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Abstract

THz and mm-wave technology has become increasingly significant in a very diverse
range of applications such as spectroscopy, imaging, and communication as a consequence
of a plethora of signicant advances in this field. However to achieve a mass production
of THz systems, all the commercial aspects should be considered. The main concerns are
attributed to the robustness, compactness, and a low cost device. In this regard, research
efforts should be focused on the elimination of obstacles standing in the way of commer-
cializing the THz technology.

To this end, in this study, low cost fabrication technologies for various parts of mm-
wave/THz systems are investigated and explored to realize compact, integrated, and rugged
components. This task is divided into four phases. In the first phase, a robust fiber-based
beam delivery configuration is deployed instead of the free beam optics which is essential to
operate the low cost THz photomixers and photoconductive antennas. The compensation
of different effects on propagation of the optical pulse along the optical fiber is achieved
through all-fiber system to eliminate any bulky and unstable optical components from the
system. THz measurements on fiber-coupled systems exhibit the same performance and
even better compared to the free beam system. In the next phase, the generated THz wave
is coupled to a rectangular dielectric waveguide through design of a novel transition with
low insertion loss. The structure dimensions are reported for various range of frequencies
up to 6560GHz with insertion loss less than 1dB. The structure is fabricated through a stan-
dard recipe. In third phase, as consequence of the advent of high performance active device
at mm-wave and THz frequency, a transition is proposed for coupling the electromagnetic
wave to the active devices with CPW ports. Different approaches are devised for different
frequencies as at higher frequencies any kind of metallic structure can introduce a consid-
erable amount of loss to the system. The optimized structures show minimum insertion
loss as low as 1dB and operate over 10% bandwidth. The various configurations are fab-
ricated for lower frequencies to verify the transition performance. The last phase focuses
on the design, optimization, fabrication and measurements of a new dielectric side-grating
antenna for frequency scanning applications. The radiation mechanism is extensively stud-
ied using two different commercial full-wave solvers as well as the measured data from the
fabricated samples. The optimized antenna achieves a radiation efficiency of 90% and a
gain of 18dB. The measured return loss and radiation pattern show a good agreement
with the simulation results.
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Chapter 1

Introduction

1.1 Motivations

Nowadays, fast growing THz and mm-wave technologies play a significant role in a wide
range of applications. This technology opens up new opportunities for spectrometers as
the spectral fingerprints of a variety of important biological, pharmaceutical, environmen-
tal hazardous, and explosives, etc. materials fall in THz rang of frequency. THz spec-
troscopy has many application in chemical biosensing [1], food monitoring [2], manuscript
recognition [3], recycling, monitoring polymeric compounding processes [!] and so on. Ad-
ditionally, as THz waves penetrate in a broad range of materials, THz imaging brings the
opportunity of inspection for desired materials even if they are covered with an opaque
packaging; accordingly, the technology can be applied in ubiquitous security systems in
different locations such as airports [5]. Furthermore, ever increasing demand on the high
speed wireless communication systems forces the current technology toward the higher
carrier frequency. Consequently, a huge amount of research has been carried out on the
mm-wave wireless communication technology over the last decade. The attraction has
been drawn toward THz frequencies to fulfil requirements of ultra-high speed communi-
cation applications. The initial results have demonstrated the feasibility of the systems
at speeds higher than 100Gb/sec [0, 7] whereas further investigation is essential in this field.

The first step to develop a system for aforementioned applications is to integrate the
THz source into the rest of the system. Over the past several decades, a wide range of
concepts have been applied to generate THz signal. The bulky and expensive THz sources
such as Back-Wave Oscillator (BWO) are exclusively for research and experimental pur-



poses. They are complex and expensive and can generate a high power THz signal [3].
On the other hand, low power THz sources are more appealing for commercial devices.
Among them, Quantum Cascade Lasers (QCL), frequency multipliers and photonic-based
sources are well-known [9]. QCLs cannot cover the whole THz frequencies especially less
than 1THz which is more interesting for spectroscopy applications [J]. Even for higher
frequencies, the main drawback is low temperature operation for both CW mode [10] and
pulse mode [11]. However, the operating temperature can be improved through employing
very high magnetic field [12]. The main advantage of photonic-based sources compared to
the frequency multipliers is the ability to realize frequency tunability and generation of the
THz pulse which are crucial for a wide range of applications [13]. Furthermore, high cost
of frequency multipliers make them inappropriate for commercial devices.

The photonic-based sources are conventionally operated by optical beams. The opti-
cal part strongly affects other parts of the system and therefore should be the subject of
extensive investigation for realizing aforementioned low-cost/complexity integrated THz
devices. To realize the photonic part, various ideas have been applied. In the most of the
laboratory setups, the free beam optics is employed as no concern exists for compactness
and robustness of the setup. However, to improve the stability of the system, the optical
part can be replaced by photonic integrated circuits to develop a complete integrated THz
system. The other alternative is to deliver optical beam through optical fiber to enhance
the robustness of the system.

The unprecedented progress in electronics technology has provided a unique opportu-
nity for novel applications in mm-wave and THz frequencies [11].In the last decade, the
advent of amplifiers and active devices at higher frequencies has been a motivation for de-
veloping new structures in THz frequencies. In the most of the applications, a THz emitter
is a fundamental part of the system. Many on-chip devices have been reported to this end
although their main drawback, which is the low efficiency of these technologies, still exist.
The other idea is to deploy a hybrid integration through combination of the active and
passive structures. Through examining the proposed structures, some components seem
to be essential for such a hybrid system. In the first stage, the THz source should be
integrated into the system through an appropriate method with the lowest insertion loss.
In ref [15], a uni-travelling-carrier (UTC) photodiode based photomixer chip is connected
to the circuit using flip-chip method whereas this technique is not applicable at higher
frequencies. In addition, some other structures have been reported but their target is not
an integrated system. The second crucial part in the hybrid systems is the antenna to
radiate THz energy for different application such radar and imaging. As opposed to the



on-chip antennas, off-chip antennas result in cheap and high efficient devices. Finally, as
result of low power generated by THz source and high lossy propagation of the millimetre
and THz wave in free space, an amplifier is integrated into RF front end.

1.2 Objectives

The main objective in the presented thesis is to investigate different components for an
integrated THz or mm-wave system which are shown in Fig. 1.1. Although the oper-
ating frequency of all the components investigated in this thesis might not be same, the
investigation demonstrates the feasibility of the idea for application in high performance
sub-mmW /THz system. The whole contribution in this system is divided in four sections:
realizing the optical part of this system using fiber optics, integration of the THz source
to a low loss waveguide, integration of the active devices such as amplifiers to the waveg-
uide and finally designing a high efficient antenna to radiate the power. These parts are
represented by dashed circles in Fig. 1.1.

Optical Dielectric Active Dielectric RELIE)
laser waveguide Devices waveguide element
\ l Lt -

Optical Source Active Dielectric
fiber beam T device Antenna
delivery g integration

Figure 1.1: Different components for an integrated THz or mm-wave system. The dashed
circles show the contributions in the presented thesis.

Referring to Fig. 1.1, in the first part, the main goal is the delivery of a high power
short optical pulse of the optical laser after propagation through the fiber to the photo-
conductive antennas and generating THz signal. The main contribution is development
of an all-fiber system for compensation of all effects originating from propagation of pulse
through fiber. In the next step, as a hybrid system should be developed, the coupling
of the THz wave generated by photonic THz source to a low loss dielectric waveguide is
investigated. To this end, a transition with low insertion loss is presented by high-level



modeling of the THz source structure. Then, a highly efficient transition to active device
is designed to enhance the power budget of the system. The main goal is to present an
efficient transition for active devices with CPW port in sub-mm-wave and THz range of
frequencies to a low loss dielectric waveguide. Finally, in the last part, I present a highly
efficient antenna on a silicon platform with optimized gain and bandwidth.

1.3 Thesis Organization

The structure of the current thesis is based on the aforementioned components required
for realizing a low-cost integrated mm-wave/THz system. The essential background is
mentioned at the beginning of each chapter and the rest of the chapter is dedicated to the
proposed structure and results.

Chapter 2 will discuss the fiber-coupled system and the related issues. The theory of
the pulse propagation is discussed and verified by numerical simulation. The compensation
method and the related measurement setups are explained. The THz measurements are
performed to verify the performance of the system.

Chapter 3 will focus on design of a transition from photomixer structure to a dielectric
waveguide. The design and simulation results are presented and the fabrication process
is described. Finally, the fabricated devices are demonstrated in the final section of the
chapter.

Chapter 4 is mainly about the integration of the active devices to a low loss dielectric
waveguide. Two different structures are proposed for mm-wave and THz frequency range.
These structures can meet the challenges associated with this range of frequency. The
devices for mm-wave transition are fabricated.

In chapter 5, a highly efficient antenna is proposed for mm-wave and THz applications.
The radiation mechanism is discussed comprehensively and verified through various sim-
ulations, and the structure is fabricated. The performance of the antennas are verified
through the comparison of the simulated and the measured results, respectively.



Chapter 2

THz Signal Generation and Detection
Using All-Fiber Beam Delivery

2.1 Introduction

As a consequence of recent progresses in THz area and revealing the potentials of this
technology, academic research groups and industries have started to remove obstacles for
commercialization of THz systems. One major problem for any system operated by optical
beams is the stability, robustness, and ease of handling as a very fine adjustment is re-
quired for free space optical setups. The idea of replacing the free beam path with optical
fiber in the measurement setups has been considered for many years. Recently some fiber
coupled THz systems have been reported for various applications such as spectroscopy
[1, 16, 17, 18], biomedical [19], and imaging [20].

In Continuous Wave (CW) THz fiber-coupled systems [21], the main problem that
should be addressed is how to focus the output of the fiber on photoconductive antennas;
however, in pulse systems [4, 16, 17, 19, 20], the propagation of the high power optical
pulse in the fiber should be investigated as well. The main focus of this chapter is the
pulse systems.

As a consequence of high efficient materials for generation and detection of the THz
pulse using optical beam at 800nm, most of the proposed systems are operated at this
wavelength. However, the systems at 1.55um wavelength are more preferable as optical



devices developed for optical telecommunication systems are available at much more rea-
sonable price. Additionally, the compensation technique in the proposed structures to
deliver a femto-second optical pulse after propagation through the fiber is based on either
free space setups such as grating structures [17] or some modifications in the internal part
of the laser structure [16]. Therefore, new methods are essential for optical beam delivery
to realize more robust systems.

This chapter proposes a fiber-coupled THz system with the optical pumping at 1.55um
wavelength for generating THz pulses. In the first section a background is provided on
THz measurement configurations especially for pulse operation. Then, the nonlinear ef-
fects inside the optical fiber is investigated and verified through numerical simulation. In
the next section, the compensation method is discussed in details. The main novelty of
this system is associated with the configuration of the system and realizing of an all-fiber
system starting from generation of the optical pulse and ending with its focusing on the
photoconductive antennas. Finally the THz measurements are performed to verify the
high quality of the compensated pulses and the performance of the system. All the mea-
surements are conducted through collaboration with TeTechS Inc. to obtain reliable results.

