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ABSTRACT

Terahertz System-on-Chip (TSoC) technology has emerged as a compact and in-
tegrated alternative to conventional free-space Terahertz (THz) systems, addressing
critical challenges such as signal propagation losses, pulse distortion, high implemen-
tation costs, and system integration complexities. Despite these advancements, a
gap remains in fully exploiting the potential of TSoC platforms for the design and
optimization of integrated THz filters.

This work presents the design, simulation, and experimental validation of multiple
integrated THz filters within the TSoC framework. Leveraging impedance-engineered
Coplanar Strip (CPS) transmission lines, these filters achieve precise frequency se-
lectivity, enabling controlled signal transmission and rejection at THz frequencies.
Specifically, the investigated designs include: (i) a band-stop THz Apodized Bragg
Grating (TABG), (ii) a planar multimodal periodic filter at THz frequencies, and
(iii) low-pass planar all-pole network filters based on stepped-impedance Bessel de-
signs of orders 3, 4, and 5. The fabricated filters were experimentally validated using
Terahertz Time-Domain Spectroscopy (THz-TDS), demonstrating strong agreement
between simulated results obtained using commercial software (ANSYS HFSS) and
measured data, thereby confirming the effectiveness of the proposed designs.

To further automate the design process of THz filters—particularly in scenarios
where conventional methods are impractical or insufficient—this study introduces
an inverse-design methodology based on a natural selection optimization technique.
Leveraging the Genetic Algorithm (GA), the proposed approach systematically and
efficiently explores the design space to achieve optimal filter characteristics. The flexi-
bility of this framework enables accommodation of diverse design objectives, including
varying center frequencies, rejection depths, and impedance matching requirements,
making it a promising tool for next-generation TSoC components. This approach
not only streamlines the filter design process but also establishes a foundation for the
automated synthesis of other THz components, such as couplers, multiplexers, and
power dividers.

The experimental results presented in this work confirm the practical feasibility of
planar filters for real-world applications. By offering valuable insights into the rapidly
advancing TSoC framework, this dissertation establishes a solid foundation for the
continued exploration of compact planar filters using both classical and modern design

methodologies. Future research can build upon these contributions by bridging the



v

gap between academic developments and industrial applications, and by extending
the methodologies to a broader class of components, with the aim of further enhancing

the performance and versatility of integrated THz technologies.
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Chapter 1
Introduction

This dissertation presents the design, simulation, and experimental validation of ter-
ahertz (THz) filters integrated into a THz system-on-chip (TSoC) platform. The
proposed filters utilize impedance engineered Coplanar Striplines (CPSs) to achieve
frequency selectivity. The investigated designs include a band-stop THz apodized
Bragg grating (TABG), a multimodal periodic band-stop filter, and low-pass planar
network filters based on stepped-impedance Bessel designs. The experimental results
were obtained using a modified THz time-domain spectrometer (THz-TDS) which
was found to exhibit alignment with the simulation data, supporting the viability of
these structures for on-chip THz spectral control.

To advance beyond the constraints of traditional design methodologies, this dis-
sertation introduces an inverse-design framework that incorporates computational
optimization techniques to enhance THz filter performance. This methodology en-
ables automated refinement of structural geometries and impedance profiles to meet
specific frequency-dependent S-parameter requirements. By integrating these strate-
gies, the design process becomes more adaptable to compact, high-performance filter
implementations. The ongoing and future work will aim to generalize this framework
for a wider class of THz components and further its integration within next-generation
TSoC systems.

This chapter outlines the motivation behind this research, emphasizing the need
for compact, low-loss, and high-performance THz filters within the TSoC platform.
In addition, it presents the major and minor contributions of this work and clarifies

the role of each collaborator in achieving the reported results.



1.1 Motivation

The growing demand for compact, efficient, and high-performance THz systems has
driven significant advances in recent years. However, conventional THz waveguides
and free space systems exhibit detriments such as high radiation losses, pulse distor-
tion, and complex fabrication requirements that continue to hinder their adoption in
practical applications. Among the key components of the THz systems, filters play
an essential role in defining the performance of the system by selectively transmitting
desired frequency bands while suppressing unwanted signals. However, the design of
low-loss, low-dispersion on-chip THz filters remains a challenging problem.

Recently, an innovation in TSoC technology has demonstrated the potential of
low-loss and low-dispersion THz integrated circuits utilizing a thin silicon nitride
membrane platform [7]. This approach integrates thin-film photoconductive devices
directly with CPS transmission lines, enabling efficient generation and detection of
THz pulses with minimal distortion and reduced radiation losses, achieving perfor-
mance beyond 2 THz.

Despite recent advances, the design and characterization of high-performance fil-
ters tailored for the T'SoC platform remain a critical yet largely unexplored research
challenge. Accurate engineering of these filters is essential for optimizing signal in-
tegrity, minimizing insertion loss, and improving overall system performance in the
THz regime. As a result, this area offers significant opportunities for scientific discov-
ery and technological innovation, paving the way for next-generation THz integrated
circuits with enhanced efficiency and functionality.

This dissertation is dedicated to the design, fabrication, and characterization of
THz filters, leveraging the capabilities of the thin silicon nitride membrane-based
TSoC platform. By applying principles of electromagnetics, wave propagation, and
circuit theory, this research addresses key challenges in achieving frequency selectivity,
low insertion loss, and compact, scalable THz filter designs.

Four distinct planar filter designs are presented, each optimized for compactness
and high performance within the 0-2 THz range. The first two are band-stop config-
urations that are constructed from periodic unit cells to achieve sharp and tunable
spectral rejection at targeted frequencies. The third design explores planar Low-
Pass Filter (LPF)s based on Bessel responses of varying orders, selected for their
maximally flat group delay and minimal phase distortion. Lastly, an inverse design

approach is employed to systematically investigate a wide range of potential config-



urations, resulting in compact and performance-optimized filter structures. These
design refinements are carefully tailored to meet the stringent performance require-
ments of TSoC applications, contributing to innovative and practical advances in this
rapidly evolving field.

The findings of this research lay the foundation for the development of advanced
THz planar filters, enabling a wide range of applications such as THz spectroscopy,
high-resolution imaging, precision inspection, and next-generation communication

systems.

1.2 Organization of the Dissertation

This dissertation follows a paper-based format and comprises six research articles.
Four of these papers reflect the primary contributions of the author and collaborators,
while the remaining two are included as minor contributions. Subsequent sections
summarize each contribution and specify the author’s role in each project.

To provide context for these contributions, the dissertation is organized into a
series of chapters that frame the research within its technical, methodological, and
conceptual foundations. Chapter 2 reviews the technical background essential for
understanding the TSoC platform and the principles of THz filter design. Chapter
3 details the methodologies employed in this work, including the measurement setup
and fabrication process. Chapter 4 presents the primary research contributions in
a condensed format and discusses their significance. Chapter 5 summarizes the key
findings, compares their outcomes, reflects on their implications, and proposes direc-
tions for future research. The appendix contains copies of all published or submitted
manuscripts in their original publisher formats. This structure is intended to guide

the reader through a coherent and insightful exploration of the research.

1.3 Major Contributions

The following subsections provide a brief overview of the author’s contributions, with

a more detailed discussion presented in Chapter 4.



1.3.1 Demonstration of an Integrated Terahertz Band-Stop
Filter Using an Apodized Bragg Grating [1]

Figure 1.1: Microscopic image of the TABG filter

This paper presents the implementation and experimental validation of an on-chip
integrated TABG designed as a band-stop filter. The proposed TABG exhibits a
center frequency of 0.8 THz with a stop-band width of 200 GHz. To evaluate its
performance, the TABG is integrated into a TSoC platform, facilitating wideband
characterization across the DC-1.5 THz frequency range. Experimental measure-
ments of signal transmission through the TABG demonstrate strong agreement with
theoretical predictions and simulation results, achieving a rejection of approximately
20 dB within the stop-band (Fig. 1.1).

Contributions: I was responsible for the simulation, fabrication, and testing of
the TABG, as well as the preparation of the manuscript. W. Gomaa designed the
initial structure. M. Haghighat assisted with the fabrication of the PCS. T. Darcie
contributed to the manuscript and provided valuable guidance throughout the project.
L. Smith supervised all aspects of the work, including PCS fabrication, structural

design, device testing, and manuscript writing.



1.3.2 Demonstration of a Planar Multimodal Periodic Filter

at THz Frequencies [2]

Figure 1.2: Microscopic image of the THz band-stop periodic filter

This paper presents a proof-of-concept THz band-stop periodic filter composed of
alternating sections of CPS and the odd mode of a finite-ground-plane Coplanar
Waveguide (CPW). The theoretical framework and design methodology for devel-
oping the filter are outlined. The fabricated filter exhibits a center frequency of
fe = 0.8 THz with a bandwidth of Af = 0.07 THz. Experimental results demon-
strate strong agreement with theoretical predictions and simulations, validating the
proposed design approach (Fig. 1.2).

Contributions: I designed the structure, performed the simulations, and con-
ducted the testing of the THz band-stop filter. M. Haghighat assisted with the fabri-
cation of the PCS, while T. Darcie contributed to manuscript preparation. L. Smith
guided the project, including idea development, PCS fabrication, filter design, exper-

imental validation, and manuscript writing.



1.3.3 Demonstration of a Terahertz Integrated Planar Net-
work Synthesis Filter [3]

Figure 1.3: Microscopic image of the Bessel filters (N = 3,4, 5)

At THz frequencies, few experimental studies demonstrate the use of all-pole net-
work synthesis filters in planar waveguides. In this work, we fabricate three inte-
grated planar LPF's for THz applications, all designed with the same cut-off frequency
(fe = 0.8 THz) but with different filter orders (N = 3,4,5). Experimental results
show increasing roll-off rates with higher filter orders and minimal pulse distortion,
consistent with theoretical expectations (Fig. 1.3).

Contributions: I was responsible for the design, simulation, and testing of the
integrated THz planar network synthesis filters. M. Haghighat contributed to the fab-
rication of the PCS, while T. Darcie assisted with manuscript preparation. L. Smith
supervised the project, including PCS fabrication, filter design, experimental valida-

tion, and manuscript writing.



1.3.4 Genetic Algorithm-Based Inverse Design of Guided Wave
Planar Terahertz Filters [4]
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Figure 1.4: Illustration of THz non-intuitive filter structures generated through the
GA-based optimization approach.

This manuscript presents a genetic algorithm (GA)-based inverse design framework
for synthesizing high-performance planar THz filters integrated with CPS transmis-
sion lines. The method efficiently explores high-dimensional design spaces to generate
filter geometries that match user-defined S-parameter magnitude and phase responses,
while enforcing structural connectivity for compatibility with TSoC platforms. To
accelerate the optimization process, filter performance is evaluated using the ABCD
matrix method, offering a significant computational advantage over full-wave simu-
lations. Final validation is performed through Finite Element Method (FEM) simu-
lations. As a proof of concept, band-stop filters are designed with center frequencies
of 0.6, 0.8, and 1.0 THz, each targeting a 150 GHz bandwidth, demonstrating tun-
able rejection depths within a fixed physical footprint. Optimization is guided by
minimizing the root-mean-square error (RMSE) between the simulated and target
S-parameters.

Contributions: I developed the main idea, implemented the GA, and performed
the coding and simulations. T. Darcie assisted with manuscript preparation. L. Smith

supervised the project, provided feedback, and contributed to the writing.



1.4 Minor Contributions

1.4.1 Demonstration of Terahertz Spoof Surface Plasmon Po-
lariton Waveguides Using Coplanar Striplines with In-

ternal Corrugations [5]

Figure 1.5: Microscopic image of the THz spoof surface plasmon polariton waveguide

This paper presents the design and experimental verification of a THz spoof surface
plasmon polariton (SSPP) waveguide based on a CPS with internal corrugations (Fig.
1.5), compared to an external corrugation configuration. Internal corrugations are
chosen to enhance mode conversion efficiency and reduce insertion loss. Simulations
predict this effect, which is experimentally validated by exciting the SSPP mode for
two corrugation depths (55 um and 65 pm). The observed SSPP band-edge frequency
shift from 0.89 THz to 0.72 THz aligns with simulation results.

Contributions: I contributed to the fabrication of the PCS and assisted with

the testing and measurement processes.

1.4.2 Terahertz band-stop Filter Using Varying Radii Split-
Ring Resonators [6]

Figure 1.6: Microscopic image of the THz band-stop filter based on split-ring res-
onator



This paper presents a proof-of-concept THz band-stop filter based on split-ring res-
onator (SRR). The design consists of nine SRRs arranged into three groups with radii
of 13 um, 14 pm, and 15 pm, positioned between the conductors of a CPS (Fig. 1.6).
Each SRR group produces a notch filter at a distinct center frequency, collectively
forming a band-stop filter with a center frequency of 1.09 THz and a 3 dB band-
width of 0.36 THz. The transmission response is experimentally measured using a
modified THz time-domain spectrometer, showing strong agreement with theoretical
and simulation results. This study highlights the potential of varying-radius SRRs as
sub-wavelength filter elements for THz applications.

Contributions: My role involved the fabrication of PCS and participating in the

testing and measurement of the filter’s performance.
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Chapter 2

Review and Theoretical

Background

2.1 Terahertz Gap

The THz gap, spanning frequencies from 100 GHz to 10 THz, represents a unique
region in the electromagnetic spectrum, bridging electronics and photonics (Fig. 2.1).
During the past few decades, significant research efforts have been directed toward
harnessing the unique properties of electromagnetic waves at THz frequencies for
various applications where their unique characteristics, such as their ability to pene-
trate optically opaque materials, sensitivity to molecular interactions, and large band-
widths, make them highly valuable in multiple scientific and technological disciplines.
However, despite their promising advantages, the widespread adoption of THz tech-
nology remains limited due to fundamental challenges in efficient generation, detec-
tion, and system integration [8].

One of the most promising applications of THz waves is in high-speed wireless
communication. The availability of a broad frequency spectrum in the THz range
enables ultrafast data transmission rates, exceeding those achievable with conven-
tional microwave frequencies. As a result, THz waves are considered a key enabler for
next-generation wireless communication systems, including 6G networks, high capac-
ity backhaul links, and short-range ultra wideband communication. Several studies
have investigated the feasibility of THz-based communication networks, with Kleine
et al. [10] providing a comprehensive review of THz communication technologies,

Chen et al. [11] exploring the prospects of THz-based wireless systems, and Tekbiyik
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Figure 2.1: Electromagnetic wave spectrum and THz band (reprinted with permission
from [9]) (© 2009 Yun-Shik Lee.

et al. [12] analyzing the potential of THz frequencies in achieving terabit-per-second
data transmission.

Beyond telecommunications, low-energy THz waves (4.14 meV at 1 THz) possess
unique penetration properties, making them valuable for noninvasive imaging and
security screening. Unlike X-rays, THz radiation is non-ionizing, offering a safer
alternative for biomedical diagnostics, material inspection, and personnel screening.
Its ability to penetrate nonmetallic materials, such as clothing, plastics, ceramics,
and dry biological tissues, has been widely explored for imaging applications. Several
studies have investigated these capabilities. Jepsen et al. [13] examined the use of
THz radiation for noninvasive imaging, while Peiponen et al. [14] discussed its role
in material characterization. Yang et al. [15] highlighted its potential in biomedical
applications. In addition, Afsah et al. [16] provided a comprehensive review of THz-

based screening methods, and Lee et al. [9] outlined the principles of THz imaging
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for personnel security. The short wavelengths of THz radiation also enable high-
resolution imaging, making it particularly suitable for biological imaging and fine
structural analysis [17].

Additionally, THz waves play a critical role in spectroscopy and material charac-
terization. Many materials exhibit distinct absorption features in the THz frequency
range, enabling precise identification of chemical compounds, pharmaceuticals, and
hazardous substances. This property has made THz spectroscopy an essential tool in
advanced sensing applications, particularly in pharmaceutical quality control, gas de-
tection, and non-destructive material testing. Research in this area has demonstrated
the effectiveness of THz spectroscopy across various domains: Danciu et al. [18] and
Tewari et al. [19] explored its applications in chemical analysis, while Guo et al. [20]
investigated its potential for detecting molecular structures. Additionally, Smye et
al. [21] analyzed the interaction of THz radiation with molecular vibrations, further

emphasizing its importance for material characterization.

2.2 THz Generation and Detection

The generation and detection of THz waves are critical to unlocking their full poten-
tial in the previously mentioned applications. THz wave generation requires the effi-
cient conversion of energy into the desired frequency range, while detection involves
the capture and analysis of signals with high sensitivity. However, both processes
are hindered by material constraints, efficiency limitations, and the need for precise
electronic or photonic circuit control to minimize losses and optimize performance.

The development of femtosecond lasers has played a crucial role in advancing
THz wave generation and detection, enabling compact, high-power, and broadband
THz sources. Research in this area has shown promising results, particularly in
semiconductor-based THz emitters driven by ultra-fast laser pulses. Lee et al. [22,
23] showcased efficient THz generation using photoconductive and nonlinear optical
mechanisms, while Ducournau et al. [24] explored silicon-based THz sources leveraging
femtosecond laser excitation for integrated photonic systems. Tonouchi et al. [25]
pioneered laser-driven THz generation techniques, laying the foundation for modern
ultrafast THz photonics. Furthermore, Mathanker et al. [26] enhanced femtosecond
laser-based THz detection, improving system sensitivity and spectral resolution.

To provide a comprehensive overview of widely adopted techniques, Table 2.1

summarizes key THz generation and detection methods along with their operating



13

principles, advantages, limitations, and frequency ranges. These methods represent

the foundation of current THz system design and serve as a comparative basis for

selecting application-specific platforms.

Table 2.1: Summary of common THz generation and detection techniques with key
advantages and limitations

K Frequency
e
Technique Principle Y Limitations Range Ref.
Advantages
(THz)
THz Generation
. o . Low conversion
. Nonlinear polarization induced Broadband, X .
Optical . efficiency; requires
X . by femtosecond laser pulses in ultrafast, . 0.1-3 [27]
Rectification . intense laser
electro-optic crystals. coherent
sources
Difference Mixing of two optical waves in . .
; Tunable, Requires  precise
Frequency a nonlinear crystal produces ra- K
. L ; . narrow-band, | phase matching 0.5-6 [28]
Generation diation at their frequency differ-
coherent and dual lasers
(DFG) ence.
. . . Limited power
. Transient photocurrent in a bi- Broadband,
Photoconductive . X output; substrate
L ased semiconductor excited by compact, . . 0.1-4 [29,30]
Switching . heating at high
femtosecond pulses emits THz. scalable o
repetition rates
L . . . Typically requires
Quantum Emission via engineered inter- Coherent, . .
o, . . cryogenic cooling;
Cascade Lasers | subband transitions in semicon- tunable, 1.2-5 [31,32]
narrow-band oper-
(QCLs) ductor heterostructures. compact .
ation
THz Detection
Conductivity modulation of a Fast Requires opti-
as
Photoconductive | photoconductive antenna by in- 7 cal gating; low
) . g sensitive, . 0.1-5 [33]
Detection cident THz pulses enables time- . responsivity at
. . time-resolved K .
domain sampling. higher frequencies
Absorption of THz energy Hich Slow response
i
induces a measurable thermal g K time;  often re-
Bolometers . sensitivity, . . 0.1-30 [34]
change in a temperature- quires  cryogenic
. broadband X
sensitive element. cooling
Mixing of the THz signal with a . Requires stable
. . . High spectral
Heterodyne local oscillator in a nonlinear el- . LO source; narrow
) ) resolution, . 0.1-10 [35]
Detection ement generates an RF beat sig- detection  band-
coherent K
nal. width
Field-Effect Incident THz field modulates CMOS- Limited sensi-
Transistors transport characteristics of high- compatible, tivity; typically 0.1-3 [36]
(FETSs) mobility transistors. scalable narrow-band

Among available methods, Photoconductive Switching offers distinct advantages

for both THz wave generation and detection. Its sub-picosecond response time enables
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precise time-domain measurements, making it well-suited for ultrafast spectroscopy
and high-speed imaging. PCS devices also support broadband operation across ap-
proximately 0.1-4 THz, facilitating applications in molecular spectroscopy, material
characterization, and high-data-rate communication.

In addition to their broadband capabilities, PCS devices exhibit high optical-to-
THz conversion efficiency, enabling robust signal generation with minimal losses—
critical for accurate measurements and enhanced sensitivity. Their compact, inte-
grable form factor further supports seamless integration with other THz components,
promoting the development of portable and scalable systems. Due to their perfor-
mance, cost-effectiveness, and reliability, PCS devices were selected as the primary
platform for THz generation and detection in this study. All simulations, measure-
ments, and system evaluations presented herein are based on this method and oper-

ating frequency range.

2.2.1 Photoconductive Switch

Figure 2.2 illustrates the structure of a PCS, which consists of a photoconductive
substrate integrated with a patterned metal dipole antenna. A laser beam is focused
onto the gap between the dipole arms, where the substrate absorbs the optical energy
and generates electron-hole pairs. A DC bias voltage applied across the dipole creates
an electric field that accelerates the photogenerated carriers, resulting in a transient
photocurrent. This current couples to the antenna structure and induces the emis-
sion of THz radiation [9,37,38]. Depending on the operational mode, a PCS can
function either in continuous-wave mode via photomixing or in pulsed mode through
photoconductive switching.

In photoconductive switching, a biased photoconductive substrate is excited by
an ultrashort femtosecond laser pulse, resulting in the generation of THz radiation.
Unlike photomixing, which relies on the optical beating of two Continuous-Wave
(CW) lasers, photoconductive switching employs high-peak-power optical pulses to
induce carrier excitation. When a bias voltage is applied, the photoexcited carriers
accelerate within the photoconductive substrate, producing an impulse current that
subsequently decays due to the finite carrier lifetime of the material. Compared
to photomixing, photoconductive switching provides higher conductance and greater
THz output power, due to intense peak excitation, which enhances overall generation

efficiency.
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Figure 2.2: Schematic diagram of a PCS consisting of a semiconductor substrate
integrated with a dipole antenna.

Figure 2.3 illustrates the electric dipole radiation emitted from a PCS. The dipole
approximation is valid since the characteristic size of the source, which is comparable
to the optical beam spot size, wy (10 pm in this work), is significantly smaller than
the wavelength of the emitted THz radiation, Arp, (300 um at 1 THz).
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Figure 2.3: Radiation of an electric dipole from a PCS (reprinted with permission
from [9]). (© 2009 Yun-Shik Lee.

The electric field of the THz dipole radiation in free space can be expressed as

po sin 0 d?

Brus(t) = 22500 (6],

(2.1)

where p(t,) represents the dipole moment of the source at the retarded time ¢,., and g
is the permeability of free space. The equation characterizes the THz radiation field
generated via photoconductive switching, incorporating the spatial distribution of
the emitted wave, the angular dependence of the radiation pattern, and the temporal

evolution of the THz signal.
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Efficient emission and detection of THz radiation using PCSs require ultrafast
switching behavior, particularly in the sub-picosecond regime. The activation (turn-
on) time is primarily dictated by the duration of the incident laser pulse [39], whereas
the deactivation (turn-off) time is governed by the carrier lifetime of the photogener-
ated electrons and holes in the semiconductor substrate. Therefore, achieving high-
speed operation depends not only on using femtosecond laser pulses but also on
selecting materials with extremely short carrier lifetimes. In addition, high carrier
mobility and high breakdown voltage are desirable characteristics to improve overall
performance and reliability of the PCS [9].

Among the available materials, Low Temperature Gallium Arsenide (LT-GaAs) is
widely used for PCS fabrication due to its subpicosecond carrier lifetime. LT-GaAs is
typically made via molecular beam epitaxy (MBE) at substrate temperatures ranging
from 180-240°C, followed by rapid thermal annealing [40,41]. Growth at such low
temperatures introduces a high density of point defects, including arsenic antisites,
arsenic interstitials, and gallium vacancies. These defect states facilitate rapid carrier
trapping, effectively shortening the carrier lifetime. Substrate growth temperatures
around 200°C have been shown to yield the shortest lifetimes (approximately 0.2 ps),
making LT-GaAs highly suitable for ultrafast THz switching applications [40].

2.3 THz Field Sampling

An LT-GaAs PCS can function as both a transmitter and a receiver. As a transmitter,
an electrical bias is applied to the active region via contact pads. As a receiver, the
contact pads are connected to a lock-in amplifier, enabling the detection of low-
amplitude photocurrents in the 100 pA to 10 nA range, generated by the incident
THz field.

Currently, commercially available measurement systems, such as Vector Network
Analyzer (VNA)s, unable to achieve a sampling rate of 20 x 10'? samples per sec-
ond (Fy > 2 Fl.x, as per the Nyquist-Shannon sampling theorem). Even the most
advanced and expensive VNAs—such as millimeter-wave systems with frequency ex-
tenders—are limited to approximately 1.5 THz. Consequently, time-domain optical
sampling methods are necessary for reconstructing the temporal profile of ultrafast
THz pulses.

In the receiver, when the optical pulse interacts with the semiconductor, photo-

carriers are generated and exist for the duration of the carrier lifetime (7.). These
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photocarriers get accelerated by the incoming THz field, resulting in a photocurrent

J(t) = /t O'S(t — tO)ETHz(tO>dt07 (22)

— 00
where o4(t) is the receiver surface conductivity. The detailed calculation for this
current can be found in [9].
In the frequency domain, Eq. (2.2) can be expressed as the pointwise product of

the individual Fourier transforms using the convolution theorem:

F{J} = F{os} - F{ETn.} (2.3)

The equation can be understood by considering the ideal scenario, where the
received photocurrent is directly proportional to Ery,. This condition is satisfied
when the Fourier transform of the material’s time-dependent conductivity, F{os(t)},
is flat across the spectral bandwidth of interest. This response is achieved when
0s(t) closely approximates an impulse function, which means that the duration of the
carrier response must be significantly shorter than 1 ps.

Among candidate materials, LT-GaAs and Radiation-Damaged Silicon-on-Sapphire
(RD-SOS) offer short carrier lifetimes of approximately 0.2 ps and 0.6 ps, respec-
tively [42], whereas Semi-Insulating Gallium Arsenide (SI-GaAs) typically exhibits
much longer lifetimes, on the order of hundreds of picoseconds [43].

Figure 2.4 illustrates the temporal surface conductivity o, () for SI-GaAs, LT-GaAs,
and RD-SOS. Among these, the response of LT-GaAs is distinguished by a sharp on-
set and rapid decay, closely approximating an ideal impulse function. This behavior
makes LT-GaAs especially well-suited for time-domain THz applications requiring
both high temporal resolution and broad spectral bandwidth. Accordingly, LT-GaAs
is employed in this work as the photoconductive material for both THz emission and

detection.
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Figure 2.4: SI-GaAs, LT-GaAs and RD-SOS surface conductivity.

2.4 Terahertz System-on-Chip

Following the selection of LT-GaAs for efficient THz emission and detection, the next
critical step involves integrating these components into a unified, scalable architec-
ture. Achieving practical THz functionality requires more than optimizing individual
device performance; it requires the seamless cointegration of generation, transmis-
sion, filtering, and detection within a compact and low-loss system. To meet these
requirements while maintaining compatibility with large-scale fabrication, this work
adopts a terahertz system-on-chip (T'SoC) approach.

A TSoC is an integrated platform designed for operation in the THz frequency
range, embedding multiple functionalities on a single chip. These include THz gen-
eration via PCS devices, signal transmission through low-loss waveguides, frequency-
selective filtering, and coherent detection [7]. This high degree of integration mini-
mizes interconnect losses and physical footprint while enhancing overall system perfor-
mance. As a result, TSoC architectures represent a promising pathway for advanced
applications such as high-speed wireless communication, non-invasive sensing, and
real-time imaging [7].

In all experiments performed on the TSoC platform, the signal path followed the
configuration illustrated in Fig. 2.5. To enable a meaningful comparison of filter

performance, the system architecture—including the photoconductive source and de-
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tector, DC block, tapering section, and CPS transmission line—was held constant
across all measurements. Only the planar filter section was varied. This controlled
setup ensured uniform excitation and detection conditions, thereby enabling direct as-
sessment of the spectral response and transmission characteristics attributable solely

to each filter design.

CPS THz CPS
LBATHE Feedlines Filter Feedlines L0, CIHER)

Figure 2.5: Schematic diagram of the signal path on the TSoC platform.

Figure 2.6 illustrates the TSoC platform and its key components, highlighting
the design features that enable efficient operation at THz frequencies. Figure 2.6(a)
shows the TSoC structure mounted on an ultra-thin silicon nitride membrane, visi-
ble as the white plane, which serves both as mechanical support and as a low-loss,
THz-transparent substrate. This material choice minimizes signal attenuation and
distortion. Further discussion of the silicon nitride membrane’s role and properties is
provided in Section 2.5.2.

Figure 2.6(b) indicates the location of the LT-GaAs PCS used as the transmit-
ter, which acts as the THz radiation source in the system. Figures 2.6(c) and 2.6(d)
highlight the placement of the LT-GaAs receiver and its connection to the gold pads
beyond the DC block gap, demonstrating precise alignment for efficient THz signal
detection. Figure 2.6(e) presents a cross-sectional schematic of the CPS transmission
line positioned on the membrane. The waveguiding behavior, including the attenua-
tion and dispersion characteristics, is analyzed in detail in Section 2.5.

Fabrication involved the preparation of multiple small LT-GaAs PCS devices, each
measuring 40 pm x70 pym x1.8 pm, as described in Chapter 3. These devices were
bonded onto the CPS transmission lines on the silicon nitride membrane, ensuring
mechanical stability along with optimal optical and electrical alignment.

The primary focus of this research is on planar THz filters integrated within
the TSoC platform. However, before addressing the specifics of filter design, it is
important to understand the key components that make up the TSoC system. Con-
sequently, the following sections provide a detailed analysis of the system architec-

ture, including the role of tapering structures and waveguiding technology, along with
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Figure 2.6: Illustration of the TSoC platform highlighting its main components. (a)
TSoC structure on a silicon nitride membrane. (b) Location of the LT-GaAs trans-
mitter. (c) Image showing the LT-GaAs receiver connection. (d) Microscopic image
of the LT-GaAs receiver. (e) Cross-sectional view of the CPS transmission line at the
transmitter and receiver PCS interfaces, demonstrating integrated component design
for efficient signal transmission. Reprinted with permission from [7] (©) 2019 Optica
Publishing Group.

their associated attenuation and dispersion characteristics. With a comprehensive de-
scription of the structural and functional elements of the system, the discussion then

transitions to the design and integration of planar THz filters within this architecture.

