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Abstract

Terahertz (THz) radiation (0.1–10 THz) has demonstrated great significance in a wide range
of interdisciplinary applications due to its unique properties such as the capacity to penetrate
optically opaque materials without ionizing effect, superior spatial resolution as compared to
the microwave domain for imaging or ability to identify a vast array of molecules using THz
fingerprinting. Advancements in generation and detection techniques, as well as the necessities
of application-driven research and industry, have created a substantial demand for THz-range
devices and components. However, progress in the development of THz components is hampered
by a lack of efficient and affordable characterization systems, resulting in limited development
in THz science and technology.

Vector Network Analyzers (VNAs) are highly sophisticated well-established characteriza-
tion instruments in the microwave bands, which are now employed in the lower end of the THz
spectrum (up to 1.5 THz) using frequency extender modules. These modules are extremely
expensive, and due to the implementation of hollow metallic waveguides for their configura-
tion, they are narrowband, requiring at least six modules to achieve a frequency coverage of
0.2–1.5 THz. Moreover, they are susceptible to problems like material losses, manufacturing
and alignment tolerances etc., making them less than ideal for fast, broadband investigation.
The main objective of this thesis is to design a robust but cost-effective characterization system
based on a photonic method that can characterize THz components up to several THz in a
single configuration.

To achieve this, we design architectures for the Photonic Vector Network Analyzer (PVNA)
concept, incorporating ErAs:In(Al)GaAs-based photoconductive sources and ErAs:InGaAs-
based photoconductive receivers, driven with a femtosecond pulsed laser operating at 1550 nm.
The broadband photonic devices replace narrowband electronic ones in order to record the
Scattering (S)-parameters in a free space configuration. Corresponding calibration and data
evaluation methods are also developed. Then the PVNAs are configured, and their capabilities
are validated by characterizing various THz components, including a THz isolator, a Distributed
Bragg Reflector, a Split-Ring Resonator array and a Crossed-Dipole Resonator (CDR) array,
in terms of their S-parameters. The PVNAs are also implemented to determine the complex
refractive index or dielectric permittivity and physical thickness of several materials in the THz
range. Finally, we develop an ErAs:In(Al)GaAs-based THz transceiver and implement it in a
PVNA configuration, resulting in a more compact setup that is useful for industrial applications.
The feasibility of such systems is also verified by characterizing several THz components.

The configured systems achieve a bandwidth of more than 2.5 THz, exceeding the maximum
attainable frequency of the commercial Electronic Vector Network Analyzer (EVNA) extender
modules. For the 1.1-1.5 THz band, the dynamic range of 47-35 dB (Equivalent Noise Band-
width (ENBW) = 9.196 Hz) achieved with the PVNA is comparable to the dynamic range of
45-25 dB (ENBW = 10 Hz) of the EVNA. Both amplitude and phase of the S-parameters,
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determined by the configured PVNAs, are compared with simulations or theoretical models
and showed excellent agreement. The PVNA could discern multi-peak and narrow resonance
characteristics despite its lower spectral resolution (∼3-7 GHz) compared to the EVNA. By
accurately determining the S-parameters of multiple THz components, the transceiver-based
PVNA also demonstrated its exceptional competence.

With huge bandwidth and simpler calibration techniques, the PVNA provides a potential
solution to bridge the existing technological gap in THz-range characterization systems and
offers a solid platform for THz component development, paving the way for more widespread
application of THz technologies in research and industry.
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Zusammenfassung

Terahertz (THz)-Strahlung (0,1–10 THz) hat aufgrund ihrer einzigartigen Eigenschaften große
Bedeutung für ein breites Spektrum interdisziplinärer Anwendungen erlangt. Dazu zählen die
Fähigkeit, optisch undurchsichtige Materialien ohne ionisierende Wirkung zu durchdringen, eine
bessere räumliche Auflösung als Mikrowellenstrahlung für die Bildgebung und die Fähigkeit,
verschiedenste Moleküle mit Hilfe von THz-Fingerabdrücken zu identifizieren. Fortschritte
bei Quellen und Detektoren beschleunigt durch die Erfordernisse der anwendungsorientierten
Forschung und Industrie haben zu einer erheblichen Nachfrage nach Geräten und Komponenten
im THz-Bereich geführt. Der Fortschritt bei der Entwicklung von THz-Komponenten wird
jedoch durch einen Mangel an effizienten und erschwinglichen Messgeräten behindert, was zu
einer begrenzten Entwicklung von Terahertz-Technologien führt.

Vektorielle Netzwerkanalysatoren (VNAs) sind hochentwickelte und etablierte Charakter-
isierungsinstrumente für den Mikrowellenbereich, die nun auch im unteren Bereich des THz-
Spektrums (bis zu 1,5 THz) unter Verwendung von Frequenzerweiterungsmodulen eingesetzt
werden. Diese Module sind extrem teuer und aufgrund der Verwendung von Hohlleitern schmal-
bandig, so dass mindestens sechs Module erforderlich sind, um eine Frequenzabdeckung von 0,2
bis 1,5 THz zu erreichen. Außerdem sind die Bänder und insbesondere deren Tausch anfällig
für Fertigungs- und Ausrichtungstoleranzen, was sie für schnelle Untersuchungen mit großer
Frequenzabdeckung nicht gerade ideal macht. Das Hauptziel dieser Arbeit ist es, ein robustes,
aber kostengünstiges Messgerät auf der Grundlage einer photonischen Methode zu entwickeln,
das THz-Komponenten bis zu mehreren THz mit Hilfe eines einzigen Systems charakterisieren
kann.

Um dies zu erreichen, haben wir Architekturen für photonische vektorielle Netzw-
erkanalysatoren (PVNA) entwickelt, die ErAs:In(Al)GaAs photoleitende Quellen und
ErAs:InGaAs photoleitende Empfänger enthalten, welche mit einem gepulsten Femtosekun-
denlaser bei 1550 nm betrieben werden. Diese breitbandigen Komponenten ersetzen die
schmalbandigen elektronischen Komponenten. Passende Kalibrierungs- und Datenauswer-
tungsmethoden wurden ebenfalls entwickelt. Anschließend werden die PVNAs konfiguriert
und ihre Fähigkeiten durch die Charakterisierung verschiedener THz-Komponenten wie
einem THz-Isolator, einem Bragg-Reflektor, ein Ringresonator-Array und ein gekreuztes
Dipolresonator-Array im Hinblick auf ihre Streuparameter (S-Parameter) validiert. Die
PVNAs wurden auch zur Bestimmung des komplexen Brechungsindexes oder der Dielek-
trizitätskonstante und der physikalischen Dicke verschiedener Materialien im THz-Bereich
eingesetzt. Abschließend entwickelten wir einen ErAs:In(Al)GaAs-basierten THz-Transceiver
und implementierten ihn in einer PVNA- Konfiguration. Dies führt zu einem kompakteren
Aufbau, der für industrielle Anwendungen nützlich ist. Die Funktionalität solcher Systeme
wurde auch durch die Charakterisierung verschiedener THz-Komponenten verifiziert.
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Die Systeme erreichten eine Bandbreite von mehr als 2,5 THz (bis zu 3 THz für den 2-Port
PVNA) und übertrafen damit die maximal erreichbare Frequenz der kommerziellen elektron-
ischen vektoriellen Netzwerkanalysatoren (EVNA)-Erweiterungsmodule. Der Dynamikbereich
von 47-35 dB (Äquivalente Rauschbandbreite (ENBW) = 9.196 Hz) der mit dem PVNA für
das 1,1-1,5 THz-Band erreicht wird, ist vergleichbar mit dem Dynamikbereich von 45-25 dB
(ENBW = 10 Hz) des EVNA. Sowohl Amplitude als auch Phase der von den PVNAs er-
mittelten S-Parameter wurden mit Simulationen oder theoretischen Modellen verglichen und
zeigten eine ausgezeichnete Übereinstimmung. Der PVNA konnte trotz seiner im Vergleich
zu den EVNAs geringen Spektralauflösung (∼3-7 GHz) sowohl schmale Resonanzcharakter-
istiken, als auch solche mit mehreren Linien erkennen. Durch die genaue Bestimmung der
S-Parameter mehrerer THz-Komponenten bewies der Transceiver-basierte PVNA auch sein
außergewöhnliches Können.

Mit seiner großen Bandbreite und den einfacheren Kalibrierungsmethoden stellt der PVNA
eine potenzielle Lösung für die bestehende technologische Lücke bei den Charakterisierungssys-
temen für den THz-Bereich dar und bietet eine solide Plattform für die Entwicklung von THz-
Komponenten, die den Weg für eine breitere Anwendung von THz-Technologien in Forschung
und Industrie ebnet.
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Chapter 1

Introduction

Terahertz (THz) radiation, conventionally referred to as the sub-millimeter or far-infrared
radiation for most of the 20th century, corresponds to the region of the electromagnetic spectrum
that lies between the microwave and the infrared bands, with a frequency range of 0.1–10 THz
(1 THz = 1012 Hz). For a long time, this frequency range has remained underdeveloped com-
pared to the neighboring frequencies due to a lack of powerful, room-temperature-operated,
compact sources and detectors. However, over the past few decades, THz research and technol-
ogy have seen a dramatic shift, evolving from an underdeveloped field to one that now encom-
passes both fundamental science and commercial implementation. Such progress is driven not
only by the evolution of THz generation and detection techniques but also by the demands of
a wide range of applications.

Although historically, THz radiation was mainly utilized for astronomy and spectroscopy,
after the development of laser-based Terahertz Time-Domain Spectroscopy (THz-TDS) in the
1980s and 1990s [1–4], its applications expanded rapidly. Today a wide range of THz systems
and applications have been developed across a broad range of sectors.

The demand for ultra-high data rate wireless communication has been driven by the prolif-
eration of wireless devices and bandwidth-intensive internet applications. By 2023, according
to the estimate of Cisco visual networking index report [5], 5G will generate three times as
much traffic as 4G, and by 2030, the volume of wireless traffic is predicted to equal or even
surpass that of wired services [5]. Consequently, high-precision wireless services will require
a peak data rate beyond 100 Gb/s and, in due course, 1 Tb/s [5]. The THz spectrum is a
potential alternative for future uses in information and communication technology due to its
broad spectrum, which corresponds to high data rate (Shannon-Hartley theorem [6]). Optoelec-
tronic THz communications have greatly accelerated the 6G research, enabling the realization
of 100 Gb/s and higher data rates [7]. In 2008, IEEE 802.15 established the THz Interest
Group, which led to the development of the first 300 GHz wireless communication standard,
IEEE Std.802.15.3d-2017 [5]. With the 2019 World Radio-communication Conferences allowing
the identification of frequency bands in the range of 275-450 GHz for use by land-mobile and
fixed services applications, standardization of the low-frequency window of the THz band for
future wireless communications is a real possibility [8].

