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Abstract

This thesis deals with the analysis and optimisation of the uni-travelling-carrier
photodiode (UTC-PD) for continuous-wave generation in terahertz (THz) frequency
range. Photonic THz generation using UTC-PDs is extremely promising as it offers wide
tunability, adequate output power and room temperature operation. Furthermore, a novel
and compact catadioptric lens is proposed and investigated for realising compact sensing
systems. Radiating elements and components can be physically coupled to the lens in
order to achieve short-range focusing and sensing ability.

Using physical device modelling, the limitations and optimisation of InGaAs/InP based
UTC-PDs for attaining higher bandwidth as well as higher output power are discussed. A
hydrodynamic (HD) carrier transport model is used to analyse the device. Optimising for
output power requires trade-offs involving the epitaxial layer design, optical coupling,
circuit design and antenna design. An example of UTC-PD epitaxial layer optimisation
for continuous-wave THz generation at 340 GHz is shown using the HD model. The
output power and the optimum embedding impedance for the UTC-PD, as a function of
device parameters, are also studied at different optical injection levels. Several plausible
integration schemes and antenna design examples at 340 GHz are explored.

A novel catadioptric lens, suitable for microwave and terahertz applications, is
presented. The focusing property of the lens is investigated using 3D full-wave
electromagnetic solvers. The proposed catadioptric lens is designed and fabricated from
Delrin and Macor. Simulation and characterisation results are presented at microwave
and terahertz frequencies (108 GHz). The results show that although being a few
wavelengths (L) in dimension, the catadioptric lens provides short-range focusing in the
close vicinity (~A) and therefore provides a compact solution for short-range imaging
systems. Finally, several short-range imaging examples at 108 GHz, employing the
catadioptric lenses, are also presented and discussed.

Keywords: III-V semiconductors, catadioptric lens, dielectric loaded antennas, lens
antennas, microwave imaging, millimetre wave and submillimetre wave generation,
millimetre wave and submillimetre wave imaging, nondestructive evaluation,
photomixers, semiconductor device modelling, uni-travelling-carrier photodiodes,
terahertz imaging, terahertz sources.
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Chapter 1. Introduction

The 19" century is considered as a historical landmark in the electromagnetics area
with the numerous discoveries and inventions by J.C. Maxwell, N. Tesla, A.S. Popov, J.
C. Bose and many others. In 1896, Marconi was awarded the British patent
“Improvements in transmitting electrical impulses and signals and in apparatus there-
for”, for inventing the radio. After a year, he established the world's first radio station on
the Isle of Wight, England. Contemporaneously, J.C. Bose carried out studies on plant
physiology and other fields in India employing a type of spark gap generator to produce
high frequency radiation. It took only about a century to find ourselves submerged in
electromagnetic waves. From communication systems to imaging systems, from
proximity detectors to security systems, the electromagnetic spectrum is being utilised for
countless applications. This is especially true for the microwave (MW) regime which has
been extensively utilised for communication, imaging and remote sensing. With the
increasing demand for bandwidth and resolution, the MW regime does not seem to
accommodate the fast pacing wide variety of applications.

Caught in between, the Terahertz (10'* hertz) frequency band is like the neglected
middle child in the electromagnetic spectrum. Terahertz (THz) refers to the
electromagnetic waves and radiation between 0.1 THz (A = 3 mm, photon energy = 0.41
meV) and 10 THz (A = 30 pum, photon energy = 41 meV), a widely agreed-upon
definition. The terahertz regime lies between the MW and far-infrared regions in the
electromagnetic spectrum. The THz band partially covers the millimetre-wave
frequencies (30 GHz — 300 GHz) and spans beyond the submillimetre-wave frequencies
(300 GHz — 3 THz). Terahertz technology has been primarily used in the radio
astronomy, high-resolution spectroscopy and remote sensing areas [1-3]. The interest in
the terahertz technology is being fuelled by the fact that this range of frequencies
accommodates unique physical phenomena with interesting characteristic features.
Terahertz wavelengths are longer than infrared and optical radiation, so scattering is
comparatively small. However, the terahertz wavelength is sufficiently short to achieve a
submillimetre lateral resolution [4]. Terahertz imaging sensors bridge the gap between
microwave radar and infrared camera.

Terahertz is able to penetrate most non-metallic and non-polar mediums. Terahertz
systems are able to ‘see through’ concealing barriers such as packaging, clothing, shoes,
baggage, etc in order to probe the potentially dangerous materials contained within.
Terahertz radiation is non-ionising and the power levels used do not cause any
detrimental effects. Many explosives, chemicals and biological agents have characteristic
terahertz spectra. Therefore, terahertz systems can be used to identify those objects.
Apparently, THz technology holds high potential for numerous “down to earth”
applications [5] such as imaging, spectroscopy, nondestructive testing, stand-off
detection of concealed weapons, explosives and narcotics [6, 7], automobile radar
systems [8] and biomedical applications [9, 10].
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2 INTRODUCTION

Despite the exceptional potential, the THz region is commonly known as the THz-gap
due to the lack of tunable, high power and room temperature sources and detectors. The
atmospheric attenuation of THz radiation is also much stronger than for MW or infrared.
Traditional electronic solid-state sources based on semiconductors, such as oscillators
and amplifiers, are limited by reactive parasitics, carrier transit times, resistive losses and
self-heating which in turn cause high-frequency roll-off and dominate the device
functionality in the THz region [11, 12]. At the other end of the spectrum, infrared
photonics cannot be extended down to frequencies less than several THz as phonon
energy becomes comparable with photon energy. THz QCLs have been shown to operate
down to 1.2 THz but at 10 K [13]. Gyrotron, BWO, FIR laser, FEL etc have been used
for THz generation [14]. These sources have inherent limitations such as lower or upper
limits in achievable frequency, high power requirements, bulkiness and operating
temperature. An alternative and common approach for THz generation at a specified
frequency is up-conversion from MW frequencies using frequency multipliers and/or
mixers [15]. However, intrinsic conversion losses and difficulties in handling large input
powers cause a multiplier's output power to drop rapidly with increasing frequency [1, 5].
Consequently, bridging the THz-gap still remains a formidable challenge [16].

The quest for room temperature and compact THz systems has been further challenged
by the overall system integration. For most applications, an essential part of THz
systems are the quasioptical components, used for beam collimation and focusing in
order to attain a high resolution and signal-to-noise ratio for the system. Those
components include substrate lenses, objective lenses and mirrors etc. These
accompanying quasioptical components coerce sacrificing the system integration and
compactness.

This thesis deals with the analysis and optimisation of the uni-travelling-carrier
photodiode (UTC-PD) for CW THz generation. Photonic THz generation using UTC-
PDs is extremely promising as it offers wide tunability, adequate output power and room
temperature operation. Furthermore, a novel and compact catadioptric lens is proposed
and investigated for realising compact systems.

In recent years, photonic generation of THz-waves at room temperature by
photomixing has been one of the most promising and fostering techniques. Preliminarily,
photomixing was used on the principle of translating ultrashort optical pulses into
electrical pulses for THz generation [17]. However, this technique involves bulky and
expensive laser sources. CW photomixing relies on the mixing of two closely spaced
laser wavelengths generating a beat oscillation at the difference frequency [18, 19]. This
technique offers wide tunability and enables to obtain high spectral purity. Photodiodes
(PD) are the key component for photomixing. Being first reported in 1997 by Ishibashi
et al. [20], the Uni-Travelling-Carrier Photodiode (UTC-PD) has become very promising
by demonstrating output powers of 20 mW at 100 GHz [21] and 25 pW at 1 THz [22].

With the intent to realise a compact sensor, a novel and compact catadioptric lens has
been proposed for quasioptical integration and imaging applications. The catadioptric
lens, presented in this thesis, provides an alternative solution to be used as a focusing
element utilising reflection and refraction caused by the difference in permittivity of the
lens and the surrounding medium. The lens and its focal length are electrically small (in



the order of few wavelengths). Radiating elements and sensors can be physically coupled
to the lens in order to achieve short-range focusing ability, therefore, enabling a compact
sensing system. Thus, the lens provides greater ease of system integration compared to
the conventional quasioptical components.

The thesis is basically divided into the following parts.

In Chapter 2, the limitations and optimisation scopes of the InGaAs/InP based UTC-
PDs for attaining higher bandwidth as well as higher output power are discussed. A
hydrodynamic (HD) carrier transport model is used to analyse the device. An example of
UTC-PD epitaxial layer optimisation for continuous-wave THz generation at 340 GHz is
shown using the HD model. The output power and the optimum embedding impedance
for the UTC-PD, as a function of device parameters, are also studied at different optical
injection levels. Several plausible integration schemes and antenna design examples at
340 GHz are explored.

Chapter 3 focuses on the catadioptric lens. The focusing property of the lens is
investigated using 3D full-wave electromagnetic solvers. The proposed catadioptric lens
is designed and fabricated from Delrin and Macor. Simulation and characterisation
results are presented at microwave and terahertz frequencies (108 GHz).

Chapter 4 presents several short-range imaging examples employing catadioptric
lenses.

Chapter 5 contains brief discussions on the previous chapters and presents a number of
scopes for future work.






Chapter 2. Photonic THz Generation

With the ability to translate the input optical signal to an output electrical signal,
photodetectors are one of the key optoelectronic devices that have led to the innovation
of many emerging technologies, such as photo receivers, millimetre wave generators,
fibre-optic communication systems, wireless communications, and high frequency
measurement systems. Photonic CW THz generation relies on the photomixing of two
closely spaced laser wavelengths producing a beat oscillation at the difference frequency,
as exemplified in Figure 2.1. By changing the incident wavelength(s), the frequency of
the generated electrical signal can be varied. Heterodyne photomixing was first
demonstrated in 1947 by Forrester ef al. [19] using a phototube combined with a RF
cavity. Due to advances in high-speed III-V materials, the photomixing technique is
being extensively utilised using photodiodes or photoconductors for RF signal generation
even up to THz frequencies [23]. However, photonic THz generation technique was first
developed using femtosecond optical laser pulses [17] which paved the way for terahertz
time-domain spectroscopy [24].

A photodetector transforms
the modulated intensity into
Mixed frequencies generate a currenttvoltage wavefarm
Twa closely spaced A 'heat’, difference frequency

frequencies

Figure 2.1: The mixing of two closely spaced laser wavelengths generates a beat oscillation at
the difference frequency and the photodetector translates the optical signal to electrical signal.

A lightweight, compact, robust and room-temperature THz generation technique has
become a must in many applications. THz generation using photomixing technique is
very promising as it can fulfil the afore-mentioned criteria. A scheme for THz generation
is shown in Figure 2.2 (a). Photomixer based THz sources can provide wide tunability
and high spectral resolution. The photomixing technique is being seriously evaluated for
future WLAN and other telecommunication applications. Researchers have already
reported a gigabit Ethernet [25] utilising the photomixing technique. According to a
recent study [26] initiated by the European Space Agency (ESA), photomixers are
considered as one of the most promising candidates for the generation of THz signals.

Transmission losses through an optical fibre is very small (< 1 dB/km) [27]. By up-
converting the THz signal to the optical domain, the signal can be easily distributed
through an optical fibre, as shown in Figure 2.2 (b). At the receiving end, a photomixer
can be used to translate the signal from the optical to the electrical domain. The

5



6 PHOTONIC THZ GENERATION

photomixing technique is particularly interesting for LO distribution over a large
distance. The technique has also been considered for use in the Atacama Large
Millimetre/submillimetre Array (ALMA) [28].

Laser: f---] O/E > <7\}4

Photomixer
(a) w;-Ww,
| RF » E/O |------- O/E = RF |
i Photomixer |

Figure 2.2: (a) THz-wave generation scheme using a photomixer. (b) A scheme for LO
distribution where the signal is converted from electrical domain to optical domain and guided
through an optical fibre. At the other end, the optical signal can be converted to electrical domain
using a photomixer.

The two most common approaches to realising photonic THz generation are to use low-
temperature gown GaAs (LT-GaAs) and PIN-PD [29]. LT-GaAs photomixers can
provide ~2 uW at 1 THz [30] and their operation frequency can be as high as 5 THz [31].
LT-GaAs based photomixers can also be incorporated with metal-semiconductor-metal
(MSM) structures [32]. However, the main drawbacks are the low responsivity, reliability
issues [33]. Furthermore, as LT-GaAs photomixers utilise of 0.8 um wavelength, those
do not benefit from the abundant and less-expensive equipments working at 1.5 um
wavelength.

The conventional PIN-PD consists of a p- and n-doped layer with an intrinsic layer
sandwiched in between. In addition to the built-in electric field across the intrinsic layer,
a reverse bias is often applied to enhance the field gradient. Electron-hole pairs are
generated at the PIN-PD when photons with energy equal to or higher than the bandgap
energy are absorbed. In the 1960s, a number of researchers reported photomixing using
PIN-PDs [29, 34-36]. However, due to its limitations concerning low saturation current
and low bandwidth, the output power of a PIN-PD is limited to a few nW at 1 THz [37].

However, the general limitations of the photomixing technique include the required
laser sources and their stability, optical coupling, device fabrication issues and low output
power.

2.1 Uni-Travelling-Carrier Photodiode

In 1997, a new ultrafast photodiode, the uni-travelling-carrier photodiode (UTC-PD),
was proposed by Ishibashi et al. [20]. The prime feature of this PD was a much higher
output saturation current compared to conventional PIN-PDs. UTC-PDs have separate
absorption and collection layers. The space charge effect is reduced by utilising only
electrons as the charge carriers. In recent years, UTC-PDs have become very promising
by demonstrating output powers of 20 mW at 100 GHz [21] and 25 uW at 1 THz [22].
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Due to the high-speed and high power output characteristics, UTC-PDs are very
attractive for millimetre and submillimetre wave generation, fibre-radio, wireless
communication systems and wireless links, future WLAN, wireless HDTV transmission
and so forth [38, 39].

