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Abstract

Terahertz (THz) technology, occupying the spectral range between microwaves and

infrared radiation (0.1–10 THz), has rapidly emerged as a compelling focus of scientific

and engineering research. Characterized by its non-ionizing nature, strong penetration

through non-metallic materials, and high sensitivity to molecular composition and water

content, THz radiation offers significant potential across a broad spectrum of applications.

THz detection systems form the foundational core of THz technology platforms, serving

the critical function of converting incident terahertz radiation into quantifiable electrical

signals. The effectiveness and applicability of THz technology depend heavily on the per-

formance of these detection systems. However, current THz detection technologies remain

limited in several critical aspects, including sensitivity, accuracy, temporal resolution, and

scalability. Specifically, weak interaction between THz waves and detectors often restricts

signal detection, while environmental noise and material inconsistencies reduce measure-

ment fidelity. Furthermore, the relatively slow response times hinder the real-time capture

of dynamic biological and communicational processes. These challenges pose substantial

barriers to the development of high-performance THz systems, constraining the practical

implementation of THz technology’s immense potential across various fields.

In response to these challenges, this research presents a comprehensive exploration of

advanced THz detection strategies, introducing multiple technological innovations aimed

at achieving accurate, sensitive, fast, compact, and cost-effective THz detection solutions.

Central to this work is the design of a novel graphene-integrated microbolometer, forming

the core of a THz Microbolometer Array Imaging System (MAIS). This microbolometer

features an optimized structural design and tailored material composition, significantly

improving responsivity, detectivity, and response time. This innovative microbolometer
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design not only sigfinicantly enhances the THz detection performance, but also estab-

lishes a solid foundation for advancing THz imaging applications. Complementing de-

tection methodology development, a Micro Circular Log-Periodic Antenna (MCLPA) was

designed and optimized using a custom-developed Evolutionary Neural Network (ENN).

This algorithm-driven approach enables efficient optimization of the sophisticated antenna

design, resulting in a compact structure with broad bandwidth, high gain, and optimal

impedance matching. This ENN-driven MCLPA represents a significant breakthrough in

THz antenna engineering, introducing a transformative design paradigm that synergisti-

cally integrates algorithmic intelligence with structural innovation.

In conclusion, this work significantly contributes to overcoming key limitations in

THz detection by integrating advancements in novel device architecture, advanced ma-

terial engineering, and innovative algorithm-driven design methodology. These innova-

tions collectively enhance sensitivity, accuracy, response speed, system compactness and

cost-effectiveness, representing a considerable step forward in the performance of THz de-

tection systems. Beyond technical improvements, the results provide a solid foundation for

practical implementation in biomedical and other high-impact applications. Overall, the

contributions made herein substantially advance the development of THz technology and

offer promising pathways for its transformative application across scientific, industrial and

clinical fields.
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Chapter 1

Introduction

1.1 Motivation

The electromagnetic spectrum has long served as the foundation of modern detection,

imaging, and communication systems. Technologies operating in the microwave and in-

frared regimes, which are adjacent to the THz band, have matured into powerful and widely

adopted tools. In contrast, the THz region remains comparatively underexplored and is

often described as the “THz technological gap” [19]. In recent years, however, THz technol-

ogy has attracted increasing academic and industrial interest due to its unique properties

and broad application potential, providing a complementary and expandable solution to

overcome the limitations of existing approaches. From the spectral perspective, the THz

range not only rests on solid theoretical foundations but also offers considerable promise

for technological advancement.

The recent developing trend of THz technology is evidenced by increasing market in-

vestment and the converging trajectory of operational bands, particularly in biomedical

1



detection and wireless communication, which together signal an inevitable progression to-

ward the THz regime [20, 21]. This shift has been further accelerated by the growing

demand for advanced sensing, imaging, and communication, supported by breakthroughs

in device physics, the emergence of novel materials, and advances in fabrication techniques.

Within the broader context of Moore’s Law and the continuing trend of device miniaturiza-

tion, the transition to THz operation represents both a natural and necessary stage in the

evolution of modern technologies [22, 23]. With sustained global investment and growing

technical maturity, THz technology is poised to become an indispensable enabler of future

innovations across various domains.

The THz spectral region exhibits unique physical properties that make it highly ap-

pealing for both scientific research and industrial applications. Different from ionizing

radiation such as X-rays, THz waves are non-ionizing and thus safer for biological tissues

and long-term exposure. Owing to their shorter wavelengths, THz waves offer higher spa-

tial resolution than microwaves while retaining the ability to penetrate a wide range of

non-metallic and non-polar materials, including plastics, ceramics, and biological tissues.

In addition, many biomolecules exhibit characteristic vibrational and rotational modes

within the THz range, enabling label-free chemical and structural identification via THz

spectroscopy. Their strong interactions with water molecules and hydrogen bonds result

in high sensitivity to variations in hydration levels, protein conformations, and cellular

microstructures, all of which are critical for the detection of pathological changes. Fur-

thermore, the ultrafast speed and ultra-broad bandwidth of the THz band hold great

potential to overcome the emerging performance challenges of current communication sys-

tems and provide a promising pathway toward next-generation communication technologies

[24, 25, 1, 26].

Owing to its distinct physical and electromagnetic properties, THz radiation supports
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a broad spectrum of high-impact applications across scientific, industrial, and clinical do-

mains. In security screening, its non-ionizing and penetrative nature facilitates the safe

detection of concealed objects beneath clothing or within packages. In spectroscopy, THz

waves enable label-free molecular identification by probing characteristic vibrational and

rotational modes, offering a powerful tool for chemical and material sensing. In addi-

tion, THz demonstrate exceptional sensitivity to biomolecules, tissue composition, and mi-

crostructural anomalies, positioning them as promising modalities for non-invasive biomed-

ical detection and early disease diagnostics. For non-destructive testing, THz radiation

allows internal inspection of non-metallic materials such as polymers, ceramics, and com-

posites without structural damage, which is beneficial in sectors such as aerospace and

advanced manufacturing. Additionally, in wireless communication, the high carrier fre-

quency and large bandwidth of the THz band make it a strong candidate for future 6G

systems, promising ultra-high-speed data transfer. Together, these diverse applications

demonstrate the significant potential of THz technology as a next-generation platform for

innovation [27, 28, 29, 30].

In practical applications, the THz detection system serves as the central element of

any THz-based setup, converting incident THz radiation into measurable electrical sig-

nals. The overall efficiency, accuracy, and reliability of THz imaging or sensing platforms

are fundamentally constrained by the detection systems performance. However, existing

THz detection systems face several persistent limitations. Sensitivity remains insufficient

due to the inherently weak interaction between THz photons and conventional materials,

which is an issue further exacerbated in biomedical environments where tissue scattering

and ambient noise significantly attenuate the signal. Accuracy is often compromised by

thermal drift, electronic noise, and the difficulty of isolating relevant signals in real time.

Response speed poses another major challenge, particularly in applications involving dy-
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namic biological processes that demand high temporal resolution. Furthermore, limited

scalability and poor system integration hinder the development of compact, portable, and

cost-effective THz detection systems suitable for practical deployments [31, 32, 33].

These limitations present a fundamental barrier to the advancement of THz technology

and severely constrain its translational potential in critical application domains. Rec-

ognizing this gap, the primary motivation of this research is to develop high-performance

THz detection systems that overcome the aforementioned challenges and establish a robust

platform for next-generation TH detection systems. Specifically, this research aims to sig-

nificantly enhance the sensitivity, accuracy, and response speed of THz detection systems

through a twofold approach. Two fundamentally distinct yet complementary detection

methodologies have been proposed and established in this research. In addition to their

individual innovations and advantages, they exhibit strong integration compatibility, en-

abling synergistic enhancement of detection sensitivity and the realization of high-precision

measurements. First, a novel microbolometric THz detector is developed using a graphene-

integrated architecture, followed by the design of a MAIS built upon this detector to enable

advanced THz imaging capabilities. Second, an ultra-broadband MCLPA is designed and

optimized using a customized ENN framework. Together, the proposed subsystems form

the foundation of a highly integrated and scalable THz detection platform. Their syner-

gistic design ensures enhanced sensitivity, accuracy, and speed, thereby directly addressing

the key limitations currently hindering THz detection systems performance. The broader

significance of this work lies not only in the technical advancements it achieves but also in

the foundational contributions it makes toward the practical realization of THz technology

in biomedical, communication and other high-impact applications.

In conclusion, the motivation for this research is grounded in the urgent need to unlock

the full potential of THz technology through the development of high-performance detec-
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tion systems. By addressing key technical challenges through structural design, material

innovation, and algorithmic development, this thesis advances the field of THz detection

and provides valuable insights to guide future research and applications. The contributions

presented herein constitute a substantive step toward narrowing the THz technological gap

and unlocking the potential of this emerging spectral region.

1.2 Thesis outline

This thesis will be organized in the following paragraphs.

Chapter 2 provides a comprehensive review of the theoretical background, representa-

tive applications, and the current landscape of THz detector technologies. This contextual

analysis not only establishes a solid foundation for the research presented in this thesis but

also underscores the necessity and significance of this research to unlock the scientific and

practical impact of THz technology.

Chapter 3 introduces a novel graphene-integrated microbolometer featuring a funda-

mentally restructured architecture. The innovative configuration enables seamless inte-

gration of a graphene absorptive layer, significantly enhancing both the sensitivity and

response speed of THz detection. Additionally, a fully integrated THz MAIS is proposed

and evaluated for practical imaging applications.

Chapter 4 presents the design and optimization of a MCLPA tailored for high-performance

THz radiation detection. The sophisticated antenna structure is optimized using a custom-

developed ENN, which substantially accelerates the design process while maintaining su-

perior operational bandwidth, gain, and efficiency.

Finally, Chapter 5 summarizes the principle contributions of this work and outlines
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several future research directions that are currently under active investigation. Some of

these efforts, including ongoing experiments, have already yielded preliminary progress.

These directions encompass continued advancements in structural innovation, system inte-

gration, application-oriented development, and other related areas, aiming to further push

the boundaries of THz detection technologies.
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Chapter 2

Background

2.1 Terahertz Gap

THz is one of the fluctuation frequency units, it is typically used to indicate the fre-

quency which is 1012 Hz. The THz gap denotes a frequency range within the electro-

magnetic spectrum, typically between 0.1 and 10 THz, lying between microwaves and

infrared frequencies, as illustrated in Figure 2.1 [3, 34]. This range, also known as the

sub-millimeter wave or far-infrared region, is characterized by unique physical properties,

positioning THz radiation research as a transition area from macroscopic classical theory

to microscopic quantum theory [35, 36].

The gap not only reflects the fact that THz is a range of spectrum that physically exist,

but also emphasizes the difficulties in efficiently generating, detecting, and manipulating

THz radiation using traditional electronic and photonic technologies for various applica-

tions, such as imaging, communication, and sensing. As a result, the THz range has been

relatively underexplored and underutilized compared to neighboring regions of the electro-
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Figure 2.1: Frequency Spectrum [1].

magnetic spectrum, highlighting both its physical significance and the challenges faced in

its study.

The THz gap exists primarily due to technological limitations in both electronic and

photonic devices, as the frequency range falls between the traditional domains of elec-

tronic and optical devices. In electronics, conventional semiconductor technologies, such

as Transistor and Diode, become less effective at generating and detecting signals at THz

frequencies, as the devices’ performance tends to degrade due to the scaling of their physical

dimensions and increasing parasitic effects [37, 3]. On the other hand, in photonics, THz

frequencies are difficult to manipulate using standard optical components such as lenses

and mirrors, as the wavelength of THz radiation is significantly longer than that of visible

and near-infrared light. Additionally, THz radiation is strongly absorbed by water vapor in

the atmosphere, which poses challenges for the development of long-range communication

and sensing systems operating in this frequency range [38, 15, 39, 40].

The electromagnetic waves with frequencies within the THz range is typically regarded

as THz radiation. As a component of black-body radiation, THz radiation is emitted by

8



Figure 2.2: black-body radiation spectrum [2].

any object with a temperature above absolute zero. This emission occurs as a result of

the conversion of a body’s internal energy into electromagnetic energy, serving as a nat-

ural mechanism for radiative entropy dispersion [2]. The black-body radiation spectrum,

including THz radiation, is illustrated in Figure 2.2. THz radiation exhibits a multitude

of distinctive properties, rendering it highly attractive for numerous applications across

diverse fields. Its ability to penetrate various non-conductive materials, such as plastics,

ceramics, and foams, while being absorbed by metals and water, renders it suitable for non-

destructive testing, imaging, and security screening applications. As a non-ionizing form of

radiation, THz radiation is safer for human exposure compared to ionizing radiation sources

such as X-rays or gamma rays, making it suitable for biomedical applications [3]. Addi-

tionally, many molecules display unique and characteristic absorption or emission spectra

within the THz frequency range, facilitating material identification, chemical analysis, and

quality control. The short wavelength of THz radiation enables high-resolution imaging

capabilities, which can be harnessed in applications such as concealed object detection, art

restoration, and biomedical imaging. Moreover, its large bandwidth and high-frequency

properties hold the potential to facilitate ultra-high-speed wireless communication systems,
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paving the way for the development of advanced communication networks [41, 42, 43]. Ow-

ing to the unique properties of THz radiation, it holds considerable promise for numerous

applications across various domains.

Although addressing the challenges associated with the THz gap remains a challenging

task, the distinct attributes of THz radiation persistently garner research interest in this

field. In recent years, there have been significant advancements in the development of THz

detection systems driven by new materials, detectors, and techniques. Continued research

and development in this field are expected to further bridge the THz gap and unlock the

potential of this frequency range for various applications [42, 43, 40].

2.2 Terahertz Applications

Owing to the distinct electromagnetic properties such as non-ionizing radiation, high

sensitivity to molecular signatures, and the ability to penetrate non-metallic materials,

THz radiation enables a wide range of applications across multiple scientific and engineer-

ing domains. The following sections provide a detailed overview of representative THz ap-

plications, demonstrating their underlying principles, technological implementations, and

practical significance.

2.2.1 Security screening

THz technology presents a compelling solution for modern security screening due to its

unique combination of physical properties, including high spatial resolution, non-ionizing

radiation, and strong material penetration capabilities. THz waves are biologically safe

and non-destructive, making them suitable for repeated use in high-traffic environments
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such as airports, government buildings, and public transportation hubs. Operating in the

high frequency range, THz radiation penetrates common concealment materials such as

clothing, plastics, and paper, allowing for the non-contact detection of concealed objects

without compromising personal privacy. Furthermore, THz waves provide higher spatial

resolution than microwaves, enabling the visualization of fine structural details that are

critical for distinguishing concealed items.

In addition to imaging, THz spectroscopy exploits the frequency-selective absorption

characteristics of many chemical substances, including explosives, narcotics, and chemical

agents. These materials exhibit distinct spectral signatures in the THz range due to their

molecular vibrational and rotational modes, allowing for label-free, material-specific identi-

fication. THz systems can operate in both active and passive modes, providing adaptability

to diverse deployment contexts. Recent advancements in source generation, detector sensi-

tivity, and real-time image reconstruction have significantly improved system performance,

while integration with machine learning algorithms enhances automated threat recognition

and reduces reliance on manual interpretation.

Collectively, the ability to combine material discrimination, high-resolution imaging,

and safe operation positions THz technology as a transformative tool for next-generation

security infrastructure. As further progress is made in system miniaturization, cost re-

duction, and environmental robustness, THz-based security screening is expected to play

an increasingly central role in ensuring public safety through accurate, efficient, and non-

invasive threat detection.
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2.2.2 Material characterization

Owing to the distinctive spectral range (0.1–10 THz) of THz radiation, it can penetrate

a wide variety of non-metallic and non-polar materials while providing rich spectroscopic

information associated with molecular vibrations, phonon modes, and intermolecular in-

teractions. These characteristics make THz systems particularly suitable for identifying

material composition, detecting structural defects, and monitoring phase transitions with

high spatial and spectral resolution. Moreover, the non-ionizing nature of THz waves

ensures that the characterization process remains safe, preserving the physical and chem-

ical integrity of the sample. Recent advances in THz generation and detection, along

with the integration of time-domain and frequency-domain spectroscopy, have significantly

expanded the applicability of THz techniques across diverse fields such as polymer in-

spection, semiconductor analysis, pharmaceutical quality control, and composite material

evaluation. As a result, THz-based material characterization is increasingly recognized

as a crucial methodology in both industrial quality assurance and fundamental materials

research [44, 45].

2.2.3 Spectroscopy

The study of the interaction of matter with electromagnetic waves as a function of

frequency or wavelength, often based on the emission or absorption characteristics of the

matter, is known as spectroscopy [46]. A helpful approach for obtaining this information

from a specific material is spectroscopy. A substance’s reaction to electromagnetic waves

reveals a wealth of physical and chemical information about the material.

THz technology has been proved to have great potential in spectroscopy from many

aspects, which involves the measurement of the interaction of THz radiation with matter.
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Spectroscopy is used to identify and analyze the chemical and physical properties of ma-

terials by studying their spectral response to electromagnetic radiation. THz spectroscopy

provides a unique opportunity to study the spectral region between microwave and in-

frared wavelengths, which can provide valuable information about the molecular structure,

composition, and dynamics of materials[35].

2.2.4 Biomedical monitoring

Biomedical imaging plays a vital role in modern healthcare by enabling non-invasive

visualization of internal organs and structures, facilitating accurate diagnosis and effective

treatment planning. While existing modalities have significantly advanced medical diag-

nostics, they still face limitations including exposure to ionizing radiation, low sensitivity

to certain tissue types, and challenges in achieving high-contrast imaging. Consequently,

there is a growing demand for alternative technologies that are both safe and capable of

providing enhanced sensitivity and resolution.

Recent advancements in sensor architecture, signal processing algorithms, and data

analytics have significantly improved the precision, efficiency, and adaptability of non-

invasive biomedical diagnostics. These innovations have enabled real-time monitoring of

vital physiological signals, metabolic fluctuations, neural activity, and tissue-specific prop-

erties. A diverse array of non-invasive modalities including bioelectrical signal acquisition,

optical spectroscopy, ultrasound imaging, and magnetic resonance techniques has been ex-

tensively developed and clinically implemented to support accurate disease detection and

health monitoring. While these established technologies have each demonstrated distinct

advantages, they also present inherent limitations in terms of spatial resolution, penetra-

tion depth, signal specificity, or cost-effectiveness. As biomedical diagnostics continue to
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shift toward more personalized, efficient, and minimally invasive solutions, it is essential

to evaluate the strengths and constraints of these existing methods.