THz radiation does not ionize molecules because of its low energy in the millielectronvolt
range (∼4.1 meV at 1 THz [9]). It provides a huge benefit in medical imaging compared to X-
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2 Introduction

rays, which can cause biological molecules to break down. In addition, the THz energy spectrum
encompasses the characteristic energies of biomolecular collective movements such as vibration,
rotation, and libration, as well as the low energy of hydrogen bonds, which are prevalent in
water-based biomedical samples [10]. Utilizing these qualities, THz radiation has been used
to investigate water [11, 12], numerous biological molecules such as nucleic acid [13, 14], amino
acids [15], carbohydrates [16, 17], proteins [18] etc., and perform and conduct exhalation and
flatus gas spectroscopy to detect Asthma, lung and colon cancers [10]. Using THz sensors
and cutting-edge metamaterial technology, researchers have been able to examine a minuscule
amount of biological molecules, which has led to advances in the diagnosis of diabetes and
other blood or breathing-based medical conditions [10]. THz radiation imaging of cancer is
another promising application. THz radiation is particularly well-suited for superficial imaging
of soft tissues, where the vast majority of malignancies begin [19]. Researchers have studied
diagnostic imaging for several types of cancers, including skin [20], oral [21], gastric [22], and
brain [23] cancer. Cheon et al., in search of a cancer-specific fingerprint, discovered a resonant
characteristic at 1.65 THz that is believed to originate from methylation DNA and may act as
a biomarker for all types of cancer [24]. Demethylation of cancerous DNA aids in the recovery
of gene expression, the induction of cell apoptosis, and the diminution of tumor growth [25].
Demethylation utilizing the resonant absorption of high-power THz radiation may generate a
comparable effect, hence boosting the efficiency of cancer treatments [26].

Using molecular rotations induced features in the THz range (THz fingerprint), which consti-
tute a material’s unique and distinct signature, it is possible to identify various substances [27],
even if they are concealed by paper, wood, clothing, or other plastic packaging materials [28].
This method is used to identify explosives such as (2,4,6)-trinitrotoluene (TNT), cyclotetram-
ethylene tetranitramine (HMX), pentaerythritol tetranitrate (PETN), cyclo-1,3,5-trimethylene
(RDX), as well as narcotics such as cocaine, crack cocaine, MDMA (commonly known as ec-
stasy), heroin, amphetamine, carbamazepine, etc. [28]. THz radiation can image concealed
weapons during security screening of the human body since it can penetrate clothes and has
a higher resolution than microwave radiation without having an ionizing effect [29]. After
the successful implementation of SafeView millimeter wave array radar system from Pacific
Northwest National Laboratory (PNNL) in airports for body security screening [30], several
organizations are now focusing on THz radar security screening systems. Among these are
PNNL’s subsequently updated L-3 with 350 GHz THz array radar [31], the 670 GHz security
screening system of Jet Propulsion Laboratory (JPL) [32], the 3D THz security imaging system
of National University of Defense Technology (NUDT), China [33], and the walk-through radar
imaging system of Rohde & Schwarz [34].

In recent years, THz non-destructive testing has gained prominence in the industrial setting,
particularly in the manufacturing industry, for quality control [35,36]. THz waves are superior
to ultrasonic, X-ray, and infrared testing methods primarily because they are non-contact,
non-ionizing, and can propagate through optically opaque materials such as paint coating,
fabrics, polymers etc, as well as through air inclusions. THz radiation enables the inspection
and identification of flaws in small devices such as integrated circuits [37], structural flaws in
concrete [38], contamination and delamination between layers of high-density polyethylene [39],
corrosion and damage in copper cables [40], small protrusions in steel [41], etc. In addition,
the high sensitivity of THz waves to water and other polar liquids is used to measure moisture
content and monitor water intrusion in a variety of construction materials and goods [42] and
to detect water vapor in pressurized gas pipelines [43]. THz radiation has also shown promise
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for in-line quality monitoring of multilayer paint coatings in the automobile sector [44, 45].
Numerous other disciplines of research, including earth and space science [46–48], fundamental
science [49–52], food and agriculture [53], etc., gain significant advantages from THz-based
applications.

1.1 Motivation and State of the Art

The demand for efficient THz devices and components has increased at an unprecedented rate
due to the wide range of applications in cross-disciplinary sectors. Demand continues to rise as
these innovations become more widespread in industry. A standardized characterization system
that guarantees the proper operation of the developed devices and components is detrimental
to keeping up with this demand. The characterization instruments are crucial at various phases
of development and deployment, for instance, in the research and development stage, a system
is characterized by validating design simulations and testing specifications of individual compo-
nents (i.e., amplifiers, filters, antennas, cables, mixers etc.) to ensure that the system as a whole
functions as intended. Then, in the manufacturing process, a characterization instrument is
utilized to guarantee that all items are consistent with the customer criteria prior to shipment.
Furthermore, characterization instruments are also employed in the field for operational system
troubleshooting and verification of specifications.

The Spectrum Analyzer (SA) and the Vector Network Analyzer (VNA) are the two main
characterization systems available for device development and characterization at the lower end
of the THz spectrum, where it overlaps with the millimeter wave and microwave bands. An SA
determines the frequency, power, distortion, harmonics, bandwidth, and other spectral aspects
of an incoming signal. In contrast, a VNA characterizes and measures the response of a device
or network to determine how it operates inside the Radio Frequency (RF) circuit for which it
is designed. This thesis focuses on realization of a THz-VNA using a photonic approach.

The function of a VNA is to determine the frequency-domain amplitude and phase of
an electromagnetic signal that is reflected, transmitted or scattered by a Device Under Test
(DUT). Typically, frequency coverage is attained by sweeping the frequency over the whole
band while capturing well-established characteristics, such as frequency-dependent Scattering
(S)-parameters. The S-parameters fundamentally represent the transmission and reflection co-
efficients which describe how the incident signal interacts with the DUT. A calibration process
eradicates the systematic error of the measurement and cancels the influence of the system
components. The calibrated S-parameters are either employed to create a physically sensi-
ble equivalent circuit or compared to the simulation-predicted theoretical performance. This
enables the understanding of how various components impact the performance of the device,
therefore providing useful information about potential design flaws and facilitating the improve-
ment of the device layout and components. Measurements of S-parameters also help researchers
test and characterize new sensor technologies [54,55], quantify the transmission of electromag-
netic waves through antennas and propagation media [56–58], and assess the electromagnetic
characteristics of novel materials [59–61].

The VNA is the most sophisticated, high-precision system available to date for device char-
acterization in the microwave, millimeter wave and lower end of the THz range. Although
110 GHz VNAs are commercially available [62], contemporary VNAs primarily operate at fre-
quencies between 40-65 GHz [63, 64]. To a large extent, this is owing to the fact that, at
frequencies exceeding 100 GHz, the electronic components, such as oscillators and amplifiers
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of the VNA, become inefficient and prohibitively costly. Frequency extender modules [65] are
therefore implemented to characterize networks or devices operating above fm (≈ 40-65 GHz)
of the VNA. These extenders use Schottky diode-based frequency doublers and triplers in a hol-
low core metallic waveguide design to achieve a frequency f = N × fm. These components are
employed on both the transmitter (for up-conversion) and receiver (for down-conversion) sides
of the configuration. The hollow metallic waveguides are utilized to reject out-of-band noise
and simultaneously enable the incorporation of the planar Schottky diodes with transitions to
microstrip waveguides or similar.

The bandwidth of the frequency-extended system is constrained due to the hollow metallic
waveguides, which feature cut-offs at both low and high frequencies caused by waveguide cut-
off and commencement of multimodal behavior, respectively. This limits their tuning range
to less than 50% of the center frequency. For instance, a WR3.4 waveguide extender with a
265 GHz center frequency can only be swept between 200 and 330 GHz. Consequently, a broad
frequency range analysis necessitates the exchange of the entire extender setup, accompanied by
alignment and rigorous calibration steps. A frequency sweep from 110 GHz to 1.5 THz requires
a minimum of eight extenders [65], possibly more, to guarantee the overlap of the individual
bands. Therefore, the exchange, realignment and recalibration process must be repeated several
times. This drastically complicates and lengthens the measurement process. In addition, the
system becomes progressively more expensive as additional extensions are added.

Losses due to surface roughness and restrictions owing to manufacturing tolerances in hollow
metallic waveguides already cause problems in the microwave range, and these issues become
even more pronounced in the THz range. The physical dimensions of the components decrease
when the operating frequency of a standard rectangular waveguide approaches THz frequencies,
and micromachining waveguides and directional couplers at these minuscule dimensions become
increasingly challenging [66]. Measurement uncertainty is also prompted by other factors, such
as the repeatability of the waveguide flange connections [67, 68], the impact of flexures on
Local Oscillator (LO) signal cables [68, 69], and so on. Additionally, as the dimensions of the
Ground-Source-Ground (GSG) probes get smaller to meet the necessary standards, the probe
tips become more fragile and more susceptible to losses and inadequacies from misalignment.

The tiny dimensions of metal waveguides and the misalignment of waveguide flanges both
contribute to the repeatability and stability issues of the calibration process [70]. At THz
frequencies, the calibration equipment also requires to be very small. In the 0.75–1.1 THz
range, for instance, metal shims (thin sheets of metal with λTHz/4 thickness, in which the
waveguide aperture is constructed) need to have a thickness of around 100 µm in order to
actuate the line standard [71]. Such thin metal shims are exceedingly brittle, making them
difficult to fabricate and handle and are susceptible to deterioration over time [69]. Also,
their precision is restricted by the exact mechanical tolerances that impact THz waveguide
flanges. Occasionally this leads to the implementation of less-than-ideal calibration techniques
with a finite scaling constraint eventually leading to fragility issues with higher frequencies.
Fabrication tolerances also limit the use of alternative calibration methods that entail well-
known calibration standards and preclude the establishment of traceability to the International
System of Units (SI) for S-parameter measurements [71,72].

The conversion efficiency of Schottky diodes drops at higher THz frequencies fTHz due to
their RC roll-off. This is especially apparent above ∼400 GHz when the efficiency declines
according to a power law at least as steep as f−2

THz.
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The majority of VNAs currently employ horn antennas to couple out to free space for
accessing bands over a few 100 GHz [73–75]. In this regard, there is essentially no benefit over
a photonic system that immediately emits a free space THz beam.