2.1.1 Basic principles

For a conventional PIN-PD, the incident light is absorbed in the intrinsic region and
electron-hole pairs are created. The velocity of electrons is 6 — 10 times faster than that of
holes. The presence of holes in the intrinsic region leads to the build-up of the space-
charge, band bending, and current saturation effects. A reduction in the absorption layer
thickness decreases transit times while increasing device capacitance. On the other hand,
UTC-PDs have separate absorption and collection layers. Therefore those layers can be
optimised independently.

PIN-PD 7-/7\7/ Light

® Conduction band

n-contact

UTC-PD

Valence band

- / 7\7_/Light

Conduction band

n-contact
layer

Valence band

Figure 2.3: (a) Schematic band diagrams of the PIN-PD and UTC-PD.

Figure 2.3 shows a comparison between the operational principles of the PIN-PD and
the UTC-PD. Except the absorption layer, the band gap of all the layers should be
sufficiently large as compared to the photon energy of the optical illumination so that the
optical absorption takes place in the absorption layer only. As light is absorbed in the p-
doped region, the distance to the p-contact for the holes and the transit time can be
significantly short. In this way the build-up of holes can be avoided, which would
otherwise at some point screen the acceleration field normally present in the device. In
the absorption layer, the minority electrons are moved to the edge of transport region by
diffusion, photo-induced electric field and/or the built-in potential gradient in the
absorption region.

The unidirectional motion of the electrons is achieved by a diffusion blocking layer at
the p-contact side. The holes are confined to the absorption region by the appropriate
choice of the band profile at the interface between the absorption and transport regions.
On the other hand, the band profile for the electrons should be smooth enough so that it
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does not hinder the electron transport between the absorption and transport regions. The
electron travelling time can be effectively reduced by the quasi-field formed by the band
gap grading and also by graded doping. In UTC-PDs, the space charge consists of only
electrons whose velocity is much higher than that of holes and thus postpones current
saturation offering higher operation current [40].

UTC-PDs can be realised with GaAs/AlGaAs for the optical wavelength of 0.8 um. For
the 1.5 um wavelength, InGaAs/InP material system can be used. The latter one features
high mobility, high overshoot, and high saturation velocities of electrons. Moreover, the
1.5 pm lasers and accompanying equipments are well developed and inexpensive due
their extensive use in the optical telecommunication systems. Figure 2.4 depicts a typical
layer structure and an example of the UTC-PD layer structure parameters.

} p-contact layer Layer Thickness Material DopingLevel
} diffusion barrier [am] [em?]
]» absorption layer | P-contact 50 D-Ing 53Gag 47As 2.5x 10
Diffusion barrier 20 p-Ing_ﬁ3Gaﬂ_3?ASg_gUPg_gg 1.5x 101
Absorption 220 p-Ing 53Gay 47As 5x 1088
collection layers Spacing 8 i-Ing 53Gag 47As
Spacing 16 i-Ing 76Gag 24480 52Po 48
Spacing i} i-InP
Spacing 7 n-Inp 1.0x 1018
} n-contact layers | (g jector 263 n-InP 1.0x 1016
Subcollector 50 n-InP 5.0x 1018
Etch stop, n-contact 10 n-Ing 53Gag 47As 1.5x 101
optical signal Subcollector 500 n-InP 1.5x 101
(a) (b) [Etch stop 10 i-Ing 53Gag 47AS

Figure 2.4: (a) Layer structure of a typical UTC-PD, and (b) an example of the layer structure
parameters [41].

The electron transfer between different valleys in the conduction band is a multi-
particle scattering process, involving phonons for momentum conservation. When an
electric field is applied, some delay may occur before the average velocity of the carriers
reaches a new equilibrium value. At a high enough field, the carriers are accelerated to a
velocity higher than its long-term equilibrium value before the momentum and energy
relaxation processes bring the velocity down to the equilibrium value. Thus, an average
electron in a semiconductor device may travel a substantial distance reaching a velocity
beyond its maximum value in a homogenous bulk material. This phenomenon is
commonly referred to as velocity overshoot. When the photogenerated electrons of the
UTC-PD enter the depletion region from the absorption region, they experience an
almost instant change in the electric field and velocity overshoot occurs.

However, this velocity overshoot process is rather intricate in GaAs, InP and in similar
materials [42, 43]. At relatively higher electric field, electrons in the lower valley (high
mobility and low effective mass) can be exited to the normally unoccupied upper valley
(low mobility and high effective mass). This is called transferred-electron effect. This
effect, concerning intervalley electron transfer, causes a negative differential mobility
and the drift velocity starts to decrease. Therefore, the velocity overshoot gets suppressed
as soon as the electrons gain enough energy for the inter-valley scattering.

Monte Carlo simulations by Maloney and Frey [42] showed that the velocity overshoot
due to an abrupt electric field change in InP may exceed 1 pm. In effect for submicron



Uni-Travelling-Carrier Photodiode 9

distances, the overshoot phenomenon allows electrons to travel faster than its maximum
saturation velocity. In other words, submicron devices can utilise the overshoot
phenomenon in order to achieve higher device performance.

2.1.2 Material and epitaxial structure

The functionality of the UTC-PD largely relies on the high electron mobility.
Semiconductor materials with high electron mobility are needed to realise the UTC-PD
structure. A range of compound semiconductor materials offer many of these desired
features and can be synthesised without too much difficulty. Heterojunctions have
become essential for the design of high performance optoelectronic device. But in this
case the materials must have similar lattice parameters to enable the epitaxial growth of a
semiconductor on top of another and to minimise the number of defects.

InGaAs and InGaAsP have identical lattice constants as InP at certain mole fractions.
Figure 2.5 (a) illustrates the bandgap energy and lattice constants of various
semiconductor materials. The figure can be used to determine the available possibilities
for the UTC-PD layer composition. For instance, the layer composition can be chosen as
Ing s3Gap47As for the absorption layer, Inge3Gags7As0s0Po20 for the diffusion blocking
layer, and Ing76Gag24As052Po4s for the graded layer. All these compositions have the
same lattice constant as InP and can therefore be grown on the same substrate with InP as
the collection layer.
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Figure 2.5: Bandgap energy and lattice constant of various semiconductor materials [44].

Materials Bandgap (eV)
In0.53Ga0.47As 0.77
InP 1.35

Ing.63Gag 37A50.80P0.20 0.90
Ing 76Gag24AS0.52Po .48 1.05

Table 2.1: The energy bandgaps of the materials used in the UTC-PD [45].
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The above mentioned layer composition enables the UTC-PD to work at 1.55 pum,
which is a telecom standard. This specific wavelength suffers particularly small losses
when propagating through an optical fibre. The wider bandgap of InP allows the incident
light of 1.55 um to reach the intended InGaAs absorption layer without being absorbed
elsewhere. A higher bandgap (compared to InGaAs) material, InGaAsP, is used as a
blocking layer to reduce diffusion of electrons towards the p-contact region. Table 2.1
lists the energy bandgaps of the materials used in the UTC-PD.

2.1.3 Equivalent circuit

The equivalent circuit of a UTC-PD, as shown in Figure 2.6, can be realised as a
current source Iyrcpp in parallel with a resistance Ryrcpp and a capacitance Cyrcpp. The
Rs represents the series resistance. Ryrcpp is in the order of 10 kQ [46] without
illumination while R; is in the order of few ohms. The value of Cyrcpp can be determined
as if the layers of the UTC-PD were a parallel plate capacitor. The depleted layers of the
UTC-PD acts as a parallel plate capacitor and the differential capacitance can be
determined by (2.1) where & denotes the permittivity of the depleted layers, A is the
junction area. Here, w denotes the width of the depleted layers which are dependent [41]
on reverse bias V, and built-in voltage V,;, as shown by (2.2).

&A

Corepp = W(V VA) (2.1)

ro>°ri

woeglV V. (2.2)
- AN—__]

Rs

ZSUTC-PD |urcpn@> gRUTCPD ——Curcrp

Figure 2.6: An equivalent circuit of the UTC-PD.

2.1.4 Performance factors

A number of factors exist that determine the performance of the UTC-PD [41]. In this
section those performance factors are discussed together with possible strategies to
improve and overcome the device limitations.

Quantum efficiency: Being a photodetector, the UTC-PD converts an injected
optical signal to an electrical signal. This conversion of optical power into electrical
power is dependent on the absorption coefficient of the semiconductor material and the
thickness of the absorbing region. The effectiveness of this process can be expressed as
the quantum efficiency, #, of a photodetector, and is given by (2.3), where, Av is the
photon energy, g is the elementary charge, P;,;is the injected optical power, and 7, is the
photocurrent.
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I, /q
Y5 23
=P Ihv 2

inj
Responsivity: Responsivity, as denoted by R in (2.4), is a measure of the
photodetector’s ability to convert incident optical power into an output current. Here 4 is
wavelength of the incident photons. Since the diffusion length in the InGaAs absorption
layer is much longer (~1 pum) than the absorption layer thicknesses in general, the
responsivity increases linearly with absorption layer thickness [47]. Therefore
responsivity can be improved by increasing the thickness of the absorption layer.

1
Rzﬁznﬂ/l.m (2.4)

inj

Time constants: The response time of the UTC-PD is determined by the transit time
across the device and the RC-time constant. The electron diffusion time in the absorption
layer determines the total carrier transit time except for a thin absorption layer (less than
100 nm). The transit time, 7,, can be approximated [48] as (2.5) where W, D, and vy, are
the absorption layer thickness, diffusivity of electrons in the absorption layer and the
electron thermionic emission velocity (2.5 x 107 cm/s), respectively. The carrier
travelling time in the collection layer can be defined as ¢ = W¢/ vy Here We is the
collection layer width and v, is the drift velocity of the electrons.

Wi Wi Ve

Vi  Va

T, =T,4+T,=

(2.5)

e

The first term of equation (2.5) is responsible for the purely diffusive transport. This
term dominates when the absorption layer thickness is comparatively large i.e., more than
100 nm. In this situation, 7, oc ;. On the other hand, the second term of the equation
(2.5) dominates when the absorption layer is thinner. For absorption layer thicknesses
less than 100 nm, 7, oc W, .

The RC-time constant, Tgc can be expressed as (2.6) where R;,, represents the internal
resistance and R,.s represents the load resistance. Since the absorption and collection
layers in the UTC-PD are separate, 7, and 7zc are decoupled. This effectively means that
the device speed can be enhanced by reducing W, without affecting the RC-time constant.
But this will decrease responsivity and therefore a trade-off exists in this regard.

Tpe =RC=(R,,,+R, ) sAlw (2.6)

Bandwidth: If the input optical power and the reverse bias are kept constant, the 3-dB
bandwidth is defined as the frequency point when the output signal has decreased by 3
dB from its highest value. The 3-dB bandwidth can be determined by optical
heterodyning or the impulse response method. The 3-dB bandwidth, f;43, can be

expressed as (2.7). To achieve high bandwidth, both 7;. and 7z¢ should be kept low.
1

f3dB = (27)
27\ T+ Thc
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2.1.5 Device fabrication

The fabrication and characterisation of UTC-PDs at Chalmers have been published in
[41, 49]. The devices had a 50 Q coplanar waveguide leading up to the device itself to
accommodate coplanar measurement probes, as shown in Figure 2.7.

A typical fabrication procedure includes the following sequential steps:

I. p-contact formation.
II. p-mesa and n-mesa formation.
III. n-contact formation.
IV. Thick metal deposition (e.g. transmission lines)
V. Air-bridge formation.

VI. Anti-reflective coating (SiN) at the bottom of the substrate (required for vertically
illuminated UTC-PDs).

CPW  p-contact n-contact A‘I\ir—bridge
\ 1 Pl 1
"\ A 4 7
\\ ’,

| »

(b) substrate | (c)

Figure 2.7: (a) SEM photograph of an UTC-PD, fabricated at Chalmers. Cross-sectional views
along (b) AA and (c) BB.

Figure 2.8 shows the DC measurement plots for 13 pm and 17.5 pym diameter UTC-
PDs without illumination. For both the devices, W, = 220 nm and W¢ = 263 nm. Figure
2.8 (a) shows the DC current density versus applied voltage. The pinch-off voltage, as the
figure shows, is around 0.5 V. While Figure 2.8 (b) shows the differential DC
conductance. The reverse bias breakdown starts at around 8 V and is not abrupt. The full
breakdown voltage is beyond 15 V. According to a previous measurement, the

breakdown voltage was 16.5 V [41]. Further characterisations have been published in
[41].
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Figure 2.8: DC measurement plots (without illumination) for 13 micron and 17.5 micron UTC-

PD devices. (a) DC current density versus applied voltage (IV plot), and (b) differential DC
conductance versus applied voltage.
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2.1.6 Parameter extraction

In order to understand the impedance behaviour of the photodetector, the measured S-
parameters of the fabricated UTC-PDs were compared with an equivalent circuit model.
The fabricated UTC-PDs have a short strip of coplanar waveguide (CPW) leading up to
them to accommodate the measurement probes, as shown in Figure 2.9 (a). The CPW is
modelled as a ® — network with Lcpw and Cepw. Figure 2.9 (b) shows the equivalent
circuit of the fabricated UTC-PD.