2.4.1 Tapering Structure

The development of low-loss ultra-wideband interconnections between building block
components with varying dimensions is necessary to allow efficient signal propagation.
Tapered transmission lines provide an effective means of gradually transforming both
physical dimensions and characteristic impedance, thereby facilitating seamless tran-
sitions between distinct transmission line geometries. The primary objective of such
tapers is to deliver an ultra-wideband transition region between two cross-sectional
profiles within the spatial constraints of the wafer. Although longer tapers may be ex-

plored, they are often impractical; shorter tapers are preferred because they optimize
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wafer area and improve fabrication feasibility.

In [44], the efficacy of transmission line tapers for interfacing two distinct CPS
transmission line configurations was evaluated through both experimental measure-
ments and simulations, spanning frequencies up to 2.0 THz with a spectral resolution
of 25 GHz. The study demonstrated that tapering facilitates the transition from a
compact device-constrained transmission line geometry (W7 = 10 pm, S; = 10 pum)
to a lower-loss configuration (Wy = 40 pum, Sy = 70 pm), thereby reducing overall
attenuation. In addition, it established design constraints for the tapered sections to
minimize dispersion and pulse distortion. Figure 2.7 illustrates the taper structure

investigated in this work.
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Figure 2.7: Taper structure adopted from prior work [44], illustrating the geometric
parameters used to reduce mode mismatch and minimize insertion loss in the CPS
transmission line.

2.5 THz Field Guiding Technologies

To ensure signal integrity and minimize propagation losses, the implementation of low-
loss waveguides with minimal dispersion is necessary in the THz frequency regime.
The choice of an appropriate waveguide is largely determined by the operating fre-
quency range [45]. At lower frequencies (below 10 GHz), conventional guiding struc-
tures such as twisted pair conductors, coaxial cables, and metallic waveguides are

commonly employed [46]. In contrast, at optical frequencies (above 100 THz), optical
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fibers and nanophotonic waveguides serve as the primary transmission medium [47].

As mentioned above, photoconductive switching is employed in this work for the
generation and detection of THz signals. As a result, the resulting signal exhibits a
broadband frequency spectrum, spanning from 0.1 THz to 2 THz. Consequently, the
primary design considerations discussed in this dissertation are centered within this
spectral range.

The active region of a PCS device functions similarly to a small current line
(approximately 10-20 pm), implying that waveguides are excited by a localized source
rather than by a plane wave. Therefore, only waveguides with small modal cross-
sectional areas are suitable for efficient excitation. In larger waveguide structures,
the fundamental mode profile often does not align with the localized current source,
leading to the excitation of higher-order resonant modes and degraded performance.
To mitigate this issue, smaller waveguide structures are preferred, as they minimize
undesired resonances and improve coupling efficiency, although at the cost of increased
attenuation.

Moreover, integration feasibility is a critical consideration when selecting waveg-
uide structures for practical implementations. Planar waveguides offer notable ad-
vantages in this regard. Specifically, CPS and CPW structures are exceptionally
suitable for integrated THz systems due to their planar configurations, compatibility
with standard fabrication processes, and the ability to accurately match impedance
to small current sources [48,49]. Therefore, these planar guiding wave structures rep-
resent an attractive solution for compact and efficient waveguide integration within

TSoC applications.

2.5.1 Coplanar Strip Transmission Line and Coplanar Waveg-
uide

A CPS consists of two parallel conductive strips placed on the same dielectric plane,
without an underlying ground plane (Fig. 2.8(a)). It supports a quasi-Transverse
Electro-Magnetic (TEM) mode of propagation, where the electric field is mainly con-
fined between the two conductors. CPS exhibits lower dispersion and reduced conduc-
tor loss compared to conventional microstrip lines due to the absence of a dielectric
substrate between the signal paths. However, CPS is more susceptible to radiation
losses at higher frequencies due to its open structure [50].

In contrast, a CPW consists of a central signal conductor placed between two
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ground planes (Fig. 2.8(b)). This configuration offers enhanced electromagnetic
shielding and compatibility with ground-referenced components. Depending on the
application requirements, one of these transmission lines is typically preferred. For
example, CPS offers advantages for differential signal transmission, impedance match-
ing, and antenna feed networks, while CPW is generally chosen for applications
that require improved electromagnetic shielding and straightforward integration with

ground reference circuitry.

S e

Figure 2.8: Cross-sectional illustration of CPS and CPW structures on a dielectric
substrate with relative permittivity €,. These planar configurations are commonly
used in integrated THz systems.

In this work, integrated systems primarily utilize CPS, except in scenarios re-
quiring multimode operation [2]. The structural configurations of CPS and CPW
transmission lines are illustrated in Fig. 2.8(a) and (b), respectively. A CPS trans-
mission line consists of two narrow metal conductors, usually made of thin gold, with
width W and separated by a gap S. These striplines are deposited on a dielectric sub-
strate of thickness H. CPS supports the quasi-TEM mode, which closely resembles a
true TEM mode, except for the presence of minor electric and magnetic field compo-
nents aligned with the direction of propagation. These longitudinal components arise
due to wave propagation across multiple dielectric media.

A CPW consists of a central conductor strip of width W, symmetrically flanked
by two ground planes, each separated from the central conductor by a gap S. These
conductors, typically made from high-conductivity metals such as gold, are deposited
on a dielectric substrate of thickness H with relative permittivity ,. Similarly to CPS,
CPW supports a quasi-TEM mode; however, it also enables multi-modal propagation.
This multimodal characteristic allows for unique design possibilities that are not
achievable with traditional two-conductor transmission lines [2].

The analysis of CPS transmission lines can be effectively performed using the
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quasi-static approximation, as outlined in [50,51]. This approach assumes that elec-
tromagnetic field variations are sufficiently slow, allowing the effects of wave propaga-
tion to be neglected. Consequently, key transmission line parameters can be formu-
lated in a simplified manner. In this framework, the capacitance (C'), characteristic
impedance (Zcps), and effective permittivity (o) of the CPS structure can be es-
timated taking into account design variables such as metal thickness (t), substrate
thickness (H), and relative permittivity (e,).

To determine the effective permittivity of the CPS, the total capacitance per unit

length is given by

C=C,+0C,, (2.4)

where C, denotes the capacitance per unit length due to the electric field in free
space (i.e., in the absence of a dielectric substrate), and Cy represents the capacitance
contribution from the dielectric substrate of thickness H and relative permittivity e,.
In this formulation, it is assumed that all electric field lines are confined within the
substrate, and the dielectric contribution is modeled as having a permittivity of ¢, — 1
relative to free space [50].

To calculate C, and Cj, a series of conformal mappings specific to a CPS with a
substrate of finite thickness is required. In this analysis, an imaginary plane positioned
between the striplines is treated as an electric wall, while the interface between the
substrate and air is regarded as a magnetic wall.

The capacitance C, between the striplines in the CPS, resulting from the presence
of air, can be viewed as two identical capacitors connected in series between the

striplines and the electric wall [50] and is given by

K(k7)
C,=c¢ , 2.5
OK(kfl) ( )
where
S
k| = ——— 2.
PTS oW (2:6)

which is the metal strips geometry and

o= /1 k2 (2.7)

The complete elliptic integral of the first kind is denoted as K (k).
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The capacitance per unit length due to the dielectric C, with a relative permit-
tivity of (g, — 1), is calculated assuming that the electric field is entirely confined

within the substrate. The expression is as follows:

(2.8)

where

ky = ——— (2.9)

and

Ky = /1 — k2. (2.10)

By substituting into Eq. 2.4, we obtain:

K(k)  K(k) (er — 1) K(k3)
50€egK(k1) = goK(kl) + &9 > (k) (2.11)

Rearranging the expression, we derive the equation for eqq:

e, — LK (k) K(k))
2 K (k) K(ks)

Eefr =1+ (2.12)

The equation for the characteristic impedance of the transmission line is [50]:

1207 K (k)
VEerr K(K)

In the case of an ultra-thin substrate (e.g., H ~ 1pum), the majority of electric

Zops = (2.13)

field lines reside in the air, causing the effective permittivity e.¢ to approach 1. In this
regime, the substrate-related capacitance term in Eq. 2.8 becomes negligibly small
compared to C, and can therefore be ignored. As a result, the effective permittiv-
ity obtained from Eq. 2.12 can be approximated as unity, leading to a simplified

expression for the characteristic impedance, derived from Eq. 2.13, given by:

K (k)

Zcps ~ 120 .
TR R

(2.14)
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2.5.2 Attenuation

In the frequency domain, the propagation of the electric field can be expressed as

follows:

Eout(w) = e *97 By (w), (2.15)
where iy (w) and Eqy (w) are the Fourier transforms of the input and output pulses,

respectively, after propagating a distance z. The spectral wave number, k(w), is
defined as:

k(w) = Bw) — ja(w), (2.16)

where ((w) represents the spectral phase constant, which governs phase delay, and
a(w) denotes the spectral attenuation constant, which accounts for signal loss during
propagation (Np/unit length).

The attenuation of a propagating wave arises because of various loss mechanisms,
such as conductor loss, dielectric loss, and radiation loss. As referenced in Eq. 2.15,
attenuation is associated with the imaginary component of the spectral wave number,

denoted k(w). The expression for a propagating wave can be written as:

Eout (w) = e’j'g(w)ze’o‘(w)zﬁin(w). (2.17)

This equation illustrates that, beyond the phase delay caused by dispersion, the
magnitude of the electric field is reduced exponentially along the propagation direction
due to the attenuation factor a(w). The reduction in field amplitude follows an
exponential decay, where the amplitude decreases to 1/e of its initial value at a given

distance.

Power Loss per Unit Length

The power loss per unit length, denoted P}, is obtained by computing the derivative
of the power flow along a lossy transmission medium. Suppose that at position z = 0,
the input power is F, and in the absence of reflection, the received power at a distance

z is given by:

P(z) = Pye >, (2.18)
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The rate of power loss per unit length can then be determined by differentiating
Eq. (2.18) with respect to z:

) _ 20 Pye *** = 2aP(2). (2.19)

From this expression, the attenuation constant o can be derived by evaluating the

power loss at z = 0:
P(z=0

o= (QTO)' (2.20)

The attenuation coefficient, «, is a key parameter that quantifies energy dissipa-

tion along a transmission line or waveguide. It directly influences signal integrity by

causing amplitude reduction over distance, a critical consideration in high-frequency

applications such as THz waveguides, where radiation and dielectric losses are espe-

cially pronounced.

Dielectric Loss

Dielectric loss occurs because of the interaction of an electromagnetic wave with a
lossy dielectric material. It is characterized by the imaginary part of the complex

permittivity:

e(w) =¢'(w) — j&"(w), (2.21)

where €'(w) represents the real part of the permittivity (which influences wave propa-
gation), and €”(w) denotes the imaginary part, which accounts for energy dissipation
in the material.

A commonly used parameter to quantify dielectric loss is the dielectric loss tan-

gent, defined as:

E://(u})
e'(w)

The dielectric loss tangent tand. characterizes the ratio of energy dissipated to

tan é, = (2.22)

energy stored in the dielectric material. For the silicon nitride (Si3Ny4) substrate used
in this work, tan ., = 0.00526.
Using this, Eq. 2.21 can be rewritten as:
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e(w) =& (w) [1 — jtand.(w)] = eper(w) [1 — j tan e (w)] . (2.23)

The dielectric attenuation coefficient oy describes how much the wave amplitude
decreases due to dielectric loss. To determine «y, we first calculate the input power

Py by integrating the Poynting vector on the surface [46]:

]_ — —
P0:§Re/E><H*-d§. (2.24)
S
The power lost as a result of the dielectric medium is given by:
7
Pu= “’5—(“’)/ |E|2ds. (2.25)
2 1%
The dielectric attenuation coefficient per unit length is then defined as:

Pu [PV
2Py Refsﬁxﬁ*-d§

g = (2.26)

To gain further insight, we approximate the input power F, as inversely propor-
tional to the characteristic impedance Zy(w), that is, Py o< m [|E]?dS [46]. If
we assume similar spatial distribution of fields in both integrals, the field-dependent

terms approximately cancel, leading to the following proportionality:

g X we'(w) Zo(w). (2.27)

This result implies that dielectric loss increases with frequency and is dependent

on the permittivity of the material and the impedance of the transmission line.

Conductor Loss

Conductor loss attenuation arises due to the finite conductivity (o) of the waveguide
or conductor, which leads to resistive heating. The attenuation coefficient associated

with conductor loss is:

Pie
2P

where P is the power dissipated due to the resistance of the conductor, given by [46]:

(2.28)

Qe =
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p, — Falw) / |H,|?ds. (2.29)
2 Js
Surface resistance R(w) plays a crucial role in conductor loss and is calculated
as:
Ry(w) = — (2.30)
W= ds(w)’ '

where d, is the skin depth, which represents how deeply an electromagnetic wave

penetrates the conductor before it is significantly attenuated. It is given by:

2
8, = S (2.31)

This skin depth effect causes high-frequency currents to be confined near the
surface of the conductor, increasing the effective resistance. Using this, the surface

resistance can also be expressed as:

Ry(w) =1/ ng‘(w). (2.32)

Thus, the surface resistance increases with the square root of frequency, meaning

that higher frequencies experience greater conductor loss.

The conductor attenuation coefficient per unit length is then calculated as:

_ B R,(w) fslﬁths

= =  a— . 2.33
25 2Re [(E x H*-dF (2.33)
Since the conductor loss depends on the wave impedance Zy(w), we obtain:
R, 1

X Zow) " Zow)V o

This relationship shows that conductor loss is proportional to the square root

of frequency and is inversely proportional to conductivity. Therefore, the use of
materials with higher conductivity reduces loss, while higher frequencies result in
increased attenuation. For the gold conductors used in this work, a conductivity of

oA = 4.1 x 107 S/m was assumed in the simulations.
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Radiation Loss

Leaky-wave radiation is a phenomenon that occurs when a propagating electromag-
netic field interacts with a dielectric interface, causing part of the energy to radi-
ate into the surrounding medium. The difference between the wavenumber of the
propagating wave and the radiated wave in the substrate determines this radiation
mechanism [52, 53].

The leaky-wave radiation loss in a CPS transmission line depends on factors such
as waveguide geometry, dielectric properties, and operating frequency. It can be

expressed as [52]:

ps 5 (3=VBY Jewlf) (, cnlH)\P(S+2W)2%°
Sadt”( 2 ) e (1_ e ) SRER) (2:35)

where e.¢(f) represents the effective relative permittivity that varies with frequency,
e, is the substrate’s relative permittivity, and the speed of light is denoted by c.
To minimize leaky-wave radiation losses, two primary approaches can be consid-

ered:

1. Reducing the Stripline Geometry: Decreasing the stripline dimensions (S
and W) in a CPS transmission line can help mitigate radiation losses. How-
ever, this reduction comes at the cost of increased conductor losses, as narrower
striplines lead to higher characteristic impedance (Z,). While a higher Z; can
reduce the attenuation constant .. in Eq. 2.34, it also decreases the conduction
area, thus increasing resistive losses. This trade-off makes the approach imprac-

tical for scalable designs, particularly in high-performance TSoC applications.

2. Using a Thin Substrate Membrane: An alternative and effective strat-
egy involves fabricating the CPS transmission line on a thin substrate mem-
brane [54]. Leaky-wave radiation losses in planar transmission lines primarily
arise due to the permittivity contrast between the substrate and air. This
mismatch introduces unwanted radiation loss and signal distortion. A low-
permittivity thin membrane effectively minimizes this permittivity mismatch,
thereby reducing leaky-wave radiation losses and suppressing pulse dispersion.
The experimental results in [54] demonstrate that no significant frequency-

dependent mismatch was observed up to 1 THz, confirming the effectiveness
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of this approach.

Although reducing the substrate thickness effectively suppresses radiation loss,
it may also lead to surface wave excitation because of resonance effects. The
critical substrate thickness for silicon nitride (n = 2.76) at THz frequencies
within the operational bandwidth of 0.1-2 THz is approximately H = 27.1um
(at 2 THz), as determined by the relation:

c

f= 2nH

(2.36)

At this thickness, surface waves resonate within the operational range, leading to
signal degradation. However, by reducing the substrate thickness to H = 1um,
the resonance frequency shifts to f(1um) = 54.3 THz, which is well beyond the
operational bandwidth. This effectively eliminates surface wave interference,
ensuring optimal wave confinement and significantly improving overall device

performance.

Thus, employing an ultra-thin substrate membrane not only mitigates leaky-
wave radiation losses but also minimizes resonance effects, making it a highly

suitable approach for high-frequency THz applications.

2.5.3 Dispersion

When an electromagnetic wave propagates through a medium, its components travel
at different velocities, which can be characterized by two primary parameters: the
phase velocity (v,) and the group velocity (v,). These velocities describe different
aspects of wave propagation and play a crucial role in understanding wave behavior

in various media.

Phase Velocity

The phase velocity, v, refers to the speed at which a single phase point (such as a

peak or trough) of a wave moves through space. It is mathematically defined as:

vy = — (2.37)

where w is the angular frequency of the wave, and [ is the phase constant, which is

dependent on the properties of the medium. In a homogeneous dielectric medium,



32

the phase constant is given by:

B =w/pe, (2.38)

where p is the permeability and e is the permittivity of the material.

If the phase velocity varies with frequency, different frequency components of
a wave pulse travel at different speeds. This phenomenon is known as frequency
dispersion. As a result, the shape of a broadband signal can change over time as

different frequency components experience varying propagation delays [46].

Group Velocity

In THz wave propagation, electromagnetic waves are commonly modeled as wave
packets consisting of a range of frequency components. The speed at which the
envelope of such a wave packet travels through a medium is referred to as the group
velocity, vy. It is defined as
Ow

vy(w) = m, (2.39)
where f(w) denotes the frequency-dependent propagation constant. The group ve-
locity plays a crucial role in the transmission of narrow pulses by dictating the rate
at which energy and information is transmitted. If v, varies with frequency, the in-
dividual spectral components of the pulse propagate at different speeds, leading to
temporal broadening of the pulse. This effect, known as group velocity dispersion
(GVD), can adversely affect signal integrity in THz applications.

For nondispersive materials, as observed in ideal TEM mode propagation, the
phase and group velocities are equal, v, = v,. This condition is satisfied when the
relative permittivity of the medium, ¢,, remains constant and does not vary with
frequency. However, in real-world materials, €, is often frequency-dependent, resulting
in dispersion effects.

The dispersive properties of the CPS transmission line have been numerically
and analytically analyzed by Hasnain et al. [55]. Their work derives an analytical

approximation from numerical simulations, modeling the phase constant as:

5(7) = 2n L V/elT), (2.40)

where e.g(f) is the effective frequency-dependent dielectric constant, given by:
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Veall) = v + W= VE) (2.41)

—b
xI
1 + a (fte)

Here, ¢, represents the quasi-static effective permittivity, defined as:

41
€ = - ;L . (2.42)

The term fi. corresponds to the cutoff frequency for the transverse electric surface

wave (TE;) mode, expressed as [52]:

C
= —— 2.43
i 4H /e, — 1 (2:43)

where c is the speed of light in a vacuum, and H denotes the substrate thickness. The
exponent b is approximately 1.8 and is considered independent of the transmission
line geometry. The parameter a, which influences the dispersion characteristics, is

empirically related to the transmission line dimensions through:

log(a) ~ ulog(S/W) + v, (2.44)
where
u A 0.54 — 0.64q + 0.015¢>, (2.45)
v~ 0.43 — 0.86¢g + 0.54¢>, (2.46)
q =log(S/H). (2.47)

In the case of an ultra-thin membrane substrate (e.g., ~ 1 um), the electromag-
netic field is no longer strongly confined within the dielectric. Instead, a substantial
portion of the electric field extends into the surrounding air, which has a relative
permittivity close to unity. As a result, the quasi-static effective permittivity ¢,, as
defined in Eq. 2.42, approaches 1 due to the diminishing influence of the substrate.
This, in turn, causes the frequency-dependent effective permittivity e.s(f), described
in Eq. 2.41, to also approach unity.

This phenomenon, often referred to as a reduction in dielectric loading, occurs

because the thinner substrate reduces the interaction between the guided mode and
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the dielectric material. As the electromagnetic mode becomes increasingly delocalized
into the surrounding air, the dependence of the phase velocity on frequency decreases.
Since dispersion arises from the frequency variation of the phase constant (f), which
is governed by eqq(f), this reduction in dielectric loading leads to a significant suppres-
sion of dispersion. Consequently, the transmission line exhibits a more stable phase

velocity across a broad frequency range, which is highly desirable in THz systems.

2.6 THz Filters

Following the introduction of the key components comprising the TSoC, the focus
now shifts to the design and functionality of the integrated THz filters. These filters
act as important devices in electromagnetic systems, enabling precise control over the
spectral content of transmitted signals. By allowing signal transmission within a de-
fined passband and attenuating frequencies in adjacent stopband regions, they ensure
efficient signal conditioning. Based on their frequency-selective characteristics, filters
are commonly categorized as low-pass, high-pass, band-stop, or band-pass types.

The choice of filter type is primarily dictated by the spectral and functional re-
quirements of the intended application. LPFs are commonly used in signal condi-
tioning to suppress high-frequency noise and preserve the fidelity of low-frequency
signals [56,57]. High-pass filters are applied in tasks such as feature extraction, elec-
tromagnetic shielding, and impedance matching, where attenuation of low-frequency
components is necessary [58]. Bandpass filters play a central role in communication
systems by isolating specific frequency channels, allowing efficient multiplexing and
minimizing interference [59]. Band-stop (or notch) filters, in contrast, are designed
to attenuate undesired frequency bands while allowing nearby frequencies to pass
with minimal loss [60]. These filters are particularly valuable in wireless communi-
cation, sensing, and spectroscopy applications, where the elimination of persistent
interference or background noise at known frequencies is required to maintain signal
integrity.

At THz frequencies, the design of efficient filters requires a thorough examination
of the frequency response associated with different structural configurations. Numer-
ous techniques originally developed for microwave frequencies have been extended
to the THz regime. Among these, periodic filters, realized by embedding reactive
elements into transmission lines, have remained foundational because of their sharp

roll-off characteristics, low insertion loss, and strong out-of-band rejection. In parallel,
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alternative design strategies such as metamaterial-based filters [61], resonant cavity
structures [6], and plasmonic filters [5] are actively pursued to address the unique
physical constraints and fabrication challenges encountered in the THz domain.

Targeting the 0-2 THz range, Table 2.2 provides a comparative summary of recent
experimental filter designs, highlighting key performance metrics such as filter type,
center or cutoff frequency, bandwidth, insertion loss, physical length, and fabrication
platform. Special attention is given to compactness and integration compatibility
with the TSoC architecture. While many of these designs demonstrate favorable
spectral responses, they often involve trade-offs in size, performance, or fabrication
complexity. Except for [62], [56], and [63], none of the filters listed in the table are
compatible with system-level integration. Motivated by these limitations, this work
focuses on developing planar, compact, and low-loss filters specifically tailored for
seamless integration into the TSoC platform.

Table 2.2: Comparison of THz filters operating in the range of 0.1-2 THz reported
in the literature

Center/ A 3
. Insertion| Filter
. Cutoff Bandwidth . L.
Ref.| Filter Type Loss Length| Material and Fabrication
Frequency (GHz)
(dB) | (mm)
(GHz)
Band-pass: WR-3 SU-8 photoresist microma-
(64] rectangular waveguide 285 22 1.2 2.9 chining and gold electroplat-
filter ing
Band-pass:  E-plane . . ..
Silicon micromachining,
rod-loaded WR-3 rect- X
. 237.5 15 2 5.84 Gold thermocompression
[65] | angular waveguide fil- .
bonding

ter

Band-pass: Cavit,
P Y Multilayer metal structure

340 80 0.61 6 fabricated via micromachin-
ing and bonding

rectangular waveguide
[59] | filter with  quasi-
Chebyshev response

Band-pass:  E-plane

rod-loaded rectangu- 237.5 15 2 2.34 . )
[65] | d thermocompression bonding
ar waveguide

Silicon micromachining, gold

Band-stop:  Tunable

notch filter using sin- Stainless steel slit in alu-
(6] gle slit in tapered 1351-1519 11-12 - 9 minum TPPWG, microma-

parallel-plate waveg- chined

uide (TPPWG)

Low-pass: Bragg-

Stainless steel slit in alu-
780 780 - 10 minum TPPWG, microma-
chined

based filter  using
[66] | multiple slits in TP-
PWG




36

Center/

. Insertion| Filter
. Cutoff Bandwidth . L.
Ref.| Filter Type Loss Length| Material and Fabrication
Frequency (GHz) (dB) ( )
mm
(GHz)
Band-pass:  Rectan-
gular waveguide fil- CNC-milled metal waveg-
, ) 340 60 2 5 ,
[67] | ter integrated in THz uide filter
transceiver
Aluminum on quartz
Band-pass: Dual- . .
X substrate, fabricated via
resonance bilayer .
315 / 480 33 /45 19/6 10 photolithography, electron
(68] | complementary meta- .
. beam  evaporation, and
material filter K
plasma etching
Low-pass:  Cascaded -
. 1080 (cutoff Gold on silicon substrate,
metamaterial filter . K K
. for 110 <1.2 - fabricated via photolithogra-
[57] | (m-LPF) with stag- .
. m-LPF4) phy, and wet etching
gered metal gratings
Copper on PET, fabricated
Band-pass: Compos- . X
. . . via UV-lithography and e-
ite metamaterial with 115-173 500 ~ 3 - .
[69] . gun deposition on PET sub-
multiple resonances
strate
Band-pass:  Electro-
magnetically Induced Gold bar and wire pair,
(70] Transparency (EIT)- 1832 ~ 300 64.5 - MEMS-actuated, fabricated
analog MEMS meta- on SOI wafer
material filter
Band-pass:  Tunable 300, 0.980 Copper/Zeonor/PMI, fabri-
metamaterial filter | 590 / 700 / tunable up ( cated using vacuum evapora-
— ar-
[71] | with copper-array and 840 to ) tion, lithography, and poly-
ra
polymer multilayer 660-1050 Y mer spinning
Ti/Al/Ti/A 50
Band-stop:  On-chip i/Al/Ti/Au on . pm
i quartz substrate via pho-
SSPPs  filter  with 143 30 >10 3.4 . .
(63] tolithography and lift-off
CSRRs and SRRs
process
Band-stop: SRR~ Gold CPS on 1 pm Si3zNyg
510 (first .
loaded planar filter 20 - 1 membrane, fabricated by
(62] . notch) .
using CPS photolithography
Band-pass/Band-
top: Whi ing-
sop sperims HRFZ-Si WGMR with Au
Gallery Mode Res- 28 (BP), . .
461 0.5 14 micro-heater, fabricated by
[72] | onator (WGMR)- 17 (BS) i .
. lithography and ICP etching
based tunable on-chip
filter
Low-pass: Elliptic- Gold CPS on 1 pm SizNyg
156] function planar filter 600 600 1.1 1.4 membrane, fabricated by
using CPS bends photolithography
High-pass: THz plas- Microstereolithography  of
73] monic filter using 2D 700 500 - 2.1 polymer lattice, gold sput-

metallic wire lattice

tering
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Center/ . .
Insertion| Filter
. Cutoff Bandwidth . L.
Ref.| Filter Type Loss Length| Material and Fabrication
Frequency (GHz) (dB) ( )
mm
(GHz)
Band-stop: All- Quartz grating micro-
dielectric guided- | 402 and 581 =~ 20 and ~1.2 30 machined using etching,
[60] | mode resonance (TE) 10 o stacked configuration with 2
(GMR) filter identical filters
Band-pass: Dual- Micromachining on silicon,
mode rectangular gold-plated and bonded
. 1017 22 2.9 1 i
[74] | waveguide filter with gold-to-gold thermo-
(TE301/TE102) compression

Based on recent advancements in CPS technology and the development of the
low-loss ultra-thin membrane platform, planar CPS-based filters have become highly
promising for TSoC integration. This dissertation presents four compact, high-
performance filter designs operating across the 0—2 THz frequency range. These de-
signs emphasize spectral selectivity, fabrication compatibility, and miniaturization to
support scalable on-chip systems. Among these, the first two filters [1,2] adopt band-
stop configurations, designed using a periodic synthesis approach to enable sharp and
tunable spectral rejection at specific frequency bands.

The third filter design [3] explores planar low-pass structures based on Bessel
responses of various orders, selected for their flat group delay and minimal phase
distortion, characteristics critical for high-speed THz communication. These filters
maintain strong frequency selectivity and low insertion loss while achieving highly
compact footprints. Fabricated prototypes confirm this compactness, with total
lengths among the shortest reported THz LPFs (N =3 — 69 um, N =4 — 70 pm,
N =5 — 70 um). This level of miniaturization makes them especially suitable for

integration into dense T'SoC architectures.

2.6.1 Periodic Structures

This section provides a focused discussion on the design and analysis of periodic filters.
A fundamental example is a transmission line or waveguide periodically loaded with
reactive elements to form a spatially repeating structure. Reactive elements, typically
alternating high- and low-impedance sections, are often modeled using equivalent
lumped reactances in the shunt or series with the line, offering a versatile frame-
work for the analysis and design of their electromagnetic behavior. This modeling

approach enables precise control over filter response parameters, including bandwidth
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and stopband rejection.

2.6.2 Analysis of Infinite Periodic Structures

The ABCD matrix method is used to analyze the infinitely periodic transmission line
structure illustrated in Fig. 2.9. The structure is divided into identical unit cells, each
comprising a transmission line segment of length d with a shunt susceptance b placed
at its midpoint. The susceptance is normalized with respect to the characteristic
impedance Z;, simplifying the analysis and allowing for generalized results across
various platforms. The periodic repetition of these unit cells forms the foundation for
the overall propagation behavior of the system, including the dispersion relation and

the band structure.