The lack of efficient characterization tools in the THz range impedes development by com-
plicating and lengthening the optimization and engineering processes. Furthermore, the high
cost of the characterization instrument means that the developed systems remain pricey, which
slows down the process of widespread industrial adoption. This compels the engineers to rely
solely on simulations to define the overall device performance, preventing them from gaining
any insight into the role of individual components. THz technology is now transitioning from
laboratory research to commercial applications. An efficient and cost-effective characterization
system is essential not only for this transition but also for the future engineering of THz devices
and components with vast bandwidth and power.

The maximum frequency that the commercially available frequency-extension modules of
VNA can reach is 1.5 THz [65]. Due to the aforementioned challenges with manufacturing
tolerances, increased scattering by surface roughness of hollow metallic waveguides, etc., it
is difficult to upscale the existing technology. Substituting electrical systems with photonic
systems is a promising alternative to tackle these problems and achieve a broad frequency
coverage. THz sources and receivers based on a photonic approach have seen huge improvements
over the course of the past decade, making them an ideal choice for Photonic Vector Network
Analyzer (PVNA) concept implementations. A standard technique for generating and detecting
THz radiation with a broad bandwidth is photoconductor-based devices driven by an ultrafast
laser, which can be implemented to configure systems reaching up to 6.5 THz [76,77] or, recently,
10 THz [78].

In pulsed operation, a photoconductive device consists of a highly resistive semiconductor
with two metallic contacts separated by a photoconductive gap. An ultrafast (∼fs) laser pulse
with photon energy greater than the bandgap of the semiconductor illuminates the gap, gener-
ating free carriers, which alters the conductance of the photoconductor at the same time scale.
By applying a DC bias, the free carriers are accelerated, which gives rise to a photocurrent with
THz components that emerges from the fs-scale turn on of the current. The time-domain profile
of this photocurrent is a narrow pulse with a sub-picosecond scale duration; this corresponds
to a broad THz spectrum with numerous frequency components. Consequently, pulsed THz
radiation is emitted as a result of this photocurrent driving the antenna. At the receiving end,
another photoconductive antenna receives the THz field and induces an electric field in the
active region between the antenna arms. A laser pulse with a fixed time delay modulates the
conductivity of the receiver in a manner similar to the source. This causes a mixing process
with a DC component proportional to the received THz field strength convoluted with the
optical pulse. Scanning the time delay between the arrival of the THz signal and the optical
pulse allows the entire THz waveform to be resolved [79–81].

Pulsed photoconductors are often implemented for the configuration of THz-TDS systems
that explore the optical characteristics of materials or components across a broad frequency
range [82–87]. A THz-TDS system is typically set up in transmission or reflection geometry. It
captures the amplitude and phase information of the THz field transmitted through or reflected
by the sample, providing the transmission or reflection coefficients analogous to the S21 and
S11 parameters of the DUT or Material Under Test (MUT).

To date, several studies have been published demonstrating THz-TDS systems for extracting
one or two vector S-parameters of devices or materials. In 2015, Rämer et al. reported a THz-
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TDS-based VNA and used it to measure S21 parameter of several H band (220-330 GHz)
amplifiers and a W band (75-110 GHz) amplifier [88,89]. In this case, the THz signal is coupled
using input and output rectangular waveguides with horn antennas, which are incorporated
in the packaged DUT. Bieker et al. deployed a similar setup to realize a one-port VNA with
electro-optic detection [90] by employing wire-bonds for connection to the DUT [91]. These
systems are not entirely free space, therefore, are limited by the narrow bandwidth of the
metallic waveguides. Cui et al. presented a proof of concept for the configuration of a one-port
quasi-optical VNA in reference [92], demonstrating that it is possible to build a photonic-
based VNA employing quasi-optical components for beam guiding. Mueh et al. reported
on the calibration process for THz-TDS systems to measure S-parameters and verified the
technique by determining S21 and S11 parameters of a known Sapphire wafer [93]. This system
is incapable of determining the complete set of S-parameters in a single measurement step and,
therefore, requires reversing the sample and repeated measurements in order to ascertain the
comprehensive characteristics of the sample. This causes an increase in measurement time and
uncertainty owing to potential changes in setup between consecutive measurement steps.

1.2 Research Objectives and Overview

The main objective of the thesis is to develop a powerful yet affordable characterization system
capable of characterizing THz components up to several THz in a single setup based on a
photonic approach to create a solid basis for THz component engineering. The system should
have the following attributes:

• Telecom wavelength compatibility and the ability to operate at room temperature

• A dynamic range comparable to that of electronic systems

• A bandwidth of several THz (ideally ∼4 THz) in a single setup without the requirement
of multiple exchanges, alignment and calibration steps for broadband investigation

• Simple calibration routine and

• The capability to measure a complete set of S-parameters simultaneously.

The thesis is composed of three parts. The first part, comprised of Chapters 2 and 3,
covers existing characterization systems in the THz range, and presents system design and data
evaluation methods for constructing broadband PVNAs, respectively. In the second part, which
consists of Chapters 4 and 5, these characterization systems are configured and implemented
for a variety of applications in order to demonstrate their capability. Chapter 6 represents the
third part, which pursues miniaturizing the characterization systems for on-chip integration
and industrial implementation. The following outline constitutes the framework of the thesis.

Chapter 2 reviews the prevalent electrical and photonic characterization systems for broad-
band THz-range analysis. We start with the basics of network analysis using S-parameters
and then discuss the system architecture of typical and frequency-extended VNAs, which is the
standard systems for characterization in the electronic domain. This is followed by common
measurement errors of the THz VNA and the conventional calibration procedures used to cor-
rect them. The fundamentals of THz generation and detection using the photomixing technique
are presented. Since the main scope of the thesis is photonic systems under pulsed operation,
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we focus on THz-TDS, a widely used photonic characterization system in the THz range. This
part addresses standard THz-TDS configurations, their operating principle, system parameters,
error sources, and the calibration procedure. In addition, we evaluate state-of-the-art photonic
systems against commercially accessible VNAs.

Chapter 3 presents the system architecture, calibration and data evaluation techniques for
proposed PVNAs. The system architecture covers the technologies and components that enable
the photonic characterization tools to be realized. Time-domain measurements are conducted
for pulsed PVNAs, as opposed to the frequency-domain measurements used for Electronic
Vector Network Analyzers (EVNAs). This results in a deviation from standard calibration and
data assessment practices, which are discussed in detail later in the chapter.

Chapter 4 discusses a 1.5 port Vector Spectrometer (VSM), a multiport photonic characteri-
zation system that can simultaneously characterize both transmission and reflection coefficients
of a device or material. This chapter delves further into the system’s features and two main
applications: characterization of a nonreciprocal device and determination of optical properties,
including refractive index, absorption coefficient, and thickness of several materials.

Chapter 5 covers a two-port PVNA that extracts a complete set of S-parameters from
the devices or materials being tested. The system characteristics are investigated, and the
performance of the system is verified by characterizing several THz components. The derived
S-parameters are also utilized to calculate the complex permittivity and thickness of several
materials. In addition, the pulsed two-port PVNA is compared to its Continuous Wave (CW)
and electronic counterparts in terms of system characteristics and observed S-parameters of
test components.

With the aim of making the above mentioned photonic systems more compact, we developed
a transceiver containing both transmitter and receiver modules integrated into the same chip.
The fabrication method, design, and packaging of these devices are detailed in Chapter 6. The
transceiver is also deployed in a one-port PVNA configuration, and several THz components
are characterized to evaluate its performance in setting up photonic characterization systems.

Chapter 7 concludes with a summary of the main findings of the thesis and a discussion of
future work that may be done to enhance THz characterization systems further.
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Chapter 2

State-of-the-Art
Characterization Systems

in THz Range

For the design and development of electrical and photonic devices and components, it is
necessary to comprehend how a device and its constituent parts interact with incoming signals.
This information is obtained by describing the device in terms of well-established characteristic
parameters, like Scattering (S)-parameters and comparing them to a simulation or an equivalent
circuit. Through this review, engineers can assess the performance of various components and
identify areas for improvement, which subsequently helps them to identify design flaws and
develop devices with close-to-ideal response. The characterization of different elements, as well
as the complex system in the THz range, can be carried out by an electronic approach that
utilizes the local oscillator of a Radio Frequency (RF) Vector Network Analyzer (VNA), and a
chain of frequency multipliers to upconvert the RF signal to the THz range where it interacts
with the Device Under Test (DUT) and then down-convert it back to the RF signal on the
receiver side. Alternatively, a photonic approach can be implemented that uses laser signals
that contain a THz beat note or even a broad THz spectral width as local oscillators and
photomixers that down-convert the optical signal to the THz range. In this chapter, we discuss
the available characterization tools in the electronic and photonic domains for investigating
devices and components operating in the THz range.

2.1 Electronic Characterization System: The VNA

2.1.1 Network Analysis Basics and Scattering Parameters

In RF engineering, Network Analyzers (NAs) are widely implemented to execute accurate and
efficient analysis of circuits or networks such as filters, amplifiers and even complex modules.
It is used in research and development for verification of component designs and specifications,
in manufacturing lines for quality control and in field operations to verify and troubleshoot
deployed systems. Some of the applications of NAs include detecting invisible material de-

9
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fects [94, 95], perform antenna measurements in Radar systems [96, 97], determine material
permittivity [98] etc.

A sinusoidal test signal generated from the analyzer is applied to the DUT, and then the
DUT response is recorded. A scalar network analyzer measures the amplitude difference be-
tween the stimulus and response waves, whereas the vector network analyzer measures both
amplitude and phase difference. Vector measurement consisting of both amplitude and phase
information, despite of more complex implementation, is preferred due to several advantages:

• Total systematic error compensation (Vector error correction) is feasible [99].

• Can be transformed into the time domain for interpolation and data processing.

• Fully characterizes a linear network and ensures distortion-free transmission.

• Can be implemented to design efficient matching networks, which requires measuring the
complex impedance.

• Accurately allows to verify models in Computer-Aided Engineering (CAE) circuit simu-
lation.

