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ABSTRACT

The lack of unoccupied and unregulated bandwidth for wireless communication
vanished at lower frequency spectrum and the increasing demand of high data
transmission rate leads to an intensive interest in the research of THz technologies at
0.3THz to 30THz spectrum. However, the limitation of the low output power and low
efficiency of current THz devices obstacles the utilization of THz technologies. Also,
compared with microwave antenna, the signal generation and excitation of THz
antenna require new simulation approach. Therefore, the motivation of this thesis is
theoretically analyse the reason that cause the inefficiency of THz antenna, from
which, the performance of such antennas is improved from the aspects of THz source
with low efficiency, THz antenna with low match efficiency and THz antenna with
low gain. These investigations are necessary for the development of the THz
photomixer antenna in various applications .

First of all, an new equation of the generated THz power from photomixer is
developed from the equivalent circuit of photomixer fed antenna. Through this
equation, various factors that affect the behaviour of photomixer is examined.
Furthermore, a computational simulation process that solving both optoelectronic and
electromagnetic problem in a full wave electromagnetic solver. This is a prerequisite
for the analysis of improving the optical to THz conversion efficiency of photomixer.
After that, the optical to THz conversion efficiency of the photomixer has been
gradually improved through three different aspects, by optimizing photomixer
electrodes, by utilizing reflectors underneath photomixer and by implementing
superstrate. As a result, the highest enhancement factor of optical to THz conversion
efficiency achieved is 494. Moreover, instead of exciting planar antenna with
photomixer, the concept of truncating the photoconductive substrate of photomixer to
form a dielectric resonator antenna is proposed. Such design eliminated the substrate
effect to improve the radiation efficiency and to avoid using bulky lens. In addition,
choke filter network and dielectric superstrate are used to improve the matching and
radiation of these DRAs. The proposed DRA improved the matching efficiency and
antenna gain by 10 times and 3dBi, respectively. Finally, a realization design that
provide physically support to the dielectric superstrate and replace central feeding slot

with coplanar waveguide is presented
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Chapter 1. Introduction

1.1 The Terahertz Spectrum

The Terahertz radiation covers the frequency range from 0.1 to 10THz with
wavelength of 3mm to 30um, which represents the spectrum between the millimetre

and infra-red frequencies [1]. In terms of quantum physics, the corresponding
wavelength of THz radiation represent the transition between photonics and
electronics. All of these definitions are illustrated in the Figure 1.1. THz band is also
known as THz gap, sub-millimetre, far infra-red and near millimetre wave. The term
“THz gap” indicates the region of the spectra that, as compared with the adjacent
spectrum, is the least investigated because of the lack of efficient compact THz

sources [2, 3]. Such efficient compact sources like transistors or RF/MW antennas



work effectively in microwave frequency, and semiconductor laser diodes also have
such characteristics for the visible and infrared region [4]. However, as these
technologies has been employed in the THz region, a significant reduction in power
and efficiency is acquired. The reduction is inevitable because the reactive-resistive
effect (such as equivalent first order circuit of solid-state electronics) and long
transit-time of the solid-state electronic devices work at the lower boundary of THz
spectrum lead to roll-off [5]. In addition, the lack of narrow-gap semiconductor
material of optical devices limits the performance of the optical sources to work in the
THz range. [4].

In this chapter, an overview of the THz sources using different techniques will be
presented. Then, the properties of THz wave and envisioned applications will be

demonstrated. Based on these, the research motivations and objectives of this thesis
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will be outlined.
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Figure 1.1: Schematic diagram of THz band  [6]

1.2 THz Sources

The main challenge with THz technology is the lack of the efficient and compact

sources. This section presents a review and evaluation of existing THz sources from

Hz



three different aspects such as extending RF/MW technologies to THz band and
down-convert optical technologies to THz band. Finally, trying to combine both of

RF/MW and optical technologies to achieve a better performance [7].

1.2.1 THz Sources from RF/MW Techniques

Diodes and THz vacuum tube as THz main sources are introduced in this section.
1.2.1.1 Diodes and frequency Multipliers

At the boundary between mm-wave and THz spectrum, diodes could be used to
transfer the electronics with the lower frequency to THz band upon the negative
differential resistance property, such as resonant tunnelling diode, Gunn diode and
IMPATT diode [8-13]. The negative differential resistance of such electronic device

undampens the resonant transmission-line (or a resonant LC) circuit, which in turn

yields Terahertz oscillation. However, the main disadvantage of these type of diodes

can also be attributed to the negative differential resistance. Such property will lead to

a significantly decreased power while at higher frequency, especially THz region [8].

Moreover, frequency multipliers could also be applied rather than other
solid-state electronics sources since both the set-up and operation process are simple
[9]. Because of the inefficient high order multipliers, a number of doublers and
triplers should be connected to drive the multiplication at the THz range. However,
the multiplier will not only experience low output power at high frequency, but also
have a limited bandwidth [14]. The ratio of the reduction of bandwidth depends on the

filter bandwidth of the multiplier and the number of the multiplier been used.

1.2.1.2 THz Vacuum Tube Sources

The traditional THz generation method is THz vacuum tube which utilizes the
free electrons emission from a MW tube. Such THz tube includes travelling wave
tube (TWT) and backward wave oscillator (BWO). It has been reported that a BWO
can generate Thz source at 0.6THz with 52mW output power [15]. The working
principle of these sources is based on the interaction between electron beams and

electromagnetic wave. Hence, based on this working principle, the main disadvantage



is the fact that large magnetic biases and high voltage power supplies are required
than other solid state components to achieve sufficient output power. In addition, the

overall size of them is relatively larger than other solid-state devices [8].

1.2.2 THz Sources from Optical Techniques

Lasers with different generation techniques and non-linear crystal are introduced

in this section.
1.2.2.1 IR-pumped Gas Laser

The IR-pumped gas laser is used to generate THz signal by discharging the
electric current through a gas. Normally, the power level of produced THz signal is
1-20mW based on the gas type and the frequency of the generated signal depends on
the gas type and its spectral line. Therefore, not all frequencies within the regime of
0.5-3-THz are covered with strong output power, one of the best performance is
produced by methanol at 2.522THz [16]. Moreover, some of the chemically active

gases are still not safe to be used under current enviromental safety policies.
1.2.2.2 THz Semiconductor Lasers

Semiconductor diode lasers are popular for the near infra-red and visible
frequency applications, however, it only applied to THz when artificial engineered
materials with suitable band gap have been considered [4, 17]. Therefore,
quantum-cascade lasers (QCL) with GaAs nm-layer separated by AlGaAs barriers has
been introduced [3]. The population inversion is achieved by proper design of the
thickness of semiconductor layers and biased voltage. Furthermore, the energy of
such artificial engineered materials is inversely proportional to the square of the
thickness of semiconductor layers. Therefore, series of band with different energy can
be created by manipulate the thickness of semiconductor layers. As the electron move
from one band to another, THz photon is emitted at each transition. Since the systems
depends on the band gap design, same materials can generate photon with a different
wavelength. Hence, QCLs is one of the most promising sources for various THz
applications in the past decade. It has been reported that the THz QCLs are available
from 0.84THz to 5STHz [18-21] with peak power of 200mW at 4.5THz [4]. However,



all of the performances above are operated with various cryogenic cooling system,
and the power of the THz QCL working at room temperature is 8.5uW at 4THz [22].

In conclusion, QCLs generate higher output power at higher frequency, and the power
decreases dramatically as frequency reduces. Though it has such advantages, the

cryogenic cooling system limits the laboratory operation of QCLs.
1.2.2.3 Optical Down Converters

The most straightforward way to generate THz band from optical side is using
non-linear crystal with large field induced polarisation (second-order susceptibility),
therefore the concept of optical down converter is introduced [23]. Near-infrared
pump photon generates a photon at THz frequency and a near-infrared idler photon
due to the photon like behaviour of polariton. Then, the sum of the frequencies of
THz photon and idler photon is the frequency of the pump photon according to energy
conservation law. As the momentum remain constant within in the stimulated
scattering process, the idler and THz waves exhibit angle-dispersive characteristics.
Therefore, as an optical resonator applied to idler wave, a monochromatic THz wave
is generated [24]. Optical rectification is another optical method to generate THz
wave. However, the first limitation of this technique is that the design of the nonlinear
material should be accurate to align the phase of the induced THz band with the phase
of the incident optical band. In order to generate sufficient THz power, the power of

the incident optical sources should be high enough [2].

1.2.3 THz Sources combining RF/MW and Optical techniques

Based on the concept of combining techniques, THz photoconductive antenna
has been introduced [16]. As shown in Figure 1.2, THz photoconductive antenna is
made of two main parts, photoconductive substrate and biased antenna. As the
incident laser beams illuminate the active region of the photoconductive antenna, the
carrier density of the substrate changes rapidly to generates THz wave which is used
as the power supply of THz antenna. According to the type of incident laser beams,
there are two types of THz antenna that utilizing photoconduction technique. THz
photoconductive antenna for pulsed systems and THz photomixer antenna for

continuous wave systems.



The physical structure of the THz antenna for pulsed and CW systems can be the
same. However, the requirement of different application imply different THz waves,
hence, different excitation method and different antenna type. In THz pulsed systems,
the current density changes rapidly as the induced photo-carriers in the
photoconductive gap generated by a single incident laser beams. Therefore, a THz
electromagnetic field is induced by the currents, thus, THz ultra-fast pulses are
generated and radiated. In continuous wave systems, the operation principle is
identical, however, two co-linear laser beams with beating frequency of THz range
are used. The conductivity of the photoconductive substrate is modulated by the
absorption of photons and short charge carrier lifetime. Then, the current is converted
from the conductivity variation by applying bias electric field. In a continuous wave
system, “photomixer” is used to describe the antenna gap, and “photoconductive gap”

is used in THz pulsed system.

Incident Laser Beams

IMMuminated Antenna

area by laser

In a pulsed system: Photoconductive gap
In a continuous wave system: Photomixer

V Photoconductive substrate

V' THz Waves

(2)




Antenna =—

<~ 7

Photomixer electrodes

(b)
Figure 1.2: Configuration of (a) THz antenna as an source (b) illuminated area
with photomixer electrodes
To sum up, the sources utilizing RE/MW techniques normally operate at lower
boundary of the THz spectrum and the output power of such sources decrease with an
increase of frequency. The optical source reside in the higher boundary of the THz
spectrum and their output power increases with the frequency. Such tendency is
summarised from various devices demonstrated in the literature and illustrated in

Figure 1.3.
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Figure 1.3: An outline of THz sources

1.3 The THz Wave Properties and Applications

The THz region was noticed and interested appeared as early as the 1920s [28],
however, more substantial investigations dedicate to THz technology in the past 20
years. The explosion in the THz research in last two decades is due to the
extraordinary wave properties and extensive potential applications in THz band. As
mentioned previously, THz band resides between millimetre and infrared frequency,
consequently, THz band offers some promising properties that borrowed from two
adjacent bands.

Penetration: The attenuation of THz radiation is relatively less than the

attenuation of infrared, especially, through dry and non-metallic media. The

11



penetration depth of THz wave is in the order of centimetre and it is micrometre for
infrared.

High Resolution imaging: As the wavelength of THz wave is shorter than
millimetre wave, sub-millimetre spatial imaging resolution can be generated.

Spectroscopy: The spectral fingerprint of many materials lies in THz band. Since
dry and non-metallic material are transparent for THz radiation, these materials can be
detected even when they sealed in the container.

Safety: Compared to X-rays, THz radiation is non-ionizing and operated at lower

photon energies.

1.3.1 Channel Modelling of THz Communication

Two types of channels are defined for communication system, the indoor
channels and outdoor channels. It should be noted that the indoor channel is more
sophisticated than the outdoor channel. Since the wavelength of THz radiation is
much higher than the microwave radiation which results in different absorption and
reflection losses, the channel models for current microwave communication is not
applicable for THz communication [29-31].

For indoor channels, the pass loss can be compensated with the highly directive
antenna, consequently, the high output power can be achieved as suggested by link
budget calculation [32]. The path loss refer to the atmospheric losses while the THz
wave travelling between the transmitter and receiver. Friis law summarize such loss

and conduct the received power and signal to noise ratio as following equation [33]:

j‘ 2
P90 G (1.1
P L.a(f)d
SNR , = P -(N, +10log(B) + NF + M) (1.1)

Where P, the power at the receiver, P; is the radiated power from the transmitter, G-
and G; are the gains of receiving and transmitting THz antennas, respectively. A is the
free space wavelength. d is the distance between the transmitter and receiver. a(f) is

the atmospheric attenuation at frequency f and L., is excess loss. NF is receiver’s

noise figure, M is the system margin, Ny is the noise spectral density and B is the

12



noise bandwidth [34]. The link budget can be calculated using the parameters listed in
Table 1.1 and data rates with BER of 10 at different modulations versus antenna gain
is illustrated in Figure 1.4. It should be noted that the value of noise spectral density at
20°C introduced in [34] is -178dBm/Hz. However, since No=30+10log(kTB) where k
is Boltzmann constant, T is temperature in kelvin and B is bandwidth, the noise
spectral density at 20°C should be -174dBm/Hz which is the value used in this thesis.
It can be noticed that for 10Gb/s, antenna gain of approximately 30dBi is necessary.
However, due to the physical size of the antenna, it is impractical to utilize microwave
antenna with 30dBi gain in a indoor application. Since the effective antenna aperture

A.=G,A*/4m, the effective antenna aperture of THz antenna with 30 dBi gain at

300GHz can be calculated as around 80 mm? which won’t be a problem at all.

Table 1.1: Parameters for link budget calculation [34]

Quantity Symbol Value

Transmitting power P, 0dBm

Carrier frequency f 300GHz
Wavelength A Imm

Distance d 5m

Atmospheric attenuation a(f) 0.01dB/m at 300GHz
Excess loss Lex 0dB

Noise spectral density No -174dBm/Hz at 20°C
Spectral efficiency 1bit/s/Hz

Noise bandwidth B Data ratexspectral efficiency
Noise figure NF 15dB

System margin M 10dB

13



100 ¢
Shannon's max. capacity
10 | ; :
) ;
_8- BPSK with
O coherent detection
g 1F
&
S
a
0.1E
ASK with
incoherent detection
0.01 : - : . . :
0 10 20 30 40

Antenna gain (dBi)

Figure 1.4: Data rates for ASK and BPSK as a function of antenna gain [34]

Moreover, atmosphere loss becomes more crucial as the transmission distance
and frequency increases, which is shown in Figure 1.5 [35]. Therefore, the
atmosphere attenuation is worth noticing in THz band system.

250

—d=1m
—d=10m
—d=100m

D00 [—-crrmmemee e vy e s

Path—Loss [dB]
o
L]

50 ' L1 I ' ' L1

107 10’ 10’
Frequency [THz]

Figure 1.5: Atmosphere loss for different transmission distance [35]
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For outdoor channels, the path loss becomes more complex. Figure 1.5 shows the
attenuation for six different weather at sea level, and the environment characteristics
of the weather conditions are described in Table 1.2 [36]. It can be observed that the
windows are board for all the weather conditions below 300GHz, though it is hard to

define a window as the attenuation increased with higher frequency.