In In+1
—
I I L+ [+ | I
| / I | - 1 - ] I
<~ d— e
Zy, k R S Z
Unit cell

Figure 2.9: The equivalent circuit of a periodically loaded transmission line, which
consists of an unloaded line with characteristic impedance Z; and propagation con-
stant k (reprinted from [46]).

To analyze wave propagation through an infinite periodic transmission line, the
structure is modeled as a cascade of identical unit cells, each represented by a two-
port network. This approach enables the use of ABCD matrix formalism to relate
the voltage and current at the input and output ports of each unit cell. Each unit
cell consists of a transmission line section of length d/2, followed by a lumped shunt
susceptance b, and another transmission line section of length d/2.

The voltages and currents at the nth and (n + 1)th unit cells are related through
the ABCD matrix as follows:

A B
¢ D

Va
I

VnJrl

In—I—l

(2.48)

Y

where A, B, C', and D are the transmission matrix elements of the unit cell. These
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elements incorporate the distributed nature of the transmission line as well as the
lumped reactive loading, and depend on the characteristic impedance, propagation
constant, unit cell length d, and shunt element b. These parameters, in their normal-
ized form as depicted in Fig. 2.10 for the ABCD matrix of two-port circuits, can be

expressed as:

° z ° A=1 B=2Z
cC=0 D=1
O O
o I o
A=1 B=0
Y
c=Y D=1
o ] o
o o
7. B A= c.os ﬁfi B = jZjsin L
o o C = jYpsin Bt D = cos B¢

1

Figure 2.10: ABCD parameters of some useful two-port circuits

A B
C D

_0059/2 gsind/2 1 0 cosf/2  jsinf/2
jsing/2  cosf/2 gb 1| |jsinf/2 cosf/2
B [ cost — b/2sinf J(sinf + b/2cosf — b/2)
B j(siné + b/2cosf + b/2) cos) — b/2sinf

(2.49)

Let 0 = kd, where k is the propagation constant of the unloaded line. It can be
verified that AD— BC = 1, which fulfills the reciprocity condition and implies that the
network exhibits identical transmission and reflection properties in both propagation
directions [46].

A critical parameter in the analysis of wave propagation through periodically
loaded transmission lines is the characteristic impedance observed at the terminals of
a unit cell. This impedance, commonly referred to as the Bloch impedance, quantifies
the ratio of voltage to current for a wave propagating through an infinite periodic

structure. It is defined as

Vn+1

g = 7,
b OInJrl

, (2.50)

where V,,11 and I,;; denote the normalized voltage and current at the (n + 1)-th

unit cell, respectively. For a wave propagating in the +z direction, we must have
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V(z) = V(0)e* and I(z) = I(0)e™7*, for a phase reference at z = 0. Since the
structure is infinitely long, the voltage and current at the nth terminals can differ from
those at the n+1 terminals only by the propagation factor e, Thus, V,,; = V,e ™%,
and I, = I,e %

Using Eq. 2.48, the voltages and currents at the n and n + 1 terminals is given by

Va o A B Va1 Vn+1€'yd (2 51)
In ¢ D In+1 [n+167d ‘ ‘
Rearranging this equation, we obtain:
A— e B Vi,
‘ = (2.52)
C D — e“’d In—i-l

For a nontrivial solution to exist, the determinant of the coefficient matrix must

vanish, leading to the characteristic equation:
AD +e*? — (A4 D)e’ — BC = 0. (2.53)

Solving the above equation for ¢ yields the dispersion relation:

A+ D)+ /(A+D)> -4

'yd:<
¢ 2

(2.54)

Using the matrix relation from Eq. (2.52), we can isolate the relationship between

voltage and current as:

(A—eYVp1 + Bl = 0. (2.55)
Substituting this result into Eq. (2.50), we derive the general form of the Bloch
impedance:
—BZy

Combining Egs. (2.54) and (2.56), the Bloch impedance admits two distinct so-
lutions, corresponding to the two possible signs of the square root in the dispersion

relation:
n —2B7Z,

7E = .
P A-DF \/(A+ D)2 -4

In the special case of a symmetric unit cell, where A = D, the expression for the

(2.57)
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Bloch impedance simplifies considerably to:

+BZ,
75 = —. 2.58
B= (2:58)
The + signs correspond to the Bloch impedances of forward- and backward-
propagating waves, respectively. In symmetric networks, these impedances are equal
in magnitude but opposite in sign, since the characteristic impedance of a backward-

propagating wave is conventionally defined as negative [46].

2.6.3 Terminated Periodic Structures

This section analyzes a truncated periodic structure terminated with a load impedance
Zr, as illustrated in Fig. 2.11. Assuming operation within the passband, the incident
and reflected voltages and currents in each unit cell are expressed using the real prop-
agation term jfOnd, rather than the general complex propagation constant yz. This
formulation highlights the influence of terminal boundary conditions on wave propa-

gation, facilitating the evaluation of impedance matching and reflection behavior.

In IN
— —
Unit 7 Unit o Unit | o[,
cell ke cell cell N L
—O0— —o0— —O0—— ——o—1

Figure 2.11: A periodic structure terminated with a normalized load impedance Z,
(reprinted from [46]).

By calculating the Bloch impedance from Eq. 2.50—a key step in determining
the reflection coefficient between an infinite periodic filter and a load impedance, we
can express the reflection coefficient at the termination (at n = N, corresponding to

the last unit cell) as follows:

Vy AN
p=Vo_ _Zu/Zp 1 (2.59)
In the scenario of a symmetric unit cell network, where A = D, we find that

7} = —Z5 = Zp, leading to a simplified and familiar result [46]:

_ ZL—Zp

= —_— 2.60
Zr+ Zp ( )
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To prevent reflections on the terminated periodic structure, it is essential to ensure
that Z;, = Zg, where Z;, and Zp are both real for a lossless structure operating in
a passband. If required, a quarter-wave transformer can be employed between the
periodically loaded line and the load to achieve this matching.

The previously derived reflection coefficient enables precise evaluation of impedance
mismatch in the terminated periodic structure. This assessment reveals the degree
of matching between the load and the structure, aiding in the identification of signal

reflections and guiding design optimizations to improve system performance.

2.7 Even and Odd Modes in Transmission Struc-

tures and Filter Design

Even and odd modes are fundamental to understanding electromagnetic wave prop-
agation in waveguides and multi-conductor transmission lines, such as CPWs. These
modes arise from structural symmetry and the boundary conditions governing elec-
tric field distributions. In the even mode, the electric field is symmetric with respect
to the centerline, resulting in equal potential on the ground planes and a balanced
field profile. This configuration minimizes radiation and supports stable, low-loss
propagation, rendering the even mode the dominant configuration in most practical
CPW-based systems.

In contrast, the odd mode exhibits an antisymmetric electric field distribution,
characterized by opposing potentials on the ground planes. This configuration in-
duces strong inter-conductor coupling, which may result in interference, radiation
leakage, or mode conversion. While typically suppressed in conventional designs,
odd modes are deliberately exploited in certain applications, including directional
couplers, immittance inverters, and the creation of transmission zeros. The distinc-
tion between even and odd modes significantly influences the propagation constant,
characteristic impedance, and interaction with adjacent structures. These effects are
particularly pronounced in high-frequency circuits, where precise modal control is
essential to maintaining signal integrity and minimizing unwanted coupling.

The strategic manipulation of even and odd modes is central to modern filter de-
sign. Even-mode propagation is commonly used in low-loss filters designed to isolate
specific frequency bands. In contrast, odd modes offer unique opportunities in ad-

vanced synthesis techniques. For instance, periodic structures can alternate between
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even- and odd-mode sections to introduce stopbands or enhance rejection at specific
out-of-band frequencies. This approach enables the development of compact, high-
performance filters with engineered spectral profiles tailored to specific application
requirements.

The ability to analyze and control even and odd modes is essential in the devel-
opment of modern microwave, millimeter-wave, and emerging THz filters. A detailed
discussion of their role in our second filter design—including key synthesis strategies

and practical implementation benefits—is presented in Section 4.2.

2.8 Inverse Filter Design

Up to this point, we have discussed THz filter design methods rooted in classical mi-
crowave engineering principles. Although effective in many applications, these conven-
tional methods face inherent limitations when applied to compact, high-performance
THz systems. In particular, they are often inadequate for realizing nonintuitive ge-
ometries, and further miniaturization typically involves trade-offs, such as diminished
stopband rejection. To address these challenges, inverse design presents a modern and
computationally powerful alternative. Rather than relying on predefined topologies,
it directly optimizes the device geometry to meet the specified electromagnetic per-
formance criteria.

Inverse design methodologies, originally developed to optimize nanophotonic struc-
tures beyond the reach of traditional analytical techniques, have demonstrated re-
markable success in nanophotonic systems [75]. Early implementations produced
compact, high-performance devices with nonintuitive geometries tailored to specific
optical transmission or field distribution requirements. In particular, their integra-
tion into photonic integrated circuits (PICs) has enabled densely integrated compo-
nents with enhanced functionality, reduced footprints, and improved optical perfor-
mance [75-80]. The maturity of inverse design in silicon photonics not only validates
its effectiveness but also underscores its relevance for addressing similar challenges in
emerging THz integrated systems, where compactness, spectral control, and nonin-
tuitive geometries are equally critical.

Conventional design approaches typically rely on fixed geometries and manual pa-
rameter tuning. Inverse design, in contrast, formulates the desired electromagnetic
response as an objective function and systematically searches for an optimal config-

uration subject to physical and fabrication constraints. This approach facilitates the



44

realization of highly efficient and multifunctional THz components, including filters,
waveguides, and antennas.

Recent studies have applied inverse design strategies to optimize THz components.
Zhang et al. [81] proposed a GA-based inverse design framework to optimize disper-
sion profiles for broadband impedance matching. The resulting dual-metasurface
absorber achieved 88% absorption across the 0.21-5 THz range, demonstrating both
high performance and computational efficiency. In a subsequent study, the same
group expanded this framework by incorporating multiple objective functions to en-
hance the robustness and automation of THz metasurface design [82].

Beyond GAs, machine learning-based approaches have been applied to accelerate
and enhance the inverse design process. Li et al. [83] used artificial neural networks
(ANNSs) to accurately predict reflection spectra and optimize micro/nano THz meta-
surface structures with custom optical responses. Similarly, Mashayekhi et al. [84] de-
veloped an ANN-assisted inverse-designed graphene-based absorber, achieving 96.33%
absorption across 0.5-10 THz and enabling rapid parameter selection for THz detec-
tion. Deep learning has also been extended to THz antenna design. Karahan et al. [85]
introduced a deep neural network (DNN)-based inverse design approach for multi-
band graphene patch antennas operating between 2—-5 THz. Their model achieved
13 frequency bands, up to 8.8 dB gain, full 360° beam steering, and 93% prediction
accuracy, significantly accelerating the design cycle. Furthermore, Ding et al. [86]
proposed a Finite-Difference Time-Domain (FDTD)-based inverse design framework
for a 3D-printable diffractive optical element (DOE) capable of THz spectral split-
ting between 0.5-0.7 THz. Their simulation and experimental results demonstrated
a compact, low-cost solution for portable THz spectroscopy and communication.

Figure 2.12 presents established inverse design demonstrations in nanophotonics
(a—c) alongside recent advancements in THz applications (d-g). Although most THz
inverse design efforts have concentrated on metasurfaces, inverse-designed THz filters
remain largely unexplored, an area this work directly targets. In contrast, nanopho-
tonics, particularly in the context of PICs, has produced several inversely designed
filters that influence the design strategies adopted in this study. In particular, the
genetically optimized on-chip wideband ultra-compact filter by Yu et al. [79] served
as a conceptual foundation for our methodology.

In the inverse design of complex THz filters, one must determine the optimal
geometric configuration that yields a desired spectral response. This typically in-

volves searching through a large, high-dimensional, and discrete design space, where
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Figure 2.12: Selected examples of inverse design techniques in nanophotonic and
THz applications. (a) Topology-optimized demultiplexer showing power flow at
A = 1550 nm and 1300 nm [77]. (b) Electric field amplitude in a nonlinear nanopho-
tonic optical switch optimized using the adjoint method [78]. (c¢) Optical microscope
image of a genetically optimized wideband ultracompact on-chip reflector [79]. (d)
Broadband THz absorber designed using GA-optimized dual metasurfaces [81]. (e)
High-efficiency, broadband THz metasurfaces synthesized via multi-objective GA [82].
(f) Deep-learning-based design of a metasurface for near-complete THz absorp-
tion [86]. (g) Deep-learning-enabled inverse design of multi-port RF and sub-THz
passives and integrated circuits [85].

traditional analytical methods offer limited guidance. Although an exhaustive search
could, in theory, yield the global optimum, the exponential growth in design permuta-
tions and associated computational cost typically renders this approach impractical.
To address this, global optimization methods such as GAs provide an efficient alterna-
tive. By mimicking evolutionary processes, GAs iteratively refine candidate solutions
without requiring gradient information, making them well-suited for large, discrete
design spaces.

Given these advantages, we adopt GA for the THz inverse filter design problem,
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leveraging its ability to navigate high-dimensional search spaces and achieve target
spectral responses with significantly reduced computational overhead. This approach
offers several advantages that make it particularly suitable for the inverse design of
complex structures. Unlike gradient-based optimization methods, GA does not re-
quire computation of gradients of the fitness (objective) function. This characteristic
makes it more robust against local minima, which are common in non-convex high-
dimensional design spaces [87].

In [4], we employed a GA to optimize the binary distribution of gold (Au) and
air pixels within a planar THz filter structure. Each candidate solution was encoded
as a chromosome that defined the spatial arrangement of pixels. These chromosomes
evolved over successive generations through selection, crossover, and mutation. The
GA parameters were carefully tuned to address the discrete, high-dimensional nature
of the design space.

To enhance design diversity and convergence, key GA operators were employed.
Mutation introduced variability by toggling individual bits, thereby altering the ma-
terial assignment of specific pixels and enabling exploration of novel topologies that
enhance the S-parameter response. Crossover combined advantageous traits from
two parent solutions, while elitism preserved the best-performing individuals across
generations. The population size was selected to balance exploration breadth with
computational feasibility, given the cost associated with full-wave electromagnetic
simulations [87].

Several strategies are employed to mitigate convergence to local minima in the
nonconvex optimization landscapes defined by electromagnetic performance metrics.
Increasing the mutation rate enhances diversity and enables broader exploration of
the design space. Extending the number of generations allows additional opportu-
nities for evolving high-performance filter geometries. If a locally optimal solution
is suspected, its genome may be reintroduced in subsequent runs to promote refined
exploration in its neighborhood. Running the GA multiple times with randomized
initial populations supports statistical comparison across runs, providing insight into
the robustness of the solutions and the sensitivity of the design space to initial con-

ditions. Further details of this methodology are presented in Section 4.4.
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2.9 Review Summary

This chapter provided a comprehensive overview of the fundamental concepts support-
ing the design and integration of THz filters in miniaturized platforms. It began by
addressing the challenges associated with THz signal generation and detection, with
particular emphasis on PCSs. The discussion then transitioned to the TSoC plat-
form, including the function of tapering structures in facilitating impedance match-
ing. Various field-guiding technologies were examined—particularly CPS and CPW
transmission lines—alongside a detailed analysis of attenuation and dispersion phe-
nomena critical to high-frequency signal integrity. Building on this foundation, the
chapter explored THz filter design strategies, beginning with periodic structures. It
further examined the role of even and odd modes in transmission lines. Finally, the
chapter introduced inverse filter design as an advanced computational methodology
for realizing compact, high-performance THz filters that surpass the limitations of

traditional synthesis approaches.
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Chapter 3

Methods

3.1 THz-Time Domain Spectroscopy

All measurements in this work were performed using a modified THz-TDS method.
THz-TDS is a powerful technique for characterizing the electromagnetic properties of
materials in the THz frequency range. It operates by transmitting short, broadband
THz pulses through a sample and recording the transmitted signal as a function of
time [88]. This time-resolved measurement enables the extraction of both amplitude
and phase information.

To characterize short pulses, Fig. 3.1 illustrates the temporal and spectral behavior
of Gaussian pulses with various Full Width at Half Maximum (FWHM). The FWHM
defines pulse duration in the time domain and spectral bandwidth in the frequency
domain, providing a standardized measure for pulse characterization. The figure
demonstrates that to achieve a broad frequency response covering a range of 10 THz,
extremely short pulses (FWHM < 0.5 ps) are necessary. This follows from the Fourier
time-frequency duality, where shorter pulses (i.e., narrower FWHM) result in broader
spectral bandwidths, enabling efficient high-frequency THz generation and detection.
As mentioned before, LT-GaAs, with a carrier lifetime of approximately 0.5 ps, is
well-suited for broadband THz-TDS for operation in the 0.1 - 4 THz range.
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Figure 3.1: Comparative analysis of Gaussian time domain response and Fast Fourier
Transform (FFT) for different FWHM values.

3.2 Measurement Setup

Figures 3.2 and 3.3 illustrate the modified THz-TDS experimental setup developed
for this study. The system uses a femtosecond laser characterized by a pulse width
of 80 fs, a wavelength of 780 nm, and a repetition rate of 80 MHz. The laser beam is
split into two paths using a 50:50 beam splitter. In the transmitter path, the optical
beam is modulated by an optical chopper before being focused onto the active region
of the PCS. Conversely, in the receiver path, the optical beam traverses a mechanical
delay line before being focused onto the active region of the PCS.

Both the mechanical delay line and the optical chopper can be positioned in either
the transmitter or receiver path. The optical chopper serves as a modulator for the
laser pulse, which is essential for generating a reference signal for the lock-in amplifier.
This modulation facilitates the extraction of the desired information from the received
signals with a better signal-to-noise ratio. The received pulse is sampled by varying

the physical path-length difference between the transmitter and receiver. This ad-
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Figure 3.2: Schematic diagram of the experimental setup, showing the optical paths
for the transmitter and receiver in the THz-TDS system.
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Figure 3.3: The modified THz-TDS measurement setup.

justment introduces a time delay in the optical path, enabling the system to capture
different temporal points of the transmitted pulse. By systematically changing this
path-length difference, a complete time-domain profile of the transmitted pulse can
be recorded, enabling the analysis of the THz waveform.

For an active area with a 10 yum gap, the transmitter typically operates with

an applied bias of approximately 24 Vpc. The receiver is connected to a lock-in
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amplifier, which is referenced to the optical chopper. This configuration facilitates

the measurement of the induced photocurrent.

3.3 Fabrication of Terahertz System-on-Chip

This section provides a comprehensive overview of the fabrication process for the
TSoC platform, which serves as the foundation for the works in [1-3,5,6]. The
fabrication process involves the development of PCSs and silicon nitride membrane,
which are essential for achieving the desired THz performance. The fabrication of
PCSs was carried out in the University of Victoria cleanroom facility, where advanced
lithographic and etching techniques were used to achieve high-precision patterning.
For the fabrication of the silicon nitride membrane, we collaborated with 4D Labs,
leveraging their 2 pm fabrication process to achieve high-quality thin-film deposition

and mechanical stability at an affordable cost.

3.3.1 Fabrication of Photoconductive Switches

The fabrication process began with the development of the PCS, which functions as
both the THz signal source and detector in all experimental configurations. Ensuring
consistent, reliable, and high-performance operation was critical, necessitating the
production of a sufficient number of high-quality devices. The primary goal was
to fabricate an array of compact thin-film LT-GaAs-based PCSs with dimensions
of 40 pm x 70 pm x 1.8 pum. Figure 3.4 presents an image of the target devices,
highlighting their structural layout. This section provides a brief overview of the
fabrication process; for a more detailed description, the readers are referred to [89].

LT-GaAs, selected as the active region material for its outstanding properties
in the THz regime (as detailed in Section 2.3), offers unique advantages due to its
electronic and structural characteristics. As previously discussed, this material is typ-
ically grown at low temperatures (200-300°C), which leads to a high concentration
of arsenic (As) antisite defects and gallium (Ga) vacancies. These defects result in
high resistivity and semi-insulating behavior, making LT-GaAs well-suited for ultra-
fast photoconductive applications. However, the same defect-rich composition also
increases its susceptibility to oxidation upon exposure to air [90,91].

To mitigate this, a layer of Aluminium Arsenide (AlAs) is grown as a capping layer

to protect the LT-GaAs surface from oxidation. Upon exposure to air, AlAs forms
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Figure 3.4: Array of thin-film LT-GaAs-based PCSs, including a detailed view of a
single PCS with labeled dimensions.

a stable oxide layer (AlyO3), which serves as a protective barrier, preventing further
oxidation of the underlying LT-GaAs [92]. In addition to its protective role, AlAs also
functions as a sacrificial layer in the fabrication process. During the final step, when
the sample is immersed in Hydrofluoric (HF) acid, the AlAs layer dissolves, leaving
the LT-GaAs intact.

The AlAs layer was deposited using Molecular Beam Epitaxy (MBE), a highly
controlled fabrication technique renowned for producing high-purity materials with
precise thickness control and excellent structural integrity [93]. This layer was grown
on a SI-GaAs substrate, which provides mechanical support and electrical isolation.
Note that the thickness of the AlAs layer was selected to be 200 nm, while the
LT-GaAs active region exceeded 2 pm (to ensure sufficient photoconductive volume),
and the underlying SI-GaAs substrate was maintained at 600 pm.

With the multilayer wafer in hand, the first step was to cleave it into small square
pieces (7 mm x 7 mm) to facilitate subsequent photolithography. Photolithography
is a patterning technique used to selectively mask specific regions of the substrate
surface. The process began with substrate cleaning, which was especially critical
for GaAs substrates due to their susceptibility to organic contaminants, metal ions,
and native oxide formation. To ensure a pristine and contaminant-free surface, the

samples underwent a cleaning protocol, beginning with 10 minutes of sonication in
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acetone (to remove organic residues), followed by a thorough rinse in Deionized (DI)
water to eliminate residual solvents.

Once the substrate surface was thoroughly cleaned and dried, the subsequent
photolithography steps were executed on each sample, as illustrated in Fig. 3.5 and

Fig. 3.6, and are summarized below.

1. The substrate was coated with a uniform layer of Lift-off Resist (LOR) 3A
(thickness =~ 1.5 pm) using a spin coater set at 2500 rpm for 30 seconds, with
an acceleration rate of 10000 rpm per second. The spin coating process ensures
a uniform and smooth LOR layer across the substrate, which is critical for

defining the pattern during the photolithography process.

LOR 2A {  Shipley S1813
LT-GaAs LOR 2A
AlAs LT-GaAs
' AlAs

Figure 3.5: Coating on cleaved pieces of LT-GaAs wafer

2. The coated substrate was placed on a hotplate at 170 °C for 3 minutes to accel-
erate solvent evaporation from the LOR layer, thereby promoting solidification
and ensuring a stable, adherent coating. After baking, the substrate was al-
lowed to cool to room temperature to complete the solidification process and

stabilize the layer prior to the next fabrication step.

3. Shipley S1813, a positive Photo Resist (PR), was applied to the substrate by

spin coating at 5000 rpm for 30 seconds with an acceleration of 10000 rpm/s.
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The positive PR layer was necessary for patterning the substrate under exposure

to Ultra Violet (UV) light.

4. Similarly, the coated substrate was placed on a hotplate at 110°C for 1 minute.
This baking step facilitates the removal of any residual solvent in the PR, mak-
ing it more resistant to UV exposure. The substrate was then removed from

the hotplate and allowed to cool to room temperature.

This procedure ensured a consistent and reliable coating of the substrate with
both LOR and PR, providing a solid foundation for the subsequent fabrication steps.
With the coating process completed, the next step involved mask alignment, which
was performed according to the procedure illustrated in Fig. 3.6 and detailed in the

following.

PLUL HEH
 Mask JIRY Mask |

Shipley S1813
LOR 2A
LT-GaAs

AlAs

Figure 3.6: Schematic illustration of the mask alignment and development process.

1. A photomask, typically composed of a patterned chrome layer on a quartz sub-
strate, was positioned between the UV light source and the PR-coated substrate.
The mask selectively blocked UV radiation in predefined regions, thereby facil-
itating pattern transfer onto the underlying resist. A high-power, collimated
UV light source with a programmable exposure timer was utilized in the mask

aligner to ensure uniform exposure.

2. The photomask and the substrate were brought into close proximity to minimize

diffraction effects and enhance the resolution of the transferred pattern.
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3. The wafer was exposed to UV light with an intensity of Iy = 22 mW /cm? for 4
seconds. This corresponds to an exposure dose of Ey = At x Iy = 88 mJ/cm?,
which defines the total energy per unit area delivered to the PR, affecting its

development behavior.

4. After UV exposure, the sample was developed to remove the exposed regions of
the S1813 PR. To form the required undercut in the LOR layer, it was immersed
in MF-319 developer for at least 60 seconds or until the pattern became clearly
visible, followed by rinsing in DI water. This undercut was critical for ensuring

a successful lift-off process.

The next stage involved metallization, in which metallic contacts were deposited
using Physical Vapor Deposition (PVD), specifically through reactive sputtering. In
this process, a controlled mixture of inert (argon) and reactive (nitrogen) gases is
introduced into the sputtering chamber. The sputtered material reacts with the
ambient gases to form a compound layer on the substrate surface.

To ensure strong adhesion and optimal electrical performance, a 10 nm titanium
(Ti) layer was first deposited as an adhesion layer, followed by a 200 nm gold (Au)
layer, selected for its superior electrical conductivity and environmental stability. The
presence of the LOR layer was essential for a successful lift-off; without it, the Ti/Au
film might form continuous sidewall coverage between the PR and the substrate,
potentially leading to unintended electrical connections. The metal deposition and
lift-off process are illustrated in Fig. 3.7.

Following gold deposition, the substrate was submerged in Remover PG—a pro-
prietary solvent based on N-Methyl-2-Pyrrolidone (NMP)—for 1 hour to perform the
lift-off process. To ensure complete metal removal, the sample was examined under
a microscope every 15 minutes to verify that all unwanted metal had been removed
from the surface. This soaking process effectively dissolved both the PR and LOR
layers. Once the lift-off was complete, the substrate was thoroughly rinsed with DI
water.

The same photolithography process was repeated on the sample, this time without
the LOR layer, as gold contacts were already present. This step required precise
mask alignment, where alignment markers on the mask were matched with previously
defined lithographic features on the substrate. The second mask was complementary
to the first, allowing UV light to pass through the active regions. Following alignment,

the substrate underwent UV exposure and development.
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Figure 3.7: Metal deposition and lift-off procedure.

Subsequently, the entire substrate was submerged in a GaAs etchant—a mixture
of citric acid and 30% hydrogen peroxide in a 5:1 ratio—for approximately 1 minute to
initiate the etching process. The etching rate was then measured using a profilometer
and was typically found to be around 200 nm/min. Based on this measurement,
the substrate was reimmersed in the etchant until only 1 pm of the LT-GaAs layer
remained.

It is important to note that during this step, several unexpected challenges were
encountered. Specifically, during the mask design phase, different densities of PCSs
were selected to serve as alignment masks in the lithography process. Through exper-
imentation, it was observed that when the PCS density on a single chip was too high,
the etching process did not proceed uniformly. This issue arose due to residual PR
becoming trapped in the narrow gaps between adjacent structures, preventing com-
plete removal during the development step. As a result, the remaining PR obstructed
the etchant from fully accessing these confined regions, leading to incomplete etching
and structural defects.

Figure 3.8(a) illustrates the optimal PCS density that enables successful fabri-
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cation. By maintaining adequate spacing between adjacent PCSs (approximately
20 pm), the etchant can effectively access all regions, resulting in well-defined and
uniformly etched structures. In contrast, Fig. 3.8(b) shows high-density device lay-
outs in which etching was unsuccessful due to insufficient spacing. In such cases,
the etchant was unable to penetrate the narrow gaps between adjacent PCSs, lead-
ing to incomplete etching and structural defects. As a result, these poorly etched
devices were rendered unusable for further processing, significantly impacting overall

fabrication yield and device reliability.

Figure 3.8: Impact of PCS density on the etching process. (a) A correctly opti-
mized PCS density, ensuring proper etching and successful device fabrication. (b) A
high-density PCS arrangement where incomplete etching has occurred, rendering the
structures unusable for further processing.

As previously discussed, the LT-GaAs epilayer was grown on a sacrificial AlAs
layer. Upon submerging the sample in HF acid, the AlAs layer underwent complete
dissolution, while the LT-GaAs and underlying SI-GaAs layers remained structurally
intact.

To protect the LT-GaAs epilayer during the process, an etch-resistant layer of
Apiezon Wax W was applied by heating the sample to 130°C on a hotplate. A
polystyrene rod was then carefully positioned and bonded to the wax to ensure a
secure attachment. The rod, with the attached sample, was subsequently immersed
in a 10% HF acid solution, such that the sample remained submerged while the rod
itself was not fully immersed. After sufficient etching, the LT-GaAs epilayer detached
from the substrate and was removed along with the polystyrene rod. To neutralize any
residual HF, the sample was rinsed in a water—calcium carbonate solution, followed

by a final rinse in DI water.
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Figure 3.9 illustrates the step-by-step process of epitaxial layer lift-off, highlighting
the role of wax bonding and selective HF etching in dissolving the sacrificial AlAs

layer.

Figure 3.9: Schematic representation of the epitaxial layer lift-off process. (a) A
clean substrate before processing. (b) Apiezon Wax W is melted onto the LT-GaAs
surface, and a polystyrene rod is gently positioned to bond with the wax. (c¢) The
polystyrene rod and bonded epilayer are immersed in HF acid to selectively dissolve
the sacrificial AlAs layer. (d) After lift-off, the sample is removed, neutralized in a
calcium carbonate solution, and rinsed with DI water.

Following the etching process, the sample was rinsed with DI water, and the
polystyrene rod was carefully detached from the Apiezon Wax W. At this stage, the
LT-GaAs epilayer was transferred to an alternative substrate (e.g., Mylar), provided
the substrate was resistant to the solvent used for wax dissolution.

The final procedure involved extracting the LT-GaAs devices from the wax and
transferring them onto another substrate for storage. This was accomplished by plac-

ing the samples, still bonded to the wax, onto a tilted Mylar membrane. Trichloroethy-
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lene (TCE) droplets were gently applied to the wax, causing it to liquefy. Once the
wax was fully dissolved, a substantial portion of the thin-film LT-GaAs devices re-
mained adhered to the Mylar membrane, with their front side now exposed on the
surface.