2.2 Background

A variety of techniques are employed for generating THz signal using optical signal. A ba-
sic mechanism is to down-convert the optical signal to THz frequency range. To generate
continuous-wave (CW) THz signal, a well-known photomixing technique leads to simplest
implementation and is suitable for commercial devices. In this method, two laser beams
with frequency difference equal to desired THz frequency illuminate a dc-biased non-linear
material such as GaAs, LT-GaAs, and InGaAs [13]. The optical beams can originate either
from a dual-mode laser or two synchronized single-mode lasers. The output THz frequency
can be tuned by slightly varying the wavelength of the lasers.

However, in pulse mode, instead of two optical beams, an ultra-short optical pulse il-
luminates the structure to generate a THz pulse with an spectral bandwidth up to 4T H 2.
As a consequence of higher output power in pulse mode, this technique is more attractive
for commercial devices, particularly those which need a very wide-band THz signal.



2.2.1 Free Space Pump-Probe THz Measurement

Pump probe THz measurement is a well-known technique for different applications such
as spectroscopy. Since the proposed fiber coupled system is designed based on this method
of measurement, this section provides a brief explanation on generation and detection of
the THz pulse and the whole system in general [22]. The same concept is applied for the
CW THz generation and detection.

To generate THz pulse a static electric field is created by applying a dc bias voltage
across two metal strips on a non-linear medium. The bias voltage depends on the gap
size between the two metals as the maximum electric field is limited by the break down
field threshold. Then, this region is illuminated by the optical pulse to generate the free
electron and holes. The energy of the incident photons should be greater than the band
gap of the non-linear medium to excite electrons from valance band to conduction band.
The created free electrons and holes accelerate in electric field in opposite directions and
generate a current in the region close to the surface of the substrate. The current generates
THz pulse and radiates it to the free space. To improve the power of the generated THz
signal, an antenna structure is implemented on the substrate to couple THz wave to free
space more efficiently. Moreover, an additional high-resistivity silicon lens is attached on
the backside of the substrate to reduce the reflection from air-dielectric interface [23].

The same physical principals are applied to detect an incident THz pulse. The metal
strips are connected to a current meter. Both THz pulse and optical pulse are illuminated
over the gap between the metal strips. The role of the optical pulse is generation of the free
carriers in the non-linear substrate to increase the conductivity at the specific time inter-
vals. Depending on the delay between optical pulse and THz pulse, a particular part of the
THz pulse arriving on the surface of the substrate, induce the voltage over the metal strips,
and generate the current which is measured by the current meter. Through changing the
delay between two pulses, the THz pulse is sampled in time and characterized. The time
resolution relies on both the material properties of the photoconductive structure and the
incident optical pulse. To clarify this point, a very low carrier life time and a very short
optical pulse result in very fast change in the gap resistance form insulating to conducting.
Similarly, the silicon lens and antenna structure have significant effects on enhancing the
efficiency of the system.

The measurement setup is shown in details in Fig. 2.1. As mentioned, to conduct THz
pump-probe measurement, two optical beams are required to excite carriers in photocon-
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Figure 2.1: The pump-probe measurement setup for THz generation and detection

ductive antennas. To this end, the femto-second optical pulse coming from the laser is
split to two beams by beam splitter. One beam hits to the transmitter photoconductive
antenna which is biased to generate THz signal, and the other one propagates through a
combination of the mirrors to reach to the receiver photoconductive antenna. THz pulse
propagates in free space through the parabolic mirrors as no lenses exist at THz frequency
similar to highly efficient optical ones. The optical mirrors are on a translational stage to
provide an arbitrary time delay between arrival of the THz pulse and optical pulse to the
receiver antenna. Two lenses are mounted close of the antennas to accurately focus the
optical beams on the antenna gaps. The chopper is utilized as a low-frequency amplitude
modulator because the measurement is performed by lock-in amplifier to eliminate 1/f
noise at low frequencies. The output of the receiver antenna goes to low-noise current
amplifier to improve the SNR of the measurement.

2.2.2 Fiber-Based Pump-Probe THz Measurement

As shown in Fig. 2.2, in fiber-coupled setup, all free space optical parts are replaced with
the optical fiber. Consequently, a fiber pigtailed pulse laser usually is utilized. The fiber
splitter provides two required optical pulses. A length difference should be realized be-
tween the arms to compensate free space propagation of the THz pulse. Based on this
configuration, the delay line cannot be realized in optical path; accordingly, to provide
the desired delay, the whole receiver or transmitter part should move to change the dis-



tance which THz pulse propagates through. The lock-in measurement is still preferable;
therefore, the chopper should be mounted in such a way to modulate THz beam instead of
optical beam. A better idea is to chop the bias voltage to remove the mechanical chopper
through applying a square wave voltage over the antenna gap.

To focus the optical beam on the antennas, the fiber can be directly attached to the
antenna gap to remove any optical components. However, as a proof of concept, the out-
put pulse of the fiber can be focused on the antenna by a beam collimator and a lens.
Additionally, in the absence of the fiber pigtailed laser, at the initial stage, the laser beam
can be coupled to the fiber using an objective lens with the appropriate numerical aperture.

—]
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Current [ 4
[
[
[
[
[
[
1

Transmitter Square-wave
amplifier Receiver Voltage
Lock-in O () | Femtosecond
———————— Fiber splitter laser

Translational
stage

Figure 2.2: The fiber-coupled pump-probe measurement setup for THz generation and
detection

The main challenge in developing a fiber-coupled system is the delivery of a femto-
second pulse to the antennas after propagation through the optical fiber. In fact, many
phenomena exist in optical fiber that affect the pulse properties and especially the pulse
shape. These effects are critical even after very short length propagation of the high power
and very short width pulse. The main focus of this chapter is to understand these effects,
compensate them, and show the feasibility of the THz pulse generation using the optical
fiber for beam delivery.



The idea of all-fiber optical beam delivery in THz systems opens up the opportunity of
commercializing the THz systems due to a number of advantages. The main bottle neck of
the free beam optical system is the accurate alignment needed before the operation. This
situation is even more critical for portable devices. The fiber-based system is very robust
and stable and no alignment is required. Furthermore, the system would be more compact
as the bulky optical components are eliminated from the system. Finally, the fiber-coupled
system exhibits more flexibility in terms of measurement type. For instance, in THz spec-
troscopy systems, the measurement setup can easily be converted from transmission mode
to reflection mode as no alignment is required for optical path.

2.3 Nonlinear and Dispersion Effects Related to the
Ultra-Short High Power Pulse Propagation in Fiber

2.3.1 Theory

The propagation of the optical pulse along the fiber is governed by non-linear Schrodinger
equation:

OU _ sgn(Bz) 0°U  exp(—az)
Z&z N 2LD oT?2 LNL

\UlPU (2.1)

In this equation, U is the normalized amplitude and 7 represents the time which is
scaled by pulse width [24]. The right hand side of this equation can be split in two parts.
The first part is associated to the linear dispersion leading to pulse broadening while
the second part is related to the nonlinear effects originating from intensity dependent
refractive index. These terms are scaled by dispersion length Lp and nonlinear length

Ly, respectively [24]. These two parameters are defined as follows:
Ty?
Lp=— 2.2
Ty 22
Lyt = — (2.3)
M vFy '

These two length scales are measured of dispersion and non-linearity in propagation
of the pulse through a particular length. The dispersion length is a function of the pulse
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width (7p) and the second derivative of the propagation constant S5 which is the indication
of the dispersive behavior of the fiber. On the other hand, the nonlinear length is inversely
proportional to the pulse peak power (F). Furthermore, the nonlinear length depends
on the () which is defined in Eq. 2.4 [24], where ¢ is the light velocity and wq is the
instantaneous frequency. A.ys is the effective area of the fiber cross section where most of
the pulse energy is confined in.

Ny

= 2.4
CAeff ( )

In Eq. 2.4, ny originates from the non-linear effects. To clarify, non-linearity mainly
result in self-phase modulation. Owing to this phenomenon, the refractive index of the
fiber depends on the electric field intensity based on Eq. 2.5:

n(w, ]E]Q) = n(w) + ng| B? (2.5)

The parameter N is defined in the Eq. 2.6:

L
N =2
LNL

(2.6)

This parameter provides a criteria for the significance of the different mechanisms in
propagation of the pulse along the fiber. Therefore, if N > 1 which means Ly > Lp the
nonlinear effects can be neglected and the opposite happens when N <« 1 (Ly, < Lp).
In a special case where both Ly, and Lp are much larger than the fiber length the output
of the fiber is exactly the input pulse since the two terms on the right hand side of the
Eq. 2.1 goes to zero if a smooth temporal profile is assumed for the optical pulse. The
interesting case happens when N is neither too high nor too small. Both effects should be
considered for this case which usually exists for femto-second pulses with very high peak
power.

Apparently, the effect of the dispersion is the broadening of the input pulse either in
normal dispersion regime or anomalous dispersion regime. However, to understand the
effects of the nonlinearity on the input pulse, the solution of the aforementioned equation
can be found when no dispersion contributes to the pulse evolution; or equivalently, the
dispersion length is infinite. In this case, the analytical solution for Eq. 2.7 is obtained as
follows [24]:

U(L,T) =U(0,T) exp(i¢nr(L,T)) (2.7)
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Referring to Eq. 2.7, the pulse shape is preserved when the nonlinearity is dominant
although a nonlinear phase shift (¢x) accumulates as the pulse propagates through the
fiber. The nonlinear phase is obtained from following equation [24]:

dnp(L,T) = U0, T)|*(Less/Lyr) (2.8)

Lesy = [1 —exp(—al)]/a (2.9)

where L denotes the length of the fiber. The nonlinear phase is the source of the spectral
broadening in absence of the linear dispersion. To clarify, the first time derivative of the
nonlinear phase represents frequency chirping which expresses the time dependency of the
instantaneous optical frequency. Consequently, new frequency components are created as
the pulse propagates. The analytical expression for the the change in the the instantaneous
optical frequency over time [21] is:

0w
oT

= _(Leff)i]U(O,T)f (2.10)

ow(T) = Ly 0T

Based on this relation, as well as the length of the fiber, the frequency chirping depends
on the pulse shape itself. Due to the fact that instantaneous frequency variation depend
on the first derivative of the pulse shape the leading edge results in negative value whereas
the trailing edge causes positive chirp. The unchirped and chirped pulse are shown in Fig.
2.3

However, in the presence of the linear dispersion the mechanism is different. Both non-
linearity and dispersion contribute to pulse propagation and cannot be considered sepa-
rately. Two different regimes are now considered. In normal dispersion region [ is positive
which means higher frequency components expose to less propagation delay. Consequently,
the leading edge of the pulse propagates faster whereas the trailing edge reach to the end
of the fiber with more delay; therefore, nonlinear effects expedite the pulse broadening in
normal dispersion regime. On the other hand, as a result of the same sign of the frequency
chirp for dispersion and nonlinear effects, pulse spectrum is broadened in frequency domain.

In anomalous regime where (3, has a negative sign, the dispersion and nonlinearity act
in opposite direction. Since higher frequencies of the optical pulse are subjected to less
propagation delay, the optical pulse becomes dispersed more slowly. Furthermore, as the
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Figure 2.3: (a) Unchirped pulse (b) Chirped pulse as a consequence of non-linear effects

frequency chirps which originate from dispersion and nonlinearity compensate each other,
the optical pulse appears to get compressed in frequency domain.