5
110

— STD
=& Humid
il | [B88 Winter
kee= Fog
A Dust
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I-:n"

100

Attenuation (dB/km)

Frequency (GHz)

Figure 1.6: Atmospheric attenuation for six weathers at sea level [36]

Table 1.2: Characteristics of Weather conditions used in Figure 1.6 [36]

Weather Temperature | Pressure | Relative Rain Fog Dust

(°C) (hPa) | Humidity | (mm/h) (m) (m)
Standard(STD) 20 1013 44% 0 0 0
Humid 35 1013 90% 0 0 0
Winter -10 1013 30% 0 0 0
Fog 20 1013 44% 0 100 0

Dust 20 1013 44% 0 0 10
Rain 20 1013 44% 4 0 0
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1.3.2 Application of THz Radiation

Due to the properties of TH band described previously, applications like imaging
[7], spectroscopy [37] and wireless communication [38] can utilize THz radiation
technology. Commercial THz imaging and spectroscopy system has been marketed by
TeraView [39], Advanced Photonix [40] and Topica Photonics [41].

Medical imaging is one of the main application that benefit from the THz
imaging research. Since the penetration depth of THz radiation is around few hundred
micrometers in human body, the skin cancer [42], breast tumour [43] and dental tissue
[44] can be detected. Other than computerised tomography scan, magnetic resonance
imaging and biopsy, such imaging method can detect cancerous tissues at early stage
and minimize the damage to the healthy organisation. However, the cost and time
consuming data acquisition reduce the popularity of THz medical imaging equipment.

Since wood, papers and natural paint is transparent for THz radiation, THz
imaging and spectroscopy is ideal for archaeology [45, 46]. Antiquities with multi
layers and different materials can be investigated and scanned without destruction
[47]. Furthermore, such imaging systems can be applied to the quality control of
polymer compounding [48].

THz communication with high carrier frequency and sufficient transmission
capacity provide possibility of the development of novel applications in different
scenarios, include both marcoscale network applications and nanocale
communications.

Outdoor wireless ultra-high-definition video communication can be achieved by
utilizing THz technologies as small cells with 10m radius coverage area as illustrated
in Figure 1.7(a) [35]. Indoor THz communication applications can be categorised as
devices-to-network applications and devices-to-devices applications. Figure 1.7(b)
demonstrate the scenario of Terabit Wireless Local Area Networks (T-WLAN),
specific application like high-definition holographic video conferencing can be
achieved by T-WLAN [35]. On the other hand, Terabit Wireless Personal Area
Networks (T-WPAN) is shown in Figure 1.7(c) [35]. The exist applications like
wireless screen projection to/from mobile devices can be further boosted. Jamming
attacks can be prevented by ultra-broad channel bandwidth achieved by spread
spectrum techniques when secure Terabit wireless communication in the military and

defence applications (Figure 1.7(d)) [35].
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Figure 1.7: THz communication applications at macroscale (a) Future 6G Cellular
Networks, (b) Terabit Wireless Local Area Networks, (c) Terabit Wireless Personal
Area Networks, (d) secure Terabit Wireless Communication [35].

Portable personal health monitoring systems can be achieved by using nanoscale
sensors around body. As a nanoscale personal network established between the
sensors, the health condition data can be collected by a micro devices like mobile
phone, consequently, these data can be forwarded to the healthcare provider as
demonstrated in Figure 1.8 (a)[35]. Planar THz antenna can provide efficient and

scalable method to establish a ultra-high-speed on-chip communication at core level

as shown in Figure 1.8(b) [35].
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Figure 1.8:THz communication applications at nanoscale: (a) Wireless Nano Sensor
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Networks for health monitoring , (b) Wireless on-chip communication [35].

1.4 Research Motivations and Objects

Although THz spectrum has potential in many industries, the major limitation is
the lack of compact, efficient and cheap THz sources. In the 1980s, development of
femtosecond laser and photoconductive antenna introduced in [49] led to a revolution
in the development in THz devices. Since then, especially in the last decade, several
different THz sources have been introduced, but the practical feasibility of applying
THz techniques to many systems is still restricted since the THz sources are still
facing four main problems as following: low output power, low efficiency, bulky
nature and cooling system. Among all the available THz emitters, THz antenna is
demonstrated to be an important and common components in THz systems. The
prevalence of THz antenna can be attributed to several facts such as these antennas
can work as both detector and emitter, they also offer small sizes and the independent
on the cryogenic cooling facilities. The efficiency of a THz antenna is small, low of
0.1% in pulsed systems [50], and 1% in continuous wave systems [51], and the
difference between the two systems will be explained later. Therefore, it is important
to investigate the performance of the THz antenna to maximise the efficiency. The
total efficiency of it separated into three components: coupling, matching and
radiation efficiencies. The last two are similar to those of radio frequency and
microwave antenna, the methods used to enhance these efficiencies of RF/MW
antenna can also be applied to THz antenna. The coupling efficiency has triggered

noticeable interest in the optical-to-THz conversion efficiency. Therefore, a
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fundamental research on the interaction between the optical laser beam and THz
antenna will be carried out including photoconduction behaviour and factors affect the
optical-to-THz conversion efficiency.

It is common to use commercial simulation tool for the RD antenna analysis,
however, the analysis of THz antenna requires extra investigations on the
optopelectronic characteristics which cause by the photoconduction effect of the
material. Commercial semiconductor solvers like Synopsys Sentaurus TCAD [52]
provide advanced modelling of the electric field distribution and charge concentration.
However, it is not capable of the THz antenna simulation. It is possible to import the
results of field distribution from semiconductor solvers to full-wave electromagnetic
solvers to perform the antenna analysis, this method can be a less accurate process.
Therefore, a new simulation process that can examine both the field distribution of
photoconductive material and antenna performance with a full-wave electromagnetic
solver is investigated.

Conventional THz photomixer antenna consists of electrodes, antenna and a lens,
where electrodes is the structure that generate THz current to excite the antenna.
Geometrical optimization of electrodes can improve the photoductive electric field
distribution and generate more THz current as a result. However, the source resistance
of the antenna will also affected by the configuration of photomixer, therefore,
optimizing optical-to-THz conversion efficiency without changing the configuration
of photomixer is very important. Moreover, since the configuration of photomixer
affects the source resistance of THz antenna, impedance matching of THz antenna
should be studied. In addition, lens is utilised in conventional THz antenna to couple
the generated THz filed to air and form a directional radiation. Hence, in order to
improve the radiated THz power and abandon the usage of lens, modifications in THz
antenna design are required. By considering optical-to-THz efficiency, matching
efficiency, radiation efficiency and the physical structure of the THz antenna, an
optimized THz photomixer based antenna is proposed and studied.

The main objective of this thesis are summarised as follows:

1. To develop a new equivalent circuit model of THz photomixer based antenna

2. To develop a simulation method that examine both electric field distribution
of photomixer and THz antenna with a full wave electromagnetic simulation tool.

3. To optimize the optical-to-THz conversion efficiency of photmixer
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4. To improve the matching and radiation efficiency of photomixer based THz
antenna
5. To investigate the feasibility of the proposed photomixer based THz

antenna’s physical construction

1.5 Thesis Overview

In Chapter 1, an introduction of Terahertz band, an overview of THz sources
utilizing radio frequency technique, optical technique and the combination of both
techniques have been given with the challenges in the channel modelling of terahertz
communications. Furthermore, applications utilizing terahertz imaging, spectroscopy
and wireless communication have been addressed. Then, the motivation and the
objectives of this thesis are outlined.

In Chapter 2, The THz antenna will be compared with RF/MW antennas to
highlight the research options of THz antenna. A new model of terahertz photomixer
based antenna will be developed. By analysing the new model mathematical, various
parameters that affect the performance of THz photomixer antennas will be analysed
and discussed.

In Chapter 3, a new design process that evaluate both optoelectronic behaviour
of photomixer and THz photomixer based antenna with a full-wave simulation solver
will be discussed. Then, the finite difference time domain method for cross validation
will be introduced briefly.

In Chapter 4, different approaches of optimizing the optical-to-THz conversion
efficiency such as manipulating the configuration of photomixer electrodes, replacing
photomixer electrode with plasmonic material, utilizing bragg reflector, implementing
two designs of two dimensional photonic crystal as reflector underneath photomixer
and employing dielectric superstrate and frequency selective surface above
photomixer will be proposed.

In Chapter 5, the limitations of using lens to achieve power capture and
directional radiation will be highlighted. In order to avoid lens, THz dielectric
resonator antenna based upon the photomixer designed in Chapter 3 will be proposed.
The proposed DRA is truncated from the electrically thick photoconductive substrate
of photomixer to create a DRA that supports higher order mode in conjunction with a

dielectric superstrate for gain enhancement. In addition, source capacitance and
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biasing network will be incorporated in the model of DRA. Then, the choke filter is
used to minimize the power leakage of generated THz photocurrent and to improve
the impedance matching.

In Chapter 6, further research about feasibility of physically supporting
superstrate above DRA using multi-layered configuration at millimetre wave
frequency with coplanar waveguide port will be proposed. Furthermore, optimizing
the feeding method to accomplish a wide band and circular polarization will be
discussed.

Finally, Chapter 7 presents the summary of the main objectives, highlights the

achievements. Furthermore, the future work suggestions are presented.
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Chapter 2: Analysis of
Terahertz Photomixer based

Antenna

2.1 Introduction

Various THz sources and envisioned THz applications were introduced in the
previous chapter. The THz antenna is the final block in all transmitting applications,
and it is the first block in receiving applications. Therefore, THz antenna is the
foundation of any THz application system. However, compared with RF/ MW
antenna, the analysis, simulation and measurement of THz antenna are totally

different due to the special excitation method. Therefore, a comparison between THz
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antennas and RF/MW antennas is performed to stress research options in THz
antennas. Low power level and low optical-to-THz conversion efficiency are the main
limitation of the development of THz antenna, and some of the THz photomixer in the
literature will be reviewed. In order to analyse and solve these problem, an equivalent
circuit modelling is necessary. Two types of equivalent circuit models have been
introduced in the literature. One is large-signal circuit model [53]. The gap
capacitance of the antenna is modelled as constant capacitance, photoconductive
material is modelled as time-dependent resistance and antenna resistance is included
in the model. The main lack of the model is that the local electric field cannot be
predicated accurately. The other equivalent circuit consists of three element: the
photo-switch is modelled as a resistor with time-varying conductance, the
space-charge screening is modelled as time-varying voltage source and the antenna
impedance [54]. This model improve the accuracy since more physical behaviour of
the devices have been considered compared with previous simplified lumped element
model. However, the complexity of the physical behaviour complicate the equation
deviation. Therefore, involving physical behaviour in the simplified lumped element
model is necessary to keep both the accuracy and simplicity of the equivalent circuit
model. Therefore, a new equivalent circuit model is developed with the usage of
lumped element that derived from complex physical mechanisms in this chapter. In
addition, based upon the newly developed equivalent circuit, factors that improve the

low efficiency of THz photomixer antenna is studied.

2.2 Comparison of THz photomixer antennas with RE/MW

Antennas

Figure 2.1 and Figure 2.2 demonstrate the setups of RE/MW antenna and THz
phtomixer antenna during measurement. It can be noticed that the measurement setup
of THz photomixer antenna is more complex since the THz antenna operates based
upon the laser excitation where the conventional RF/MW antennas is fed by the
measurement facility. In this section the differences between THz photomixer antenna

and RF/MW antenna are summarised.
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Figure 2.2: Measurement setup of THz photomixer antenna [55]
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2.2.1 Excitation Source, Feeding and Biasing

There are numerous types of feed such as coaxial cable, microstrip and coplanar
waveguide available for the conventional antenna. But move onto the THz
photomixer antenna, analogous feed lines is not applicable. In practice, the laser can
be coupled to the THz antenna either through air or by fibre. Generally, as shown in
Figure 2.2, optical waves illuminate the photomixer antenna through air. Exception
presence when there is requirement of flexible transmitter and receiver, in this case,
optical fibre is employed to achieve so. 800nm and 1550nm laser pulses that coupled
through fibre to THz systems have been demonstrated [56, 57, 58]. Since the THz
photomixer is fed by two co-linear laser beam, the source impedance of THz
photomixer antenna is not a constant value, which is other than the normal 50/75
ohms feed line used for RF/MW antennas. The varying source impedance imposes a
new requirement of the THz photomixer antenna’s analysis which will be investigated
later in this chapter.

Furthermore, bias voltage is required for the THz photomixer antenna, since the
generation of THz signal of photomixe antenna on the transmitting side based upon
the bias voltage as illustrated in Figure 2.2. However, for normal RF/MW antenna

without any semidonductor switches, bias voltage is not necessary.

2.2.2 Substrate Material

The substrate material for the planar RFE/MW antenna is required to be low-loss
dielectric material. For most PCB based RF/MW antenna, FR4, which is made of
glass-reinforced epoxy laminate material, is one of the most popular option. III-V
compound semiconductor like GaAs is used as substrate of monolithic microwave
integrated circuit antenna due to the property of high carrier mobility [59].
Photoconductive material is the foundation of the THz signal generation for THz
photomixer antenna. The materials like Si, GaAs and InGaAs are used in the THz
photomixer antenna, from which the most popular material is low temperature grown
GaAs. The advantages of using LT-GaAs is firstly fast current variation can be
obtained by ultra-short carrier lifetime, secondly, stronger THz signals can be
generated due to the relatively high electron mobility, finally, high bias voltage can be

applied to the photomixer because of the high intrinsic resistivity and breakdown
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voltage characteristics[60, 61]. Because of the advantages of LT-GaAs and the
importance of photocnductive materials for the THz wave generation, the
characteristics and effective parameters of LT-GaAs will be described in next

sub-section.

2.2.2.1 THz Photoconductive Materials

The popularity of THz photoconductive material study not only due to its
importance for THz wave generation, but also because there is no natural material
capable of emitting THz wave efficiently [62].

The first ever THz antenna reported employed Silicon as the photoconductive
materials [49]. Silicon have the bandgap of 1.12eV and intrinsic resistivity of
2.3x10°Q.cm. However the optical recombination processes of Silicon
photoconductive substrate are relatively low due to the misalignment between low
boundary of conduction band and higher boundary of valence band [63]. By contrast,
GaAs has direct band and the intrinsic resistivity of it is 108Q.cm. In addition, GaAs
is III-V compound semiconductor which means it is possible to optimise the electrical
and optical behaviours by manipulate the composition of it.