Once the PCS devices were successfully bonded to the Mylar membrane, they were
transferred onto a temporary substrate through a precise and controlled process. This
procedure involved positioning the Mylar membrane with the device side facing the
target substrate and carefully detaching the thin-film LT-GaAs regions using a sharp
needle. Localized pressure was applied from the rear side of the membrane to facilitate
detachment while minimizing mechanical stress on the fragile structure.

Figure 3.10 illustrates the step-by-step execution of this process. Several chal-
lenges were encountered during the accurate placement of PCS devices onto the mem-
brane. First, transferring the device from one membrane (Fig. 3.10(b)) to another
using a needle required extreme precision. Even minor external disturbances—such
as airflow or mechanical vibrations—could cause the device to detach from the nee-
dle tip. Given the device’s microscopic size, loss during this step often rendered
recovery infeasible. Furthermore, after successful placement on the silicon surface
(Fig. 3.10(c)), the PCS sometimes landed in an inverted orientation, necessitating
additional repositioning. Based on experimental experience, a dual-needle technique
was found to significantly improve control and placement accuracy during transfer.

Proper alignment of the conductive pads on top of the CPS transmission lines
is critical, requiring precise lateral adjustments under a microscope. The LT-GaAs
surface must be carefully inspected from a top-down perspective, and the device must
be shifted meticulously using the needle to ensure exact placement. Figure 3.10(d)
shows the correct placement of the device to act as the receiver.

A small water droplet is then applied to enhance adhesion between the device
and CPS. During this step, both the needle and pipette must be handled deli-
cately—placing the droplet close to the device to avoid displacement from fluid im-
pact. Accidental contact between the needle and pipette must be strictly avoided to
prevent damage to the fragile silicon nitride membrane, which could result in process

failure.
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Figure 3.10: Step-by-step process for positioning the PCS on the transmission line
for operation as a transmitter or receiver. (a) A PCS device after being released from
the Mylar membrane onto a temporary substrate. (b) Attaching the device to the
tip of a needle for manipulation. (c) Initial placement of the device on the silicon
substrate, followed by precise adjustment to its predefined location, as shown in (d).
(e) The circuit is flipped and viewed under a microscope to verify alignment between
the gold contact pads and the CPS transmission line.

3.3.2 Fabrication of Silicon Nitride Membrane on Silicon Frame

In collaboration with 4D LABS, a robust and uniform 1 pm-thin silicon nitride mem-
brane was fabricated on a 500 pm-thick double-side polished (DSP) silicon wafer to
serve as a high-quality mechanical and dielectric support platform for integrating
ultra-thin THz circuits. Figure 3.11 provides an overview of the fabrication process.

Although the fabrication was not directly conducted as part of this dissertation,
a brief summary of the key steps is presented here for completeness. The forma-
tion of the silicon nitride membrane began with the deposition of a uniform silicon
nitride layer on a DSP silicon wafer using Low-Pressure Chemical Vapor Deposi-
tion (LPCVD)—a technique renowned for delivering high-quality films with excel-

lent thickness uniformity. The deposition process, lasting approximately 5 hours,
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Figure 3.11: Fabrication of thin membrane on a DSP silicon wafer
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produced a 1 pm-thick membrane, ensuring the mechanical stability and structural
integrity necessary for subsequent fabrication steps.

Photolithography began with rigorous substrate preparation to ensure high-resolution
patterning and robust resist adhesion. The silicon wafer was subjected to a standard-
ized multi-step cleaning procedure, as previously outlined, followed by native oxide
removal. This was achieved by immersing the wafer in a 1:1 solution of hydrochlo-
ric acid (HCI), effectively eliminating the 1-2 nm-thick oxide layer and exposing a
pristine silicon surface essential for subsequent processing. A uniform LOR layer was
then spin-coated onto the cleaned substrate, baked on a hotplate at 170 °C, and sub-
sequently cooled under controlled conditions to stabilize the resist film for the next
photolithographic steps.

Once the resist stack was properly formed, photolithographic patterning was car-
ried out using a high-resolution chrome-on-quartz photomask. The aligned sample
was subsequently exposed to a collimated UV light source to define the desired pat-
tern. Following exposure, the substrate was immersed in MF-319 developer, which
selectively dissolved the UV-exposed regions of the PR, thereby uncovering the under-
lying substrate surface. To conclude the process, the substrate was thoroughly rinsed
with DI water to eliminate any residual developer and ensure surface cleanliness.

In this process, Potassium Hydroxide (KOH) etching is employed to selectively

remove designated regions of the silicon substrate, thereby delineating the silicon ni-
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tride membrane structure. The etching parameters—including duration and solution
composition—are precisely controlled to achieve a membrane thickness of 1 pm. KOH
exhibits strong anisotropic etching characteristics, preferentially dissolving the silicon
while preserving the integrity of the silicon nitride layer. This selective removal en-
ables the formation of a uniform, well-defined membrane supported by the remaining
silicon frame, ensuring both structural stability and dimensional accuracy.

Following the wet etching process, the same metallization and photolithography
procedures were repeated. Figure 3.12(a) shows the CAD layout of the structure
prior to fabrication. After fabrication, the DSP Si wafer was sectioned into four
quadrants, each hosting distinct TSoC designs without integrated PCSs, as illustrated
in Fig 3.12(b). Each circuit incorporates bias lines extending to peripheral contact
pads to enable electrical interfacing. Finally, each quadrant was mounted on a PCB
and integrated into the measurement setup for comprehensive characterization, as
shown in Fig 3.12(c).

Figure 3.12: (a) CAD model of the designed wafer before fabrication. (b) Fabricated
DSP Si wafer divided into four quadrants, each containing a TSoC design without
PCSs. Bias lines connect each circuit to outer-edge connection pads. (¢) Measurement
setup where each quadrant is mounted onto a PCB for testing.
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Chapter 4
Contribution

This chapter outlines the core contributions introduced in Chapter 1. The follow-
ing sections provide a summary of the major achievements of this research. The
selected figures and content are adapted from the authors’ published or submitted
manuscripts. For a detailed description of the methodologies and technical insights,
the reader is referred to Appendices A through D, which follow the journal article

format and include comprehensive design and performance assessments.

4.1 Demonstration of a Terahertz Band-Stop Fil-
ter Using an Apodized Bragg Grating (Ap-
pendix A)

This work presents the first experimental demonstration of a planar, on-chip THz
band-stop filter based on a CPS transmission line. An Apodized Bragg Grating
(TABG) structure is integrated into a TSoC platform to create a band-stop filter with
a center frequency of 0.8 THz and a bandwidth of 200 GHz. The integrated TABG
was characterized from DC to 1.5 THz. Experimental measurements demonstrate
a stopband rejection of approximately 20 dB, showing strong agreement with both
full-wave simulations and theoretical models.

This work introduces several key technical advances. First, it demonstrates a fully
integrated apodized Bragg filter operating in the THz frequencies, incorporating the
transmitter, feedlines, the TABG section, and the receiver. The TABG represents the

first experimental demonstration of its performance, complementing previous simu-
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lation studies, and establishes a scalable, high-performance band-stop filter for THz
applications. Second, it achieves the highest Bragg frequency reported in the THz gap
using quasi-TEM CPS feedlines fabricated on a thin silicon nitride membrane. Third,
it confirms that the theoretical principles governing periodic filters are applicable to
THz Bragg structures. Finally, it reveals and analyzes radiative loss mechanisms at
frequencies beyond the Bragg stopband in CPS grating configurations.

Inspired by Fiber Bragg Grating (FBG)s in optical communication systems, the
TABG employs periodic modulation of the characteristic impedance along with an
apodization profile to minimize side lobes in the reflection spectrum [94]. The filter
comprises N = 12 unit cell sections and 4 apodization sections from each end, which
facilitate a gradual transition in geometry and characteristic impedance between the
feedlines and the grating unit cells. It features a stopband centered at 0.8 THz, with

a calculated grating period of A = 165 pum, determined using;:

c

A= T (4.1)
where c is the speed of light, f. is the center frequency, and ¢, is the effective relative
permittivity of the propagating mode.

The fractional bandwidth of the filter is determined to be Af = 0.18 THz, based
on the impedance discontinuities between adjacent cells. Full-wave simulations per-
formed using ANSYS HFSS ensure precise modeling of the characteristic impedance
and effective permittivity (e, &~ 1.3), ensuring design accuracy and performance re-
liability.

The fractional bandwidth, Af/f., is influenced by the characteristic impedance

contrast between adjacent cells and is given by [95]:

A 4 L1 — 24,
LA gt (L1 = Zn) (4.2)
fc m Zn+1 + Zn

where Z,, and Z,,; represent the characteristic impedances of consecutive unit cells.
Using Eq. (4.4) with Z, and Zy from Table 4.1, the fractional bandwidth is calculated
as Af = 0.18 THz. Figure 4.1 illustrates an annotated portion of the TABG. The

TABG response is defined by reflections caused by characteristic impedance discon-

tinuities along the grating.
In microwave engineering, the Bragg filter is commonly referred to as a periodic
filter, which can be described by a dispersion diagram and a Bloch impedance [46]

(refer to Section 2.6.1 for further details). To calculate these quantities, we construct
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Figure 4.1: Apodization sections and grating unit cell where A = 165 pm. Dimensions
and characteristic impedances are found in Table 4.1.

Table 4.1: TABG dimensions and characteristic impedances for Fig. 4.1

. n [O[1]2[3[4]0U]
W, [pm] | 45 | 35 | 30 | 25 | 20 | 15
S, [pm] | 70 | 80 | 85 | 90 | 95 | 100

7 [ | 234260 | 274 | 290 | 311 | 332

the ABCD matrix of the unit cell depicted in Fig. 4.1 as:

Wy/Ere
(&

where 5 =

A B
¢ D

| cos (% ] 4y sin TA

B _jYU sin (%) cos (%)
[ cos (%) 14 sin (TA)
Yosin (%) cos ()
[ cos (TA) ]2y sin TA
7Yy sin %) cos %)

is the propagation constant.

After constructing the ABCD matrix, we obtain the dispersion diagram and Bloch

impedance. The dispersion diagram is calculated using SA = Imag{cosh *[(A +
D)/2]}, and the result is plotted in Fig. 4.2 (a). This figure illustrates the stopband

associated with the infinite periodic structure. Next, the Bloch impedance is calcu-

lated using Eq. (2.50), and the reflection coefficient between an infinite periodic filter

and a load impedance is derived from Eq. (2.60). Using this equation, we illustrate

the impact of apodization. If we negate the apodization sections, then Z; = Z,
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resulting in a mismatch and a less desirable reflection spectrum. Alternatively, by
adding an apodization section, we can significantly improve the matching and reduce
reflections (Fig. 4.2 (b)).
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[ o |
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Figure 4.2: (a) Dispersion diagram for the TABG. (b) Reflection coefficient at the
load of the TABG with and without an apodization section.

Experimental characterization is performed using a modified THz-TDS platform
same as Fig. 3.2. This platform integrates the transmitter, receiver, and TABG onto
a single wafer with planar circuitry defined on a 1 um SizN, substrate, providing low
loss and low dispersion at THz frequencies.

The thin silicon nitride substrate provides low-loss and low-dispersion transmis-
sion, which is critical for accurate device characterization at THz frequencies. Impor-
tantly, the use of this thin substrate is essential to mitigate radiation losses during
wideband measurements, as discussed in Section 2.5.2. In contrast, the use of a
thicker substrate would introduce substantial radiation loss and dispersion, degrad-
ing measurement accuracy, as reported in [7]. The effectiveness of this approach has
been demonstrated in prior studies [44, 56,62, 96].

In this study, the fabrication process closely follows the methodology described
in Chapter 3. Figure 4.3(a) illustrates the Tx PCS placed atop a lithographically
defined 200 nm gold CPS transmission line on the thin silicon nitride substrate.
Following the transmitter PCS, the CPS transmission line transitions into a wider
cross-section (W = 45 pm, S = 70 pm) to mitigate attenuation and optimize signal
propagation [44]. Figure 4.3(b) presents a microscopic image of the TABG structure,
while Fig. 4.3(c) portrays the receiver section, which consists of a DC block, DC bias
lines for the Tx PCS, and bias lines to connect the Rx PCS to the lock-in amplifier.

Figure 4.4(a—b) presents the simulated and experimental temporal responses of the
received THz-bandwidth pulse after transmission through the TABG structure. The

corresponding spectral response, obtained by applying a Discrete Fourier Transform
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(@) (b) (©)

Figure 4.3: TSoC with TABG. (a) illustrates an LT-GaAs PCS (Tx) on a gold
transmission line on a 1 pm-thin SizNy; membrane. In (b), the TABG is displayed.
(c) shows the LT-GaAs PCS receiver (Rx), coupling section, and the DC bias lines.

(DFT) to the time-domain signals, is shown in Fig. 4.4(c). For comparison, a reference
trace representing a simulation without TABG is also included.

As expected, the spectral roll-off observed in both simulation and experiment
results from the finite duration of the time-domain pulse. The maximum measurable
frequency is defined by the point at which the spectral dynamic range (SDR) reaches
zero [97]. Our measurement system exhibits a maximum SDR of approximately 60 dB,
which gradually diminishes with increasing frequency. Referring to Fig. 4.4(c), the
maximum measurement frequency corresponds to the point where the normalized
power drops below —60 dB, occurring near 1.5 THz.

The experimental results exhibit strong agreement with the simulations in terms
of stopband center frequency and bandwidth. However, a discrepancy is observed in
the stopband rejection: the experimental rejection is approximately 30 dB, while the
simulation predicts 45 dB. Several factors may explain this difference. First, limita-
tions in the photolithographic process restrict the minimum feature size to approxi-
mately 2 pm, resulting in dimensional deviations between simulated and fabricated
structures. Second, discrepancies may arise due to variations in material parameters
between the simulation and the fabricated device, even if they are nominally similar.
Additionally, the possibility of coupling to unintended modes with lower attenuation
across the filter may contribute to the reduced experimental rejection.

In summary, this work demonstrated the first on-chip TABG filter integrated into
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Figure 4.4: Experimental results of the received THz-bandwidth pulse after propa-
gation through the TABG. (a) Simulated temporal response (ANSYS HFSS). (b)
Experimental temporal response. (c) DET of the experimental and simulated tem-
poral responses.

a planar TSoC platform. The filter achieved a center frequency of 0.8 THz and
a 0.2 THz bandwidth with strong agreement between simulation and experiment.
The use of apodization improved spectral performance by reducing side lobes and
enhancing roll-off. These results validate the potential of periodic structures for
compact and scalable THz filtering and establish a foundation for future developments

in integrated TSoC systems.

4.2 Demonstration of a Planar Multimodal Peri-

odic Filter at THz Frequencies (Appendix B)

The previous work demonstrated that planar THz band-stop filters can be realized
by modulating the impedance of CPS transmission line sections, effectively achiev-
ing strong filtering through impedance contrast within a uniform quasi-TEM mode
structure. In the present work, we extend this concept by introducing a multimodal
periodic architecture that takes advantage of additional design flexibility enabled by
controlled mode conversion between CPS and the odd mode of a finite-ground CPW.

This CPS-CPW configuration creates a multimodal structure with unique spectral
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properties. The filter is designed for a center frequency of f. = 0.8 THz and a band-
width of Af = 0.07 THz. Experimental characterization reveals excellent agreement
with theoretical predictions and full-wave simulations, validating both the multimodal
design framework and its potential for integrated THz applications. These filters are
well suited for integration with other planar components such as phase shifters [98],
hybrids [99], and reconfigurable diodes [100].

The designed filter consists of alternating sections of CPS and CPW (Fig. 4.5(a)),
forming a structure similar to the Bragg grating previously demonstrated [1]. Tt
features a grating period of A = 173 um, corresponding to a center frequency of
fe = 0.8 THz. Figure 4.5(b) illustrates the transverse cross-section of the CPW
section and Fig. 4.5(c) presents a section of the filter that clarifies the unit cells.
The conductors have a width W = 45 um, and the separation is S = 80 pum. The
central conductor width W,, is set to 45 pum to achieve a stopband attenuation of
approximately -20 dB for N = 20 filter periods. The substrate is a thin layer of
silicon nitride (Hs = 1 pm) to reduce radiation loss, with gold (Au) conductors of

200 nm thickness for compatibility with transmitter/receiver bonding methods [101].
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Figure 4.5: (a) Filter structure. (b) Cross-section of CPW sections. (c) Unit cell
parameters.

Full-wave simulations using ANSYS HFSS software determine mode impedance,

S-parameters, and field distributions. The conductors are modeled as gold (Au) with
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oAu(0.8 THz) = 2.16 x 10" S/m, and the substrate is silicon nitride with &, gy = 7.6
and tan 0. siv = 0.00526 [102].

The CPW consists of three conductors, enabling it to support two distinct modes:
the even mode and the odd mode. Superscripts are used to differentiate these modes,
e.g., CPW? for the odd mode and CPW?¢ for the even mode. Each mode has a
distinct characteristic impedance: Z¢pyw and Z&pyw. Typically, the CPW*® mode is
the desired mode, while the CPW? mode is often considered parasitic and suppressed
by shortcircuiting the outer conductors.

However, in this work, the CPW? mode is of primary importance, while the CPW*
mode plays a secondary role. On the other hand, the CPS, with its two conductors,
supports only a single mode with a characteristic impedance of Zgps. The three
modes are illustrated in the transverse plane in Fig. 4.6.

As shown in Fig. 4.6(a, b), the CPS mode closely resembles the CPW? mode, sug-
gesting significant modal coupling. Figure 4.7 illustrates the qualitative and quantita-
tive effects of the CPW°-CPS interface. Electric field vectors at 0.8 THz are presented
for various widths of the central conductor (I,,,) in Figs. 4.7(a—c), revealing minimal
disruption at the CPW°-CPS interface. To quantify transmission, |S9;|? (transmission
between CPW? and CPS) versus W, is plotted in Fig. 4.7(d). Transmission between
CPW* and CPS, |5 |?, is not plotted because it is less than —60 dB, consistent with
the expectation for symmetric CPWs [103].

The results in Fig. 4.7(d) demonstrate a strong coupling between the CPS and
CPW? modes, establishing the potential of this configuration as a building block
for periodic filters. While the central conductor is not required to be rectangular
or symmetric, such designs would introduce additional complexities, including the
excitation of even modes and the presence of graded impedances, which are beyond
the scope of this study. Additionally, the CPS-CPW transition could include a shunt
admittance to model parasitic effects, but such contributions were found to have
negligible impact on the periodic filter investigated here.

The center frequency of the periodic filter is determined by the period A, as given
by Eq. 4.1. For ¢,. ~ 1.2, the center frequency is f. = 0.8 THz when A = 173 pm.
Additionally, the fractional bandwidth is governed by the characteristic impedances

Zépw and Zcpg, and is derived from Eq. 4.4. Subsequently, it is expressed as:

Af - E sin~* (—ZCPS _ ZCPW) ) (4.4)
fe Zcps + Zipw
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Figure 4.6: Illustrations of modes. (a) CPS mode. (b) CPW? mode. (c¢) CPW*®
mode. Conductors and substrates are overlaid for visibility, and their thicknesses are
approximately 10x thinner than shown.

For initial design estimates, the quasi-static expressions for characteristic impedances
are used. For the CPW odd-mode [104]:

ZO . 12071' K(kicpw)
N Ve Kkepw)

kcpw

where kipw = v/1 — kZpw and K(+) is the complete elliptic integral of the first kind.
For the CPS mode [105]:

7 _ 120m K (kcps) k __ 5
CPS — \/?MK( /CPS)7 CPS — S+2W7

where kgpg = v/1 — k2ps.

From Eq. 4.5 and Eq. 4.6, as W,,, = 0, kcpw — kcps and Z&pyw — Zcps. Conse-

(4.6)

quently, the fractional bandwidth reduces to zero, which is aligned with expectation
of connecting two identical sections of transmission line (i.e., the CPW with W,, =
0 and a CPS). Figure 4.8(a) plots the characteristic impedance of the modes using

the quasi-static expressions and at 0.8 THz which was obtained from full-wave sim-
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Figure 4.7: CPS-to-CPW? mode coupling at 0.8 THz. (a) W,, =5 pm. (b) W,, =
45 pm. (¢) W, = 70 pym. (d) |S5;|? for CPS-to-CPW?® as a function of W,,.

ulation. The quasi-static and 0.8 THz traces exhibit similar characteristics, but are
shifted in value which is expected as the characteristic impedance of CPW and CPS
are frequency dependent [106,107]. The bandwidth is obtained using Eq. 4.4 and is
plotted in Fig. 4.8(b) where a bandwidth of 0.07 THz is predicted for the experimental
structure with W, = 45 pm.

In summary, the design procedure begins by selecting the desired center frequency
using Eq. 4.1. Next, the effective relative permittivity, ¢,., is obtained using full-wave
simulation, but when using thin substrates (as in this work) then ¢, ~ 1. Next, the
conductor width, W, should be selected to have desirable attenuation characteristics
at THz frequencies such as W = 30 pm. The conductor separation, S, is then
selected to obtain a desired characteristic impedance for the feedline, Zopg using
Eq. 4.6 (or full-wave simulation). The central conductor width, W,,, is selected to
obtain Zgpy, using Eq. 4.5 (or full-wave simulation) which produces the specified

fractional bandwidth given by Eq. 4.4.
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Figure 4.8: (a) Characteristic impedance using quasi-static expressions and full-wave
simulation at 0.8 THz with S = 80 pm, W = 45 pm, H, = 1 pm, H, = 200 nm,
and ¢, = 7.6. The impedance at 0.8 THz with W,, = 45 pm are Zcps = 291€)
and Z2pyw = 254€). (b) The corresponding fractional bandwidth from Eq. 4.4 and
bandwidth where f, = 0.8 THz. At W,, = 45 pm, the bandwidth is 0.07 THz.

The periodic filter is constructed by cascading, /N, units cells that consist of two
quarter-wavelength (A\/4) sections of transmission lines with different characteristic
impedances. Unit cells are modeled using ABCD matrices. To simplify the analysis,
it is best to construct the unit cells ABCD matrix using a CPS of length A /4, a CPW?
of length A/2 , and a CPS of length A/4. This enables a straightforward method to
calculate the total ABCD matrix by raising the ABCD matrix of the unit cell to the
power of N. The ABCD matrix for a unit cell (Fig. 4.5) is given by the following:

Acett Beeit cos(BepsA/4) JZcpssin(BopsA/4)
Ceet' Deenr| | J(1/Zcps)sin(BepsA/4)  cos(BepsA/4)
) cos(BgpwA/2) JZepwsin(BepwA/2) (4.7)
_j<1/ZCOJPW)Sin<68PWA/2) cos(Bgpw/2)
' cos(BepsA/4) jZcpssin(fopsA/4)
7 (1/Zcps)sin(BepsA/4) cos(BepsA/4)
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The ABCD matrix for N sections is given by:

N
A B

C D

Acell Bcell
Ccell Dcell

(4.8)

The dispersion characteristics of the filter are obtained from Eq. 4.7 using the
same methods presented in [1]. The result of this process is shown in Fig. 4.9 where
a 0.07 THz stopband is observed.
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Figure 4.9: Dispersion diagram for the unit cell.

Lastly, the S-parameters are calculated from the ABCD matrix using standard
methods [46]:

_A+B/Zcps—CZCps—D and Sor — 2
A+ B/Zcps + CZcps + D ' A+ B/Zeps + CZcps + D

St (4.9)

The experimental setup follows the THz-TDS method described in Chapter 2 and
fabrication adheres to the previously described process. The fabricated structure is
shown in Fig. 4.10.

Figure 4.11 presents the experimental results for a reference structure and the
periodic filter illustrated in Fig. 4.10(b-d). The temporal response is normalized and
transformed into the spectral response via DFT. The spectral response in Fig. 4.11(c)
reveals a stopband centered at 0.8 THz with a bandwidth of approximately 0.1 THz,
aligned with theoretical predictions and full-wave simulations.

The observed spectral decay, characterized by an approximately linear slope of



75

e
S, SR |

Figure 4.10: (a) The complete integrated system fabricated on a thin silicon nitride
membrane. (b) The transmitter section, consisting of an LT-GaAs PCS, 200 nm
thick gold CPS transmission line on a 1 pm silicon nitride layer. (¢) A microscopic
view of the periodic filter. (d) The receiver section, including the DC block and bias
lines for the PCS and lock-in amplifier connection. (e) Thin films of LT-GaAs with
dimensions of 40 pm x 70 pm x 1.8 pm, used in the PCS arrays. (f) The PCS arrays
after fabrication, used in both transmitter and receiver sections. (g) A quarter wafer
mounted on a PCB for alignment and connection to the measurement setup, ensuring
precise signal transmission. (h) Fabricated circuits on the wafer before being diced
into four quarters.

—20dB/THz on a semi-log scale, is attributed to the transient excitation and detec-
tion methods. This behavior is primarily influenced by the duration of the optical
pulse duration and PCS carrier lifetime [108-110]. To aid in interpreting the re-
sults, we add the 20 dB/THz slope to the experimental data and plot it alongside
the full-wave simulation results in Fig. 4.11(d). This slope is a characteristic of
the transmitter and receiver; it does not mean that the filter exhibits a 20 dB/THz
insertion loss. Applying the inverse slope correction to the spectral response flat-
tens the spectrum to allow a better visual comparison against full-wave simulation
(|S21]%). We find good relative agreement between the simulation and the experimen-

tal results, where the center frequency and bandwidth are in close agreement. We
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also observe the increased insertion loss above the stopband that is associated with
diffractive grating radiation. The experimental bandwidth is also marginally wider

than predicted, which probably originates from manufacturing differences.

(c) Spectral response

(a) Temporal response
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Figure 4.11: Experimental results. (a) Temporal response for a reference (W,, = 0
pum). (b) Temporal response for a periodic filter (W,,, = 45 um) spectrally normalized
to the reference. (c) Spectral response for a reference and periodic filter obtained via
DFT. (d) Spectral response with 20 dB/THz slope correction alongside a full-wave
|S1|? simulation results.

In summary, this work demonstrated a periodic band-stop filter based on alternat-
ing CPS and CPW sections. The filter exhibited a center frequency of f. = 0.8 THz
and bandwidth of Af =~ 0.1 THz. The theory was based on cascading ABCD matrices
that represented the CPS and the odd-mode of the CPW. The theory, simulation,

and experiment are in agreement with each other.

4.3 Stepped-Impedance Low-pass Terahertz Filter
(Appendix C)

Building on the success of previously demonstrated band stop filters, this study
presents an investigation of the design, fabrication, and experimental validation of in-
tegrated planar LPFs operating at THz frequencies. Using established microwave fil-

ter synthesis methodologies, Bessel stepped-impedance LPF's with a cut-off frequency
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of 0.8 THz were systematically developed. The fabricated devices are experimentally
characterized, confirming that planar filters operating at THz frequencies exhibit the
anticipated filtering behavior with minimal pulse distortion. This work represents the
first successful realization of an integrated planar all-pole network synthesis filter in
the THz regime.

Here, we aim to demonstrate that microwave network synthesis methods for
filter design remain valid at THz frequencies when applied to planar structures.
Although many previous studies have successfully implemented filter synthesis at
THz frequencies, they mainly focus on non-planar rectangular waveguide configura-
tions [74,111,112]. These non-planar designs are more prevalent due to their compat-
ibility with VNAs equipped with THz extension modules. However, such filters are
typically restricted to band-pass operation because of the inherent mode propagation
characteristics of rectangular waveguides.

Guided wave planar filters are made up of alternating transmission line sections,
similar to those used in the previously discussed band stop filters [1,2]. The specific
configuration, such as Butterworth, Bessel, or Chebyshev, determines the arrange-
ment of these sections and the corresponding impedance profile required to achieve
the desired frequency response. The design of a stepped-impedance filter relies on
the appropriate selection of characteristic impedances for the high-impedance (Zp)
and low-impedance (Z7) sections. The fundamental trade-off in impedance selection
is between achieving a high impedance ratio (Zy/Z1), which improves filter roll-off,
and maintaining practical fabrication constraints. The concept of a step-impedance
filter is depicted in Fig. 4.12.

Zy 21 Zu Zp Zra Zy

T*ll*.l*lz:l*ls*T.....l*lN*T

Figure 4.12: Stepped-impedance filter.

Bessel stepped-impedance LPFs have been selected for this proof of concept due
to their advantageous properties, including a linear phase response and a compact
physical footprint (=~ 70 pm in length). The linear phase response results in minimal
pulse distortion, which ensures that the transmitted pulse is not significantly broad-

ened. Reducing pulse broadening enhances system performance by minimizing the
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impact of reflections and signal interference at the receiver, which ultimately improves
spectral resolution.

The design specifications include a cutoff frequency of f. = 0.8 THz, with filter or-
ders of N = 3,4, 5. Figure 4.13 illustrates the overall structure and the three different
filters fabricated using the method discussed in Chapter 3. The feedline impedance,
Zy, was selected to correspond to a low-loss configuration (o ~ 0.8 dB/mm [56]),
which occurs when Sy = 70 pym and Wy = 45 um.

For a stepped-impedance LPF, it is desirable to maximize the Zy/Z; ratio. How-
ever, the selection of Zy and Zj is constrained by fabrication limitations. To en-
sure consistency, the center-to-center spacing of the conductor (S + W) is kept con-
stant throughout the filter length. The minimum feature size is limited to 2 pum
due to the resolution of the photolithography process. Given that Sy = 70 um and
Wy = 45 pm, the total spacing is S + W = 115 um. Therefore, to meet the fabrica-
tion constraints, the following bounds must be satisfied: 2 pm < Sp g < 113 pm and
2 pm < Wp g < 113 pm.

Figure 4.13: Microscope images of the TSoC structure with integrated filters.