Lepw
Y
Rs
Probe
My
|UTCPD( U Rutero —=—Curcro ——Cecpw ——Cecpw
~ Probe

(a) (b) T
Figure 2.9: (a) Schematic of the air-bridged UTC-PD device with CPW striplines leading up to
the detecting area (b) Equivalent circuit of the UTC-PD.

A set of measurements were performed to obtain the S;; data of a 10 um diameter
UTC-PD at 1 V, 2 V, and 4 V reverse biased conditions without any optical injection.
The equivalent circuit for UTC-PD and CPW, shown in Figure 2.9 (b), is modelled in
Advanced Design System (ADS) [50] from Agilent. An optimiser based tool was used in
ADS to fit the model with measurement results at a given reverse biased condition (1 V)
and thus all the parameter values were extracted. Afterwards, the same model with the
extracted parameters was used to evaluate the equivalent circuit model at other reverse
bias conditions. The extracted values for the 10 um diameter UTC-PD at 1 V reverse bias
arc RUTCPD =20 kQ, CUTCPD =27 fF, RS =5 Q. Figure 2.10 shows the S]] plOt obtained by
simulations and measurements from 10 GHz to 67 GHz for the 10 um diameter UTC-PD
at 1 V bias conditions without any optical injection. The agreement between the
measured and modelled results is quite good. However, the S;; plots for 2 V, and 4 V
reverse bias conditions are almost the same as that of 1V bias. This can be attributed to
the saturation of the photomixer capacitance when the reverse bias voltage is more than a
specific value (~ 1 V).

Measured
Modeled

10 GHz

67 GHz

Figure 2.10: S;; plot obtained by modelled and measurement results from 10 GHz to 67 GHz for
a 10 um diameter UTC-PD at 1 V reverse biased conditions.
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2.2 Device modelling

In this section, UTC-PD modelling is discussed. Later, physical device models are
discussed which were developed from the carrier transport physics and device geometry
considerations. Finally, thermodynamic modelling is briefly discussed.

2.2.1 Carrier transport modelling

As for most semiconductor components, numerical simulations are important for the
understanding and design of the UTC-PD for a specific application. By mapping the
physical parameters like dimensions, doping, material, and incident optical power, the
fundamental characteristics and trends in performance can be studied without costly split-
lot experiments. This can also lead to more comprehensive insight and understanding of
the device behaviour and optimisation.

In order to describe the carrier transport of semiconductor devices, the drift—diffusion
(DD) approach [51] is widely used. However, it does not account for carrier temperatures
and nonlocal effects like velocity overshoot which has been observed experimentally in
UTC-PDs [52]. Different Monte Carlo methods [53] for solving the Boltzmann transport
equation are available but require large computation time. The hydrodynamic (HD)
carrier transport model [53, 54] is reasonably time efficient and well-suited for
simulating heterostructure dimensions and doping profiles. In contrast to the
conventional DD model, the HD model includes carrier temperatures and gives a more
complete description of the carrier transport. Mobilities, diffusion coefficients etc. are
functions of the carrier temperatures.

However, in order to model the UTC-PD epitaxy, both DD and HD models were
developed and implemented wusing the commercial software package TCAD from
Synopsis [55]. Figure 2.11 shows the graphical user interface describing the epitaxial
layers of the device and the layer parameters. The developed models were mainly used
for vertically illuminated UTC-PDs. However, with some modifications, the models can
also be used for simulating other types of UTC-PDs as well.

Contact layer 4 P++ InGaAs
Diffusion block layer — — 1 Dy 1nGahsP
PR I Layer Thickness DopingLevel Bandgap
i InGads [nm] [em™] [eV]
SPECBTS =:: igfaﬁ_gp
ailng p++InGaAs contact 50 3x 10% 0.73
p++ InGaAsP blocking 20 2x 10% 0.85
p+InGaAs absorption 220 1x 10 0.73
Collection layer i-InGaAs spacer 8 0.73
T n-InP i-InGaAsP spacer 16 1.0
i-InP spacer 6 1.35
n+InP cliff 7 1.0x 1018 1.35
n-InP collector 263 1.0x 10% 1.35
n+InP subcollector 50 5.0x 10 1.35
Contact layer n+InGaAs contact 10 1.5x 10 0.73
(a) (b)

Figure 2.11: (a) The epitaxial layer structure of the simulated InGaAs/InP UTC-PD in TCAD,
and (b) layer parameters.
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2.2.2 Drift-Diffusion model

The Drift-Diffusion (DD) transport model [51] uses Poisson, electron and hole
continuity equations to determine the carrier transport across the semiconductor device.
The PDEs (Partial Differential Equations) are discretised and solved iteratively by
Newton iterations. In case of the DD model, the electron and hole current densities are
given by:

J, =
Sy =-rqu, Ve, (2.9)

Here, g is the elementary charge, n and p are the electron and hole densities, u, and u,
are the field dependent electron and hole mobilities, and ¢, and ¢, are the electron and
hole quasi-Fermi potential, respectively.

2.2.3 Hydrodynamic model

The hydrodynamic (HD) carrier transportation model [53, 54] treats the propagation of
electrons and/or holes in a semiconductor device as the flow of a charged compressible
fluid producing hot electron effects and velocity overshoot in high-electric-field regions.
The model also includes carrier temperature dependent parameters such as mobilities and
diffusion coefficients and thereby accurately models the carrier transport. The simulated
results of a UTC-PD using the HD model have been reported [56] in a detailed manner.
The results suggest that the HD model is more accurate than the conventional DD model.
The DD model underestimates device performance producing premature device
saturation [56].

The HD model consists of the Poisson equation, continuity equations, and the energy
conservation equations for electrons and holes. In the hydrodynamic model, the current
densities can be represented as shown in (2.10 — 2.11), where T, and T, denote carrier
temperatures while E. and Ey are the conduction and valence band energies, respectively.
The first term takes into account the contribution due to the spatial variations of
electrostatic potential, electron affinity, and the band gap. The three remaining terms take
into account the contribution due to the gradient of concentration, the carrier temperature
gradients, and the spatial variation of the effective masses m, and m;. The energy balance
equations are shown in (2.12 — 2.13) while (2.14 — 2.15) represent the energy flux
equations. The collision terms in (2.12 — 2.13) are determined by energy dependent
energy-relaxation times. The required values of transport coefficients for heat flux ( £,
and fphf ), thermal diffusion ( f,fd and ﬁfd) and energy flux (7, and r,,) were extracted from
[57]. The hydrodynamic model used in this study doesn’t include the gradient of the
lattice temperature which depends on a number of factors including the overall dimension
of the device, its integration with other structures and their thermal properties. In the
model, a constant lattice temperature is assumed and this assumption is reasonable for
relatively low P;,;,. The HD model is discussed in more detail in [56, 58, 59]. The model
was compared with the work reported by Ito et al. [60] and showed good agreement with
the measured result (20.8 mW) by producing the saturated output power of ~ 20 mW at
100 GHz with photocurrent of 25 mA.
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J,=qu,("E. +k,TVn+ f“kynVT, —1.5nk,T,VIn m,) (2.10)
7, =qu,(pVE, —k,T,Vp— [k, pVT, —1.52k,T,VIn m,) (2.11)
w, +V-S, =J, -VE.+ a, (2.12)
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K, =knuT, /q (2.16)
K, =kypu,T,/q (2.17)

2.2.4 Thermodynamic model

The UTC-PD is particularly interesting for high-power operation, which requires high
input optical power. On the other hand, catastrophic failures of UTC-PDs occur under a
high optical input condition and constant power dissipation [61]. Therefore its power
dissipation tolerance is of great interest. The power dissipation and self-heating effect of
a UTC-PD can be calculated self-consistently by incorporating the thermodynamic
method with the DD and HD models by solving the lattice heat flow equation. However,
the thermal properties of the UTC-PD are highly influenced by the surrounding
geometry. Therefore, a simplified self-heating model can be used to include the
surrounding geometry.

The heat dissipation of the UTC-PD is determined by the thermal resistance and the
power dissipated across the device. The dissipated power can be computed by the current
through and the voltage across the device. The self-heating effect in the UTC-PD was
modelled in Comsol Multiphysics [62]. A full 3D FEM thermal analysis was carried out
to estimate the amount of manageable input power. According to the analysis, the
thermal resistance of a typical device was found to be approximately 2.5 K/mW.
However, the thermal resistivity of InGaAs (16 cmK/W at 300K) is about a magnitude
higher than that of InP (1.5 cmK/W at 300K) [63]. Therefore, the temperature increase in
the InGaAs absorption layer is higher than the InP collection layer.

2.2.5 Simulation results

In this section, several simulation results are presented using the DD and HD model.
Simulations were done using bottom illumination at 1.55 um wavelength and using the
layer structure shown in Figure 2.11 (b). Continuous wave DC simulations were
performed varying bias voltage and input optical power. Large signal (nonlinear)
stationary simulations were performed by looking at the transient response in the time-
domain. The injected optical signal (1.55 um) was modulated with a Gaussian pulse train.
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The standard deviation of the temporal of the Gaussian distribution was set to such values
that the pulse train mimics a sinusoidal pulse train at a specified frequency with a

modulation index of 1. Steady-state results were obtained within a few cycles.
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Figure 2.12: (a) Electron velocity distribution, and (b) electron temperature across the UTC-PD
(W,=220 nm, W-= 263 nm) at 4 V reverse bias.

Figure 2.12 (a) shows the electron velocity using the DD and the HD model. The device
had W, = 220 nm and W, = 263 nm while the reverse bias was set to 4V. It can be
noticed from the figure that HD has been able to model the velocity overshoot of the
electrons, unlike DD. Figure 2.12 (b) shows the simulated electron temperature profile
across the device. The electron temperature increases from ambient temperature (300K)
to high temperature when the electrons enter the depletion layer as they experience a high
electric field. A comparative study of the HD and DD model, reported in [56], shows
that the DD model underestimates device performance.
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Figure 2.13: (a) Energy band-diagram for different optical injection levels at 2V reverse bias, and
(b) simulated photocurrents of a 5 um diameter UTC-PD (W, = 220 nm, W = 263 nm) at

different optical injection levels and bias voltages. The dashed curves represent iso-power-
dissipation curves.

Figure 2.13 (a) shows the energy band diagram of a 5 um diameter UTC-PD (W, = 220
nm, W = 263 nm) under different optical injection levels at 2 V reverse bias. As can be
seen in the figure, at relatively high injection level the carrier accumulation impairs the
acceleration field in the collector region and thereby saturates the detector response.
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Figure 2.13 (b) shows simulated photocurrents at different optical illumination levels and
bias voltages. The dashed curves represent iso-power-dissipation curves. As can be seen
from the figure, at high optical illumination levels, high bias voltage is necessary to avoid
space charge effect and thereby to attain high current. However, a high bias voltage gives
rise to a high dissipated power as shown by the iso-power-dissipation curves. Therefore
the bias the voltage has to be carefully chosen in order to avoid burn out with a safe
margin. Alternatively, thermal engineering is necessary to improve the thermal
performance of the UTC-PD.

Figure 2.14 shows the differential capacitance of a 5 um diameter UTC-PD (W, = 220
nm, W¢ =263 nm). The voltage-dependent nonlinear capacitance of the UTC-PD affects
the embedding impedance and will be discussed in the latter part of this chapter.

10 |

Capacitance [fF]

T
-4 -3 -2 -1 0
Vp[V]

Figure 2.14: Differential capacitance of a 5 um diameter UTC-PD (W, = 220 nm, W, = 263 nm).

2.3 Device optimisation

TCAD tools play a vital role in the development of new technology and to perform
design of experiments (DOE). A realistic physical model of a certain semiconductor
device enables to optimise it in TCAD. Due to the device physics of the UTC-PD, its
efficient operation for a certain application requires optimisation. In this section, limiting
factors and optimisation scopes are discussed. Later, the developed physical model is
used to perform DOE and thereby to optimise a UTC-PD structure.

2.3.1 Limiting factors and optimisation scopes

The bandwidth and output power of the UTC-PD depends on layer alloy composition,
dimensions and thicknesses, and other physical parameters such as doping concentration
of absorption and collection layers, bias voltage, and level of optical injection.

In order to achieve higher output power and higher bandwidth from the UTC-PD,
several trade-offs exist which require careful considerations regarding the UTC-PD
design, its operating frequency and application. For higher output power (P,.), the
responsivity can be improved by increasing the thickness of the absorption layer ¥,. But
this results in an increase in 74 and thus a decrease in f3,5. Higher output power is also
achievable by increasing the device area.
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However, for larger active areas, the devices become slower due to an increase in the
capacitance and zzc. Therefore the f3,5 will be reduced in this case as well. On the other
hand, the increase in the collection layer width W decreases the electric field £ in the
layer and increases 7¢. Evidently a trade-off exists regarding the choice of the optimum
dimensions for W, and W, as illustrated in Figure 2.15. Relevant discussion and
implementation of this optimising technique are provided in the latter part of this chapter.
However, UTC-PD area optimisation involves a number of factors including capacitance,
series resistance, spreading resistance and thermal resistance that are dependent on the
device area.

The output power is proportional to the square of the input optical power (when
saturation does not occur). It has also been shown that the output power scales with the
radiation resistance at the resonant frequency [40]. But the UTC-PD capacitance and the
increase in the load resistance introduce higher zzc and in turn f3,5 is decreased. However,
this can be resolved by using a load impedance that cancels out the device capacitance.
Resonant type of antennas (e.g. dipole) offers this opportunity to cancel out the device
capacitance and also provides higher resistance, and thus higher power. But the
bandwidth is narrower compared to other antennas. In the latter part of this chapter,
several antenna designs to maximise the output power will be discussed.