Since the GaAs is used as photoconductive substrate, ability of growing extra
epitaxial layer is important. Consequently, liquid encapsulated Czochralski method is
utilized to grow semi-insulating GaAs [64]. Since the carrier life time affect the
bandwidth and SNR of THz antennas, intermediate energy band is design in the
bandgap by native point defect. However, the mean free path is reduced by the
presence of the intermediate energy levels which lead to the reduction of thermal
conductivity and the carrier mobility [65, 66]. Therefore, achieving small carrier
lifetime, high mobility and high dark resistivity at same time becomes the prior
challenge in the ultrafast photoconductive material research.

LT-GaAs produced by low temperature beam epitaxy can achieve intensive point
defects. It was used as substrate of THz photoconductive antenna since 1988 [67].
Since then, substantial research on the factors that affect the properties of LT-GaAs
dueing the fabrication has been performed [68-71]. Figure 2.3 collects the carrier
lifetime of LT-Gas versus the growth temperature of them. It can be noticed that even
though the growth temperature is same, the values of carrier lifetime from different

literatures are different. The reason is that every MBE chambers are different from
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each other, and even using same chamber, it is very difficult to control the exact
growth temperature and ambient condition. Therefore, the production of two

LT-GaAs wafers with identical characteristics are impossible.
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Figure 2.3: Measured carrier liftime of LT-GaAs versus the growth temperature
Other techniques like ion-implantation [76] and self-assembled ErAs island in
GaAs [73,75] can be used to optimize the characteristics of GaAs. As a result, similar
carrier lifetime to the LT-GaAs can be achieved. However, the outcome of low
intrinsic resistivity from ion-implantation and drawback of low mobility from
ErAs:GaAs limits their utilization. Therefore, LT-GaAs still be the best option for the
photoconductive material of THz antenna [78].

Table 2.1 summarises the properties of SI-GaAs and LT-GaAs and LT-InGaAs
which are used as photoconductive substrate at 800nm and 1550nm, respectively.
SI-GaAs offers high mobility, but the bias voltage could be applied to it is low which
is because of the lower breakdown voltage. Moreover, the lower resistivity of
SI-GaAs produces greater amount of dark current compared to LT-GaAs which
causes the system to heat up and terminate faster than the LT-GaAs. Another problem

with SI-GaAs is that limited spectrum can be achieved and more noise will be
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generated by the large carrier lifetime of it. There are a variety of fabrication methods
for InGaAs, which results in variations in the material's properties. LT-InGaAs has
the worst properties among the three material listed, however, it can siginficantly
minimize the expense of the THz system since its consistency with well established
communication optical sources. In general, due to their excellent combined
characteristics, LT-GaAs is the most popular material in THz antenna research.

Table 2.1: Properties of various THz photoconductive materials

Material Carrier liftime (ps) Mobility Resistivity | Breakdown
(cm?.V-=1s) | (Q.cm) field (V.cm™)

SI-GaAs Several hundred [79] 8500 [80] ~107[81] 4x10°[80]
LT-GaAs <1 [82] 200 [79] >107[67] | 5x10°[79]
LT-InGaAs | Larger than LT-GaAs [83] | 26 [84] 760 [84] ~6x10%[84]

2.2.3 Antenna Electrode Material

Copper and other extremely conductive metals are often used in RF/MW
antennas. The electrode material in THz antennas is an AuGe alloy or Ti/Au
(Titanium/Gold) layer [85]. The stacked Titanium and gold structure is more often
used [86-89], in which a Ti sheet is incorporated to maximize the stickiness of the Au,
therefore, the electrode is mounted tightly on the substrate[8]. Compared between
Ti/Au and the AuGe alloy, Ti/Au is a better choice as it does not require annealing
after deposition [90].

The conductivity, o ,of Au is 45.2x10°S/m [1]. Since the skin depth,

o=(1/mfuc)”?, it is 74.9nm for Au at 1THz. As the current flow near the metal surface,

the surface resistance of 0.29C) for a square shaped gold by using R=1/(c xdepth).
Practically, the electrodes are consist of a 10-20nm layer Ti and a Au with few tens of
nm thickness.

Graphene is another material that has been investigated as an antenna electrode
material [91]. The Young’s modulus, carrier density and absorption coefficient of
graphene is 1.5Tpa, 200000cm?.V-'.s'! and 24x10*m’!, respectively [92, 93]. Since
the conductivity of graphene depends on the temperature and the chemical potential, a
reconfigurable graphene antennas can be achieved by manipulating such parameters

[94].
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2.2.4 Type of Current

Conduction current is the main current type of RF/MW antennas, which is
caused by the movement of conduction electrons. As for the THz antenna, two types
of current are generated, drift current caused by the biased electron-hole pairs and
displacement current induced in photoconductive which is substrated by second order
nolinear optical characteristics. However, the displacement current could be neglected
as the bias voltage getting higher, hence, drift current is the main current type when

the biased field is more than 10° V.cm™' [95, 96].

2.2.5 Fabrication and Measurement

Due to the limited size of the THz antenna and the need for a specific fabrication
environment, fabricating a THz antenna is a difficult and costly process. The
photoconductive substrate fabrication, as well as deploying the THz antenna on the
substrate, are the two steps in the fabrication of a THz antenna. In section 2.1.2.1, the
preparation of photoconductive substrate was briefly introduced. Photolithography
and electron beam lithography are the two main method to implementing the THz
antenna on the photoconductive substrate. Electron beam lithography is capable of
fabricating sub-micron dimensions which is more precise than the Photolithography,
hence, it is more expensive.

The measurement setup and techniques of THz antenna is more complex than
them of RF/MW antenna. As demonstrated in Figure 2.1, both treanmitter and
receiver antennas can be excited by a vector network analyser in RF/ MW antennas,
then vector network analyser can compute various parameters. Moreover, the
anechoic chambers is widely used to determine the radiation pattern of RF/MW
antennas. In THz antenna measurement setup, the THz antenna is excited by laser
beams through air as shown in Figure 2.2. Since there is no physical connection
between the laser beam and transmitting/receiving antenna as well as the usage of
different mirrors to guide the signal during transmission, it is possible that the THz
wave is attenuated and diverged during transmission. Moreover, since the THz
antenna only work when the laser beams is illuminated, misalignment of incident
laser beam and THz antenna will lead to inaccurate results. Therefore, fibre coupled

detector is introduced to avoid the lose of laser illumination [97, 98]. In addition, as
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described in section 1.3.1, the THz communication is sensitive to the humidity, the

THz measurement equipment is packaged and filled with dry nitrogen.

2.2.6 Computer Aided Design

Computer Aided Design (CAD) tools like CST, HFSS and FEKO is now a
common simulation software for antenna design. However, all of the aforementioned
design tools can only simulate the electromagnetic part of THz antenna design, where
the optoelectronic part requires another design tool to examine. Hence, it is necessary
to develop a new method that can incorporate the numerical analysis with CAD tools
to merge the two parts of THz antenna design in a full wave electromagnetic solver.

This is one of the contributions that will be explained later on.

2.3 Equivalent Circuit Modelling of THz Photomixer based

Antenna

The photoconduction effect of the THz photomixer based antenna was described
in section 1.2.3. A more detailed description of the mechanism of THz wave
generation will be provided in this section. The importance of various parameters that
affect the performance of THz antenna will be emphasised by equivalent circuit

analysis.

2.3.1 Generation of THz wave from a THz Photomixer Antenna

Figure 2.4 depicts a typical photoconductive photomixing scheme. When two
femtosecond laser beams with beating frequencies falling in the THz spectrum,
electron-hole pairs are generated at the THz spectrum in the photoconductive
substrate when the energy offered by incident laser beams is large enough to drive
them from valence band to conduction band. Then, the presence of the bias voltage
provides electric filed across the antenna electrodes, then, the photo-induced carriers
are accelerated by the electric field to produce an AC current. This current is used to

excites an antenna and hence generate THz radiation.
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Figure 2.4: Schematic diagram of THz photomixer antenna

2.3.2 Derivation of Generated THz power from the Equivalent

Circuit of THz Photomixer Antenna

As the absorption coefficient, mobility and recombination time of the low
temperature grown GaAs, LT-GaAs photoconductive layer are independent of the
applied bias voltage, the electrodes of the photomixer can be considered as an ohmic
conductances. While the time varying source conductance is electrically modelled as a
photoconductance because the photocarrier collection process described previously is
photoconductive rather than photovoltaic. Consequently, the photomixer based THz
antenna can be represented using the equivalent circuit illustrated in Figure 2.5. It can
be noted that the photomixer is represented by a photoconductance, Gy '(Q,f) in
parallel with a capacitance, Cerecrrodess The configuration of the photomixer electrodes
and the dielectric constant of the photoconductive layer contribute to this capacitance.
The biased voltage drives the generated photocarrier which result in the generated
photocurrent that excite the THz radiating antenna, and the ohmic loss of the antenna

is represented in Figure 2.5 by a resistance of Ransenna [99].
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Figure 2.5:Equivalent circuit of photomixer based THz antenna
The electric fields of the two incident laser beams on the LT-GaAs’ surface can

be expressed as:
E=|E|e™ @

where o is the angular speed of incident laser and i = 1,2, represents laser 1 and laser
2, respectively. The laser intensity been absorbed by the LT-GaAs is proportional to

the square of the total incident electric field on the LT-GaAs’ surface:

ml I,
I

0

1(Q,01)=(1-T)QHE] = 1,(1-T)[1+2 cos(Q)] (2.2)

where [y is the maximum optical intensity illuminated on the LT-GaAs, I is the
reflection coefficient at the LT-GaAs -air interface, m is the mixing efficiency which
describes the overlap of the laser beams, /; and I are the intensity of the two incident
laser beam and Q is angular beat frequency, (w;—w>).

The induced photo-carriers generated from the incident laser beams as a function

of time is:

dn(t)  n(t) N o(Tmp)
dt 1 hf,

c

1(Q,1) 23)

in which 4 is the Plank’s constant, f; is the average frequency of Laser land Laser 2

and 7. is the carrier lifetime. In addition, a(7mp) is the temperature-dependent
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absorption coefficient of LT-GaAs and 7mp is the temperature in kelvin. For a

LT-GaAs layer with a direct band gap, a(Tmp) can be expressed as[100]:

hf, — E (Tmp) (2.4)
q

where K. is a certain frequency-independent constant which is approximately 9.7 x

o(Tmp) = Km\/

1015 for LT-GaAs [100], and the temperature dependent band gap energy of LT-GaAs,
Eo(Tmp) 1s defined as:

2

(2.5)

o, T
E (Tmp) E (0)_T+,B

in which E¢(0) is the gap energy of LT-GaAs at 0 °K which is about 1.519 eV, az and
Be are material constants of GaAs which are approximately 5.41 x 10™¢V/K and 204
K, respectively [101].

By assuming I; = I> = Iy and t/z. >> 1, then substituting (2.2) into (2.3), the
generated carrier density can be obtained as:
o(T o mp) LA-T)e 1+ \/—cos(Qlt):( ;ZZ:)szm(Qt))

The conductance of the photomixer can be expressed as:

n(€,1) = (2.6)

Tsub

—a(Tmp)z w
G.(1)=]dG ()= { o(t)e ™ 7 —dz (DL

O'(t)(l e ) Tsub ) (2.7)

where T 1s the photoconductive region depth, W is the electrode width, L is the
electrode length and o(?) is the conductivity. The electrical conductivity is defined as:

a(Tmp)eu, cos(Q) +Qr,_sin(Q) (2.8
W 1,A0-T)z. (1+Jm oy

o(0) = epn(t) =
)

In which e is the electron charge and p. is the electron mobility. Therefore, the

photomixer’s conductance can be derived by substituting (2.8) into (2.7):

Weu I t. ) cos(Qt)+Qr_sin(Q (2.9
G (Qf) === (1=T)(1—e ™0 )(1+/ ‘

)

The impedance of the system can be given by analyzing the equivalent circuit

shown in the Figure 2.5:
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1

Z,(Q,t)= +R 2.10
: ( ) jQCelectrodes + Gs (Q/ t) anterna ( )
and the radiation power can be defined as:
Vbiased 2
Pry, (€, 1) =R = ) (2.11)

untenna( Zt (Q, t)
Therefore, as RanennaGs << 1 and by replacing system impedance by (2.10), as
well as neglecting the imaginary part, the radiation power can be expressed as:

Vb%asedGSZ(Q’ t) (212)
antenna 1+(QR C )2

antenna = electrodes

Py, (Q,t)=R

In addition, by employing (2.9), the mean generated THz power can be

expressed as:

mR >

antenna__biased

B, <[ (D)1 e )
TN L, [1(QR 1, o) M H(Qr )10 1)

antenna e

2.3.3 Parameter Analysis

In order to demonstrate the time varying characteristic of the source conductance,
Gs(Q), t), based upon the equation (2.9), an example of photomixer using the
parameters listed in Table 2.2 is calculated.

Since the wavelength of the incident laser beam is presumed to be 800nm, 4;,
and the wavelength of the second laser beam, A, is tuned to achieve a THz beating
frequency by fru-=c|Ai-A2|/(2:142) [102]. In the case of a THz photomixer operate at
1THz, 4,=802nm. By applying the parameters listed in Table 2.2, the time varying
source conductance of the THz photomixer antenna is shown in Figure 2.6. The
periodic variation of the source conductance is consistent with the envelope of the
beating waveform. The mean source resistance can be calculated by taking the

reciprocal of the mean source conductance between the trough, 6.64uQ)!, and crest,
9.1uQ)!. As a result, the mean source resistance is ~128kQ), which matches the

evaluation of the photoconductive resistance is much larger than 10k [88].
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Table 2.2: Parameters used in the source conductance calculation

Parameters Value
r 0.318 for LT-GaAs-air interface
LLe 1000 cm®V's™
a(T) 6000 cm™
m 1
T. 1ps
L 10 pm
W 10pum
Tsu lpum
fi 374.5 THz
Average power of one laser 15 mW

o
o

o
T

Conductance ( Q'1)
~J
o

SV VA VAV A A

6.5 : ‘
0 1 2 3 4 5 6 7
Time (ps)

Figure 2.5: The time-dependent source conductance calculated from the parameters

listed in Table 2.2
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Moreover, the source resistance calculated above stressed the main challenges in
the improvement of matching efficiency of THz photomixer antenna is appropriate
design with higher impedance. Therefore, the effect of various parameters such as
total average optical power, the length of electrodes, carrier lifetime, carrier mobility
and optical absorption coefficient on the source resistance of a THz photomixer
antenna is investigated. The other parameters are kept as the value listed in Table 2.2
while the one is investigated.

Figure 2.6 demonstrate the impact of the total average laser power on the source
resistance. As higher laser power is used, the generated photo-carrier density in the
photoconductive substrate as well, in the other word, the photoconductive substrate
becomes more conductive, therefore, the source resistance falls at higher average laser
power, consequently, moderate the problem of impedance mismatching.