A VNA can be used to characterize one, two- or multi-port networks in terms of so-called
wave quantities. A one port network is depicted in Figure 2.1(a), where a is the amplitude of
the incident wave that propagates from the VNA to the DUT, and b is the amplitude of the
reflected wave traveling in the opposite direction from DUT to the VNA. The power traveling
to the one-port network is given by |a|2, and the power it reflects by |b|2. The field reflection
coefficient is the ratio of the reflected wave to the incident wave and is given by,

Γ =
b

a
= ρ exp(jϕr) =

ZL − Z0

ZL + Z0
(2.1)

where ZL = load impedance, Z0 = feeder characteristic impedance and ρ = |Γ|. For instance,
when a transmission line terminated by a lumped element with an impedance corresponding to
the characteristic impedance (ZL = Z0), all energy is transferred to the load (b = 0 and ρ = 0),
and when the load impedance is a short or open circuit (Z0 = 0 or ∞), it results in all the
energy being reflected (ρ = 1).

a

b

ZL

Γ

(a)

a1

b1

Z0

a2

b2

Z0

Port 1 Port 2

(b)

Figure 2.1: (a) A one-port network with incident and reflected wave. (b) A two-port
network with all S-parameters.
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In a two-port network, in addition to reflections at both ports, transmission measurements
in the forward and reverse directions are also possible. S-parameters are usually the preferred
choice for characterizing a network or DUT [100–102]. They describe how the incident energy
from a port is scattered by the network and exits through the other or the same port. A two-
port VNA has four complex and frequency-dependent S-parameters, as illustrated in Figure
2.1(b).

a1

b1

Z0

a2=0  

b2

Z0

Port 1 Port 2

Γ=0

(a)

a1=0 

b1

Z0

a2

b2

Z0

Port 1 Port 2

Γ=0

(b)

Figure 2.2: S-parameter measurement for (a) forward and (b) backward propagations.

For the forward measurement, as shown in Figure 2.2(a), the internal source of the network
analyzer excites an incident wave on port 1, namely a1. Now b1 and b2, the outgoing waves
from the DUT, can be measured, which allows for the determination of S11 and S21, provided
that a reflection-free termination Γ = 0 (match) is used on port 2. This also means that there
is no incoming signal from port 2, i.e. a2 = 0.

S21 =
b2
a1

S11 =
b1
a1

(2.2)

For backward measurement (Figure 2.2(b)), port 2 is excited with an incident wave a2, and
a match (Γ = 0) is used on port 1, resulting in no input signal from port 1 (a1 = 0).

S12 =
b1
a2

S22 =
b2
a2

(2.3)

Here, S11 and S22 are equal to the reflection coefficients Γ for the respective ports, and
S21 and S12 are the forward and reverse transmission coefficients, respectively. It is crucial
to use the appropriate characteristic impedances to terminate each port of the DUT, which
prevents undesired reflections and ensures that the DUT is only excited by one incident wave.
In practice, both incident waves are non-zero (a1 ̸= 0 and a2 ̸= 0), and in that case, it can be
considered as a superposition of the two measurement situations (a1 = 0, a2 ̸= 0 and a1 ̸= 0,
a2 = 0 ). Then the characteristics of a network can be expressed by a series of linear equations
as

b1 = S11a1 + S12a2 b2 = S21a1 + S22a2 (2.4)

The S parameters can be grouped and written in a matrix format to obtain the wave
quantities as [

b1
b2

]
=

[
S11 S12
S21 S22

] [
a1
a2

]
(2.5)
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The S-matrix is a linear model of the DUT, where its diagonal elements (S11 and S22)
represent the reflection coefficients of each port and the remaining elements (S21 and S12)
characterize all possible signal transmission paths between the ports. Since S-parameters are
typically functions of frequency, the set of linear equations must be solved one frequency at a
time. A discussion of the general properties of the S-matrix can be found in Reference [103].

The S-parameters are intrinsic characteristics of the DUT, independent of the measurement
instrumentation and not reliant on the incident power employed in the measurement (linearity
condition). A number of additional parameters can be calculated from the S-parameters of a
DUT. For example, the time domain S-parameters can be extracted by inverse Fourier transform
[104] or the propagation delay of the DUT can be determined by plotting the transmission
phase against frequency [105]. S-parameters are frequently used to derive material permittivity
[59,60].

2.1.2 System Architecture of a VNA

To provide a general overview, a simplified block diagram of a typical VNA is illustrated in
Figure 2.3. The figure demonstrates the fundamental building blocks of the VNA, which include
signal source, test set, receivers, processor and display. Although far more complex, any VNA
nonetheless comprises these fundamental components. In this section, we review the works
presented in the References [99] and [106].

Reference 
Oscillator

Processor
& Display

Variable
Attenuator

Pc1 Pc2

Rx1
test

2
test

Rx2
refRx1

ref

Ad2Ad1

DC2DC1

Sp1 Sp2
Pos2Pos1

Sw

P1 P2DUT

CW
Source

Figure 2.3: Block diagram of a typical VNA architecture. Recreated and adapted from
[106].

A VNA typically uses a built-in Continuous Wave (CW) signal source to provide the RF
signal to the DUT. The source switch controls which test port the signal will travel through.
In the case of high-performance VNAs, two built-in sources are used, which are advantageous
for applications such as mixer tests [107] or amplifier intermodulation tests [108]. In the mixer
test, one of the sources provides the RF signal and the other functions as a local oscillator (LO).
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The test sets distinguish between the incident reference signal and the emerging transmitted
or reflected (test) signals and guide them towards the specific port and the receiver, respectively.
The test sets are also used to extract a sample of the incident wave and direct it to the receivers
via the reference channel, which is essential for the phase reference. Generally, directional
couplers or two resistor power dividers are implemented as test sets in VNAs [99].

The VNA consists of two separate receivers – one for the measurement or test channel and
the other for the reference channel. The received test and reference signals form the basis of
the S-parameter measurement. The processor and display block corrects the system errors of
the raw measurement data received from the receiver unit and processes them to display the
results in a variety of formats, including Smith chart, Cartesian format, and real and imaginary
values. This VNA unit serves as the human-machine interface, providing control, usability, and
user-friendly displays, which are essential features of contemporary test instruments.

Figure 2.3 illustrates the fundamental operating principle of a standard VNA. The switch
Sw is at position Pos1, implying that the test signal generated from the variable frequency
source is guided towards port 1 (P1) of the DUT at a specific power determined by the variable
attenuator. Splitter Sp1 splits the signal into two paths. One path (reference channel) feeds
the reference signal to the reference receiver. In contrast, the other path (test channel) guides
the test signal towards P1 of the DUT through a directional coupler DC1 connected using the
external connection adapter Ad1 and the precision cable Pc1. DC1 distinguishes the signal
reflected from P1 and sends it to test receiver Rxtest1 . The signal transmitted through the DUT
emerges from port 2 (P2) and is then guided by the other directional coupler DC2 towards
the second test receiver Rxtest2 . The receivers share a common reference oscillator and can
measure both amplitude and phase information due to the reference signal provided by means
of the reference channel. All the detected complex signals are fed to the processing unit for
mathematical processing to calculate and present S21 and S11 parameters. Similarly, setting
the Sw to position 2, S12 and S22 parameters are calculated.

2.1.3 THz VNA Architecture

State-of-the-art VNAs predominantly operate up to 40-67 GHz [63,64]. This is mainly because
electronic components, including oscillators and amplifiers implemented in the VNA, become
inefficient and expensive above 100 GHz. For the characterization of networks or devices in the
THz range frequency extender modules are implemented [65], which contain Schottky diodes
based frequency multipliers, similar to those described in [109]. Also, ports consisting mainly of
coaxial cables and connectors in low frequencies are replaced by rectangular metallic waveguides
above 100 GHz, where established standards for waveguide sizes and interconnecting flange spec-
ifications are available [110]. Detailed reviews about waveguide dimensions and flange designs
for THz frequencies can be found in References [67, 111, 112]. Depending on the requirements
of the DUT, the VNAs can also be implemented in a free-space configuration where the signal
is launched into the air with the help of horn antennas. The free-space measurement technique
is prevalent for dielectric property investigation due to its non-contact, non-destructive and
broadband properties [59, 113–115]. The ports are defined electrically and physically in VNA
application environment to provide the measurement reference planes.

Figure 2.4 depicts the frequency extender configuration employed to generate and detect
THz signals in addition to the RF or Electronic Vector Network Analyzer (EVNA). The working
principle described here is the revision of the reference [116]. The EVNA generates two signals:



14 State-of-the-Art Characterization Systems in THz Range

RF Input

LO Input

Ref Output

Test

Meas.
Output

Port

Variable
Attenuator

Subharmonic
Mixer

A
tt

e
n

u
a
to

r
Is

o
la

to
r/

Splitter

Amplifier

DC1 DC2

Figure 2.4: Frequency extender configuration to perform THz measurements with RF
VNA. Adapted from [116].

the RF signal, which is fed to the RF input of the extender module, and the local oscillator
(LO), which is fed to the LO input. A slight frequency offset is introduced between the RF
and LO signals to generate an intermediate frequency (IF) signal (heterodyne concept), which
the VNA then measures. Both the RF and LO signals are amplified and then up-converted
to higher frequencies by a series of full waveguide band frequency multipliers. A couple of
directional couplers DC1 and DC2 are used to separate and guide the signal power. DC1

samples the incident (reference) signal, whereas DC2 samples the signal emerging from the test
port (test signal). The test signal can either be the signal transmitted by this module and
reflected from the DUT, which forms the basis for the S11 parameter calculation, or the signal
that is transmitted by another module and has propagated through the DUT, which forms the
basis for the calculation of S21 parameter.

DUT

Full Extenter TxRx Full Extenter TxRx

RF VNA

Ref.

Osci

Port1

Rx
test

Rx
ref

Port2

Rx
ref

Rx
test

Figure 2.5: Block diagram of THz measurement setup of THz VNA demonstrating the
connection of EVNA with frequency extenders [65].



2.1. Electronic Characterization System: The VNA 15

The reference and the test signals must be down-converted to IF before feeding it to the
EVNA, where their magnitude and the phase can be directly sampled (digitized) as the phase
relationship between the signals is retained in frequency translation. This is achieved by two
subharmonic mixers, which permit a lower LO frequency [116, 117]. Details on subharmonic
mixers for THz detection are described in [118,119] and the advantages of heterodyne detection
and their application in the THz range can be found in [120–122]. Figure 2.5 depicts a two-port
VNA configuration with frequency extenders for the characterization of a DUT in the THz
range.

2.1.4 Measurement Errors

The typical VNA architecture described above inherently introduces errors that can be divided
into three categories - systematic, random, and drift errors [123]. Among these, random and
drift errors are non-repeatable and, therefore, very difficult to be quantified and eradicated.
The random and drift error sources include variations due to noise, frequency and temperature
drift, and other physical changes that may take place in the setup between the calibration
and the measurement. In contrast, systematic error sources such as measurement signal path
loss, internal reflections, different port impedances, phase shifts, imbalance in the directional
couplers etc., are repeatable and can be measured. However, only if each of these sources of
error continues to be linear, it is possible to aggregate them into a reduced set of systematic
errors that are relatively simple to eliminate using a calibration technique.