2.3.2 Numerical Results

The qualitative description provided in last section can be verified by solving the Eq. 2.1
numerically for particular fiber lengths. Numerous methods have been proposed to ob-
tain either precise or approximate solution for Schrodinger equation. Split-step Fourier
method provides a very good approximation for the pulse propagation in the presence of
the non-linear effects [24, 25]. This method divides the propagation distance into the very
small segments. The main assumption is independent action of dispersive and nonlinear
effect in each segment. To explain this, in the simplest way, the equation is solved in two
steps: first the dispersion is assumed zero and the solution is obtained in time domain for
propagation in one segment; in the second step, the nonlinearity is assumed zero and the
solution is obtained for dispersive media for propagation in one segment. The segment is
solved in frequency domain to use the FFT method which reduces the computational time.
In fact, as compared to the finite difference which results in a more accurate solution, this
method is much faster [26]. To enhance the accuracy of the method, the segments can be
chosen smaller.
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Using this method, the variation of the pulse profile for propagation along 2m single
mode fiber is obtained and represented in Fig. 2.4. The simulation is performed to realize
what should be expected in the experiment; therefore, the input pulse has 100fs FWHM
which is same as the available femto-second pulse in the laboratory. The simulation is for
two case of high and low power input pulse to highlight the nonlinear effects in propagation
of the pulse. Typical value for fiber parameters is applied in the simulation. Referring to
Fig. 2.4, linear dispersion is apparent in low power regime whereas by increasing the input
pulse power, the amount of dispersion is reduced considerably since the pulse is at 1.55um
wavelength (anomalous dispersion regime).

Time(ps)

Figure 2.4: Numerical simulation of the propagation of the optical pulse through 2m fiber
(a) Low power input pulse (b) High power input pulse

To represent the dependency of the dispersion on the nonlinear effects, the relative
dispersion versus input peak power is plotted in Fig. 2.5. The ratio of the amount of pulse
broadening with and without the nonlinear effect is calculated and shown versus peak
power. Referring to Fig. 2.5, as a result of increasing the power, the amount of dispersion
is much less than what is expected in the absence of the non-linear effects. The simulation
results cannot predict the exact values in the experiments as many uncertainties exist in
pulse properties. Consequently, these results yield a very good insight to the behaviour of
the system.
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Figure 2.5: Dispersion relative to the absence of the non-linear effects

2.4 Pulse Retrieval

2.4.1 Compensation Method

Several techniques have been proposed for compensation of the fiber dispersion in gen-
eral. Some of them are based on free beam configurations. In a particular arrangement,
the angular dispersion of two grating structures [27] or sequence of prisms [28] can be
exploited for generation of negative dispersion. In fact, the first structure disperses the
incident collimated beam spatially, and then the second structure collimates the beam.
The difference in the distances that the various frequency components travel between two
structures is the source of the negative dispersion. Although, the prism pairs are low loss
and more convenient for adjusting the sign and the magnitude of the dispersion, the grat-
ing structure can provide high amount of negative dispersion. Another low loss structure
for dispersion compensation is Gires-Tournois interferometer [29]. In this configuration, a
partially reflective mirror is placed against the total reflective mirror to form a resonator.
Therefore, the structure shows a frequency dependent behaviour and provides desired dis-
persion. However, to realize a robust system, any free space beam part such as those in
the mentioned methods should be eliminated.

On the other hand, a variety of methods can be applied to compensate the non-linear
effects. Conjugating the temporal envelop of the optical pulse [30] can compensate some
nonlinear effects. However, in the presence of higher order nonlinearities, the frequency
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components of the optical pulse can be conjugated by conjugation of the pulse phase as
well as time reversal [31]. In addition, employing some adaptive methods to change the
input pulse profile in order to achieve desired output pulse is another successful method for
compensation of dispersion and non-linear effects [32]. Different methods for spatial pulse
shaping have been utilized to tune the phase and magnitude of the frequency component
of input pulse. However, the aforementioned methods add undesirable complexity to the
proposed system.

To eliminate any complication and establish a stable system, all-fiber configuration is
selected. In this approach, the dispersion compensation fiber is utilized for regeneration
of the input pulse shape after propagation through the fiber. Although all effects cannot
be compensated by DCF, the best efforts are made to achieve to the shortest pulse. Good
results are expected as the input pulse which does not have too high power. The config-
uration for providing two short pulses is represented in Fig. 2.6. The DCF is at the end
part of each arm and is connected to SMF using fusion splicing. This configuration can
resolve many issues.

SMF Splice DCF

SMF ::
splitter SMF Splice DCF

Figure 2.6: The main configuration for providing to short width optical pulses with par-
ticular time delay

Single mode DCF suffers from a variety of problems [21]. The propagation of the op-
tical pulses through DCF leads to higher power dissipation which is around 0.5dB/km.
To resolve this problem, less than 10m fiber is utilized for the implementation of the sys-
tem. Moreover, as a consequence of smaller core, the electric field intensity is much higher
in DCF core compared to SMF; therefore, the non-linear phenomena are more effective
even in low power regime. However, this issue is eliminated by considering a particular
configuration in which the lowest power reach to DCF. To this end, to compensate the
dispersion and nonlinearities in each arm, although DCF can be inserted in different parts
of the system, the end of the arms is the optimum position because of two reasons. First,
to reduce the number of the required splices to enhance the power budget of the system.
As explained in the next section, each splice introduces noticeable loss to the system. Sec-
ondly, to minimize the non-linear effects in DCF as the minimum power in the system is
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at the end of the arms.

The dispersion of SFM is 17ps/(nm.km) while this parameter for DCF is —40ps/(nm.km).
The length of each arm should be chosen carefully due to the fact that particular time de-
lay between output pulses of two arms is required to compensate THz propagation in free
space in pump-probe THz measurement setup.

2.4.2 Fiber Splicing

The power budget in proposed system is very crucial and the best effort should be made to
eliminate or reduce any sources of power dissipation. In fact, the limited amount of power
is available in the fiber pigtailed lasers which are suitable for an all-fiber system. Since the
total length of the system is quite short, the fiber losses are of no concern. As a conse-
quence of applying the DCF for shortening the optical pulse, the main optical power loss
originates from the connection of SMF to DCF. As explained, a particular configuration
is advised to decrease the number of the required splices. Additionally, especial strategies
should be employed to reduce the splice loss.

The knowledge of the fiber structure is helpful to understand the mechanisms con-
tributing to the splicing loss. The fiber is made of the silica glass; however, to change the
refractive index of different parts, various molecules are doped to the silica glass [33]. Ger-
manium (Ge) and Fluorine (F) are two well-known dopants. Ge raises the refractive index
of the silica glass while F' lowers it. The refractive index profile of the SMF and the DCF
are shown in the Fig. 2.7. Ge is doped in the middle part of SMF to confine the energy in
this region. For DCF, an especial profile is required to provide negative dispersion. The
core is smaller while a ring around the core is doped by F.

The high insertion loss of the splice can be explained by referring to the refractive index
profile of the fibers. Different core sizes and profiles lead to different mode field shapes for
these two fibers; consequently, the incident field distributions of the fibers do not match.
Additionally, very small core size of DCF results in a high sensitivity of this type of fiber
to imperfections. For instance, the angle between the cleaved end faces of the fibers should
be less than 1° for proper splicing.

Different techniques are applied to enhance the quality of the splice. This section fo-
cuses on two of them as they are applicable for the current system. It has been shown that
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(a) (b) (c)
Figure 2.7: Refractive index profile for three different fibers: (a) SMF (b) DCF (c) IMF

applying an intermediate fiber (IMF) leads to the lowest possible loss [34]. This technique
employs another type of fiber known as bridge fiber to connect SMF to DCF. The refrac-
tive index profile for IMF, as shown in Fig. 2.7, is same as DCF expect that the contrast
between regions is lower. Although two additional splices are required in this technique,
the insertion loss can be as low as 0.4dB. However, this method is not appropriate for the
proposed system mainly due to introducing more complexity to the system. To explain
this, it is noted that the IMF part should be long enough (more than 2m or 3m) to results
in acceptable performance. The system with a long length has other issues such as the
interaction of the optical pulse with the fiber media which is apparently stronger in longer
length.

The other method which has been successfully applied to the proposed system is to
exploit thermal diffusion of dopants. This method gives rise to a higher insertion loss but
the implementation is more suitable for our system as no extra components are required
to be added. At high temperature such as fusion temperature, the dopants start defusing
from the regions with higher concentration to the region with lower concentration. The
diffusion rate depends on the contrast of the concentration in different region. Higher
contrast results in more rapid diffusion; therefore, this effect is considerable in DCF. De-
pending on the heat source configuration, the diffusion of the dopants changes the profile
and can improve or aggravate the quality of the splicing. In fact, if the heat source for
fusion splicing is distributed in an appropriate way, this phenomenon provides a tapering
section between two different profile and reduce the insertion loss noticeably. The insertion
loss can be improved to 0.7dB by this technique [35]. This method has been applied to
the proposed system with the acceptable insertion loss of 0.8dB.
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2.4.3 Pulse Characterization Technique

To investigate the effects of various mechanisms on optical pulse in fiber, the pulse width is
the main property which is examined. Hence, the pulse shape should be measured to extract
this information. As the optical pulse time variation is much faster than that which can
be measured by available electronic devices, the optical pulse cannot be measured directly.
The pulse width is obtained by the auto-correlation measurement. Given function (),
the auto-correlation is defined as follows:

Glr) = / IO1(t - )t (2.11)

Pulse width can be acquired from G(7). Table 2.1 represents the relationship between
the pulse width of the auto-correlation function and the main function [36].

Table 2.1: Relationship between the main function and auto-correlation record

1(t) G(7) x

sq(t) (1 —|7|) for|r| < 1,00therwise 1

exp (—2¢7) exp (—77) V2
sech?(t) e 1.543

As the pulse width is the required parameter, the intensity auto-correlation is performed
rather than linear auto-correlation which uses the electric field. The linear auto-correlation
results in the inverse Fourier transform of the pulse spectrum which is not applicable for
characterizing the pulse in this system. The measurement configuration for recording the
intensity auto-correlation trace of the optical pulse is demonstrated in Fig. 2.8. The inci-
dent beam is divided into two beams using the beam splitter. The beams are reflected back
by the mirrors afterwards; and finally, two beams arrive at the detector. If the distance of
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the mirrors to the splitter is same, two pulses arrive at the same time. But, if one of the
mirrors is mounted on a translational stage, the distance of the mirror to the splitter can
be varied to realize a time delay between two received optical pulses.

1 :
I I Translational

I Mirror
: I stage
A
4
Input > <“—> Mirror
pulse Beam
splitter
Detector
]

Figure 2.8: Auto-correlation measurement setup

To attain the intensity dependant auto-correlation, silicon detector is utilized for gen-
eration of the photocurrent at 1550nm wavelength. In fact, the main mechanism of the
optical absorption in this silicon detector at 1550nm is two-photon absorption (TPA)[37].
As a consequence of intensity dependent absorption, the generated photo-current is pro-
portional to the square of the optical pulse intensity. Therefore, the received signal for a
particular time delay is obtained from Eq. 2.12 [30].