The electrodes’ length of THz photomixer represents the illumination area of the
laser beams. Therefore, as it is shown in Figure 2.7, the source resistance rises with
longer electrodes which is the consequence of the reduction of the generated

photo-carrier density.

x 10°
4

o w

o w  »
) s

1 1

Average resistance ( Q)
M

1.5]
1k -
0.5¢ ]
0.02 0.04 0.06 0.08 0.1
Pav (W)

Figure 2.6: Source resistance versus the average laser power
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Figure 2.7: Source resistance versus the length of photomixer electrodes

The dependency of average source resistance on the carrier lifetime is studied. It
can be observed from Figure 2.8 that the source impedance becomes extremely high
with shorter carrier lifetime and becomes flat with longer carrier lifetime. These is
because longer carrier lifetime leads to longer recombination period of free
photo-carriers, which behaves like conductor. In contrast, shorter carrier lifetime
result in less generation of carrier and hence unable to generate photocurrent. For
instance, Tcop=1/271f1H: 1s used to determine the optimum carrier lifetime for THz
photomixer antenna [89].

Moreover, Figure 2.9 depicts the impact of carrier mobility of photoconductive
material on the source resistance. It shows a similar tendency to the Figure 2.8,
smaller carrier mobility leads to extremely high source impedance and almost
constant small source resistance can be achieved with larger carrier mobility.

Finally, the effect of optical absorption coefficient on average source resistance
is illustrated in Figure 2.10. As the optical absorption coefficient increases, more
photo-carriers are generated due to more laser powers absorbed by the

photoconductive substrate, consequently, smaller source resistance is achieved.
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Figure 2.8: Source resistance versus the carrier life time of photoconductive material
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Figure 2.9: Source resistance versus the carrier mobility of photoconductive material
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Figure 2.10: Source resistance versus the optical absorption coefficient

2.4 Summary

In this chapter, an overview of THz antennas was provided. The necessity of
having THz antenna have been emphasised. Then, it has been addressed that new
methods in THz antenna analysis and simulation are required by comparing the THz
antenna with RF/MW antenna in various aspects. The working principle of the
photomixer has been elaborated. A new equivalent circuit model use lumped element
that derived from complex physical mechanisms is introduced. The new equivalent
circuit improved the accuracy of large-signal circuit model by involving the physical
behaviour and simplified the complexity of numerical deviation by using lumped
element. Then, a equation of time variant source conductance has been derived, hence
based upon the equivalent circuit, the equation of generated THz power has been
derived. Finally, various parameters considered in the equations have been analysis,
the results highlighted the problem of impedance matching for THz photomixer

antenna.
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Chapter 3. New Simulation
Process and Cross Validation

Method

3.1 Introduction

As compared in chapter 2, different from the simulation of RF/MW antenna,
THz photomixer antenna simulation is divided into two parts, optoelectronic
simulation and electromagnetic simulation because of the unique excitation method of
photomixer. The optical-to-THz conversion efficiency can be analysed by
optoelectronic simulation and both of matching and radiation efficiency can be
investigated by electromagnetic simulation. Since then, current research of THz

photomixer antenna always required two simulation package, for example, Synopsys
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Sentaurus TCAD for optoelectronic simulation [52] and CST Microwave Studio for
electromagnetic simulation [103]. However, the Maxwell’s wave equation is solved
using the finite-difference time-domain (FDTD) methods in Synopsys Sentaurus
TCAD, and it is solved using finite integration technique (FIT), finite element method
(FEM) and transmission line matrix method (TLM) in CST Microwave Studio. This
inconsistency highlights the necessity of the development of new simulation process
that enable both optoelectronic and electromagnetic simulation in one simulation
solver. Therefore, a new simulation process will be discussed in this chapter. Then, in
order to validate the results generated from commercial simulation package, Matlab
code using FDTD method is utilized. Finally, a brief introduction of Maxwell’s
equations and FDTD method used for plasmonic simulation and antenna simulation

will be presented in this chapter.

3.2 New Simulation Process

According to equation (2.13), the generated THz power meanly depends on three
terms, (2 Rantenna Celecirode), (£2t) and Iy*. Therefore, in order to improve the generated
THz power, 3 different conditions are required and summarised as follows.

Firstly, the photoconductive material with small carrier life time should be used.
Next, in order to achieve small carrier life time, different fabrication technique [68,
104] and appropriate photomixer electrode design [105, 106] had been proposed . In
addition the carrier lifetime is a function of the applied bias voltage [101,107,108],
however, high bias voltage result in breakdown of photoconductive material.

Secondly, the capacitance should be small to achieve higher generated THz
power. Same as the method used for the reduction of carrier lifetime, appropriate
photomixer electrode design can modify the capacitance [106, 109].

Then, higher optical power incident on the photomixer can improve the
generated THz power. In order to maximize this value, the optimization of
photomixer electrode design is applicable and it will be verified in next chapter. In
addition, higher optical illumination power can lead to smaller source resistance of
photomixer and consequently, offers better matching efficiency as presented in
previous section. However, though the optical illumination power play an important
role in THz power generation, not much effort has been put into developing new

method of illumination power improvement. Therefore, new methods of improving
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the optical intensity that has been illuminate on the photoconductive region is one of
the main objectives of this thesis.

Since the generated THz power is can be improved by the enhancing the
illuminated optical intensity on the photoconductive substrate, when same
photoconductive material and photomixer configuration are used with the same biased

voltage, the equation (2.13) can be simplified to:
P, oI’ (3.1

THz 0

As the intensity is proportional to the square of the electric field amplitude, the

equation (3.1) can be further expressed as:
4
P, | (32)

In this case, the improvement factor of generated THz power can be determined
by monitoring the electric field magnitude. Therefore, the complex optoelectronic
interaction problem has been transformed into an electromagnetic radiation problem.
In consequence, optical-to-THz conversion efficiency, matching efficiency and
radiation efficiency can be obtained by a single electromagnetic simulation package,
i.e., CST Microwave Studio.

CST Microwave Studio is an electromagnetic simulation software with a number
of tools that are designed for the modelling, analysis and optimization of devices over
a wide range of different frequencies. CST Microwave Studio is designed for high
frequency simulation of the 3D EM elements, in particular for antennas, optical
applications, planar and multi layer structures as well as EMC. For both low-and
high-frequency simulations, CST MWS provides multiple solvers such as time
domain solver, frequency domain solver, eigenmode solver and integral equation
solver.

Generally, 5 steps is required to complete a design, model construction, source
implementation, configuration meshing, defining numerical solution and result
presentation. For both photomixer and antenna simulation, the geometrical model can
be constructed by the built-in 3D CAD tool. However, the source implementation for
them are different. Laser beams are required in the simulation of photomixer design,
and it can be defined as a linearly polarized plane wave with 1V/m electric field
vector and normal incident angle towards the photomixer. On the other hand, the
source implementation of antenna depends on the feed, and various options like

discrete port and waveguide are available. Then, the model is discretized. In terms of
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numerical solution, both of the two designs will used time domain solver which
utilizing finite integration technique. Finally, only electric field is interested and
monitored in photomixer simulation, and gain, input impedance as well as field

distribution are studied in the antenna simulation.

3.2 Maxwell’s Equations

Maxwell’s equations summarizes the electromagnetic behaviour in all media
based on minor modification of Gauss’s law, Gauss’s law for magnetism, Faraday’s
law and Ampere’s law. In this section, it is assumed that the transmission medium of
the electromagnetic wave is isotropic,homogeneous and non frequency dispersive.

The differential equation of the Maxwell’s equation are given by following:

W E = _a_B_M (3.3)
ot

wg-P. (3.4)
ot

VD= (3.5)

VeB=0 (3.6)

where, E is the electric field, H is the magnetic field, D is the electric flux density, B
is the magnetic flux density, M is the mathematical constructed fictitious magnetic
current density, J is the conduction electric current density. M and J represent the
source of the electromagnetic field.

The relationship between the field and flux density can be used to describe the

properties of propagation medium:

D=¢eE (3.7)

where ¢ and po are the free space electric permittivity and free space magnetic
permeability with value of, €=8.854x10"?F.m" and p=4mx107H.m", respectively.
& and u, are relavtive electric permittivity and relative magnetic permeability. In

addition, by using above two equations, the phase velocity v, becomes:
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1 c
S L (3.9)

Vp =
V luoﬂ rgogr hn
where n is the refractive index of the transmitting medium, and c is the speed of
electromagnetic wave which is approximately 3x10%ms-!.

When Ohm’s law is considered, the conduction electric current density becomes:
J=cE (3.10)
where the conductivity o is introduced to measure the ability of accommodate electric

current in the medium. Since there is no perfect electric conductors or perfect

dielectrics in nature, the relative permittivity can be derived as:

oD Oe e E 0
VXHZE‘FJ: ot +0‘E=(8r80—t+0')E
o
=(jwe e, +0)E = jowe,(e, +—)E = jowe,c E (3.11)
J&,
_OgelE 0D
Ot ot

where the partial time derivative was used in phasor form, 6/0t=jw. Therefore, the
new relative permittivity is given by
o o

—p — j— (3.12)
"7 we,

[
8r_8r+ .

JE&,

And loss tangent of the conductive material is equal to:

tand = (3.13)

WE,E,

3.2 Finite Difference Time Domain Method

Finite difference time domain method (FDTD), the first numerical time-domain
method that describes the Maxwell’s curl equations, is proposed by Yee in 1966 [110].
By using Taylor series, the partial derivatives in Maxwell’s equations are replaced by
finite difference approximations. Hence, Equations (3.3)-(3.8) can be considered as a
hyperbolic partial differential equations. In this case, the electromagnetic propagation

can be calculated straightforwardly by numerical substitution. And Yee space lattice
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shown in Figure 3.1 is used to discretize the space and time dimensions, therefore,

space and time dimension properties are saved in the discrete point.

EZ . '*’ A% HY EZ }Hy
H,
' -k,
| T% """"""
(mxa mJ"a mz) Ey
»
y

X

Figure 3.1: Yee Space lattice with the position of electric and magnetic field vector
components [110]

In the following mathematical analysis of FDTD, it is assumed that the space is
source free and lossless, which means M and J and p in equations (3.3) to (3.6) are set
to zero. Then, by substituting all the vector with their orthogonal components and
substituting curl vector operator with 3 dimensional cross product, equations (3.3) and

(3.4) are given by the following:

V><E=(8EZ _8Ey)é +(8Ex _GEZ)é N %_6&()@
op o0z’ ' "0z ox' V' “ox Oy ° (3.14)
oB 0B, 0B, @B _
S T M et et )
V><H=(5HZ ——)e +(%—5HZ)5 +(%_8HX)*
oy o0z " ~o0z ox'7 0 oy " ° G15)

oD oD, _ 0D, oD, _
= =e(——e_ + e +t—¢e.)

ot o0 * ot 7 ot

Then, the scalar form of equation (3.14) can be expressed as:
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0E. OE, 0B

__ 9 (3.16)
oy 0Oz ot
0z Ox ot
O, _GEX :_8BZ (3.18)
ox oy ot

In the same manner, equation (3.15) can be written as:

OH, ©OH, oD, (3.19)

oy 0z ot

oH - oH, _ - oD, (3.20)

0z ox ot

OH, oH, oD, (3.21)

ox 0y ot

Next, equations (3.16) to (3.21) are discretized in time and space by the finite
difference method [110]:

B"(i, . k)=B(i, ], k)

Ar . "
+E[Ey(l,]’ k)—E( j, k=1)] (3.22)

At o
—A—[Ez"(l,J, k)—E"(i,j—1, k)]
)

B(i,j, b=B!(i. ), K

At
+E[Ez"(llj, k)—E!(i—1,J, k)] (3.23)
AL i k) B k1
~pp LB )= B k= 1)]

46



B j, b)=B'(ij, b

B B k) B -1, B
pptEio ) L6 j—1 (3.24)
At

B D= Ej(i=1,), b

D"\(i, j, k)=D.(i, j, k)
At .. ngeos
+A—y[HZ(1,] +1, k)—H'(i, j, k)] (3.25)

At

LH G k1) = H G, )

D"\, j, k)=D;(i, j, k)
At o e
+E[HX(Z,J, k+1)-H( j, k)] (3.26)

At
~ A LK) —H G ], )]

D'(i, j, k)=D!(i, . k)

At . . nye
+E[Hy(l +1,j, k)—H!(i, j, k)] (3.27)

At
———[H!(1,j+]1, k)—-H(j k)]
Ay ]

The equation (3.22) to (3.27) provide a recursive procedure with respect to time and
space for the computation of electronic and magnetic field values in free space with
conventional dielectric or magnetic materials. Then, by using equations (3.7) and

(3.8), equations (3.22) to (3.27) can be written as:
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H'"'(G, j, k)=H'(i,j, k)
At
+ . .
(i, j, k)Az
At
o, j, K)Ay

[ESG, ), &)= E(i, j, k=1)]

[EX(G J, K= EX(1,j =1, K)]

H'(i,j, k)=H'(i, j, k)
At
+ . .
tou(i, j, k)Ax
At
(i j, k)Az

[EX(J, b= EX(i =1, ), )]

[ELG ), = E ], k=1)]

H!\(G, j, )=H(i, j, k)
At
+ . .
poi(i, J, k)Ay
At
i, j, k)AX

[EX(G J, K= EX(i=1, ], k)]

[E'(i,j, )~ E'(i~1, ), )]

E"G, j, K=E\(i, ], k)
At

i (1, J, k)Ay
At

g6, j, k)Az

G+, k)= H (T, j, k)]

[0, j, k+1)=H (G, ], k)]

E"(G, j, =E'(i, j, k)
At

+808(i, J, k)Az
At

g6, j, k)Ax

[H(0 J, k+1)=H (G, ], k)]

[H(i+1, j, k)= H (i, ], k)]
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ET(i, j, D=E.( ] k)

At
+ H'(Gi+1,j, k-H'(ij k
o2 k)Ax[ S+ LG k)= H (G, k)] (3.33)
Al [H'(i,j+1, k)—H'(i, j, k)]
- ZJ ) - l’ b
g,e(, J, k)Ay ™ / A5 J
Indices i, j, k are derived by the spatial discretisation in following equations:
i ==y = iAx (3.34)
Ax
PPN 3.35
Jj=ao2y= Ay (3-35)
Ay
k ‘5 kAz (3.36)
= — Z = .
Az
In the same manner, index n is calculated by time discretisation as given by:
t
n=—>=¢=nAt (3.37)
At

Generally, the computation of FDTD algorithm can be divided into three steps. Firstly,
all the field and variables are initialised where variables are usually set to zero. Then,
by using equations (3.28) to (3.30), values of electric field are computed from the
values of magnetic field that is calculated from the value of magnetic field at previous
time step, and identical algorithm is computed for magnetic field by using equations
(3.31) to (3.33) as well. Finally, the boundary condition should be checked to decide
whether the computation should be terminated or not.

As the design include the interaction between the incident laser beam and the
plasmonic material which can be modelled as dispersive material, it is necessary to
involve dispersive material modelling in FDTD algorithm. In order to achieve so,
auxiliary differential equation (ADE) method is used [111]. Moreover, since the
FDTD is time domain, it is important to convert the relationship between the property
of material and frequency to time domain by using Lorentz dispersive model.

