguides are expected to possess lower
propagation losses and so that their confinement capacity can be used to maintain the beam shape before
arriving onto the sample. In particular, the flexibility of a waveguide is extremely important to establish
an endoscopic system for applications in the biomedical domain. More efforts should be brought out in this
topic. Most importantly, the cross-section knowledge and cooperation of the two fields are required to
contribute to the progress of the TGR systems.

After the construction of the TGR system, on-wafer measurements were targeted due to the
increasing need in the TMIC industry. With the aim to capitalize on the wideband of the pulse signal, a
double-PCA transceiver with two RF probes has been tested separately to implement an on-wafer
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reflectometry system, which allows to simplify ultra-wide frequency band measurement process and
decrease the corresponding cost. Despite the successful implementation of two on-wafer reflectometry
systems, difficulties in analyzing reflected signals reveal two main predicaments: coupling issue and severe
dispersion related to the high propagation modes. Although further studies are not performed due to the
limited time, several new configurations including the horn corn in place of waveguide transition are worth
to be implemented to push up the investigation. Moreover, the use of a horn antenna can lift the restrictions
on the size of the transceiver, other optical-pumped transceiver devices with high power output and a larger
bandwidth then can also be applied to construct an on-wafer reflectometry system. It is worth mentioning
that the development of near-field probes in the terahertz band may benefit as well on-wafer measurements
with adapted contact probe. A CPS-line waveguide integrated into a pulse source may be the solution to a
quasi-optical wideband on-wafer reflectometry system. Last but not least, if the knowledge about the
structure of the high-frequency probe is obtained, a thorough understanding of the propagation behaviors
of pulse signals inside an RF probe can be achieved with the help of 3D full-wave simulation, contributing
to the optimization of the RF probe and the whole system configuration.

To conclude, based on the detailed review of developments of transceivers and waveguides,
suitable components are selected to demonstrate TGR systems in pulse mode and in FMCW mode in this
manuscript. Both experiments and 3D full-wave simulations are used to evaluate system performances and
to investigated the sophisticated propagation behaviors inside the system. The trends of the cooperation
between the solid-state devices and optoelectronic ones in the terahertz band is mentioned in this work.
Further advances of on-wafer measurements using optoelectronic sources is awaited. As the first thorough
study about TGR systems, it is hoped that this work provides necessary information and gives an efficient
method for researchers that aim to study this new system concept.
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Introduction in French

Situés entre deux domaines bien développés, a savoir les micro-ondes et l'infrarouge, les radiations
térahertz ont attiré l'attention des observateurs pour leurs propriétés a priori séduisantes, parmi lesquelles
on peut classer leur nature non ionisante, leur capacité a pénétrer a travers des matériaux optiquement
opaques, ou encore leur sensibilité aux discontinuités diélectriques. Le développement des techniques
spectroscopiques dans le régime du térahertz s'est progressivement étendu a l'imagerie, ce qui permet
aujourd'hui aux domaines académique et industriel de réaliser un large panel de tests non destructifs allant
du contréle qualité a l'inspection de sécurité en passant par d'autres domaines comme la science du
patrimoine.

Il est clair que les configurations des systémes jouent un rdle important dans les utilisations
pratiques, ce qui a un impact sur le champ d'application de la technologie térahertz. D'un point de vue
pratique, un systéme de mesure du térahertz compact en mode réflexion plutét qu'en géométrie de
transmission est plus avantageux. Plus précisément, par rapport a la configuration de transmission qui
impose des restrictions sur la forme et les propriétés d'un objet testé, une géométrie de réflexion est plus
adaptée a une grande variété d'échantillons. Ceci étant dit, bien gu'elle soit plus susceptible d'étre utilisée
sur une grande variété d'objets, la complexité et la compréhension de la réponse qui accompagnent une
configuration en mode réflexion est par conséquent plus élevée. En fait, les géométries de réflexion
nécessitent généralement la mise en ceuvre d'éléments quasi-optiques supplémentaires tels que des lentilles
ou des séparateurs de faisceau. En plus d'induire des travaux supplémentaires pour obtenir un alignement
correct le long du chemin de propagation, ces ajouts entravent les possibilités d'atteindre la compacité et
I'intégration de tels systémes.