In the following sections, we provide a comparative overview of several widely used

bio-detection modalities with THz technology, briefly describe their operational principles,

diagnostic capabilities, and application boundaries [47, 48].

X-ray imaging is one of the most widely used non-invasive diagnostic techniques, of-

fering detailed visualization of internal anatomical structures based on the differential

absorption of ionizing radiation by biological tissues. Operating in the energy range of

10–300 keV, X-rays penetrate soft tissue and are absorbed to varying degrees depending

on tissue density and atomic number. Dense structures such as bone absorb more radiation

and appear bright on radiographs, whereas softer tissues display lower contrast in varying

shades of gray. This imaging principle is primarily governed by the photoelectric effect and

Compton scattering. Although X-ray imaging is not typically used for real-time functional

monitoring, it can indirectly assess physiological changes. For example, CT imaging can

quantify muscle atrophy, fat infiltration, or volumetric changes in response to disease or fa-

tigue. Emerging technologies like dynamic digital radiography further extend its capability

to capture joint movement, respiratory mechanics, and cardiac function, bridging the gap

between structural and functional imaging [49]. Despite its strengths including rapid acqui-

sition, high spatial resolution, and compatibility with automated analysis, X-ray imaging

still has limitations. These include exposure to ionizing radiation, particularly concerning

in pediatric or frequent-use cases, and relatively poor soft tissue contrast compared to

modalities like MRI or ultrasound. Nonetheless, due to its diagnostic reliability and broad

clinical adoption, X-ray imaging remains a foundational tool for structural assessment,

injury evaluation, and large-scale screening in modern healthcare [50, 51].

Magnetic Resonance Imaging (MRI) is a highly versatile modality that leverages
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the nuclear magnetic resonance properties of hydrogen protons in biological tissues to

produce high-resolution images. Typically operating at magnetic field strengths of 1.5–7

Tesla, MRI aligns hydrogen nuclei in water and fat molecules using a strong magnetic field.

When exposed to radiofrequency pulses, these protons are temporarily displaced; their

subsequent relaxation emits signals characterized by T1 (longitudinal) and T2 (transverse)

relaxation times. Variations in these relaxation properties across tissue types enable MRI’s

exceptional soft tissue contrast [52].

MRI is particularly effective for imaging the brain, spinal cord, musculoskeletal struc-

tures, and internal organs. A variety of pulse sequences (e.g., T1-weighted, T2-weighted)

allows tailored visualization of specific tissue characteristics. Clinically, MRI is extensively

used to evaluate neurological disorders, tumors, cardiovascular anomalies, and muscu-

loskeletal injuries. In neuromuscular diagnostics, MRI facilitates the assessment of muscle

volume, fatty infiltration, edema, and fiber orientation, enabling early detection of patho-

logical changes associated with fatigue, denervation, or disease progression. Compared to

other modalities introduced this section, MRI offers comprehensive anatomical and func-

tional data without depth limitations or operator dependence. Quantitative approaches,

including T2 mapping, fat fraction analysis, and MR elastography, further enhance di-

agnostic precision by detecting subtle biochemical and mechanical changes prior to the

onset of clinical symptoms. Despite its strengths, MRI has notable limitations: it is costly,

time-intensive, and prone to motion artifacts. Contraindications also exist for patients

with metallic implants or severe claustrophobia. Nevertheless, MRI remains a cornerstone

of modern biomedical imaging due to its superior soft tissue contrast and multiparamet-

ric capabilities, making it indispensable for advanced diagnostics and longitudinal patient

monitoring [53, 54].

Ultrasound (US) is another advanced biomedical imaging modality that employs
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high-frequency mechanical sound waves (typically 2–10 MHz) to assess internal tissue

structure and properties. These waves, generated by piezoelectric transducers, travel

through biological tissues and undergo reflection, scattering, or absorption based on acous-

tic impedance differences. The returning echoes are processed to reconstruct images and

evaluate tissue morphology, elasticity, and dynamic behavior [55]. US provides real-time

visualization of anatomical and functional changes in soft tissues, including muscles, ten-

dons, and connective structures. Various imaging modes such as A-mode (amplitude),

B-mode (brightness), and E-mode (elastography) support detailed assessment of tissue

depth, thickness, cross-sectional area, fiber orientation, and stiffness. These parameters

are particularly valuable for detecting neuromuscular activity, contractile function, and

fatigue-related changes. A-mode offers compact, high-temporal-resolution monitoring ideal

for wearable or portable applications; B-mode delivers two-dimensional structural imag-

ing; and E-mode (including strain and shear-wave elastography) quantifies tissue stiffness,

serving as a proxy for muscle contractile state and fatigue. Despite its strengths includ-

ing high temporal-spatial resolution, real-time feedback, and accessibility, US is limited

by a restricted field-of-view, depth-dependent signal degradation, and operator-dependent

variability [56, 57].

Electromyography (EMG) is an emerging non-invasive electrophysiological tech-

nique used to assess neuromuscular activity by detecting electrical signals generated during

muscle contractions. These signals arise from the summation of action potentials within

motor units, comprising a motor neuron and its innervated muscle fibers, and are captured

via electrodes placed either on the skin (surface EMG) or within the muscle (intramuscular

EMG) [58]. Surface EMG, particularly in high-density configurations, has gained trac-

tion for its ability to non-invasively monitor spatially distributed muscle activation with

minimal discomfort, making it well-suited for wearable applications and continuous mon-

16



itoring. EMG provides detailed physiological insights into motor unit recruitment, firing

patterns, and neuromuscular integrity. Signal preprocessing such as filtering, rectification,

and normalization is essential to reduce noise, motion artifacts, and powerline interfer-

ence, ensuring reliable interpretation [59]. Clinically, EMG is widely applied in diagnosing

neuromuscular disorders, monitoring rehabilitation progress, and enabling biofeedback in

prosthetic and human–machine interface systems. It is particularly effective in assessing

muscle fatigue, motor coordination, and functional recovery. However, EMG faces chal-

lenges in dynamic or ambulatory contexts due to signal variability, motion artifacts, and

cross-talk from adjacent muscles. Additionally, accurate interpretation requires standard-

ized protocols and skilled analysis. Despite these limitations, EMG remains a powerful

tool for real-time, quantitative assessment of neuromuscular function in both clinical and

research settings [60, 61].

Mechanomyography (MMG) offers a mechanically based alternative to conven-

tional neuromuscular assessment by capturing surface vibrations generated during muscle

contractions. These micro-vibrations, caused by intramuscular pressure fluctuations and

motor unit activity, provide direct insights into muscle fiber displacement, contraction dy-

namics, and oscillatory behavior. MMG signals are acquired using a variety of sensors

including accelerometers, piezoelectric transducers, microphones, and laser displacement

devices, each capable of detecting subtle biomechanical responses [62]. Unlike EMG, which

records electrical activity, MMG reflects the physical manifestation of muscle contractions.

Its signal characteristics, including amplitude and frequency, correlate with motor unit

firing patterns and the mechanical state of the muscle, making it useful for evaluating

activation timing, recruitment strategies, and fatigue. MMG is less susceptible to issues

like skin impedance or precise electrode placement, requires minimal setup, and demon-

strates robustness in dynamic or ambulatory conditions, making it well-suited for wearable
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applications and long-term monitoring [63]. This modality has been employed in various

biomedical scenarios, including rehabilitation, prosthetic control, and real-time analysis of

electromechanical delay. While challenges remain in optimizing sensor design, improving

signal fidelity, and ensuring consistent performance across different muscle groups, MMG’s

capacity to non-invasively decode neuromuscular mechanics highlights its potential as a

valuable complement to traditional electrophysiological methods in modern biomedical di-

agnostics [64].

Near Infrared Spectroscopy (NIRS) is an optical technique that provides real-time

monitoring of tissue oxygenation and hemodynamic responses by measuring the differential

absorption of near-infrared light by chromophores such as hemoglobin and myoglobin.

Grounded in the Beer-Lambert Law, NIRS estimates concentrations of oxygenated and

deoxygenated forms, offering insight into local vascular supply, oxygen consumption, and

metabolic activity. NIRS is particularly effective for assessing muscle oxygen saturation,

blood volume, and perfusion under various physiological conditions, including isometric,

dynamic, and electrically evoked muscle contractions. Its high sensitivity to fluctuations

in oxygen delivery and utilization enables evaluation of neuromuscular function, fatigue,

and vascular responses. Recent advancements in frequency- and time-domain NIRS have

enhanced its precision by enabling absolute quantification of chromophore concentrations

and tissue scattering properties[65, 66]. Clinically and in research, NIRS has been employed

to monitor muscle health, tailor rehabilitation protocols, and guide interventions such as

electrical stimulation through real-time oxygenation feedback. Its key advantages include

continuous data acquisition, portability, and compatibility with motion, making it well-

suited for dynamic assessments. However, limitations include susceptibility to motion

artifacts, signal degradation in individuals with high adiposity or darker skin tones, and

variability due to tissue heterogeneity [67].
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Table 2.1: Advantages and Limitations of Current Biomedical Detection Technologies

Technology Advantages Limitations

X-Ray Fast and widely available Uses ionizing radiation
Relatively inexpensive Limited soft tissue contrast

Effective for imaging bones

MRI Non-invasive Expensive and Time-consuming
High spatial resolution Patient discomfort
Multi-planar imaging

US Non-invasive and radiation-free Limited penetration depth
Real-time imaging Operator-dependent image quality

Portable and relatively inexpensive Less detailed
Useful for various applications

EMG Non-invasive or minimally invasive Limited to electrical activity
Real-time evaluation Uncomfortable to wear

MMG Non-invasive and radiation-free Sensitive to motion artifacts
Directly measure mechanical activity Lower signal amplitude and SNR

Less affected by skin impedance Limited spatial resolution

NIRS Non-invasive and radiation-free Limited penetration depth
Functional information available Lower spatial resolution

Inexpensive Susceptible to scattering

THz Non-invasive and radiation-free Limited penetration depth
Sensitive to hydration levels Underdeveloped detection systems
label-free molecular detection
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As summarized in Table 2.1, a comparative overview of the strengths and limitations

of current biomedical imaging technologies highlights the unique value proposition of THz

systems. Despite the significant advancements in biomedical detection technologies, each

modality remains constrained by inherent limitations. Structural imaging techniques such

as X-ray and MRI provide high-resolution anatomical insights but suffer from drawbacks

including ionizing radiation exposure, high cost, and limited portability. Functional ap-

proaches like EMG and MMG enable real-time monitoring of neuromuscular activities but

are hindered by low spatial resolution, susceptibility to motion artifacts, and a lack of

morphological or biochemical information. Similarly, optical methods such as NIRS offer

dynamic assessment of tissue oxygenation but face challenges including shallow penetra-

tion depth, scattering, and limited specificity in heterogeneous tissues. Collectively, these

limitations underscore the pressing need for a new modality that combines structural,

functional, and biochemical sensitivity while remaining safe, label-free, and non-invasive.

THz technology has emerged as a promising candidate in this context due to its non-

ionizing nature, low photon energy, and strong sensitivity to water content. THz waves can

penetrate various non-metallic materials and biological tissues while avoiding the harmful

effects associated with ionizing radiation. This makes THz imaging particularly suitable

for biomedical applications requiring high safety standards and tissue selectivity. One of

the key advantages of THz radiation lies in its ability to distinguish healthy and diseased

tissue based on water content, which is a property that has been leveraged for detecting

skin cancers, breast tumors, and protein anomalies in tissue samples [28].

Several representative biomedical applications highlight the unique strengths of THz

imaging. First, fine-grained diagnosis of soft tissue abnormalities like brain diseases or

cancers is possible through the high-resolution contrast in THz transmission and reflection

between lesioned and healthy tissue. Second, detection of hard tissues like teeth and bones
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is achievable due to the relatively low water content in these structures, enabling early

detection of conditions such as dental caries and bone fractures. Third, direct imaging

of soft tissues like corneal can be performed without extensive sample preparation, owing

to the linear relationship between THz reflectance and tissue water content. Lastly, the

integration of THz detectors with flexible substrates supports the development of wearable

real-time diagnostic systems, allowing for continuous monitoring with minimal user burden.

The passive design and compact footprint of advanced THz sensors further enhance their

viability for portable, energy-efficient biomedical devices [41, 68].

Collectively, these capabilities position THz technology as a next-generation biomedi-

cal detection platform that effectively overcomes key limitations of conventional imaging

techniques, while also opening new frontiers in non-invasive, real-time, and high-precision

diagnostics. Building on the emergence of THz technology as a powerful tool for non-

invasive biomedical detection, it is important to situate it within the broader context

of existing diagnostic modalities. Non-invasive techniques have revolutionized biomedi-

cal detection by enabling the monitoring of physiological and pathological states without

breaching the skin or disturbing internal tissues. These approaches offer significant ad-

vantages in both clinical and wearable healthcare settings by reducing patient discomfort,

minimizing infection risks, and supporting continuous or remote monitoring [69, 70, 71].

2.2.5 Non-destructive testing

THz technology has attracted significant attention in the field of Non-Destructive Test-

ing (NDT) due to its ability to examine internal structures and material composition with-

out requiring physical contact or causing damage. THz radiation corresponds to photon

energies in the millielectronvolt range, which align with vibrational and rotational modes
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in molecular and crystalline lattices. This spectral compatibility enables the detection of

subtle internal features such as delamination, microcracks, voids, and inhomogeneities in

a wide range of materials, including polymers, ceramics, composites, and coatings.

A key advantage of THz-based NDT lies in its ability to generate material-specific

spectral fingerprints through absorption or transmission analysis. These signatures facili-

tate the identification and differentiation of chemical and structural compositions, which

is crucial for quality control and defect detection. Furthermore, THz radiation can pene-

trate various non-metallic and non-polar materials, including plastics, foams, and fabrics.

Compared to microwave-based methods, THz waves provide higher spatial resolution due

to their shorter wavelengths, enhancing the precision of subsurface imaging.

THz time-domain spectroscopy further expands diagnostic capabilities by enabling si-

multaneous measurement of both amplitude and phase. This allows for the extraction of

intrinsic material parameters such as refractive index, dielectric permittivity, and electrical

conductivity, all of which are vital for assessing structural integrity and functionality. The

non-ionizing nature of THz radiation also ensures safety for both users and fragile samples.

Despite limitations such as signal attenuation in water-rich environments and sensitivity

to ambient noise, recent advancements in THz sources, detector sensitivity, and integrated

system design are driving the development of compact, portable, and high-performance

NDT platforms. Overall, THz technology offers a powerful, label-free, and real-time di-

agnostic solution, with broad applicability across industries such as aerospace, electronics,

automotive manufacturing, and cultural heritage preservation.
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2.2.6 Wireless communication

The evolution of wireless communication technologies has been characterised by a con-

tinuous expansion in frequency utilisation and application complexity, progressing from

early analogue systems to anticipated terahertz-based communication paradigms as demon-

strated in Table 2.2. Beginning with early radio communication in the kilohertz range for

maritime and broadcast applications, the introduction of Very High Frequency (VHF)

and Ultra High Frequency (UHF) bands in the mid-20th century facilitated FM radio,

radar, and television services. The commercial deployment of first-generation (1G) mobile

networks in the late 1970s marked the onset of mobile voice communication, followed by

second-generation (2G) systems which introduced digital voice and text messaging. Sub-

sequent generations from 3G, 4G, to 5G brought transformative capabilities, including

mobile internet, high-definition media streaming, and ultra-reliable low-latency commu-

nication, by expanding frequency usage into the gigahertz and millimetre-wave domains.

The current trajectory, represented by the anticipated sixth-generation (6G) systems, en-

visions operation in the sub-terahertz range (0.1–1 THz), enabling ultra-high data rates,

holographic communication, and pervasive connectivity. This trend illustrates a clear shift

towards higher frequencies to meet the escalating demand for bandwidth, latency reduc-

tion, and novel applications, positioning the THz band as the next frontier in wireless

communication [72, 73, 74, 75, 76, 77, 78].

Many recent studies have forecasted that future 6G communication systems will op-

erate predominantly within the THz frequency band, underscoring the immense potential

of THz technology for next-generation wireless networks. The exceptionally broad spec-

tral window and ultra-high frequency (High Frequency (HF)) characteristics of the THz

band facilitate substantially larger bandwidth allocations, thereby supporting the trans-
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Table 2.2: Evolution of Wireless Communication Technologies Towards the Terahertz Band

Generation
Frequency
Range

Inception
Time

Development
Era

Characteristics Ref

Early Radio kHz-30 MHz 1900 1900s–1950s
Broadcasting, maritime
communication

[72]

VHF 30-300 MHz 1930s 1930s–1960s
FM broadcasting, aeronau-
tical communication

[73]

UHF 0.3-1 GHz 1940s 1940s–1980s
Television broadcasting,
radar, GSM

[74]

1G 800-900 MHz 1979 1980s–1990s Analogue voice [79]

2G 0.9-1.8 GHz 1991 1990s–2000s Digital voice, SMS [75]

3G 1.8-2.5 GHz 2001 2000s–2010s Mobile data, video calling [76]

4G 2-6 GHz 2009 2010s–2020s
HD video, mobile broad-
band

[80]

5G 6-40 GHz 2019 2020s
High bandwidth, low la-
tency, mMTC

[77]

6G 0.01-1 THz 2030 2030s
Tbps data rates, holo-
graphic communication

[78]
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mission of significantly greater data volumes per unit time and enabling ultra-fast network

throughput. Consequently, in terms of carrier frequency and data rates, 6G is anticipated

to outperform 5G by nearly an order of magnitude [81, 82].

From this perspective, the THz band emerges as a particularly promising and strategic

candidate, not only surpassing the capabilities of the upcoming millimetre-wave (mmWave)

spectrum but also vastly exceeding the performance limits of the current dominant 1–2 GHz

frequency range. In light of its technical merits, numerous countries and research institu-

tions have initiated large-scale investments in THz wireless communication technologies.

A selection of representative advancements and their associated performance metrics is

summarised in Table 2.3 [83, 26].