Lonotodetector (T) = /(mtensity)2dt (2.12)
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(intensity)? = |E(t) + E(t — 7)|*

1 . . 4
= §R6 {a(t)ej“’ot + a(t)em(t_”}

= 2|a(t)|" + 4fa(t)*a(t — 7)|*

+{{2(la(®)]” + la(t — 7)[)a(t)a”(t — 7)e’" + [a(t)a"(t — 7)]*e¥“*'} + c.c.}
(2.13)

In Eq. 2.13 the first two terms result in a bias in the measured signal. The third
term is exactly the intensity auto-correlation of the optical pulse. Therefore by changing
the position of the mirror to realize various delays, the auto-correlation function can be
obtained. As the duration of the optical pulse is in the range of 100fs, the movement of
the stage should be in micro meter range to provide an acceptable accuracy. The rest of
the terms in Eq. 2.13 are fast varying functions with w, frequency and eliminated by low
pass filter of lock-in amplifier.

Employing TPA process brings two main advantages. First, this process can be pro-
vided in silicon detectors which are commercialized and available at a very low price.
Moreover, this process can be used for very short optical pulses as it operates over a wide
optical bandwidth [38]. However, the main problem is the low efficiency of this process
as high power is required for acceptable measurement. This problem is resolved to some
extent by employing an additional lens to tightly focus the optical beam on the detector.

2.4.4 Experimental Technique for Compression

A particular setup should be prepared to find the shortest optical pulse. In fact this short
pulse can be obtained when the SFM and DCF fibers have right lengths respectively. As
mentioned before, calculation of the exact value for these lengths is not very practical in
the presence of the nonlinear effects; accordingly, a method should be introduced to figure
out these values in a systematic way. To this end, as shown in Fig. 2.9, a setup is designed
to receive the output pulse from the fiber and guide it to the auto-correlation setup. A bare
fiber along with a lens which has short focal length are employed. In the subsequent step,
the end part of the fiber is cut and cleaved to redo the pulse characterization once again.
A shorter optical pulse is expected at each time. This procedure is performed repeatedly
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until the optical pulse starts broadening.

Toward auto-correlation

setu
Lens P

SMF Splice DCFi1 111 P
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SMF Splice P Mirror
Splitter P DCF | | ! |

Figure 2.9: Measurement technique to find the right length for DCF

The characterization of the input optical pulse exhibits 100 fs pulse width. Although
this value is not the FWHM of the actual pulse, pulse width of the auto-correlation func-
tion can be used for comparison of the output pulse from the fiber and the initial pulse.
Referring to Fig. 2.10, the auto-correlation records of the output pulse for four different
fiber lengths are presented. The last result shows very good agreement with initial pulse
width which means the effects can be compensated in an acceptable amount.

2.5 THz Measurement

2.5.1 Verification of Compressed Pulse

To verify the quality of the compressed pulses for generation of the THz signal, two mea-
surements are performed and the results compared to each other: the generated THz signal
from the initial free space pulse and the THz signal originating from the output pulse of
the each fiber arm. To record the THz signal, same measurement setup is applied for both
free space beam and output pulse of the fibers.

To measure THz signal, a free space beam measurement setup is utilized as shown in
Fig. 2.1. The input optical pulse can either be the initial pulse or come from fiber end
faces using a collimator. Since the configuration and measurement conditions are absolutely
equivalent a fair comparison can be performed between THz signals. The measurement for
the initial free space beam pulse is demonstrated in Fig. 2.11
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Figure 2.10: Autocorrelation record of the output pulse for four different DCF lengths: (a)
Initial length (b) First cut (c¢) Second cut (d) Third cut

In the next step, the generated THz signal using the output pulse of the fibers is
recorded. The measurement results are depicted in Fig. 2.12 for each arm. Considering
the pulse width, the three measurement results are consistent and represent the same
pulse width although a small variation in the shape of the THz pulse can be noticed. This
variation originates from the propagation of the THz pulse in the system. In fact, As
a consequence of particular alignment for each measurement, the detected pulse can be
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Figure 2.11: The Measurement results for the initial pulse using free beam space beam
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affected. Furthermore, as the output power of each arm is not very high, the generated
THz signal is slightly noisy.
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Figure 2.12: The Measurement results for the output pulse of the fiber arms using free
beam THz setup (a) First arm (b) Second arm

In this measurement, photoconductive antennas are used for transmitting and receiving
the THz pulse. A large aperture structure is chosen for transmitter while the receiver is a
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dipole antenna to enhance the received power. A special kind of material with high respon-
sivity at 1.55um wavelength is used as a nonlinear media for the generation of the THz
signal. To strengthen the received signal, a silicon lens is mounted against the antenna to
collect the THz signal power.

2.5.2 Fiber-Coupled Measurement

........
..............

Par&)ollc mlrrorg\ """

. == Transmitter

Translationéi
B~
stage ke

.......

and Lens

Figure 2.13: Picture of measurement setup for fiber-coupled THz Measurement

The final step is to conduct the THz measurements using the shorter fiber arm as the
pump beam and the longer one as the probe beam. The measurement setup is demon-
strated in Fig. 2.13. The output pulses of the fibers are focused on the photoconductive
antennas through a collimator and a lens. The transmitter part is mounted on a transla-
tional stage to realize the time delay required for characterizing the THz pulse. The THz
signal is guided toward the receiver antenna using gold coated off-axis parabolic mirrors.
Furthermore, the IR filter which is transparent to THz signal is used to block part of the
laser beam which is not absorbed in the photoconductive material and passes through the
antenna. This IR beam can be detected in receiver and aggravates the SNR of the system.
Although the THz signal is chopped in the current experiment, modulation of the signal
can be performed by varying DC bias voltage of the transmitter.

The THz pulse is recorded using aforementioned setup and the result is represented
in Fig. 2.14. The recorded pulse width is 1.32ps which is slightly shorter than the pulse
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Figure 2.14: Fiber-coupled THz Measurement result

recorded in free space setup. The reason for this result is that the compensated pulses are
a little shorter than the initial pulse. Therefore, this method can result in an even better
THz pulses with broader spectrum for various applications.
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Chapter 3

Source Integration

3.1 Introduction

THz systems can be developed for various applications in either free space configuration
or guiding structures. Whereas most of the measurements in research laboratories are per-
formed through a free space configuration, the other configurations based on THz guiding
bring a number of advantages such as compactness and stability for different applications.
Accordingly, integration of THz sources such as photomixers with THz waveguides is a
crucial task to design an integrated THz structures for commercial applications. In THz
spectroscopy systems which deploy guiding configuration, as a result of increasing the in-
teraction length of the THz wave and the samples, the sensitivity of the system is enhanced
substantially; consequently, the smaller amount of the sample can be used in THz mea-
surement [39]. Some structures have been proposed to employ various THz waveguides
such as metal wire [10], coplanar line [11], microstrip [12], and parallel plate waveguide
[13] for guiding the THz wave in recent years for spectroscopy application. Although, those
structures might be useful for some particular applications, they are either lossy in THz
frequency or not suitable for realizing integrated systems. Although other types of waveg-
uide with high efficiency such as dielectric waveguide is not broadband enough for time
domain spectroscopy, they can be applied for frequency-domain THz spectroscopy [14].

Among the THz sources, the photonic based sources are generally more tunable and less
costly as compared to the structures such as frequency multipliers. Another motivation is
the advent of more compact tunable lasers source in the market with low price. In addition,
they cover wide range of frequency while working at room temperature as opposed to the
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Quantum cascade lasers, which need costly cryogenic cooler. Besides, these sources are
suitable for packaging by employing photonic integrated circuit technology [15]. Owing to
the aforementioned reasons, photnic-based Thz sources are the best option for integration
with THz waveguide.

Furthermore, integration of THz source with a low loss waveguide brings the oppor-
tunity of developing a hybrid system as a transmitter for highly efficient imagers and
ultra-broadband communication systems. In fact, due to high free space propagation loss
in mm-wave and THz frequencies, Radio over Fiber (ROF) is the potential solution for
extreme bandwidth communication over long distance. The essential component for these
systems is an integrated photopic-based THz source to a transmitter to convert the optical
signal to the THz signal. Some novel structures have been proposed through integration
of the photometers chips to CPW line for photonic-based mm-wave and THz transmitters
[16, 47] during the last decade.

In this chapter, a novel transition is proposed for integration of a photonic-based Thz
source to a dielectric waveguide. In the first section, a brief background on THz dielectric
waveguide and modeling the photomixer structure for the proposed transition are pre-
sented. Then the proposed structure and simulation results are discussed. Finally, the
fabrication process is explained and the devices which are fabricated by micro-machining
process are displayed.

3.2 Background

3.2.1 THz Dielectric Waveguide

A variety of the waveguides have been proposed for mm-wave and THz frequency range.
Dielectric waveguides which usually have low propagation loss are more preferable for re-
alizing highly efficient systems. In addition, a standard and low cost fabrication process
can be developed for dielectric waveguide.

Depending on the operating frequency, various structures are employed for dielectric
waveguide. At mm-wave and lower frequencies, the image line exhibits acceptable perfor-
mance in terms of the propagation loss. The basic structure of the waveguide, as shown
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in Fig. 3.1a, is the silicon slab over an infinite metallic plate. The dominant mode has the
electric field in y direction (vertical to the ground plane). The main problem preventing
this waveguide for operating at THz frequency is the conductor loss of the metallic plate
as the conductor loss increase considerably due to the increase of the surface resistance.

A Silicon-on-Glass (SOG) dielectric waveguide, whose details are described in [18], is
proposed for mm-wave hybrid integrated circuits. In the SOG dielectric waveguide, whose
structure is shown in Fig. 3.1b, a silicon guiding channel is supported by a glass sub-
strate. This structure can be considered as an alternative low-loss mm-wave waveguide.
In the proposed dielectric waveguide, the dominant mode has a dominant transverse elec-
tric field component in x-direction, with an odd symmetry with respect to x (parallel to
the glass slab). Additionally, through choosing appropriate dimensions for the dielectric
slab, the dominant mode with the electric field in vertical direction and even symmetric
field distribution is excited. The transverse electric field is more desirable as the electro-
magnetic fields spread less into the lossy glass structure and is more confined in silicon slab.

(a) )

Figure 3.1: Rectangular dielectric waveguide for mm-wave and THz frequency range: (a)
Image line (b) Silicon-on-Glass (SOG)

Although the maximum operating frequency depends on the application, the glass sub-
strate is quite lossy at THz frequencies upper than 200G H z, as a result, some modifications
are applied to the glass structure to reduce the dissipation of the dominant mode [1&]. Re-
placing the glass slab with a grating glass structure is one feasible option which boosts the
performance of the waveguide.

One problem with the dielectric waveguide is its gradual cut-off as compared to the
sharp cut-off of closed metallic waveguides. Consequently, due to any kind of disconti-
nuities, other modes can be excited and propagate through the waveguide. This effect is
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alleviated by utilizing glass beneath the silicon to realize a single mode waveguide. In fact,
higher order modes are more spread in glass structure and will be dissipated in this lossy
media.