Initially, relative permittivity and permeability in equations (3.7) and (3.8) can be

expressed by Lorentz dispersive model [112]:
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2
00

& =u =1-— -p 2 (3.38)
' — joy-o,

Where @, and w, are plasma and resonant frequencies, respectively, and y is the
collision frequency. Plasma frequency is the frequency where the electrons fluid of
the material oscillate longitudinally. Then, the relative permittivity and permeability

in equations (3.7) and (3.8) are substituted by Lorentz dispersive model, and they are

given by:
(@ —jowy, 02, )D,, =¢, [0 —joy~(w.+o )JE, . (3.39)
(@ —jwy,~w,,)B, =p,[0 oy, ~(w, +o, )JH, (3.40)

Where the subscripts e and m represents the electric and magnetic component of the
variables, respectively. After that, inverse Fourier transform is applied to equations
(3.39) and (3.40) to transform them from frequency domain to time domain which is
implemented by FDTD method. The following transformations are used in incerse
Fourier transform:

0 o _5_2 (3.41)
ot’ ot’

As a result, equations (3.39) and (3.40) can be rewritten in the time domain as:

Jo ——

2 2
2 _ -t (3.41)
at a y Oe)Dx,y,z [at a y ( a)pe)]Ex,y,z
ot Lt 0l)B, = mle Sy @ F L, O
atZ at ym a)Om X, .,z luO at at y CU a)pm X,V,Z

Equations (3.41) and (3.42) are performed with a second-order discretisation with the
time domain central finite difference operator and central average operators:

2 2
5_2_) 5t2, 0 0, . (3.43)
ot At” " ot At

2. 2 2 2 2 2 2
I[’ttﬂ a)OlLttﬂ(a)O +a)p)_>(a)0 +a)p)/’tt
The central finite difference operator &, J7 and the central average operators u:, u/

are given by [113]:
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1 nt
SF"(ij, k)=F" (i j, k)—F" (i, ] k)
OXF"(i, j, k)= F™(i, j, k)= 2F"(i, j, k)+ F"\(i, j, k),

1 1

F” 2(1-, j k)+Fn 2(1-, j k) (3.44)
2 2
F"'(G,j, k)+2F"(i, j, )+ F"'(i, ], k
CFG )= (i), k) (4] ) (i), K
where £ is the arbitary field components and (i, j, k) are given by equations (3.34) to
(3.36).
Therefore, equations (3.41) and (3.42) can be discretised as:
PR
+—= +w’ u’)D

(Aﬁ A Hile T Dokl ID.... (3.45)

5t2 51 2 2 2
AtZ +Elutye +(a)Oe +a)pe)lut ]Ex,y,z

u (G J k)=

:80[

( étz + 5! + 2 Z)B
.
Atz At /’ttym OmlLLl X,¥,Z (346)
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A At
As the operators been applied to equations (3.45) and (3.46), they can now be

ym + (wgm +a)127m )#1‘2 ]Hx,y,z

= ol

rewritten in the form:
DI (i, ) -2D!, (i.j. B+ D (i), K
At
D;l,t/l,z(i’ j’ k) - D;l,;/l,z(l’ j’ k)

e 2A¢t
D (i, k)+2D! | (i,j, k)+ D" (i, ], k)
0

X,Y,Z X,V,Z

+w .
4 (3.47)
[E"“ (i,j, k)-2E" (i,j, kK)+E""' (i j k)

X,),2 X,y,Z X,y,Z
0 At2
E' (G, K-E (] k
Ve A1
E™ (] k)+2E" (ij k)+E" (ij k
+(w§e +a)2€) x,y,z( J ) x,y,z4( J ) x,y,z( ] )]

p
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Bl) (i, =28, (i.j. b+ BL (i.j, b

At
B (i,j. k)—B! (i), k)
Vo QAL
o B (i), k)+2B! (i), k)+ B! (i} k)
Om
4 (3.48)
H' (i,j,k)-2H (i,j, k)+H' (ij k)
= IuO Atz
H):l;lz(i’ j’ k) - H:;lz(i’ j’ k)
N . .
I QAL
H (i,j, k)+2H' (i,j,k)+H' (ij k)
+ (w§n1 + w;m) ’y, ( ] ) ’y’4 ,y’ ]

Finally, the FDTD equations that derived from electric field component and from

magnetic field component are the following

2

1 Y ,
En+1 -’ -, k — + e + Oe Dn+l -, -, k
x,y,z(l .] ) {[goAtZ 280At 480 ] x,y,z(l .] )
2w
—( ~59D;, (i, k)
e N’ 2,7 "
+[ 1 ’Ye + wge ]Dn—l ( . k)
- L]
g AC 260 dg, (.49
2 ot
+ _ n ..
[At_z 2 ]Ex,y,z(l’ .]’ k)
1 Y, w;, T, o
_[Atz - 2At : 4 : ]Ex,yl,z(l’]’ k)}

1 0)2 _|_w2
/e 2
At~ 2At 4
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2

Hn+1 (l . k):{[ 1 + ym +w0m ]Bn+1 (l . k)
il J WA 2e At Ay,

2

% B’ P
) x,y,z(l’.]’ k)

—(

pAE 24,
1 2
ey e S gt i k)
WAt 2u,At 4e, (3.50)
2 2
R S
At2 2 X,Y,2 ’.]’

1 ym a);m +a)§m n—1 . .
_[At2 _2At+ 4 ]Hx,y,z(l’.]’ k)}

1 W
/i fay e
At~ 2At 4

The dispersive FDTD algorithm consists of Equations (3.22) to (3.27), (3.49) and
(3.50). It should be noted that there is no difference between dispersive FDTD and

free space FDTD when plasma. Collision and resonant frequencies are equal to zero.

3.4 Summary

Maxwell’s equations provide a mathematical model to predict the propagation of
electromagnetic wave. The finite difference time domain method is introduced to
discrerise the Maxwell’s equations. As a result, the simulation of electromagnetic
waves can be studied using a computer algorithm when the environment is too
complex to calculate. A classical FDTD method that can model the propagation of
electromagnetic waves in free space is introduced. Then, since the dispersive
materials, which have frequency dependent properties, becomes popular, the
frequency dependent FDTD method achieved by Drude or Lorentz dispersion models

1s reviewed.
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Chapter 4. Improving the
Laser-to-THz Conversion

Efficiency of Photomixer

4.1 Introduction

With the demand of higher resolutions and higher scanning speed in low cost and
portable devices, THz photomixer which also known as Optical Heterodyne
Generation [114] becomes one of the attractive source. The properties offered by THz
photomixer such as room temperature operation (unlike QCLs) [3], smaller size
(unlike BWOs) [15] and tunable frequencies (unlike diodes) [11,12] highlight the
necessity of research of it. However, the low optical-to-THz conversion efficiency
was addressed as one of the reasons that limits the application of THz photomixers.
The optical-to-THz conversion efficiency that have been reported is less than 1%o for
the conventional photomixer [51]. Therefore, according to the parameter reviews and

analysis of equivalent circuit model in Chapter 2, various approaches, include

54



optimizing photomixer electrodes configuration, utilizing reflector, implementing
substrate, are proposed in this chapter to improving the optical-to-THz conversion
efficiency. Since the generated THz power is proportional to the 4™ power of the
optical surface electric field when same photoconductive material and photomixer
configuration are used with the same biased voltage, by monitoring the optical surface
electric field, the enhancement of generated THz power can be investigated.
Moreover, since all the designs proposed in this chapter is within the near field of the
incident laser beam, the incident laser beams can be approximated as an incident
plane wave with the E-field vector of 1V/m in the direction of the tips with a normal
incident angle in this chapter [141]. In addition, design of radiating antenna and
feeding network are not considered in the design demonstrated in this chapter, since

all the proposed design is in optical scales.

4.2 Improving the Optical-to-THz Conversion Efficiency by

Optimizing Photomixer electrodes

It has been discussed in Chapter 2 that the material used for photomixer and the
configuration of the photomixer electrode affect the output power from THz

photomixer.

4.2.1 Improving the Optical-to-THz Conversion Efficiency by

Optimizing the Dimensions of Photomixer Electrodes

Figure 4.1 demonstrate 4 different configurations of photomixer electrode, and

the dimensions of them are listed in Table 4.1.

Plane wave

—_—

Photomixer electrode

Zz
/ \ ty
T s 0
L T-GaAs
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Figure 4.1: (a) Side view of the configuration (b)top view of bare gap photomixer
electrode , (c) top view of interdigital photomixer, (d) top view of rectangular

tip-to-tip photomixer, (e) top view of trapezoidal tip-to-tip photomixer [115]
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Table 4.1: Dimensions of the four photomixers

Parameters Description Values
L Length of photomixer electrodes 4um
g Gap between electrodes 2.3um
T Width of photomixer electrodes 0.8um
a Space between interdigital tips 0.5pum
h Length of interdigital tips 1.4um
d Length of paired tips 1.13um
W Bottom width of trapezoidal tips/ 0.2pm

Width of rectangular tips

e Top width of Trapezoidal tips 0.1pm
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All of the photomixer electrodes in Figure 4.1 is made of gold with a thickness of
0.1lum and mounted on a LT-GaAs photoconductive substrate with thickness and
dielectric constant of 0.44um and 12.9, respectively. The processing time for each
design takes appropriately 5 minutes.

Figures 4.2-4.5 illustrate the E-field distribution for all the four electrode
configurations. In order to compare these results quantitatively, the E-field
distributions at the central line cross all the tips for all the photomixers are presented
in Figure 4.6. It can be observed from these results that X and Z component of the E
field can be neglect and the maximum Y component of the E-fields are 1.01V/m,
1.1V/m, 1.25V/m and 1.42V/m for the bare gap, interdigital, rectangular tip-to-tip and
trapezoidal tip-to-tip photomixers, respectively. The trapezoidal tip-to-tip photomixer
has the largest magnitude and highest concentration of E-field in the gap due to the
sharper tip ends, which leads to higher surface charge density. It can be noticed that
these results agree with the conclusion made in [116], where a dipole with sharper tip

ends offers the best performance.

Figure 4.2:E-field distribution on the surface of the bare gap photomixer electrode
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Figure 4.3:E-field distribution on the surface of the interdigital photomixer (a) full

electrodes (b) zoom in view at the tips
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Figure 4.4:E-field distribution on the surface of the rectangular tip-to-tip photomixer

(a) full electrodes (b) zoom in view at the tips
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Figure 4.5:E-field distribution on the surface of the trapezoidal tip-to-tip photomixer

(a) full electrodes (b) zoom in view at the tips
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Figure 4.6: E-field distribution at the central line of each photomixer along the X-axis
of the model (a) three dimensional components of bare gap electrode (b) three
dimensional components of interdigital electrode (c) three dimensional components of
rectangular tip-to-tip electrode (d) three dimensional components of trapezoidal

tip-to-tip electrode () comparison of Y component of all electrodes

4.2.2 Photomixer Electrodes using Plasmonic Material

The plasmonic effect represents the interaction between the incident
electromagnetic field and free electrons in metal nanoparticles, which depends on
several factors such as the shape, size and spacing of the metal structure as well as the
permittivity of the surrounding material [117]. The interaction between a metal
nanoparticle and the electromagnetic field can generate surface plasmon resonance
which will lead to a stronger localised electric field. When the two plasmonic objects
are close enough, the interaction between them can squeeze the field and concentrate
the localized field [118,119].

Since then, normal gold photomixer electrodes is replaced by plasmonic
material , i.e., Palik optical gold [120]. The Palik optical gold is built-in dispersive

material in CST microwave studio and it will be modelled using Lorentz dispersive
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model in the FDTD. The dimension of trapezoidal tip-to-tip electrodes introduced in
section 4.2.1 is used. In this case, the tip width is 100 nm, and the wavelength of
incident laser beams lies in the range of 750 nm to 1000 nm, therefore, the width of
the tip ends is much smaller than the wavelength of the laser beam, plasmonic effect
can be introduced to enhance the electric field distribution in proximity to the
photomixer electrodes.

After approximately 8 minutes simulation, the electric field between the
electrodes’ tip on the surface of LT-GaAs increased to 2.1 V/m as shown in Figure
4.7. Figure 4.8 demonstrates the surface electric field in proximity to the
photoconductive active region from two different simulation methods. Both of the
results agreed to the positive impact of using plasmonic material as electrodes on the
surface electric field in the active region of photomixer. The difference is possibly
caused by the discrepancy in the mesh generation. Since the generated THz power is
proportional to the 4" power of magnitude of the electric field on the surface of
LT-GaAs between electrodes, it can be calculated that the improvement factor of 4.78

have been achieved by using plasmonic photomixer electrodes.
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Figure 4.7: Optical E-field on the surface of LT-GaAs along the central line between
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Figure 4.8: Optical E-field on the surface of LT-GaAs between plasmonic electrodes

as a function of the wavelength

4.3 Improving the Optical-to-THz Conversion Efficiency by

Reflector

As the power from incident laser beams been absorbed by the photoconductive
material, photo-carriers were generated in the photoconductive substrate’s active
region and driven by bias voltage to excite the THz antenna. However, it is impossible
to absorb all the incident optical power, therefore, reflecting the leaking optical power
back to the active region of photoconductive substrate becomes possible mechanism
to improve the generated THz power. Since then, photonic crystal (PhC) has been
introduced.

Two types of PhC will be implemented with THz photomixer in this section,
Distributed Bragg reflector (one dimensional PhC ) and two dimensional PhC. Both
of them will be placed underneath the photomixer electrodes to confine the incident

optical power in the active region.