Crosstalk

Source

Splitter Directional
Coupler

Directivity

R A B

P1 P2DUT

Rx2
testRx1

testRx1
ref

Source
Mismatch

Load
Mismatch

Figure 2.6: Systematic measurement errors. Reflection tracking is calculated by A/R
and transmission tracking by B/R. Adapted from [124].

Figure 2.6 depicts significant sources of systematic errors for a VNA, which are described
below [124,125]:
Directivity is a property of the directional coupler and is defined as the ratio of signal through
the coupled path to the signal coupled through the uncoupled path. The error originates from
the fraction of the source signal that never reaches the DUT.
Cross-talk (Isolation) is a measure of internal signal leakage around the signal path that may
be present in the system.
Source match is the return loss of a driving port due to multiple internal reflections between
the source and the DUT.
Load match describes the return loss of a terminating port.
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Reflection Tracking refers to the frequency response of a reflect measurement, including loss
behaviors resulting from the couplers, transmission lines, converters, and other components.
From Figure 2.6, reflection tracking is calculated by A/R.
Transmission Tracking describes the frequency response for the transmission paths. From
Figure 2.6, transmission tracking is calculated by B/R. Various error models based on the
above-mentioned error terms have been developed for one- and two-port VNAs to standardize
the calibration process, which can also be used in the THz range [126].

2.1.5 Calibration

Waveguide
Adapter

Waveguide
Adapter

Waveguide
Adapter

Waveguide
Adapter

Waveguide
Adapter

Line

Load

Flush
Short

Offset
Short

Cable to
Port1

Cable to
Port1

Cable to
Port1

Cable to
Port1

Cable to
Port2

Figure 2.7: Calibration standards. Adapted from [106].

Various calibration techniques have been developed for error minimization in EVNA mea-
surements, which require transmission, reflection and isolation tests. Generally the calibration
procedure entails comparing established standards with measured results of the instrument
to evaluate and remove systematic errors associated with the test setup [127]. The one port
standards include short, open, load and sliding load. In addition to those, two-port calibration
includes the line or a reciprocal network standard [128]. The graphical representation of these
standards, except for the reciprocal network, is depicted in Figure 2.7. For reciprocal network,
the reciprocity condition of S21 = S12, must be satisfied. During calibration, the reciprocal
network can be employed as an unknown through [128]. This section reviews some of the
well-established calibration procedures for a two-port VNA [128].

The ‘Short-Open-Load-Through’ (SOLT) [129] calibration technique utilizes three one port
standards (short, open, load) on both test ports and a through (direct connection) standard
that identifies transmission error coefficients. Due to the radiation effects at the open end of
the waveguide, an offset short with an offset length of λ/4 is used instead of the open standard
in waveguide systems. The standards of this particular technique are redundant as one of the
load standards determines the reference impedance of the whole. However, the accuracy of this
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method which is heavily reliant on the accurate definition of standards, can be improved by
upgrading calibration standard models [130, 131] or utilizing standards already characterized
by a reference calibration [132].

A more accurate and suitable waveguide configuration is the ‘Through-Reflect-Line’ (TRL)
technique [133], which involves a line, one port reflect of unknown reflection and a through.
The line standard is realized by implementing a λm/4 long waveguide line, where λm is the
center wavelength of the waveguide band, resulting in a phase change across the whole band.
The through standard is attained by directly connecting the reference planes to form a zero
transmission loss and delay path. The advantage of this technique stems from the fact that
for this method, only through calibration standard requires prior knowledge of the waveguide
property, and this standard can be easily actualized in a genderless interconnection environment
like rectangular waveguides. The bandwidth of the line standard, which is realized by a short
waveguide section, is somewhat restricted in the TRL method since the signal phase difference
between the line and through standards must obtain a value of mπ, where m is an integer.
This is particularly problematic in the THz range as the waveguide length for line standard
required at 1 THz is ∼ 100 µm [117, 134]. However, TRL calibration can still be implemented
in mm-wave and sub-THz range where the waveguide line lengths greater than 1 mm is feasible.
The waveguide dimensions required for different line standards for the sub-THz band in a TRL
technique are discussed in [134].

‘Line-Reflect-Line’ (LRL) [135] is used to circumvent the shortcomings of the TRL technique
in the THz band by substituting a second line for the through standard. This technique does
not require the phase shift between two lines to be precisely mπ, allowing the implementation
of longer line lengths [136]. Similar to the TRL technique, the electrical properties (delay and
loss) of the first line standard in the LRL method must be known accurately.

The selection of calibration techniques is less straightforward for frequencies close to 1 THz
and beyond. The very short length (∼100 µm at 1 THz) of line standard manifests practical
problems such as manufacturing, alignment and strain tolerances in the TRL method, while
the LRL technique is also not very favorable due to its requirement of prior information on
the line properties. For these reasons, some manufacturers still provide the SOLT calibration
scheme till 1.1 THz [65]. TRL still is the more accurate method, and by accepting a reduction
in the useful bandwidth of the line standard, TRL calibration in the 0.75 – 1.1 THz range
is feasible [71, 134]. In addition to these techniques, multiline methods are also effectively
implemented [137,138]. Further in-depth analyses of the performance of several VNA calibration
approaches at THz frequencies are discussed in References [139] and [140]. Moreover, VNA
measurements around and above 1 THz are susceptible to additional complications mostly
linked to the decreasing physical size of the waveguides used to implement the measuring ports.
Among them, repeatability of the waveguide interfaces introduces a significant random error,
which is the dominant factor of inaccuracy in measurements [141–143].

For the scope of this thesis, calibration of THz VNAs in free space configuration is partic-
ularly vital. In such configurations, horn antennas are usually implemented to transmit and
receive the THz signal in free space. In general, self-calibration procedures are advantageous
for this type of setup [144]. Among the techniques discussed before, TRL [145] and ‘Through-
Reflect-Match’ (TRM) [146] are the most common calibration methods that are implemented
in free space investigation. In this case, the reflect standard is realized with a metal plate,
and the match standard requires an absorber. There are certain drawbacks to TRL and TRM:
TRL requires precise positioning of the antenna to achieve defined separations with the Ma-
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Figure 2.8: Calibration standards for free space VNA configuration. Antenna 1 (Ant1)
is connected to port 1 and Antenna 2 (Ant2) is connected to port 2 of the VNA.

terial Under Test (MUT) for the line standard, and TRM requires a well-matched broadband
absorber. These limitations can be addressed by implementing ‘Line-Network-Network’ (LNN)
(transmissive) [147] and ‘Line-Reflect-Reflect’ (LRR) [148] (reflective) methods. An obstacle
network must be positioned in three consecutive positions to perform the LNN construction.
While a transmissive obstacle is necessary for LNN, LRR requires a non-transmissive or weakly
transmissive obstruction. Rolfes et al. describe these methods and propose different variations
for improved accuracy in [144].

Another free space calibration technique is ‘Gated-Reflect-Line’ (GRL) [149], which in con-
trast to other popular methods, only requires two standards. It is realized by time-gated (gated)
measurements of an empty fixture (line) and a metal plate (reflect).

‘Through -Line-Network’ (TLN) [150] is an additional calibration technique very similar to
TRL, only in this case, instead of the reflect standard, it uses a symmetrical and reciprocal
network as the third standard. A variation of this technique is the ‘Through-Through-Network’
(TTN) [151,152] method, which eradicates the limitation of the line standard by using a neigh-
boring frequency point to achieve variation in the geometrical length. A slight frequency shift
alters the electrical length comparable with the change in the mechanical length under the
assumption that the measurement setup exhibits a flat frequency response [152]. Various other
free space VNA calibration techniques are also reported recently, including ‘Short-Open-Load-
Reciprocal’ (SOLR) [153], Standard Load [154] etc.

2.1.6 State-of-the-Art THz VNA

The first VNA operating in the THz range was reported in 1990. Goy et al. described
in [155, 156] a Schottky diode-based THz generator and detector that uses a Gunn oscilla-
tor for frequency multiplication. This was later patented and commercialized by AB milimeter
LTD. This sub-THz VNA could function in the 8-180 GHz range without requiring frequency
extenders. However, one and two Gunn oscillators were employed for the 180-500 GHz and
500-800 GHz bands. For more than two decades, millimeter wave VNAs operating up to
352 GHz [157] have been available commercially, which use ‘millimeter-wave extender heads’ in
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conjunction with the EVNA. This extender module comprises harmonic multipliers for gener-
ation and sub-harmonic mixers for down-converting the reference and test signals. Nowadays,
commercial VNAs, by implementing frequency multipliers, can reach up to 1.5 THz [65, 158].
The development of frequency multipliers and associated components for frequency extension
modules is an active field of study, with frequency multiplier chains generating in the 1.7-1.9 THz
range has yet been demonstrated [159]. However, at higher THz frequencies manufacturing tol-
erances and higher loss due to surface roughness associated with the metallic structures makes
this development process extremely challenging.

Dynamic Range
(BW = 10 Hz, dB)

Waveguide Band
Frequency Coverage

(GHz) Typical Minimum
WR3.4 220-330 115 105
WM-710
(WR2.8)

260-400 100 80

WM-570
(WR2.2)

330-500 110 100

WM-380
(WR1.5)

500-750 100 80

WM-380
(WR1.5)
Mini

500-750 110 95

WM-250
(WR1.0)

750-1100 65 45

WM-250
(WR1.0)
Mini

750-1100 95 75

WM-164
(WR0.65)

1100-1500 60 40

Table 2.1: Specifications of EVNA extenders from Virginia Diodes, Inc. [65].

Table 2.1 details the frequency extenders required to cover the range from 110 GHz to
1.5 THz with their corresponding Dynamic Range (DNR). The commercial VNAs extenders
can attain a maximum peak DNR of ∼120 dB for lower frequencies (110 – 220 GHz) [65],
which declines drastically to 60 dB for the 1.1-1.5 THz band. This is owing to the fact that, as
frequency increases, the manufacturing and alignment tolerances of the hollow metallic waveg-
uides become more prominent, and the conversion efficiency of Schottky diodes decreases due
to RC roll-off.

With the development in the field of THz radiation, the demand for broadband character-
ization tools covering larger frequency spans of 1 THz or more is increasing. To achieve that
with the available VNAs, multiple modules have to be implemented. This not only increases
measurement efforts due to multiple realignment and calibration steps but also the system cost
goes up immensely. Depending on application requirements, most VNAs already operate in free
space for accessing bands above a few 100 GHz by using horn antennas [73], having essentially
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no advantage over a photonic system that immediately emits in free space. Furthermore, the
photonic systems have made significant advancements in reaching comparable DNR to com-
mercial EVNAs [77, 78, 160, 161], especially at higher THz frequencies. All these advantages
make photonic systems the potential solution for bandwidth limitations of EVNAs.