3.2.2 Photonic-Based THz Source

As explained in section 2.2, the basic structure for photonic-based THz source in both CW
and pulse modes consists of a non-linear medium and a metallic structure to provide the dc
bias as well as radiating the THz wave. In the design of the transition from photonic-based
THz source to THz waveguide, the source can be modelled by a piece of dielectric with two
metal strips on top of it as shown in Fig. 3.2. Additionally, the optical illumination and
generation of the THz wave are not included in the simulation due to two reasons: first,
including all the details in wave generation process makes simulations and optimization
highly complex and time consuming; secondly, this part can be modeled by an lumped
source as the size of the active region is much smaller than the THz wavelength in most of
the cases.

Optical
illumination

Figure 3.2: The model of the source structure which is considered for simulations

In the proposed structure, the metallic structure over the photonic source is in the
form of a slot line for transmission of the THz wave over a very short distance to deliver
THz energy to dielectric waveguide as will be explained later. The slot line itself can be
considered as a waveguide for THz wave [19],[50] whereas the performance would not be
acceptable due to surface roughness and finite conductivity of the metal at THz frequency.
Additionally, the generated THz photocurrent due to optical illumination excites the dom-
inant mode of the slot line as this THz current is in lateral direction; therefore, the excited
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dominant mode in the slot line is used in the simulations. Therefore, the goal of this
transition is to couple the dominant mode of the slot line to the THz waveguide. It should
be noticed that the generated photo-current excites other modes in the slot line which
degrades the optical to THz conversion efficiency. The efficiency can be improved through
adding special design to the source structure to generate the photocurrent in such a way to
excites only the dominant mode. However, this part is not discussed in the presented thesis.

The non-linear material in the source structure is GaAs which is quite lossy in THz
frequency. The power absorption coefficient (o) has been obtained through time-domain
spectroscopy of the crystalline high resistivity GaAs [51]. This calculation is based on
the plane wave propagation in the GaAs. A fraction of the power dissipation originates
from imaginary part of the permittivity and the rest comes from the conductivity of the
GaAs. However, to simulate the structure under consideration, the material parameters
of GaAs will be converted into suitable format for numerical solvers. To this end, the
equivalent conductivity of the GaAs bulk structure is obtained by assuming that only
GaAs conductivity contributes in loss mechanism. Therefore, the absorption coefficient
can be converted to equivalent conductivity using Eq. 3.1 according to the plane wave
equations.

2 2
o YW+ o (3.1)

wii

o =

In Eq. 3.1, 0, a, w, €, and u are denoting the conductivity, plane-wave absorption coef-
ficient, frequency, the media permittivity and permeability, respectively. The conductivity
versus frequency for GaAs is shown in Fig. 3.3. The high value of the conductivity can
be highlighted through comparison with high resistivity silicon with conductivity less than
0.05s/m. Owing to the high GaAs absorption; the transition structure related to this part
should be as short as possible to reduce the transition loss. As will be explained in the
design procedure, the GaAs slab length is reduced by especial design for THz waveguide.

3.3 Method of Design

3.3.1 Proposed Configuration

As explained in section 3.2.1, the dielectric waveguide is employed for the integration of
the THz source; therefore, the THz field coming from the slot line should be transformed
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Figure 3.3: Equivalent conductivity over the operating frequency for GaAs

to the dominant mode of the SOG waveguide. A low loss transition is expected as both
structures support a dominant mode with even symmertry. The basic idea for this transi-
tion is to flip source structure and mount it on the dielectric waveguide as represented in
Fig. 3.4 . This kind of structure can introduce many benefits to the transition.

To minimize the transition loss a smooth structure without any sharp transitions is
required. Hence, three tapered parts should be imagined: 1) where the electromagnetic
waves come to the silicon slab, 2) at the end of the GaAs slab, 3) at the end of the slot
line. These tapered parts can be in different orders although suitable order result in a good
transmission coefficient.

In the proposed structure, the slot is tapered between the Si and GaAs slabs to enhance
coupling. In fact, tapered slot line with free space on top can be used for antenna purpose
and leads to huge radiation; as a consequence, this part is tapered between dielectric slabs
to confine the energy in the structure. Furthermore, the mode field of the slot line is
well-matched with the mode field of the two dielectric slabs on top of each other. To
clarify, the maximum field of the slot line is between the metal strips; additionally, two
dielectric slabs on top of each other support a dominant mode which confines field in the
middle. Therefore, according to the proposed configuration, these two points are matched
with each other and realizes maximum coupling. Consequently, the silicon slab should be
tapered first, then the slot line, and finally the GaAs slab. Linear transition is utilized for
dielectric slabs while a circular transition is applied for the slot line.
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Metal strips

Figure 3.4: Primary source transition structure

3.3.2 Transition Length

Another consideration in the design is the length of the transition due to lossy source
substrate. A simple way to decrease the length of the transition is to make the structure
less sensitive to the length of the linear tapered part. Since the field is confined at the
middle of the slot line and over its surface, the silicon waveguide is a huge discontinuity
for incoming wave. To verify this fact, the field distribution at the lateral cross section
of the slot line is demonstrated in Fig. 3.5a. To resolve this problem, a gap is applied
between the two dielectric slabs to allow the THz energy comes between them without
encountering to a significant discontinuity. Referring to Fig. 3.5b which represents side
view of the structure, a step is made into the silicon waveguide to minimize the effect of
tapering length for silicon and reduce the total length of the transition substantially.

For the particular dimensions, the effect of the gap depth on the transition loss is simu-
lated and represented in Fig. 3.6. As expected by increasing the gap size, the transmission
loss decreases noticeably. However, as a result of confinement of the electromagnetic field
in a small region close to the surface, after some point, adding to the gap size has no effect
on the results and even can degrade the transmission coefficient.
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Figure 3.5: (a) Field distribution of the slot line at the cross section (b) Side view of the
structure to show the gap between the dielectric slabs
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Figure 3.6: Transmission coefficient variation by changing the gap size between GaAs slab
and DWG

3.4 Simulation Results

3.4.1 Optimization

Many parameters should be considered in optimization of the structure. Standard values
corresponding to the operating frequency are chosen for the thickness of the silicon waveg-
uide. Due to the some fabrication limitations, the GaAs slab should not be thicker than
100pm. The width of the silicon waveguide is design to support the dominant mode with
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acceptable propagation loss, and the GaAs width is close to the silicon width to improve
coupling. The taper length is very short for the silicon waveguide while GaAs structure
is tapered almost from the beginning of this slab to provide very smooth transition. The
slot width and its tapered part are design to result in the best performance. Finally, the
relative position of the GaAs structure and Si waveguide in longitudinal direction should
be adjusted.

Fig. 3.7 represents the final design and the parameters for optimization. The dimen-
sions for each frequency range are given in Table 5.1. The optimally designed structure has
a good performance for various range of frequencies. As will be mentioned in section 3.5.1,
due to some fabrication issues, a trapezoidal cross section is assumed for GaAs structure.

GaAs
tickness

silicon
thickness

silicon width

GaAs taper length

< >
Relative position
Metal —7 «—>
strips(Al) silicon taper length

Figure 3.7: The transition structure at three different views and related parameters for
optimization

3.4.2 Simulated Performance

The structure is simulated by HFSS and using parameters given in Table 5.1. The simu-
lated results for reflection coefficient and transmission coefficient are depicted in Fig. 3.8.
The transmission loss is better than 1dB over 25% bandwidth, and the reflection is better
than —20dB over the whole operating frequency range. The similar performance is ob-
tained for other frequency ranges based on the dimensions in Table 5.1.

To investigate contribution of various processes in transition loss, simulations are re-
peated by removing one of the loss mechanism at each time. Based on the simulation
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results, at the best point where transition loss is 0.6dB, 0.3dB comes from GaAs loss,
0.2d B originates form finite conductivity of the metallic structure and 0.1dB is because of
the transition itself. As expected, the high conductivity of GaAs has the main contribution
to the total transition loss. This shows that GaAs is not appropriate for wave guiding at

THz frequencies.

Table 3.1: Parameters value for rectangular profile at 100 GHz center frequency

Frequency range 285GHz-375GHz || 350GHz-450GHz || 390GHz-510GHz

GaAs thickness (um) 95 90 80
GaAs width (um) 460 380 330
GaAs taper length (um) 2000 1750 1560
silicon thickness (um) 100 100 100
silicon width (um) 450 330 310
silicon taper length (um) 280 150 130
slot (um) 90 100 70

gap size (um) 5 5 5
Relative position (um) 340 300 265

Transmission Coefficient (dB)

11 i i i i i i i i i
350 360 370 380 390 400 410 420 430 440 450
Frequency(GHz)

Figure 3.8: Transmition coefficient for THz source to dielectric waveguide transition

Moreover, the side view of the field distribution along the structure is represented in Fig.
3.9. At the beginning of the structure, most of the energy is concentrated over the surface

36



and inside the GaAs slab because of the slot line. After silicon tapered part, the field is
more confined in the middle of the structure while it is distributed almost symmetrically
in GaAs and silicon slabs due to the relatively similar permittivity of these two materials.
Since the GaAs slab and slot line are tapered together the field gradually moves to silicon
waveguide. Finally, the field is converted to the dominant mode of the waveguide at the
end of the GaAs slab.
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Figure 3.9: Field distribution over the longitudinal cross section

3.5 Fabrication

3.5.1 Process Steps

To facilitate measurement a back-to-back structure is fabricated. In the back-to-back con-
figuration, the input energy is coupled to the DWG, then goes to the GaAs through the
proposed transition and eventually comes back again to the dielectric waveguide. This
structure can be measured using a network analyser with metallic waveguide ports. A
linear tapered part is added to the ends of DWG as a transition to the metallic waveguide.
This kind of measurement shows the transition loss of the structure without contribution
of the optical process for generation of the THz signal. Additionally, to evaluate the per-
formance of the system in an optical setup, still this configuration (back-to-back) can be
utilized.

For this configuration, the source structure and silicon waveguide are fabricated sepa-
rately; and in the next step, the GaAs structure is placed over the waveguide in symmetric
manner. This alignment is feasible for lower frequency where the dimensions are large
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enough; however, this task can be performed at higher frequencies using a nano-positioner.

The process developed by our group in recent years is applied for the fabrication of the
silicon waveguide. Since the GaAs thickness is 100um, it should be bonded to a carrier
wafer; consequently, the 2”7 double-side polished GaAs wafers are temporarily bonded to
the polished side of 4” silicon substrate. The applied wax for bonding is a material with low
thermal resistivity. It is also very thin to minimize its thermal resistivity. In addition, the
melting point of the wax is more than 130°C" as the temperature might increase in various
process. Then, GaAs wafers are ground to a thickness of 140 + 10um and are polished to
mirror polish without grinding marks using Chemical Mechanical Polishing/Planarization
(CMP) tool. The final thickness is 100 & 10um which is accurate enough for the structure.