Based on previous findings [7], where structures with a conductor width of W =
10 um exhibited favorable performance with minimal resistive loss, we adopted this
dimension for high-impedance sections in this design, setting Wy = 10 pum and
Sy = 105 pm. For low-impedance sections, dielectric breakdown considerations are
critical, as the CPS transmission line also serves as a DC biasing pathway for the
transmitting PCS. To maintain effective DC biasing, the spacing S must exceed
the transmitter gap Sp, = 10 pum. Consequently, we selected Sp = 15 um and
Wy =100 pm for this work.
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Full-wave simulations performed using ANSYS HFSS determined the character-
istic impedances as Zy = 2349, Z;, = 1319, and Zy = 362€). The next step is to
compute the lengths of the individual impedance sections, following well-established
synthesis techniques in [46].

In a stepped-impedance structure, alternating low- and high-impedance sections
mimic a cascade of series inductors and shunt capacitors, forming a ladder network

that exhibits low-pass filtering behavior. The lengths of these sections are given by:

o=l 9o
" B Zy’ " B Zy’

where (. = 27 f./c, and g, are filter element values. The filter element values, g,,

(4.10)

depend on the filter type (Bessel, Butterworth, Chebyshev, etc.) and order. For
completeness, the element values are copied into Table 4.2 for the filters of interest
[46]. The section lengths for the different filter orders are calculated using Eq. 4.10

and are summarized in Table 4.3.

Table 4.2: g, for maximally flat time delay LPF prototype [46].

N 9 92 g3 ga gs e
3 || 1.2550 || 0.5528 || 0.1922 || 1.0000 - -
4 || 1.0598 || 0.5116 || 0.3181 || 0.1104 || 1.0000 -
5 11 0.9303 || 0.4577 || 0.3312 | 0.2090 || 0.0718 || 1.0000

Table 4.3: Section lengths for filters.

N || hlpm] || Llpm] || ls[pm] || lfpm] || ls[pm]
3| 42 21 6 - -
41 35 20 11 4 -
5 31 18 11 8 2

The same setup as shown in Fig. 3.2 was used to perform the THz-TDS measure-
ments. Figure 4.14 presents the temporal and spectral responses measured experi-
mentally for the filters depicted in Fig. 4.13. The temporal responses exhibit minimal
pulse distortion, which aligns with the linear phase response of the designed filters.
This characteristic is particularly beneficial for transient systems, where non-linear

phase responses can introduce ringing effects that degrade the spectral resolution.
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The spectral response is obtained by applying a DF'T to the temporal data. Given
that finite-duration transient pulses inherently lack a flat spectral profile, a natural
roll-off is expected. This effect is illustrated by the dotted lines in Fig. 4.14, while the
transition near the designed cutoff frequency of 0.8 THz is highlighted by the dashed
lines. The exponential coefficients corresponding to these roll-off characteristics are
provided in the figure legend. As anticipated, higher-order filters exhibit steeper

attenuation, reflected in the increasing disparity between the exponential coefficients.
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Figure 4.14: Experimental results for the N=3, 4, 5 Bessel filters.

In summary, this work presents the first experimental demonstration of a guided
wave planar all-pole Bessel LPF at THz frequencies, designed using classical mi-
crowave network synthesis techniques. The filters were manufactured in a compact
and integrated format and characterized using the TSoC platform. The excellent
agreement between experimental results and theoretical predictions confirms the fea-

sibility of extending network synthesis methodologies to planar structures in the THz
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regime. These LPFs were selected as a proof of concept, establishing a foundation
for the development of more advanced planar synthesis-based filters in future THz

systems.

4.4 Genetic Algorithm-Based Inverse Design of Guided

Wave Planar Terahertz Filters

Our earlier investigations into THz filter design employed conventional methodolo-
gies, primarily based on analytical models and parameter sweeps. These approaches
provided valuable insights into the behavior of filter geometries and served as a crit-
ical foundation for exploring compact and functional designs. Although they laid
essential groundwork and advanced understanding of fundamental principles, they
inherently lacked the adaptability required to address the increasingly complex and
multi-objective optimization challenges posed by modern THz filter design. As perfor-
mance demands for TSoC systems continued to increase, the need for a more flexible,
automated, and powerful design framework became increasingly apparent.

An approach to overcome these limitations would be to exhaustively explore the
entire design space to identify the globally optimal configuration. However, this
strategy quickly becomes computationally intractable. For example, considering a
binary pixel grid of size 50 x 100, the total number of possible configurations grows
exponentially to 250%100 (~ 10'°%%) which far exceeds the capabilities of even the
most advanced computing systems. This underscores the necessity of adopting in-
telligent optimization algorithms capable of efficiently navigating high-dimensional
design spaces without exhaustive enumeration.

Motivated by the strengths and limitations observed in previous works, we devel-
oped a novel inverse design framework based on the genetic algorithm (GA) to ad-
dress these challenges. This approach enables direct optimization of filter geometries
with respect to specified electromagnetic performance metrics, thereby circumventing
the rigid constraints imposed by traditional design methodologies. By formulating
the synthesis process as an evolutionary search, the GA efficiently explores complex,
high-dimensional design spaces to discover solutions that are both high-performing
and structurally non-intuitive.

This framework has yielded significant improvements over conventional meth-

ods, producing GA-optimized designs with enhanced rejection depths, tunable band-
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widths, and precise spectral control at flexible center frequencies. Integration with
CPS transmission lines ensures fabrication compatibility and seamless monolithic in-
tegration within planar TSoC platforms.

Although inverse design methodologies have been successfully applied to var-
ious THz components—such as metasurfaces [81-83], absorbers [84], and anten-
nas [85]—the efficient design of planar THz filters integrated with CPS transmission
lines remains largely unexplored. Addressing this gap, we present a GA-based inverse
design framework specifically tailored for planar T'SoC filters.

To ensure computational feasibility, filter performance is evaluated using the
ABCD matrix method, which offers substantial acceleration compared to full-wave
simulations while maintaining sufficient modeling accuracy. The final validation of
the optimized designs is performed through FEM simulations. As a proof-of-concept,
we demonstrate the inverse design of band-stop filters with varying center frequencies
and rejection depths, all within a fixed device footprint. To our knowledge, this is the
first application of a GA-based inverse design approach based on GA that employs
the ABCD matrix method for CPS-integrated THz filters, highlighting its potential
for advancing compact, fabrication-ready devices in integrated THz systems.

The GA is well suited for the inverse design of complex electromagnetic structures
due to its robustness in non-convex, high-dimensional design spaces and its indepen-
dence from gradient computations [87]. In this work, we employ a GA to optimize the
binary distribution of gold and air pixels in a planar THz filter, with each candidate
encoded as a chromosome representing the spatial layout. These candidates evolve
through selection, crossover, and mutation, with the GA parameters carefully tuned
to address the discrete and high-dimensional nature of the problem.

Figure 5.6 presents the flow diagram of the GA optimization process that we used
to design THz filters. The process begins with a randomly generated initial popu-
lation of filters, each associated with its corresponding S-parameters, including both
magnitude and phase. As the algorithm progresses, iteratively refines the population
across successive generations based on performance feedback (fitness function). This
evolutionary process enables the development of optimized THz filters that satisfy
the specified design criteria.

To ensure compatibility with our THz test platform, a connectivity constraint is
enforced in the design formulation to maintain structural continuity for the voltage
biasing of the transmitter PCS. Each candidate solution is encoded as a binary

matrix representing the spatial layout of gold and air pixels, with a pixel size of
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Figure 4.15: Flowchart of the GA optimization process. The randomly generated ini-
tial population of THz filters is depicted, along with their corresponding S-parameters
(both magnitude and phase). The algorithm iterates through successive generations,
refining the population until one of two stopping criteria is met: (1) the number of
generations G reaches the predefined maximum Gy, or (2) the error function con-
verges below a specified threshold.

4 pm x 10 pm to balance resolution, fabrication feasibility and computational cost.
This binary structure is input to the GA, which evolves the population to maximize
a fitness function that measures how well the simulated S parameters match the
response of the target filter.

Figure 4.16 illustrates the design framework and key structural parameters of the
planar THz filter investigated in this work. The filter region spans an area of 300 um
in width and 2000 gm in length, corresponding to 200 discrete columns along the
propagation direction. This discretized domain serves as the optimization space for
the GA-based inverse design process, wherein the binary configuration of each column

defines the local characteristic impedance profile of the filter.
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Figure 4.16: Illustration of the design framework and associated parameters. (a)
Example of a planar THz filter structure synthesized using a GA-based inverse design
approach. The overall framework dimensions are 300 gm x 2000 pum, corresponding
to 200 discrete columns in the propagation direction. (b) Magnified view of a section
of the filter. (c) Cross-sectional schematic of the filter structure.

A magnified view of a representative section is shown in Fig. 4.16(b). In the de-
sign space explored, the conductor width (W) varies between 10 um and 90 pm, while
the strip spacing (5) ranges from 5 pm to 90 pum, ensuring compatibility with the
fabrication constraints and impedance requirements. Figure 4.16(c) presents a cross-
sectional schematic of the filter and the metallic gold layer patterned on a silicon
nitride membrane substrate. This material platform ensures compatibility with stan-
dard microfabrication processes while minimizing substrate losses at THz frequencies.

After initializing the population, each candidate design is evaluated using the
fitness function. The fitness function quantifies performance by calculating the root-
mean-square error (RMSE) between the simulated and target scattering parameters
S-parameters), incorporating both magnitude and phase.

Formally, the fitness function f(x!) : R" — R maps design parameters x! at

iteration t to a scalar score reflecting spectral deviation. The loss function £ =
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—RMSE guiding optimization is expressed as:

1 N N

) 1
E =un N Z( (fz) 21 target(fl)) + Wa N Z( (fl) 11 target(.ﬂ»

=1 i=1

N N
1 1
N E: (£S511(fi) — £511 target (fi))? + w4 N E: (£S21(fi) — £521 target (fi))?

(4.11)
where N is the number of frequency points, and wy, ws, w3, wy are weighting factors for
magnitude and phase components of transmission (S;) and reflection (S11) responses.
This formulation enables precise, frequency-aware tuning of THz filter designs through
genetic optimization.

This work targets a linear phase response, assigning ws and wy to 10% of the loss
function weight. Consequently, early optimization focuses on minimizing magnitude-
related terms (w; and w,), while phase error becomes more influential in later stages
as the algorithm refines differential phase variations.

A population size of 200 was chosen to balance the quality of the solution and
the runtime, as larger sizes offered marginal gains with a higher computational cost.
Each generation evolves through elitism, rank-based tournament selection, crossover,
and mutation. The top 15% of the individuals (30 candidates) are preserved through
elitism, an empirically tuned fraction that maintains diversity while avoiding prema-
ture convergence. Elite rates above 20% caused stagnation, while those below 10%
hindered the speed of convergence.

The remaining 170 individuals are generated using genetic operators, with parent
selection based on a probabilistic rank-based tournament method [113,114]. This
approach promotes diversity while favoring fitter solutions. A tournament size of
T = 4, recommended in the literature for moderate selection pressure [87,113], was
adopted. Smaller T" values slowed convergence, while larger ones reduced diversity.

Crossover is used as a recombination operator to generate new solutions by merg-
ing structural features from two parent individuals. For grid-based THz filter design, a
two-point crossover strategy enables the creation of novel geometries while preserving
connectivity and material constraints. Given parent grids P; and P, two crossover
points ¢; and ¢y are randomly chosen such that 2 < ¢ < ¢g < C' — 1, where C' is

the total number of columns. Two offspring, O; and O, are produced by exchanging
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column segments between c¢; and cs.

O1=[Pi(5,1:¢1),Pa(c,c1 0 ¢), Pi(cy 000 O] (4.12)

Oy = [Py(5,1:¢1), Pi(c,c1 0 ¢a), Po(iy 00 0 O] (4.13)

Here, P(:,a : b) denotes the submatrix containing columns a to b.

To enhance diversity, the mutation is applied to 10% of the selected individuals.
Each mutation flips a randomly chosen bit in the binary chromosome, toggling a pixel
between gold and air, introducing stochastic variations into the population. This
promotes exploration of the design space while all mutations respect the continuity
constraint, ensuring uninterrupted conductive pathways for compatibility with the
CPS platform.

To evaluate S-parameters and compute Root Mean Squared Error (RMSE), two
methods are available: (1) the analytical ABCD transmission matrix method, and (2)
full-wave numerical simulations using tools such as ANSYS HFSS. Due to the high
computational cost of FEM-based simulations, the ABCD method was adopted as an
efficient surrogate model. Offering a speed-up of over three orders of magnitude, it
enables rapid candidate evaluation during optimization while maintaining sufficient
accuracy. Its validity has been supported by strong agreement with experimental
data in previous studies [52].

The designed filters consist of cascaded unit cells, each modeled as a transmis-
sion line segment with a defined characteristic impedance. These cells are arranged
laterally, and each column in the design grid represents one unit. Each cell is rep-
resented by a two-port ABCD matrix. This approach assumes uniform transmission
line behavior, which holds under the quasistatic regime, where unit cell dimensions
are much smaller than the operating wavelength.

The ABCD matrix of a transmission line segment of length A, characteristic

impedance Z, and phase constant 3 is given by:

Acell Bcell

(4.14)
C’cell Dcell

| cos(BA)  jZsin(BA)
B jzsin(BA)  cos(BA)
The overall ABCD matrix for a filter composed of N cascaded unit cells is obtained

by sequentially multiplying the individual ABCD matrices corresponding to each unit

cell.



87

The quasistatic characteristic impedance of each section is computed analytically
based on its lateral geometry, including the conductor width W and the inner strip
spacing S, using the closed-form expression for CPS transmission lines in Eq. 4.6 [105].
Finally, the scattering parameters (S-parameters) are extracted from the total ABCD
matrix using standard transformations in Eq. 4.9.

This modeling framework enables rapid and reasonably accurate prediction of the
electromagnetic response of cascaded THz filters, making it well-suited for evaluating
the fitness of a large number of candidate structures during the inverse design process,
particularly in the early optimization stages, where full-wave simulations would be
computationally prohibitive.

Figure 4.17 illustrates the spectral response and geometry of a planar band stop
filter designed using the proposed GA-based inverse framework. The target speci-
fications are a center frequency of 0.8 THz and a 3-dB bandwidth of 200 GHz. In
Fig. 4.17(a), the calculated S;; and S;; magnitude responses from the ABCD ma-
trix method closely match the target, meeting the desired rejection and bandwidth.
Figure 4.17(b) shows the corresponding phase response, highlighting the linear phase

progression of Spq, essential for dispersion-sensitive THz applications.
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Figure 4.17: (a) Magnitude response of the optimized planar band-stop filter’s S-
parameters (S9; and Spp) via the ABCD method, compared to the target (3-dB band-
width: 200 GHz, target rejection: —50 dB; achieved: —46 dB). (b) Phase response,
highlighting the linear phase of Ss; across the passband. (¢) Comparison between
ABCD predictions and HFSS simulations, showing strong agreement. (d) Final filter
geometry generated.

A comparison between ABCD-based and full-wave HFSS results is shown in
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Fig. 4.17(c), demonstrating strong agreement across most of the frequency range.
However, minor discrepancies emerge at higher frequencies (above 0.9 THz), where
the ABCD matrix method begins to diverge from the HFSS simulation. These devia-
tions are primarily attributed to radiation losses and edge diffraction effects that are
not captured by the quasi-static assumptions inherent in the ABCD matrix model.
Finally, Fig. 4.17(d) displays the non-intuitive filter geometry generated by the GA,
showcasing its ability to synthesize high-performance designs within fabrication con-
straints.

To further investigate the electromagnetic behavior of the optimized filter struc-
ture, we analyze the electric field distribution at multiple frequencies that span the
passband and stopband. Figure 4.18(a) shows the simulated in-plane E-field profiles
at 0.6 THz, 0.8 THz, and 1.0 THz. At 0.6 THz and 1.0 THz, the field propagates
effectively through the structure, confirming the low insertion loss in the passbands.
In contrast, at 0.8 THz—corresponding to the filter’s stopband, strong field attenu-
ation is observed, demonstrating effective suppression of transmission and validating

the spectral selectivity of the inverse-designed filter.
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Figure 4.18: (a) Electric field distribution of the inverse-designed planar band-stop
filter at 0.6 THz, 0.8 THz, and 1.0 THz. The filter exhibits strong suppression in
the stopband (0.8 THz) and effective transmission in the passbands (0.6 THz and
1.0 THz), validating its spectral selectivity. (b) Logarithmic-scale field profile at
1.4 THz, illustrating radiation losses at higher frequencies due to edge diffraction and
imperfect confinement, particularly from the conductor edges.

Figure 4.18(b) presents the field profile at 1.4 THz on a logarithmic scale to
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highlight radiation effects at higher frequencies. The simulation reveals radiation
leakage originating from the edges of the metallic conductors, attributed to diffraction
at frequencies beyond the designed stopband.

Figure 4.19 illustrates the evolutionary optimization process over multiple gen-
erations. The initial generation consists of randomly generated structures that are
progressively refined as the algorithm minimizes the error function. After 120 gen-
erations, the optimization converges to a design that matches the desired band stop

filter response, as evidenced by the corresponding S-parameters.
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Figure 4.19: Evolutionary optimization of the planar THz band-stop filter. Starting
from a random initial structure, the GA iteratively refines the design over 120 gener-
ations to converge to the target filter response.

To evaluate the capabilities of the proposed inverse design framework, two sets of
design objectives were explored while maintaining a fixed device footprint of 2000 pm.
The first set assessed the framework’s ability to control rejection depth without chang-
ing physical dimensions. Specifically, band-stop filters centered at 0.8 THz with a
fixed 3-dB bandwidth of 70 GHz were synthesized to achieve rejection depths of 10,
20, and 30 dB. This task benchmarks the algorithm’s precision in tailoring stopband
depth through internal geometry optimization.

Figure 4.20(a) shows the simulated S-parameters for the three designs, confirming
the flexibility and effectiveness of the framework. Guided by the RMSE-based fitness
function, the GA successfully generated nonintuitive structures that meet the target
rejection levels. Compared to conventional Bragg grating filters with similar spectral
performance [1,2], the GA-based designs achieve superior rejection (-30 dB vs. -18 dB)
and reduce device length by =~ 50%.
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In the second set of designs, we evaluated the framework’s ability to achieve center
frequency tunability while maintaining the same physical footprint. Band-stop filters
centered at 0.6 THz, 0.8 THz, and 1.0 THz, each with a 3-dB bandwidth of 150 GHz,
were synthesized. This test highlights the adaptability of the framework to target
different spectral responses without altering the dimensions of the device.

The simulated S-parameters, shown in Fig. 4.20(b), demonstrate successful tuning
across a wide frequency range. The results confirm that the framework can gener-
ate distinct filter geometries for various center frequencies while preserving footprint
constraints. This flexibility underscores the potential of the system for designing
customized THz filters tailored to diverse applications on integrated platforms.

The comparison between the results obtained from the ABCD matrix method and
full-wave electromagnetic simulations is presented in each figure. The two approaches

exhibit strong agreement with minimal divergence across and below the operational
bandwidth.
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Figure 4.20: (a) Comparison of S-parameters of band-stop filters designed through
the GA with different rejection depths centered at 0.8 THz, all within the same device
footprint. (b) Comparison of S-parameters of band-stop filters designed through the
GA targeting center frequencies of 0.6 THz, 0.8 THz, and 1.0 THz, respectively, all
synthesized within the same structural framework and footprint.

Integrating the ABCD matrix method into the GA-based inverse design framework
offered a significant computational advantage, enabling rapid evaluation of candidate

filter structures. Each optimization run, 120 generations with a population of 200,
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completed in 40 minutes on an Intel i7-10700 CPU. In contrast, a single HFSS full-
wave simulation (with AS = 0.02 in 130 frequency points) took more than two hours,
making large-scale optimization impractical without a surrogate model. The ABCD
method thus enabled broad design space exploration and facilitated the discovery of
non-intuitive high-performance filters compatible with CPS-integrated platforms.

Convergence analysis was performed to assess the stability of the framework. As
shown in Fig. 4.21, the algorithm was executed ten times with different random seeds
to examine sensitivity to initial population variation. Figure 4.21(a) plots the best
fitness per generation for each run. The close overlap of fitness curves demonstrates
consistent convergence behavior and low inter-run variability.

Figure 4.21(b) summarizes the statistical convergence behavior. The solid blue
curve shows the best average fitness in ten runs, while the shaded region represents
the +1 standard deviation. The curve shows a rapid improvement in fitness within
the first 40 to 50 generations, followed by gradual refinement, with the convergence
typically achieved between generations 100 and 120. The consistently narrow stan-
dard deviation—below 3 dB in the final Sy; response—indicates high repeatability

and stable convergence.

1
8 -8
]
104 -10
wn 0
wn n
O O -1
g £
o 27 [T, 121
s
i
1 / ~144 —— Mean Fitness
! s +1 Std. Deviation
(I) 2‘0 4‘0 ()IO 8‘0 160 12'0 6 2‘0 4b (;0 8‘0 160 1 éO
(a) Generation (b) Generation

Figure 4.21: Convergence of the GA-based inverse design over 10 independent runs
with different random seeds. (a) Ring markers show the best fitness per generation for
each run. (b) Solid blue curve shows the average best fitness; the shaded area indicates
+1 standard deviation. Results confirm consistent convergence, low variance, and
robustness to initial population variation.

Beyond conventional parameter sweep-based methods, the proposed approach en-
ables automated, efficient, and flexible synthesis of THz filters by iteratively refining
candidate solutions in non-convex high-dimensional design spaces. The adaptabil-

ity of the framework allows it to accommodate diverse design objectives, including
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varying center frequencies, rejection depths, and impedance matching requirements,
making it a promising tool for next-generation TSoC components. Future extensions
will expand the framework’s applicability to other planar devices such as couplers,

reflectors, and absorbers.



93

Chapter 5

Conclusions and future works

5.1 Conclusions

This dissertation has successfully addressed the design, simulation, and experimen-
tal validation of planar terahertz (THz) filters, focusing on key challenges of signal
propagation, high implementation costs, and integration complexity inherent to con-
ventional free-space THz systems. The presented works demonstrate the viability of
the Terahertz System-on-Chip (TSoC) platform for integrated THz filter design by
leveraging impedance-engineered coplanar striplines (CPSs) to enable efficient and
selective frequency control.

The study investigated and experimentally validated a range of THz filters, in-
cluding band-stop apodized Bragg gratings (TABG), a planar multimodal tunable pe-
riodic filter, and low-pass planar all-pole network filters based on stepped-impedance
Bessel designs of orders 3, 4, and 5. Experimental characterization using Terahertz
Time-Domain Spectroscopy (THz-TDS) confirmed the effectiveness of these designs,
with measured results closely matching simulation data.

Furthermore, a key contribution of this research is the development of an inverse
design methodology based on a Genetic Algorithm (GA), allowing efficient explo-
ration of the design space for optimal THz filter characteristics. The adaptability of
the framework allows it to accommodate diverse design objectives, including varying
center frequencies, rejection depths, and impedance matching requirements, making
it a promising tool for next-generation TSoC components. This approach not only
improves the filter design process, but also establishes a foundation for the auto-

mated synthesis of other THz components, such as couplers, multiplexers, and power
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Table 5.1: Summary of principal contributions to planar THz filter design

. . Center/
Ref. Me;_‘I}‘llf)lc‘leo{O P,I“llte; Cutoff Bandwidth| Key Contributions
8y P Frequency
First on-chip demonstration of pla-
THz Apodized Band- nar TABG integrated into a TSoC;
1 Bragg Grating 0.8 THz 200 GHz achieved ~20 dB rejection experimen-
sto
(TABG) P tally; strong agreement with simula-
tion and theory.
Planar multimodal periodic filter with
Multimodal Band- alternating CPS and finite-ground
2] Planar Periodic o 0.8 THz 70 GHz CPW; proof-of-concept for tunable
Filter stop THz filtering; validated by theory, sim-
ulation, and measurement
First planar THz all-pole filters via
network synthesis; fabricated orders
Planar All-Pole Low-pass N = 3, 4, 5; tunable roll-off, minimal
[3] Network 0.8 THz 0.8 THz
Svnthesis Filters (Bessel) ’ ’ distortion; strong theoretical agree-
y ment; among most compact THz LPFs
reported
Developed a GA-based framework for
_ synthesizing THz filters; efficient op-
GA Basec'l Band- 0.6 /0.8 150 GHz timization using ABCD method; val-
[4] Inverse Design t 8
];,‘rameworkg (’I‘Sn(;rk))le) 1.0 THz (Tunable) idated by FEM; non-intuitive struc-
ture; demonstrated footprint-invariant
tunability.

dividers.

In summary, this research advances the understanding and implementation of in-
tegrated THz filters within the TSoC framework. The proposed designs and optimiza-
tion techniques, as summarized in Table 5.1, establish robust and scalable solutions
for the realization of efficient and cost-effective THz systems. The findings of this
dissertation offer a solid foundation for the continued exploration of compact planar
filters using both classical and modern filter design techniques. Future work can build
on these contributions by refining the proposed techniques, bridging them to indus-
trial applications, and extending them to a broader class of components, with the aim

of further enhancing the performance and versatility of integrated THz technologies.

5.2 Future Works

Future research may explore new filter configurations using both classical and ad-
vanced optimization techniques. On the classical side, one promising direction in-
volves enhancing the Bessel filter response by integrating Butterworth synthesis, po-
tentially combining the desirable group delay characteristics of Bessel filters with
the sharper roll-off of Butterworth designs. From a modern perspective, the genetic

algorithm-based inverse design framework presented in [4] can be further strengthened
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through integration with adjoint-based gradient optimization. This hybrid approach
could offer improved design efficiency and robustness, leveraging the global search
capabilities of evolutionary methods alongside the precision of gradient-based tech-
niques.

Beyond filter design, the proposed methodologies may also support the translation
of additional silicon photonic components—such as couplers, reflectors, and demul-
tiplexers—into the THz domain. Such efforts would expand the functional scope
of THz systems and enable the development of increasingly compact, versatile, and

high-performance TSoC architectures.

5.2.1 Investigate Stepped-Impedance Low-Pass Terahertz But-

terworth Filters

Building upon the demonstrated success of prior work on Bessel filters [3], this study
advances the design and simulation of third-, fourth-, and fifth-order Butterworth
filters using a stepped-impedance architecture. The selection of Butterworth filters is
justified by their maximally flat passband response, which minimizes amplitude ripple
and promotes spectral uniformity. In contrast to Bessel filters, which emphasize linear
phase response to reduce signal distortion, Butterworth filters offer a favorable trade-
off between spectral selectivity and amplitude flatness—making them advantageous
for applications requiring precise magnitude control over the passband.

The design methodology parallels that of Bessel filters, with targeted modifica-
tions to achieve the desired Butterworth characteristics. Key design variables include
the length and width of the stepped-impedance sections, which are systematically
optimized. Figure 5.1 presents the geometry of the designed low-pass Butterworth
filters.

The geometric parameters illustrated in Figure 5.1 are calculated using Eq. 4.10
and summarized in Table 5.2. The design of THz Butterworth filters involves selecting
both the filter order and the desired cutoff frequency (e.g., f. = 0.6 THz, guided by
target application bandwidths). The filter order governs the steepness of the roll-
off and the number of poles in the transfer function, directly influencing the filter’s
selectivity and transition characteristics.

Higher-order Butterworth filters offer enhanced frequency selectivity due to their
steeper roll-off, a result of additional reactive elements that sharpen the transi-

tion band while preserving passband flatness. However, the increased number of
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Figure 5.1: Geometrical layouts of third-, fourth-, and fifth-order THz Butterworth
filters based on stepped-impedance transmission lines.

Table 5.2: Lengths of Sections for THz Butterworth Filters (all dimensions in pm).

Order Ly Lo Ls Ly Lo || Wo || Wy || WL || S
3 34.52 || 78.80 || 34.52 - 20 || 45 || 10 || 100 || 70
4 26.42 || 72.80 || 63.80 || 30.15 || 20 || 45 || 10 | 100 || 70
5 21.33 || 63.75 || 69.00 - 20 || 45 || 10 || 100 || 70

impedance transitions introduces higher insertion loss, highlighting a trade-off be-

tween spectral selectivity and practical realizability. Figure 5.2 illustrates how the

characteristic impedance varies with section width in the stepped-impedance configu-

ration, providing critical guidance for impedance matching and section dimensioning

in the filter design process.

With the design parameters defined for each filter order, full-wave electromag-

netic simulations were performed using ANSYS HFSS to extract the corresponding
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Figure 5.2: Characteristic impedance of the stepped-impedance Butterworth filter

S-parameters. The results, shown in Figure 5.3, enable a comparative evaluation of

transmission characteristics across different filter orders.
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Figure 5.3: Simulated transmission coefficient (S3;) of the THz Butterworth filters
for filter orders N = 3,4, 5.

To gain a deeper understanding of wave propagation within the structures, E-field
simulations were conducted, with the results for the 3rd order filter presented in Fig.
5.4 at various frequencies (100 GHz, 500 GHz, 1 THz, and 2 THz). The observations
indicate that at higher frequencies beyond the passband, a significant portion of the
waves is reflected or scattered by the structures.

A critical future step is the experimental validation of the simulated results. Their

transmission responses—including insertion loss, roll-off rate, and stopband attenua-
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Figure 5.4: Electric field propagation of Butterworth filter (N = 3): (a) at 100 GHz
(b) at 500 GHz (c) at 1 THz (d) at 2 THz

tion—will be compared with simulation results to evaluate the accuracy of the numeri-
cal model. This comparison will provide valuable insights into real-world performance,
validate the robustness of the design methodology, and guide further refinement as

part of future research.

5.2.2 Effects of Apodization in Terahertz Multimodal Band-
Stop Filter

This section presents a complementary analysis that extends the original work in [2],
outlining potential future directions. As demonstrated in the TABG design, similar
apodization strategies can be applied to the periodic filter discussed in this work to
suppress side lobes in the reflection spectrum. These side lobes arise from abrupt
variations in grating strength, governed by changes in effective refractive index (or,
equivalently, impedance). To mitigate this effect, a gradual tapering of impedance
can be introduced through apodization, facilitating smoother mode transitions.
Figure 5.5 illustrates the designed structure. In our initial approach, a linear
apodization function was used, where the width of the central conductor (W,,) was
progressively increased symmetrically from both sides of the structure in increments of
2.5 pm. A detailed summary of the structure’s key parameters and their corresponding

values is presented in Table 5.3.