Table 2.3: Key Parameters of Representative THz Communication Technologies

Institutions Frequency Symbol Time Communication Technology
(THz) Delay (ps) Rate (Gbps)

IAF Germany 0.22 - 0.01 TMIC

IEMN France 0.2 - 1 PD

NTT, Italy 2.5 3 10−3 THz QCL/HEB

Bell, USA 0.625 10 2.5 Multiplier/SBD
0.1-0.25 1 10−3 THz TDS

IoP, China 0.14 500 10
0.14 2.1 ∗ 104 5
0.34 50 3 SHM

NTT, Japan 0.125 800 10 UTC-PD/MMIC
0.125 5.8 ∗ 103 10 MMIC/MMIC
0.2 - 60 -
0.34 500 24 UTC-PD/SBD
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2.3 Terahertz Detectors

In the preceding section, the extensive array of applications for THz technology was

discussed, validating the critical role high-performance THz detectors play in realizing these

applications. As essential components of THz technology, THz detectors are responsible

for converting THz radiation into measurable signals [84].

Figure 2.3: Classification of THz detectors [3, 2, 4, 5, 6, 7, 8, 9, 10, 11].

The THz region of the electromagnetic spectrum had remained predominantly unex-

plored for a considerable duration, mainly due to the scarcity of high-performance detec-

tors. Existing THz detectors exhibit limitations in sensitivity, response time, and detection

range. To overcome these limitations and facilitate novel THz applications, the develop-

ment of advanced THz detectors is imperative. For instance, sophisticated THz detectors

can yield higher resolution images with enhanced contrast, facilitating early disease detec-

tion and more accurate diagnoses in biomedical imaging. In communication, such detectors

can support faster data transfer rates, leading to more efficient communication networks.
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In material characterization, advanced THz detectors can enable more accurate measure-

ments of material properties, resulting in superior quality control and improved materials

design. Furthermore, cutting-edge THz detectors can foster the emergence of innovative

THz applications, including THz sensing and imaging of biomolecules, THz spectroscopy

for material analysis, and THz sensing for security and environmental monitoring [85].

Consequently, advancing THz detector technology is crucial for the continued progress of

THz technology.

In the exploration of THz technology, a variety of detectors originally adapted from

neighboring spectral bands have been further expanded and developed for THz applica-

tions. This chapter presents a comprehensive investigation of existing THz detectors and

provides an overview of these established designs, as illustrated in the accompanying Figure

2.3 [3, 2, 4, 5, 6, 7, 8, 9, 10, 11].

2.3.1 Electronics-based THz detector

• Thermal Detector

Thermal THz detectors are a class of devices that detect and measure THz radiation

by converting the absorbed THz energy into heat, resulting in a temperature change or a

voltage signal. These detectors are characterized by their broad spectral range, simplicity,

and ease of integration with various readout systems. When employing thermal detectors,

the temperature rise resulting from the absorption of THz waves is leveraged for evaluating

the magnitude of incident power.

There are four typical thermal-based THz detectors: Bolometer is a commonly uti-

lized detector for THz radiation detection [12, 86]. By converting the temperature increase
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Figure 2.4: Structure of traditional (a) Bolometer [12]; (b) Pyroelectric Detector [13]; (c)
Thermopile [14], and (d) Golay Cell [15].

into a change in the constituent material’s resistance, bolometers may measure electrical

quantities like current or voltage. In pyroelectric detectors, the temperature change

brought on by light results in a change in the polarisation property of the pyroelectric

materials, which may then be translated into a change in voltage across a slab of these

materials and detected [87, 13]. By shining THz waves on one side of a material, Ther-

mopile creates a temperature differential that is then translated by the Seebeck effect into

a voltage difference [14, 88]. Another well-known THz detector is the Golay cell, which

inflates as the temperature of the gas within rises in response to THz wave irradiation,

changing the route of light reflection off the cell surface owing to the surface’s distorted

state [15]. Although the specifics vary depending on the device type, these heat detectors
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may be conceptualised as electrical approach detectors. The structure schematics of all

the thermal detectors are presented in Figure 2.4.

Thermal THz detectors present several advantages. These detectors are characterized

by their broad spectral response, which enables the detection of a wide range of THz

frequencies. Additionally, they exhibit a linear response to incident THz radiation, allowing

for accurate measurements of signal intensities. Furthermore, thermal THz detectors are

less susceptible to interference from ambient radiation, making them a freat fit for operation

in diverse environments.

However, thermal THz detectors also have some drawbacks. The most significant lim-

itation is their relatively slow response time compared to other types of THz detectors,

which restricts their utility in high-speed applications. Secondly, these detectors often

suffer from lower sensitivity, particularly at higher frequencies, limiting their ability to

detect weak signals. Thridly, their reliance on temperature stabilization or calibration to

maintain consistent performance add complexity to their operation. Lastly, the limited

spectral selectivity of thermal THz detectors can hinder their capacity to discern specific

frequency components within the THz radiation, potentially affecting their suitability for

applications requiring high-resolution spectral information [2, 4, 5, 6, 7].

• Transistor THz Detector

Transistor THz detectors are one of the typical electrically-based devices that detect

THz radiation by modulating the conductance through the interaction between the incident

THz field and the transistor’s gate-channel region. These detectors generate an output

signal proportional to the input signal, offering high sensitivity and fast response times.

They are known for their compatibility with integrated circuit technology, facilitating the

development of compact and cost-effective THz systems.
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Figure 2.5: Cross section diagrams of (a) CMOS THz Detector [10]; (b) HBT THz De-
tector [9].

The most representative transistor THz detectors are Complementary Metal Oxide

Semiconductor (CMOS) and Heterojunction Bi-polar Transistor (HBT), they can be em-

ployed for detecting THz radiation through direct detection or heterodyne mixing [89].

The cross section diagrams of the mentioned detectors are exhibited in Figure 2.5. CMOS

detectors leverage the plasma-wave resonances in the channel of field-effect transistor, con-

verting THz radiation into an electrical signal [10]. HBTs, on the other hand, use their

high-speed properties to detect THz radiation through heterodyne mixing, where the in-

coming THz signal is combined with a local oscillator signal to generate an intermediate

frequency. Both CMOS and HBT technologies provide the potential for developing com-

pact, low-cost, and highly-integrated THz detectors [9].

However, the transistor THz detectors have several limitations that may impact their

performance or suitability for certain applications. Firstly, transistor THz detectors might

possess a limited dynamic range compared to other THz detector types, potentially leading

to diminished performance when detecting signals with high or rapidly varying intensity

levels. Secondly, these detectors are frequently sensitive to ambient temperature changes,

resulting in performance fluctuations. Consequently, temperature stabilization or calibra-

tion may be required to guarantee consistent and accurate results. Thirdly, transistor THz
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detectors may exhibit higher noise levels, particularly at lower frequencies, compared to

other THz detector types. This could negatively impact the signal-to-noise ratio and limit

their capacity to detect weak signals. Fourthly, the fabrication process for transistor THz

detectors, especially when integrated with other components on a chip, can be complex

and costly. This may influence their scalability and cost-effectiveness in large-scale applica-

tions. Furthermore, transistor THz detectors typically display limited spectral selectivity,

rendering them potentially unsuitable for applications necessitating precise identification

or analysis of specific frequency components within the THz radiation. Lastly, transistor

THz detectors may be susceptible to interference from other electronic components or radi-

ation sources. This vulnerability may necessitate additional shielding or filtering measures

to ensure accurate and reliable detection. Understanding these limitations is crucial when

selecting the most appropriate THz detector for a specific application or for guiding future

research to address these challenges [90, 89, 10].

While transistor THz detectors have their advantages, these limitations make them less

suitable for certain biomedical detection applications, where precise spectral information,

temperature stability, large dynamic range, ultra-high sensitivity, and low noise levels are

of paramount importance.

• Diode Detector

Diode THz detectors are another class of electrically-based detecting device, which

detect THz radiation by leveraging the nonlinear properties of diodes to rectify the incident

THz signal, converting it into a measurable DC voltage. These detectors are known for

their high sensitivity and fast response times. Diode THz detectors are widely used in

various applications, such as imaging, spectroscopy, and communication systems.
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Figure 2.6: Cross section diagrams of (a) SBD THz Detector [16]; (b) SIS Mixer THz
Detector [17]; (c) HEB THz Detector [18].

Schottky Barrier Diode (SBD), Semiconductor-Insulator-Semiconductor (SIS) mixers,

and Hot Electron Bolometer (HEB) represent three distinct and representative detectors for

detecting THz radiation, each employing unique mechanisms [11]. The structure diagrams

of the above three Diode THz detectors is shown in Figure 2.6 below. SBDs capitalize on

the non-linear current-voltage characteristics of metal-semiconductor junctions to rectify

incoming THz signals into a proportional DC voltage, offering rapid response, low noise,

and broad bandwidth [16, 11]. SIS mixers utilize a tunnel junction’s highly non-linear

current-voltage relationship to generate an intermediate frequency output when combined

with a local oscillator signal, providing excellent sensitivity and low noise performance

suitable for high-resolution spectroscopy and imaging applications [17]. Meanwhile, HEBs

exploit the temperature-dependent electrical properties of a superconducting thin film,

converting incident THz radiation into measurable changes in electrical resistance, thereby

offering ultrafast response times and high sensitivity for applications necessitating rapid

signal detection and high spectral resolution [18]. Collectively, these diverse THz detection

technologies serve a range of applications and performance requirements, demonstrating

their significant potential in advancing the field of THz technology.

Despite their advantages, diode THz detectors exhibit several inherent limitations that

may impact their performance and suitability. Firstly, the reliance on the nonlinear prop-
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erties of diodes for rectification of the incident THz signal introduces distortion, partic-

ularly when detecting signals with high or rapidly varying intensity levels, which may

compromise the detector’s performance in specific applications. Secondly, similar to other

semiconductor-based devices, diode THz detectors are sensitive to changes in ambient

temperature. Temperature fluctuations can adversely affect the detector’s performance,

necessitating temperature stabilization or calibration to ensure accurate and consistent re-

sults. Thirdly, diode THz detectors typically possess limited spectral selectivity, hindering

their capacity to precisely identify or analyze specific frequency components within the

THz radiation. This limitation could impact their suitability for applications requiring

high-resolution spectral information, such as material identification or chemical analysis.

Furthermore, the manufacturing process for diode THz detectors, particularly when in-

tegrated with other components on a chip, can be complex and expensive, potentially

affecting the scalability and cost-effectiveness of these detectors for large-scale applica-

tions. Lastly, diode THz detectors may exhibit higher noise levels compared to some other

types of THz detectors, especially at lower frequencies. Elevated noise levels can negatively

influence the signal-to-noise ratio, limiting the detector’s ability to measure weak signals

or subtle changes in the sample. Consequently, understanding these limitations is crucial

when selecting the most appropriate THz detector for a specific application or for guiding

future research to address these challenges [91, 11, 92].

In summary, diode THz detectors offer high sensitivity and fast response times, making

them suitable for various applications. However, limitations such as nonlinearity, temper-

ature sensitivity, limited spectral selectivity, fabrication complexity, and noise levels can

impact their performance and suitability for certain applications. Understanding these

limitations is crucial when selecting the most appropriate THz detector for a specific ap-

plication or for guiding future research to address these challenges.
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2.3.2 Optics-based THz detector

THz detectors based on optical effects remain comparatively challenging to implement,

primarily due to the intrinsically low photon energy of THz radiation. Photon energy is

directly proportional to frequency, as described by Equation 2.1:

E = hf (2.1)

where E is the photon energy, h is Planck’s constant, and f is the frequency. As a result,

THz photons carry relatively low energy, leading to subtle interactions with materials and

correspondingly modest signal levels. However, this characteristic offers unique opportuni-

ties for developing highly sensitive detection strategies that exploit optical effects, thereby

enabling innovative pathways for advancing THz detection.

Despite the above mentioned challenge, optical approaches such as antenna-based

detection and optical rectification have gained considerable attention because of their

distinctive operating principles and promising performance [12, 8].

Figure 2.7: Schematic diagrams of representative (a) THz antenna [12]; (b) THz optical
rectification [8].

As demonstrated in Figure 2.7 (a), antenna-based detectors function by coupling

incident THz radiation into resonant structures that enhance local electromagnetic fields,
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thereby improving sensitivity and enabling integration with a wide range of electronic

and photonic components. Their performance can be further advanced through optimized

geometrical design, broadband scaling strategies, and the incorporation of novel low-loss

materials, which collectively enhance detection bandwidth and coupling efficiency [10].

In contrast, optical rectification relies on the second-order nonlinear response of non-

centrosymmetric crystals to convert incident THz radiation into detectable signals as pre-

sented in Figure 2.7 (b). This method offers intrinsic advantages of ultrafast response time

and compatibility with ultrashort laser sources, making it highly suitable for time-resolved

THz spectroscopy. Ongoing progress in nonlinear material engineering, phase-matching

optimization, and device miniaturization continues to improve its efficiency and scalability

[93, 9]. Both approaches thus hold considerable promise for next-generation THz detection,

with the potential to advance applications in biomedical imaging, security screening, and

high-speed wireless communication.

In summary, each THz detector technology exhibits distinct advantages and limitations

as summarized in Table 2.4 [88, 94, 95, 96, 97, 98, 99, 100, 101, 33, 102]. The selection

of an appropriate detector is collectively determined by several factors such as accuracy,

sensitivity, response time, size, operational frequency range, cost, and system complexity,

together with the specific demands of the intended practical applications. Following the

comprehensive review of existing THz detectors, this research focuses on two fundamentally

distinct yet complementary methodologies: the microbolometer and the micro-circular an-

tenna. The selection of these two approaches is motivated by their demonstrated strengths

in THz detection, which are investigated and discussed in detail in Chapters 3 and 4. Im-

portantly, these mechanisms are not mutually exclusive; when integrated, they offer the

potential to synergistically enhance detection sensitivity and achieve superior measurement

precision.
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Chapter 3

Graphene-Integrated Microbolometer

Design

3.1 Aims and Highlights

Biomedical imaging has traditionally depended on modalities such as X-ray[25], Com-

puted Tomography (CT) [103], MRI [104], and Positron Emission Tomography (PET)

[105]. These technologies have driven significant advancements in medical diagnostics,

providing enhanced tissue contrast, real-time biomedical imaging, and the ability to detect

metabolic changes. However, the reliance on ionizing radiation in these modalities poses

considerable health risks to human body [106, 107, 108]. In contrast, THz biomedical

imaging presents a non-ionizing alternative with substantial benefits. It mitigates the risks

of DNA and cellular damage and offers unique non-invasive tissue penetration capabilities,

setting the stage to potentially revolutionize biomedical imaging [109, 110].

The THz domain, situated between microwave and infrared on the electromagnetic
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spectrum, has attracted substantial attention, particularly in the biomedical field [27].

With its non-ionizing nature, capability to penetrate non-conductive materials, and poten-

tial to derive critical bio-spectral information, THz imaging is becoming an essential tool

for biomedical detection [28, 41, 111, 69]. The integration of THz imaging systems with

Micro-electromechanical systems (MEMS) technology has initiated a shift towards system

miniaturization, enabling the development of portable devices and expanding the scope of

THz applications [112]. Despite these advancements, developing THz imaging systems that

combine precision, sensitivity, rapid response, and seamless materials integration continues

to be a significant challenge, one that our research aims to address [113, 114, 19, 115].

The THz detector is critical to the operation of THz imaging systems, serving as the

fundamental component that captures and translates THz radiation into analyzable in-

formation [116, 24, 117]. Extensive research underscores that the effectiveness of a THz

imaging system is closely tied to the performance characteristics of its THz detector [118].

Owing to the THz band’s unique position between the microwave and infrared spectra, nu-

merous THz detectors have been historically adapted from technologies initially developed

for these adjacent spectral ranges [31]. Prominent among these THz detectors are schot-

tky diodes, golay cells, and pyroelectric detectors [11, 33, 101]. Schottky diodes are prized

for their swift response and low noise profile, rendering them suitable for high-frequency

applications. Nevertheless, their dependency on local oscillator pumps adds complexity

to the system design, and their efficacy frequently diminishes at room temperature in

the absence of cooling mechanisms. In contrast, golay cells are lauded for their adept

room-temperature functionality and their sensitivity across a wide THz spectrum. Their

bulkiness, stemming from the pneumatic detection mechanism, and their sluggish response

impede their utility in dynamic scenarios. Pyroelectric detectors, which convert thermal

variance into electrical signals, offer the advantages of ambient operability and expansive
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THz frequency detection. However, these detectors are plagued by lower detectivity and re-

quire the modulation of the incident THz radiation to facilitate effective detection. Within

this context, the microbolometer has emerged as an innovative THz detector, representing

substantial advancements and attracting considerable academic interest. [112, 32]. By

leveraging thermal-induced resistance changes, it converts THz radiation into quantifiable

electrical signals [119, 120]. The microbolometer’s commendable uncooled operation dis-

penses with the need for elaborate cooling apparatus, positioning it as a cost-effective and

user-friendly detection modality. Its extensive spectral response and compatibility with ar-

ray integration enhance its prospects for producing high-resolution, real-time THz images.

These features collectively elevate the microbolometer to a pivotal role in the advancement

of pragmatic THz imaging systems.

Despite the promising applications of microbolometers in biomedical imaging and de-

tection, several challenges inhibit their broader implementation. Primary among these

is the lengthy thermal time constant of these devices, constraining their frame rate and

accuracy in capturing fast-evolving scenes [120, 121]. Furthermore, microbolometers typ-

ically exhibit lower sensitivity compared to their counterparts, resulting in higher Noise

Equivalent Temperature Differences (NETD) that degrade image quality in applications

requiring high precision [122, 112]. Additionally, the variability in pixel response across

devices necessitates intricate calibration processes, adding to the system’s complexity and

cost [123]. Lastly, the advanced micromachining techniques and specialized materials nec-

essary for microbolometer fabrication present significant barriers to mass production and

commercialization [119].

In this study, we present a novel microbolometer design featuring an innovative struc-

ture integrated with graphene, aimed at overcoming the challenges previously outlined.