4.3.1 Distributed Bragg Reflector Coupled Plasmonic Photomixer

Distributed Bragg Reflector (DBR) is a periodically structured reflector.
Basically, two different materials with different permittivity form each pair of layers
as shown in Figure 4.9. The thickness of each layer is T=1/4¢"?, where A is the
wavelength at the desired operating frequency of the DBR, €& is the relative

permittivity of the material.
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Figure 4.9: Schematic diagram of the DBR coupled plasmonic photomixer

In this case, Alo33Gaos7As and AloosGao.xAs with dielectric constant of 9.9891
and 8.2146, respectively, was used to constitute a DBR at the optical band with
wavelength of 785 nm. Figure 4.10 demonstrates the reflection coefficient of the DBR,
and it is measured by placing a waveguide port on top of the configurations. It can be
notice from Figure 4.10 that the stopband located between 765nm and 800nm. In
addition, only the trapezoidal tip pair is used, instead of the whole electrodes and the
thickness of LT-GaAs and support GaAs layer is 440nm and 300nm, respectively, to
simplify and accelerate the simulation as shown in Figure 4.11. . As the thickness of
the layer is a quarter wavelength, the phase difference between two adjacent layers is

/2, therefore, the intensity of the E-field in the DBR periodically varies from

maximum to 0, or from 0 to maximum, at the two layers interface as shown in Figure
4.12. By 60 minutes simulation, it can be observed from Figure 4.13 and Figure 4.14
that the surface electric field between electrode tips rise to 2.25V/m. In consequence,
the generated THz power has been improved by 30% when DBR was implemented

which is consistent with the performance reported in the literature [121].
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photoconductive substrate
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Figure 4.13:Optical E-field on the surface of LT-GaAs along the central line between
plasmonic electrodes (a) three dimensional component of DBR coupled photomixer (b)

comparison of Y components between photomixer with and without DBR
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Figure 4.14: Optical E-field on the surface of LT-GaAs between plasmonic

electrodes as a function of the wavelength for the design of utilizing DBR
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4.3.2 Plasmonic Photomixer incorporated with Two Dimensional

Photonic Crystal

It has been conducted in section 4.2.2 that the localized electric field can be
enhanced by the surface plasmon resonance. The energy of surface plasmon
resonance will be lost due to the metal absorption and scattering. Though, the
propagation length of surface plasmon polariton is in scale of skin depth in the metal,
the field decline far more slow when propagating in the dielectric [122,123].
Therefore, two dimensional photonic crystal (2D-PhC) is introduced to reflect the
scattering energy from surface plasmon resonance within the photoconductive
substrate. In the meanwhile, the incident power from laser beam can be confined
within the photoconductive active region since the 2D-PhC can be designed as a
dielectric bandstop frequency selective surface [124]. The unit cell of the 2D-PhC is
shown in Figure 4.15 with periodicity, radius of central cylinder and thickness of a,
and ¢, respectively. The central cylinder should be different material in term of
dielectric constant or conductivity. Therefore, for the desired design of 2D PhC, its

transverse stopband and its longitudinal stopband should be around 785nm.

Figure 4.15: Unit cell of 2D-PhC
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4.3.2.1 Two Dimensional Photonic Crystal with Air Hole

In this section, a design of 2D-PhC LT-GaAs layer with central air hole with
periodicity, radius of central cylinder and thickness of a=851.7, ¥=0.33a and =0.27a
is presented to enhance the electric field at the active region on the surface of
photoconducitve substrate. Figures 4.16 demonstrate the parameter analysis of the
transverse reflection coefficient of of the 2D-PhC by using two waveguide port at
each side of the 2D-PhC layer. It should be noted that the size of the waveguide port
should be the same as the 2D-PhC, and the two waveguide ports are propagate toward
each other. These results demonstrate that the performance of 2D-PhC as reflector in
the transversal plane. Then, it can be observed that the period and radius of central air
hole significantly affect the performance of 2D-PhC in XY plane. It is because, in the
aspect of XY plane, 2D-PhC can be considered as two identical overlapped
Distributed Bragg Reflectors that designed for X direction and Y direction, hence the
transverse reflection coefficient depends on the thicknesses of different materials in X
and Y directions. Moreover, the designated 2D-PhC demonstrate a stopband between
780nm and 815nm, which satisfied the requirement. The longitudinal reflection
coefficients of the designated 2D-PhC are shown in Figure 4.17 by using a waveguide
port above the 2D-PhC. It can be noticed that the stopband is between 775nm and

805nm which satisfied the requirement of reflect the incident laser power.
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Figure 4.16 The parameter analysis of the transverse reflection coefficient of
2D-PhC with ¢=851.7nm, »=0.33a, t=0.27a: (a) measurement setup (b) various period

values, (c) various central hole radius, (d) various thickness values.
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Figure 4.17: Reflectivity of PhC unit cell with a=851.7nm, »=0.33a, =0.27a
Therefore, 73 unit cells of the 2D-PhC with central air hole are implemented
with the trapezoidal tip-tot-tip electrode shown in Figure 4.11. The cross section of

the configuration of the photomixer electrode on the 2D-PhC with central air hole is
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illustrated in Figure 4.18. Then, the electric field distribution as a function of X-axis
and as a function of wavelength after 30 minutes simulation are depicted in Figure
4.19 and 4.20, respectively. It can be noticed that the electric field increased from
2.1V/m to 3.4V/m by implementing 2D-PhC with air hole as reflector. Hence, as
indicated by equation (3.4), the enhancement factor of the generated THz power using
2D-PhC as reflector underneath the plasmonic photomixer electrode is 6.87 which
represents a significant improvement as compared to the design utilizing Distributed
Bragg reflector introduced in section 4.3.1.
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Figure 4.18: Cross section of plasmonic photomixer with 2D-PhC with air hole
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Figure 4.19: Optical E-field on the surface of LT-GaAs along the central line
between plasmonic electrodes (a) three dimensional components at wavelength of

780nm (b) comparison between with and without 2D-PhC at wavelength of 780nm
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Figure 4.20: Optical E-field on the surface of LT-GaAs between plasmonic

electrodes as a function of the wavelength for the design of utilizing 2D-PhC
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4.3.2.2: Two Dimensional Photonic Crystal with Plasmonic rod

As introduced in section 4.2.2, the local electric field can be enhanced by the
surface plamonic resonance, hence, in order to enhance the photoconductive
substrate’s surface electric field further on top of the 2D-PhC design, the plasmonic
rod is used to fill in the gap of 2D-PhC introduced in section 4.3.2.1. In this case,
since there is extra plasmonic material within the 2D-PhC, apart from the plasmonic
resonance interaction between two plasmonic electrodes, two more interactions are
generated. They are, the interaction between plasmonic rods and plasmonic electrode
as well as the interaction between the adjacent plasmonic rods. As a result of more
interactions, the localised electric field is further concentrated and enhanced. The
dimension of the plasmonic rods filled 2D-PhC are chosen as a=851.7nm, r=0.39a
and 7=0.22a. The transverse transmission coefficient of the plasmonic rods filled
2D-PhC is shown in Figure 4.21 and the longitudinal reflection coefficient is

illustrated in Figure 4.22.
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Figure 4.21: The transverse transmission coefficient of plasmonic rods filled PhC

unit cell with a=851.7nm, 7=0.39a, t=0.22a
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Figure 4.22: The longitudinal reflection coefficient of plasmonic rods filled PhC
unit cell with a=851.7nm, r=0.39a, t=0.22a

Same configuration of the plasmonic electrodes as section 4.3.2.1 is used, except
that the 2D-PhC is replaced by the plasmonic rods filled 2D-PhC. By 35 minutes
simulation, it can be seen from the electric field distribution shown in Figure 4.23 that
the electric field is much stronger when plasmonic rods are implemented compared to
that at the same position albeit with the air hole design. Figure 4.24 and Figure 4.25
depict that the optical electric field at the active region of plasmonic electrodes has
been increased from 3.4V/m to 4.35V/m by filling the air hole with plasmonic rods.
By comparing with the case without any 2D-PhC, 2.07 enhancement factor has been
achieved by implementing plasmonic rods filed 2D-PhC, consequently, the generated

THz power has been enhanced by 18.4 times as suggested by equation (3.4).
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Figure 4.25:Optical E-field magnitude on the surface of LT-GaAs at the centre of

active region

4.4 Improving the Optical-to-THz Conversion Efficiency by

Implementing superstrate

The design introduced previously in section 4.3 assumed that the incident laser
beams have already reach the photoconductive substrate, enhancement should be done
locally. On the other hand, it is possible to boost the electric field before the
illumination.

Two designs implementing superstrate with THz photomixer will be proposed in
this section. They are the plasmonic photomixer incorporated with dielectric
superstrate layer and plasmonic rods filled 2D-PhC as well as the plasmonic
photomixer implemented with metal ground plane and frequency selective surface

(FSS) superstrate.

4.4.1 Dielectric superstrate

On top of previous design that utilizing the plasmonic rods filled 2D-PhC,
superstrate, a method that improve the antenna gain, is considered to further improve
the generated THz power. In this section, a design that utilizing dielectric superstrate
and plasmonic rods filled 2D-PhC is introduced. The configurations of the design is
illustrated in Figure 4.26, where the superstrate is suspended above the plasmonic
trapezoidal photomixer electrodes, and the identical plasmonic rods filled 2D-PhC
introduced in section 4.3.2.2 is employed underneath. The simulation time for each

run takes approximately 50 minutes.

81



Plane Wave

7z
A
/ B
Superstrate Y
Photomixer
ST / electrodes

Figure 4.26: Illustration of the design that utilizing plasmonic rods filled 2D-PhC
and dielectric superstrate

Figure 4.27 demonstrates the illuminating electric field of the proposed
photomixer electrodes with dielectric superstrate, from which it can be noticed that
the distance between the dielectric superstrate and the photoconductive substrate as
well as the thickness of the dielctric superstrate represent the parameters that
determine the illuminating electric field between electrodes, which increases to
8.4V/m as the distance and thickness become 1350 nm and 125nm, respectively.
Moreover, the comparison of the surface electric field in active region between the
design with and without dielectric superstrate as well as the initial design of
plasmonic photomixer is depicted in Figure 4.28. It can be observed that, the surface
electric field in active region increased from 4.35V/m to 8.4V/m by implementing
dielectric superstrate. Hence, compared with the illuminating electric field of the plain
plasmonic electrode design, 2.1V/m, the corresponding enhancement factor of

employing dielectric superstrate and plasmonic rods filled 2D-PhC is 256.
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4.4.2 Plasmonic Photomixer incorporated with Dielectric Frequency

Selective Surface Superstrate

Frequency selective surface (FSS) is a repetitive structure that can be used as a
optical filter, by which is achieved by the periodic pattern of FSS. FSS is also known
as a partial reflection surface and introduced by [125,126], where the infinite
boundary condition has been assumed to apply array theory methodology. As shown
in Figure 4.29, in order to achieved maximum power, the distance between the FSS

superstrate and metal ground plane should be:
j'eff 4.1
Zz = ( N+ 1) & (4.1)

where /> is the resonant length, NV is integer number and Aes is effective wavelength.

FSS

groundplane

/ /.

Figure 4.29:Working principle of FSS
The 2D-PhC with air hole is used as FSS in this section. By applying unit cell
boundary condition in the simulation, the reflection coefficients of the proposed FSS

unit cell are illustrated in Figure 4.30, from which the dimension of the unit cell has
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been chosen as a=760 nm, r=0.3a and =0.2a. Since the photomixer is surrounded by
metal ground plane and the size of the central slot within the ground plane depends on
the size of photomixer, photomixer electrodes with 5 tip pairs were used in the model
as shown in Figure 4.31. The dimensions of the photomixer and slot were chosen as :
M=05pum, B=02pum, W=0.1 um,e=0.5um, P=23 um, L =1.13 pm, D =0.8
pm, Teng =4 pm, H =1 pm, G = 13.68 um, and thickness of 0.1 pm. Since then,
19%19 2D-PhC unit cells made of GaAs were used as dielectric FSS superstrate. By
employing the linearly polarised plane wave, the illuminated electric field field
between the central electrode tips are demonstrated in Figure 4.32 with various
distance between FSS superstrate and ground plane. The simulation time for each run

takes approximately 60 minutes.
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Figure 4.30: Reflection coefficient of 19%19 unit cells with(a) various

periodicities, (b) various thicknesses, (c) various radius
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Figure 4.32:Optical E-field magnitude on the surface of LT-GaAs at the centre of

active region by implementing FSS with various distances
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Figure 4.33:Cross-section cut plane of the optical E-field distribution (a) without

FSS (b) with FSS
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Figure 4.34: Optical E-field magnitude on the surface of LT-GaAs at the centre
of active region (a) three dimensional components (b) comparison between with and
without FSS superstrate

It can be observed from Figure 4.32 that the distance between FSS superstrate
and ground plane is the primary factor of the electric field at active region. The
maximum electric field is found with distance of 300nm, which result in a local
electric field of 9.9 V/m between central plasmonic electrode tips. Strong
concentration of the electric field can be found in the proximity of active region
between electrode tips by utilizing FSS as shown in Figure 4.33. As demonstrated by
Figure 4.34, the illuminating electric field has increased from 2.1V/m to 9.9V/m by
employing dielectric FSS superstrate, as a consequence, the generated THz power has
been sustainably enhanced by 494 times.

Furthermore, the same methodology has been applied to an identical photomixer
albeit with a InGaAs photoconductive layer, where the electric field on the InGaAs’s
surface has increased form 2.42 to 11.5 V/m by utilizing an FSS superstrate with unit
cell’s dimension of @ = 0.72 pm » = 0.27 a and 4 = 0.19 a at a height of 0.23 pm

above the photomixer. The results are presented in Figure 4.35, where it can be noted
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that approximately same enhancement factor has been achieved compared to the

LT-GaAs photoconductive layer.

e conventional photomixer on LT-GaAs
eee photomixer on LT-GaAs with FSS .,
e conventional photomixer on InGaAs ®
eee photomixer on InGaAs with FSS

12
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Figure 4.35: Optical E-field magnitude between the central electrodes of a

photomixer on the surfaces of LT-GaAs and I GaAs photoconductive layers.

4.5 Summary

Various methods of improving the local electric field on the surface active region,
hence, improving the generated THz power have been proposed in this chapter. It has
been demonstrated that, optimizing the configuration of the photomixer electrodes can
improve the localised electric field slightly, however, the source capacitance of
photomixer has changed accordingly. Then, plasmonic material was introduced to
replace metal to form the photomixer electrode. In consequence, the interaction
between plasmonic electrodes yields a much higher localised electric field. Next,
three different photonic crystal are presented to reflect the unabsorbed laser power
back to the active region. The Distributed Bragg Reflector, also known as one
dimensional photonic crystal, is used to improve the generated THz power by 30%,
which agreed with the result from literature. On the other hand, the multiple layered
structure of DBR result in a bulky device. Two designs of two dimensional photonic

crystal have been proposed. The 2D-PhC with central air hole incorporated plasmonic
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photomixer achieved an enhancement factor of 6.87 by reflecting the transversal
plasmonic resonance field. Moreover, the enhancement factor has been further
improved to 18.4 by introducing plasmonic rods to replace the air hole within the
2D-PhC, which is because more plasmonic interactions between the plasmonic rods
and plasmonic photomixer electrodes as well as between the adjacent plasmonic rods.
Finally, superstrate techniques are employed to improve the illuminating electric field.
Dielectric superstrate is implemented with plasmonic rods filled 2D-PhC reflector to
confine the electric field within the active region of photomixer. Consequently, the
generated THz power has enhanced by 256 times. Last but not least, 2D-PhC with air
hole is used as dielectric frequency selective surface superstrate to be coupled with
plasmonic photomixer surrounded by ground plane. The cavity created between the
ground plane and FSS superstrate maximize the localised field to 9.9V/m, which
corresponding to enhancement of 494. Therefore, it can be concluded that the
optical-to-THz power conversion efficiency has been significantly enhanced by a

factor of 494 in this chapter.
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Chapter 5: Photomixer based

THz Dielectric Resonator Antenna

5.1 Introduction

As has been explained previously, the investigation of the THz photomixer can
be categorised into two parts, the optoelectronic part which corresponding to the
optical-to-THz conversion efficiency, and the antenna design part which affect the
matching as well as radiation efficiency. The optical-to-THz conversion efficiency
have been studied in chapter 4, therefore, it is necessary to improve the coupling of
THz wave from antenna to air as well as design a THz antenna with good antenna
impedance matching.