_______________________________________________________________________________

Figure 2.15: UTC-PD layer optimisation by (a) varying absorption layer thickness W, and (b)
collection layer thickness W¢.

2.3.2 Device structure optimisation

The bandwidth, output power and the overall performance of the UTC-PD are
dependent on the responsivity and carrier transit times. In light of the previous
discussion, W, and W can be optimised to increase the output power. In the work,
reported in Paper A, an InGaAs/InP UTC-PD with 5 pm diameter is optimised for
continuous-wave (CW) THz generation at 340 GHz by varying W, and W¢. The positions
of these layers are shown in Figure 2.16 (a). The optimisation approach used is general in
that it can be applied for any target frequency. The photodiode epitaxy is modelled and
optimised using TCAD implementing the HD model. Large signal simulations were
performed during the optimisation procedures.
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The ~340 GHz band [1, 64] has interesting applications for the remote sensing of
atmospheric gases, thus there is a need for the development of tunable local oscillator
sources for sensitive detection.
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Figure 2.16: (a) Schematic of the UTC-PD band diagram and the two layers that were varied in

the simulations (W, and W) have been marked. (b) Calculated output power varying the

absorption layer (W), collection layer thicknesses (W) and bias voltage (Vpc). Input optical

power is 50 mW (17 dBm).

We

In this study, W, and W were optimised consecutively. As can be seen from Figure
2.16 (b), the optimised W, is 125 nm for W¢ = 263 nm. Subsequently, with Wy
determined, the device was optimised by varying the collection layer thickness W¢. As
shown in Figure 2.16 (b), the optimised value for W was found to be 150 nm. However,
the optimised values of W, (and W() are the same for all the specified bias voltages. The
optimised device, with W, = 125 nm and W¢ = 150 nm, was then simulated varying the
input optical power at different DC bias conditions.
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Figure 2.17: (a) Simulated output power of the optimised UTC-PD layer structure, obtained by
varying the input optical power for different bias voltages (Vpc). (b) DC I-V plot of the optimised
device and the phase portrait of the device at 27 dBm input optical power before and after
optimisation. Here, Vpc = —4 V.

Figure 2.17 (a) illustrates the simulated output power versus input optical power.
However, these simulations do not include any self-heating effects. As can be seen from
Figure 2.17 (a), the output power of the optimised UTC-PD saturates at different optical
injection levels depending on Vpc. The maximum saturated output power of ~ 6 mW is
achieved at Vpc = — 4 V and at 28 dBm input optical power. In order to validate the
performance of the optimised UTC-PD, an example of the simulated phase portraits v(?)
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Vs i(t) for the 5 um diameter device has been presented in Figure 2.17 (b) before and
after the optimisation with 27 dBm (0.5 W) input optical power. Before optimisation, the
device layer thicknesses were W, = 220 nm and W¢ = 263 nm [7]. Here v(?) and i(?) are
the time varying voltage across and current through the UTC-PD at Vpc = — 4 V. The
phase portrait and the DC I-V plot, shown in Figure 2.17 (b), indicate the shift of the
UTC-PD operating point. The figure also shows that the optimised device provides
higher AC component in i(?) and higher output power.

The thermal resistance of a typical device was found to be approximately 2.5 K/mW,
which depends on the layer structure and surrounding geometry. The temperature rise
depends on the photocurrent and the bias voltage. The analysis also shows that the
maximum temperature inside the active region is expected to be significant (= 150° C )
for input optical powers above ~ 0.25 W and at Vpc > — 2 V (average photocurrent~ 18
mA), thereby degrading the overall device performance. As can be seen in Figure 2.17
(a), at 0.25 W (24 dBm) input optical power, the output power is almost the same for all
three bias conditions while Vpc = — 2 V bias condition should be chosen as it offers the
least heat dissipation. Hence, the maximum theoretical output power at 340 GHz for the
optimised UTC-PD structure will be ~ 1 mW assuming a maximum allowable optical
excitation of 0.25 W. However, with efficient thermal management, the optimised device
is able to handle higher optical injection and thereby provide higher output power
avoiding device failure.

The findings and results regarding UTC-PD epitaxy optimisation have been reported in
Paper A.
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2.4 Optimum embedding impedance

An UTC-PD, as discussed before, can be regarded as a current source in parallel with a
capacitor and a resistor. The device capacitance can be estimated as a parallel plate
capacitor and therefore the capacitance depends on the device area and the collection
layer thickness Wc. Moreover, the capacitance also depends on the voltage across it, as
shown in Figure 2.14. For maximum power transfer from the UTC-PD to the load
impedance, matching is required. However, the photocurrent generated by the UTC-PD
creates a time varying voltage drop across the load impedance and thus shifts the bias
point. Therefore it is important to know the optimum embedding impedance at different
optical illumination levels.

In order to investigate the dependence of device parameters of the UTC-PD on high
optical injection, a study was carried out where contour plots were obtained for a Sum
diameter UTC-PD at different optical input levels from 0.5 mW to 500 mW. The device
layer thicknesses were W, = 125 nm and W¢ = 150 nm. Figure 2.18 (a) shows the
equivalent circuit setup in TCAD. The extrinsic series resistance, Ry, = 15 €, represents
the spreading resistance and ohmic contact resistance, which are not included in the
physical device model. V}, is the bias voltage and Z; represents the load impedance. V
was set to 4V and Z; was varied in order to obtain contour plots. The load impedance
points (Z;) on Smith chart are shown in Figure 2.18 (b).
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Figure 2.18: (a) Equivalent circuit setup for simulating CW THz generation by photomixing in
TCAD, and (b) load impedance points (Z;) on Smith chart.

Figure 2.19 shows the contour plots. The contours are spaced at 0.5 dB from each other.
As can be seen from the figures, the optimum load impedance for maximum output
power at different input optical power levels does not vary significantly. Figure 2.19 (j)
shows the maximum available output power (for matched condition) at different optical
injection levels. The figure also shows the 1-dB compression point. However, the device
parameters of the UTC-PD change with optical injection. At high optical injection,
voltage drop at the load impedance decreases the voltage across the device. This in turn
results device saturation limiting the output power. The change of the voltage across the
device also changes the device capacitance. This phenomenon can be observed from the
denser contour plots at high impedance regions in Figure 2.19 (a - 1).
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2.5 Circuit and device integration

The output power of the UTC-PD is comparatively low at higher frequencies.
Optimising a design for output power requires trade-offs involving the epitaxial layer
design, optical coupling, circuit design and antenna design. Carefully designed UTC-PD
circuits are able to deliver a decent amount of output power for many applications. UTC-
PD based circuits for free-space applications require compact planar antennas. Generally,
lenses made of silicon, Macor etc are used to ensure efficient coupling of the THz
radiation to the free space. Depending on the system bandwidth and power requirements,
broadband or narrowband antennas are required. On the other hand, for several
applications, for instance using UTC-PD as LO in heterodyne detection systems, the
generated THz signal from the UTC-PD is coupled to a waveguide.

The trade-offs, concerning UTC-PD based photomixer circuits, are made based on the
required power, bandwidth and system integration. Specific considerations are required if
other structures (e.g. matching circuit, antennas) are monolithically grown with the UTC-
PD. In order to achieve high power photonic THz generation from UTC-PDs, the
following factors are important for realising photomixer circuits:

- Device structure, device area and embedding impedance
- Optical illumination
- Biasing and thermal considerations

In this section, a brief review on photomixer circuit design methodologies is presented
followed by several design examples.

2.5.1 Circuit design

lllumination techniques: UTC-PDs can be illuminated by a number of ways, as
shown in Figure 2.20. Bottom illumination is the most widely used technique. The
technique requires antireflection (AR) coating on the backside. Top illumination has also
been reported [65]. In this case, AR coating is applied on the top side while high-
reflection (HR) coating is applied at the bottom. Besides simple vertical illumination
techniques, a relatively more complex illumination technique has been proposed [40]
where two cascade-connected UTC-PDs are injected with a single optical fibre and an
integrated 3-dB optical signal splitter. A number of other illumination techniques also
exist [66] offering various advantages and disadvantages. In order to realise side
illumination, lasers can be directly injected to the absorption layer or utilising the
substrate as the optical waveguide, as shown in Figure 2.20 (b-c). Alternatively, a
refracting facet can be used for side illumination.

Absorption layer Absorption layer <j Absorption layer Absorption layer
@ A\ (b) 0 SR <l N%e
.|

Figure 2.20: (a) Vertical, and (b-d) side illumination techniques for UTC-PDs.
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For CW THz generation, the simplest way to obtain optical heterodyning is to use two
tunable laser sources. However, the spectral quality of THz radiation generated by
photomixing is determined by the quality of the optical beat, which in turn is determined
by the frequency stability of the pump lasers. An optical frequency comb generator can
also be used accompanied by an optical filter which selects two frequencies [67].

Planar guiding structures: The most common techniques for designing
transmission lines include microstrip lines and coplanar waveguides [68]. Due to the
illumination requirement of the vertically illuminated UTC-PD, microstrip lines are not
suitable. Slot lines and coplanar waveguides (CPW) are widely used in the circuit designs
for UTC-PDs. CPWs have lower parasitics than microstrips and are therefore a good
choice for high-frequency operations where this is a primary design concern. However,
compared to microstrip lines and CPWs, coplanar striplines (CPS) provide higher
characteristics impedance [68, 69]. The CPS transmission line has two conductors on the
top plane of the circuit, allowing series or shunt elements to be readily integrated into
CPS circuits. CPS is often used in electro-optic circuits as well as in high-speed digital
circuits. Due to its balanced nature, CPS also makes an ideal feed for radiating elements
such as printed dipoles.

Matching circuit: It is possible to implement a matching circuit [40] to improve the
output power by compensating for the imaginary part of the internal impedance in the
UTC-PD at a particular frequency. However, since the matching circuit works best at a
specific frequencyi, it limits the overall bandwidth of the system. Moreover, for centre-fed
antenna designs (e.g. when the UTC-PD is placed at the centre of a twin-dipole antenna),
the implementation of such matching circuits is not convenient.

2.5.2 Antenna design

The UTC-PD can be integrated with antennas for THz generation and emission. It has
been shown that the output power of the UTC-PD can be maximised by increasing the
antenna resistance [70-72]. The output THz power of a biased photomixer can be
expressed as:

R, ‘722])1;; M ‘é)OE

P (@) = 2 I_] + (a)z'tr)zjll + (a)TRC)ZJ

(2.18)

Where R; is the load resistance, Z is responsivity, P;, is the input optical power, M is
related to the modulation index, and .£,, is related to optical and electrical losses [40].

Although the equation is valid only in the small signal limit, it signifies the possibility of
getting higher output power with higher antenna resistance. Figure 2.21 exemplifies an
equivalent circuit of a biased photomixer with the antenna.

For UTC-PD-antenna integration, different types of antennas such as log-spiral and log-
periodic antenna have been reported. However, the impedance of those broadband
antennas is relatively low [31, 71, 73, 74]. Resonant antennas such as dipole antennas
offer relatively high impedance at the resonant frequency [70, 71]. Photomixing with a
resonant twin-dipole antenna has also been reported [46]. If broadband operation is not a
prerequisite, antennas having resonant structure can be used to maximise the THz output
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power at a specified frequency. Twin-dipole antennas provide symmetric near-Gaussian
beam pattern and high directive gain. On the other hand, bow-tie antennas provide
relatively larger bandwidth. However, the antennas can be realised in CPW or CPS. In
order to bias the UTC-PD, choke filters are required.

UTC-PD

P A aadady
[ pTHz
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Optical signal

Figure 2.21: Equivalent circuit of a biased UTC-PD with an antenna.

2.5.3 UTC-PD integrated antenna designh examples

Optimum embedding impedance ensures maximum power transfer. Therefore in order
to generate the maximum power by a UTC-PD at a certain frequency, impedance
matching is necessary. For UTC-PD integrated antenna designs, it is necessary that the
antenna introduces the optimum embedding impedance to the UTC-PD.

In this section, examples of UTC-PD integrated antenna designs, using CPS, are
described. The main motivation of designing the antennas was to have totally parametric
designs which can be modified and optimised for a particular UTC-PD at a given
operating frequency. The designs also contain choke filters to provide DC bias to the
UTC-PD. The designs were performed at 340 GHz. Throughout the investigation, Ansoft
HEFSS [75] was used.

Example A: A twin-dipole CPS antenna on 150 pm thick InP substrate (g, = 12.5)
with gold conductor (2 pm thick) is designed at 340 GHz [37]. The design also included
choke filters and biaspads. Figure 2.22 shows the centre-fed twin-dipole antenna and the
corresponding design parameters.

At the first stage, a choke filter, having consecutive sections of high impedance and low
impedance, was designed and optimised. This type of choke filter consists of a number of
quarter-wave transmission line sections where transmission lines with high and low
characteristic impedances are placed consecutively. The presented choke filter is very
well suited for planar and single layer design. Since the antenna is of twin-dipole type,
choke filters and bias pads are symmetrically placed to attain symmetric beam pattern.
This symmetric arrangement will introduce symmetric impedance loading on both sides
of the twin-dipole antenna. The choke filter was optimised to obtain the maximum return
loss at the desired frequency by varying L, After optimising the choke filter, it was
integrated with the twin-dipole antenna and the integrated design was optimised by
varying Wy, L;, L, and L;. Table 2.2 shows the optimised parameters for the antenna
design. All parameters are in pm.
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Figure 2.22: UTC-PD integrated twin-dipole antenna with choke filter and biaspads.