Graphene is distinguished by its monolayer configuration of carbon atoms arranged in
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a two-dimensional honeycomb lattice, celebrated for its exceptional electronic, thermal,

and mechanical properties [124, 125]. Its outstanding electrical conductivity, robustness,

and adaptability facilitate its integration with the microbolometer structure, significantly

improving the device’s electrical and thermal conductance and enabling a more compact

design. Within the 1 - 5 THz operational bandwidth, our graphene-integrated novel mi-

crobolometer attains remarkable performance at a specific frequency, with an average re-

sponse time of 0.246 s, reaching a peak responsivity of 8.95×105 V W−1, and achieving an

optimal detectivity of 5.97×108 cm Hz1/2 W−1. This peak performance significantly en-

hances its applicability, particularly in the fields of non-invasive and high-precision biomed-

ical imaging.

Centered around this novel microbolometer, our MAIS is adept at the fast and sensitive

THz detection, as well as the corresponding imaging. The system’s augmented sensitivity

facilitates the precise identification of weak signals and minute changes in THz radiation,

and its swift response is crucial for fast signal processing and real-time visualization. To as-

certain the effectiveness of our proposed system, we performed comprehensive experiments

using the microbolometer array. These evaluations involved detecting metal letter models

positioned on human skin, and the outcomes of these experiments confirm the MAIS’s abil-

ity to accurately detect and delineate subtle variations in THz radiation, thereby enabling

precise imaging of the targets.

This study marks a pivotal advancement in THz technology, particularly in its appli-

cation to biomedical imaging. The strategic integration of graphene into our innovative

microbolometer structure design marks the emergence of a new generation of THz detection

technology, distinguished by their heightened sensitivity and accelerated response capabil-

ities. Furthermore, our MAIS establishes new benchmarks for non-invasive and real-time

biomedical imaging. This research not only positions our MAIS at the cutting edge of THz
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detection technologies but also establishes a robust foundation for continued advancements

in the field of biomedical imaging.

3.2 Methods

3.2.1 Structure design

The novel microbolometer design we introduce in this research is depicted in Figure

3.1(a). By incorporating a microfluidic architecture into the microbolometer framework,

the thermal management of the microbolometer is significantly improved, leading to a

noteworthy enhancement in the device’s performance across a broad operational temper-

ature range. Specifically, the microfluidic channel allows for the efficient dissipation of

heat generated from radiation absorption through the fluidic chamber, thereby inducing a

swift cooling effect. This advancement enables our microbolometers to attain exceptionally

rapid response times, essential for precise and instantaneous imaging [126]. Additionally,

the microfluidic channel also acts as a Fabry-Perot (FP) resonant cavity. Upon exposure

to THz radiation, the microbolometer’s absorptive layer captures a major portion of the

energy, which is then directed into the resonant cavity. This cavity boasts a distinctive

capability to selectively bolster THz absorption within a predetermined spectral region. To

fully exploit this resonance effect, precise adjustment of the thickness of cavity is crucial to

induce an optimal FP resonance as shown in Figure 3.1(b) [127]. Leveraging this advanced

design strategy, the microbolometer achieves effective coupling with targeted incident ra-

diation, thus enhancing its absorptive efficiency across designated frequency spectrum.

Additionally, this approach enhances the fabrication yield and streamlines the manufac-

turing process, representing a significant leap in the development of the THz detection
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Figure 3.1: Structure of our novel microbolometer. (a) 3-Dimensional schematic diagram of
the microbolometer design. (b) Cross-section illustration of the microbolometer structure.

technology. This novel structural design underscores the potential for advanced THz de-

tection techniques, paving the way for more accurate, efficient, and convenient biomedical

imaging.

This configuration is built upon a silicon substrate. A silicon nitride (Si3N4) layer is

shielded on the substrate, serving a protective role for subsequent fabrication steps. Posi-

tioned atop the Si3N4 layer, an aluminum (Al) reflective layer acts as the lower boundary

of the FP resonant cavity. This Al film enhances microbolometer’s absorption by reflecting

incident radiation back towards the absorptive layer. Above the Al reflective interface lies

a stable silicon dioxide (SiO2) bridge, SiO2 is selected for the supporting structure due to

its mechanical strength, appropriate thermal properties and ease of fabrication, offering

both physical support and thermal insulation. The VO2, known for its phase-change char-

acteristics and a high temperature coefficient of resistance (TCR), is chosen as the sensitive

element due to its exceptional responsiveness to temperature variations [128]. Graphene,

situated at the apex of the structure, functions as the primary absorptive layer. The se-

lection of graphene for this layer is driven by its exceptional THz absorption and superior

thermal conductivity, which contribute significantly to augmenting the microbolometer’s
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thermal sensitivity [125]. The integration of VO2 and graphene synergistically enhances

their collective properties, optimizing the collection and conversion of radiation into heat

and subsequently into electrical signals. This innovative integration markedly improves the

detection capabilities of the microbolometer, heralding advancements in the field of THz

detection technology.

3.2.2 Fabrication process

The fabrication process of the microbolometer, as illustrated in Figure 3.2(a-h), repre-

sents a comprehensive approach that integrates advanced materials and methodologies.

Figure 3.2: Sequential fabrication processes of the graphene-integrated microbolometer.
(a-h) Sequential fabrication of the graphene-integrated microbolometer, detailing the
cross-sectional development from substrate to final assembly.

The process started with depositing a Si3N4 film on a silicon substrate through Plasma

Enhanced Chemical Vapor Deposition (PECVD), serving as a protective layer. The Al
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film was then deposited through electron Beam (E-beam) deposition as the base reflective

layer. Subsequent fabrication involved the deposition of SiO2 via PECVD, setting the stage

for subsequent layers and crafting the gap to facilitate access to sacrificial etch channels.

At the heart of this microbolometer structure is the sensitive layer comprised of VO2,

applied through magnetron sputtering. Right after the sensitive layer, a thin Si3N4 film was

deposited through PECVD to protect the existing structure. The next processes included

the dispersion of graphene within an Isopropanol (IPA) solution at a concentration of

0.5 mg/mL, followed by ultrasonication to achieve a homogeneous mixture. The device

was then subjected to plasma treatment to enhance adhesion before the spin-coating of

the graphene layer. Finally, subsequent curing was adopted to solidify the depositions.

Corresponding Raman spectral characteristics of the well-fabricated microbolometer are

illustrated in Figure 3.3.

Figure 3.3: The Raman spectrum of pure graphene and this device-incorporated graphene.

The Raman spectra exhibit distinct D (1350 cm−1) and G (1585 cm−1) bands for

graphene, reflective of defect-associated vibrations and sp2 carbon atom vibrations, re-

spectively. Post-device integration, an intensification of both bands suggests augmented
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defect density and stronger interactions between the sp2 carbon regions upon bonding

to the device, potentially from substrate interactions. Concurrently, the redshift of the

bands indicates altered graphene-substrate interactions, with the electronic properties of

graphene remain essentially unchanged.

Figure 3.4(a) presents a comprehensive view of the constructed microbolometer, mea-

suring 4 × 4 mm2. Furthermore, Figure 3.4(b) provides detailed Scanning Electron Micro-

scope (SEM) imagery of the tilted view, illustrating the microbolometer’s distinct design.

Characterized by its compact architecture, the microbolometer incorporates a central mi-

crofluidic channel as demonstrated in Figure 3.4(c).

Figure 3.4: Microstructural characterization of the graphene-integrated microbolometer.
(a) Optical imaging of the microbolometer. (b) Scanning electron microscope (SEM)
image revealing the precise architecture of the overall microstructure. (c) Side-view SEM
image of the microbolometer.

3.2.3 Characterization

To characterize the morphology of our microbolometer, we employed a JEOL JSM-

7200F SEM with settings of 10.0 kV voltage and a 10 nA beam current. Raman spec-

troscopy was conducted using a Bruker Senterra-2 system, equipped with a 780 nm laser

and a 1 mW power setting. For radiation stimulation, a Newport Oriel 67030 blackbody
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source was adopted, complemented by a optical cutoff lens that filtered out non-targeted

wavelengths, thereby minimizing heat-related disturbances and ensuring the presence of

only desired radiation for detailed microbolometer analysis. The measurement equipments

comprised a Keithley Model 6500 digital multimeter and a LeCroy LT322 oscilloscope,

which ensured precision data acquisition. The experimental setup maintained a 10 cm

distance between the microbolometer and the source throughout the experiments.

3.2.4 Materials

All the materials utilized in this study were procured from reputable suppliers to

ensure quality and consistency in the experimental procedures. Graphene was sourced

from Graphene Laboratories Inc., while VO2 was obtained from Sigma-Aldrich Co. The

ALD/PECVD Cluster system from Oxford Instruments facilitates the utilization of both

materials and PECVD fabrication processes, enabling the deposition of both Si3N4 and

SiO2. Al was obtained from Goodfellow Cambridge Ltd. and was pre-filled in an Angstrom

Engineering Amod model. Each of the materials was selected in consultation with the

respective manufacturers, adhering to specific purity and compositional requirements dic-

tated by the experimental design. Before integration into the fabrication process, all ma-

terials were subjected to standard pre-treatment procedures as per the manufacturers’

guidelines, ensuring that they met the necessary criteria for the subsequent experimental

steps.
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3.3 Results and Discussion

3.3.1 Absorption

In the domain of radiant detection, absorption is a critical attribute that indicates the

detector’s efficiency in capturing radiant energy. It is defined as the ratio of absorbed to

incident radiant power, quantitatively evaluates a device’s ability to absorb radiation [129].

In this specific design of microbolometer, the absorption (A) is expressed by the following

equation [4]:

A =
4

D
{[fs(fr + 1) + fr] sin

2 θ + (fr + fs) cos
2 θ},

where

D = [(fs + 1)(fr + 1) + 1]2 sin2 θ + (fr + fs + 2) cos2 θ

(3.1)

herein, fr =
120π
σr

, fs =
120π
σs

, and θ = 2πdeff/λ, where λ is the wavelength of the incident

radiation, σr is the sheet resistance of a thin Al reflective layer, σs is the sheet resistance

of the absorptive layer, and deff is the thickness of microfluidic cavity. By integrating the

specific microfluidic cavity structure into microbolometer designs, improved THz radiation

absorption can be achieved across an extensive frequency range. This enhanced broadband

THz absorption is facilitated by the strategic coupling of absorption peaks, which is realized

through the incorporation of FP cavity structures. Such advancements demonstrate the

feasibility of implementing this design in microbolometers, offering an effective approach

for broadband THz detection at room temperature [121].

Figure 3.5 effectively illustrates the absorption intensity within the microbolometer us-

ing a color gradient, with blue indicating lower absorption levels and red denoting higher ab-

sorption. This color scheme reflects systematic variations in absorption peaks and troughs,
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Figure 3.5: 1 - 5 THz radiation absorption spectrum across cavity thicknesses ranging from
10 µm to 50 µm.

which are influenced by changes in both the cavity thickness and the radiation wavelength.

Such patterns reveal the microbolometer’s tunability, demonstrating how its physical di-

mensions can be adjusted to optimize absorption properties. Additionally, the absorption

spectrum here has enabled a easier and more precise determination of the optimal FP cav-

ity thickness for our target frequency range (1 - 5 THz), enhancing the device’s functional

adaptability to specific biomedical applications.

In the typical Fabry–Perot structure, constructive interference is typically achieved

when the cavity thickness satisfies the condition:

d =
λ

2n
(3.2)

where d is the cavity thickness, λ is the free-space wavelength of the targeted frequency,

and n is the refractive index of the cavity medium. However, when functional materials

are introduced or when light enters the cavity at non-perpendicular incidence, the effec-

tive optical path is modified, and the cavity thickness can no longer be determined solely
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Figure 3.6: THz absorption spectra with cavity thicknesses varying from 10 µm to 50 µm
in 10 µm intervals across the frequency range of 1 - 5 THz.

by the conventional half-wavelength rule. In our experiment, VO2 was employed, which

exhibits metamaterial-like characteristics that allow modulation of the phase of incident

electromagnetic waves rather than functioning solely as the sensitive dielectric. This addi-

tional phase shift effectively reduces the optical path length, thereby requiring the cavity

thickness to be smaller than the nominal λ/2n. Such adjustment ensures constructive in-

terference and efficient resonance coupling, thereby enhancing absorption across the 1–5

THz spectral band, particularly under practical detection scenarios where radiation arrive

from multiple directions.

To determine the optimal cavity thickness, we investigated the absorption spectra of

microbolometers across our target frequency range using five discrete resonant cavity thick-

nesses, varying from 10 µm to 50 µm. Figure 3.6 illustrates these characteristics, with each

colored layer representing the absorption profile of our microbolometer with different cavity

thicknesses. A distinct trend is observed where increasing cavity thickness leads to a shift

in the absorption peaks towards lower frequencies in 1 - 5 THz range. This behavior is

the typical characteristic highly related to the resonant cavities, where physical dimensions
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Figure 3.7: Angle-dependent THz absorption spectra of the microbolometer simulated at
20° intervals from 0° to 80°.

are inversely related to resonant frequencies. The experimental results indicate that mi-

crobolometers with thinner cavities resonate at higher frequencies, while those with thicker

cavities resonate at lower frequencies. Notably, the absorption spectrum for a cavity thick-

ness of 30 µm in the figure shows a near-normal distribution within 1 - 5 THz, signifying

its optimal performance of radiation absorption in this range. Quantitative analysis of

ten experiments revealed that the average absorption values of THz radiation at cavity

thicknesses of 10 µm, 20 µm, 30 µm, 40 µm, and 50 µm are 0.074, 0.470, 0.680, 0.542,

and 0.485, respectively. The microbolometer with cavity thickness of 30 µm exhibited the

highest average absorption, further confirming its optimal effectiveness for THz absorption.

These results affirm that adjusting the cavity thickness is an effective strategy for tuning

the spectral response of our novel microbolometer, thereby enhancing its suitability for

THz applications. Consequently, we have refined our microbolometer design by adjusting

the cavity thickness to 30 µm to optimize the THz absorption performance.

While the broad THz absorption spectrum of our microbolometer was observed un-

der practical application scenarios, where THz radiation impacts the device from multiple
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directions, Figure 3.7 provides a detailed simulation results of the microbolometer’s absorp-

tion characteristics across specific incident angles ranging from 0° to 80°, with the cavity

thickness of 30 µm. These outcomes are corroborated by five experimental repetitions,

with the figure displaying the average results of these measurements. These results clearly

demonstrates sharp resonant peaks that shift with the angle of incidence, underscoring the

device’s sensitivity to angular changes due to constructive interference within its cavity

structure. These shifts in resonance, influenced by changes in the path length through the

cavity at different incident angles, affect the phase relationships and interference patterns

of the THz waves, resulting in distinct absorption peaks at specific frequencies. Addition-

ally, the analysis reveals that from an incident angle of 0 - 60 degrees, the THz radiation

consistently exhibits at least one absorption peak within the examined frequency range.

The presence of these peaks ensures robust absorption across a broad spectrum in 1 - 5 THz

range. The directional sensitivity demonstrated by the microbolometer supports its poten-

tial for a range of applications, including precise prediction of the angle or wavelength of

incident radiation, enhancing its practical utility. This thorough analysis confirms the de-

vice’s potential for advanced THz applications, showcasing its versatility and applicability

in diverse operational conditions.

Following the structural optimization of the microbolometer, particularly the adjust-

ment of cavity thickness, we evaluated various materials for the absorptive layer to enhance

the absorption characteristics our novel microbolometer. Figure 3.8 displays the THz

absorptivity of the microbolometer across different absorbing materials, with the results

verified through ten validations to ensure both accuracy and reliability. We conducted

a comparative analysis using four prominent materials typically used for THz radiation

detection: graphene [130], titanium dioxide nanoparticles (TiO2) [129], amorphous silicon

(A-Si) [131], and vanadium dioxide (VO2) [132]. The microbolometer demonstrates high
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Figure 3.8: THz absorption characteristics of the microbolometer verified through ten
validations (n = 10), with comparative absorption spectra using graphene, TiO2, A-Si,
and VO2 as absorptive layers.

absorption within the target THz band, with a pronounced absorption peak between 2 and 3

THz across all tested materials. Graphene, in particular, showed consistently superior THz

absorption throughout the frequency spectrum, attributable to its unique electronic prop-

erties and exceptional thermal conductivity, which enhance energy absorption efficiency.

Conversely, Titanium Dioxide, although inferior to graphene, presented absorption rates

noticeably higher than A-Si and VO2. A-Si rendered moderate absorption efficiency, its po-

tential impeded by its amorphous structure, which restricts the availability of free carriers

essential for absorption. Nevertheless, devices’ absorption utilizing these three materials

outperformed those employing VO2 as the absorptive layer. The experimental outcomes

underscore the significant advantages and essential role of graphene as the absorptive layer

in our innovative microbolometer design. By seamlessly integrating graphene, we have

adeptly harnessed its inherent properties, enhancing THz radiation absorption effectively.

This integration not only improves the device’s performance but also represents a pioneer-

ing advancement in the development of highly efficient THz detectors. Such enhancements

hold profound implications for imaging applications, marking a significant step forward in
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THz imaging field.

3.3.2 Resistance-temperature relationship

The accuracy of THz detection in microbolometers is contingent upon two fundamental

parameters: the resistance-temperature (R–T) relationship and the temperature coefficient

of resistance (TCR). These parameters are vital in determining the operational character-

istics of the microbolometer design.

The TCR, which quantifies the change in resistance in response to temperature varia-

tions, is calculated using the following equation [133]:

TCR =
1

R

dR

dT
=

1

R

∆R

∆T
(3.3)

where R refers to the resistance and T is the temperature. TCR is crucial for evaluating

the microbolometer’s effectiveness and thermal sensitivity. Higher absolute TCR values

indicate superior detection of minute temperature variations, a highly prized feature in ra-

diation inspection. The high TCR is fundamental to the advancement of microbolometers,

enhancing both the quality and precision of THz detection produced by our microbolome-

ters. The experimental approach involved situating the fabricated microbolometers on the

stage, carefully calibrated for optimal THz radiation detection. The ambient conditions

were strictly maintained at a constant room temperature of 23 °C, and the radiation in-

tensity variation was controlled to a thermal range from 300 to 900 °C in increments of 10

°C. To assure accuracy in the R - T and TCR - T profiles, each temperature set-point was

affirmed by an ensemble average of twenty individual data readings.
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Figure 3.9: Analysis of resistance and temperature coefficient of resistance in microbolome-
ters in response to variations in blackbody source temperature.