The next step is to fabricate source structure which is dielectric slab with a patterned
metal on top. To this end at least two masks are required one for GaAs structure and the
other for metallic part. The steps are shown in Fig. 3.10, and the description for each step
is as follows:

I
@) 6)
B el
(b) )

() (h)
* [ -(_)- [

|
o H 2 0B 1
(e) GaAs Al PR Thick PR

Figure 3.10: Fabrication steps for GaAs structures

(a) Cleaned GaAs wafer which is bonded to silicon wafer
(b) Doing multiple step Aluminum deposition by E-beam evaporation (1lum thickness)
(c¢) Coating with thin photo-resist (1.6pm thickness)

e Use Shipely 1811,Pour 5mL
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e Spread 10 seconds at 500RP M
e Spin 60 seconds at 2000RPM

e Soft baking by Use of the hotplate set to 115°C' for 90 seconds, Rehydrated for
15 minutes

(d) Lithography with the first mask (for metallic structure)

e The exposure time is 4.5 seconds (the lamp power is 25mw/cm?)

e developing the photo-resist using M F — 319 for 90 seconds.
(e) Patterning the Aluminum

e Aluminum wet etchant for 15 minutes at room temperature. (special type of the
etchant without nitric-acid should be used in order to prevent etching the GaAs)

(f) Coating with thick photo-resist (11um)

e Use AZP4620, pour 5mL
e Spread 10 seconds at 500RPM
e Spin 25 seconds at 2000RPM

e Soft baking by Use of the hotplate set to 115°C' for 90 seconds, Rehydrated for
30 minutes.

(g) Lithography with the second mask (for GaAs structure)

e The exposure time is 29 seconds (the lamp power is 25mw/cm?)

e developing the photo-resist using AZ400K for 120 seconds.
(h) GaAs dry etching

e Using Reactive lon Etching (RIE) to etch through wafer

(i) Stripping the photo-resist mask

Using RIE for etching the GaAs impose two limitations. First the cross section is
trapezoidal by 80° degree angle instead of rectangular. Secondly, as well as low etch rate,
the selectivity is 5—15 : 1 for the thick photo-resist in this process; as a result, the thickness
of the GaAs should be as low as possible. Based on the various attempts in laboratory,
the GaAs thickness should be less than 100um.
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3.5.2 Fabricated Devices

()

Figure 3.11: Fabricated structures: (a) Source structure (b) Dielectric waveguide part (c)
The whole transition

The fabricated structures are demonstrated in Fig. 3.11. The first structure shows
the GaAs part with the slot line. The next picture represent the back-to-back silicon
waveguide. Two tapered parts are added to the DWG to provide a transition to metallic
waveguide for testing. To improve the efficiency of this transition, no glass is used beneath
the tapered part of DWG. In the last picture, the whole structure from two different views
can be observed. Further alignment of the GaAs part over the silicon waveguide can be
done when the measurement is performed to maximize the transmitted power.
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Chapter 4

Active Device Integration

4.1 Introduction

Rapid progress in mm-wave and THz active device technologies has expanded the op-
portunity for low-cost compact integrated circuits and systems at mm-wave or even THz
frequency range [52]. Owing to the high atmospheric losses at high frequency, transmitted
or received signal should be amplified sufficiently; therefore, low-cost amplifiers should be
employed close to the antenna front end for extreme bandwidth wireless communication
at high frequency range [53]. Although on-chip circuits have been received considerable
attention, it is not an effective solution for high performance millimeter-wave and THz
circuits due to finite conductivity of the metallic structures and low resistivity of the chip
substrate which lead to considerable loss in on-chip circuits. Therefore, on-chip passive
circuits suffer from high insertion loss [51]. For instance, the measured efficiency of on-chip
antennas have been less than 10 to 20 percent so far while the efficiency of the off-chip
antennas at high frequencies have been enhanced enormously [55].

Hybrid integration can be considered as an alternative for mm-wave and THz circuits.
In fact, the passive circuits can be implemented using a low-loss structures with the inte-
grated active devices. In this chapter, a low-loss transition between an active device and
the SOG waveguide is proposed and investigated. Two sections are dedicated for mm-
wave and THz active devices, respectively. In fact, the different approaches for different
frequency bands is employed to achieve the best performance.
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4.2 Integration in MM-Wave Frequency Range

In this section, a low-loss transition between a mm-wave active device with planar metallic
integrated circuit and a new Si-on-Glass (SOG) rectangular dielectric waveguide is de-
signed. The detail of the SOG waveguide is explained in section 3.2.1. A well-known
technique for this type of transition is flip-chip bonding, where the chip is mounted on the
dielectric waveguide through flip-chip connection to a metallic circuit which is integrated
with the waveguide [56]. In this work, the on-chip CPW port is directly connected to a
CPW circuit attached to the dielectric waveguide using solder bumps which are deposited
on the chip pads. The CPW circuit on the dielectric waveguide includes a transition mech-
anism which converts the CPW mode to the dielectric waveguide mode. Therefore, the
transition from the CPW to the dielectric waveguide is an essential part in the integration
of the active device with the dielectric waveguide. To the best of the of author’s knowledge,
it is the first time such transition at mm-wave is reported.

4.2.1 Proposed Structure

As shown in Fig. 4.1, the CPW can support two types of modes; the symmetric and the
asymmetric ones. The symmetric mode, which is commonly used in the circuits, is the
dominant mode of the CPW. Additionally, the SOG structure supports the two types of
modes; however, for millimeter-wave frequencies where the power generation is costly and
loss is a significant concern, the asymmetric mode is more preferable due to its low losses
as explained in section 3.2.1. Since the preferable mode of the DWG is asymmetric, it
weakly couples with the symmetric (dominant) mode of the CPW.

e\

G@Um G@Um
substrate substrate

(a) (b)

Figure 4.1: Electric field at the cross section of the CPW line for the first two modes: (a)
dominant (symmetrical) mode (b) second (asymmetrical) mode

Therefore, the DWG to CPW transition should convert the symmetric mode into the
asymmetric one efficiently. The present section describes a conversion method based on the
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introduction of 180° phase shift between the two ground lines of the CPW. This phase shift
at the beginning of the transition leads to a complete mode conversion (from asymmetric
to symmetric) at the end of the transition. Based on this approach, the transition is con-
sidered as two separate parts: CPW to a slot line and the slot line to a dielectric waveguide.

Different structures have been proposed in literature for CPW to slot line transition.
At low frequencies, providing open circuit at one of the ground lines and using the other
line as the slot line is typical configuration in many designs [57, 58, 59], however these ap-
proaches are not applicable for higher frequency due to huge radiation loss. Since the field
distribution of the dominant mode of slot line is close to the second mode of CPW, some
efforts have been made to transfer the dominant mode to the second mode of CPW and
couple the energy to slot line. Some of these structures, which shows good performance at
higher frequencies, exploit a slow wave structure [60] or delay line [(1] to compensate 180°
phase difference of ground lines. The structures in these methods are more frequency de-
pendant and can decrease the operating bandwidth. Double stub transition [62] is applied
to convert the second mode of CPW to the symmetrical CPW mode by adding 180° phase
shift. Two small stubs are more preferable than one long stub and can result in a better
performance. Design of this transition in THz frequency is more challenging due to high
metallic losses; however, these losses can be reduced by increasing the gap size in CPW line.

The asymmetry of the slot line dominant mode is similar to the DWG mode, but the
maximum electric field in DWG mode is at the center of the waveguide while slot line
concentrate the electric field at the top of the waveguide; therefore, the radiation loss of
this part is due to the change in the confinement of the electric field from the top of the
waveguide in the slot to the center of the DWG. Circular tapering is employed for this part
to provide smooth and wavelength independent transition.

Apparently, direct connection of the two optimized structures (CPW to slot line and
slot line to DWG) will not result in a good performance owing to the impedance mismatch
of the slot lines and loading effect. To resolve this problem, a linear tapering part is added
to the structure to match smoothly the first and the last part, respectively. Linear tapering
is rather long although two other parts are realized in short length structures.
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4.2.2 Method of Verification

Verification of the proposed transition is challenging. Since the primary tests and measure-
ments are performed in passive mode without integration of the active devices, the most
important task is to guarantee the coupling of the energy to the transition and evaluation
of the transition itself. To this end, three different configurations are proposed for testing
and shown in Fig. 4.2.

In the first configuration, the measurement should be done using network analyzer.
A back-to back structure is designed in a way to start with the dielectric waveguide and
end at the dielectric waveguide. Two linear tapered parts are added at the ends as the
transition to metallic rectangular waveguide for the measurement. The results of this mea-
surement cannot prove the performance as one can claim that the energy is not coupled to
the transition and is guided only through the dielectric waveguide.

— — —
o =3 5
~ = ~—

Figure 4.2: Top view of three different configurations for the verification of the transition
(a) DWG back-to-back structure (b) CPW back-to-back structure (c) half structure

In the second configuration, the prober station should be employed for the measure-
ment. A back-to back structure is designed in a way to start with the CPW line and end at
the CPW line. No transition is required at the ends as the probes are connected directly
to the line. Although this configuration ensures coupling the energy to the CPW line,
one can claim that part of the received power comes from radiation. In fact those tapered
slot structure can act as an antenna and transmit the power from one end to the other end.



In the last configuration, the combination of the network analyzer and prober station
should be utilized to perform the measurement. To explain, a half structure is fabricated
and a linear tapered part is added to the dielectric waveguide end. This configuration
evaluates the real performance of the transition although the measurement would be more
challenging.

4.2.3 Simulation and Optimization

To optimize the structure, the first part and the last part are optimized independently.
The optimization parameters are represented in Fig. 4.3 which are source length, stubs
width, distance between stubs, stub length, CPW width, CPW gap for the first part of
the transition; and, slot width, radius of the circle for the last part of the transition. The
optimization is done by genetic algorithm of HFSS due to so many parameters involving
in the performance of the structure. The optimization goal is to minimize the insertion
loss. The optimized values for 60GHz are mentioned in Table 4.1. This frequency has been
chosen due to availability of the low-cost electronic devices although the structure can be
easily redesigned for other frequencies.

Width of the waveguide

Center of the
circle

—

Width of the
slot line

CPW width

Figure 4.3: Transition parameters for optimization

Fig. 4.4 shows scattering parameters for three different configurations. The simulation
results are obtained by HFSS at 60GHz. The slight variance in simulation results originates
from difference in the basic structures. For instance, the tapered part has some effect in
the first configuration, or the effects of the probe are included in the simulation for the
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Table 4.1: Parameters value for optimized transition from CPW to DWG at 60 GHz center
frequency

Frequency range 57GHz-63GHz
CPW width 88um
CPW gap 13um
Stub length 270um
Distance between stubs 65um
Stub width 68um
Source length 484um
Width of the waveguide 2mm
Center of the circle 1.6mm
Width of the slot line 362um

second configuration. The criterion for the bandwidth is reflection coefficient less than
—10dB; therefore the transition works over the 10% of the center frequency. Furthermore,
the minimal insertion loss is 1.7dB for the first two configurations and 0.9dB for the last
configuration.

4.2.4 Fabrication

The designed structures are fabricated through standard recipes. The picture of three dif-
ferent fabricated structures are represented in Fig. 4.5. The tapered part for the first and
the last structures are designed to couple the energy to rectangular waveguide for testing.