Pour remédier a ce probléme, la mise en ceuvre de guides d'ondes térahertz est proposée dans le
présent travail comme une solution prometteuse pour conduire les signaux d'interrogation vers la zone ciblée
d'un échantillon. Une fois qu'un canal de communication unique sans optique est établi par un guide d'ondes
entre I'émetteur-récepteur et I'échantillon, la structure des guides d'ondes stipule directement le chemin de
propagation, ce qui réduit les difficultés d'alignement. La configuration de I'ensemble du systéme est
simplifiée puisqu’aucun séparateur de faisceau ou lentille n'est nécessaire pour permettre le couplage.
L'objectif principal du présent travail est de mettre en ceuvre un systéme compact de réflectométrie guidée
par ondes térahertz (TGR) aprés une sélection exigeante dans la vaste bibliothegque de composants existants.

Outre la construction d'un systeme TGR a des fins de détection et d'imagerie, les mesures au niveau
des plaquettes/emballages dans la bande térahertz présentent un grand intérét en raison du développement
rapide des circuits intégrés monolithiques térahertz (TMIC). En effet, grace aux progres des technologies
des semi-conducteurs et des technigues de conditionnement en 3D, de nombreux dispositifs a grande vitesse
ont été proposés au cours de la derniére décennie. Pour vérifier et valider les nouveaux concepts avant la
production en série, le processus de recherche et de développement des TMIC doit inclure des mesures sur
plaquettes. Par rapport aux sources a ondes continues accordables classiques, un signal impulsionnel généré
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par une source optoélectronique couvre une plus grande région de fréquence dans le spectre, ce qui permet
d'obtenir les paramétres de diffusion dans une bande extra-large par une seule mesure. Non seulement le
processus de mesure peut étre simplifié par le déploiement d'une source optoélectronique, mais le colt de
la plate-forme de mesure dans une gamme de fréquences extrémement large peut également étre réduit. Par
conséquent, une partie de ce manuscrit est consacrée a la mise en ceuvre d'un systéme de réflectométrie sur
plaquette en utilisant une sonde RF sur plaquette en association avec un émetteur-récepteur large bande a
double ACP. Comme il s'agit de la premiére tentative a délivrer un signal d'impulsion dans un échantillon
sur plaquette, les principaux défis a relever sont de savoir comment coupler efficacement un signal
d'impulsion dans un échantillon sur plaquette et comment interpréter le signal temporel en présence de
modes de propagation plus élevés.

Compte tenu des objectifs susmentionnés, I'ensemble du manuscrit est composé de quatre chapitres
qui sont décrits succinctement ci-apres. Le premier chapitre offre une vue d'ensemble des développements
de la technologie térahertz, y compris les progrés des dispositifs térahertz (sources, détecteurs et guides
d'ondes), les configurations des systémes et les applications. Par rapport a deux sources et détecteurs
distincts, un émetteur-récepteur compact permet d'alléger la configuration du systéme en supprimant le
séparateur ou le coupleur de faisceau utilisé pour séparer le faisceau incident et le faisceau réfléchi. Par
conséquent, les études sur les émetteurs-récepteurs en térahertz sont passées en revue de maniére
approfondie. Afin de sélectionner un guide d'ondes approprié pour coopérer avec les émetteurs-récepteurs,
un compte rendu général des progres réalisés dans les guides d'ondes térahertz et de leurs applications est
fourni. L'état des connaissances sur les guides d'ondes est divisé en deux parties : les guides d'ondes
métalliques et les guides d'ondes diélectriques. En plus de leurs principes de fonctionnement et de leurs
propriétés de propagation, la question du couplage, qui a fait I'objet d'études antérieures, est particulierement
examinée en détail.

Dans le deuxiéme chapitre, trois unités d'émission-réception sélectionnées, c'est-a-dire un émetteur-
récepteur a double ACP sans lentille, un module FMCW basé sur la technologie 111-V et un radar basé sur
la technologie Si, sont testés séparément pour évaluer leurs performances. En particulier, les performances
de I'émetteur-récepteur a double ACP, y compris sa bande de fréquence de fonctionnement et sa capacité
d'imagerie, sont plus détaillées. Sur la base des études préliminaires, les guides d'ondes anti-résonants a
noyau creux sont considérés comme un candidat approprié pour assurer la transmission du signal entre les
émetteurs-récepteurs et un échantillon. Leurs bandes de transmission sont vérifiées par des mesures THz-
TDS, correspondant a une bande de fréquence de fonctionnement optimisée de I'émetteur-récepteur a double
ACP (de 400 GHz a 500 GHz), a la fois en mode transmission et en mode réflexion. La technique de
fabrication additive (impression 3D), qui permet une chaine de développement rapide et économique des
guides d'ondes, est présentée a la fin de ce chapitre.