Frequency Wy Sh WL St Wy L, L, L, L,
340 GHz 5 20 125 |5 10.5 98 111 71 82

Table 2.2: Design parameters (in um) for the CPS twin-dipole antenna at 340 GHz.
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Figure 2.23: (a) Input impedance plot, and (b) Smith plot of the 340 GHz twin-dipole antenna.

Figure 2.23 (a) shows the input impedance of the antenna and pronounced resonance is
observed at 340 GHz. Figure 2.23 (b) shows the Smith plot, normalised to 50 Q. The
optimised antenna design, hence, provides the scope of eradicating the RC limitation that
arises from UTC-PD capacitance. This capacitance can be computed or extracted from
the equivalent circuit fit of the S-parameter measurements. The antenna designs then can
be optimised to provide the required amount of inductance at a specific frequency and
thereby cancel out the UTC-PD capacitance. The high resistance of the antenna will
maximise the THz output power from the photomixer.



28 PHOTONIC THZ GENERATION

Several other CPS antennas on 150 pm thick InP substrate with 2 um thick gold
conductor are also designed at 340 GHz with integrated choke filters and biaspads.
Figure 2.24 shows the designed bow-tie, dipole and twin-dipole antennas.

Figure 2.24: A number of designs showing antenna and choke filter integrated UTC-PDs.
Design Example B:

In addition to the above-mentioned antenna designs, an elliptically tapered CPS antenna
was designed and analysed as a part of the feasibility study. The main motivation of this
work is to establish the proof of concept of integrating UTC-PDs with antennas that can
be integrated monolithically and to produce end-fire beam. The antenna is of travelling-
wave type. The waves travel down the curved path of the flare along the antenna. In the
region where the separation between the conductors is small, the waves are tightly bound
and as the separation increases, the bond becomes progressively weaker and the waves
get radiated away from the antenna. Figure 2.25 shows the preliminary design of the
antenna at 340 GHz with the choke filter and biaspads. The figure also illustrates E-field
on cross-sectional planes. The antenna provided ~ 12% bandwidth (VSWR< 2) and ~
3dB directivity at 340 GHz. The port impedance was set to 200 Q. Figure 2.26 shows the
return loss and directivity of the antenna.

Biaspads

il

Choke filter

(a)

Figure 2.25: (a) The 340 GHz tapered CPS with the choke filter and biaspads (b) E-field
distribution at 340 GHz on cross-sectional planes.
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Figure 2.26: (a) Return loss of the tapered antenna, and (b) plot of directivity in E-plane and H-
plane at 340 GHz.






Chapter 3. Quasioptical Integration

The broad spectrum of THz applications has attracted researchers from different
disciplines. As a result, the THz gap is now being bridged by separately developing
research areas. The multidisciplinary nature of the research dealing with THz
technologies has induced prompt attentions from various disciplines dealing with optics
and photonics, microwave engineering and semiconductor physics. Irrespective the
original discipline and for most applications, the essential parts of THz systems are the
quasioptical components which facilitate effective THz radiation and/or focusing. Those
components include substrate lenses, objective lenses, mirrors etc.
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Figure 3.1: A schematic of a typical transmission-mode imaging system showing a number of
quasioptical components including lenses and mirrors.

The history of quasioptical components dates back to the 19" century. During the late
1880s, Hertz made an unsuccessful attempt to observe focusing using cylindrical
parabolic antennas at 50 MHz. Hertz’s experiments were intended to show the similarity
between radio waves and visible light. After an extensive modification of the components
in 1888, Hertz succeeded in operating at 500 MHz. Compared to his first attempt, the
latter involved smaller wavelength which was several times smaller than the dimensions
of his apparatus. The emitted radiation could therefore be collimated to a certain extent.
With this apparatus Hertz studied polarisation, reflection from a metal surface and
refraction by dielectric materials. Few years later, J.C. Bose employed lenses for beam
collimation for various experiments at MW frequencies. Bose was in favour of using
MW frequencies in order to realise directed beams with relatively small apparatus. Both
the scientists had, in principle, constructed the very first quasioptical systems. Their
results proved that radio waves (RF/MW) and visible light are similar and are subject of
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reflection, refraction, and polarisation etc. At present, quasioptical components often
form the substantial part for MW and THz systems. An example of a typical
transmission-mode THz imaging system is illustrated in Figure 3.1 showing a number of
quasioptical components including lenses and mirrors. In such systems, the EM beam
must be collimated and focused with the quasioptical components in order to attain a high
resolution and SNR for the system. However, the quest for compact THz systems is
hindered by conventional quasioptical components due to lack of integration.

3.1 Quasioptical components

THz imaging systems usually employ lenses, parabolic or elliptical mirrors, to create a
focus point at a distance [76]. The maximum resolution of these systems is limited by the
apertures and the distance. The well-known Abbe limit sets the ultimate spatial resolution
to ~ A2 [77] and generally it is not possible to resolve objects less than few wavelengths.
The size of the finest detail that can be resolved is proportional to A/NA, where NA is the
numerical aperture. As the resolution of an imaging system depends on the wavelength
and optics, large NA lenses are used at a distance to create a focus [78, 79]. Mirrors are
also used to focus or collimate a beam. However, the required optical path, bulky
quasioptical components and stringent setups do not favour compact THz systems.

Planar THz antennas are almost always accompanied by lenses, made from suitable
dielectric materials. Dielectric lenses can be integrated with planar radiating or receiving
elements [80, 81]. Antenna- or detector-lens configurations are an attractive solution for
THz technologies and therefore their use has become a common practice to improve the
power coupling from/to the antennas. However, the existing substrate lenses are not
capable of creating any focus. Therefore, additional collimating and focusing components
are required sacrificing the system integration and compactness.

In contrast to the focusing modalities in the THz frequencies, lenses and mirrors loose
applicability in the MW regime due to large dimensions and lack of integration. The
focusing, in this case, is usually obtained synthetically by space-time beamforming
employing a number of antennas [126]. The antennas should efficiently focus the MW
signal onto the target and collect the back-scattered energy. However, the use of
quasioptical focusing components in MW frequencies hinders compactness and system
integration. Although technologies such as metamaterials [82] are interesting, those pose
practical challenges regarding manufacturing and integration.

A compact, integrated and robust solution to focus the EM beam is highly desirable in
order to achieve greater ease of system construction and integration. It is apparent from
the previous discussion that the existing solutions do not favour compact THz systems.
Therefore, an advantageous approach is exploring the possibilities of redesigning the
quasioptical components for MW or THz applications. Latest engineering materials have
interesting electrical, mechanical and thermal properties. Although those materials are
primarily being designed and manufactured for mechanical applications, other
application areas are reaping the benefits. Many of those materials are machinable and
provide moderate permittivity as well as low dielectric loss. Therefore, a new possibility
has arisen to design and optimise quasioptical components for MW or THz applications.



The catadioptric lens 33

3.2 The catadioptric lens

A catadioptric optical system [83] combines refraction and reflection usually via lenses
(dioptrics) and curved mirrors (catoptrics). Catadioptric combinations are used in search
lights, early lighthouse focusing systems, optical telescopes, and telephoto lenses etc.

The proposed catadioptric lens, shown in Figure 3.2, utilises reflection and refraction
caused by the difference in permittivity of the lens and surrounding medium. Thus lens is
able to focus a beam in the close vicinity and provides an alternative solution to be used
as a focusing element. The lens and its focal length are electrically small (in the order of
few wavelengths). Radiating elements and sensors can be physically coupled to the lens
in order to achieve short-range focusing ability, therefore, enabling a compact system.
Thus, the lens provides greater ease of system integration compared to the conventional
quasioptical components. The lens is circularly symmetric and facilitates the possibility
of achieving symmetric beam pattern, which is important for imaging purposes.

Catadioptric lens

(a) (b) (c)

Figure 3.2: (a) 3-D view of the catadioptric lens, (b) cross-sectional view, and (c) Catadioptric
lens coupled imaging antenna array.

3.3 Design and analysis of the catadioptric lens

In this section, the catadioptric lens geometry and its dimensions are discussed. In the
first part of this section, a simple approach is taken to describe the working principle of
the catadioptric lens. The well known Snell’s law and the total internal reflection are used
to illustrate the focusing of the catadioptric lens. In the latter part, a brief overview of the
performed 3D EM analysis is presented.

3.3.1 Basic principles of the lens

The proposed catadioptric dielectric lens consists of a hemispherical part with a “horn
like” extension on top of it, as shown in Figure 3.3. This extension causes total internal
reflection due to the differences in the permittivity of the lens material and the
surrounding medium. The reflected beams are then refracted at the conical interface.
Therefore the extension is referred as the catadioptric portion. Figure 3.3 shows the
catadioptric lens geometry where the lens is placed at the origin of the Cartesian
coordinate system and the surrounding medium is assumed to be vacuum/air. The
catadioptric portion is realised as a part of a circle which is referred as “catadioptric
circle”. This circle is located at an offset (L) from the outer boundary of the lens. As
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the outer boundary is the interface between two mediums, reflections and refractions
occur at the interface. Therefore the interface is denoted as the “reflection plane”. The
radius of curvature of the hemispherical part and the catadioptric part are denoted as R;,
and R, respectively. The length of the catadioptric portion is denoted as Lc. When A1,
A2, A3 rays are launched from the source, they face total internal reflection at the
“reflection plane” and the reflected rays are denoted as B/, B2, B3 respectively. These
rays are refracted along the interface of lens or air and the refracted rays are denoted as
Cl, C2, and C3.

Catadioptric Portion
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Figure 3.3: Catadioptric lens geometry and distribution of images. Inset is the 3D view of the
catadioptric lens.

For certain placement of the catadioptric circle and its radius, the refracted rays will
converge to a point along Z axis. In principle it’s possible to determine an elliptic
extension as the catadioptric portion but for simplicity only circular extensions are
considered here. As a circular extension has been used, the refracted rays may not
necessarily converge to a single point. Rather a distribution of closely spaced intersection
points of refracted rays and symmetry axis (Z) will produce a focus region. The relative
intensity and the area of the focus region are highly dependent on the location of the
catadioptric circle (Lyper), its radius (Rc), and on the location of the reflection plane
which is defined by the radius of the lens R;,
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3.3.2 3D EM analysis

Different kinds of computational techniques have been developed based on geometrical
or physical optics for determining near-field [84, 85] and far-field pattern [86, 87],
internal reflections [88], input impedance [89], S parameters, focusing property [90] and
the imaging properties [91] of dielectric lenses. A common practice for designing
dielectric lens loaded antennas is to replace the lens with a semi-infinite dielectric half-
space. A number of approximations are made while analysing lenses and lens-antennas.
Compared to electrically large or moderately large lenses, electrically small lenses pose
greater challenge in terms of computational complexities.

3D full-wave EM solvers have been used to analyse the performance of the catadioptric
lens. A 3D full-wave Finite Element Method (FEM) software package, Ansoft HFSS
[75], was used to determine the performance of the catadioptric lenses. At a later stage of
the study, a Finite-difference time-domain (FDTD) software package, CST Microwave
Studio [92], was used.

Numerical techniques such as FEM and FDTD involve volume meshing. Therefore, the
number of unknowns increases with the cube of the linear meshing density.
Computational time and required resources scale with number of unknowns. FDTD is a
popular computational electrodynamics modelling technique. Since it is a time-domain
method, solutions can cover a wide frequency range with a single simulation run. For
certain cases, FEM methods are claimed to be more accurate [93] than FDTD. For
resonant structures, FEM is particularly efficient. On the other hand, FDTD can solve
large computational domains which are extremely challenging for FEM. Therefore the
FDTD method was found to be more time efficient in analysing the catadioptric lens.

3D EM analysis Example: A simulation example of a catadioptric lens is presented
here briefly. A silicon catadioptric lens (¢, = 11.9) of R, = Rc = 6 mm and L¢ = 11 mm
was analysed in Ansoft HFSS and the focusing property of the lens was studied from 50
GHz - 60 GHz.

The nearfield and farfield properties of a lens are highly dependent on the feeding
antennas. In the present case, a dielectric filled (¢, = 11.9) circular waveguide was used as
a source which was coupled to the back of the catadioptric lens in order to realise a
benchmark setup and also to reduce computational complexities. The setup has been
illustrated in Figure 3.4. The waveguide was excited at the fundamental mode (TE;;) and
symmetry boundaries were used in the analysis. Within the considered frequency span,
the lens produced the most intense focus region at 51.8 GHz. At this frequency the lens
diameter Dy.,s (2R;) 1s ~ 249 or ~ 74z where Ay is free-space wavelength and A is the
wavelength in silicon. The length (L¢) is of the lens is 1 1mm which corresponds to ~ 24,
at 51.8 GHz.

Further discussions and results regarding 3D EM analysis of the lenses are provided in
the following sections.



36 QUASIOPTICAL INTEGRATION
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Figure 3.4: Intensity plot at 51.8 GHz and the focus point of a silicon catadioptric lens with R; =
RC =6 mm.

3.3.3 Design issues

As discussed before, focusing is obtained in catadioptric lenses using both reflection
and refraction. Ideally, if the catadioptric lens is fabricated from a suitable material, e.g.
glass, and has arbitrarily large dimension, the lens will effectively focus the incoming
light. This can be visualised in Figure 3.3. When the lens is coupled to a RF source (e.g.
an antenna), the focusing of the lens will depend on how the fields are being coupled to
the lens and the electrical dimension of the lens at that particular frequency. Furthermore,
the electrical dimension, which is related to the dielectric constant of the lens material
and the physical dimension, is a determining factor for the focus intensity at a particular
frequency. Although electrically small catadioptric lenses are able to focus, the focus in
fact becomes more intense at higher frequencies when the lens dimension becomes
electrically large. Therefore there is a correlation between the intensity of the focus and
the electrical dimension of the lens. Furthermore, as the lens utilises reflection, the
permittivity of the lens material should be high in order to obtain a large difference in
refractive indexes in relation to the surrounding medium (air). Therefore, it is necessary
to use materials having high permittivity in order to realise compact lenses. Moreover,
the material should be machinable, which is usually in contradiction to the materials with
high permittivity.