2.2 Photonic Characterization Systems

Developing a broadband Photonic Vector Network Analyzer (PVNA) is highly dependent on
efficient generation and detection techniques in the THz range. Recent advancements in this
field have resulted in THz sources and receivers capable of building systems with comprehensive
frequency coverage and high DNR. The photonic approach for THz generation mainly consists
of using either CW or femtosecond pulsed lasers as the source of the optical signal, which is
then down-converted to THz signal by means of nonlinear frequency conversion in a χ(2)-active
nonlinear crystal (optical rectification) [162–164], photomixing concept [161,165,166] or recently,
using spintronic devices [167–170]. Popular detection methods use photoconductive [171–173]
and electro-optic detectors [174–176]. For the scope of the thesis, we limit our discussion only
to the photomixing technique with a focus on photoconductive antennas for THz generation
and detection under pulsed operation. Pulsed photoconductor-based systems are particularly
advantageous as they can be implemented at room temperature in a table-top environment
and are capable of generating and detecting broadband THz signals with high peak DNR.
For pulsed operation, 6.5 THz bandwidth with ∼110 dB peak DNR (1000 sample average,
1 min measurement time) have been demonstrated [76, 161]. Due to these advantages, pulsed
photoconductors are preferred in many applications and well-suited for broadband photonic
VNAs.

2.2.1 THz Generation by Photomixing

The THz generation principle based on the photomixing technique is a review of References [177]
and [178].

CW Operation

To generate a CW THz signal, two lasers with powers P1 and P2 and frequencies ν1,2 = ν± νTHz
2

are used to excite the semiconductor. The laser must have sufficient photon energy to generate
photoinduced free carriers in the substrate, meaning hν1,2 > EG, where EG is the band gap
energy of the semiconductor and h is the Planck constant. Heterodyne mixing of two separate
lasers with E1,0 ∼

√
P1 and E2,0 ∼

√
P2 electric field strengths takes place in the photomixer

resulting in an optical field strength of

E⃗(t) = E⃗1(t) + E⃗2(t) = E⃗1,0e
i(ω̄+

ωTHz
2

)t + E⃗2,0e
i(ω̄−ωTHz

2
)t−iϕ (2.6)

where ωi = 2πνi and ϕ are the angular frequencies and relative phase. The optical intensity is
given by

IL(t) ∼
∣∣∣E⃗(t)

∣∣∣2 = E2
1,0 + E2

2,0 + 2
∣∣∣E⃗1,0 · E⃗2,0

∣∣∣ cos(ωTHzt+ ϕ) (2.7)
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Figure 2.9: Photomixing process. (a) Heterodyne mixing of two lasers, (b) resulting
electric field and (c) resulting power modulation with a beat node at the difference
frequency.

and in terms of power

PL(t) = P1 + P2 + 2
√
P1P2 cos(β) · cos(ωTHzt+ ϕ) (2.8)

where, β denotes the angle between the polarizations of the electric fields. An ideal semicon-
ductor situated between electrodes, absorbs all the incident light without any loss and forms
electron-hole pairs. Photocurrent is generated by applying a DC bias via the electrodes that
separates the electron-hole pair. The photocurrent is expressed as

Iidph(t) =
ePL(t)

hν
=
e(P1 + P2)

hν
+ 2

e
√
P1P2

hν
cosβ · cos(ωTHzt+ ϕ) (2.9)

Iidph(t) has an AC component IidTHz(t) = 2 e
√
P1P2
hν cosβ · cos(ωTHzt + ϕ) and a DC component

IiDCd(t) =
e(P1+P2)

hν . For the condition when the two lasers have identical power and polariza-
tion, meaning P1 = P2 = PL = Ptot/2 and β = 0, the AC term is maximized and becomes

ITHz
id (t) = e

√
Ptot

hν = IidDC = Iid, where Ptot = 2PL is the total laser power. In that case, the
Equation 2.9 yields

IidPh(t) = Iid [1 + cos(ωTHzt+ ϕ)] . (2.10)

An antenna fabricated on the semiconductor converts this AC current to THz power,

P id
THz =

1

2
RA(I

id
THz)

2 =
1

2
RA

(
ePtot

hν

)2

(2.11)

where RA is the radiation resistance of the antenna. Equation 2.11 represents an ideal case.
In summary, the heterodyne mixing of two individual lasers (with frequencies separated by

the THz frequency) takes place in a photomixer resulting in difference-frequency modulation
of the photocurrent that drives an antenna to emit the THz radiation into free space. In a
photoconductive mixer, the semiconductor in the electrode gap absorbs the heterodyned laser
beams, resulting in the formation of electron–hole pairs which are separated by an external DC
bias that generates the photocurrent. Depending on the electrode gap and the semiconductor
break-down field strength, the bias level ranges within a few volts to ∼100 V.
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Pulsed Operation

Under pulsed operation several laser frequencies are mixed to form a laser pulse in contrast to
two frequencies of the CW operation. The laser pulse can be expressed as

E⃗L(t) =
n∑
j

E⃗j exp[i(ωjt+ ϕj)] (2.12)

where ωj = 2πνj and ϕj represent the angular frequencies and phases of the optical E-field
Ej of the modes of the pulsed laser. A typical mode-locked fs laser usually has the following
features: a) the frequency components must be equally spaced, meaning νj − νj−1 = Rp (Rp

is the repetition rate of the laser) and b) the phase should have a fixed (linear) relationship,
that is ϕj − ϕj−1 = constant. The fixed-phase-relationship is achieved by the Mode-locking
technique allowing to generate extremely short (almost) Fourier-limited laser pulses, typically
in the femtosecond range. While the actual spectral distribution can be quite complex, we for
now assume a simpler case of a Gaussian intensity distribution in order to calculate the shape
of the emerging THz field. So, assuming E⃗j show a Gaussian distribution, the temporal shape
of the laser pulse field strength can be expressed as

E⃗L(t) = A⃗(t) exp(iωLt) (2.13)

where A⃗(t) and ωL are the complex envelope and the central frequency of the laser pulse,
respectively. The Gaussian pulse is Fourier transform-limited for a linear phase relationship,
with an envelope of

A⃗(t) = A⃗0 exp

(
−t2

τ2

)
(2.14)

where τ is the e−2 width of the pulse in time domain. The intensity (IL(t)) is given by the
square of the field strength

IL(t) ∝
∣∣∣E⃗L(t)

2
∣∣∣ = I0L exp

(
−2t2

τ2

)
(2.15)

I0L ∼ |A⃗0|2 corresponds to the peak intensity. The intensity also has a Gaussian profile with
τ the e−2 width and

√
2ln2τ the Full Width at Half Maximum (FWHM). Now the Fourier

transform of Equation 2.13 gives us the spectral components of the pulse

V (ν) =

∫ ∞

−∞
EL(t) exp(−i2πνt)dt = |V (ν)| exp [iψ(ν)] (2.16)

where ψ is the spectral phase. For a Gaussian pulse the spectral intensity is given by

IL(ν) = |V (ν)|2 ∝ exp
[
−2π2τ2(ν − νL)

2
]

(2.17)

with a spectral e−2 width of σ =
√
2

πτ . The temporal and spectral profile of the laser pulse along
with time domain intensity profile is depicted in Figure 2.10.

From Equation 2.9 and 2.15 we can calculate the generated photocurrent for the ideal case

IidPh(t) =
ePL(t)

hν
= IpeakPh exp

(
−2t2

τ2

)
. (2.18)
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Figure 2.10: (a) Temporal profile, (b) spectral profile and (c) time-domain intensity of a
femtosecond laser pulse. Reproduced and adapted from [178].

According to this equation, under ideal circumstances, the resulting photocurrent is Gaussian
because the carriers respond to the envelope of the laser pulse.

The emitted THz field is proportional to the first time derivative of the photocurrent

ETHz(t) ∼
∂IPh(t)

∂t
. (2.19)

The frequency spectrum of the transmitted signal is the Fourier transform of the THz field

ETHz(ω) ∼ F
[
∂IPh(t)

∂t

]
= iωIPh(ω) (2.20)

where IPh(ω) is the spectrum of the photocurrent.

The equations derived for CW and pulsed operation of photomixers are only valid for an
ideal case and do not consider the reflection at the semiconductor surface, intrinsic response
of the photoconductive material and RC roll-off losses. To include the material response, a
convolution approach is reported in Reference [79] for THz generation. Due to reflections and
finite absorption in the material, not all of the incident laser power is converted to electron-hole
pairs. The external quantum efficiency

ηext = (1−R)[1− exp(−αdi)] (2.21)
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takes these losses into account, where R is the reflection coefficient and α is the absorption
coefficient of the material. As a result the total photocurrent becomes IPh(t) = ηextI

id
Ph(t). By

using an anti-reflection coating and sufficiently thick absorbing layers ηext ∼ 1 can be reached.
At higher frequencies, further factors reduce the AC photocurrent, namely lifetime and RC

roll-off. Only a portion of the electron-hole pairs produced by photons in the photoconductors
contribute to the photocurrent. The other electron-hole pairs recombine before reaching the
electrodes. Due to recombination, the number of available charge carriers diminishes exponen-
tially over time. The average photocurrent over the transit time τtr can be calculated from
Equation 2.10 as follows [79]

IidPh(t) =
1

τrec

∫ ∞

0
Iid [1 + cos (ωTHzt+ ϕ)] exp

(
−t
τrec

)
dt = Iid

τrec
τtr

1 + sin (ωTHzt+ ϕ)√
1 + (ωTHzτrec)

2


(2.22)

where τrec is the recombination time and the factor τrec/τtr ≪ 1 is photoconductive gain g,
which has an equal impact on both the DC and THz photocurrents. The lifetime (power)
roll-off can be expressed as [177]

ηlt(ω) =
1

1 + (ωTHzτrec)2
(2.23)

At frequencies ωTHz ≫ 1/τrec the power rolls off as ν2THz.
A finite device capacitance in combination with the antenna radiation resistance, as well as

additional parallel and series resistances attributed to the active area of the semiconductor and
the interconnects, respectively, causes the RC roll-off, leading to a further power roll-off of [165]

ηRC(νTHz) =
1

1 + (2πRACpνTHz)2
(2.24)

where Cp is capacitance of the device. The overall THz emitted power now can be expressed as

PTHz(ω) =
1

2
RAη

2
extgηlt(ω)ηRC(ω)(I

id
THz)

2 (2.25)

More detailed description of the THz generation using photomixing technique can be found in
References [79,177].