4.3 Integration in THz Frequency Range

The structure proposed in previous section is not appropriate for higher frequency although
it can result in a very good performance at the lower frequencies where the proposed method
in the current section cannot be applied. In fact, any kind of metallic connection such as
flip-chip technique should be avoided due to the huge loss. However, in THz frequencies,
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Figure 4.4: Scattering parameters for three different configurations: (a) Transition coeffi-
cient (b) Reflection coefficient

because of very short wavelength, the transition structures are quite small. Therefore, the
transition might be designed on the chip area to remove any metallic contact. To clarify,
the incident energy of the waveguide can be absorbed by the active device through an
on-chip antenna which acts as a coupling element. In addition to eliminating any metallic
structures on the waveguide, the fabrication of this part would be easier and will be per-
formed in fewer steps. This method cannot be applied at lower frequency as the chip area
is extremely expensive and cannot be consumed for large transition design.

4.3.1 Proposed Structure

The chip structure is modeled by two parts: the substrate which is low resistivity silicon,
and the top silicon dioxide layers used for metallic interconnect circuits and active device
metalization. In passive/active metallic circuit layers, up to 10 metal layers are possible
depending on the actual circuit design. In the proposed structure all of the metallic parts
are removed except one for the antenna.

In the proposed structure, a dipole antenna is designed on the chip to couple the power
from the chip to dielectric waveguide and vice versa. The dipole antenna is designed on
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Figure 4.5: Fabricated structures for three different configurations (a) DWG back-to-back
structure (b) CPW back-to-back structure (c) half structure

/

substrate

Figure 4.6: Proposed structure for active device integration at THz frequencies



coplanar line; as a consequence, a CPW to coplanar line transition is introduced to the
structure. The idea for this transition, similar to the previous section, is to deploy two
stubs to realize 180° phase shift. The direction of the dipole antenna is matched with the
polarization of DWG dominant mode.

The position of the dipole antenna is crucial for achieving the maximal coupling. To
this end, a section of the dielectric waveguide will be etched to create a recessed region,
where the faced-down chip will be placed. Herein, the dipole antenna is positioned in the
middle of the waveguide where the field is strong. The exploded view of the proposed
structure is presented in Fig. 4.6 where the chip is removed from its final position to show
the details of the transition.

4.3.2 Simulation Results

The structure is simulated using HF'SS. The substrate loss is included in the simulation as
it affects the performance of the transition significantly. The resistivity of the substrate is
quite low and is considered 50ohm.cm. The simulated generalized scattering matrix versus
frequency is represented in Fig. 4.7. The return loss is quite low over a wide range of
frequencies. The transition operates over 25% bandwidth. The insertion loss, mainly due
to the lossy substrate, is acceptable at this range of frequency. The performance can be
improved by 1dB if high-resistivity silicon is used for the chip substrate as some companies
have started to market this kind of high resistivity substrate chip.
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Chapter 5

Dielectric Antenna

5.1 Introduction

High data rate communication and sensing applications including High Definition Video
Streaming, wireless back-haul links and high resolution imaging and radar have caused
huge interest and numerous research and development efforts in millimetre-wave (mm-
Wave) device, antenna, and packaging technologies. However, wireless mm-Wave systems
are still quite complex and costly mainly because of the complexity of packaging and an-
tenna technologies. Significant parasitics as well as the increased power lost in both the
system components and the space propagation at this range of frequencies are among ma-
jor challenges which device/system developers in this range of frequencies are constantly
dealing with. High efficiency is a crucial design requirement for mm-Wave components and
packaging technologies.

The efficiency and the gain of the antenna are the key factors in mm-Wave front-end
performance. To achieve high gain and high radiation efficiency, a new low-loss grating
antenna concept is proposed here. In general, fully-dielectric travelling wave antennas
[63, 64] satisfy the aforementioned requirements. Unlike low frequencies, mm-Wave trav-
elling wave antennas are compact and hence are more desirable for practical applications.
In addition to their highly directive beam and efficient radiation, no complicated feeding
network is required for travelling wave antennas as opposed to the conventional antenna
arrays architecture.
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The frequency scanning based upon the variation of the main beam direction versus
frequency, is one of the interesting properties of grating antennas which have been widely
used in mm-Wave Radar and Imaging systems [05]. This idea provides a low cost and a
simple way for beam steering in the absence of any beam forming network.

Different approaches have been employed for realizing frequency scanning. Some new

designs for enhancing the efficiency of the printed leaky wave antennas[06] (a slow wave
structure modulated by periodic discontinuities) and frequency scanning [67] have been
proposed recently. Furthermore, new structures using engineered material with negative
permittivity and permeability have received attentions in the recent years[(%]. The electro-
magnetic properties provide some new features such as the broad side radiation. Finally,
some non-planar designs for frequency scanning have also been reported [69, 70]. However,

planar structures are essential for achieving integrated mmWave system for the emerging
high speed applications.

In the current chapter, two important considerations have been taken into account for
the antenna design. First, the antenna structure should have the minimal amount of losses
to achieve high efficiency. To this end, a fully dielectric structure should be considered.
Although, the radiation efficiency in some metallic structures is remarkably improved us-
ing dielectric resonator antennas, the fabrication complexity at higher frequency is still
a significant challenge in practical realization of such structures. [71]. Dielectric grating
structure has been introduced as a leaky wave antenna [72]. A top-grating fully-dielectric
antenna has been investigated recently [73]. The structures with various grating profiles
have been fabricated and verified. But in higher frequency, due to the fabrication costs and
difficulties, top grating antenna is not easy to realize and the grating profile is uncontrol-
lable. Therefore, the second consideration is to reduce the fabrication cost and complexity
of the antenna structure to make it practical for commercial systems.

Among the proposed technologies for the mmWave high efficiency antennas is the high
resistivity silicon based antenna systems [74], [75]. Silicon is the most popular material for
micro-machining and particularly the high resistivity substrates (un-doped) have offered
high performance in mmWave [70]. This chapter proposes a new all-Silicon one-dimensional
periodic leaky-wave antenna optimized for frequency scanning applications at mm-wave.

Next section provides details on the proposed structure along with its design strategy.
The performance optimization process is discussed afterward. The last section presents
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the measurement setup and the experimental results.

5.2 Proposed Structure

In the proposed antenna, shown in Fig. 5.1, radiation is realized through applying grating
on the sides of the structure. In higher frequency, due to the fabrication constraints,only
rectangular grating profile is feasible on top of the dielectric waveguide. Therefore, to
eliminate this limitation and apply benefits of the various grating profiles, side grating
structure can be considered as an alternative approach for dielectric grating antenna. Al-
though the proposed concept can be applied to a wide range of grating shapes, without
loss of generality, only rectangular and triangular grating profiles are investigated in this
chapter. The 3D view of the proposed rectangular grating antenna and the top view of
one unit cell are illustrated in Fig. 5.1.

Figure 5.1: 3D view of rectangular side grating antenna and the top view of one unit cell

The proposed structure consists of an image dielectric waveguide with corrugations on
its both sides. The whole structure lies on an infinite conductor sheet (ground plane). The
un-corrugated image waveguide is designed such that single-mode operation is achieved.
In this case, the dominant mode is T'M, to the y direction (referring to Fig. 5.1 ). The ta-
pered part, at the end of the antenna, radiates remaining power to the free space to prevent
reflected power which leads to creating another lobe in the reverse direction. Therefore, if
the antenna has a sufficiently long length, the end tapered section can be removed since
negligible amount of the power reaches the end of antenna.

Deep understanding of the radiation mechanism of the structure is crucial for the an-
tenna design and finding the initial values of the antenna dimensions for design optimiza-
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tion. Floquet’s mode expansion of electric field around the antenna is given by [63]:

n=oo

, 2
E(z,y,z) = Z ap (1, 2)e Pmy=omy 3 — By 4 % (5.1)

n=—oo

In Eq. 5.1, §, represents propagation constant of order n space harmonic and «, is
the leakage constant of the propagating mode number "n”. As a matter of fact that only
fast waves radiate, typically, radiation is due to the n = —1 space harmonic. However,
in some structure the zeroth order space harmonic can also be a fast wave [67]. It should
be mentioned that the antenna should be designed to suppress the radiation from n =
—2 space harmonic which leads to strong side lobes in radiation pattern.In addition, the
direction of the main beam of the nth space harmonic is given by:

6 = sin! () — gin-1 (P 207/

5.2
o e (5:2)

where kg is the wave number in free space. This equation is helpful in finding the initial
design values for antenna optimization. Frequency scanning is achieved by changing fre-
quency, which in turn varies the free space propagation constant and the beam direction
respectively.

In the proposed antenna, n = 0 space harmonic is a non radiating slow wave. The
dispersion diagram for the first mode over the operating bandwidth is obtained using two
different commercial softwares, HFSS and COMSOL, and represented in Fig. 5.3. As ex-
pected, the results are close to each other. One unit cell of the rectangular grating antenna
with optimized dimensions is simulated in eigenmode solver of the two aforementioned
softwares with periodic boundary condition over the end planes; therefore, Fig. 5.3 shows
dispersion diagram for an infinite structure.

If the radiation is due to the n = —1 space harmonic, the main beam direction can be
found from Eq. 5.2 when n = —1. To obtain the beam direction, the value of the 5; in Eq.
5.1 can be approximated by propagation constant of the image line without grating. The
image line propagation constant can be obtained using 2D mode analysis of COMSOL. The
field distribution at the cross section of the image line as well as the dispersion diagram is
demonstrated in Fig. 5.2.
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Figure 5.2: Normailized propagation constant of the image line. Inset shows the field
distribution at the cross section of the image line obtained by COMSOL.
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Figure 5.3: Normalized dispersion diagram of the periodic structure using COMSOL and
HFSS. Also, normalized leakage constant of the antenna

The beam directions obtained from the aforementioned approximate method, numeri-
cal analysis of the infinite periodic structure using HFSS and COMSOL, HFSS simulation
of the finite structure with the grating, and measured data respectively, are compared in
Fig. 5.4. It is to mention that the beam directions from approximate method and infinite
periodic structure are obtained by substituting Sy in Eq. 5.2 . The agreement between
these three plots related to infinite structure and the one resulted from full-wave simulation
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of the finite length structure confirms that first, the radiation comes from n = —1 space
harmonics, and secondly, the dispersion diagram of the image line can be used for initial
approximation of the main beam direction. Although good agreement between the infinite
and the finite structure simulation results can be observed, the small difference is owing to
the fact that the radiation of the reflected wave from the finite length antenna end to the
free space leads to a small change in the main beam direction.

Leakage constant should be determined in such a way that antenna radiates all the
power; therefore, longer antenna requires lower leakage constant and vice versa. To find
the leakage constant, antenna structure can be simulated with two ports. The normalized
leakage constant is found by approximating the decaying power along the antenna by an
exponential function. The normalized leakage constant obtained by this method presented
in Fig. 5.3. An interesting behaviour can be observed in the frequency range from 100GHz
to 102GHz where the normalized leakage constant is frequency independent.

20

= = = |mage line

e Infinite periodic struture (HFSS)

10 || ==@=== |nfinite periodic struture (COMSOL) |
Full wave simulation of finite structure

== Measured

theta(degree)

-50 i i i i i
94 96 98 100 102 104 106

Frequency(GHz)

Figure 5.4: Main beam angle vs frequency.