3.3.4 Lens fabrication

In the recent years, a broad spectrum of engineering materials is being used in different
disciplines. Many of these engineering materials are machinable. However, a few
machinable materials provide moderate permittivity and low dielectric loss. These
materials are of particular interest for fabricating catadioptric lenses and discussed below.

Within the framework of this thesis, Delrin and Macor were used in fabricating
catadioptric lenses. Delrin [94], also known as polyoxymethylene (POM) and polyacetal,
is a polymer. Delrin is a lightweight, low-friction, and wear-resistant thermoplastic with
good physical and processing properties. Its relative permittivity is 3.8 while the
dielectric dissipation factor is 0.008. Macor [95] is a machinable glass-ceramic and has
similar mechanical properties as Delrin. However, the relative permittivity of Macor is
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5.6 while the dielectric dissipation factor is 0.007. Both Delrin and Macor are machinable
using ordinary tools and extremely high accuracy can be achieved. In addition to Delrin
and Macor, a catadioptric lens was fabricated from silicon. However, the machining
silicon is extremely challenging and requires special tools. Therefore, more elaborate
investigations were carried out using lenses fabricated from Delrin and Macor. Figure 3.5
shows the fabricated catadioptric lenses.

The losses of those materials become significant at higher frequencies. Although no
measurement data is available, it is reasonable to extrapolate that the losses of the
materials will hinder the performance of a catadioptric lens at higher frequencies.

= a2
el

Figure 3.5: Fabricated catadioptric dielectric lenses (a) Delrin, D = 80 mm (b) silicon, D = 28
mm and (¢) Macor, D = 18 mm. Here D is the diameter of the lens.

3.4 Characterisation techniques

Microwave and millimetre-wave field probing are being used for determining
performance and failure analysis in antennas, microwave circuits etc. Monopoles,
dipoles, horns etc. are usually used as probe. Coaxial probes have shown promising
results [96]. Electrooptical probing systems provide a very wide bandwidth and a good
resolution [97]. However, MW and mmw field probing are challenging due to the
complicated methods and complex probes.

Within the framework of this thesis, two simple characterisation techniques were
implemented for field probing of the lens coupled antenna. The first technique is a
qualitative approach where a metallic reflector was placed at different positions in front
of the lens-antenna and 1-port measurements were performed using a VNA. The main
approach of this characterisation setup was to determine the amount of reflected power
by the metallic reflector at different positions. The approach is similar to the monostatic
radar. The received power of a radar can be written as:

_ PG, o
" AzR? 4nR*

A, 3.1)

The first factor on the right represents the power density at a distance R from an
antenna that radiates a power P, with gain G,. The numerator, o, of the second factor is
the radar cross section of the target. The denominator of the second factor accounts for
the divergences of the reflected signal on its return path back to the antenna. 4. is the
effective area of the antenna. Although the formula is valid at farfield, it provides insight
regarding the characterisation setup. P, decreases with R’. Therefore, the roll-off of P, for
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a certain target should be monotonous. For the lens-antenna, if there is no focus, the P,
would roll off with distance. On the other hand, a focus perturbs the roll-off profile.

Data Acquisition MMw
VNA I Source
Catadioptric
/’ Lens
Horn--» P
‘/
o
]
N
o
e Data Acquisit
Tapered
Metallic Waveguide I N
reflector . L
Y Erickson || ’ / .0
- — /
“‘ PM2 | Ygr &
/7 il
// | // |
Xs | X s 1
(@) » )2 (b) oz

Figure 3.6: (a) Reflection-mode, and (b) transmission-mode characterisation techniques.

Figure 3.6 (a) shows the reflection-mode characterisation setup. A 10 SEK metal coin
(diameter = 20 mm) was used as the reflector and was placed in front of the lens-antenna
at different positions using an automated 3-axis stage. 1-port measurements were
performed using a VNA. Measured data were acquired by a computer for post-
processing.

For high frequency characterisation, a transmission-mode technique was used. Figure
3.6 (b) shows the setup. An open-ended rectangular waveguide probe, connected to an
Erickson Power Meter (PM2), was used as the RF-detector. In order to reduce standing
waves, a knife-edge profile for the waveguide probe was realised by thinning the
sidewalls using a file. For field mapping, the probe and the power meter were mounted
on a computer-controlled 3-axis stage. Measured data were acquired by a computer for
post-processing.
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3.4.1 Microwave characterisation

With a view to study the focusing properties of the catadioptric lens in MW
frequencies, the 80 mm diameter catadioptric lens made of Delrin (¢, = 3.8) was coupled
to bow-tie slot antennas, as shown in Figure 3.7. In this section, simulations and
characterisation results are presented. Furthermore, preliminary characterisation results
are also presented for a lens coupled WR22 horn antenna.
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Figure 3.7: (a) Photograph of the fabricated 80 mm diameter Delrin lens. (b) Design of the bow-
tie slot antenna, and (c) the bow-tie antenna coupled catadioptric lens.

Lens coupled 5 GHz bow-tie antenna: As a preliminary feasibility test, an 80 mm
diameter Delrin lens was coupled to a 5 GHz bow-tie slot antenna. Simulations and
measurements of the far-field at 5 GHz and return loss versus frequency using the bow-
tie antenna are presented in Paper E.

The investigation was limited to low frequencies (<10 GHz) in order to be able to
compare simulation and measurement results. The lens was analysed in the frequency
domain by using Ansoft HFSS at around 5 GHz. At this frequency, the lens diameter
Diens (2Rr) 1s ~ 1.34p or 2.644; where Ay is free-space wavelength and A4 is the
wavelength in Delrin.

The lens is small in terms of the wavelength and the permittivity of the lens material is
quite low. The focusing property of the catadioptric lens, however, was not determined.

The far-field radiation patterns are investigated and presented at 5 GHz.

The findings and results have been reported in Paper E.
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Lens coupled 8.5 GHz bow-tie antenna: At this stage, the 80 mm diameter Delrin
lens was coupled to an 8.5 GHz bow-tie slot antenna. The focusing property of the lens is
studied experimentally.
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Figure 3.8: (a) Simulated and measured return loss of the antenna and the lens-antenna, and (b)
measured axial and spatial profiles of the lens-antenna.

CST Microwave Studio was used to analyse and predict the performance of the lens.
The simulations were done from 1 GHz to 10 GHz for both the antenna and the lens-
antenna. The simulated and measured return loss of the antenna and the lens-antenna are
shown in Figure 3.8 (a). The results show good agreement. The bow-tie antenna
provides ~ 15% bandwidth. Due to the permittivity of the Delrin lens, a frequency shift
can be observed for the lens-antenna configuration. The measurement results show that
the lens-antenna provides ~ 60% bandwidth while simulations predicted ~ 50%
bandwidth, both centred at ~ 6 GHz. At this frequency (49 ~ 50 mm), the lens diameter
Diens 18 ~ 1.6 Ay or ~ 3.1 Aperin Where 4y is free space wavelength and Ape;n is the
wavelength in Delrin. The results indicate that the lens-antenna provides 4 times wider
bandwidth than that of bow-tie antenna. The discrepancies between the simulation and
measured results are mainly attributed to the uncertainty in permittivity of the Delrin lens
and mode conversion from microstrip to CPW in the bow-tie antenna.

The characterisation setup, shown in Figure 3.6 (a), was used to study the focusing of
the lens-antenna both in frequency and time domain. The S;; parameters from 1 GHz —
10 GHz, obtained by the 1-port measurements placing the coin at different x, y and z
positions, were converted into time domain by inverse Fourier transformation. The time
domain signals were then used to determine the amplitude of the reflected power by the
coin at different positions. The axial and spatial profiles, illustrated in Figure 3.8 (b),
indicate that the lens-antenna provides a focus at z ~ 30 mm while maintaining a 3-dB
spatial discrimination at ~ 10 mm.

With a view to study the focusing at different frequencies, reflected signals at different
discrete frequencies were studied from 1 GHz to 10 GHz with 1 GHz step. The lens-
antenna provides broadband focusing from 5 GHz — 10 GHz.

The findings and results have been reported in Paper C.
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Lens coupled WR22 horn antenna: Preliminary measurements of a catadioptric
lens in the WR22 (33 GHz — 50 GHz) frequencies were performed and reported in Paper
D. The focusing property was determined by backscattering method using a metallic
reflector. The characterisation setup was similar to the one shown in Figure 3.6 (a).
Figure 3.9 (a) shows the catadioptric dielectric lens, WR22 horn antenna and the coin
(diameter = 20 mm), used for backscattering measurements.
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Figure 3.9: The catadioptric dielectric lens, WR22 horn antenna and the coin, used for backscat-
tering measurements. (b) Reflected signals by the coin at different Z positions in time domain,
obtained by inverse Fourier transformation of S;; parameters from 40 GHz to 43 GHz.

A HP 8510C VNA was used to perform 1-port measurements. Obtained S;; parameters
were converted into time domain by inverse Fourier transformation and the amplitude of
the reflected signal was investigated in time domain. Figure 3.9 (b) shows the amplitude
of the reflected signal at different positions. The maxima of the reflected signals at
different positions correspond to the positions of the coin along Z direction. For instance,
the maxima of the reflected signals for Z= 0 cm and Z = 0.5 cm are 0.033 ns apart. This
translates to a total distance of 1.0 cm which includes 0.5 cm distance of travel in forward
direction and another 0.5 cm distance of travel in the backward direction. As can be seen
in Figure 3.9 (b), when the coin is placed at relatively farther position the reflected
amplitude decreases with the distance. However, a focus is observed between Z = 0.5 cm
and 1.0 cm where the amplitude of the reflected signal is even higher than that of Z =0
cm. Therefore, the figure provides qualitative information regarding the focus of the
catadioptric lens.

The findings and results have been reported in Paper D.
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3.4.2 Millimetre-wave characterisation

In the published work, Paper B, simulation and experimental characterisation results of
an 18 mm diameter catadioptric lens at W band frequencies have been presented. The
lens was fabricated from Macor (g = 5.6), shown in Figure 3.10 (a). The frequency 108
GHz (49 = 2.78 mm) was chosen for characterisation and measurement purposes due to
the available source.

Normalized
Intensity [dB]
dB

6.
-28.
-20.
=2
=22.
-22.
-23.
-23.
-24.
=255

/ \ ReferencePlane

D
VCWNoFAOANVIVLYNDSF® oo

Figure 3.10: (a) the fabricated 18 mm diameter catadioptric lens along with the lens-horn (WR-
10 standard gain conical horn) configuration. (b) Simulation setup for the lens-horn configura-
tion and intensity plot at the focal plane. (¢) Simulated intensity plot along E-plane and H-plane.
The simulation was performed at 108 GHz.

Figure 3.10 (b) shows the simulation setup of the catadioptric lens fed by a WR-10
conical horn. Symmetry-planes along E-plane and H-plane were used in order to reduce
computational time and complexities. Perfectly matched layer boundaries were used,
otherwise. Figure 3.10 (c) illustrates the simulated normalised intensity plot at 108 GHz
along E-plane and H-plane where a focus region is observed. Figure 3.10 (b) also shows
the normalised intensity plot at the focal plane. At this frequency, the lens diameter Djeps
i1s ~ 6.5 A9 or ~15 Ayucor Where Ay is free space wavelength and Ay4c0r 1S the wavelength
in Macor.
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Figure 3.11: Simulated and measured field pattern at 108 GHz along (a) Z axis, and (b) E-plane
and H-plane at Z = 12 mm. (c¢) Normalised power transmission during a scan of a aluminium
screen edge across the focus.
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The characterisation setup, shown in Figure 3.6 (b), was used for the lens-horn
characterisation. The source consists of an Agilent E8257D PSG signal generator, a
Spacek high power amplifier and a Heterostructure Barrier Varactor (HBV) tripler [98].
The source, set to 10 mW output power, was used to feed the lens, coupled via a conical
standard gain horn (W-band). Figure 3.11 (a) shows the normalised intensity plot in dB at
108 GHz along Z axis attained by simulations and measurements. In order to account for
the probe, simulations were also done placing a probe at different positions along Z axis
and normalised S,; (in dB) is plotted. The measurements were done at 0.1 mm steps.
Both the simulated and measured profiles indicate focus regions at Z ~ 3.5 mm and ~ 12
mm. However, from the practical application point of view, the foci at the farther points
are more interesting. Moreover, the simulated intensity plot, shown in Figure 3.10 (c¢),
indicates that the second focus is more radially symmetric and well-defined. Figure 3.11
(b) shows the simulated and measured lateral intensity profiles along E-plane and H-
plane at Z = 12 mm (~ 4.549). The figure indicates that the lens provides 3-dB spatial
discrimination at ~ 2 mm or ~ 0.74y. The agreement between measured and simulated
intensity profiles is reasonable. The discrepancies can be attributed to the uncertainties of
the material parameter (Macor), horn model, lens-horn interface and to perturbation of
the nearfield while using the probe.

In order to determine the focal diameter of the lens-horn, the edge of an aluminium
screen was moved across the focus (Z = 12 mm). The 10%-90% rise in the transmitted
power occurs over ~ 0.94y, which provides a measure for the focal spot size [99]. Figure
3.11 (c) shows the normalised power transmission during a scan of the aluminium screen
edge across the focus.