Figure 3.9 displays the R - T relationship and the TCR profile of the device, with

standard deviation intervals set at 100 °C to improve clarity of representation. The de-

vice demonstrates a thermistor-like behavior, maintaining a constant resistance of 1.973

MΩ with a zero temperature TCR across the blackbody source’s temperature range from

300 to 530 °C. This stability confirms the device’s robustness against thermal fluctuations

within this specific range. Beyond this temperature threshold, the resistance profile ex-

hibits a marked inflection point, characterized by a significant decrease in resistance and

a corresponding increase in absolute TCR, reaching a peak at approximately 630 °C. As

the temperature continues to rise, the absolute TCR progressively decreases toward zero,

while the resistance levels off at a lower value. This distinctive behavior is indicative of the

intrinsic properties of the VO2 sensitive layer, illustrating the microbolometer’s dynamic

response to the THz radiation.

Furthermore, Figure 3.10 presents a detailed comparative analysis of output voltages

across the range of blackbody source temperatures from 200 to 1000 °C for microbolometers
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Figure 3.10: Comparative output voltages of microbolometers with different absorptive
materials across varied blackbody source temperatures.

fabricated with four different absorptive materials: graphene, TiO2, A-Si, and VO2. We

performed five measurements of output voltage at 200 °C intervals for microbolometers con-

structed from each material. Notably, the device incorporating graphene as the absorptive

layer exhibited the highest output voltages throughout the temperature spectrum, surpass-

ing those of devices using TiO2, A-Si, and VO2. This enhanced performance underscores

the exceptional TCR and stability of the graphene-based microbolometer, making our novel

microbolometer particularly effective for applications requiring precise THz detection.

3.3.3 Response time

Improving the response time of microbolometers is crucial for their efficacy in THz

detection and imaging, as a fast response time enables the microbolometer with the ca-

pability to accurately capture and delineate radiation instant changes with high precision.

This capability is critical for the real-time processing of transient THz signals, which is

indispensable in a variety of dynamic THz detection.
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Figure 3.11: Characterization of microbolometer response dynamics to periodic THz radi-
ation.

To ensure the accuracy of our measurements, we strictly calibrated the microbolometer

and the radiation source prior to initiating experiments, and kept the experimental setup

consistently at the room temperature. The radiation source was set to an optimal temper-

ature of 630°C, a regime known to induce the maximum TCR from the microbolometer.

Following calibration, we continuously monitored the voltage across the microbolometer

until it achieved the stable state. Then the radiation source was periodically obstructed

to record the output signals of the microbolometer. The corresponding output voltage is

illustrated in Figure 3.11. Within this experimental context, we defined response time as

the duration required for the output signal to transition from 10% to 90% of its saturation

level following an increase in radiation stimulus, or from 90% to 10% upon a decrease in

radiation stimulus. Analysis of the data obtained demonstrates that the microbolometer’s

response times for the rising and falling edges were approximately 0.240 s and 0.248 s, re-

spectively. An average response time of 0.246 s was calculated from a comprehensive series

of 100 cycles, affirming the microbolometer’s capability to rapidly response to changes in

THz radiation.
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The superior response time of our microbolometer is attributed to the integration of a

microfluidic structure and graphene as the absorptive layer. This innovative combination

provides the device with several essential attributes, including efficient thermal transduc-

tion, swift changes in electrical properties, and robust thermal isolation of critical com-

ponents. Graphene enables the rapid capture of radiation and its effective transformation

into thermal energy, which leads to an immediate change in resistance within the sensitive

VO2 layer, enhancing the device’s reactivity. Simultaneously, the microfluidic framework

of the microbolometer substantially strengthens thermal management by enabling swift

heat evacuation, ensuring maximum absorption of THz radiation while ensuring heat dis-

sipation. This thoughtful integration of pioneering design features presents a substantial

leap forward in THz detection technology, offering a refined solution to the dual objectives

of improved thermal management and accelerated response time.

3.3.4 Optical measurements

To advance microbolometer design, we conducted a comprehensive analysis of the de-

vice’s optical response across the target radiation frequencies. Particular emphasis was

placed on evaluating the efficiency of converting THz radiation into electrical signals, an

improvement enabled by the innovative structural design. We employed the voltage respon-

sivity (Rv) to delineate the relationship between the single microbolometer’s output voltage

signal and the its corresponding incident radiation power, the mathematical representation

of Rv is [134]:

Rv =
IbRη

G
√
1 + ω2T 2

th

(3.4)

here, Ib denotes the bias current, R represents the device resistance, η is the absorptivity,

G is the thermal conductivity, ω captures the radiation modulation frequency, and Tth is
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Figure 3.12: Optical characteristics of the microbolometer’s (a) Responsivity and (b)
Detectivity, with twenty data points collected at each measurement step.

the response time. Our results, as illustrated in Figure 3.12(a), robustly demonstrate the

high responsivity of our meticulously engineered device across the 1 - 5 THz range. To

ensure precise data representation, measurements were taken at every 0.1 THz increment,

with twenty data points collected at each step. For clarity in statistical presentation, the

standard deviation of the results are aggregated and displayed at 0.5 THz intervals within

the figure. Despite some variability, the device’s average responsivity consistently ranges

between 4.56 and 8.95 ×105 V W−1 across the target frequency range, underscoring the

structure’s promise in augmenting detection capabilities.

Voltage detectivity (D∗) serves as another critical metric for evaluating the microbolome-

ter’s optical performance, providing a measure to describe the detector’s capability to

detect weak signals [135]:

D∗ =
Rv

√
∆fA

Vn

(3.5)

in this formula, ∆f is the frequency bandwidth procured from the dynamic signal analyzer,

while A is the area of the detector’s sensitive element and Vn embodies the aggregate noise

voltage, this noise levels were accurately derived using Fourier Transformation (FT) of
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time-domain noise signals in our experiments. Our microbolometer demonstrated excep-

tional detectivity, as depicted in Figure 3.12(b). The results with values ranging from 2.57

to 5.97 ×108 cm Hz1/2 W−1, reflecting the device’s superior performance in the relevant

frequency spectrum. The detectivity data were systematically collected at 0.1-THz inter-

vals, with the standard error reported for each 0.5-THz interval, and all frequency points

was substantiated by twenty data points.

The outstanding optical properties of our microbolometer demonstrate its superior

performance, particularly in the target THz spectral range. Enhanced responsivity and

detectivity enable the precise detection of THz radiation, facilitating accurate measure-

ments even with slight variations in radiation. These capabilities yield images of greater

clarity and higher contrast, essential for applications demanding exacting image quality,

such as non-destructive testing (NDT) and biomedical imaging.

3.3.5 Durability

The data presented in Figure 3.13 illustrate the robustness of the device’s turn-on

voltage and response time over an eight-week period. Each test was measured 5 times to

ensure statistical reliability with minor standard deviation, as detailed in the figure. The

turn-on voltage, consistently hovering just above the 2.15 V mark with negligible variance,

corroborates the stability of the device’s electrical attributes over the analyzed timeframe.

Simultaneously, the response time remains steadfast, with an average value proximate to

0.246 s. The compact dispersion of data points in both metrics underscores the device’s

operational reliability. The absence of progressive deviation signifies a high degree of

precision and reproducibility, bolstering the device’s suitability for enduring utilization.

Consequently, the depicted performance stability offers substantial evidence of the device’s
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sustained efficacy and enduring reliability.

Figure 3.13: Long-term stability assessment of microbolometers: Consistent turn-on volt-
age and response time observed in durability tests conducted over an eight-week period.

3.3.6 Performance comparation

In examining the presented microbolometer’s THz detection performance relative to

state-of-the-art devices, several noteworthy distinctions become evident. As presented in

Table 3.1, our design showcases exceptional responsivity (8.95×105 V W−1) , which sub-

stantially outperforms many existing models, especially in the field-effect transistor (FET)

and photothermoelectric (PTE) categories. This elevated responsivity signifies our system’s

aptitude for efficiently transducing weak optical signals into pronounced voltage outputs,

an invaluable trait for practical deployments. Another pivotal metric where our system

excels is detectivity, with a commendable value of 5.97×108 cm Hz1/2 W−1, emphasizing its

robust capability to discern faint signals. Importantly, the ability of our microbolometer to

operate optimally at room temperature (23 ℃) positions it as an advantageous alternative

to models requiring more intricate and costly cooling provisions. The response time of our
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Table 3.1: The parameter comparisons between our study and the state-of-the-art devices.

Mechanism Frequency
(THz)

Responsivity
(V W−1)

Detectivity (cm
Hz1/2 W−1)

Response
time (s)

T
(℃)

Ref

PTE 2.52 > 10.0 1.9×105 1.10×10−7 23 [118]

PTE ∼ 0.30 > 1.1 1.0×106 2.0×10−3 23 [116]

FET ∼ 0.30 > 1.2 2.3×107 2.5×10−3 23 [24]

FET ∼ 0.30 > 30.0 3.0×108 5.0×10−6 23 [117]

FET 0.15 > 400.0 3.5×108 2.00×10−5 23 [113]

Bolometer ∼ 0.30 7.8 1.2×107 1.00×10−3 23 [120]

Bolometer 0.30 - 1.60 N/A 3.3×109 <1.00×10−4 -270 [122]

This work 1.00 8.95×105 5.97×108 2.46×10−1 23 —

microbolometer is recorded at a commendable 0.246 seconds, facilitating swift responsive-

ness in practical applications without compromising essential performance metrics such

as responsivity and detectivity. All these superior characteristics are underpinned by the

innovative design of our microbolometer. This integration of features highlights the con-

siderable potential and extensive implications of our work within the dynamically evolving

field of THz detection.

3.3.7 Imaging system

Building on the innovative microbolometer, we have further developed the MAIS to

optimize microbolometer’s application in practical biomedical detection. The architecture

of the MAIS, depicted in Figure 3.14, represents a comprehensive strategy for THz imaging,

demonstrating a substantial advancement in the field.

The system’s configuration permits precise control of blackbody radiation via an ad-
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Figure 3.14: Microbolometer array imaging system, detailing the integrated imaging pro-
cess from THz radiation capture to the final image output.
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justable window, carefully positioned during experiments to optimize the incident radia-

tion on the microbolometer array. This precise alignment ensures each microbolometer’s

absorption of THz radiation, resulting in measurable resistance changes across the mi-

crobolometer array. The strictly pre-fabricated circuit is integral to the exceptional efficacy

of our MAIS. The circuit has been thoughtfully engineered for perfect compatibility with

our microbolometers. It features a dual-layer aluminum deposition strategy, carefully for-

mulated to reduce signal interference between input and output components for enhanced

electrical signal transmission. Furthermore, the circuit is optimized to minimize thermal

accumulation, thereby boosting both circuit’s performance and reliability. This efficient

design facilitates the implementation of an m × n detector array, requiring only m + n

interconnections, markedly simplifying the overall complexity of our MAIS. In our specific

application, this approach is exemplified by a streamlined 14-pin configuration for the 7 ×

7 microbolometer array, with the dimension of 70 × 70 mm2. Such simplification not only

decreases reliance on extensive external circuitry but also significantly reduces the poten-

tial for signal crosstalk between channels. Consequently, there is a notable improvement

in both the stability and reliability of the MAIS detection process.

Employing a consistent external power supply, we measured the voltage differential

across the microbolometer array (as depicted in Figure 3.15(a)), allowing us to monitor

the THz radiation intensity at each pixel. During imaging tests, the object under tests

was situated between the blackbody source and the microbolometer array to assess the

system’s imaging capabilities. We employed the Arduino Mega to capture the output

signals from the detector array, and subsequently convert the analogue readout signals

into digital values using its integrated 10-bit Analogue-to-Digital Converter (ADC). By

configuring the ADC to operate at a refresh rate of 10 Hz, the digital values, which precisely

represent the actual output voltage at each pixel, are rapidly transmitted to the computer
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for subsequent analysis and imaging.

Subsequently, we converted the outputs from individual microbolometers into RGB

values, thereby facilitating an accurate visual representation of the objects detected by

the MAIS. During the development of the THz MAIS, a critical challenge became appar-

ent in the initial imaging results, as illustrated in Figure 3.15(b). The images displayed

pronounced non-uniformity among pixels, leading to fragmented and inconsistent image

quality. Overcoming this issue was essential for achieving the high-quality imaging neces-

sary for our applications. Consequently, we adopted a dual-faceted strategy, focusing on

both hardware optimization and software algorithm enhancements. This comprehensive

approach was crucial and efficient to address the inherent complexities and improve the

overall performance of the MAIS.

Figure 3.15: (a) Schematic diagram of the dual layer Al readout circuit. (b) Visual rep-
resentation of THz radiation detected by the MAIS. (c) Optimized imaging performance.

On the hardware front, the thorough refinement of the fabrication process was un-

dertaken, aiming to achieve uniformity in pixel dimensions, morphology, and material at-

tributes. This meticulous process included precise control over deposition processes, strict

adherence to lithography parameters, and comprehensive quality assessments. Despite
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these efforts, some variability remained inherent to the fabrication process, thereby under-

scoring the necessity for software-based compensatory strategies. To mitigate these dispari-

ties, we also developed advanced optimization algorithms designed to enhance THz imaging

quality. We implemented a custom calibration algorithm focused on offset and gain cor-

rections, significantly contributing to image smoothing and noise reduction. By employing

this optimization algorithm, we precisely calculated and implemented calibrated gain and

offset adjustments for each pixel, ensuring optimal imaging performance. Figure 3.15(c)

displays an exemplary real-time imaging result. In this illustration, the microbolometer

array is centrally exposed to blackbody radiation, producing a distinct yellow highlight at

the most intense detection point. In contrast, areas not receiving radiation are shown in

blue, indicating the lowest radiation levels within the array. These impressive results not

only demonstrate the excellent performance of the device, but also its potential for imag-

ing applications. The synergistic solutions from both hardware and software effectively

addressed the challenges of non-uniformity in microbolometer detector arrays and marked

significant technological advances in real-time THz imaging. The advanced processes and

algorithms we adopted hold significant promise for future applications, showcasing the

potential impacts of our research.

In this study, we have further applied the functionalities of our MAIS to encompass bio-

detection, showcasing its accuracy and effectiveness in practical scenarios. Figure 3.16(a)

presents the operational block diagram that details the MAIS’s configuration for applied

uses.

Our experimental setup involved placing metal letter models on human skin and pre-

cisely aligning the THz detector array as depicted in Figure 3.16(b). The THz detector

array features a resolution of 7 × 7 pixels over an area of 70 × 70 mm2, and each letter

model measuring 50 × 50 mm2. By leveraging the human body’s inherent radiation emis-
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Figure 3.16: (a) Operational block diagram of our MAIS; (b) Demonstration of the MAIS
in a practical bio-detection application, capturing the shape and size of foreign objects on
the skin surface.

sion characteristics within the THz spectrum, the MAIS quickly and effectively detected

THz radiation emanating from the skin, thus facilitating the identification of foreign ob-

jects in real-time.

To validate this application, we conducted experiments using six unique models named

after the first six letters of our research facility, the University of Waterloo Advanced

Micro-Nano Devices Lab (UWAMND). The outcomes of the imaging were displayed in
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Figure 3.17: Exhibition of the MAIS’s accurate biomedical imaging capability. Six distinct
metal letter models on human skin-representative of the University of Waterloo Advanced
Micro-Nano Devices Lab (UWAMND) are precisely visualized, showcasing the MAIS’s
ability to accurately detect and image the anomalies on human skin.
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real-time with the refresh rate of 10 Hz, detailed in Figures 3.17, demonstrate the system’s

capability to rapidly produce accurate images.

The exceptional imaging results reveal the unique attributes of the microbolometer’s

structural design, fabrication techniques, and material composition, reinforcing its prac-

tical performance and reliability. These key elements of the microbolometer have led to

significant improvements in the accuracy, speed and sensitivity of our innovate MAIS, par-

ticularly effective in the precise detection of anomalies in the surface or even deeper layers

of the human skin. These advancements significantly bolster the biomedical imaging func-

tionalities of the innovative MAIS, representing a notable advancement in the field of THz

technology.

3.4 Chapter Summary

This study marks a significant advancement in THz imaging technology, primarily at-

tributable to the development of the novel graphene-integrated microbolometer and the

microbolometer array imaging system (MAIS). The microbolometer’s innovative structure

design, enhanced by the strategic integration of graphene, has markedly improved its re-

sponse speed and sensitivity. This is demonstrated by its rapid average response time of

0.246 s, a peak responsivity of 8.95×105 V W−1, and an optimal detectivity of 5.97×108

cm Hz1/2 W−1, across a broad operational bandwidth of 1 - 5 THz. These advancements

significantly boost the speed and precision of our MAIS, making it particularly effective

for non-ionizing and non-invasive biomedical applications within the THz spectrum. Ad-

ditionally, the MAIS’s capability to detect subtle variations in THz radiation with high

accuracy underscores its potential utility in critical areas such as skin disease diagnostics

and extensive biomedical imaging applications. Future studies will concentrate on validat-
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ing the microbolometer’s performance across varied real-world settings, with an emphasis

on improving portability, accessibility, and reliability to enhance its applicability in ex-

treme conditions. In conclusion, this research not only addresses existing challenges in THz

detection but also establishes a solid foundation for advancing THz imaging technologies.

The significant advancements achieved herein facilitate the future creation of cost-effective,

high-performance THz detection and imaging solutions in various biomedical applications.
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Chapter 4

Novel Micro Circular Log-Periodic

Antenna Design

4.1 Aims and Highlights

THz radiation, situated between microwave and infrared bands, exhibits a unique set

of electromagnetic properties that distinguish it from other spectral regions. THz is known

for their non-ionizing characteristics, making them intrinsically safe for interaction with

biological tissues and sensitive materials. Additionally, THz radiation can penetrate a

wide variety of non-metallic and non-polar materials while remaining highly responsive to

changes in material composition and structure. This dual capability of transmission and

sensitivity enables precise probing of internal features without destructive impact [136,

137]. Furthermore, THz waves are characterized by their short wavelengths, which support

high spatial resolution in imaging and enable the miniaturization of integrated systems.