Since the structure is almost lossless, the leakage constant («) is directly related to
radiation efficiency. The radiation efficiency of the antenna is defined as the ratio of the
total radiated power through the grating structure to the input power. Therefore, the
radiation efficiency can be expressed as follows:

n=1—Sul® - ||Sal? (5.3)

Where 7 is the radiation efficiency; and, Sy, is obtained by two ports simulation of the
antenna. Although, high radiation efficiency can be realized in lossless antennas but this
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parameter also depends on the aperture efficiency of the antenna. High leakage constant
leads to very poor aperture efficiency. In the proposed antenna the radiation efficiency is
higher than 90% over the entire bandwidth.

5.3 Design Optimization

The optimization variables for proposed rectangular grating antenna are the period of the
grating, axial ratio, image line width, and grating depth, which are denoted by p, a(t/p), w
and d respectively (see Fig. 5.1). To achieve the maximal leakage constant, axial ratio
should be close to 0.5 [73, 77]. The upper limit for the period of the structure can be
obtained based on the fact that single beam scanning over the entire range is desirable.
Therefore, the radiation should only arise from the n = —1 space harmonics while other
harmonics (especially n = —2) remain non-radiating slow waves. To satisfy this condition,
[_o should be less than ky. In addition, the initial value of the period of the structure is
determined roughly by direction of the main beam at central frequency using the dispersion
diagram of the image line and Eq. 5.2.

The grating length should be chosen to provide a uniform power leakage along the
antenna. FEfficient use of antenna aperture is the main key to achieve a high gain an-
tenna. Grating length should be as large as possible to increase the antenna aperture and
consequently antenna gain. However, too long grating length leads to a huge discontinu-
ities, non-uniform power radiation and lower aperture efficiency. For finding the optimum
length, parametric simulation on this variable can be performed.

Furthermore, the thickness of the silicon waveguide typically is given. It is assumed
0.4mm in this structure. The width of the silicon should be close to the thickness to
support more efficiently the dominant TM mode. In table 5.1, the designed and optimized
values are compared.

Table 5.1: Parameters value for the grating profile

Antenna Parameters | p a w d
Designed (mm) 1.14 | 05 [ 04| -
optimized (mm) 1.10 | 0.55 | 0.5 | 1.30
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Figure 5.5: Single print through wafer silicon etching process for the antenna fabrication.

5.4 Fabrication

A Single-Mask process is used for the fabrication. Standard steps and recipes are used to
achieve both low cost and reproducibility. Our substrate wafer is high resistivity silicon [1
0 0] with a relative permittivity (e,) of 11.9, a resistivity (p) of 3.2KQem, with a thickness
of 400um =+ 10um.

The process steps can be summarized as shown in Fig. 5.5. In this figure, the cross
section of the structure is shown. Simply, we (a) clean our high resistivity silicon wafer
in piranha solution before we (b) sputter 0.5um of Aluminum at each side of the silicon
substrate. Then, we (c¢) coat it with thin photo resist (Shipely 1811 with a thickness of
~ 1.3um) on one side of the Aluminum before performing (d) optical lithography with
the 5 inch mask. The Aluminum is then (e) patterned using wet etching process. The
back side Aluminum is protected with tape. After that, (f) Deep reactive-ion-etching
(DRIE)[78](Standard Bosch process) is done for the thickness ¢ (a carrier wafer is used
during the through wafer etching). DRIE gives right angle profile for through wafer etch-
ing. Then we (g) strip the Aluminum mask with wet etching and do dicing to extract the
antenna. The fabricated antenna along with the test fixture are shown in Fig. 5.6.
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Figure 5.6: Picture of the rectangular side grating antenna mounted on the test fixture

5.5 Results

The corrugations in the proposed structure can be implemented in any two dimensional
profiles. In this section, the performance of the triangular profile is compared with rect-
angular profile. The top view of two different profiles are shown in Fig. 5.7. Some specific
behaviours are expected for each type of profiles.

Similar procedure can be followed for triangular grating to find the initial values for antenna
optimization. The axial ratio is one to exploit the whole part of unit cell for radiation.
Whereas, the radiation in rectangular grating antenna is due to the discontinuities in the
unit cells, the whole part of unit cell is radiating in triangular grating antenna. This unique
feature of triangular grating brings some remarkable advantages for this kind of profile.
To asses with the advantage of the proposed side grating concept, we will present the
results in a comparison fashion.

(a) (b)

Figure 5.7: Top view of side grating antenna with two different profiles: (a) rectangular
and (b) triangular
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5.5.1 Bandwidth and Gain

The triangular profile can be considered as an extension of the rectangular profile, a set
of rectangular part with different grating lengths which are placed on side of each other.
Therefore, the antenna with triangular profile should result in a wider bandwidth since
the operating frequency of the antenna depends on the grating length. To define the
bandwidth of the antenna, reflection coefficient and maximal gain of the antenna is taken
into account. The antenna gain is represented in Fig. 5.8 for both rectangular and tri-
angular profile. Additionally, comparison of the simulated and measured return loss is
demonstrated in Fig. 5.9 and Fig. 5.10 for both types of grating. Good agreement is
obtained between simulated and measured results. Our figure of merit for definition of the
bandwidth is reflection coefficient less than —10dB and 1.5dB variation in maximal gain.
Hence, the operating frequency range for rectangular grating antenna is from 97GHz to

104GHz (= 7%); whereas, triangular grating antenna works over wide frequency band,
from 84GH~z to 102GH z (=~ 19%)

Moreover, based on the results obtained by HFSS the maximal gain for rectangular
and triangular grating are close to 17dB. This value is obtained for a particular antenna
length (15mm & 5)¢), however, antenna gain can be enhanced by increasing the antenna
length and reducing the leakage constant.

Maximum gain(dB)

= Rectangular side-grating
= = = Triangular side-grating
n I i

i i
80 85 90 95 100 105 110
Frequency(GHz)

Figure 5.8: Maximum gain of rectangular and triangular profiles
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Figure 5.9: Return loss over the w-band frequency range for rectangular side-grating

Reflection Coefficient(dB)

=50 m— Simulation |
= = = Measured

_55 i i i i h n

75 80 85 90 95 100 105 110

Frequency(GHz)

Figure 5.10: Return loss over the w-band frequency range for triangular side-grating

5.5.2 Broadside Radiation

One major issue in dielectric grating antennas is the broad side radiation when fyd is equal
to 2m. To explain, as the beam goes toward the broadside, the attenuation constant and
the gain of antenna degrades, and the main part of the power reflects back to the source. In
fact, at the open stop-band point, the reflected powers from unit cells add constructively.
The same situation happens when [Syd = 7, but the fast wave doesn’t exist in that region
to radiate. For the planar periodic antenna, open stop-band effect is mitigated in some
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novel designs by increasing the radiating elements in the unit cells [79] or using a composite
right /lefthanded (CRLH) structures [30].

To investigate open stop-band effect in the proposed structures, the maximal gain of
antenna, as a good indication of this phenomena, has been considered. Referring to Fig.
5.8, the gain of antenna drops dramatically at the particular frequency corresponding to
the broad side radiation. However, to achieve broadside radiation, open stop-band effect is
reduced enormously in the triangular grating. As the beam direction becomes closer to the
broadside the gain of antenna drops by around 1dB at 96GHz which is acceptable based
on our criteria for the bandwidth.

The measured main beam direction is compared with simulated results in Fig. 5.4 and
Fig. 5.11 for rectangular and triangular grating, respectively. 20 degree and 35 degree
frequency scanning are observed with a good agreement with simulated results for rectan-
gular and triangular profile, respectively .

20

= = = Simulated
=—f— Measured

o

theta(degree)
5

—20}

i i i i i i i i
84 86 88 90 92 94 96 98 100 102
Frequency(GHz)

Figure 5.11: Comparison of the simulated and the measured frequency scanning for trian-
gular side-grating antenna

5.5.3 Radiation Pattern

The far-field of the antenna is calculated using measured near-field. Some parameters such
as scan window and distance from probe to the antenna are critical in the near-field mea-
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Figure 5.12: Comparison of the simulated and measured radiation pattern for rectangular
side-grating antenna: (a) E-plane (b) H-plane
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Figure 5.13: Comparison of the simulated and measured radiation pattern for triangular
side-grating antenna: (a) E-plane (b) H-plane

surement. For instance, the scan window size should be large enough to have very weak
field at the edges of the window. In addition, the probe should be as close as possible to
enhance the signal to noise ratio(SNR) while introducing the minimum near field interac-

63



tion with antenna.

The antenna far field has linear polarization in theta direction (referring to Fig. 5.1);
therefore, yz plane is the principal E-plane. The E-plane and H-plane radiation pattern at
98G H z is represented in Fig. 5.12 and Fig. 5.13 for rectangular and triangular grating,
respectively. Since the antenna is along y direction the beam width is narrower in E-plane.
Furthermore, the side lob level is improved in triangular grating.
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Chapter 6

Summery and Future Research

6.1 Summery

In the research reported here, different components and integration technologies for real-
izing a compact, robust and low cost THz system were investigated and novel structure
were proposed. In the second chapter the feasibility of developing all-fiber system for op-
tical beam delivery was presented. The theory of the pulse propagation through the fiber
was reviewed and numerical result showed how nonlinearity affects the optical pulse. THz
measurements were conducted to verify the performance of the developed system.

Coupling of the generated THz signal in the photomixer structure to the dielectric
waveguide through a novel transition with low insertion loss was presented in chapter 3.
The simulation results demonstrated insertion loss as low as 1dB over 25% bandwidth up
to 660GHz. The challenges in fabrication process were described and fabricated structures
were represented. This transition can be applied in many application such as communica-
tion and imaging to provide a low cost, tunable and integrated THz source.

Chapter 4 focused on the integration of the active devices such as mm-wave and THz
amplifiers to the dielectric waveguide. Rapid progress in electronics devices and demand
for enhancing the power budget of THz systems are main motivation for developing this
transition. Novel transitions were proposed for mm-wave and THz frequency with very
low insertion loss. The transitions were fabricated for 60GHz through a standard process.
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Finally, chapter 5 proposed a new high efficiency side-grating antenna for frequency
scanning applications. This type of grating simplified the fabrication process and intro-
duced flexibility in the grating profile. Various profiles were investigated for the grating
structure. The proposed antenna achieved an efficiency of 90% and a gain of 18dB. The
measurements showed a good agreement with the simulation results. A simple and low
cost fabrication process for the proposed antenna was also presented.

6.2 Future Research

It should be noted that the presented structures and configurations for realizing a THz
system are just for proof of concept and many other issues are required to be addressed.
Consequently, the main line of research in the future can be to combine different structures
and analyze system level integration issues in a more comprehensive manner. Furthermore,
each section individually should be completed and improved. The future works can be clas-
sified as follows:

e The fiber coupled THz measurement should be performed using better materials and
antenna structure to reach to the better bandwidth at 1.55um pumping wavelength.

e To verify the simulation results, an appropriate measurement setup should be design
for the source integration structure to perform optical measurement as well as using
network analyzer.

e A technique for characterization of the high frequency structure for active device
integration should be devised.

e Other alternative approaches for dielectric antenna structure should be studied, de-
signed, fabricated and measured as a comparison to the side-grating antenna.

e The proposed component technologies should be optimized and combined for devel-
opment of a particular complete system such as a sub-mmW /THz imager or sensor.
System level measurement should be performed to verify the performance of the
whole system.
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