The findings and results have been reported in Paper B.

3.4.3 Thermal mapping

Thermal mapping is a technique by which the spatial variation of the surface
temperature is measured using a high resolution infrared thermometer. High resolution
thermal mapping can be achieved by using liquid crystals (LC) and is primarily used
for micro-thermography of integrated circuits [100]. LCs have a number of phases. The
helical structure of the chiral nematic phase has the ability to selectively reflect light of
wavelengths equal to the pitch length. However, the pitch is temperature dependent. A
change in temperature results in an alteration of the wavelength of reflected light
according to the temperature. This phenomenon enables to build a liquid crystal
thermometer that displays the temperature of its environment by the reflected colour. LCs
often used to create sensors with a wide variety of responses to temperature change. Such
sensors can be used in the form of heat sensitive films to detect flaws in circuit board
connections, fluid flow patterns, and the presence of radiation etc.

In addition to the previously presented characterisation techniques, the thermal
mapping technique was explored in order to determine the focusing ability of the
catadioptric lens. Figure 3.12 (a) shows characterisation setup. The 80 mm diameter
Delrin catadioptric lens was coupled to a WR22 horn, as shown in Figure 3.9. An Agilent
E8257D PSG signal generator and a Spacek high power amplifier were used to feed the
lens coupled horn at 40 GHz. For thermal mapping, a commercially available liquid



44 QUASIOPTICAL INTEGRATION

crystal Mylar sheet (20° C — 25° C) was used. The LC sheet had 3 to 5 micron sized
crystals dispersed within a polymer matrix and exhibits colour change in the visual
spectrum. During the characterisation procedure, it was noticed that the LC sheet does
not exhibit any colour change under 40 GHz high power radiations. This phenomenon is
understandable since losses, introduced by the LC sheet, are small at such low frequency
and therefore the corresponding change in temperature was not visible. However, the LC
sheet was able to exhibit colour change when it was attached to a MW absorber, as
shown in Figure 3.12 (b). This phenomenon can be explained by the losses introduced by
the absorber. Under radiations, a localised temperature rise takes place due to the low
thermal conductivity of the absorber. A LC sheet translates the spatial temperature
variation when it is attached to the absorber. However, it is concluded from Figure 3.12
(b) that the lens-horn provides a focus.

(b) 1P

Figure 3.12: (a) An alternative for determining the focusing of a catadioptric lens at 40 GHz
using liquid crystal Mylar sheet (20° C — 25° C). (b) Shows the focus.



Chapter 4. Imaging Applications

4.1 Introduction

The electromagnetic (EM) spectrum is the range of all possible frequencies of EM
radiation. The EM spectrum of an object is the characteristic distribution of EM radiation
emitted or absorbed by that particular object. The spectrum, shown in Figure 4.1, extends
from low RF through to gamma radiation at the short-wavelength end. Different regimes
of the EM spectrum have been utilised and coined, e.g., RF, MW, THz, FIR, IR, visible,
UV, X-rays and Gamma-rays.
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Figure 4.1: The electromagnetic spectrum [101].

However, we humans can see only a fraction of the spectrum. The visible spectrum,
starting from red to violet, enables us to see the colours and provides the perception of
vision. In contrast to our visible spectrum, there is plethora of information in the other
frequency bands.

Wilhelm Rontgen wrote an initial report "On a new kind of ray: A preliminary
communication" and on December 28, 1895 submitted it to the Wiirzburg's Physical-
Medical Society journal. This was the first paper written on X-rays. Rontgen referred to
the radiation as "X", to indicate that it was an unknown type of radiation. Till date, X-ray
is one of the most dominant candidates for imaging. However, due to detrimental effects
of X-ray, other techniques are becoming more popular these days.

45
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The first mmw and submmw activity occurred in the 1890’s [2] followed by numerous
discoveries and inventions by Hertz, Lebedew, Lampa and J. C. Bose and others. Wiltse,
in [2], made a nice attempt to identify many of the major events that have occurred in the
development of mmw and submmw technology. The THz spectrum is an overlap
between mmw and submmw frequencies and spans from 0.1 THz — 10 THz. THz regime
combines the benefits of MW and IR regimes by offering low scattering and high lateral
resolution. THz systems are able to ‘see through’ concealing barriers such as packaging,
clothing, shoes, baggage, etc in order to probe the potentially dangerous materials
contained within. THz radiation is non-ionizing and the power levels used do not cause
any detrimental effects. In recent years, various applications have been developed in the
THz frequencies. THz applications include imaging, spectroscopy, nondestructive
testing, stand-off detection of concealed weapons, explosives and narcotics [6, 7],
automobile radar systems [8] and biomedical applications [9, 10]. THz near field
microscopy has shown the possibility to achieve micrometer resolution [102]. Real-time
THz images have been obtained [103]. An all-optoelectronic imaging system has been
reported with promising results [104]. Stand-off security screening has shown attractive
results [6, 105, 106]. As reviewed by Tonouchi [5], the expected roadmap for THz
applications includes indoor and outdoor communications, security screening, drug
detection, biometrics, food, agriculture, medicine, DNA, medical, semiconductor wafer
inspection, semiconductor LSI integration, and air pollution.

4.2 Imaging systems

THz imaging systems are mainly based on near-field and far-field imaging, passive
radiometry, active direct detection, heterodyning. The techniques may involve scene-
illumination. These different techniques for THz imaging also incorporate various
components and sources. Operating temperature is of much importance and therefore
state-of-the-art research trend is more focused on room temperature components. A brief
overview has been presented in Figure 4.2 showing THz system modalities with
examples of various systems. The THz system modalities include passive direct detection
[107], active direct detection system [108], passive radiometric system [109], time-gated
system [110] and active heterodyne system [105, 106]. Those systems can be single-pixel
or multi-pixel and may incorporate mechanical movements and quasioptical components.
However, high sensitivity can be achieved using active heterodyne systems.
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Figure 4.2: THz system modalities incorporating various components and techniques.



A short-range imaging system 47

Terahertz time-domain spectroscopy (TDS) is one of the most popular techniques in
which sub-picosecond pulses, typically generated by a femtosecond laser, are used to
generate broadband terahertz radiation. The broad bandwidth of the THz radiation is
advantageous in a reflection mode as it permits to obtain depth information and therefore
construct a full 3D representation of an object. The first demonstration of 3D THz
imaging, based on time-of-flight, was described in 1997 [110]. Contrary to time domain
systems, CW imaging systems are usually compact, simple, fast, and of relatively low-
cost. The TDS is inherently broadband therefore sources are of low power. CW sources
provide much higher power and therefore higher dynamic range is easier to obtain.
Unlike pulsed THz imaging, the CW imaging provides only intensity data and does not
provide any depth, frequency-domain or time-domain information about the subject when
a fixed frequency source and a single detector are used [111]. Active THz imager,
utilising the swept-frequency FMCW radar technique, can be used to map a target in
three dimensions [105, 106].

The above-mentioned systems are mainly farfield systems. For farfield imaging
systems, the well-known Abbe limit sets the ultimate spatial resolution to ~ A/2 [77]. The
maximum resolution of these systems is limited by the apertures and the distance and
generally it is not possible to resolve objects less than few wavelengths [76].

In contrast to farfield imaging systems, nearfield imaging systems can resolve features
much smaller than a wavelength [112]. However, these systems are complex and require
more stringent setups. In those systems, the position of the nearfield probe is a
determining factor and planar surfaces are only realistic to image. Therefore, the practical
deployment in general applications of those systems is limited.

In recent years, compact and integrated sources and receivers at THz frequencies are
being developed. One of the driving forces behind developing those compact and
integrated components is short-range THz imaging [113-115]. Short-range THz imaging
applications are less power demanding due to low propagation or scattering losses.
Moreover, precautions related to ambient noise and disturbances are greatly reduced.

However, practically feasible short-range imaging applications require compact, robust
and easily deployable setup. Therefore the use of conventional quasioptical components,
e.g. focusing mirrors, is inconvenient.

4.3 A short-range imaging system

As discussed before, the catadioptric lens provides an attractive solution as a focusing
element. Therefore practically feasible short-range imaging systems will benefit from it.
With a view to utilise the focusing property of the catadioptric lens and thereby to realise
a short-range imaging system, a 3-axis automated stage was constructed with 40 cm
travel length in each axis. The stage can provide micrometer precision (maximum
resolution = 2.5 um) with reasonable payload. The setup is completely automated and
can be controlled by a computer. Figure 4.3 (a) shows the 3-axis stage.

The focusing property and the intensity profiles of the catadioptric lens, fed by a WR-
10 standard gain conical horn, were studied at 108 GHz due to available sources. The
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imaging examples that are presented in this chapter are obtained by CW short-range
imaging at 108 GHz using the lens-horn configuration. The lens-horn configuration has
been shown in the inset of Figure 4.3 (a). The imaging setup is shown in Figure 4.3 (b). A
computer was used to readout the measured data from PM2 via a Keithley 2000
multimeter.
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Figure 4.3: (a) The constructed 3-axis stage, and (b) the short-range THz imaging setup, working
at 108 GHz.

4.4 Imaging system characterisation

Spatial resolution is a property that describes the ability of an imaging system to
accurately depict objects in the two spatial dimensions. The classic notion of spatial
resolution is the ability of an imaging system to distinctly depict two objects as they
become closer to each other. At some point, the two objects become so close that they
appear as one and at this point spatial resolution is lost. One conceptual way of
understanding and measuring the spatial resolution of an imaging system in the spatial
domain is to stimulate the system with a single point source and then observe its
response. The image produced from a single point stimulus is called a point response
function or a point spread function (PSF). PSF is the irradiance distribution that results
from a single point source in object space. The degree of spreading (blurring) of the point
object is a measure for the quality of an imaging system. The Fourier transform of PSF is
called the optical transfer function (OTF) while modulation transfer function (MTF) is
the magnitude of the complex-valued OTF.
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Figure 4.4: (a) Image formation in an optical system where the image is a convolution of the
actual object and the PSF [116]. (b) PSF, LSF and ESF [117].
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PSF plays an important role in the image formation theory of an imaging system. It is
the main brick that builds up the whole acquired image. As shown in Figure 4.4(a), the
image of an object is the convolution of the actual object and the PSF of the imaging
system. Therefore, the image can be deconvolved in order to obtain the actual object if
the PSF is known. The line spread function (LSF) describes the response of an imaging
system to a linear stimulus. To determine the LSF, a slit image is acquired. The LSF can
be thought of as a linear collection of a large number of PSFs. The edge spread function
(ESF) a system is the image of an ideal step function. For instance, the edge of a
completely opaque seminfinite screen can be used as the step function. LSF can be
calculated by differentiating the ESF.

Direct measurement of the PSF is, however, uncommon because of the low signal
levels available for measurement when the radiant flux is limited at the input by a
pinhole. The standard method of calculating the PSF is to measure LSF or ESF.
Determining ESF is more practical and more convenient than LSF and PSF. A knife-edge
target is simpler to construct than a narrow slit and a small spot. Moreover, the knife-
edge method can be used with lower radiance source as the measurements of LSF and
PSF may suffer from poor SNR.

The imaging system, shown in Figure 4.3 (b), was characterised and results are
presented in Paper B. In order to determine the focal diameter and the ESF of the lens-
horn, the edge of an aluminium screen was moved across the focus (Z= 12 mm). Figure
4.5 (a) shows the ESF. LSF was derived from the ESF, normalised, fitted to Gaussian
distribution and standard deviation (c) = 0.4A was obtained. Assuming rotational
symmetry, PSF was constructed from the LSF. Figure 4.5 (b) shows the PSF. In order to
study the resolution, a metallic pattern was made having holes ranging from 1 mm to 3
mm with 0.25 mm steps. The holes are spaced at 5 mm from each other. Figure 4.6 (a)
shows the photograph of the metallic pattern. The pattern was imaged at 108 GHz using
the setup illustrated in Figure 4.3 (b).
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Figure 4.5: (a) Edge spread function (ESF), and (b) point spread function (PSF).

Figure 4.6 (b) shows the image of the pattern when only the horn was used as the
transmitter while Figure 4.6 (c) shows the image for lens-coupled horn transmitter. The
images are of 121 x 121 pixels and represent the contrast in dB. The contrast is defined
as (I-Lyin)/(LyaxtInin) Where I, and I,; are the maximum and minimum intensities,
consecutively. It can be observed from the figures that the lens-coupled system provides
significantly improved and comprehensible images. Later, the image, shown in Figure
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4.6 (c), was deconvolved using the obtained PSF and the resulting image is shown in
Figure 4.6 (d). This deconvolved image closely resembles the optical image.
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Figure 4.6: (a) Metallic pattern having holes ranging from 1 mm to 3 mm with 0.25 mm steps.
Images of the metallic pattern (b) without and (c) with the lens, and (d) shows the deconvolved
image of (c). The images represent the contrast in dB.

Figure 4.7 shows the contrast in dB and 3 dB-down points for a scan across the holes of
different sizes of the metallic pattern, using lens-horn and only horn as transmitter. The
figure indicates that due to the focusing of the lens, the SNR is increased making the
smallest holes visible. Therefore, with the aid of the lens, features close to a wavelength
are resolved, which are absent or indistinguishable otherwise.
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Figure 4.7: Contrast in dB for a scan across the holes of different sizes (3 mm to 1 mm with 0.25
mm steps) of the metallic pattern with and without the lens.
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4.5 Application examples

The characterisation and measurement results of the catadioptric lenses, presented in
Chapter 3, showed that the lens-antenna configurations are attractive for practical
applications in MW and THz frequencies. In this section, several application examples
are presented in both MW and THz frequencies.