[ S W [ Wons [ Wona [ Wi [| Wona [| Wons | Wons | Wit [| Wons | Wons [[ Woro |
(70|45 30 [ 325 35 [[375] 40 [[425] 45 [ 475 50 [ 525 |

Table 5.3: Updated design parameters and dimensions corresponding to Fig. 5.5.
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Figure 5.5: The updated band-stop multimodal design based on the linear apodization
function and its parameters.

Figure 5.6 compares the simulated S-parameters of the original structure and its
apodized counterpart. Although the apodized structure exhibits a slightly reduced
rejection depth at the central frequency, it continues to provide effective attenuation
within the stopband. Notably, the apodized configuration demonstrates improved
radiation characteristics at higher frequencies, indicating its potential for enhanced
broadband spectral performance. Future work will involve the fabrication and ex-
perimental characterization of apodized structures with varying apodization profiles,

followed by experimental characterization and comparative evaluation.
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Figure 5.6: S5; and Si; at the load of the structure with and without apodization
sections.
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5.2.3 Hybrid Genetic and Adjoint Inverse Filter Design

The next step in the inverse design process involves incorporating a more advanced
optimization technique—the adjoint method—as previously demonstrated in the con-
text of nanophotonic device optimization [78,115,116]. This approach computes sen-
sitivity gradients efficiently, enabling rapid convergence toward optimal designs with
significantly reduced computational cost compared to traditional methods. Unlike
brute-force techniques, which require multiple simulations per design variable, the
adjoint method calculates all necessary objective function gradients using only two
simulations, making it especially effective for high-dimensional design problems [117].
Such efficiency is particularly beneficial for refining complex THz filter architectures
involving high-resolution grids or stringent performance constraints.

However, a key limitation of the adjoint method is its sensitivity to the initial
design. As a local gradient-based technique, its optimization outcome strongly de-
pends on the starting point and may lead to suboptimal solutions if poorly initial-
ized. To overcome this limitation, we propose a hybrid strategy: first, employ a
GA—extending previous work in [4]—to explore the global design space and identify
a promising configuration. Once a satisfactory preliminary design is achieved, the
adjoint method can be applied to tune the structure and reach the final optimized
solution.

Beyond conventional filter synthesis, this approach may also support the inverse
design of novel THz components, including waveguide bends, demultiplexers, and
compact couplers. As an example, Figure 5.7 presents a possible initial demulti-
plexer design, which can first be optimized using the developed GA and subsequently
refined through adjoint-based optimization. The structure can be excited via CPS
feedlines operating over a 0.1-2 THz frequency range, enabling frequency separation
tailored to application-specific requirements—analogous to similar inverse designs in
nanophotonics [78,116].

Future research will focus on implementing the adjoint method within the ex-
isting inverse design framework, systematically validating its effectiveness through
numerical simulations, and ultimately fabricating and experimentally characterizing
the optimized structures. The potential for integrating this method into the current

TSoC platform should also be thoroughly explored.
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Figure 5.7: Initial presentation of a potential THz demultiplexer structure. This
design can first undergo global optimization using a GA, followed by local refinement
via the adjoint method. The structure is intended to operate within the 0.1-2 THz
range and is excited using CPS feedlines, enabling frequency-selective functionality.
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Appendix A

Demonstration of an Integrated
Terahertz Band-Stop Filter Using

an Apodized Bragg Grating, Copy
of [1]
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Abstract: This paper presents the demonstration of an on-chip integrated terahertz (THz)
apodized Bragg grating (TABG) which functions as band-stop filter with a center frequency of
0.8 THz and a bandwidth of 200 GHz. For experimentation, we integrate the TABG into our
THz system-on-chip to enable wideband (DC - 1.5 THz) device characterization. Using this
methodology, we measure the signal transmission through the TABG and find the experimental
results align with simulation and theory provides a rejection of approximately 20 dB across the
stop-band.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The terahertz (THz) gap spanning from 0.1 to 10 THz has garnered considerable attention
because of its unique capabilities across various fields such as communication, sensing, imaging,
and spectroscopy [1-6]. However, the progress in developing terahertz devices and systems
has been challenging due to the absence of integrated system components such as transmitters,
communication channels, receivers, and other passive devices such as filters. Band-stop filters
play a crucial role in many applications because they enable the suppression of undesired
frequencies within a specific spectral range. At frequencies above 500 GHz, there are limited
experimental results for planar guided-wave band-stop filters [7], but there are a few key examples:
in [7], the authors demonstrate a band-stop filter with a center frequency of 0.6 THz and a —3dB
bandwidth of ~160 GHz using a single conductor Goubau line loaded with capacitivly-coupled
A/2 resonators. This filter behaves well; however, Goubau-lines can be limiting when developing
an integrated system because the single conductor is incompatible with two-terminal elements
without necessitating a mode converter. Next, others have developed THz band-stop filters using
a dielectric Bragg grating with a center frequency of 0.31 THz and a —3dB bandwidth of ~20
GHz [8]. Again, their filter works well, but, as with most non-transverse electromagnetic (TEM)
waveguides, the finite single-mode bandwidth can lead to dispersion in a wideband system. Next,
in our prior work we loaded a transmission line (TL) with split-ring resonator (SRR) elements
[9]. Using this method we created a band-stop filter which possessed a center frequency of 0.51
THz and a —3dB bandwidth of ~100 GHz. These SRR filters are useful, but the design procedure
is not systematic, the filter roll-off rates are sub-optimal, and higher-order resonator modes must
be considered [9]. Lastly, we note that there are several non-planar guided-wave Bragg gratings
which have been demonstrated. In [10], a corrugated circular waveguide was used as a Bragg
grating which obtained a center frequency of 0.14 THz and a —3dB bandwidth of %9 GHz. In
[11], a two-wire waveguide was periodically etched to fabricate the grating which achieved a
center frequency of 0.53 THz and the —3dB bandwidth was ~1 GHz.

#502363 https://doi.org/10.1364/OE.502363
Journal © 2023 Received 3 Aug 2023; revised 30 Aug 2023; accepted 6 Sep 2023; published 14 Sep 2023
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This work expands upon the aforementioned list of THz band-stop filters by performing
the experimental demonstration of an integrated terahertz apodized Bragg grating (TABG)
proposed in [12]. Previously the TABG was analyzed via simulations, but no experimental
results were presented. Also, we compliment the theory by adding periodic filter concepts from
microwave engineering. The TABG was inspired by apodized fiber Bragg gratings (FBGs) found
in optical communication systems which consist of alternating refractive indices (and wave
impedance) along the propagation direction. FBGs experience detrimental side-lobes in the
reflection spectrum which are proportional to the FBG strength (difference of refractive indices).
The magnitude of the side-lobes can be reduced by gradually tapering the FBG strength with
an apodization profile. The TABG analogously has a periodic modulation of the characteristic
impedance and similarly benefits from gradual tapering of the grating strength.

To characterize the TABG we use our integrated THz system-on-chip (TSoC) platform which
combines the THz transmitter, device-under-test (i.e., TABG), and THz receiver onto a single
wafer. The TSoC platform consists of planar circuitry which is lithographically defined on an
ultra-thin (1 gm) Si3N4 substrate to ensure signals exhibit low loss and low dispersion at THz
frequencies. The ultra-thin substrate is a key requirement to perform wideband measurements
otherwise radiation loss into the substrate becomes very problematic. We have used the TSoC
platform in previous works to investigate several other THz components such as split-ring
resonators [9], low-pass filters [13], tapers [14], and power dividers [15]. Overall, we have found
the results from TSoC experiments to closely align with simulation and theory, thus we expect
our experimental methodology to be suitable for investigating the TABG.

This work contains several novel aspects. First, we demonstrate a fully integrated (transmitter,
feedlines, TABG, receiver) on-chip apodized Bragg filter in the THz gap. Second, we demonstrate
the highest Bragg frequency achieved within the THz gap using a quasi-TEM feedlines on an
ultra-thin Si3sN4 membrane. Third, we verify that the theory for periodic filter is applicable to
THz grating design. Lastly, we illustrate the radiative loss mechanism for frequencies above the
Bragg bandgap for a CPS grating.

2. Design

In this paper, we perform the experimental verification of the TABG shown in Fig. 1 [12].
Specifically, we focus on a TABG where the stop-band is centered at f. = 0.8 THz. The filter
consists of N = 12 unit cell sections and 4 apodization sections which provide a gradual change
in geometry and characteristic impedance between the feedlines and the grating unit cells. Fig. 2
illustrates an annotated portion of the TABG. The TABG response is defined by the reflections
caused by characteristic impedance discontinuities along the grating. Thus knowledge of the
characteristic impedance of each section is necessary to predict the filter response. In this work,
the characteristic impedance of each section is obtained by performing full-wave simulations
using ANSYS HFSS at 0.8 THz to ensure accurate values which include the impact of the thin
SizNy substrate. Table 1 tabulates the dimensions and simulated characteristic impedances of
each section. Next, the grating period, A, required to obtain a specified center frequency, f,, is

calculated using:
c

A= ,

2\Ere

where c is the speed of light, . is the effective relative permittivity of the propagating mode.
Again, from simulation (ANSYS HFSS), we have found &,, ~ 1.3 for the TABG CPS configuration,

then using (1), we find A = 165 um. Next, the fractional bandwidth, Af /f,, is dependent on the
characteristic impedance of adjacent cells and is calculated by [16]:

Af 4 =1 (Zn+1 _Zn)
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Fig. 1. The experimental setup and TABG. (a) The optical path of the transmitter is
modulated by the optical chopper, while the receiver beam passes through an optical delay
line. The transmitter has a DC bias applied (24V), and the receiver is connected to a lock-in
amplifier. The bias lines for the transmitter and receiver are separated by a gap that blocks
DC signals. (b) illustrates the TABG filter and its distinct sections.
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Fig. 2. Apodization sections and grating unit cell where A = 165um. Dimensions and
characteristic impedances are found in Table 1.

Using (2), with Zy and Zy (Table 1), we find Af = 0.18 THz.
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Table 1. TABG dimensions and characteristic
impedances for Fig. 2

n 0 1 2 3 4 U
W, [um] 45 35 30 25 20 15
Sy [um] 70 80 85 90 95 100

Z, [Q] 234 | 260 | 274 | 290 | 311 | 332

3. Theory

In microwave engineering, the Bragg filter of [12] is commonly referred to as a periodic filter
which can be described by a dispersion diagram and Bloch impedance [17]. To calculate these
quantities we construct an ABCD matrix of the unit cell depicted in Fig. 2 as:

A B cosBA/4  jZysinBA/4
C D jYysinBA/4  cosBA/4
cosBA/2  jZpsinBA/2 3)
jYosinBA/2  cosBA/2
cosBA/4  jZysinBA/4
jYusinBA/4  cosBA/4

where 8 = w+/€,./c is the propagation constant.

After constructing the ABCD matrix we can obtain the dispersion diagram and Bloch
impedance. The dispersion diagram is calculated using SA = Imag{cosh™'[(4 + D)/2]} and
the result is plotted in Fig. 3. This figure illustrates the stopband associated with the infinite
periodic structure. We find that the filter has a center frequency at f, = 0.8 THz and a bandwidth
of Af ~ 0.18 THz which is in agreement with (2). Next, we calculate the Bloch impedance using
Zp = B/VA? — 1 and then calculate the reflection coefficient between an infinite periodic filter
and a load impedance from:

Z1,—Zp
= ———.

Z; +7Zp

We use (4) to illustrate the impact of apodization. If we negate the apodization sections, then
Z1, = Zp which will result in a mismatch causing a less desirable reflection spectrum. Alternatively,
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o
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Fig. 3. Dispersion diagram for the TABG.
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if we add an apodization section then we can significantly improve the matching and reduce the
reflections. We model apodization section by cascading 4 ABCD matrices to represent each
apodization cell in Fig. 2. The result of this procedure is plotted in Fig. 4 where we see the
introduction of apodization sections improves the reflection response of the filter and we expect
to see a sharp roll-off at the band-edge of the transmitted signal in our experimental results.

O -
No Apod.

10 — With Apod.
o
220
=

-30
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Frequency [THz]

Fig. 4. Reflection coefficient at the load of the TABG with and without an apodization
section.

4. Simulation

A full-wave frequency domain simulation was performed using ANSYS HFSS to characterize the
scattering parameters of the TABG (Fig. 5). In the simulation, the material parameters are given
by &, =7.6, osi,n, =0, u, = 1, tan 8, = 0.00526 for the Si3Ny substrate [18] and o4, = 4.1 X 107
S/m for the gold conductors. All geometric parameters are the same as the fabricated device (see
Fig. 2 and Table 1). The simulated center frequency was found to be f. = 0.815 THz and the
—3 dB bandwidth was found to be 0.22 THz which illustrates reasonable agreement between
theory and simulation. We do not expect perfect agreement between Fig. 4 (|I'|) and Fig. 5 (|S11])
because the reflection coefficient of (4) calculates the reflection between an infinite periodic
structure and a constant load impedance, whereas the simulation accounts for the finite length
grating and the frequency-dependent characteristic impedance. The insertion loss below the
Bragg regime is less than 2 dB, whereas above the Bragg regime, the insertion loss increases
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Fig. 5. Simulated S-Parameters. f, = 0.815 THz and the —3 dB bandwidth is 0.22 THz.
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from 5 dB at 0.95 THz up-to 11 dB at 1.5 THz. The increased insertion loss originates from
diffractive grating radiation [19]. This effect is discussed and illustrated in Appendix A.

5. Methods

To perform the experimental characterization of the TABG we use a modified THz time-domain
spectroscopy (THz-TDS) setup as shown in Fig. 1(a). An optical pulse train is generated by
a 780 nm, 20 mW, 80 femtosecond laser and then is divided into two beams that are directed
towards the transmitter and receiver photoconductive switches (PCSs) which are thin films of
low-temperature grown gallium arsenide (LT-GaAs) measuring 70 umx40 pmx1.8 um. The
procedure to fabricate a grid of PCS’s is described in [13,20]. For the transmitter, the optical
beam passes through a optical chopper before being focused onto the PCS. The receiver beam
passes through a mechanical delay line before getting focused onto the PCS. The transmitter has
a bias voltage applied (24V) and the receiver is connected to a lock-in amplifier. Translation of
the mechanical delay line and measurement of the lock-in amplifier current reconstructs a signal
proportional to the transmission characteristics of the TABG.

Figure 6(a) illustrates the transmitter which is placed on top of a lithographically-defined
gold CPS TL situated on a thin SizNy layer. The TABG (Fig. 6) was fabricated from a Silicon
wafer with a 1 um SizNy layer deposited via low pressure chemical vapor deposition (LPCVD).
The suspended Si3N4 regions were fabricated using photlithographic masking and wet-etching
(potassium hydroxide). The conductors (10/200 nm Ti/Au) were patterned using photolithography
and physical vapor deposition (e-beam). We use a thin Si3sN4 membrane as the substrate to enable
the transmission of sub-picosecond pulses over centimeter-scale distances. If a thicker substrate
were used, radiation from the substrate would cause significant losses and dispersion [21]. We
have successfully used this method in several other works [9,13—15]. After the transmitter PCS,
we taper the CPS TL to achieve a wider cross-section (W = 45 um and S = 70 um) which
has lower attenuation [14]. In Fig. 6(b), the TABG structure is displayed under a microscope.
Figure 6(c) portrays the receiver section, which comprises of a DC block, DC bias lines for the
Tx PCS, and bias lines to connect the Rx PCS to the lock-in amplifier.

(@) (b) (©)

Fig. 6. TSoC with TABG. (a) illustrates a LT-GaAs PCS (Tx) on a gold TL on a 1um-thin
SizNy4 membrane. In (b), the TABG is displayed. (c) shows the LT-GaAs PCS receiver (Rx),
coupling section, and the DC bias lines - Vy, and ground (GND).
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6. Results and discussion

Figure 7(a-b) plot the simulated and experimental temporal response of the received THz-
bandwidth pulse after propagating through the TABG. Figure 7(c) plots the spectral response
obtained by applying the discrete Fourier transform (DFT) to the temporal response. We also
include a reference trace which corresponds to a simulation without a TABG. First, we note that the
spectral roll-off associated with both the simulation and experiment is an expected consequence
of a finite duration time-domain pulse. The maximum measurement frequency is defined to
occur when the spectral dynamic range (SDR) becomes zero [22]. The maximum SDR for our
measurement system is ~60 dB and decreases towards zero as the frequency increases. Referring
to Fig. 7(c), this implies that the maximum measurement frequency corresponds to the frequency
associated with the normalized power reaching —60 dB which occurs near ~1.5 THz. Next, we
observe good agreement between experiment and simulation which is observed by comparing
the stop-band center frequency and bandwidth. We do notice a discrepancy in the stop-band
rejection. For the experiment the rejection is ~30 dB, whereas for simulation it is ~45 dB. The
difference originates from a few different mechanisms. First, our photolithographic fabrication
process is limited to a feature size of ~2 um, and thus there will not be perfect agreement between
the simulated dimensions and the fabricated dimensions. Next, the material parameters will differ
between simulation and experiment. While we expect the material parameters to be close, they
will not match the fabricated device and will result in differences. Also, it is possible that another
unexpected mode coupled across the filter experiencing less attenuation. Lastly, we explain a
discrepancy temporal response. The simulation does not use a DC blocking capacitor, and thus it
contains a DC component. The experiment requires a DC block, and therefore we observe the
derivative behavior (high-pass filtering). Note that the cut-off frequency is below our frequencies
of interest (0.2 THz) and it is not observed in the spectral response.

a) 1 Temporal Response c) 10 i i Spectrgl Respopse
3 Simulation
g 0.5F 0 Experiment |
< obvw— NN, T Reference
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Fig. 7. The experimental result of the received THz-bandwidth pulse after propagation
through the TABG. (a) The simulated temporal response (ANSYS HFSS) for TABG. (b) The
experimental temporal response for TABG. (c) The DFT of the experimental and simulated
temporal responses. The reference trace corresponds to a simulation without the TABG (the
temporal response is not plotted).
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7. Conclusion

This work presented the experimental validation of a THz apodized Bragg grating (TABG) [12].
The TABG was designed to have a center frequency of 0.8 THz and a bandwidth of 0.2 THz.
These parameters were confirmed by experiment. Apodization serves to reduce the side-lobes
and increase the roll-off rate of the filter which was observed in simulation and experiment. The
results showed that the filter had a minimum rejection of approximately 20 dB over the stop-band.

Appendix A - Grating radiation above the stopband

When operating at frequencies above the Bragg bandgap there is an increased insertion loss which
originates from diffractive grating radiation. Figure 8 illustrates this concept where the black
arrows illustrate the direction of the Poynting vector. Note that the color scale is logarithmic and
covers three orders of magnitude. Below the bandgap, Fig. 8(a), the Poynting vector illustrates a
power flow from the left to right with no extra radiative loss. Within the bandgap, Fig. 8(b), the
incident signal from is reflected such that minimal power is transmitted. Above the bandgap,
Fig. 8(c), a portion of the reflected wave is back—scattered by grating in the tangential direction
which contributes to the additional insertion loss.
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Fig. 8. Simulated electric field intensity profiles. Black arrows illustrate the Poynting vector
direction. (a) Below the stopband, f = 0.6 THz. (b) In the stopband, f = 0.8 THz. (c) Above
the stopband, f = 1.0 THz.
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Abstract

This paper presents a planar multimodal periodic filter that is constructed from alternat-
ing sections of coplanar stripline and the odd-mode of a finite-ground plane coplanar
waveguide constructed on a 1 pm silicon nitride substrate to facilitate operation at
THz frequencies. The multimodal configuration differs from standard single-mode
periodic filters and enables flexible designs and the possibility for active control of
the filter characteristics. For this proof-of-concept, we present the relevant theory and
design procedures required to develop a band-stop filter that has a center frequency of
fc = 0.8 THz and a bandwidth of A f = 0.07 THz. We find good agreement between
theory, simulation, and experiment.

Keywords Terahertz - Filter - Multimode - Bandstop - Waveguide - Periodic

1 Introduction

Filters are commonly used to enhance signals in THz communication and sensing
applications [1, 2]. In acommunication system, the usage of a band-stop filter improves
the dynamic range. For sensing applications, the filter characteristics such as center
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frequency and bandwidth can be indicative of a nearby analyte. Bandstop filters are
constructed using several different methods such as resonators [3-5] or distributed
periodic structures [6—8]. This work presents the theory, simulation results, and exper-
imental measurements for a new guided-wave multimode periodic band-stop filter
topology that can be used at THz frequencies. The filter consists of alternating unipla-
nar waveguide configurations, specifically, a finite-ground plane coplanar waveguide
(FGPCPW) and a coplanar stripline (CPS). For brevity, we will refer to FGPCPW
as a CPW. This work primarily discusses the odd-mode of the CPW, which is some-
times called the “parasitic” mode [9]. We note that it is important to be diligent about
the even/odd-mode distinction because literature commonly only discusses the “non-
parasitic” even-mode of the CPW. The novel multimodal nature of the presented filter
enables unique possibilities that are not viable with other periodic filters that use two
conductors like in our previous work [8]. For example, the presented filter can be
integrated with phase shifters [10], hybrids [11], and diodes for reconfigurability [12].

Characterizing devices at THz frequencies poses unique challenges because test
instrumentation is not widely available and/or is cost-prohibitive. The vector network
analyzers (VNAs) that are commonly used for microwave device characterization
cannot be directly used at THz frequencies. Extension modules are commercially
available (albeit costly) that allow for VNAs to characterize devices up to 1.5 THz
[13]; however, they use rectangular waveguide feeds that are band-limited, which can
further increase cost when attempting to perform wideband characterization since
multiple extension modules are required. Also, interfacing a rectangular waveguide
with a uniplanar requires mode conversion elements, which can pose a challenge due
to the micrometer-scale non-planar dimensions. This work forgoes the use of VNAs
and extension modules, and instead, uses thin-film photoconductive switches (PCSs)
in conjunction with femtosecond optical pulses for the transmitting and receiving,
which provides sufficient accuracy to characterize the filter performance considered
in this work [14]. This method is similar to THz time-domain spectroscopy (THz-TDS)
[15], and it allows for the CPS to be directly driven by a source with THz-bandwidth
and resolves the signal that has traversed a device-under-test (i.e., a periodic filter
in this work). Next, care must be taken when selecting the substrate thickness for
uniplanar waveguides since substrate radiation can result in significant losses [16]. A
straightforward method to overcome this issue is to use a very thin substrate [17]. In
this work, the substrate is a 1 um of silicon nitride (SiN) that is mechanically suspended
by a 500 um silicon (Si) frame.

Regarding filter specifications, this work is a proof-of-concept, and we select a cen-
ter frequency of f. =0.8 THz and a bandwidth of A f =0.07 THz. We also select to use
20 unit cells, which resulted in a stopband rejection of 15-20 dB. These specifications
were selected because we were confident that our experiments could clearly resolve
device characteristics in this frequency window. The presented equations and theory
can be scaled to higher frequencies.

Section 2 discusses the theory for the periodic filter in terms of modes and char-
acteristic impedances using ABCD matrices. Section3 presents the methods used
for fabrication and performing the experiment. Section4 presents the experimental
results and discusses the measured spectrum. Section 5 is the conclusion. Appendix A
illustrates an example that demonstrates that the multimode property can be exploited
to convert the presented band-stop filter into a band-pass filter.

@ Springer
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2 Design and Theory
2.1 Design

The filter is constructed from alternating transmission line configurations with different
characteristic impedances. Specifically, we alternate between a CPS and a CPW (see
Fig. 1a). Figure 1b illustrates the transverse cross-section of the CPW section. Figure 1¢
illustrates a section of the filter that clarifies the unit cell. The conductor width is W
=45 pm, and the separation is S = 80 um. These parameters were selected because
they exhibit reasonable loss characteristics at THz frequencies [18]. The width of
the central conductor, W,,, is used to vary the characteristic impedance of the CPW
mode, which is investigated in Section 2.3. For the experiment, we selected W), =
45 pum, which corresponds to a stopband attenuation of approximately -20 dB with
N = 20 filter periods. As mentioned, the filter is fabricated on a thin (Hy; = 1 um)
SiN substrate to minimize radiation loss and dispersion at THz frequencies [17]. The
conductor thickness was selected to be H, = 200 nm to have reasonable conductor
loss while remaining compatible with our transmitter and receivers’ bonding method
[19]. If other bonding methods are used, then thicker conductors can be used for lower
conductor loss. The grating period is selected to be A = 173 um, which corresponds
to a filter center frequency of f. = 0.8 THz (discussed later).

2.2 Simulation Details

Full-wave simulations (ANSYS HFSS 2024 R2) are used for obtaining mode
impedances, S-parameters, and for producing field illustrations. The material con-
stitutive parameters are as follows: the conductors are modeled as gold (Au) with
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oau(0.8 THz) = 2.16 x 107 S/m [20], and the substrate is silicon nitride (SiN) and
modeled with ¢, sin = 7.6, i, sin = 1, and tan §; sin = 0.00526 [21].

2.3 Modes and Coupling

The CPW consists of three conductors, and therefore, it supports an even and an odd
mode. We use superscripts to differentiate the odd and even modes for the CPW,
e.g., CPW? and CPW¢°. The two modes have different characteristic impedances:
Zlpw and Zpy,. As previously mentioned, the CPW* mode is typically the desired
mode, whereas the CPW? mode is generally considered parasitic and is suppressed
by short-circuiting the outer conductors. However, in this work, the CPW¢ mode is of
secondary importance, and we focus on the CPW? mode. As an aside, we note that it is
possible to excite the CPW* mode to create interesting devices. An example is given in
Appendix A where the band-stop filter is converted to a band-pass filter by exploiting
this property. Continuing on, the CPS has two conductors; thus, it only supports a single
mode and characteristic impedance, Zcps. Figure 2 illustrates these three modes in the
transverse plane. Investigation of Fig.2a and b reveals that the CPS mode resembles
CPW? mode and significant modal coupling is expected. Figure 3 qualitatively and
quantitatively illustrates the impact of a CPW?-CPS interface. Figure 3a—c illustrates
the electric field vector at 0.8 THz for several widths of the central conductor, W,,,
where minimal disruption is observed at the CPW?-CPS interface. To quantify the
transmission at the interface, we plot |59, |2 (transmission between CPW? and CPS)
vs W, in Fig.3d. We do not plot |55, |2 (transmission between CPW¢ and CPS) vs
W, since it is less than -60 dB, which is expected when the CPW is symmetric
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[22]. From Fig. 3d, it is apparent that there is good coupling between CPS and CPW?
modes and thus the configuration can form a building block for a periodic filter. We
note that the central conductor does not need to be rectangular or symmetric, but the
presented design and theory would become more complex, and these are not evaluated
in this paper. Lastly, the transition between the CPS and CPW could include a shunt
admittance to model parasitic effects, but we found that it had negligible impact on
the periodic filter investigated in this work.

2.4 Filter Characteristics

The center frequency of the periodic filter is dependent on the period (A) by the

following equation:
c

2AJEre
where c is the speed of light and ¢, is the mean effective relative permittivity of the
modes, which was obtained from full-wave simulation and is given by &,, ~ 1.2,

which results in f. = 0.8 THz when A = 173 pm. Next, the fractional bandwidth is
controlled by the characteristic impedance’s (ZgPW and Zcps) as follows:

Af i sin~! (ZCPS — ZéPW)
Zeps + Zpw )

fe= )]

2)

fe m
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During the initial design, it is helpful to estimate the device parameters and
characteristic impedances; this approximation can be performed assuming from the
quasi-static (QS) expressions. For the CPW sections, the QS characteristic impedance
of the odd-mode is given by [9]

2
Wm
1207 K (kcpw) S 1= (T)

Zlpw = : W= : 3)
CPW [ére K(k¢py) S+2W | <SW'" >2
2w
where ki py, = /1 — k(zj pw and K (+) is the complete elliptic integral of the first kind.

The QS characteristic impedance of the CPS sections is given by [23]

7 . 1207 K (kcps) . S @
CPS_\/EK(]{&PS)’ CPS—S+2W7

where k- po = (/1 — k(z: ps- Practical insight is obtained from Eqs. 3 and 4, specifi-

cally as W, — 0, thenkcpw = kcps, whichleads to ZZpyw, = Zcps. From Eq. 2, this
implies that the fractional bandwidth reduces to zero, which is aligned with the expec-
tation of connecting two identical sections of transmission line (i.e., the CPW with W,,
= 0 and a CPS). Figure4a plots the characteristic impedance of the modes using the
QS expressions and at 0.8 THz, which was obtained from full-wave simulation. The
QS and 0.8 THz traces exhibit similar characteristics but are shifted in value, which
is expected as the characteristic impedance of CPW and CPS is frequency dependent
[24, 25]. As noted, the QS expressions of Egs.3 and 4 can be used as a starting point
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Fig.4 a Characteristic impedance using QS expressions and full-wave simulation at 0.8 THz with S = 80
um, W =45 um, Hy = 1 ym, H, =200 nm, and ¢, = 7.6. The impedance at 0.8 THz with W,;, =45 um are
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for the initial design, but the final design should use full-wave simulation to obtain
the characteristic impedance at the design frequency. The bandwidth is obtained using
Eq.2 and is plotted in Fig.4b, where a bandwidth of 0.07 THz is predicted for the
experimental structure with W, =45 pm.

To summarize, the design procedure begins by selecting a desired center frequency
using Eq. 1. Next, the effective relative permittivity, &,., is obtained using full-wave
simulation, but when using thin substrates (as in this work) then ¢,, & 1. Next, the
conductor width, W, should be selected to have desirable attenuation characteristics at
THz frequencies such as W = 30 um. The conductor separation, S, is then selected to
obtain the desired characteristic impedance for the feedline, Z¢ ps, using Eq. 4 (or full-
wave simulation). The central conductor width, W,,,, is selected to obtain Z¢, ,;, using
Eq.3 (or full-wave simulation), which produces the specified fractional bandwidth
given by Eq. 2.