2.2.2 THz Pulse Detection by Photoconductors

The theory presented in this section is a revision of References [178] and [179]. A photoconduc-
tive detector consists of a semiconductor with high-dark resistance and two metallic contacts,
separated by a gap, deposited on it. An ultrafast laser pulse and the incoming THz signal are
focused concurrently on the active region situated between the electrode gap. The laser pulse
absorbed by the semiconductor generates electron-hole pair, which increases its conductivity.
The electric field of the THz pulse acts as a transient bias field. The synchronous incidence
results in a convolution of both, giving rise to a low frequency, i.e. rectified current, which
is then read out by external electronics. The whole THz waveform can be mapped out by
varying the delay between the arrival of the THz signal and the optical pulse. Photoconductive
detectors can work in integrating, direct, or intermediate sampling modes, depending on the
characteristics of the semiconductor [179,180].
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Figure 2.11: Current response for a transient overlap between THz and laser pulses. Top:
For a short carrier lifetime (τc ≪ 1 ps) material. Bottom: For a long carrier lifetime (τc
≫ 1 ps) material. Reproduced and adapted from [179].

Direct sampling detectors comprise highly-resistive semiconductors that exhibit a very short
carrier lifetime, meaning generated carriers are trapped very quickly, therefore, showing an
increase in conductivity only as long as the laser pulse illuminates it. As a result, the measured
photocurrent samples only the point when both the optical and THz signal coincide temporally,
which is depicted in Figure 2.11 (top). This means at that point, the measured photocurrent is
proportional to the THz electric field strength. It is therefore, feasible to quantify the electric
field of the THz pulse ETHz as a function of time t, by delaying the laser pulse by τ relative to
the THz transient. Assuming that the spike in the conductivity generated by the optical pulse
is much shorter than any features of the THz wave, the measured photocurrent I(τ) can be
expressed as

I(τ) ∝ ETHz(t = τ). (2.26)

Integrating detection takes place in semiconductors with a carrier lifetime longer than the
duration of the incoming THz pulse. As a result, the photoconductor remains photoexcited
much longer than the duration of the THz transient, and the measured photocurrent IdetPh is
given by the convolution of the THz electric field and material conductivity [179,181,182]

IdetPh(τ) ∝
∫ +∞

−∞
ETHz(t)σ(t− τ)dt. (2.27)

If the time-resolved conductivity of the material (σ(t)) is known, the original THz field can be
extracted by deconvoluting Equation 2.27. σ(t) frequently has a monoexponential decay and is
expressed as

σ(t) = σ0e
−t
τrec + σdark (2.28)
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where σ0 refers to the peak conductivity exactly after excitation and τrec represents the charge-
carrier lifetime of the material. The very low dark conductivity σdark is neglected in the following
for simplicity. σ(t) can also be described in terms of mobility µ and the carrier concentration
of the material n by σ(t) = eµ(t)n(t). The conductivity of the semiconductor can be assumed
to rise like a step function. In that case, Equation 2.27 becomes

IdetPh(τ) ∝
∫ ∞

τ
ETHz(t)dt (2.29)

and THz electric field (ETHz(t)) can be recovered by differentiating the detected photocurrent
(IPh(τ)) with respect to τ . Equation 2.29 signifies that a short carrier lifetime is not a prereq-
uisite for a wide-band photoconductive detector. To achieve a wide bandwidth the rise time in
the photoconductivity must be short, which is mainly dependent on the duration of the laser
pulse rather than the material properties [179]. However, for long carrier-lifetime materials the
signal-to-noise ratio is affected as integration over the noise is performed when the sample is still
conductive. Therefore, low noise photoconductive detectors usually feature a carrier lifetime
below at least 0.5 ps. In practice, the photoconductive detector can act both i.e. as a direct
detector below 200 GHz and as an integrating detector at 2 THz and above.

For the case when prior knowledge of the time-resolved photoconductivity of the material
(σ(t)) is available, the THz electric field can be calculated from the measured photocurrent
(IdetPh(τ)) by numerical methods. A fast deconvolution method to achieve this is described
in [179]. Equation 2.27 can be rewritten as

I(τ) = β

∫ +∞

−∞
ETHz(t)Φ(t− τ)dt (2.30)

where β is a constant dependent on the Fresnel transmission coefficient, the wavelength of the
laser beam, laser power [179] as well as the device geometry, whereas, Φ(t) is the normalized
time dependent conductivity expressed as Φ(t) = θ(t)e−t/τrec , with θ(t) representing a step
function. Fourier transform of Equation 2.30 returns

I(ω) = βETHz(ω)Φ(ω) (2.31)

The inverse Fourier transform of Equation 2.31 yields the time domain THz electric field

ETHz(t) =
1

β
F−1

[
I(ω)

Φ(ω)

]
=

1

β
F−1

[
I(ω)

(
1

τc
+ iω

)]
(2.32)

In the above derivation, the assumption of Φ as a step function is only valid for a δ-function
like laser pulse and infinite trapping and recombination lifetime. In reality, Φ has a more
complicated shape, necessitating a more sophisticated approach [179]. Still, this deconvolution
approach is fast and provides a good approximation for photoconductive response correction.

Although a few photonic characterization tools in the THz range are commercially avail-
able, they use either CW (e.g. frequency domain spectrometer) [8, 183, 184] or pulsed lasers
for generating and detecting THz signals. However, for the scope of the thesis, we limit our
discussion to pulsed systems, namely, the Terahertz Time Domain Spectrometer. These spec-
trometers are the most popular and widely used systems for material characterization [83,185]
and imaging [82, 87] because of their attributes, including high DNR > 100 dB, bandwidth
> 6 THz, availability of amplitude and phase data, and its ability to perform non-contact, non-
invasive and non-destructive inspection. Also for these reasons, the Terahertz Time-Domain
Spectroscopy (THz-TDS) system is a reasonable choice as the backbone of developing photonic
VNAs.
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2.2.3 Terahertz Time Domain Spectrometer

Similar to an RF VNA, the THz-TDS systems use coherent detection to measure the field
amplitude and phase of an electromagnetic wave and provide a straightforward method of
determining the attenuation and phase shift associated with the interaction of THz waves with
the device or material under test. In contrast to a VNA, which does frequency sweeping and
records data at each frequency point, a pulsed THz-TDS captures broadband THz signal in the
time domain.

Architecture and Operation

The system architecture of a THz-TDS mainly consists of an ultrafast laser, a transmitter, a
receiver and post-detection electronics. A simple schematic of a THz-TDS system is depicted
in Figure 2.12. To perform coherent detection, THz-TDS employs a closed-loop pump-probe
approach where the pump and probe beams are obtained from the same laser, and the detector
samples the temporal overlap of the THz and probe pulses. This guarantees that the system
has a high signal-to-noise ratio and a high DNR [118].
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Figure 2.12: System architecture of a typical THz-TDS setup. LIA = Lock-in Amplifier,
TIA = Transimpedance Amplifier.

In a pulsed THz-TDS system, the source and the detector are driven by an ultrafast laser
with a pulse duration in the ∼ 100 fs range. The laser beam is split into pump and probe beam
paths that activate the transmitter and receiver, respectively. The pump beam modulates the
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conductance of the source photoconductor, and an applied bias generates a photocurrent with
a THz component, which is then radiated by an antenna. The antenna on the receiver side
receives the THz field that biases the photoconductor while the probe beam modulates its
conductance. This results in a mixing process containing a DC component proportional to the
convolution of the incoming THz field and the optical signal [79, 179], which is subsequently
read out by the post-detection electronics. The complete THz pulse is extracted by varying the
relative delay between the THz and optical pulses. This generation and detection process was
described in detail in the Sections 2.2.1 and 2.2.2.
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Figure 2.13: (a) Temporal and (b) spectral profile of a THz pulse.

The relative delay between the THz and laser pulses is scanned by implementing a mechan-
ical delay line. The emitted THz field is guided, collimated and focused using quasi-optical
elements, including parabolic mirrors and TPX lenses. Post-detection electronics typically in-
clude a Trans-Impedance Amplifier (TIA) that amplifies and converts the current to voltage,
followed by an Analogue to Digital Converter (ADC) or a Lock-In Amplifier (LIA) for read-
out. Figure 2.13 depicts an exemplary case of a received THz pulse in the time domain, and
its spectral profile obtained by Fourier transform, for a typical commercial THz-TDS system.
Almost all the pulsed THz-TDS systems that employ photoconductors to generate and detect
THz signals show similar temporal and spectral profiles.

The absolute value of the generated THz power has no direct influence on the measurement
and must be consistent during the measurement procedure. The THz-TDS primarily evaluates
the difference in amplitude and phase of a THz field yielded by the studied sample compared
to a reference THz wave. Typical THz-TDS systems are configured in transmission mode,
which measures the transmission coefficient of the DUT or MUT. In this case, the transmission
coefficient is determined by the ratio of the THz field transmitted through the sample (test)
to the field propagated through an empty setup (reference), as illustrated in Figure 2.14. The
transmission coefficient t(ω) is analogous to the S21 parameter and is given by

t(ω) = S21(ω) =
EDUT

t (ω)

Eref
t (ω)

, (2.33)

where EDUT
t (ω) is the THz wave transmitted through the sample and Eref

t (ω) is the reference
THz wave propagated through an empty setup.
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Figure 2.14: Transmission geometry THz-TDS setup for (a) reference and (b) test mea-
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Figure 2.15: (a) Reference and (b) test measurement setup for perpendicular incidence
reflection THz-TDS. (c) Reference and (d) test measurement setup for oblique incidence
reflection THz-TDS. Tx = Transmitter, Rx = Receiver, BS = Beam Splitter.

For specific experiments such as the characterization of opaque materials in the THz range
[186] or imaging [187], THz-TDS is implemented in reflection geometry, to measure the reflection
coefficients of the inspected samples. This approach is less accurate than the transmission
geometry due to the comparatively smaller phase change of the reflected signals [188] and
misplacement errors associated with the relative position of the reference plane and the sample
plane [189]. However, for the aforementioned applications, it is advantageous to use reflection
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data since, in those cases, the samples are either not transmissive (e.g., opaque materials) or
only weakly transmissive (e.g., highly absorptive materials). Moreover, the reflection coefficient
or S11 parameter cannot be extracted in transmission geometry. The reflection geometry can
be implemented for a perpendicular incidence where the reflected signal is separated from the
incoming signal path using a beam splitter (as shown in Figures 2.15a and 2.15b) [108], or by
placing the sample at an angle (as shown in Figure 2.15c and 2.15d) [190]. The configuration
with perpendicular incidence is subjected to power loss due to the beam splitter. In contrast,
the arrangement with oblique incidence is susceptible to misalignment of the THz wave when
the reference element and the sample are exchanged. Nevertheless, both systems are employed
based on the application requirements. For example, incidence at an angle is preferred in
coating thickness measurement applications [190,191]. In order to measure the reference signal
in reflection mode, a metal plate is usually inserted in the THz path, and the reflected signal is
recorded (Eref

r (ω)). This metal plate represents a physical plane that determines the reference
phase. Then the metal reflector is replaced by the DUT or MUT, ensuring that it exactly
matches the reference plane of the reflector, and subsequently, the THz field reflected from the
sample EDUT

r (ω) is measured. The reflection coefficient is given by

r(ω) = S11(ω) =
EDUT

r (ω)

Eref
r (ω)

(2.34)

System Specifications

The fundamental operational specifications of a THz-TDS system are its spectral bandwidth,
frequency resolution, and DNR. The accuracy and resolution of measured transmission and re-
flection coefficients, along with properties derived from them such as refractive index, absorption
coefficient etc., are highly dependent on these parameters.