4.5.1 Microwave applications

The 80 mm diameter Delrin lens was coupled to an 8.5 GHz bow-tie slot antenna. The
focusing property of the lens is studied experimentally. The lens-antenna provides 60%
bandwidth centred at ~ 6 GHz. At 6 GHz (1y ~ 50 mm) the lens diameter Dje,s is ~ 1.6 49
or ~ 3.1 Aperrin Where 4y is free space wavelength and Ap.;., is the wavelength in Delrin.
The lens is electrically small (a few A) and provides a compact solution for system
integration. The lens-antenna configuration is attractive for applications requiring
compact and wideband solution as well as focused beam.

In this section, several application examples are presented employing the catadioptric
lens-antenna. 1-port measurements were performed and the obtained S;; parameters from
1 GHz — 10 GHz were converted into time domain by inverse Fourier transformation and
the amplitude of the reflected signal was studied. Some of these results are also presented
in Paper C.

Example 1: In the first example, shown in Figure 4.8 (a), reflections from two
hardcover books of having thicknesses of 32 mm (Book 1) and 65 mm (Book 2) were
investigated. As can be seen from the figure, reflections from front and back covers of
the books are clearly distinguishable.
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Figure 4.8: (a) Time domain reflected signal from hardcover books. (b) Time domain reflected
signals from the container with and without the scatterer.

The detection of a scatterer and its location in a homogenous medium is of importance
for various applications. However, the dimension of the scatterer and its dielectric
contrast pose a practical challenge for NDE systems. The lens-antenna was employed to
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detect and locate a dielectric scatterer in a homogenous medium. A potato, having nearly
perfect spherical shape of 30 mm diameter, was used as the dielectric scatterer. The
homogenous medium was represented by a plastic container with vegetable oil and
measurements were performed with and without the presence of the scatterer. Figure 4.8
(b) shows the time domain reflected signals without and with the scatterer. Reflections
from front and back walls of the container are noticed when no scatterer was present.
However, when the scatterer is inserted into the container, the time domain reflected
signal clearly shows its presence. Due to the focusing of the lens-antenna, the detection
of scatterer is marked while the reflection from the back wall of the container is
suppressed.

Example 2: The catadioptric lens-antenna was employed to scan several buried
objects sandwiched by 30 mm thick Styrofoam. The dimensions of the buried objects and
the spacing between them were ~ 20 mm. Figure 4.9 shows the amplitude of the reflected
signal for a line scan along the sandwiched samples. The amplitude of the reflection is
highest for the metal coin and lowest for the plastic object. Although the objects are
spatially densely located, the focused beam of the lens-antenna reveals the buried objects
successfully.

N+~~~ Metallic coin w4

N
(6]

N
(=]

—_
(6}

(A" Glass~
Hard Plastic

Plastic -

Amplitude [au]

—_
o

.
¥
Pl

0 50 100 150 200 250

Translation [mm]

Figure 4.9: Reflected signal for a line scan of 4 different buried objects in Styrofoam.
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4.5.2 Terahertz applications

Characterisation of a catadioptric dielectric lens-horn configuration has been presented
in Chapter 3. The focusing property was investigated both numerically and
experimentally at 108 GHz. The lens-horn provides a focal spot of ~ 0.9 at a distance of
~ 4.5\ A test pattern was imaged and a marked improvement in image resolution was
observed. With the aid of the lens, features close to the wavelength are resolved, which
are absent or indistinguishable otherwise. In this section, several imaging examples,
utilising the focusing ability of the lens are presented. The setup, illustrated in Figure 4.3
(b), was used for all the imaging examples. During the imaging procedures, different
types of objects were chosen in order to explore the application areas for THz imaging.

Example 1: A chocolate bar, shown in Figure 4.10 (a), was imaged. The chocolate bar
was particularly interesting as it contained randomly placed blobs of different type of
chocolates. The dimensions of the blobs were several millimetres. However, the THz
image, shown in Figure 4.10 (b), does not reveal the blobs probably due to the similar
dielectric properties of the blobs and the rest of the chocolate. However, the elevation
patterns of the chocolate bar and a notch are clearly visible as shown Figure 4.10.
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Figure 4.10: (a) Photograph of a chocolate bar, and (b) its THz image.

A number of commercially available chocolate products were imaged. Figure 4.11 (a)
shows the used samples. In contrast to the previous investigation, the chocolate samples
were imaged with their wrappers. Therefore, the composition and the shape of the
chocolates were essentially unknown. Figure 4.11 (b) shows the THz image of the
samples. The overall shapes with minute details of the first three samples have been
revealed in the THz image. However, no information of the fourth sample was revealed
due to the aluminium content in the wrapper.
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Example 2: The example presented here signifies the use of THz imaging for
nondestructive evaluation. The object, shown in Figure 4.12 (a), is solid and visually
homogenous. Therefore, non-invasive visual inspection of the inner structure is not
possible. The THz image, shown in Figure 4.12 (b), reveals the actual structure and
indicates that the object is partially filled with metal.

Figure 4.12: (a) Photograph of a solid and visually homogenous object (rotor blade of an R/C
helicopter), and its (b) THz image, revealing the actual structure.

Example 3: The current example shows an imaging example of conventionally used
RFID tags, shown in Figure 4.13 (a) and Figure 4.13 (c). The first tag, used in public
transports, contains a microchip and an antenna. The THz image, shown in Figure 4.13
(b), reveals the microchip. The interconnections and the antenna are partially obscure due
their subwavelength dimensions at the imaging frequency.
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Figure 4.13: (a) A RFID tag, used in public transports, and (b) its THz image. (c) A
conventionally used RFID tag (anti-theft device), and its (d) internal view. (e¢) THz image of the
RFID tag.
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In addition to performing a nondestructive evaluation, the second tag was particularly
interesting as it contains a rectangular spiral antenna, shown in Figure 4.13 (c-d). The
antenna can be thought as a rectangular array of parallel metallic wires. Therefore, the
antenna acts as a wire-grid polariser. In the imaging setup, the radiated THz beam was
linearly polarised. The THz image of the RFID tag, shown in Figure 4.13 (e), illustrates
that the radiated THz beam was horizontally polarised. The example also illustrates a
particularly challenging scenario for a linearly polarised beam when it is used for
imaging an object having repetitive features smaller than the wavelength.

Example 4: The imaging setup was used to image partially dead leaves. Different
parts of the leaf, e.g. veins, introduce different amounts of transmission losses which
correspond to their water content. Figure 4.14 (a) shows the photograph of the first
sample where the dark colours correspond to the “living” parts and therefore indicates
more water content. Figure 4.14 (b) shows part of the leaf (6 cm % 6 cm), which was
imaged while Figure 4.14 (c) shows the THz image. The second sample, shown in Figure
4.14 (d), had several parched regions. Figure 4.14 (e) shows the THz image of the second
sample. Compared to the photographs, shown in Figure 4.14 (b) and Figure 4.14 (d), the
leaf veins, watery and parched regions of the leaves are clearly distinguishable in Figure
4.14 (c) and Figure 4.14 (e).
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Figure 4.14: (a) Photograph of a partially dead leaf (b) part of the leaf and (c) its THz image. (d)
Photograph of the second leaf sample, and (e) its THz image.

Example 5: The dielectric properties of different biological tissues are different [118,
119]. In order to explore the possibilities, a THz imaging was performed on
commercially available bacon slices, show in Figure 4.15 (a). The bacon slices are
particularly interesting because of the presence of both regular and fat tissues. The
dielectric properties of fat tissues are different than other types of tissues. The bacon
slices were wrapped with very thin plastic film, commercially known as Saran Wrap
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(polyvinylidene chloride) or cling film, in order to avoid water loss in the form of
evaporation. Thus, constant water content was assured throughout the measurement. The
plastic film was ~ 10 pm thick and is used mainly for food packaging. The THz
transmittance of a single layer of this film is above 98% [120], including the reflection
losses, which makes it an ideal material for sample support. The THz image of the bacon
samples reveals high contrast between the fat tissues and others, as shown in Figure 4.15
(a). Furthermore, minute details are also visible in the image.

Figure 4.15: (a) Photograph of the bacon slices, and (b) their THz image.



Chapter 5. Conclusion and Future Directions
Research summary

THz technology, considering its tremendous potential, is expected to establish a
pronounced presence in communication, imaging and security systems. In order to utilise
the THz technology to the fullest extent, the need of viable wave generation and
detection components and systems has been dominating the research-focus. Room
temperature, compact, low cost and tunable THz sources, detectors, waveguiding, and
beam steering elements will play a vital role in realising the THz systems. Moreover,
compact THz systems are required for practical applications.

UTC-PDs, as discussed so far, are extremely promising for THz generation and can be
integrated in suitable systems for any specific application. UTC-PDs provide wide
tunability and decent amounts of output power at room temperature. In this thesis, a
number of issues have been addressed as a part of an optimisation procedure for
improving the performance of the UTC-PD. An example of the UTC-PD epitaxial layer
optimisation has been shown. Furthermore, several UTC-PD integrated antennas have
been presented. However, possible design issues related to the UTC-PD optical injection
and array fabrication need to be addressed. Further studies are required regarding
intermodulation distortion (IMD) and noise in UTC-PDs.

Imaging systems, nondestructive evaluation systems etc. employ focusing components
in order to attain a high resolution. The catadioptric dielectric lens, presented in this
thesis, provides an attractive and simple solution as a focusing element. The lens and its
focal length are electrically small. Radiating elements and sensors can be physically
coupled to the lens in order to achieve short-range focusing ability, therefore, enabling a
compact system. However, further investigation is necessary to identify potential
engineering materials for the lens and to optimise the lens geometry.

Several application examples were presented at microwave and terahertz frequencies
employing the catadioptric lenses. A short-range THz imaging system has been
described. The results and images have shown that the imaging system, with the aid of
the catadioptric lens, is a promising and attractive solution to realise compact and
practically feasible systems.

The results and perspectives, presented in this thesis, are expected to assist the quest for
compact THz systems. A prudent vision to construct a compact THz imaging system
would be to incorporate UTC-PDs with the catadioptric lens. UTC-PD based
photomixers can be integrated with antennas and can even be used in the array
configuration. The catadioptric lens provides focusing capability. Therefore the
integrated solution, incorporating UTC-PD based sources and the catadioptric lens, can
be effectively used in imaging systems.

57
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Future directions

Fostering THz applications and assuring its benefits to reach masses require a stagnant
issue to be resolved: the absence of compact, tunable, inexpensive and room temperature
THz sources with relatively high output power. From practical point of view, the THz
CW sources are highly sought after for applications such as high resolution THz
spectroscopy, imaging and ultra-broadband communications. Therefore, the need of room
temperature THz CW sources is becoming more pronounced with considerable emphasis
on tunability.

A number of methods can be used to generate THz radiation of different wavelength
ranges, either pulsed or CW with varying degrees of success. Although being the
precursors of THz technology, most of the existing sources can be ruled out due to their
operating temperature, bulkiness and price tag. In fact, only few viable room temperature
solutions exist for THz generation. Even though there are encouraging perspectives
regarding the photonic THz generation at room temperature, the low output power or the
accompanying instruments (e.g. laser sources) curtain this photonic technique from
general application environments. A paradigm shift is necessary in order to explore
realistic and practical THz systems based on photonic generation. Researchers are
working on photomixers with integrated excitation schemes using technologies such as
VCSEL [121]. It is, however, not clear when this approach will be materialised and
matured for practical THz applications. Other types of broadband THz generation
schemes are yet to depart the laboratory environment for general applications [14].

The state-of-the-art trends in THz research accentuate electronic devices such as
resonant tunnelling diodes, Gunn diodes, Impatt diodes, graphene devices, Schottky
diodes and HBV multipliers etc. More recently, CMOS THz electronics has joined the
race [122]. However, carrier transit times or parasitic RC-time constants still prevail.
Nevertheless, CW systems are in a favourable position being nurtured by these
technologies. Compact and room temperature THz sources and front-ends are now more
realistic to visualise. Therefore, it is justifiable to presume that THz application areas will
be acquired by CW systems.

An example scenario can be resorted to understand the need of viable components at
THz frequencies. At present, stand-off imaging techniques are being extensively explored
for security concerns. Active THz imagers with heterodyne detection are preferred for
high sensitivity and high speed. Moreover, stand-off THz applications are particularly
challenging due to atmospheric losses and therefore atmospheric windows in the THz
regime must be used. This example scenario suggests CW THz sources. However, the
major limitation of general CW systems is the lack of depth and phase information,
unlike time domain systems. One way to overcome this limitation is to utilise the swept-
frequency FMCW radar technique and thereby mapping a target in three dimensions.
Consequently, the CW sources need to be tunable to achieve frequency modulation. The
all-embracing perspective of this example scenario is the need of compact, tunable, and
room temperature THz sources.

As a conclusion, the quest for compact, tunable, and room temperature THz sources
and systems will continue.
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Epilogue

Sustainability is a term which, nowadays, has lost its pace with the technological
advancements. Once valves were thought to be a sustainable technology for computers
but now almost disappeared. One of the main determinant factors for sustainability is
cost. Prudent research and the following mass manufacturing have stretched out the
mmw radar technology in civilian automobiles. The numerous technological
breakthroughs in THz research areas will probably continue but many will phase out with
time. However, some technologies will certainly make THz applications more accessible
and affordable for common people.

At present, it is not evident which technologies will sustain to cultivate the THz regime.
It is also probably unimportant for researchers to determine sustainability. It is, however,
important that the greater humanity is benefited from all technological advancements,
including the ones from the fascinating THz regime.
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