2.5 Periodic Response
2.5.1 Theory

The periodic filter is constructed by cascading, N, unit cells that consist of two
quarter wavelength (A/4) sections of transmission lines with different characteris-
tic impedances. The unit cells are modeled using ABCD matrices. To simplify the
analysis, it is best to construct the unit cell’s ABCD matrix using a CPS of length
A/4,a CPW? of length A /2, and a CPS of length A /4. This enables a straightforward
method to calculate the total ABCD matrix by raising the unit cell’s ABCD matrix to
the power of N while retaining symmetry in the overall structure. The ABCD matrix
for a unit cell (see Fig. 1) is given by the following:

[Acelz Bcell] _ [ cos(BcpsA/4) J ZCPsSin(ﬂcpsA/4)]
Ceell Deetr| | j(1/Zcps)sin(BepsA/4)  cos(BepsA/4)
[ cos(BpwA/2) jzgpwsin(ﬁgpwz\/z)] 5)
| J (1/ Zgpw)sin(Bepw A /2) cos(BlpwA/2)
[ cos(BepsA/4) J Zcpssin(Bcps A/ 4)]
| j(1/Zcps)sin(BcpsA/4)  cos(BepsA/4) '

The ABCD matrix for N sections is given by

N
A B — Acell Bcell (6)
CD Ccell Dcell

The dispersion characteristics of the filter are obtained from Eq.5 using the same
methods presented in [8]. The result of this process is plotted in Fig.5 where a 0.07
THz stopband is observed.
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Fig.5 Dispersion diagram for the unit cell

Lastly, the S-parameters are calculated from the ABCD matrix using standard meth-
ods [26]:

A+ B/Zcps — CZcps — D 2
= and S = (7
A+ B/Zcps + CZcps + D A+ B/Zcps + CZcps + D

St

2.5.2 Simulation

A full-wave simulation was also used to characterize the total response of the filter
with N = 20 near the design frequency. These simulations account for the full-wave
effects that are not modeled by the ABCD matrices. Figure 6a plots the S-parameters
for N = 20 unit cells that were obtained using Egs. 5, 6, and 7 where the characteristic
impedances were obtained from Fig. 4 at 0.8 THz. Figure 6b plots the S-parameters for
the periodic filter obtained from HFSS. Comparing Fig. 6a and b shows that the ABCD
model provides a good first approximation. The main difference observed between
theory and simulation is the introduction of passband insertion loss and a difference
in the stopband rejection. At frequencies below the stopband, there is approximately
1 dB of insertion loss, which originates from conductor loss. This effect could be
included in the ABCD matrix model if lossy transmission line models were used.
Above the stopband, the insertion loss increases to 4—6 dB, which originates from
grating radiation [27] and is not straightforward to model using ABCD matrices;
thus, full-wave simulations should be used to obtain a comprehensive understanding
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Fig.6 a S-parameters obtained from cascading 20 unit cells (N = 20) using ABCD matrices. The unit cell
is included as an inset. b S-parameters obtained from cascading 20 unit cells (N = 20) using ANSYS HFSS

of device performance. More details on grating radiation are found in Appendix B.
Future work can explore methods to reduce its impact by reducing W,,.

Figure 7a and b use Eqgs. 6 and 7 to plot the impact of the number of unit cells on
the stopband rejection. From Fig. 7b, it is found that while N > 10, the minimum

stopband transmission is given by |S7}"| [dB] = —1.18 N + 5.90. Figure 7c and d plots
the same information, but uses full-wave simulation instead of ABCD matrices. The

(a) Impact of the number of cells (ABCD)

10+

18,1 [dB]

-0}

ISl [d8]

06 07 08 09 1 1.1 12

freq. [THz]
(c) Impact of the number of cells (simulation)
——\

05 06 07 08 09 1 1.1 1.2
freq. [THZ]

| [dB]

21

[Smin

| [dB]

min
|821

_ (b) Minimum stopband transmission (ABCD)

0
10 F
-20
-30
-40 - ' : ' ' '
5 10 15 20 25 30 35
N
0 (d) Minimum stopband transmission (simulation)
-10 ¢
-20
-30
-40 ' ' ' ' ; !
5 10 15 20 25 30 35
N

Fig. 7 a Transmission response of the filter using ABCD matrices for several different numbers of unit
cells, N. b Minimum stopband transmission using ABCD matrices plotted against the number of unit cells,
N. ¢ Transmission response of the filter using ANSYS HFSS for several different numbers of unit cells, N.
d Minimum stopband transmission using ANSYS HFSS plotted against the number of unit cells, N
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minimum stopband transmission is given by [S7]'""| [dB] = —1.21N + 5.00, which is
similar to the ABCD method; however, grating radiation is observed and reduces the
transmission above the stopband by approximately —0.2N in dB at 1.1 THz.

3 Methods
3.1 Fabrication

The fabricated filter (Fig. 8) consists of a patterned metallization on a thin SiN sub-
strate that uses low-temperature grown gallium arsenide (LT-GaAs) photoconductive
switches (PCSs) for signal generation and detection. The substrate is fabricated by
depositing a 1 pm layer of SiN on a 500 um silicon wafer. The metallization was
subsequently deposited using a combination of ultraviolet (UV) lithography and
electron-beam physical vapor deposition (EBPVD). The metallization used a 10 nm
titanium (Ti) adhesion layer and a 200 nm gold (Au) layer. Lastly, the Si substrate
is masked using UV lithography and selectively etched using potassium hydroxide
(KOH), resulting in a suspended SiN window with the desired conductor pattern.

e

(e)

.

Fig. 8 a The complete integrated system fabricated on a thin SiN membrane. b The transmitter section,
consisting of an LT-GaAs PCS, 200 nm thick gold CPS TL on a 1 pm SiN layer. ¢ A microscopic view of
the periodic filter. d The receiver section, including the DC block and bias lines for the PCS and lock-in
amplifier connection. e Thin films of LT-GaAs with dimensions of 70 um x 40 ym x 1.8 um, used in the
PCS arrays. f The PCS arrays after fabrication, used in both transmitter and receiver sections. g A quarter
wafer mounted on a PCB for alignment and connection to the measurement setup, ensuring precise signal
transmission. h Fabricated circuits on the wafer before being diced into four quarters
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The LT-GaAs PCSs (Fig. 8e) were constructed using a method similar to the tech-
nique described in [19]. In short, an epitaxial lift-off method is used [28]. First, using
molecular beam epitaxy (MBE), a 2 um layer of LT-GaAs is deposited on a 50 nm
aluminum arsenide (AlAs) layer on a 500 nm semi-insulating GaAs substrate. The
AlAs layer is a sacrificial layer that is selectively etched using a 10% hydrofluoric
(HF) acid etchant. Before etching the AlAs layer, a grid (Fig. 8f) of individual PCS
devices is prepared by patterning the LT-GaAs surface with Ti/Au (10 nm/200 nm) via
RF sputtering. Next, the LT-GaAs surface contact pairs are masked with a photoresist
using UV lithography, and then the exposed regions of the LT-GaAs surface are etched
using citric acid and hydrogen peroxide to produce discrete PCSs. Next, the surface
is coated in an etch-resistant wax (Apiezon W) and then submerged in a HF acid bath
until the AlAs is fully dissolved and the LT-GaAs layer is released. Next, a thin layer
of LT-GaAs is dissolved from the backside using the citric acid and hydrogen peroxide
etchant. Lastly, the individual PCS devices are obtained after dissolving the Apiezon
W wax using trichloroethylene (TCE). The resultant discrete PCSs can then be placed
on uniplanar circuits and connected using Van der Waals bonding [28].

3.2 Experiment

We characterize the response of the periodic filter at THz frequencies using a modified
THz time-domain spectrometer (Fig.9). The THz-bandwidth signal originates from a
DC biased (Vg =24 V) PCS that is illuminated by a femtosecond laser (CALMAR
Carmel) with a pulse width of 7, =80 fs, repetition rate of fep, =80 MHz, and an average
optical power of Py = 10 mW. The biased PCS and transient photoconductivity

Beam Splitter

Laser
80 fs, 780 nm =
10 mW
Y Optical Chopper
%
Y
Vs l
) ’,”, 1 .—J
“ > /’/ // Lens
ey e g // ‘.‘/ Si3N4 Membrane 2
Lock-in —— @ /
Amplifier —e RI/
2]
Receiver PCS Gold Conductor Transmitter PCS

Fig. 9 Optical setup used for characterizing the filter response. The blue rectangles are mirrors
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result in a subpicosecond current pulse that drives the feedlines and the periodic
filter. The transient signal propagates through the periodic filter and is recovered by
sampling the current via lock-in detection (Stanford Instruments SR830) generated
by the combination of the incident voltage and receiver PCS at different times that
are controlled by a mechanical delay line. The lock-in amplifier is referenced to the
optically chopped (fchop = 1 KHz) transmitter beam. The result of the experiment is
a transient signal that contains frequency components up to THz frequencies that are
obtained by applying the discrete Fourier transform (DFT). It is important to state that
our experimental methodology is not akin to a standard vector network analyzer (VNA)
measurement that directly exports the devices’ S-parameters when properly calibrated.
Our signal source is a finite duration transient pulse; thus, it exhibits an inherent roll-
off with frequency. When interpreting the experimental results, the transmission is
obtained by comparing the responses of a reference (W,, = 0 um) and the filter (W,,
=45 pm).

4 Results and Discussion

Figure 10 plots the experimental results for a reference structure and the periodic
filter illustrated in Fig. 8b—d. The temporal response is obtained using the experiment
shown in Fig.9, and the spectral response is obtained by applying the DFT to the
temporal response. The temporal and spectral responses are normalized. The spectral
response in Fig. 10c illustrates a stopband centered at 0.8 THz with a bandwidth of
~0.1 THz, which aligns with the theory (Fig. 6a) and full-wave simulations (Fig. 6b).

(a) Temporal response (c) Spectral response

— Oc
1 —reference (exp.)| nﬁ, —reference (exp.)
—_ 5 —filter (exp.)
:
-— Q
2 3
= Nt
=
0.5} ‘ ‘ ‘ i 245 ‘ | ‘ . | ‘
0 10 20 30 40 04 05 06 07 08 09 1 1.1 1.2
time [ps] freq. [THz]
(b) Temporal response (d) Spectral response with slope correction
—filter (exp.) i oL
5]
2
g
< -107 -
e reference (exp.)
‘Té —filter (exp)2
| N )
E -20 filter, |821| (sim.)
0 10 20 30 40 04 05 06 07 08 09 1 1.1 1.2

time [ps] freq. [THz]

Fig. 10 Experimental results. a Temporal response for a reference (W;; = 0 pm). b Temporal response a for
periodic filter (W, =45 um) spectrally normalized to the reference. ¢ Spectral response for a reference and
periodic filter obtained via DFT. d Spectral response with 20 dB/THz slope correction alongside a full-wave
[S71 |2 simulation results from Fig. 6b
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We reiterate that there is an expected frequency decay due to the transient excitation
and detection methods. In Fig. 10c, this appears as an approximately linear slope (on
a semi-log graph) of -20 dB/THz. The slope is not always linear and is dependent
on many parameters but primarily the optical pulse duration and the PCS carrier
lifetime [29-31]. To aid in interpreting the results, we add the 20 dB/THz slope to the
experimental data and plot it alongside the full-wave simulation results in Fig. 10d.
This slope is a characteristic of the transmitter and receiver; it does not mean that
the filter exhibits a 20 dB/THz insertion loss. Applying the inverse slope correction
to the spectral response flattens the spectrum to allow for better visual comparison
against full-wave simulation (|S21|%). We find good relative agreement between the
simulation and experimental results where the center frequency and bandwidth are in
close agreement. We also observe the increased insertion loss above the stopband that
is associated with grating radiation. The experimental bandwidth is also marginally
wider than predicted, which likely originates from manufacturing differences.

5 Conclusion

We presented a multimode periodic band-stop filter based on alternating CPS and
CPW sections. The filter had a center frequency of f. = 0.8 THz and a bandwidth of
A f =~ 0.1 THz. The theory was based on cascading ABCD matrices that represented
the CPS and the odd-mode of the CPW. The theory, simulation, and experiment are in
agreement with each other. Lastly, to demonstrate a benefit of the multimode periodic
filter, we provided a simulated example that used the even mode to convert the band-
stop filter into a band-pass filter by introducing a short circuit between the conductors.

Appendix A: Multimode Band-Pass Filter Example

The filter presented in this work offers unique opportunities that are achieved by
modifying the excitation of the even mode for the CPW sections. The bulk of this paper

Iel —> 1: \/i \/§ 01 ‘_1-82
(a) (b) . :
zZ¢ e
L L. B b o 3% ﬁ Va Loy

AVo/2 Va b |Za| Ve AV2 /2 +
«lo a2 7 «I2/2 >y Ii—»> v2:1 1:v/2 <1,
{ A B +

—)Iol Iel/2 > (—152/2 4—102 +
AV /2 Vat |Zg| Ve Mo /2 Zipw Va } Vor Z¢pw
* - -

- —> >
Ial Iel/zTIeZ/z I02

Fig. 11 Illustration of the even and odd modes for a CPW with an impedance placed between the conductors
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Fig. 12 a Illustration of the band-pass filter conversion which places short circuits between the conductors
of the CPW sections. b Circuit representation of the band-pass filter

ignores the even mode because it is not excited; however, excitation can be achieved
by considering the equivalent circuit of Fig. 11 [12, 22]. So far, Z4, = Zp = o0,
which implies that the even mode cannot be excited. Alternatively, if a short circuit
(Z4 = 0) was placed between the conductors and the other left open (Zp = 00), then
the even mode would be excited. This additional short circuit can be used to convert
the band-stop filter to a band-pass filter.

Figure 12a illustrates the unit cell modification that converts the band-stop filter
to a band-pass filter by exciting the even mode. The short circuit alternates between
Z 4 and Zp to ensure that the overall filter remains balanced. Figure 12b is the circuit
representation of Fig. 12a.

The circuit of Fig. 12b can be simplified to the equivalent circuit of Fig. 13a. Using
standard methods [26], Fig. 13a is represented with cascaded ABCD matrices and
converted to S-parameters to predict the transmission response. From simulation, we
found L., =7 pH. We cascaded ten unit cells and compared full-wave simulation and
theory in Fig. 13b where band-pass behavior is observed. This example demonstrates
that exploitation of the multimode characteristics result in unique device possibili-
ties that can be directly integrated into the filter. Lastly, it is possible to use active
elements for Z4 and Zp, which would enable active control of the filter perfor-
mance.

(a) (b) O ,
‘ |—theory
_ -10 |-+ full-wave simulation|
~ R _ 3 -20)
h ] h - E 30 Fun
Zcps Zépw  Zcps 40
50 A ; ‘
v2:1 LivZ e e o 0.4 0.6 0.8 1 12
A/4 A/2 | A/4 freq. [THz]

Fig. 13 a Equivalent circuit of Fig. 12b. b Theoretical and simulated |S{ |2
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Fig. 14 Tllustration of currents that contribute to grating radiation. Long arrows = large currents. Short
arrows = small currents. a Below the stopband. b Above the stopband

Appendix B: Grating Radiation

In Figs.6b, 7c, and 10c and d, we found additional loss above the stopband, which
originates from grating radiation. The origin of this loss is described using Fig. 14,
which illustrates the current distribution as arrows where the arrow length represents
its relative magnitude. Below the stopband, the transverse currents (green arrows in
Fig. 14a) cancel each other and do not radiate significantly. Above the stopband, the
transverse currents (red arrows in Fig. 14b) do not cancel and can radiate. Thus, the
central conductor of the CPW behaves as an antenna of length W,,. Therefore, a
straightforward method to mitigate insertion loss above the stopband is to reduce the
effectiveness of the “antennas” by reducing W,,. We opted to validate this concept
using full-wave simulation while constraining the fraction bandwidth Eq. 2 to remain
constant using the quasi-static expressions. The results are plotted in Fig. 15, which
clearly shows that W,,, impacts the insertion loss above the stopband, while the behavior
in and below the stopband remain comparable. We note that the simulation in Fig. 15
does not include a thin SiN substrate for simulation expediency. This negation results
in a center frequency shift and minor changes to the insertion loss, but does not affect
the objective of illustrating the impact of W, on S surrounding the stopband.

(a) Grating radiation (b) Grating radiation (zoom)

0 0
05 ——8=20pm, W_=13um
S 5 el ——$=40um, W_=24um

= = 1
& & $=60um, W_=34um
15 ——3S=80um, W _=45um

-10
2
06 0.8 1 06 0.8 1

freq. [THz] freq. [THz]

Fig. 15 Full-wave simulation investigating the impact of different values of W), while maintaining the
fractional bandwidth. a | S| for four different values of S and Wp,; Wj,, was numerically calculated to
retain fractional bandwidth. b Same as a, but with a smaller y-axis for better visualization
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Abstract: At terahertz (THz) frequencies, there are few experimental works that demonstrate
the viability of all-pole network synthesis filters to obtain desired frequency characteristics (i.e.,
Chebyshev, Butterworth, Bessel, etc.) using planar waveguides. This capability has been proven
with non-planar waveguides, but has yet to be demonstrated using planar waveguides, which
are desirable due to their integration capabilities similar to printed circuit board or monolithic
microwave integrated circuit structures. In this paper, we use network synthesis methods from
microwave engineering to fabricate three integrated planar low-pass filters for THz applications
that have the same cut-off frequency (f. = 0.8 THz) but different orders (N = 3, 4, 5). We measure
their response to a THz-bandwidth excitation pulse and find that the experimental results exhibit
increasing roll-off rates with increasing filter order without incurring significant pulse distortion,
which is aligned with theory.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Filters are used throughout the electromagnetic (EM) spectrum for applications such as noise
reduction, (de)multiplexing, and signal processing [1,2]. Filter design is a well established
field for the electrical [3] and optical [4] frequencies. Within the terahertz (THz) gap (0.1-10
THz), filter design has primarily focused on THz-bulk optical components which are used with
radiated waves commonly associated with THz-time domain spectroscopy (TDS) [5]. While
these THz-bulk optical filters are useful, they do not integrate with miniaturized planar guided
wave transmission lines (TLs) such as the coplanar striplines (CPS) and coplanar waveguides
(CPW) [6-8].

Microwave filter synthesis is applicable at THz frequencies; however, current literature is
lacking validating experiments. This gap in literature likely originates from the difficulty
associated with performing experiments at THz frequencies. To the authors knowledge, there
are three main methods for characterizing a device-under-test (DUT) at frequencies above 1
THz while remaining inside the THz gap. First, electronic vector network analyzers (VNAs) are
typically limited to less than 100 GHz, but this range can be increased using extender modules
up-to 1.5 THz [9-12]. This method is attractive because it uses techniques that are commonplace
in microwave engineering and does not require the use of photonics. However, the rectangular
feedlines are dispersive and band-limited, thus many extension modules (costly) are required to
perform broadband measurements. Next, THz optics (free-space radiation) can be used to to
perform investigation of a DUT [13-15]. The source of THz radiation could be a photoconductive
antenna or mixer, quantum cascade laser, free-electron laser, etc. [16]. The detector could be
another photoconductive antenna, electro-optic crystal (ZnTe), Golay cell, bolometer, etc. [17].
THz optics provides valuable information about the DUT, but experiments are adversely impacted
by field coupling errors which can be difficult to manage depending on the feedline geometry.

#505492 https://doi.org/10.1364/OPTCON.505492
Journal © 2024 Received 11 Sep 2023; accepted 20 Dec 2023; published 3 Jan 2024



Research Article

opTics CONTINUUM:

Lastly, planar transmission lines (TLs) can be integrated with an transmitter and receiver used
to investigate a DUT [18-22]. Typically these structures are integrated into a CPS or CPW TL
with an shunt or series photoconductive switch. There are some key benefits using this method;
namely, the structure is inherently compatible with planar structures, the propagating mode is
quasi-TEM which does not exhibit significant dispersion, and the overall system cost is relatively
inexpensive. In this work we investigate filters using photoconductive switches integrated with
CPS TLs. Currently, this combination allows for characterization of DUTs up-to 3 THz [22].

In previous works, planar filter demonstrations at THz frequencies do not perform network
filter synthesis, that is, selecting the filter geometry to obtain a specific transfer function [23].
Instead, authors perform filter analysis which generally involves designing a periodic device
[21] or metastructure [22,24-27], then confirming the transmission and reflection characteristics.
While filter analysis is acceptable, it is generally advantageous to begin the design process by
specifying targets such as cut-off frequency, minimal pass-band ripple, phase response, or roll-off
rates. Here, we aim to demonstrate that microwave network synthesis filter design methods
are valid at THz frequencies for planar structures. We note that many others have performed
filter synthesis at THz frequencies using non-planar rectangular waveguides [28—30]. These
non-planar filters are more common because they can be directly interfaced with a VNA equipped
with extension modules. These filters are typically limited to operation as a band-pass filter due
to the nature of wave propagation in a rectangular waveguide. We emphasize that the presented
planar network synthesis filter utilizes the quasi-TEM mode and can be designed as a low-pass,
high-pass, band-pass, or band-stop filter. A Bessel configuration has been selected for this
proof-of-concept because it has desirable characteristics for pulsed THz systems. The linear
phase response results in minimal pulse distortion which ensures the transmitted pulse is not
significantly broadened. Reduction of pulse broadening improves the systems performance by
reducing the impact of reflections and interference of the signal at the receiver which ultimately
affects the spectral resolution.

We note that it is not straightforward to characterize devices at THz frequencies due to
limitations such as source and detector availability and signal loss from potential substrate
radiation. We have had success using our THz system-on-chip (TSoC) platform that uses planar
CPS TLs on a thin SizNy substrate to overcome these challenges [31]. This methodology enables
device characterization from DC to frequencies beyond 3 THz and is compatible with several
planar TL configurations. In this work, we integrate a synthesized Bessel stepped-impedance
low-pass filters (LPF) into a CPS TL. Other TL configurations (i.e. CPW, slotline, etc.) are
equally viable; however, the CPS configuration is best suited to work with photoconductive
switches as a sliding contact source and detector [6].

The novelty of this work can be summarized as the first demonstration of an THz integrated
planar guided-wave all-pole filter (Bessel) using network filter synthesis using methods adopted
from microwave engineering. We note that we have selected a common filter topology (stepped-
impedance LPF) for this proof-of-concept verification at THz frequencies.

2. Design

In this work we implement and test several linear-phase stepped-impedance low-pass filters on
the TSoC. This filter consists of alternating sections of low and high characteristic impedance
of varying lengths which depending on the specific filter configuration (Butterworth, Bessel,
Chebysheyv, etc.). Figure 1 illustrates this concept. Here, we focus on the Bessel filter because of
the short physical length and minimal pulse distortion characteristics.

Figure 2 illustrates cross section of a CPS TL on a thin substrate. The conductor width,
separation, thickness, and conductivity are given by W, S, T = 200 nm, and o, = 4.1 X 107 S/m,
respectively. The selection of W and S is discussed below. The substrate thickness, relative
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Fig. 1. Stepped Impedance Filter

permittivity, and loss tangent are given by H = 1um, &, = 7.6, and tan ¢, = 0.0056, respectively
[32].

Fig. 2. Coplanar strip transmission cross section

We are interested in the systematic design and experimental results of a planar low-pass Bessel
filter which has a uniquely high cut-off frequency (f.>500 GHz) . This can be demonstrated by
fabrication on a thin substrate. The design procedure consists of specifying the desired cut-off
frequency (f,) and filter order (), then selecting the appropriate feedline impedance (Zj), low
impedance (Z;), and high impedance (Zg), then calculating the section lengths (/,,).

In this work, we select f, = 0.8 THz and fabricate 3rd, 4th, and Sth order filters (N = 3, 4,
5). Figure 3 illustrates the overall structure and the three different filters. The manufacturing
procedure consisted of depositing a 1 um layer of SizN4 onto a 500 um thick Silicon wafer then
etching regions where THz bandwidth signals propagates. This process results in a 1 pm thick
SizNy substrate suspended in air which is supported on the edges by the Silicon frame. Next,
the conductors were placed using mask alignment physical vapour deposition (Ti/Au, 10/200
nm). Lastly, the photoconductive switches (PCSs) were aligned with the conductors using a
micromanipulator and bonded to the surface using Van der Waals bonding [33,34].

Fig. 3. Microscope images of the TSoC structure with integrated filters. Vp is the bias
voltage with respect to ground (GND).

The feedline impedance, Zj, was selected to correspond to a low loss (@ ~ 0.8 dB/mm at
~800 GHz [21]) configuration which occurs when Sy = 70um and Wy = 45um. For a stepped
impedance LPF, it is desired to maximize the Zy /Z; ratio. Note that selection of Z; and Zy are
subject to limitations. Also, we opted to keep the conductor center spacing constant (S+W=const.)
throughout the filter length. Structures must have dimensions larger than 2 ym because of our
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photolithography resolution. At the upper end, given that we selected Sy = 70um and Wy = 45um,
this implies S + W = 115um and that 2um<Sy g <113um and 2um<Wp g<113um.

In the past work [31], we found that structures with W = 10um behave well with acceptable
resistive loss. Thus, for this work, we selected our high impedance sections to have Wy = 10um
and Sy = 105um. For the low impedance sections, dielectric breakdown must be considered
because the CPS TL also functions to DC bias the transmitting photoconductive switch. To
ensure proper DC biasing, Sy, should be larger than S at the transmitter (S, = 10um). For this
work, we have selected S; = 15um and Wi = 100um.

Next we must obtain Zy, Zy, and Z; which requires the use of full-wave simulations to obtain
the impedance at the cut-off frequency (f. = 0.8 THz). Using ANSYS HFSS, we find Zy = 234Q,
Z; = 131Q, and Zy = 362Q. We note that it is possible to use a quasi-static analytic models
[35] to approximate these the characteristic impedances, but the frequency-dependence degrades
the accuracy, for example, we find the quasi-static characteristic impedances to be ng = 264Q,
Z}' = 1280, and Z}} = 470Q which are not representative of the characteristic impedances at 0.8
THz.

Next we calculate the lengths of the individual sections. This is accomplished using well
known methods [1]; we will quickly review the procedure here. Alternating low-impedance and
high-impedance sections behave like alternating series inductors and shunt capacitors in a ladder
circuit which exhibits low-pass behavior. The length of the individual sections are calculated
using:
_ &n ZL / _ 8n Zy
=22= Hn =2 —.

ﬂL‘ Z() ’ ﬂc ZH
where B, = 27xf,/c. The filter element values, g,, depend on the filter type (Bessel, Butterworth,
Chebysheyv, etc.) and order. For completeness, the element values are copied into Table 1 for the
filters of interest [1]. The sections lengths for the different filter orders are calculated using (1)
and tabulated into Table 2.

ey

lL,n

Table 1. gn for maximally flat Time Delay LPF prototype [1]

N 81 82 83 84 85 86

3 1.2550 0.5528 0.1922 1.0000

4 1.0598 0.5116 0.3181 0.1104 1.0000

5 0.9303 0.4577 0.3312 0.2090 0.0718 1.0000
Table 2. Section lengths for filters

N 11 [pam] Ip[pam] I3[pam] I4[pam] Is[pam]

3 42 21 6

4 35 20 11 4

5 31 18 11 8 2

3. Experiment

To characterize the filters we use a method similar to our previous work [22]. The experiment
(Fig. 4) consists of a modified THz-time domain spectroscopy (TDS) system which requires the
use of electrical and optical components.

The transmitter is a thin (1.5 um) DC-biased (24V) PCS made of low-temperature grown
gallium arsenide (LT-GaAs) that is Van der Waals (VDW) bonded to CPS TLs. A sub-picosecond
(THz-bandwidth) electrical pulse is generated by illuminating the transmitter PCS with an 80
femtosecond (10 mW average) optical pulse from a mode-locked fiber laser. The electrical pulse
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Fig. 4. Simplified experimental setup.
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Fig. 5. Normalized experimental results for the N=3,4,5 Bessel filters.

propagates along the CPS TL and through the filters, or device-under-test (DUT), prior to arriving
at the receiver. The receiver is another thin LT-GaAs PCS which is partially isolated from
the transmitter circuit using a DC block. The receiver PCS is illuminated by the same optical
pulse from the same mode-locked fiber laser, however, the pulse arrival time is made variable
by the use of a mechanical delay line. Translation of the mechanical delay line reconstructs
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the transmitted signal which is given by the convolution of the incident electrical signal and
receiver photoconductance which is measured by a lock-in amplifier (LIA) referenced to an
optical chopper which modulates the optical beam in the transmitter path.

4. Results and discussion

Figure 5 plots the normalized experimental temporal and spectral responses for the filters
illustrated in Fig. 3. The temporal response illustrates minimal pulse distortion which is
consistent with the linear phase response of the designed filters. This property is desired in a
transient system because the ringing associated with a non-linear phase response can adversely
impact the spectral resolution. The spectral response is obtained by applying the discrete Fourier
transform to the temporal response. Recognizing that finite duration transient pulses do not
have a flat spectral response, we expect an inherent roll-off. This concept is illustrated by the
dotted lines in Fig. 5. It is seen that the spectral response experiences a change of slope near
the designed cut-off frequency at 0.8 THz. This effect is illustrated by the dashed lines. The
exponential coefficients for the dotted and dashed lines are noted in the legend of Fig. 5. The
increasing difference between the exponential coefficients for increasing filter order is expected
since the higher order filters have a larger roll-off rate. Lastly, we note that any minor reflections
which may occur between the receiver and other discontinuities are removed by windowing of
the temporal response.

5. Conclusion

In this work we have designed, fabricated, and tested several integrated planar stepped-impedance
low-pass Bessel filters for THz applications. Characterization at THz frequencies was enabled
by the use of the TSoC platform. We found that the experimental results align well with theory
which illustrates the great potential for further experiment and developing other network synthesis
filters at THz frequencies. To the authors knowledge, this work demonstrates the first time a
guided-wave planar filter designed using network synthesis has been demonstrated in the THz
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Abstract—We present a genetic algorithm (GA)-based inverse
design framework for synthesizing high-performance planar
terahertz (THz) filters integrated with coplanar striplines (CPSs).
The method efficiently explores high-dimensional design spaces
to generate filter geometries matching user-defined S-parameter
magnitude and phase responses, while enforcing structural con-
nectivity for compatibility with terahertz system-on-chip (TSoC)
platforms. To accelerate optimization, filter performance is evalu-
ated using the ABCD matrix method, providing a significant com-
putational advantage over full-wave simulations. Final validation
is performed through finite element method (FEM) simulations.
As a proof of concept, we design band-stop filters with center
frequencies of 0.6, 0.8, and 1.0 THz, each with a 150 GHz target
bandwidth, and demonstrate tunable rejection depths within a
constant physical footprint. Optimization is guided by minimizing
the root-mean-square error (RMSE) between simulated and
target S-parameters.