For a THz photomixer, the excitation source is generated from the photocarrier
induced within the photoconductive substrate, therefore, the dielectric substrate is

indispensable for the photomixer based THz antenna. However, as shown in Figure
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5.1, by using a substrate, the radiation pattern of a dipole antenna change from
omni-directional to asymmetric and the enhancement is towards the substrate [127].
Back lens is a common and well studied method to alleviate the substrate effect and
couple the THz wave to air [128, 129]. However, lens not only bulk the devices but
also require high spatial alignment. Therefore, in order to overcome the drawback
caused by substrate effect and avoid using bulky lens, the idea of truncating
photoconductive substrate to construct a dielectric resonator antenna (DRA) has been
introduced. 40% or less radiation efficiency can be achieved by a dipole antenna
above a thick dielectric substrate [130]. On the other hand, since there is no surface
waves and ohmic losses for DRA, the radiation efficiency can be enhanced

considerably.

S [

(a)

(b)
Figure 5.1 (a) Dipole antenna in air and its radiation pattern (b)Dipole antenna on a

GaAs substrate and its radiation pattern
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Moreover, it has been highlighted and analysed in chapter 2 that, the source
impedance is another main challenge of THz antenna design. Unlike RF/MW antenna
which connect to a constant 50Q or 75 Q input, the source impedance of THz
photomixer affected by many parameters as explained in section 2.3.3. It has been
proposed that choke filter can be implemented with many type of antennas to improve
the matching efficiency, such as dual dipole and slot antenna [131],
four-leaf-clover-shaped antenna [132], and Yagi antenna [133].

Therefore, dielectric resonator antenna driven by photomixer with 2D-PhC and
optical dielectric superstrate coupled dipole and dielectric resonator antenna driven by
photomixer with optical FSS superstrate coupled slot will be presented in this chapter.
Then, the chock filters are designed accordingly to improve the matching efficiency
of the THz DRA. Finally, the antenna gain will be further improved by proper
designed dielectric superstrate. In this case, the antenna resistance and radiation

pattern will be studied for each design.

5.2 Dipole Fed Photomixer based THz Dielectric Resonator

Antenna

In this section, the photomixer proposed in section 4.4.1 is assumed to be the
source of the THz DRA. According to the analysis in chapter 2, this photomixer has
approximately 10kQ source resistance and 3 fF source capacitance. The proposed
geometry is illustrated in Figure 5.2, in which the photomixer is assumed to be
mounted on a dielectric resonator antenna and placed between the dipoles. The
dielectric resonator antenna is truncated from the thick LT-GaAs photoconductive
substrate, therefore, its relative dielectric constant is 12.9. The dimensions of the DRA
resonant at 1 THz is chosen as L, =435um and L,=155um. Moreover, the DRA is
driven by a dipole antenna with following dimensions: length d=45pm, width,
dw=5pm, thickness of lum and central gap of dgpy=5um that accommodates the
photomixer. It should be noted that in order to model this photomixer, lumped
component with 3fF in parallel with the discrete port with 10kQ impedance are used.
They are placed in the gap that used to accommodate photomixer, and dipole antenna

is connected by the them in the model.
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Figure 5.2: Geometry of the dipole fed DRA
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Figure 5.3: Antenna resistance of photomixer based dipole fed DRA
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The antenna resistance has been shown in the Figure 5.3, where it can be noticed
that it is too low to match the 10kQ source resistance caused by the photomixer. In

addition, as suggested by the equation (2.13), the optical-to-THz conversion

. 1 . .
efficiency has roll-off of ” , hence, its is necessary to minimize the

capacitance.

wpad
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Figure 5.4: Top view of the choke filter and DC pad that connected to the

feeding dipole
The choke filter has been introduced to eliminate the source capacitance by
applying terminal effect on the power generation [131]. The dimensions of the
proposed choke filter and the DC bias pad that connected to the feeding dipole are
illustrated in Figure 5.4, and all of these networks are mounted on the GaAs DRA.
The gap at the centre with length of L;,»=38um offers inductive capacitance that can

be used to offset the capacitance from photomixer. Consequently, the generate higher

THz power. Moreover, the repetitive stubs with length of Lsuw~Ac/4 and the
transmission line with length of 3Aer/4, offers very low impedance (virtual ground) at

the point where the stub is attached. In contrast, at the other end of the transmission
line, the THz signal experience high impedance (open circuit). Therefore, the antenna

resistance has been improved from 4.2 Q to 4362 by using the choke filter as shown
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in Figure 5.5, and the corresponding matching efficiency increased from 0.16% to
16%. Furthermore, the generation of THz wave from photomixer requires a DC bias
voltage, in this case, DC bias pads are connected at the end of transmission line.
Therefore, it is possible that the generated THz power leak out through the
transmission line. Transmission line with proper designed stub can be used as a choke
filter to reflect the THz signal leakage as shown in Figure 5.6. The reflection
coefficient of the choke filter is demonstrated in Figure 5.7 by using two waveguide
port at each side of transmission line with propagation normal toward each other. This
reflection coefficient demonstrate the ratio between reflected power and the input
power of choke filter, from which it can be noticed that the stopband of proposed

choke filter covers 1THz.

600

— CST result of the design without choke filter
— — — CST result of the design with choke filter
500 | ******=e+=++ FDTD result of the design with choke filter
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Figure 5.5: Antenna resistance of photomixer based dipole fed DRA with and without
choke filter
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Figure 5.7 Reflection coefficient of the choke filter for dipole fed DRA
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Though, choke filter optimized the source capacitance and antenna resistance as
well as eliminated the leaking signal, the drawback of higher ohmic losses caused by
is inevitable. It can be noticed from Figure 5.8 that, the broadside gain at Z direction

of DRA reduced from 10.7dB to 7.55dB by implementing choke filter network.

0

Phi=270

180

(2)

—— \Nith choke filter nework
a @ |eewes Without choke fitter nework

(b)
Figure 5.8: Radiation pattern of photomixer based dipole fed DRA (a) with the

structure (b) with and without choke filter network
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In order to optimize the radiation efficiency of the proposed DRA, a GaAs dielectric
superstrate is employed as shown in Figure 5.9. Since the maximum enhancement can
be achieved at 4=(0.25x((¢+¢2)/7))+0.5)4 [134], where ¢; and ¢> are the reflection
phase of antenna and superstrate, 4 is the desired wavelength, the distance between
the DRA and superstrate is chosen as 65um. The radiation pattern of dielectric
superstrate coupled DRA is shown in Figure 5.10. It can be seen that the broadside
gain of the proposed DRA have been optimized from 7.25dBi to 10.18dBi. It should
be noted that the bandwidth can be improved by employing dielectric superstrate

[130]. All the parameters illustrated in Figure 5.2, 5.4 and 5.9 are listed in Table 5.1.

Photomixer
based dipole

~

Figure 5.9: Configuration of photomixer based dipole fed DRA with dielectric

superstrate
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Figure 5.10: The far field radiation pattern of proposed DRA with superstrate (a)
the with structure (b) from CST (c) from FDTD
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Table 5.1: Parameters of photomixer based dipole fed DRA with dielectric

superstrate
Parameters Values
Ly 435um
Ly 155pum
Sh 41pm
S 870um
65um
d 45um
dw Sum
dgap Spm
T; 220um
T 2um
Liow 28um
Lstup 28um
Wb 2um
Whpad 100um

5.3 Slot Feed Photomixer based THz Dielectric Resonator

Antenna

In this section, the photomixer introduced in section 4.4.2 is considered to be the
power source of the DRA. Since a groundplane with central slot which is used to
accommodate the photomixer is offered by the design, the proposed DRA will
utilizing slot feeding. Slot feeding can be recognized as a short magnetic dipole, and
DRA operating at higher order mode can be recognized as a magnetic dipole array,
where the mode number indicate the number of equivalent short magnetic dipoles
within the DRA. Therefore, DRA truncated from the photoconductive substrate can
not only avoid using bulky lens but also yield a high antenna gain. It is worth to
mention that, the width to height aspect ratio of truncated DRA should be greater than
3 for the fabrication purposes. The configuration of the proposed slot fed DRA is
illustrated in Figure 5.11. The optical FSS and photomixer located at the back of DRA
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will not impact the performance of the antenna, since they are design in the scale of
optical wavelength, they are invisible for the THz spectrum. In order to generate
photocurrent from photomixer, bias voltage should be applied. However, the DRA is
implemented on gold ground plane, there is no sufficient space for a bias pad. In this
case, the ground plane is separated by a narrow slot that extended from the ends of
central slot feeding as shown in Figure 5.12, hence, two separated ground planes are
used as biasing pad. Then, as explained in previous section, choke filter is applied to
eliminate source conductance, prevent from power leakage and optimize the antenna
resistance. The reflection coefficient of the choke filter is depicted in Figure 5.13,
where a stop band between 0.6THz to 1.1THz has been offered. Finally, a GaAs
dielectric superstrate shown in Figure 5.11 is utilized to compensate the drawback of
low radiation efficiency caused by choke filter network. All the parameters introduced

in Figure 5.11 and 5.12 are listed in Table 5.2.

Tsup

Hsup :
Wora t_) Y

Metal
groundplane

\

~N
Photomixer based Optical FSS
central slot feed

Hpra

Figure 5.11: THz slot fed DRA and superstrate
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Figure 5.12: Top view of feeding slot and choke filter network.

Table 5.2: Parameters of photomixer based slot fed DRA with dielectric

superstrate
Parameters Values
Waup 400pm
Tsup 60pum
Hisup 30pm
Wora 250pm
Hpra 60um
Weparate 0.5um
L« 120pum
Wik ITpum
Estub 50pm
Wilot Sum
Lswb 91pum
Witub 0.5um
Weap 0.5um
gTx 3um
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Figure 5.13: Reflection coefficient of choke filter for slot fed DRA

As mentioned in last section, the photomixer is modelled as discrete port with
10kQ input impedance in parallel with a lumped component of 3fF. Since then, by
applying choke filter, the antenna resistance improved from 430Q to 700Q2 as
demonstrated by Figure 5.14. Hence, the corresponding matching efficiency has
improved from 15.8% to 24.5%. Furthermore, the H field distribution within the
proposed DRA is shown in Figure 5.15, it can be observed that the DRA is operating
in the TE711 mode. The far field radiation pattern of the proposed slot fed DRA with
dielectric superstrate is shown in Figure 5.16, which indicate that the broadside gain

of the DRA increased to 9dBi from 6.5 dBi by employing dielectric superstrate.
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Figure 5.14:Reflection coefficient of the choke filter for slot fed DRA
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Figure 5.15: H field distribution within DRA operated in TE71; mode in (2)XY plane,
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Figure 5.16: Far field radiation pattern of proposed DRA (a) with the structure (b)
with superstrate obtained from CST, (c)without superstrate obtained from CST,
(d)with superstrate obtained from FDTD

The performance of the proposed design have been compared with published
THz antennas and THz DRAs, and the result is summarised in Table 5.3. It can be
observed that, the proposed DRA design offers higher antenna gain than the other
THz DRAs with slightly larger size. However, the size of the presented DRA is much

smaller than the other types of antenna, while antenna gain of them are similar.

Reference [135] [136] [137] [138] This Work
Smal-l lens Dipole Patch Fed Slot Fed
with ) GaAs
Antenna Leakv-wave Antenna Slot Fed Higher Substrate
Type na with Horn | stacked DRA | Order Mode
Slit Dipole Cavit DRA Truncated
Antenna Y DRA
Frequency
(THz) 0.2 1 0.13 0.34 0.7
Antenna 103 9.07 47 79 9
Gain
DR . -
. - - Alumina/10 Silicon/11.9 GaAs/12.9
Material/e,
DR type - - Rectangular | Rectangular | Rectangular
Antenna | 144 455 0.72 0.2 0.87
Aperture (A°)
Antenna
1.2 1.1 1.2 . .
Height (A) 6 8 0.5 0.35
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5.4 Summary

In this chapter, the photoconductive substrate is truncated into dielectric
resonator antenna to avoid using bulky lens. Then, according to the photomixers
designed in section 4.4.1 and 4.4.2, two designs of DRA that utilizing different
feeding methods, dipole feeding and slot feeding, are proposed. Choke filter network
is employed by both of the designs, by which source conductance is reduced, power
leakage through DC bias pad is eliminated and the antenna resistance is enhanced.
However, the radiation efficiency is reduced by using choke filter. Therefore, a
dielectric superstrate is introduced to improve the antenna gain. As a result, the
antenna resistance of dipole fed DRA increased from 4.2Q to 436Q2 by implementing
choke filter, the broadside antenna gain of dipole fed DRA improved to 10.5dBi by
using dielectric superstrate. Moreover, the slot fed DRA offers 720Q antenna
resistance and 9dBi broadside antenna gain by employing choke filter and dielectric
superstrate, which are 430Q2 and 6.5dBi with the absence of choke filter and dielectric

superstrate.
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Chapter 6: Multi-layered

Dielectric Resonator Antenna

6.1 Introduction

As mentioned in chapter 1, in order to satisfy the demand of high data rate by
utilizing THz communication technique, high gain antenna is required to overcome
the environment attenuation. Dielectric resonator antenna which made of high
permittivity material can offer high gain with small size and light weight [139],
Meanwhile, III-V semiconductor is necessary for the optical heterodyne generation in
photomixer, and the permittivity of III-V semiconductor can be manipulated by
altering the composition of III-V semiconductor [140]. In this case, the idea of
truncating the photoconductive substrate into a dielectric resonator antenna is
introduced.

Two designs of dielectric resonator antenna that are truncated from LT-GaAs
have been proposed in chapter 5. Moreover, in order to compensate the drawback of

reduced radiation efficiency caused by choke filter, dielectric superstrate is employed.
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However, the dielectric superstrate presented in chapter 5 is suspended in the air
without any physical support which is not possible in the real life. Therefore, a multi
layered DRA that combined the DRA with superstrate is proposed.

In this chapter, a multi-layered DRA with slot feeding resonant at THz spectrum
is introduced. Then, by considering from the fabrication and measurement point of
view, this THz multi-layered DRA is down-converted to operate at mmwave band
with coplanar waveguide. Finally, the feeding network of coplanar waveguide is
optimized to achieve wideband and circular polarization. In this case, the return loss,

radiation pattern and axial ratio will be studied in this chapter.