From a spectral standpoint, many molecules and crystalline structures exhibit distinctive
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vibrational and rotational resonances in the THz range, offering rich spectral information

for material identification and structural analysis. The inherently broad bandwidth and

large available spectrum also make THz frequencies highly attractive for high-capacity

signal transmission [35, 138]. Collectively, these attributes define THz technology as a

powerful platform for advanced sensing, precise imaging, and high-speed communication

applications. The ongoing exploration and development of THz technology are catalyzing

significant advancements across multiple disciplines, opening new avenues for scientific

research and practical applications [139, 140, 141].

Despite the remarkable potential of THz technology across various domains, its suc-

cessful integration into practical systems hinges on the development of highly efficient and

precisely engineered components, particularly in THz antenna design. As the primary in-

terface for emitting and capturing electromagnetic radiation, the antenna exerts a decisive

influence on key system attributes, including physical dimensions, operational bandwidth,

and overall system performance [142, 143]. However, the high-efficient THz antenna design

continues to pose a major technical challenge, constrained by persistent limitations that

hinder both scientific advancement and industrial deployment [144, 145]. One fundamental

issue stem from the extremely short wavelength of THz waves, which necessitate physically

miniature antenna structures. These size constraints not only complicate fabrication but

also degrade radiation efficiency due to increased material and surface losses [146, 147]. In

addition, achieving broadband operation across the THz spectrum is particularly difficult,

as traditional antenna geometries often exhibit narrowband responses and poor frequency

agility. The gain and impedance matching of conventional THz antennas are typically sub-

optimal, further limited by intrinsic material losses and the complexity of integrating them

with other microscale or on-chip components [137, 148, 149]. These limitations indicate an

urgent need for innovative antenna architectures that can simultaneously achieve compact-
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ness, broadband high gain, effective impedance matching, and enhanced radiation control.

Addressing these challenges is essential for realizing the full potential of THz technology

in next-generation sensing, imaging, and high-speed communication systems.

To effectively address the aforementioned challenges, we introduce a novel MCLPA ar-

chitecture, structurally designed and optimized using an advanced ENN algorithm. The

ENN algorithm has been extensively adapted and tailored in our study to suit the specific

demands of THz antenna design, enabling efficient and precise tuning of critical vari-

ables. This advanced algorithm-driven design framework enables automated optimization

of MCLPA structure, ensuring miniaturization, broadband operation and stable impedance

matching across the targeted THz frequency range. The proposed ENN-guided MCLPA

demonstrates an exceptional performance profile, achieving a wide 372 GHz bandwidth

(0.135-0.507 THz), a peak gain of 5.51 dBi, an optimal S-parameter (S11) of -13.68 dB,

and the maximum radiation efficiency of 82.39%, comprehensively demonstrating its broad-

band operation and efficient signal transmission. The compact architecture, coupled with

the substantial overall system performance, enables highly responsive and reliable THz ra-

diation detection. Comprehensive experimental evaluations including radiation-dependent

electrical responses and Signal-to-Noise Ratio (SNR) analysis further validate the antenna’s

high sensitivity and robust performance under realistic operational conditions. Addition-

ally, the time-domain measurements validate rapid and consistent response of MCLPA

to THz radiation, reinforcing the MCLPA’s suitability for advanced THz detection and

imaging platforms. Moreover, the design’s inherent scalability, particularly in array con-

figurations, significantly amplifies its gain and directional responsiveness, paving the way

for integration into high-resolution and high-throughput THz systems.

By leveraging the geometric flexibility of the MCLPA architecture alongside the in-

telligent global optimization capabilities of the ENN framework, this study introduces an
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advanced, scalable and high-efficiency design paradigm that accelerates antenna develop-

ment while preserving exceptional electromagnetic performance. The synergistic integra-

tion of structural innovation and advanced algorithmic optimization not only enhances the

reliability and adaptability of THz antenna designs but also significantly improves design

efficiency and cost-effectiveness. This innovation establishes a new benchmark in THz

antenna engineering, offering a powerful and flexible framework for the development of

next-generation THz sensing, imaging, and communication platforms across a wide range

of scientific and industrial applications.

4.2 Methods

4.2.1 Fabrication

Our MCLPA features dual-material architecture, combining a Cu-based radiating struc-

ture and feedline with an Al circular ring reference element. This configuration strategically

exploits the high electrical conductivity of Cu for efficient THz absorption, while utilizing

Al’s lightweight properties to maintain structural balance and integration flexibility. A

low-loss PCB with a pre-deposited high-frequency connector interface was cleaned using

an ultrasonic IPA bath, followed by nitrogen drying to remove surface contaminants. The

Al circular reference ring was deposited using E-beam evaporation at a rate of approxi-

mately 2 A/s under a vacuum pressure of 3.9× 10−7 Torr, yielding a uniform thickness of

200 nm. The antenna geometry was precisely defined through a custom-designed mask,

allowing accurate pattern transfer of the MCLPA structure onto the substrate. The Cu

antenna layer was subsequently deposited via E-beam evaporation, forming a 300 nm thick

film. Post-deposition, the antenna undergoes a final cleaning process to eliminate residual
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chemicals or particulates, thereby preserving surface quality and electrical integrity. The

Cu feedline is then connected to the connector using the high-conductivity solder to en-

sure stable electrical interfacing. The completed device is mounted on a dielectric holder

to minimize external interference. Final inspection includes SEM imaging to verify the

fidelity of geometric alignment and deposition accuracy. This robust and reproducible

fabrication workflow ensures high-performance, application-ready THz antennas with ex-

cellent mechanical stability, optimized impedance matching, and integration compatibility

for advanced THz systems.

4.2.2 Characterization

To characterize the structure of our MCLPA, we employed a JEOL JSM-7200F SEM

with settings of 10.0 kV voltage and a 10 nA beam current. During the characterization

process, a Newport Oriel 67030 blackbody source was used, and an optical cutoff lens

was applied to filter frequencies, thereby minimizing spectral interference for the detailed

MCLPA analysis. The measurement equipment comprised a Keithley Model 6500 digital

multimeter and a LeCroy LT322 oscilloscope, which ensured precise data acquisition. The

experimental setup maintained a 10 cm distance between the MCLPA and the source

throughout the experiments.
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4.3 Results and Discussion

4.3.1 Design of MCLPA

Traditional Log-Periodic Antenna (LPA), as illustrated in Figure 4.1(a) and (b), are

composed of geometrically scaled elements that progressively decrease in size, enabling

stable gain and impedance characteristics across a broad frequency spectrum [150, 151].

Figure 4.1: (a) presentative implementation diagram of a log-periodic antenna in practical
applications. (b) Schematic diagram of linear log-periodic antenna configuration. (c)
Geometric parameters illustration of linear log-periodic antenna.

The broadband functionality of LPAs arises from a precisely defined logarithmic scaling

of element lengths and spacings, which ensures that each segment resonates within a specific

frequency range as shown in Figure 4.1(c). The element lengths progress from L1 to Ln,

with each contributing to the overall spectral coverage. This geometric progression is

quantitatively characterized by the scale factor τ [152]:

τ =
Ln+1

Ln

=
Rn+1

Rn

(4.1)

Here, τ is always less than 1, indicating a proportional decrease in the size and space of

successive elements [153]. Correspondingly, the operational wavelength λ associated with
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each antenna element adheres to a constant ratio [154]:

L1

λ1

=
L2

λ2

= · · · = Ln

λn

= C (4.2)

This ratio C relates the length of each element to its operational wavelength, ensuring that

each element remains resonant within its assigned frequency band [152]. Therefore, the

frequency progression across the antenna elements utilizes logarithmic properties can be

described by the relation [155]:

ln fn+1 − ln fn = ln
1

τ
(4.3)

This logarithmic decrement in frequency enhances the wideband characteristics of the

antenna, which is essential for the practical applications requiring robust and continuous

spectral coverage.

While conventional linear LPAs perform well over broad bandwidths, their adapta-

tion to the THz regime introduces considerable challenges. Designed primarily for lower-

frequency operation, these linear LPAs often require relatively large physical dimensions,

complicating their integration into miniaturized systems, which is a key requirement in

modern THz applications [156, 157]. Furthermore, maintaining high performance at THz

frequencies demands extreme precision in element spacing and alignment, significantly in-

creasing fabrication complexity and cost. These constraints limit the practical applicability

of traditional LPAs in scenarios that demand both compactness and economic scalability

[158, 159, 160]. To overcome these limitations, we introduce the MCLPA architecture that

reconfigures the conventional linear layout into a compact circular topology. This struc-

tural innovation preserves the essential broadband characteristics of the original design

while dramatically enhancing spatial efficiency and integration potential. As illustrated
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Figure 4.2: (a) Total width and total length comparison across linear and circular LPAs
with increasing elements. (b) Size variation in LPAs with increasing elements, proving
MCLPA’s compactness.

in Figure 4.2(a) and (b), a comparative analysis reveals that when the minimum element

lengths and the distance between the first two elements are aligned for both the linear

and circular configurations, the circular design results in a significantly more compact size.

Notably, for 20 elements, the linear LPA occupies nearly twice the area required by the

circular counterpart, clearly demonstrating the spatial advantage of the MCLPA. This

compact geometry not only reduces the physical dimensions but also enables seamless in-

tegration with state-of-the-art THz detectors, offering a practical solution to advance the

deployment of high-performance THz technologies in portable and embedded systems.

Although the MCLPA differs geometrically from conventional linear LPAs, it retains

the fundamental principles outlined in Equations 4.1, 4.2, and 4.3, comprising a sequence of

scaled radiating elements to achieve wideband functionality. As illustrated in Figure 4.3(a)

and (b), the proposed MCLPA architecture features a sophisticated design framework, de-

fined by a high-dimensional set of interdependent parameters. These include the number

of elements (n), the scale factor (τ), the element widths proportion (β = Wn

Rn−Rn+1
), and

a series of physical dimensions including lengths (L1, L2, . . . , Ln), radii (R1, R2, . . . , Rn),

widths (W1,W2, . . . ,Wn), as well as the angular parameters (α1, α2). While this intricate
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Figure 4.3: (a) Top view layout of circular log-periodic antenna, showing the total length
and total width (Lt, Wt), angles(α1, α2) and element lengths (L1-Ln). (b) Geometric
parameters of circular log-periodic antenna elements, detailing radii (R1-Rn) and elements
widths (W1-Wn).

configuration enables compact integration and broadband operation without compromising

electromagnetic performance, it also introduces substantial design complexity, rendering

conventional trial-and-error or manual tuning approaches less effective at THz frequen-

cies [161, 162]. Leveraging recent advances in algorithmic intelligence, this study applies

a customized ENN framework to address the complex design challenges associated with

the MCLPA. While conventional approaches such as genetic algorithms (GA) and parti-

cle swarm optimization (PSO) have been explored in antenna design, their application to

intricate THz MCLPA structures is hindered by substantial computational costs and slow

convergence, which primarily due to their reliance on extensive full-wave simulations in

high-dimensional, nonlinear parameter spaces [163, 164]. In contrast, the proposed ENN

framework combines surrogate modeling with evolutionary strategies, substantially accel-

erating the optimization process while dramatically reducing the number of simulation

evaluations required. This integrated approach enhances optimization efficiency, scalabil-

ity, and robustness, making it particularly well-suited for the design of sophisticated THz

MCLPA [165, 166, 167].
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4.3.2 Architectural of ENN

The ENN algorithm, illustrated in Fig.4.4, facilitates the optimization of the MCLPA

design through a dynamic and iterative evolutionary process. The optimization begins

with the generation of an initial population of 20 individuals, each encoding a unique con-

figuration defined by specific geometric parameters and performance characteristics of the

MCLPA. Subsequent optimization is governed by standard evolutionary operators includ-

ing crossover, mutation, performance evaluation, and selection. Crossover promotes the

exchange of favorable traits between high-performing designs to explore beneficial configu-

rations in the solution space, while mutation introduces controlled stochastic variations to

enhance diversity and prevent premature convergence to local optima. After performance

evaluation, the top 5 high-performing candidates are selected based on a predefined fitness

function. These elite individuals are retained directly, and new offspring are generated

by applying crossover and mutation operations on them to replenish the population back

to its original size of 20. This strategy ensures a balance between exploration and ex-

ploitation, maintaining diversity while preserving high-quality solutions. Following each

evolutionary iteration, all top-rated candidates are validated via high-fidelity COMSOL

simulations. The simulation results are then used to iteratively retrain the ENN model,

continuously refining its predictive accuracy and guiding the optimization process toward

globally optimal MCLPA designs.

The proposed ENN model adopts an efficient architecture consisting of five input neu-

rons n, τ , β and α1, α2, which define the fundamental geometric parameters of the MCLPA.

The corresponding element lengths, radii and widths can be subsequently calculated using

the scaling laws described in Equations 4.1 and 4.2. During the optimization of the pro-

posed MCLPA via the advanced ENN framework, a well-defined search space for the input
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Figure 4.4: Flowchart illustrating the ENN algorithm for antenna design: from initializa-
tion to optimal geometry selection.
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neurons was established to ensure convergence within practical manufacturing and oper-

ational constraints. Specifically, the number of elements n was restricted to the range

of 1-10 to maintain structural compactness. The scale factor τ was restricted to the

range of 0.7-0.95 to ensure the physically realizable progression of element dimensions.

The element widths proportion β was limited to values below 1, satisfying the condition

Wn ≤ Rn − Rn+1, which ensures appropriate spacing between adjacent elements. The

angular parameters α1 and α2 were confined within the range of 10 to 80 degree to pre-

serve a balanced angular distribution. Furthermore, the aggregate angular coverage was

constrained by the inequality 2θ1 + θ2 < π , ensuring that the antenna geometry remains

within a semi-circular domain. These carefully formulated search spaces guide the ENN’s

search trajectory, enabling the generation of high-performance MCLPA designs that are

not only electromagnetically efficient but also practically realizable.

The neural network architecture comprises two hidden layers containing 64 and 32

neurons, respectively. Each layer employs the Rectified Linear Unit (ReLU) activation

function, defined as f(x) = max(0, x). ReLU is chosen for its computational efficiency and

its effectiveness in alleviating vanishing gradient problems during training [168, 169]. To

enhance modularity and interpretability, the output layer is structured in two stages. The

first stage comprises four linear neurons that independently predict key performance indi-

cators, including gain, S11, Y-parameter, and Voltage Standing Wave Ratio (VSWR). The

second stage applies a fitness function F, which is formulated as a weighted combination

of the key performance indicators, expressed as [161]:

F =
n∑

i=1

wi ·Mi (4.4)

where wi denotes the weighting factor applied to the average value of the i-th performance
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metric Mi within the target frequency range. This fitness function serves as a comprehen-

sive metric for evaluating the performance and suitability of each MCLPA configuration,

guiding the evolutionary process by selecting high-fitness candidates for propagation in

subsequent generations. The weighting coefficients within the fitness function were empiri-

cally calibrated through iterative experimentation to achieve an optimal trade-off between

convergence efficiency and global optimization. These coefficients encode the relative pri-

orities of key design objectives, including gain, S11, Y-parameter, VSWR and n, thereby

guiding the optimization toward a compact and high-performance MCLPA configuration.

The final fitness function adopted in this study is defined as:

Fitness = Gain− 2× S11 − 100× |Y-parameter− 0.02| − 5× VSWR− 0.1× N2 (4.5)

Although fixed in the current implementation, the ENN framework offers considerable

flexibility and can be effectively extended to application-specific tasks by adjusting the

weight scheme and performance matrix.

Figure 4.5: Optimal geometric parameters of the MCLPA.

The integration of a multi-objective fitness function within the ENN framework substan-

tially enhances the optimization process by simultaneously assessing multiple performance

metrics. This advanced approach subsequently enables each top-rated candidate antenna
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configuration to undergo comprehensive performance evaluation and iterative refinement.

The optimization process continues for a minimum of 200 epochs and terminates early

if neither the fitness score nor the mean square error (MSE) loss shows significant im-

provement over twenty consecutive epochs. The optimal geometric outcomes of this robust

ENN-enhanced optimization process are detailed in Figure 4.5, demonstrating the ENN

algorithm’s high efficacy and robustness in tailoring geometric parameters of MCLPA. To

rigorously assess the performance of our antenna design methodology, we conducted a com-

parative analysis between the proposed ENN framework and a conventional deep neural

network (DNN) comprising four hidden layers.

Figure 4.6: Comparative analysis of ENN and DNN algorithms. (a) Progression of fitness
for ENN and DNN models over training epochs. (b) Comparison of the trends in training
and testing losses.

As depicted in Figure 4.6(a), the fitness evolution in 200 training epochs demonstrates

that the ENN achieves a steady and sustained improvement, ultimately surpassing the

DNN at epoch 119. In contrast, the DNN exhibits a sharp initial increase in fitness but

stagnates after epoch 75, indicating its susceptibility to premature convergence within

the high-dimensional and nonlinear optimization landscape characteristic of the MCLPA

design space. The training and testing loss trajectories for both models are presented in

Figure 4.6(b). In this context, the MSE loss function quantifies the deviation between
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the predicted and validated fitness values, guiding the model’s optimization process. Both

models exhibit decreasing training and testing loss, reflecting improved predictive accuracy

over time. However, the ENN demonstrates superior generalization, as evidenced by a

continued reduction in testing loss until epoch 157, whereas the DNN’s testing performance

plateaus after approximately 50 epochs. These findings underscore the ENN’s enhanced

capability in navigating complex multi-objective design constraints and achieving robust

optimization in THz antenna development.

Figure 4.7: (a) Optical imaging showing the scale representation of our MCLPA. (b) SEM
image revealing the precise microstructure of the MCLPA.