Le troisiéme chapitre présente les systémes TGR construits et leurs performances correspondantes
en tirant parti des émetteurs-récepteurs et des guides d'ondes susmentionnés. Selon l'unité émettrice-
réceptrice choisie, ce chapitre est divisé en deux parties principales : (i) les systémes de réflectométrie guidée
par ondes térahertz en mode impulsionnel (TGR-P), et (ii) les systemes de réflectométrie guidée par ondes
térahertz en mode FMCW (TGR-FMCW). En ce qui concerne les systtmes TGR-P, deux guides d'ondes
diélectriques a noyau creux sélectionnés sont testés pour établir un canal de communication unique sans
optique entre I'émetteur-récepteur a double ACP et un échantillon. En plus de la caractérisation de la forme
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d'onde dans le domaine temporel, les applications d'imagerie et de détection des systémes sont également
délimitées. Alors que le systeme TGR-G exploitant un guide d'ondes a noyau creux en silice de 3 mm de
diamétre affiche un pouvoir de résolution d'environ 700 pm, les autres systémes TGR-G comprenant un
guide d'ondes en plastique de 6 mm de diametre affichent le potentiel de détection de la profondeur des
liquides. En ce qui concerne les systemes TGR-FMCW, la téte SynView a 100 GHz et la puce émettrice-
réceptrice du radar au silicium a 122 GHz sont testées séparément avec un guide d'onde creux en plastique.
L'effet fantdme indésirable est ensuite corrigé par I'intégration d'une lentille hémisphérique supplémentaire
de terminaison, ce qui permet d'améliorer la capacité d'imagerie. En plus des installations et des applications
expérimentales, des recherches sur les propriétés du champ a l'intérieur du systéme sont menées a l'aide de
la simulation 3D pleine onde, ce qui permet d'analyser les comportements de propagation des ondes le long
du guide d'ondes. Les parameétres tels que I'efficacité du couplage, les modes de propagation, la gamme
dynamique sont évalués et discutés.

Le dernier chapitre, plus prospectif, commence par présenter le développement rapide de la TMIC,
offrant le contexte du besoin croissant de mesures sur plaguettes. Différentes méthodes permettant
d'améliorer la fiabilité et la répétabilité des mesures sur plaquette & haute fréquence sont passées en revue,
notamment I'approche de contréle du déplacement en Z et les sondes sans contact. Outre les mesures sur les
plaquettes, la détection des défauts au niveau de I'emballage a bénéficié des progrés des dispositifs
optoélectroniques. La techniqgue EOTPR exploitant des dispositifs PCA avec une sonde RF, est
particulierement détaillée. Inspirées par le systtme EOTPR, deux sondes RF dans la bande de fréquences
de 140-220 GHz et 330 GHz a 500 GHz sont déployées séparément pour diriger un signal d'impulsion du
double émetteur-récepteur PCA vers un échantillon sur la plaquette. Les deux configurations du systéme
donnent lieu a des signaux de forme annulaire, et les origines des réflexions sont discutées.

Les travaux présentés dans ce manuscrit ont été réalisés dans le cadre d'une collaboration qui a
rassemblé plusieurs équipes de recherche. La mise en ceuvre et l'analyse des systémes de réflectométrie
térahertz guidée ont été réalisées dans le laboratoire de I''MS sous la supervision du Dr. Patrick Mounaix et
du Dr. Jean-Paul Guillet, tandis que les mesures sur plaquette ont été effectuées sous la direction du Dr.
Sébastien Fregonese (Bordeaux, France). Les guides d'ondes a paroi mince a noyau creux ont été fournis
par le Dr. Georges Humbert de I'Institut de recherche XLIM (Limoges, France). La conception et la
fabrication des guides d'ondes a courbure négative imprimées en 3D ont été réalisées par le professeur
Cristiano M.B. Cordeiro de I'UNICAMP (Brésil) et Marcos A. R. Franco de I'lEAv (Brésil).
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