6.2 THz Multi-layered DRA

A THz rectangular DRA with dielectric constant of 10 is mounted on a gold
ground plane with central slot. The width and length of the slot are 140um and Sum,
respectively as shown in Figure 6.1(a). On top of the dielectric resonator antenna, a
top metal plate is used, therefore, the thickness of the dielectric resonator antenna is
halved due to imagine theory. In this case, the width to height aspect ratio of DRA is
greater than 3, otherwise, it is difficult to fabricate such fragile antenna. Then, the
DRA is covered by a supportive coating layer with dielectric constant of 2.25. Finally,
a superstrate layer with dielectric constant of 10 is placed on top of the coating layer.
The configuration of the proposed THz DRA is illustrated in Figure 6.1(b). And
Figure 6.2 and Figure 6.3 demonstrate the parameter studies of the return loss and
broadside gain with different slot length, coating height and superstrate thickness,
from which the dimensions of the multi-layered DRA are listed in Table 6.1.

Weoating

Feeding slot
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Figure 6.1: Configuration of (a) ground plane and feeding slot (b) THz multi-layered
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Figure 6.2: Return loss of slot fed DRA (a) with different slot lengths (b) with

different coating heights (c) with different superstrate thickness
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Figure 6.3: Broadside gain of slot fed DRA (a) with different slot lengths (b) with
different coating height (c)with different superstrate thickness
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Table 6.1: Dimensions of THz multi-layered DRA

Parameters values
W coating 1120pm

Tsup 80pum
Teoating 230pm
Weap 280um
WbRra 560um
Tora 120pum

As the feeding slot excited by a discrete port, the return loss of the proposed THz
multi-layered DRA is illustrated in Figure 6.4, which indicate that the resonant
frequency of the proposed THz DRA is 0.461THz. The XY plane cross section and
YZ plane cross section of the H field distribution of the proposed DRA is illustrated
in Figure 6.5. It can be noticed that the DRA operate at TE;s3 higher-order mode.

Then, the far field radiation pattern shown in Figure 6.6 demonstrate that the gain of

the proposed THz DRA is 14.2dBi.
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Figure 6.4: Return loss of proposed slot fed DRA with dimensions listed in Table 6.1
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(b)
Figure 6.5 Cross section of the H field distribution of the multi-layered DRA at
0.46THz (a) YZ plane (b)XY plane
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Figure 6.6: Far field radiation pattern (a) with the structure (b) from CST (c)
from FDTD
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6.3 Down-converted Multi-layered DRA with Wideband

The multi-layered DRA proposed in section 6.2 is down-converted to operate at
millimetre wave band with wideband. The DRA is made of Si with dielectric constant
of 10. The the central slot feeding is replaced by coplanar waveguide slot. Then the
copper ground plane is supported by a low loss dielectric substrate with dielectric
constant of 3.66. The metal plate on top of the DRA is utilised to satisfied the
fabrication requirement. Then, the DRA is coated by SiO. with dielectric constant of
2.7 to provide physical support to the superstrate. Finally, a Si superstrate with
dielectric constant of 10 is mounted on the SiO: coating. Hence, the configuration of
mlti-layered DRA at millimetre with wideband is shown in Figure 6.7. The coplanar

waveguide feeding network is illustrated in Figure 6.8.

‘%‘

Figure 6.7: Configuration of the multi-layered DRA with wideband at millimetre band
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Figure 6.8: Dimensions of coplanar waveguide feeding network

As the power source of coplanar waveguide is modelled as a waveguide port, a
parameter studies of the return loss and antenna gain are illustrated in Figure 6.9 and
Figure 6.10. According to the parameter study the dimension of the proposed DRA is
chosen as the dimension shown in Figure 6.7 and Figure 6.8. The return loss of the
proposed multilayer DRA with CPW coupled slot feeding is presented in Figure 6.11,
from which it indicates that the resonant frequency of the proposed DRA is from
60.4GHz to 66.9GHz, as a consequence, the corresponding bandwidth is 10.2%. The
H field distribution of the proposed wideband antenna at 60.8 GHz shown in Figure
6.12 demonstrate that the antenna operated at TE;s3 high-order mode. Then, Figure
6.13 demonstrate the maximum far field radiation pattern within the resonance band

at 60.8GHz, it can be observed that the proposed DRA offers 13.2dBi gain.
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Figure 6.12 Cross section of the H field distribution of the multi-layered DRA at
60.8THz (a) YZ plane (b)XY plane
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Figure 6.13: Far field radiation pattern at 60.8GHz (a) with the structure (b) from CST
(¢) from FDTD

126



6.4 Down-converted Multi-layered DRA with Dual

Polarisation

The configurations of the multi-layered DRA with dual band and dual
polarisation is presented in Figure 6.14, it can be seen that the layout of the antenna is
identical to the antenna introduced in section 6.3 except the size. Therefore, dual band
and dual polarisation is achieved by open loop feeding slot and stub on transmission
network, as shown in Figure 6.15. According to the parameter studies of the return
loss, gain and axial ratio shown in Figure 6.16, Figure 6.17 and Figure 6.18. The
dimensions of proposed open loop slot feeding multi-layered DRA are chosen as the

dimensions shown in Figure 6.14 and 6.15.
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Figure 6.14: Configuration of the multi-layered DRA with dual band and dual

polarisation at millimetre band
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(c)
Figure 6.22 Far field radiation pattern (a) with the structure at 60.8GHz (a) at
60.8GHz (b) at 61.8GHz

The return loss shown in Figure 6.19 demonstrate a resonance band from
59.85GHz to 62.43GHz, and axial ratio shown in Figure 6.20 indicate that the
proposed antenna offers two polarisation within this resonance band. It can be seen
that from 60.36GHz to 61.13GHz the axial ratio is below 3 which means the circular
polarisation is achieved. The axial ratio is more than 30dB has been achieved at
61.8GHz, which can be considered as linear polarisation. Moreover, The broadside
gain as a function of frequency shown in Figure 6.21 and the far field radiation pattern
shown in Figure 6.22 depict that the antenna gain of 8.9dBi and 9.5dBi can be

achieved by circular polarisation and linear polarisation, respectively.

6.5 Summary

The design of DRA truncated from photoconductive substrate introduced in last
chapter haven’t consider the physical support of dielectric superstrate and feeding
network. Therefore, the design of multi-layered DRA that employing a supporting
coating layer that covers the DRA and provide physical support to superstrate is
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introduced in this chapter. Firstly, the multi-layered DRA resonant at 0.461THz with
broadside gain of 14.2dBi is presented. Then, for the fabrication and measurement
purposes, the DRA introduced in section 6.2 is down-converted to operate at 65GHz,
the ideal slot feed is replaced by coplanar waveguide fed slot, low loss dielectric
substrate is involved to provide physical support to the ground plane as well as
feeding network and the thickness of metal ground plane and metal plate is considered.
As a result of all the changes, the design of DRA proposed in section 6.3 offers 10.2%
wideband from 60.4GHz to 66.9GHz with broadside gain of 13.2dBi. Finally, a dual
polarised DRA is proposed by employing open loop feeding slot and stub matching.
Circular polarisation with 8.9dBi broadside gain have been achieved from 60.36GHz
to 61.13GHz. On the other hand, linear polarisation have been achieved at 61.8GHz
with 9.5dBi broadside gain. It should be noted that both of the polarisations are

achieved within a single resonant band.
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Chapter 7: Conclusions and

Future Work

7.1 Conclusions

The main focus of this thesis is designing a photomixer based THz antenna with
high efficiency.The efficiency of a phtomixer based THz antenna is investigated from
three aspects:optical-to-THz conversion efficiency,matching efficiency and radiation
efficiency.CST and FDTD Matlab code are used to simulate and validate the proposed
configurations.

In chapter 1,various types of THz source have been reviewed,by comparing the
performance and limitation of them, THz photomixer becomes a promising solution of
compact THz devices at room temperature with high data rate.Higher THz frequency
can be achieved by THz photmixer antenna than the THz solid state
component.Unlike QCLs,THz photomixer antenna can work at room temperature
without cryogenic cooling system. Furthermore, THz photomixer antenna is much

smaller than vacuum tube sources.Though,these advantages highlighted THz
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photomixer antenna from other THz sources,the limitation of low output power
obstructs the development of THz photomixer antenna based technologies.In this
case,the necessity of improving the efficiency of THz photomixer antenna has been
highlighted and improving such efficiency becomes a subject of great interest.

In chapter 2, the differences between THz photomixer antenna and RE/MW
antenna have been reviewed from 6 different aspects: excitation source, feed and
biasing; substrate material; antenna electrode material; type of current; fabrication and
measurement; and computer aided design. These difference emphasis the necessity of
having a new analysis and design process for THz photomixer antenna as the design
of THz photomixer antenna can be divided into two part: optoelectronic part that
analyses the optical-to-THz conversion efficiency, and electromagnetic part that
studies the matching as well as radiation of THz antenna just like what should be done
for RF/MW antenna. In accordance with this difference, an equivalent circuit of THz
photomixer that combined the large-signal circuit model and physical behaviour of
THz photomixer is introduced. Then, a equation that factorised the generated THz
power from THz phtomixer have been derived from the equivalent circuit. The time
varying characteristic of the equation is caused by the time varying source
conductance of photomixer. Moreover, the parameter analysis of time varying source
conductance of THz photomixer imply that improving the matching efficiency of
phtomixer based THz antenna was required.

In chapter 3, according to the equation of generated THz power that derived from
the equivalent circuit, a new design process that simulating both optoelectronic design
and electromagnetic design of THz photomixer based antenna in a single full-wave
electromagnetic solver is introduced. Furthermore, for the reason of cross validation,
finite difference time domain method in company with an overview of Maxwell’s
equations have been explained.

In chapter 4, various methods of improving the optical-to-THz conversion
efficiency have been explained. Firstly, 4 designs of photomixer electrodes reported
in literature have been re-simulated and analysed, where it has been noted the
improvement are limited. The change of photomixer electrodes lead to a changing in
the source capacitance which further complicate the problem. Then, plasmonic THz
photomixer electrode proposed in literature has been re-simulated and the result
proved that it can improve the optical-to-THz conversion efficiency without changing

the structure of electrode. This is because of the surface plasmon resonance offered by
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plasmonic material, from which the localised electric field can be enhanced. Next,
distributed bragg reflector coupled photomixer that published previously has been
studied. 30% more generated THz power has been achieved by reflecting the
unabsorbed laser power back to photoconductive region. In accordance with the idea
of reflecting unabsorbed power, firstly, two dimensional photonic crystal with central
air hole has been implemented with photomixer electrode. Since 2D-PhC not only
reflecting unabsorbed incident laser power, but also reflecting scattering surface
plasmon resonance in transverse plane, the generated THz power have been enhanced
by a factor of 6.87. After that, since plasmonic material can be used to improve the
localised electric field, a design of 2D-PhC with central plasmonic rods has been
proposed. Due to the extra plasmonic interaction between plasmonic rods and
plasmonic electrodes as well as between adjacent plasmonic rods, an enhancement
factor of 18.4 have been achieved . Furthermore, a design that utilizing dielectric
superstrate above the photomixer in company with the 2D-PhC with plasmonic rod as
reflector underneath the photomixer have been presented. The generated THz power
has been improved by 256 times due to the cavity created by the dielectric superstrate
and 2D-PhC reflector. Finally, the 2D-PhC is used as a frequency selective surface
superstrate when the THz photomixer is surrounded by metal ground plane. As a
consequence, the proposed configuration offers an enhancement factor of 494, which
represent a significantly improvement of optical-to-THz conversion efficiency.

In chapter 5, the photoconductive substrate has been truncated into a dielectric
resonator antenna to eliminate substrate effect and avoid using bulky lens. Two
dielectric resonator antenna with different feeding method which based upon the
photomixer designed in section 4.41 and 4.42 have been described. In order to
optimize the matching efficiency, the choke filter network has been implemented to
enhance the antenna resistance. Besides, choke filter network can eliminate the power
leakage through the DC bias pad and provide inductive capacitance which can be used
to compensate the source capacitance. As a result, matching efficiency of dipole fed
DRA has improved from 0.16% to 16%, and the matching efficiency of slot fed DRA
has improved from 15.8% to 24.5%. However, the drawback of ohmic losses
accompanied by choke filter network reduce the radiation efficiency. Hence, dielectric
superstrate has been employed. Consequently, the broadside gains of proposed dipole

fed DRA and slot fed DRA have been improved to 10.18dBi and 9dBi.
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By considering the enhancement factor of photomixer, the total efficiency of the
dipole fed DRA based upon dielectric superstrate and 2D-PhC reflector coupled
photomixer has an enhancement factor of approximately 51k. On the other hand, the
total efficiency of the slot fed DRA based upon 2D-PhC FSS superstrate coupled
photomixer has an enhancement factor of approximately 1532. Both of them
represents a significant enhancement in the efficiency of THz photomixer based
antenna, especially the former one.

In chapter 6, in order to realize the dielectric superstrate coupled DRA by
providing physical support to the dielectric superstrate. A central slot fed
multi-layered DRA has been introduced at 0.46THz with 14.2dBi Gain. The proposed
multi-layered DRA used a dielectric coating to cover the DRA, and the dielectric
superstrate is placed on the coating layer. Then, for the fabrication and measurement
purpose, the proposed multi-layered DRA was down-converted to resonant at 65GHz.
The ideal central slot feeding is replaced by a coplanar waveguide incorporated slot,
since then, a dielectric substrate has been implemented to physically support the
coplanar waveguide feeding network. The proposed multi-layered DRA offers a
10.2% resonance band with 13.2dBi gain. Finally, a open loop slot has been used to
excite the multi-layered DRA. With the stub matching technique, the multi-layered
DRA offers dual polarisation in a single resonant band. Circular polarisation has been
achieved from 60.36GHz to 61.13GHz with antenna gain of 8.9dBi, and linear

polarisation has been achieved at 61.8GHz with antenna gain of 9.5dBi.

7.2 Future work

The efficiency of THz photomixer can be divided into three different efficiencies,
since then, the future work can be predicted from three different aspects.

As mentioned in this thesis, the optical-to-THz conversion efficiency depends
on many factors, such as properties of suitable photoconductive materials,
configurations of photomixer electrode, source conductance and illuminating laser
power, etc.. In this thesis, the main focus of improving the optical-to-THz conversion
efficiency is enhancing the illuminating power. Several other parameters are waiting
to be studied.

Plenty of the methods like PBG isolation layer, has been proposed in the

literature to improve the matching efficiency of THz antenna. However, most of them

140



are planar antenna. As introduced in this thesis, DRA offers higher radiation
efficiency over a smaller size, therefore, further investigation on improving the
matching efficiency of DRA is necessary.

Dielectric superstrate is intensively used to improve the radiation in this thesis.
The radiation enhancement technique like meta-surface has been well developed in
the last decades, therefore, extending the operation frequency of meta-surface to THz
frequency can be a promising research topic.

All the studies in this thesis is based upon THz photomixer antenna which is
used for the continuous wave system. There is another type of THz antenna called
THz photoconductive antenna. Though, the working principles of them are identical,
only one incident laser beams is required for the THz photoconductive antenna.
Therefore, the minor difference in the generation of THz power and the difference in
the operation system could lead to another new path that contribute to the future

communication system.
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