The practical realization of the proposed structure is illustrated in Figure 4.7(a), which

presents the fabricated MCLPA prototype developed using the ENN framework. With a

diameter near 5 mm, the antenna exhibits a highly compact form factor, demonstrating its

potential for seamless integration into portable and space-constrained THz platforms. The

SEM image in Figure 4.7(b) reveals the high-precision microfabrication of the antenna,

characterized by logarithmically scaled radiating elements extending radially from the cen-

ter. This finely structured geometry is instrumental in achieving broadband operation and

enhanced sensitivity, which are crucial for efficient THz radiation capture and transmission

in next-generation imaging, sensing, and communication systems.
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Figure 4.8 presents a comprehensive statistical analysis of the evolutionary performance

metrics over 200 training epochs for the ENN-optimized THz MCLPA. At each epoch, the

critical performance indicators of all 20 unique antenna configurations were evaluated and

recorded, including gain, S11, Y-parameter, VSWR, and the overall fitness score. The re-

sulting plots capture the distribution of these performance metrics across a total of 4000

evaluated MCLPA instances, with error bars representing standard deviations and cen-

tral markers indicating mean values. Collectively, this analysis offers a multidimensional

perspective on the influence of geometric parameters on antenna behavior across the THz

spectrum, and the evolution of fitness serves as a critical indicator of the overall perfor-

mance and adaptability of the MCLPA. As illustrated in the bottom row of Figure 4.8,

each subplot presents the relationship between the fitness score and specific geometric pa-

rameters, including the number of elements (n), the scale factor (τ), the element width

proportion (β), and the angular parameters (α1, α2). The fitness trajectory with respect

to n reveals a generally increasing trend, reaching its maximum at n = 8. This obser-

vation indicates a positive correlation between the number of radiating elements and the

antenna’s overall performance within our experimental domain. The widening distribution

of fitness values with increasing n further highlights the trade-off between performance

improvements and the compactness or fabrication complexity of the antenna. For τ , the

fitness response exhibits pronounced variability across the tested range, underscoring the

critical influence of inter-element scaling on antenna behavior. A gradual rise in average

fitness is observed up to around τ = 0.76, beyond which performance declines. Although

a partial recovery is noted after τ > 0.87, the fitness values remain significantly below

the earlier peak. Regarding β, the results reveal a generally increasing fitness trend with

larger element widths proportion. This suggests that broader elements improve the an-
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Figure 4.8: Comprehensive statistical analysis of MCLPA performance metrics aggregated
from 4,000 evaluated configurations. The plots illustrate the optimization dynamics of
geometric parameters across successive generations, demonstrating their impact on key
performance indicators including gain, S11, Y-parameter, and VSWR, as well as the re-
sulting composite fitness scores.
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tenna’s efficiency in capturing THz radiation. The fitness distribution for α1 reveals a

distinct peak at 10 degree and remains relatively stable till 47.5 degree, beyond which the

fitness values decline. This trend suggests that excessive α1 configurations may impair the

formation of efficient radiation patterns or degrade impedance matching. In contrast, the

response to α2 shows a global fitness maximum around 62 degree, with a high-performance

window between 60 and 70 degree. The broad spread in fitness values within this range

illustrates the antenna’s sensitivity to variations in α2, reflecting its critical role in me-

diating electromagnetic interactions among the elements. The fitness metric serves as a

comprehensive performance indicator, reinforcing the ENN’s effectiveness in optimizing

complex geometric parameters to achieve superior antenna functionality. The observed

correlations between fitness and individual parameters substantiate the algorithm’s capac-

ity to converge toward optimal configurations, confirming the results previously illustrated

in Figure 4.5. These findings underscore the ENN’s precision and reliability in designing

compact, broadband and high-performance antennas, marking a significant advancement

in automated, algorithm-driven design methodologies. The successful implementation of

this framework in the development of the MCLPA exemplifies a paradigm shift from con-

ventional approaches to intelligent optimization strategies in THz antenna engineering.

4.3.3 Performance characteristics

In antenna engineering, gain serves as a primary metric for characterizing the efficiency

of converting input power into radiated energy in a given direction. It is typically expressed

in decibels relative to an isotropic radiator (dBi) and is calculated using the following

relation [170]:

Gain = 10 log10

(
Pradiated

Pisotropic

)
(4.6)
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Where Pradiated represents the power radiated in a given direction and Pisotropic is the power

radiated by an isotropic source under the same conditions. A high gain indicates the

effectiveness and efficiency of the antenna in practical applications.

Scattering parameter (S-parameter) is a fundamental metric used to characterize the

reflection and transmission behavior of an antenna under incident excitation, typically

expressed in decibels (dB). Among these, S11 is the most widely analyzed, quantifying the

proportion of input power that is reflected back from the antenna. It is defined as [171]:

S11,dB = 10 log10

(
Preflected

Pinput

)
(4.7)

A lower S11 value indicates better impedance matching and minimal reflection, which are

essential for efficient power transfer and optimal antenna performance in high-frequency

communication systems.

The Y-parameter characterizes the admittance of an antenna, quantifying the ease with

which current flows in response to an applied voltage and is expressed in siemens (S). It is

mathematically defined as [172]:

Y =
1

Z
=

1

R + jX
(4.8)

where R andX represent the resistive and reactive components of the antenna’s impedance,

respectively. In high-frequency communication systems, precise impedance matching be-

tween the antenna and transmission line is critical to minimize signal reflections and ensure

efficient power delivery. The proposed design targets a Y-parameter around 0.02 S, indica-

tive of effective impedance matching and stable operational performance across the THz

band.
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The Voltage Standing Wave Ratio (VSWR) quantifies impedance matching efficiency by

measuring the ratio of the maximum to minimum voltage along a transmission line, arising

from the superposition of incident and reflected waves. It is mathematically expressed as

[173]:

VSWR =
1 + |Γ|
1− |Γ|

(4.9)

where |Γ| denotes the magnitude of the reflection coefficient, defined as Γ = ZL−Z0

ZL+Z0
. Here,

ZL represents the load impedance of the antenna and Z0 is the characteristic impedance of

the transmission line. Maintaining a low VSWR is critical for optimizing signal integrity

and transmission efficiency in THz systems, directly contributing to enhanced detection

sensitivity and system reliability across diverse application environments.

To validate the structural robustness and material adaptability of the proposed MCLPA,

we systematically evaluated its performance using two conventional antenna materials:

copper (Cu) and aluminum (Al). A comprehensive comparative analysis was conducted

throughout the characterization process as demonstrated in Figure 4.9 and Figure 4.10. In

addition, we performed an extended tolerance analysis to assess the antenna’s resilience

to material property variations and fabrication imperfections. This included ±10% devia-

tions in the conductivity of Cu and Al, ±10% changes in substrate permittivity, and ±10%

geometric scaling of the MCLPA structure. The results reveal that while material and fab-

rication tolerances tend to have a more pronounced negative effect at higher frequencies,

the MCLPA consistently maintains stable and reliable performance across the 0.1-0.6 THz

range, indicating its robustness for practical implementation.

Figure 4.9(a) illustrates the frequency-dependent peak gain of the Cu- and Al-based

MCLPAs across the 0.1-0.6 THz range. Both variants exhibit similar gain trends over the

spectrum, with the Cu-based configuration consistently achieving slightly higher peak val-
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Figure 4.9: (a) Peak gain of our MCLPA in the frequency range 0.1-0.6 THz. (b) S11

response across the target THz frequency spectrum.

ues. Notably, the Cu implementation attains a maximum gain of approximately 5.51 dBi

at 0.5 THz, indicating its superior radiative efficiency. Figure 4.9(b) presents the corre-

sponding S11 performance. For both materials implementations, S11 consistantly remains

below -7.53 dB across the target THz band, indicating strong impedance matching. The

Cu-based MCLPA demonstrates particularly strong performance, with S11 values main-

tained below -10 dB from 0.135 to 0.507 THz, signifying a wide operational bandwidth.

Notably, a peak S11 of -13.68 dB is achieved, corresponding to 95.7% of the incident power

being efficiently coupled into the antenna. These results highlight the MCLPA’s excellent

broadband impedance characteristics and confirm its suitability for high-efficiency THz

applications.

Figure 4.10(a) displays the real part of the Y-parameter across the 0.1-0.6 THz fre-

quency range. For the Cu-based MCLPA, the Y-parameter remains within 0.0165 to 0.0283

S, while for Al, it ranges from 0.0157 to 0.0260 S. On average, both configurations exhibit

Y-parameter values centered around 0.02 S throughout the operational bandwidth. This

stable input admittance is critical for consistent energy absorption and minimal transmis-

sion loss, thereby enhancing overall antenna efficiency across the target spectrum. Figure
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Figure 4.10: (a) Y-parameter frequency response over the target THz range. (b) VSWR
profile over the target THz frequency range.

4.10(b) presents the practical VSWR observed during operation, which remains consistently

around a value of 2. This stable impedance matching behavior reinforces the performance

trends indicated by the S11 results. The minor deviation between the trends of S11 and

VSWR arises from differences in their measurement perspectives, where S11 characterizes

reflection at the port level, while VSWR represents impedance mismatches observed along

the physical transmission line.

Figure 4.11 details the radiation patterns of the Cu-based MCLPA in both the E-plane

and H-plane across six representative frequencies within the 0.1-0.6 THz range. While

certain deviations from ideal pattern symmetry are observed particularly at higher fre-

quencies, these variations are typical characteristics of broadband log-periodic structures,

where multiple resonant elements contribute concurrently to the radiation. Despite this

complexity, the antenna maintains a well-defined main lobe between 0.1 and 0.6 THz,

with steady angular directivity and moderate side lobe levels. Notably, the gain remains

consistently strong across the band, demonstrating the proposed design’s robustness and

applicability for high-resolution THz detecting systems that demand wideband operation.

Across the full 0.1-0.6 THz frequency range, the performance disparity between Cu-
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Figure 4.11: Comparative radiation patterns of THz antenna across 0.1 to 0.6 THz: E-
plane and H-plane performance analysis.

based and Al-based MCLPAs remains minimal, verifying the structural robustness and

material tolerance of the proposed design. This consistency affirms the antenna’s reliabil-

ity across commonly used THz conductor materials, ensuring broad applicability in diverse

fabrication scenarios where material availability or compatibility may vary. Notably, the

antenna maintains excellent impedance matching, stable admittance characteristics, and

efficient signal transmission throughout the wide THz spectrum, these capabilities are a

direct outcome of the advanced ENN-driven optimization framework, which enables precise

tuning of complex geometric parameters to maximize electromagnetic efficiency. Collec-

tively, the results position the proposed MCLPA as a broadband, high-performance, scal-

able solution for next-generation THz applications, exemplifying the practical and technical

advantages of our ENN-driven antenna design strategy.

Following thorough evaluations, the novel MCLPA device, optimized using the ad-

vanced ENN algorithm, was fabricated for practical validation and testing. Figure 4.12(a)

presents a schematic of the THz signal detection process, and Figure 4.12(b) details the
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Figure 4.12: (a) Block diagram of the testing experimental setup. (b) Experimental
Setup for THz Antenna Performance Evaluation: From THz Radiation Source to Read-
Out System.
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experimental setup, featuring meticulously arranged components applied to ensure precise

THz signal capture and analyze. THz radiation was generated using a Newport Oriel 67030

blackbody source, with a radiation filter carefully positioned within the optical path to en-

sure that only radiation within the target spectrum range was received by the MCLPA. The

MP-285 stage system facilitated precise positioning and angular adjustments of the device

under tests, optimizing alignment with the THz radiation for accurate measurements. The

MCLPA converts incident THz radiation into electrical signals, which are then transmitted

to measurement devices including a Keithley 6500 multimeter and a LeCroy LT322 oscillo-

scope. On the other hand, to facilitate real-time detection and ensure precise time-domain

analysis, weak electrical signals are initially amplified using our specially customized Low

Noise Amplifier (LNA) for this MCLPA. The amplifier boosts signal amplitudes and re-

duces interference, incorporating a bandpass filter to minimize noise, thereby enhancing

the clarity and quality of the detected signals. Subsequently, these enhanced signals are

digitized via an ADC system, operated through an Arduino microcontroller. This digitiza-

tion enables real-time signal processing and supports precise data collection and analysis,

which are essential for evaluating and validating the antenna’s performance.

Figure 4.13(a) displays the current-voltage (I-V) characteristics for the THz MCLPA

fabricated from both Cu and Al. The linear I-V response from both materials confirms their

ohmic behavior and excellent impedance matching. The Cu-based antenna shows a steeper

I-V response than the Al-based antenna, indicating better electrical performance for THz

applications. Figure 4.13(b) displays the voltage response of Cu and Al-based MCLPAs

as a function of the THz radiation source temperature, ranging from 400°C to 900°C. The

data demonstrates a distinct positive correlation between the source temperature and the

voltage output for both materials. The Cu-based antenna consistently generates higher

voltage outputs, with its voltage increasing from 7.86 µV to 13.90 µV as the radiation

94



Figure 4.13: (a) Current-Voltage characteristics of our MCLPA. (b) Voltage response to
increasing radiation source temperature.

source temperature rises. In contrast, the Al-based antenna exhibits a relatively slower

voltage increase, peaking at approximately 11.37 µV. These results illustrate the typical

response of THz radiation detection systems, where higher temperatures enhance radiation

intensity, thereby boosting signal output.

Figure 4.14(a) illustrates the variation in SNR as a function of radiation temperature

for our MCLPA. Both materials show a steady improvement in SNR with increasing source

temperature, indicative of the antennas’ effective design and performance. The Cu MCLPA

demonstrates a notable SNR increase from 10.65 dB to 13.91 dB as radiation temperatures

rise from 400°C to 900°C, and the Al MCLPA exhibits a growth from 10.25 dB to 12.88

dB in the same temperature range. The consistent growth in SNR across the tempera-

ture spectrum correlates with the increased intensity of THz radiation from the blackbody

source, suggesting a stronger signal contribution relative to background noise as the source

temperature rises. Figure 4.14(b) illustrates the directional detection performance of the

fabricated MCLPAs under obliquely incident THz radiation. In the experimental setup, the

antenna was initially positioned at a 30° angle relative to the incident wave and mounted

on a high-precision rotational stage. Voltage outputs were systematically measured at
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Figure 4.14: (a) SNR as a function of radiation source temperature. (b) Incidence radia-
tion angular dependence of output voltage for MCLPA.

60° rotational increments to evaluate angular sensitivity. Despite observable variations

across different orientations, the MCLPA exhibits consistently strong detection capabil-

ity, with the Cu-based prototype delivering higher and more stable signal output. This

responsiveness indicates the antenna’s robustness and adaptability, suggesting its poten-

tial for integration in practical THz imaging and communication platforms where dynamic

angle-of-incidence performance is critical.

The results described in Figure 4.15(a) capture the time-domain response of the MCLPA

to cyclic THz radiation exposure, effectively simulating on and off states. Using the MP-

285 stage system, the MCLPAs were periodically positioned within and removed from the

path of the radiation beam. The captured THz signals were amplified, digitalized and then

recorded for detailed analysis. The experimental data reveals a rapid rise in output voltage

for both materials upon radiation exposure, with the Cu-based MCLPA reaching a peak

of approximately 14.46 mV and the Al-based counterpart peaking at 12.03 mV. After the

radiation source was turned off, the voltage levels for both quickly dropped to nearly zero.

These results reveal the MCLPA’s robust time-domain response and reliability, indicating

its applicability in dynamic THz environments like real-time detection. Additionally, all
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Figure 4.15: (a) Time-domain voltage response under periodic THz radiation exposure.
(b) Peak directivity and radiation efficiency of the MCLPA over 0.1-0.6 THz.

the above comparative results between Cu and Al-based MCLPA indicate the potential for

material optimization in THz antenna design. This reveals a promising direction for further

enhancements in MCLPA performance, warranting detailed exploration in future studies.

Figure 4.15(b) illustrates the MCLPA’s performance across the target frequency range, with

a peak directivity of 5.27 dBi at 0.3 THz, supporting THz detection in practical scenarios

with multidirectional incident radiation. Alongside, the radiation efficiency achieves an

exceptional average of 69.75% across the target frequency spectrum, with peaks reaching

as high as 82.39%. This impressive efficiency underscores the innovative antenna design

and the advanced optimization process, which refine energy utilization and enhance power

transfer in our MCLPA.

4.3.4 Array configuration

By configuring the proposed MCLPA into an array architecture, we achieved a sub-

stantial enhancement in its peak gain and directivity. As shown in Figure 4.16(a), the

E-plane radiation pattern of the 8×8 MCLPA array at 0.3 THz demonstrates the superior

performance of our advanced MCLPA array. In this array configuration, each MCLPA is
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Figure 4.16: (a) Radiation patterns in E-Plane for the 8x8 MCLPA array configuration.
(b) S11 and Y-parameter spectrum of the 8x8 MCLPA array configuration.

uniformly spaced by half the wavelength in both horizontal and vertical directions, forming

a rectangular lattice. This layout represents a well-established compromise that effectively

minimizes mutual coupling and suppresses sidelobes, as evidenced by the well-formed ar-

ray radiation pattern and a main-to-side lobe ratio exceeding 11 dBi. Compared to the

single-element MCLPA, the array demonstrates significantly enhanced angular selectivity

and directional response, with a peak gain of 17.1 dBi attributed to the coherent radiation

of multiple elements. This strategic-arranged MCLPA array also yields a well-formed ra-

diation pattern with dual-lobe coverage, delivering an optimal balance of gain, directivity,

and angular symmetry across a wide field. Figure 4.16(b) presents the analysis of the S11

and Y-parameter for an individual MCLPA element within the 8×8 array configuration

across the 0.1-0.6 THz frequency range. The S11 remains consistently below -10 dB across

a wide spectral range with pronounced minima surpassing -15 dB at multiple frequen-

cies, indicating strong impedance matching and minimal reflection. Simultaneously, the

Y-parameter maintains an average value near 0.02 S despite several fluctuations, reflecting

stable input admittance and effective power coupling. The close alignment of low S11,

stable admittance values, and a well-formed array radiation pattern confirms that array

integration does not introduce significant mutual coupling or impedance mismatch. These
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Table 4.1: Performance comparison of state-of-the-art THz antennas.

Antenna Type f (THz) Bandwidth
(GHz)

Gain
(dBi)

S11 (dB) Efficiency
(%)

Ref.

Slotted Antenna 0.12 4.42 7.36 –42.41 99.75 [174]
Patch Antenna 0.76 31.00 3.71 –40.00 N/A [143]
Slotted Patch Antenna 0.70 26.40 5.24 –50.95 N/A [175]
Patch Antenna 0.68–

0.70
24.00 6.79 –64.16 N/A [142]

On-chip Antenna 0.36–
0.59

229.00 4.00 N/A 93.00 [176]

Waveguide Antenna 0.61–
0.68

70.00 13.05 –62.00 N/A [177]

Microstrip Array 0.10 2.20 15.70 –26.04 52.00 [147]
Our work 0.14–

0.51
372.00 5.51 –13.68 82.39 –

results affirm that the proposed array configuration preserves the intrinsic impedance char-

acteristics of individual antenna elements while enhancing array-level performance in terms

of gain and directionality. The broadband impedance integrity retained in the array fur-

ther validates the effectiveness and robustness of the ENN-guided optimization strategy

for both standalone and arrayed THz antenna systems.