Index Terms—Terahertz filters, Genetic algorithm (GA), In-
verse design, Coplanar stripline (CPS), Terahertz System-on-chip
(TSoC), ABCD matrix method

I. INTRODUCTION

ERAHERTZ (THz) filters are required for next-

generation THz systems, allowing spectral control by
selectively transmitting desired frequency bands while sup-
pressing out-of-band signals. These functionalities are vital
for a range of applications, including high-speed wireless com-
munications, non-invasive medical imaging, and spectroscopic
sensing [1]-[6]. The ability to engineer and tailor spectral
responses with high accuracy directly impacts the efficiency,
resolution, and functionality of THz devices across scientific,
medical, and industrial domains.

Structurally, THz filters can be classified into planar and
non-planar topologies, each offering specific advantages in
terms of performance metrics such as insertion loss, band-
width, and frequency selectivity, as well as fabrication compat-
ibility and system-level integrability. Waveguide-based filters,
such as rectangular metallic and parallel plate waveguides, are
popular for their low insertion loss and effective mode con-
finement in conventional setups [7], [8]. Planar configurations,
including coplanar waveguides (CPW) and coplanar striplines
(CPS), are particularly attractive for on-chip applications due
to their compatibility with standard photolithography and
compact on-chip footprint [9]-[11].
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Alternative filter designs, such as photonic crystal fil-
ters, exploit periodic dielectric structures to induce photonic
bandgaps, offering precise spectral shaping capabilities [12].
Metamaterial and metasurface filters, composed of engineered
sub-wavelength resonant elements, provide enhanced design
flexibility and enable tailored responses such as narrowband,
broadband, and multi-band filtering [13], [14]. Resonator-
based filters, including ring and cavity resonators, are also
widely used in integrated planar formats due to their high
quality (Q) factors and small footprint [15], [16].

Traditionally, the design of THz filters has relied heavily
on the designer’s expertise and theoretical models rooted
in microwave and optical engineering. These conventional
methods typically involve iterative tuning of structural param-
eters based on analytical frameworks such as transmission
line theory and coupled-mode theory. While these models
offer valuable physical insight, they are often limited in
their applicability to geometrically complex or multi-objective
structures. Consequently, the design process remains labor-
intensive and constrained in its ability to efficiently explore
the vast and high-dimensional design space, increasing the risk
of overlooking high-performing or unconventional solutions.
These limitations are particularly evident in the development
of THz components such as filters, resonators, polarizers, and
power splitters, where optimal performance often depends on
intricate geometries and tightly coupled physical effects.

Here we adopt inverse design that was originally devel-
oped to optimize nanophotonic and electromagnetic structures
beyond the capabilities of traditional analytical approaches.
Early applications in photonic systems demonstrated its ability
to generate compact, high-performance devices with non-
intuitive geometries that satisfy specific optical transmission
or field distribution requirements. In particular, its application
to photonic integrated circuits (PICs) has facilitated the design
of densely integrated components that offer enhanced function-
ality, compact footprints, and improved performance [17]. The
maturity and success of inverse design in silicon photonics not
only validate its effectiveness but also highlight its potential for
addressing analogous challenges in emerging THz integrated
systems.

Several recent studies have explored inverse design strate-
gies for optimizing THz components. Zhang et al. [18] pro-
posed a genetic algorithm (GA)-based inverse design frame-
work to optimize dispersion profiles for broadband impedance
matching. Their dual-metasurface absorber achieved 88% ab-
sorption from 0.21 to 5 THz, demonstrating both high per-
formance and computational efficiency. In a follow-up study,
the same group used GA-assisted optimization to enhance
THz metasurface design, using multiple objective functions
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to improve design reliability and automation [19].

Beyond GAs, machine learning-based approaches have been
applied to accelerate and enhance the inverse design process.
Li et al. [20] used artificial neural networks (ANNSs) to
accurately predict reflection spectra and optimize micro/nano
THz metasurface structures with custom optical responses.
Similarly, Mashayekhi et al. [21] developed an ANN-assisted
inverse-designed graphene-based absorber, achieving 96.33%
absorption across 0.5-10 THz and enabling rapid parameter
selection for THz detection. Deep learning has also been
extended to THz antenna design. Karahan et al. [22] intro-
duced a deep neural network (DNN)-based inverse design
approach for multi-band graphene patch antennas operating
between 2-5 THz. Their model achieved 13 frequency bands,
up to 8.8 dB gain, full 360° beam steering, and 93% pre-
diction accuracy, significantly accelerating the design cycle.
Furthermore, Ding et al. [23] proposed a Finite-Difference
Time-Domain (FDTD)-based inverse design framework for
a 3D-printable diffractive optical element (DOE) capable of
THz spectral splitting between 0.5-0.7 THz. Their simulation
and experimental results demonstrated a compact, low-cost
solution for portable THz spectroscopy and communication.

Although inverse design methodologies have been success-
fully applied to various THz components, such as metasur-
faces, absorbers, antennas, and filters, the efficient design of
planar THz filters integrated with guided-wave transmission
lines remains largely unexplored. Addressing this gap, we
present a GA-based inverse design framework specifically
tailored for planar guided-wave THz on-chip filters. Using evo-
lutionary optimization strategies, the proposed method enables
the systematic exploration of complex, high-dimensional de-
sign spaces and facilitates the realization of high-performance
THz filters compatible with standard lithographic fabrication
processes.

To ensure computational feasibility, filter performance is
evaluated using the ABCD matrix method, which offers sub-
stantial acceleration compared to full-wave simulations while
maintaining sufficient modeling accuracy. The final valida-
tion of the optimized designs is performed through finite
element method (FEM) simulations. As a proof-of-concept,
we demonstrate the inverse design of band-stop filters with
varying center frequencies and rejection depths, all within a
fixed device footprint. To the best of our knowledge, this is
the first application of a GA-based inverse design approach
that employs the ABCD matrix method for CPS-integrated
THz filters, highlighting its potential to advance compact,
fabrication-ready devices in integrated THz systems.

II. METHODS

Traditional forward design methodologies for THz filters are
largely rooted in analytical theories derived from microwave
engineering. Typically, the design of periodic band-stop THz
filters in planar waveguide structures begins by specifying a
center frequency and target bandwidth, followed by estimating
the filter period based on the effective relative permittivity of
supported modes, usually obtained through full-wave simula-
tions. The geometric parameters are then derived from this

model and iteratively fine-tuned through additional simula-
tions. Although this approach can yield functional designs,
it inherently depends on simplifying assumptions and limited
parameter sweeps, which constrain the design space and limit
opportunities for performance optimization.

In contrast, inverse design frameworks allow users to define
a desired spectral response, including both magnitude and
phase characteristics, and automatically search for optimal
geometries that meet those specifications. This enables the
discovery of non-intuitive, high-performance structures that
would be difficult to realize through conventional methods.
Moreover, by formulating the design task as an optimization
problem, inverse design reduces the reliance on trial-and-
error tuning and provides a direct route to meeting stringent
spectral requirements, particularly in compact and fabrication-
constrained THz platforms.

In this work, we focus on the inverse design of opti-
mized planar THz filters using a GA-based framework. Sev-
eral synthesized band-stop filters are presented as proof-of-
concept demonstrations to validate the proposed optimization
approach. These filters feature varying center frequencies,
bandwidths, and rejection depths, showcasing the flexibility
and capability of the inverse design method. Band-stop filters
were chosen as the initial test case to allow direct comparison
with previous forward-designed filters, providing a meaning-
ful benchmark for evaluating the performance improvements
achieved through the GA-based inverse design process.

A. Inverse design with genetic algorithm

The GA offers several advantages that make it particularly
suitable for the inverse design of complex electromagnetic
structures. Unlike gradient-based optimization methods, GA
does not require computation of gradients of the fitness
(objective) function. This characteristic makes it more robust
against local minima, which are common in non-convex high-
dimensional design spaces [24].

In this work, we employ a GA to optimize the binary dis-
tribution of gold (Au) and air pixels within a planar THz filter
structure. Each candidate solution is encoded as a chromosome
representing the spatial arrangement of pixels that evolve
over successive generations through selection, crossover, and
mutation. The GA parameters are carefully tuned to address
the discrete, high-dimensional nature of the problem.

The mutation operator introduces diversity by toggling
individual bits, corresponding to changing the material as-
signment of specific pixels. This allows for the exploration
of novel topologies that can enhance the S-parameter re-
sponse. Crossover combines favorable traits from two parent
designs, while elitism ensures that top-performing individu-
als are preserved. The population size balances exploration
breadth with computational feasibility, considering the cost of
simulations [24].

Several strategies are employed to mitigate the risk of
convergence to local minima that are common in nonconvex
optimization landscapes defined by electromagnetic perfor-
mance metrics. Increasing the mutation rate enhances diversity
and allows broader sampling of the solution space. When
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Fig. 1.

Flowchart of the GA optimization process. The randomly generated initial population of THz filters is depicted, along with their corresponding

S-parameters (both magnitude and phase). The algorithm iterates through successive generations, refining the population until one of two stopping criteria is
met: (1) the number of generations G reaches the predefined maximum Gmax, or (2) the error function converges below a specified threshold.

a locally optimal design is suspected, its genome can be
reintroduced in subsequent runs to allow refined exploration
around its neighborhood. Extending the number of generations
provides additional opportunities for the evolution of high-
performance filter geometries. Additionally, running the GA
multiple times with randomized initial populations allows for
statistical comparison across runs, providing information on
the robustness of the solutions and the sensitivity of the design
problem to initial conditions.

Figure 1 presents the flow diagram of the GA optimization
process that we used to design THz filters. The process begins
with a randomly generated initial population of filters, each
associated with its corresponding S-parameters, including both
magnitude and phase. As the algorithm progresses, iteratively
refines the population across successive generations based
on performance feedback (fitness function). This evolutionary
process enables the development of optimized THz filters that
satisfy the specified design criteria.

We enforce structural continuity for compatibility with our
THz test platform using a connectivity constraint that is
incorporated into the design formulation. Specifically, the filter

must maintain a continuous conductive pathway to facilitate
voltage biasing of the transmitter photoconductive switch
(PCS). Without such a constraint, generated structures may
introduce discontinuities (i.e., a DC block), and the device
would fail to operate correctly during experimentation. While
this work does not include experimental validation, the design
framework is developed with all necessary constraints in place
to facilitate future experimental implementation.

With the structural constraints integrated into the initializa-
tion process, the inverse design problem is formally defined
and formulated for optimization. Each candidate solution is
represented as a binary matrix encoding the spatial distribution
of gold and air pixels within the designated design region.
The pixel size was set to 4 umx 10 um to balance resolution
requirements, fabrication feasibility, and computational cost.
This binary representation serves as input to the GA, which
iteratively evolves the population to maximize the fitness
function, defined as the figure of merit (FOM), that quantifies
how closely the simulated electromagnetic response matches
the S-parameters of the target filter.

Figure 2 illustrates the design framework and key structural
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Fig. 2. Illustration of the design framework and associated parameters. (a) Example of a planar THz filter structure synthesized using a GA-based inverse
design approach. The overall framework dimensions are 300 pm x 2000 pm, corresponding to 200 discrete columns in the propagation direction. (b) Magnified
view of a section of the filter, highlighting key design parameters: impedance (Z), conductor width (W), and strip spacing (.S). (c) Cross-sectional schematic
of the filter structure, depicting gold metallic layers patterned on a silicon nitride (SizN4) membrane substrate.

parameters of the planar THz filter investigated in this work.
The filter region spans an area of 300 um in width and 2000 pm
in length, corresponding to 200 discrete columns along the
propagation direction. This discretized domain serves as the
optimization space for the GA-based inverse design process,
wherein the binary configuration of each column defines the
local characteristic impedance profile of the filter.

A magnified view of a representative section is shown in
Fig. 2(b), highlighting essential design parameters, including
the local characteristic impedance (Z), conductor width (W),
and strip spacing (5). These geometrical features collectively
govern the electromagnetic response of the structure, enabling
fine-tuning of the filter’s spectral characteristics. In the design
space explored, W varies between 10 pm and 90 um, while
S ranges from 5 um to 90 um, ensuring compatibility with
fabrication constraints and impedance requirements.

Figure 2(c) presents a cross-sectional schematic of the
filter, depicting gold metallic layers patterned on a silicon
nitride (SizNy) membrane substrate. This material platform
ensures compatibility with standard microfabrication processes
while minimizing substrate losses at THz frequencies. The
combination of geometrical flexibility and material selection
facilitates the realization of high-performance THz filters
within a compact planar footprint.

After initializing the population, each candidate design
is evaluated using the fitness function. The fitness function
quantifies performance by calculating the root-mean-square

error (RMSE) between the simulated and target scattering
parameters S-parameters), incorporating both magnitude and
phase.

Formally, the fitness function f(x!) : R™ — R maps
design parameters x! at iteration ¢ to a scalar score reflecting
spectral deviation. The loss function £ = —RMSE guiding
optimization is expressed as:

N
1
N Z(Sglls(fl) 21 larget(fl))
i=1
1
+ w2 NZ( (fl) lltarget(fl))
i=1
(1)
1N
+ ws N ;(Zsll(fi) - Z‘Sfll,target(fi))2
1
+ wy N ;(lszl(fi) — Z£891 target (fi))?
where N is the number of frequency points, and

wy, we, w3, wy are weighting factors for magnitude and phase
components of transmission (S2;) and reflection (S;1) re-
sponses. This formulation enables precise, frequency-aware
tuning of THz filter designs through genetic optimization.
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In this work, the target phase response was specified as
linear; therefore, ws and wy were assigned to 10% of the
total loss function weight. As a result, the optimization process
initially prioritizes minimizing the magnitude-related compo-
nents (w; and ws) of the loss function, with phase error
contributing less strongly during early optimization. In the
later stages, the algorithm fine-tunes the design by evaluating
the differential phase between adjacent frequency points and
reducing phase variations through the influence of w3 and wy.

A population size of 200 was selected to balance ex-
ploration breadth with computational feasibility. Preliminary
experiments conducted with population sizes of 50, 100, 200,
and 400 showed diminishing fitness improvements beyond
200, while computational time scaled proportionally. Each
generation evolves through a combination of elitism, selection,
crossover, and mutation, with the objective of maximizing the
fitness function.

To guide the evolutionary process toward optimal solutions,
an elite group comprising the top 30 individuals (15% of the
population) with the highest fitness values is directly carried
over to the next generation. This elite fraction was empirically
chosen to balance convergence stability and exploration diver-
sity: higher elite rates (> 20%) accelerated convergence but
increased the risk of premature convergence to local optima,
while lower rates (< 10%) slowed convergence without yield-
ing notable diversity gains. The elite individuals are identified
by simulating all 200 candidates, ranking them by fitness, and
preserving the top 30.

The remaining 170 candidates are generated through the ap-
plication of genetic operators: selection, crossover, and muta-
tion. To maintain population diversity and promote exploration
of the design space, a probabilistic rank-based tournament
selection strategy is employed. In this method, a subset of T’
individuals is randomly sampled from the population, and an
individual is selected from the tournament with a probability
that favors higher-ranked individuals. The probability of se-
lecting an individual ¢ with rank r; (where » = 1 corresponds
to the highest fitness) is given by:

(1 —s)smi—t
1—sT
where s € (0, 1) is the selection pressure and T is the tourna-
ment size [25], [26]. This probabilistic approach allows lower-
ranked individuals to be selected with nonzero probability,
promoting genetic diversity while still biasing selection toward

fitter individuals.

A tournament size of T' = 4 was selected based on
literature recommendations for moderate selection pressure in
combinatorial GAs [24], [25]. Preliminary tests showed that
smaller 7" slowed convergence, while larger 7" reduced diver-
sity. This value was empirically validated to achieve consistent
fitness improvements across runs, balancing exploitation and
exploration and reducing the risk of premature convergence.

Crossover is employed as a recombination operator to
generate new candidate solutions by combining structural
characteristics from two parent individuals. In the context of
grid-based THz filter design, a two-point crossover strategy
is implemented to facilitate the creation of novel geometries

P(i) = )

while preserving connectivity and material constraints (Fig. 3).
Given two parent grids P; and P», two crossover points ¢; and
co are randomly selected at uniformly distributed positions
within the grid such that 2 < ¢; < ¢ < C — 1, where
C represents the total number of columns in the grid. Two
offspring, O; and O,, are then generated by exchanging the
column segments between c; and co:

Olz[Pl(l,licl), PQ(Z,Cl 182), Pl(I,CQZC)] (3)

02: [P2(2,1201)7 P1(1761 ZCQ), PQ(Z,CQ C)] (4)

Here, P(:,a : b) denotes the submatrix containing columns
a to b. The use of two crossover points allows for greater
structural variation compared to single-point schemes, while
maintaining design continuity and compatibility with the CPS
platform.

To further enhance diversity, mutation is applied to 10%
of the selected individuals. During mutation, a randomly
chosen bit in the binary chromosome is flipped (i.e., “0”
to “1” or “1” to “0”), corresponding to a material change
at a specific pixel—effectively toggling it between a gold
and air region. This stochastic perturbation introduces novel
traits into the population and supports broader exploration
of the design space. Importantly, all mutation operations are
performed while enforcing the continuity constraint, ensuring
that conductive pathways remain uninterrupted to maintain
compatibility with the CPS platform in future experiments.

ITTI. SIMULATION RESULTS AND DISCUSSION

To compute the S-parameters and subsequently evaluate
the RMSE, two computational methodologies are available:
(1) an analytical approach based on the ABCD transmission
matrix method, and (2) a full-wave numerical analysis per-
formed using commercial software such as ANSYS HFSS.
Given the substantial computational cost associated with FEM-
based simulations, the ABCD transmission matrix method
was employed as an efficient surrogate modeling approach.
This method provides a computational speed-up exceeding
three orders of magnitude compared to full-wave simulations,
thereby enabling rapid evaluation of design candidates during
the optimization process while maintaining sufficient accuracy
for guiding the inverse design. Prior studies have demonstrated
a strong correlation between the results obtained from this
analytical approach and experimental measurements, thereby
validating its accuracy [27].

The designed filters are composed of cascaded unit cells,
each modeled as a section of transmission line with a specific
characteristic impedance. These unit cells are arranged later-
ally along the column axis of the design grid, with each col-
umn corresponding to one such unit cell. To accurately model
the behavior of these structures, each unit cell is represented by
a two-port ABCD matrix, which characterizes the voltage and
current relationship at its input and output ports. This modeling
approach assumes that each section behaves as a uniform
transmission line, which is a valid approximation under the
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Ilustration of the two-point crossover mechanism employed in the GA-based inverse design of THz filters. This crossover process facilitates the

recombination of structural features from two-parent designs, generating offspring with inherited characteristics that contribute to the optimization of the

filter’s electromagnetic response.

quasi-static (QS) regime—where the physical dimensions of
the unit cells are much smaller than the operating wavelength.

The ABCD matrix of a transmission line segment of length
A, characteristic impedance Z, and phase constant /3 is given
by:

Bean| _ cos(BA)
Dcell ]% Sln(ﬂA)
The overall ABCD matrix for a filter composed of N

cascaded unit cells is obtained by sequentially multiplying the
individual ABCD matrices corresponding to each unit cell:

[A B] B [Am
¢ D total CCl

Each section’s QS characteristic impedance is computed
analytically based on its lateral geometry, including the con-

ductor width W and the inner strip spacing .S, using the closed-
form expression for CPS transmission lines [28]:

Ccell

Acell
[ cos(BA)

iz sin(ﬂA)] 5)

Dci| |Ce2

Bei | |Ac2
Dco Cen Den

Bcz} [ACN BCN:|

1207 K(kcps) S
S = Jore K(klps) %7 S42W M

where K (k) and K (k') are the complete elliptic integrals of
the first kind, and ¢, is the effective relative permittivity of
the substrate.

Finally, the scattering parameters (S-parameters) are ex-
tracted from the total ABCD matrix using standard transfor-
mations [29]:

g A+ prs —CZcps — D 2
11 = 5 021 =
A+ 2+ Clcps + D A+ 2+ Cleps + D

®)

This modeling framework enables rapid and reasonably ac-

curate prediction of the electromagnetic response of cascaded

THz filters, making it well-suited for evaluating the fitness

of a large number of candidate structures during the inverse

design process, particularly in early optimization stages where
full-wave simulations would be computationally prohibitive.

Figure 4 summarizes the spectral response and structural
realization of a planar band-stop filter synthesized using the
proposed GA-based inverse design framework. The target
specifications include a center frequency of 0.8 THz and a
3-dB bandwidth of 200 GHz. In Fig. 4(a), the calculated
magnitude response of So; and Sp;, obtained via the ABCD
matrix method, is compared against the target response. The
design meets the specified rejection depth and bandwidth
with high accuracy. Figure 4(b) presents the corresponding
phase response, with particular emphasis on the linear phase
progression of S2; across the passband, which is critical
for dispersion-sensitive THz applications. A direct compari-
son between the ABCD matrix-based results and full-wave
electromagnetic simulations from ANSYS HFSS is provided
in Fig. 4(c). Strong agreement is observed across most of
the frequency range, validating the modeling framework.
However, minor discrepancies emerge at higher frequencies
(above 0.9 THz), where the ABCD matrix method begins to
diverge from HFSS simulation. These deviations are primarily
attributed to radiation losses and edge diffraction effects that
are not captured by the quasi-static assumptions inherent in the
ABCD matrix model. Lastly, Fig. 4(d) depicts the unconven-
tional filter geometry synthesized through the GA optimization
process, illustrating the method’s ability to generate non-
intuitive yet high-performance designs within the imposed
fabrication constraints.

To further investigate the electromagnetic behavior of the
optimized filter structure, the electric field distribution was
analyzed at multiple frequencies spanning the passband and
stopband. Figure 5(a) shows the simulated in-plane FE-field
profiles at 0.6 THz, 0.8 THz, and 1.0 THz. At 0.6 THz and
1.0 THz, the field propagates effectively through the structure,
confirming low insertion loss in the passbands. In contrast, at
0.8 THz—corresponding to the filter’s stopband—strong field
attenuation is observed, demonstrating effective suppression
of transmission and validating the spectral selectivity of the
inverse-designed filter.

Figure 5(b) presents the field profile at 1.4 THz on a loga-
rithmic scale to highlight radiation effects at higher frequen-
cies. The simulation reveals radiation leakage originating from
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Fig. 4. (a) Calculated magnitude response of the planar band-stop filter’s S
the target response. The design specifies a 3-dB bandwidth of 200 GHz and

-parameters (S21 and S11) using the ABCD matrix method, compared against

a rejection level of —50 dB, with the computed response achieving a rejection

depth of approximately —46 dB. (b) Phase response of the calculated S-parameters, emphasizing the linear phase progression of Sa; across the passband.
(c) Comparison between the results predicted by the ABCD matrix method and full-wave electromagnetic simulations using ANSYS HFSS, showing strong
agreement. (d) Final optimized filter geometry synthesized using the proposed GA-based inverse design framework.
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filter at 0.6 THz, 0.8 THz, and 1.0 THz. The filter exhibits strong suppression

in the stopband (0.8 THz) and effective transmission in the passbands (0.6 THz and 1.0 THz), validating its spectral selectivity. (b) Logarithmic-scale field
profile at 1.4 THz, illustrating radiation losses at higher frequencies due to edge diffraction and imperfect confinement, particularly from the conductor edges.

the edges of the metallic conductors, attributed to diffraction
at frequencies beyond the designed stopband.

Figure 6 illustrates the evolutionary optimization process
over multiple generations. The initial generation consists of
randomly generated structures, which are progressively refined
as the algorithm minimizes the error function. After 120 gen-
erations, the optimization converges to a design that matches
the desired band stop filter response, as evidenced by the
corresponding S-parameters (S9; and S7; in both magnitude
and phase).

To demonstrate the capabilities of the proposed inverse de-
sign framework, two sets of design objectives were considered
to systematically evaluate the ability of the framework to

achieve distinct spectral responses while maintaining a fixed
physical footprint of 2000 pym in length. In the first set,
we investigated the system’s ability to control the rejection
depth without altering the device geometry. Specifically, the
GA-based inverse design framework was tasked to synthesize
band-stop filters centered at 0.8 THz with a fixed 3-dB
bandwidth of 70 GHz, while achieving three distinct rejection
depths of 10 dB, 20 dB, and 30 dB, respectively. This
evaluation serves as a critical benchmark of the algorithm’s
capability to precisely tailor the depth of the stopband response
by optimizing the internal geometry, despite the fixed device
dimensions and fabrication constraints. Figure 7(a) presents
the simulated S-parameters of the designed filters, demonstrat-
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ing the system’s flexibility in producing filters with different
rejection depths. The results confirm that, through appropriate
geometry optimization guided by the RMSE-based fitness
function, the framework successfully generates non-intuitive
filter structures capable of meeting the specified rejection
levels. Compared to conventional Bragg grating filters of
similar spectral specifications [11], the GA-based inverse-
designed filters achieve superior performance (-30 dB rejection
compare to -18 dB) with approximately 50% reduction in
device length, underscoring the effectiveness of the proposed
method for compact THz filter synthesis.
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Fig. 6. (e) Evolutionary optimization process for the inverse-designed
planar THz band-stop filter. The initial generation begins with a randomly
selected structure, which is iteratively refined across successive generations.
The algorithm progressively minimizes the error function until, after 120
generations, the design converges to the desired target filter configuration,
demonstrating the efficacy of the proposed inverse design framework.

In the second set, we explored the framework’s capability to
achieve center frequency tunability within the same physical
platform and device length. Band-stop filters with center
frequencies of 0.6 THz, 0.8 THz, and 1.0 THz, each target-
ing a 3-dB bandwidth of 150 GHz, were synthesized. This
evaluation demonstrates the adaptability of the inverse design
framework to achieve wide frequency tunability by modify-
ing the target spectral response in the optimization process,
without requiring changes to the overall device footprint. The
simulated S-parameters of these filters are shown in Fig. 7(b).
These findings highlight the ability of the proposed framework
to design frequency-selective filters with distinct geometries,
adapted to various operational frequencies, while preserving a
consistent physical footprint and ensuring compatibility with
existing fabrication constraints. This underlines the versatility
of the developed system for creating customized THz filters
capable of meeting diverse application requirements in inte-
grated platforms.

The comparison between the results obtained from the
ABCD matrix method and full-wave electromagnetic sim-
ulations is presented in each figure. The two approaches
exhibit strong agreement with minimal divergence across
and below the operational bandwidth. Minor discrepancies at
higher frequencies can be attributed to radiation losses and
edge diffraction effects, which are not captured by the quasi-

static assumptions of the ABCD matrix model, as discussed
previously.

The integration of the ABCD matrix method into the GA-
based inverse design framework provided a critical compu-
tational advantage, enabling rapid and efficient evaluation of
candidate filter structures. Each optimization run—consisting
of 120 generations and a population size of 200—was com-
pleted in approximately 40 minutes on an Intel i7-10700 CPU.
In contrast, a single full-wave simulation in ANSYS HFSS
(with a maximum AS = 0.02 and 130 frequency points)
required over two hours, making large-scale optimization
infeasible without a surrogate model. The use of the ABCD
method thus enabled extensive design space exploration and
facilitated the discovery of non-intuitive, high-performance
filter geometries compatible with planar CPS-integrated plat-
forms.

Convergence analysis was performed to assess the stability
and consistency of the GA-based inverse design framework.
As illustrated in Fig. 8, the algorithm was independently
executed ten times, each with a different random seed to
evaluate the sensitivity of the optimization process to initial
population variation. Figure 8(a) visualizes the best fitness
value at each generation for all ten runs using circular ring
markers. The overlapping distribution of fitness values across
runs highlights the consistent convergence trajectory and low
inter-run variability.

Figure 8(b) presents a statistical summary of the conver-
gence behavior. The solid blue curve represents the average
best fitness value across the ten runs at each generation,
while the shaded region indicates the £1 standard deviation
range. The convergence curve exhibits a rapid increase in
fitness during the first 40-50 generations, followed by a
slower refinement phase, with convergence typically reached
between generations 100 and 120. The narrow standard de-
viation—remaining below 3-dB in the final S3; magnitude
response—demonstrates high repeatability and convergence
stability.

Although a no-improvement stopping condition was imple-
mented, defined as halting the run if no progress was observed
for 30 consecutive generations, it was not triggered in any
of the cases. This behavior confirms that the optimization
process continued to explore the design space effectively until
the predefined maximum generation limit, ensuring thorough
solution refinement without early stagnation.

Beyond conventional parameter sweep-based methods, the
proposed approach enables automated, efficient, and flexible
synthesis of THz filters by iteratively refining candidate so-
lutions in high-dimensional, nonconvex design spaces. The
adaptability of the framework allows it to accommodate di-
verse design objectives, including varying center frequencies,
rejection depths, and impedance matching requirements, mak-
ing it a promising tool for next-generation TSoC components.
Future extensions will expand the framework’s applicability to
other planar devices such as couplers, reflectors, and absorbers.

IV. CONCLUSION

We presented a GA-based inverse design framework for
synthesizing planar THz band-stop filters integrated with
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coplanar stripline (CPS) transmission lines. The framework
enabled efficient exploration of complex design spaces, gen-
erating non-intuitive, high-performance filter geometries. To
accelerate the optimization process, the ABCD matrix method
was employed, offering a substantial speed-up over full-wave
simulations, with final validation performed using FEM-based
electromagnetic analysis. The framework successfully demon-
strated the design of filters with tunable rejection depths and
center frequencies within fixed device footprints. This work
represents the first application of GA-based inverse design
using the ABCD matrix method for CPS-integrated THz filters
and highlights its potential to advance compact, fabrication-
ready components in terahertz system-on-chip (TSoC) plat-

forms.
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