Compared to previously reported state-of-the-art THz antenna architectures, the pro-

posed MCLPA demonstrates a substantially broader operational bandwidth while main-

taining strong gain performance and excellent impedance matching, underscoring its tech-

nical significance and practical applicability in advanced THz systems. As shown in Table

4.1, conventional THz antennas based on patch, slotted, and waveguide designs typically

achieve bandwidths ranging from 4.42 to 229 GHz, often constrained by limited spec-

tral coverage or elevated reflection losses. In contrast, our antenna achieves an expanded

bandwidth of 372 GHz (0.135-0.507 THz), representing a notable advance in fractional
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bandwidth among miniaturized THz antenna designs. This broad spectral range is re-

alized alongside a peak gain of 5.51 dBi, an optimal S11 of -13.68 dB, and the highest

radiation efficiency of 82.39% across the operational band, demonstrating superior and

well-balanced performance in the miniaturized THz antenna domain.

These integrated performance advantages are realized through the synergistic combi-

nation of compact structural innovation and intelligent algorithmic optimization, demon-

strating the effectiveness of the ENN framework in refining antenna functionality, accel-

erating the design cycle, and reducing computational cost. The resulting MCLPA not

only ensures robustness and consistency across the target frequency band but also exhibits

exceptional suitability for advanced THz applications, including high-resolution imaging,

ultrafast wireless communications, and precision detection systems. The novelty and effi-

cacy of the proposed design methodology establish a transformative foundation for scalable

THz antenna technologies, positioning our MCLPA as a leading solution in the evolving

landscape of broadband, high-performance THz systems.

4.4 Chapter Summary

This work presents a novel Micro Circular Log-Periodic Antenna (MCLPA), systemati-

cally optimized using an advanced Evolutionary Neural Network (ENN) framework, mark-

ing a significant advancement in the field of THz engineering. This novel methodology not

only accelerates the antenna design process but also ensures robust and high-performance

outcomes.

Extensive experimental validation demonstrates that the ENN-guided MCLPA achieves

an exceptional balance of ultra-compact form factor, wideband operation, and superior

performance. The close agreement between measured and simulated results validates the
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reliability and predictive accuracy of the proposed design approach. Notably, the antenna

achieves an remarkable 372 GHz bandwidth (0.135-0.507 THz) alongside a peak gain of

5.51 dBi, the optimal S11 of -13.68 dB, and maximum radiation efficiency of 82.39% across

the operational band, establish a benchmark for miniaturized THz antennas with broad

bandwidth. Further performance evaluations, including radiation radiation-dependent elec-

trical responses, signal-to-noise ratio analysis and the time-domain response confirm the

antenna’s high sensitivity and stable performance in real-world THz detection scenarios.

Time-domain measurements also reveal rapid and reliable signal acquisition, reinforcing its

suitability for advanced sensing and imaging applications. Comparative studies involving

Cu- and Al-based prototypes underscore the design’s robustness and material adaptability,

while the implementation of an 8×8 antenna array significantly enhances gain and directiv-

ity. These findings collectively establish the proposed ENN-optimized MCLPA as a highly

scalable and efficient solution for next-generation THz systems, offering transformative

potential in accurate THz detection.

Looking ahead, our research will focus on further refining the ENN framework to ac-

celerate convergence and enhance precision of the optimization, thereby enabling broader

adaptability across diverse design tasks. We also aim to seamlessly integrate the MCLPA

with state-of-the-art THz detectors to establish a unified, high-efficiency platform for real-

time detection and imaging. Furthermore, recognizing the influence of material-dependent

properties, we will explore the use of advanced nanomaterials for micro-scale MCLPA fabri-

cation. These materials are anticipated to unlock new regimes of sensitivity and operational

efficiency, driving the development of intelligent, high-performance THz systems.

Overall, this work not only delivers a high-efficient antenna design paradigm for THz

applications, but also exemplifies the transformative robustness and precision of integrating

advanced algorithm in the sophisticated, multifunctional and customizable THz antenna
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design. This synergistic methodology establishes a reliable and generalizable foundation

for development in next-generation THz detection, imaging, and wireless communication

systems.
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Chapter 5

Summary and Future Work

5.1 Principle Contributions

This thesis presents a series of original contributions to THz detection systems, with

focuses on structural innovation, methodological advancement, performance enhancement,

and expanded application potentials. The key contributions are summarized as follows:

Critical reviews and forward-looking design proposals for THz detection tech-

nologies

This study presents comprehensive and systematic reviews of existing THz detection

mechanisms, with a particular emphasis on bolometers and antenna. The analysis offers

critical evaluations of key performance trade-offs, including sensitivity, response time, fab-

rication complexity, and scalability. Building on these insights, the work proposes strategic

directions for future development, focusing on advancements in device architecture, innova-

tive material selection, and system-level integration. Special attention is given to emerging
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biomedical applications, thereby establishing a solid foundation for the design and imple-

mentation of next-generation THz detection systems.

Novel microbolometer design for enhanced THz detection

A novel microbolometer was conceived and realized, demonstrating a substantial ad-

vancement in terahertz detection technology. The innovation lies in the integration of

structural engineering with material-level design, offering a significant step forward toward

scalable, high-performance THz detection systems. The device exhibits markedly enhanced

accuracy, sensitivity, and response speed, achieved through the systematic optimization of

the thermal isolation architecture, radiation absorbing configuration, and material selec-

tion. This novel design not only enables efficient THz detection under practical conditions

but also establishes a new framework for future microbolometer development.

Pioneering use of graphene in microbolometer development

This research represents the first successful integration of graphene into the microbolome-

ter design process, marking a significant advancement in THz detection performance. The

incorporation of this atomically thin material introduces superior thermal sensitivity and

substantially improves THz absorption efficiency, thereby overcoming fundamental limita-

tions of conventional designs. By demonstrating the feasibility and advantages of graphene-

based THz detection elements, this work establishes a critical foundation and offers a new

strategy for the development of next-generation THz detection systems.

Realization of the advanced microbolometer-based THz imaging system

An integrated THz imaging system incorporating the developed microbolometer was

successfully designed and implemented, demonstrating the transition from device-level in-
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novation to system-level functionality. This platform provides a robust proof of concept for

the practical deployment of THz imaging, with particular relevance to biomedical diagnos-

tics. By enabling fast, sensitive and safe real-time detection, the system forms an essential

platform that significantly advances the potential of THz imaging in practical clinical and

scientific applications.

Standardized design methodology for circular log-periodic antennas

The geometric configuration and design methodology of the MCLPA for THz detection

were systematically formalized. A unified framework was developed to define key geometric

parameters and spatial distribution principles, enabling both reproducibility and scalability

in antenna design. This standardization not only ensures consistent performance but also

provides a robust foundation for broadband THz applications, significantly improving the

practicality and reliability of antenna technology in THz domain.

Development of an innovative antenna optimization algorithm

An innovative algorithmic framework was developed that integrates evolutionary strate-

gies with neural network architectures to accelerate antenna optimization. This approach

markedly improves design efficiency by enabling intelligent, data-driven exploration of the

antenna parameter space, while simultaneously reducing computational overhead and fab-

rication costs. Beyond streamlining the development process, the algorithm establishes

a powerful framework for broadband THz antenna design, offering a scalable and cost-

effective pathway toward advanced high-performance detection systems.

Establishment of a flexible and tunable paradigm for hardware design

A flexible and generalizable evolutionary ENN paradigm was established to address a
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broad range of hardware design and optimization tasks, demonstrating particular effec-

tiveness in complex design scenarios. This robust paradigm allows for multi-parameter

and multi-objective optimization, enabling the simultaneous consideration of diverse per-

formance characteristics and physical constraints. This paradigm’s tunability and adapt-

ability across diverse hardware systems illustrate its technical versatility, and establish it

as a transformative methodology for hardware design. By providing this intelligent, scal-

able, and adaptive methodology, this paradigm advances the development of sophisticated

devices and lays the groundwork for cutting-edge hardware innovation.

5.2 Future Wrok

5.2.1 Integration of the microbolometer and the antenna

One of the most promising directions for future work lies in the full integration of the

microbolometer with the log-periodic antenna, aimed at developing a compact and high-

performance THz detection system. While the current research has successfully optimized

both the antenna structure and microbolometer design, the experimental validation has

primarily focused on the individual performance of each component. Achieving effective

coupling between the antenna and the microbolometer is critical for maximizing THz ab-

sorption, minimizing signal loss, and ensuring high spatial and spectral resolution. Future

efforts should concentrate on the co-design and co-fabrication of the microbolometer and

antenna on a shared substrate, taking into account the impedance matching, thermal iso-

lation, and material compatibility between the two components. Moreover, the antenna

geometry may need to be fine-tuned further to ensure optimal field confinement at the sens-

ing region of the microbolometer, especially in light of its physical footprint and thermal
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time constant.

From a fabrication standpoint, challenges such as precise alignment, layer thickness con-

trol, and thermal cross-talk suppression must be addressed through high-resolution lithog-

raphy and robust thermal isolation strategies. For instance, incorporating low-thermal-

conductivity materials or further optimizing micro-bridge architectures can improve the

detector’s responsivity and Noise Equivalent Power (NEP). On the system level, the in-

tegration should support scalable array configurations, enabling multi-pixel THz imaging

with sufficient uniformity and reduced inter-pixel interference. The integration must also

consider readout circuitry design, possibly leveraging CMOS-compatible processes, to fa-

cilitate real-time signal acquisition and data processing.

Finally, a fully integrated antenna-microbolometer system would enable the demon-

stration of real-world biomedical or security imaging applications, which is essential for

transitioning from device-level research to application-oriented prototypes. By completing

this integration, the proposed THz detection systems can achieve a new level of minia-

turization, functional synergy, and field applicability, paving the way for high-resolution,

non-invasive, and real-time THz detection in biomedical diagnostics and beyond.

5.2.2 Development of differential microbolometer system

An important direction for future development in THz detection involves the implemen-

tation and refinement of differential microbolometer systems. Traditional single-ended mi-

crobolometer readout configurations are often vulnerable to common-mode noise, baseline

drift, and parasitic interference, all of which compromise signal fidelity and detection sen-

sitivity, especially in low-signal or high-noise environments. To address these limitations,

we propose the advancement of a differential readout architecture specifically optimized for
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Figure 5.1: Differential Microbolometer System

THz microbolometers. As illustrated in Fig. 5.1, this system features a carefully designed

differential network, incorporating a series of band-pass filtering stages, low-noise oper-

ational amplifiers, and matched resistive-capacitive components to achieve robust signal

conditioning.

The circuit leverages several strategic advantages: differential signal acquisition en-

sures effective rejection of common-mode disturbances and environmental electromagnetic

interference; active highpass filters isolate the frequency range of interest, thereby sup-

pressing out-of-band noise and enhancing spectral resolution; and high-precision amplifi-

cation stages improve overall signal detectability without introducing significant distortion

or phase lag. Moreover, the modular configuration of the system supports scalability and

adaptability, enabling it to accommodate array-based sensing layouts or application-specific

tuning. This makes it particularly well-suited for biomedical imaging scenarios where sub-
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tle variations in thermal or dielectric properties must be resolved with high fidelity.

Experimental validation has shown that this differential system achieves a significant

reduction in both input-referred and output noise power, leading to improved SNR across

the operating bandwidth. Notably, the design maintains linearity and gain stability un-

der dynamic load conditions, demonstrating its potential as a high-performance readout

solution for next-generation THz microbolometer systems. Continued refinement of this

architecture through detector-circuit matching, precision layout, and low-power integration

will be a key focus of future work, aiming at further improving sensitivity, noise control,

and system integration for compact, real-time THz detection systems.

5.2.3 Utilization of Advanced Materials

Future research on THz detection system will place increasing emphasis on the strate-

gic selection and engineering of materials to enhance the system’s electromagnetic per-

formance, mechanical reliability, and application versatility. As summarized and demon-

strated in Table 5.1, while conventional detection systems are typically fabricated using

metals such as copper or aluminum due to their excellent conductivity, emerging demands

particularly in practical applications necessitate advanced materials that can offer im-

proved performance in miniaturized or flexible platforms. Novel conductive materials such

as nanomaterials and superconducting materials are being explored for their high-frequency

response and compatibility with flexible substrates [178, 179, 180]. These materials allow

for the development of THz detection system that can be integrated into wearable devices

or embedded in non-planar surfaces. Additionally, dielectric substrates play a crucial role

in influencing the impedance, bandwidth, efficiency, and structural integrity of the THz

detection system. Future work will investigate high-performance dielectric materials with
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Table 5.1: Advantages and Disadvantages of Materials in THz Detection

Material Advantages Disadvantages

Metal Excellent electrical conductivity,
Good mechanical stability, Effec-
tive thermal response

Higher noise levels, Sensitive to
temperature fluctuations, Higher
fabrication costs

Metal Oxide High sensitivity, Good thermal
stability, Strong environmental
stability

Complex fabrication processes,
Potential long-term stability is-
sues, Slower response times

Semiconductor Adjustable electronic properties,
High temperature sensitivity,
Wide bandgap features

Affected by temperature vari-
ations, Higher manufacturing
costs, Reliability depends on
material quality

Metal Silicide High responsivity to infrared,
Good thermal stability, High
temperature tolerance

High production complexity,
Higher cost, Sensitivity to impu-
rities

Nanomaterial Extremely high surface area to
volume ratio, Exceptional electri-
cal properties, High sensitivity

Complex preparation techniques,
Challenges in large-scale manu-
facturing, Stability and unifor-
mity issues

Superconducting
Material

Very low noise levels, High sensi-
tivity, Low energy consumption

Requires very low operating tem-
peratures, High cooling costs,
Technological complexity
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low loss tangents and tailored permittivity profiles to optimize electromagnetic wave prop-

agation while maintaining mechanical stability [181]. These innovations are particularly

significant in scenarios requiring multi-band or adaptive operation. In addition, the com-

patibility of advanced materials with scalable and cost-effective fabrication processes such

as inkjet printing, screen printing, or laser-assisted patterning will be a key consideration

in future investigations [182, 183]. Overall, a materials-centric approach is expected to not

only overcome current limitations in size, flexibility, and frequency response, but also en-

able the next generation of high-performance THz detection system tailored for compact,

wearable, and multifunctional electromagnetic systems.

5.2.4 Prospective developments in AI-driven devices design

Building on the successful development and implementation of the ENN algorithm for

THz antenna optimization, several promising research directions are proposed to further

advance this work. Future efforts will concentrate on enhancing the algorithm’s capabilities,

broadening the optimization scope, and extending its applicability to a wider range of high-

performance micro- and nanoscale devices.

One key area of development involves expanding the input parameter space. In addition

to core geometric and configuration variables, future models will incorporate material prop-

erties, fabrication tolerances, and environmental factors such as temperature and humidity.

This expanded parameter set will enable more comprehensive optimization strategies that

account for practical design constraints and real-world operating conditions. Equally im-

portant is the diversification of output performance metrics. Beyond conventional indica-

tors such as gain, S11 , Y-parameters, and VSWR, subsequent work will include additional

criteria such as radiation efficiency, cross-polarization levels, sidelobe suppression, thermal
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stability, and mechanical robustness. Integrating these metrics will facilitate the generation

of designs optimized across a multidimensional performance space.

To further improve algorithmic performance, future work will incorporate enhancements

such as adaptive learning rates, dynamic mutation strategies, parallel computing, and

reinforcement learning frameworks. These improvements aim to accelerate convergence,

increase prediction accuracy, and efficiently navigate complex, high-dimensional search

spaces. Finally, the ENN-based methodology will be extended beyond antenna design to

encompass other functional components, including resonators, modulators, photodetectors,

and metamaterials. This expanded scope will enable innovations in emerging fields such

as integrated photonics, flexible electronics, and quantum technologies.

Collectively, these research directions establish a forward-looking framework for intel-

ligent, adaptive device design, reinforcing the transformative potential of AI-driven opti-

mization in THz systems and beyond.

5.2.5 Potential Applications

A vital direction for future research lies in the comprehensive development of a func-

tional THz detection and imaging system tailored for practical applications. While sig-

nificant progress has been made in individual component optimization, the translation of

these advancements into a cohesive, real-world platform remains a critical challenge. Future

work will focus on system-level design considerations including source-detector alignment,

detection path configuration, scanning mechanics, and data acquisition synchronization to

enable precise and repeatable detection and image reconstruction. These efforts must bal-

ance resolution, imaging speed, and system compactness to meet the stringent requirements

of practical environments.
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Particular attention will be given to biomedical scenarios where THz imaging offers

unique advantages over traditional modalities, such as high contrast in water-content dif-

ferentiation and non-ionizing operation. Examples include non-invasive skin cancer di-

agnostics, intraoperative margin assessment, early-stage dental caries identification, and

corneal hydration evaluation. To support these applications, the system must incorporate

adaptive calibration algorithms, noise mitigation techniques, and real-time image process-

ing modules capable of enhancing contrast and suppressing artifacts. The integration of

flexible, wearable THz sensor arrays with conformal geometries may also be explored to

expand diagnostic capabilities beyond stationary platforms, enabling applications in con-

tinuous monitoring and point-of-care diagnostics.

Another critical direction for future work lies in the NDT. Potential applications in-

clude defect detection in composite materials, quality control in manufacturing, and the

assessment of cultural heritage artifacts without causing physical damage. Future research

should focus on improving system sensitivity, imaging speed, and penetration depth, as well

as developing robust algorithms for defect recognition and quantitative analysis. These ad-

vancements would significantly enhance the practicality of THz-based NDT and establish

it as a powerful complementary tool alongside conventional inspection methods.

Finally, an important application direction for future THz research lies in its poten-

tial contribution to 6G communication systems, particularly in supporting the Internet

of Things (IoT). The high data rates and broad bandwidth of the THz spectrum provide

promising pathway to mitigate capacity and latency limitations in existing communica-

tion, enabling large-scale device connectivity and real-time data exchange. Future work

should focus on the development of energy-efficient THz detection systems, and scalable

architectures tailored to heterogeneous device requirements.
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