DNR is defined as the ratio of the amplitude at a given frequency to the noise floor. A typical
value of DNR denotes the capability of the system, where large DNR allows for investigating
strongly absorbing materials, and lower DNR restricts the accuracy and amplitude response of
these measurements. Figure 2.13(b) demonstrates the spectral profile of a THz pulse recorded
using a commercial THz-TDS system in transmission geometry with a peak DNR of ∼70 dB
at around 500 GHz and a DNR of about 20 dB at 3 THz. As a result, measurements made at
frequencies below 3 THz are trustworthy. Despite the fact that there is signal over 3 THz, it is
common practice to choose reliable data with at least 20 dB of DNR for subsequent processing.

The DNR describes only the amplitude of the measured data and provides no information
about the phase. The phase data, similar to the amplitude, is susceptible to noise. However,
amplitude and phase measurements have different noise sources, namely, power fluctuations
and temporal inaccuracy. The phase noise of a measurement can be quantified by repeating it
several times. The standard deviation of these iterations provides a reasonable estimate of the
phase noise [86].

The frequency resolution is the frequency interval of the spectral data and is reliant on
the DNR. The frequency interval is given by c0/2l, where c0 is the speed of light in vacuum
and l is the delay length. For a system with no noise and an infinite delay, the maximum
resolution of a pulsed system will be equal to the repetition rate of the pump laser [117]. In
the presence of noise, however, the attainable resolution degrades significantly. As the signal’s
amplitude and DNR decrease with increasing delay from the main pulse, the signal can no longer
be distinguished from noise. From then on, increasing the delay will not yield any further
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information, thus limiting the maximum sensible delay. According to research on the noise
dependency of frequency resolution, a typical system can achieve a maximum feasible spectral
resolution in the order of 1 GHz [192]. Nevertheless, a sub-GHz resolution is achievable in
systems employing the mechanical delay-stage-free Asynchronous Optical Sampling (ASOPS)
technique [193].

The scan speed of the THz-TDS system is another crucial component, particularly when
used in combination with a lock-in amplifier. The lock-in amplifier reduces the random noise by
averaging the signal over a period determined by the time constant. The THz signal, however,
is continuously changing as the delay stage moves to sample various time points of the signal.
It is crucial to select the combination of lock-in time constant and scanning speed such that it
takes an equivalent time of at least 3 to 5 time constants to pass for the delay stage to move
the distance corresponding to the sharpest feature in the THz pulse [86]. Too fast scan speed
results in reduced magnitude and change in the temporal pulse shape, which in turn reduces
the frequency bandwidth and DNR at higher frequencies of the spectral data [86].

Eliminating random noise sources is key to proper operation of a THz-TDS. Mechanical
noise sources include vibrations, air currents along beam pathways, air particles, and thermal
deformations. Variations in pump laser intensity between pulses can also cause amplitude
noise [117]. The study conducted on different THz-TDS systems by Hübers et al. confirmed
that amplitude noise is proportional to absolute amplitude, and even when all electrical and
mechanical noise sources are minimized, the residual amplitude noise is around 1% of the
signal intensity [118]. Other investigations evaluated laser amplitude changes, beam aiming
deflections, and detector noise as noise sources, but determined that their contributions to the
measured noise level were negligible [102,118,194].

Error Sources

Numerous causes of randomness impacting THz-TDS signals have thus far been identified,
such as laser intensity variation [195–197], optical and electrical noise [198, 199], delay line
jitter [200], registration error [201], etc. In general, mathematical treatment for these noise
sources is available [83,202]. Along with the signal’s inherent randomness, flaws in the physical
setup (e.g., sample alignment) and extraction procedure (e.g., false phase unwrapping) also
contribute to the error in the predicted attributes.

Figure 2.16 presents significant causes of error originating from THz-TDS measurement
and the parameter extraction procedure [203]. The sample signal incorporates Fabry-Pérot
reflections in addition to noise, and if they are not appropriately treated, they might result in
systematic errors. The variation caused by the amplitude error from multiple measurements
propagates through the parameter extraction, Fourier transform, and deconvolution steps, re-
sulting in the variance in magnitude and phase of the estimated transfer function. The extrac-
tion of parameters sometimes necessitates knowledge of the sample thickness, sample alignment,
and refractive index of the surrounding medium, all of which are subject to ambiguity. All of
these variations aggregate at the output and contribute to the uncertainty in the retrieved
properties of the DUT or MUT. It is vital to highlight that amplitude variance is a significant
source of measurement uncertainty. Further analysis of sources of errors is detailed in [203].
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Figure 2.16: Error sources of THz-TDS measurement and error types (grey). Blue rect-
angles denote the parameter extraction procedure steps. Adapted from [203].

System Calibration

Correct spectral information is one of the key aspects of calibration for THz-TDS devices. It
is obvious that accurate frequency scale calibration is necessary for the detection and char-
acterization of spectral characteristics including absorption lines, resonance peaks, and other
features. The delay data of the time-domain scan are used to determine the phase information,
which is then converted to frequency domain using the Fourier transform. The accuracy of the
phase data and the parameters obtained from it, such as the refractive index, are also ensured
by calibrating the frequency scale.
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Figure 2.17: Frequency calibration using water vapor absorption lines
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Numerous gases feature narrow linewidth rotational transitions at terahertz frequencies,
making them excellent choices for frequency calibration. Readily available water vapor with
well-known strong and narrow absorption lines [204, 205] (Figure 2.17), or absorption gas cells
containing CO, N2O, etc. with a linear molecular structure whose absorption spectrum consists
of a regular comb of lines with a characteristic amplitude envelope [206], are utilized for this
purpose. However, relative amplitudes of the water vapor lines vary with air pressure and
humidity [207], and gas cells are comparatively bulky, cumbersome, and in most cases, toxic
(e.g. CO). An etalon, which produces resonance peaks at regular frequency intervals (free
spectral range (FSR)) over the whole operation band of the THz-TDS, is therefore preferred.
The most straightforward approach to frequency calibration using an etalon entails recording
the frequencies of the maxima and minima in the transmission spectrum and comparing them
with their expected value determined by FSR = c0/2nede, where ne and de are the refractive
index and thickness of the etalon material, respectively. It is, therefore, possible to display the
discrepancy between the measured and calculated frequencies for each maximum and minimum
as a function of the expected frequency, indicating any systematic frequency inaccuracies as
well as noise and digitization problems. This can be accomplished using a high-finesse air-gap
etalon [208, 209] or a low-finesse etalon consisting of a high-resistivity silicon wafer [210]. A
method for in-line calibration of a THz-TDS system employing both a gas cell and an etalon
was developed by Deng et al. [211].

2.2.4 State-of-the-Art THz-TDS Systems

(a) (b)

Figure 2.18: State-of-the-art commercial THz-TDS measurement (Toptica Photonics
/Fraunhofer HHI, Berlin). (a) THz spectrum (b) Peak DNR versus number of aver-
aged time traces and total acquisition time [212].
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THz systems based on pulsed photoconductors have advanced significantly in the past
decade. Commercially available pulsed THz-TDS systems (Toptica Photonics/Fraunhofer HHI),
in a typical transmission setting, already reach more than 6 THz bandwidth with 100 dB peak
DNR (averaged over ∼2000 scans with ∼30 s acquisition time) (Figure 2.18) [212]. This sys-
tem employs fiber-coupled InGaAs/InP photoconductive antennas to generate and detect THz
pulses, which are driven by an ultrafast laser centered on 1550 nm with a ∼90 fs pulse du-
ration at a repetition rate of 100 MHz (TeraFlash Pro) [212]. With a similar laser, Nandi et
al. reported a bandwidth of 6.5 THz with ∼110 dB maximum DNR (averaged over 1000 scans
with 1 min measurement time) using an ErAs:In(Al)GaAs photoconductive transmitter and
an ErAs:InGaAs based photoconductive detector [76]. Kohlhaas et al. from Fraunhofer HHI,
Berlin, also demonstrated a similar outcome using InGaAs:Rh-based photoconductors [77]. Un-
til recently, they presented a THz-TDS measurement with III-V photoconductive membranes
on Silicon to attain ∼10 THz bandwidth with ∼100 dB peak DNR [78].

Modern photonic systems possess an adequate DNR to compete with electrical systems,
particularly beyond 1 THz. Figure 2.19 compares the DNR of the frequency extenders from
Virginia Diodes, Inc. [65], where the source and receiver have been directly connected, to that of
a state-of-the-art free space ErAs:InGaAs based transmission geometry THz-TDS [161]. For a
fair comparison, the THz-TDS data is modified to have a similar Equivalent Noise Bandwidth
(ENBW) of ∼10 Hz as the VNA data. At frequencies below 500 GHz, the VNA performs
significantly better than the THz-TDS, with 50 to 20 dB higher DNR. Even though a deficit
of 50 dB in DNR at 200 GHz in the photonic system is rather large, the remaining DNR of
roughly 70 dB is still suitable for most experiments. The DNR of the photonic system peaks
at around 500 GHz. In this range, the WR2.2 and WR1.5 extenders show a typical DNR of
around 100 dB. The DNR of the photonic system is ∼20 dB lower than that of the electronic
VNAs at this stage, as the Schottky multipliers of the VNA still only exhibit negligible roll-off.
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At higher frequencies, the difference in DNR between the systems becomes smaller due to
the conversion efficiency roll-off of the Schottky-diode-based multiplier chain, increased losses
of hollow core metallic waveguides, and low alignment tolerances within electronic systems.
The photonic system yields roughly 70 dB DNR at 1 THz, whereas conventional extender
chains achieve similar values for WR1.0 mini (95-75 dB) and lower values for WR1.0 (40-
60 dB) [65]. Beyond 1.1 THz, the photonic system outperforms the electronic one, indicating
that a competitive pulsed PVNA system covering frequencies over 1 THz should be feasible.
Provided that a smaller DNR can be accepted in the experiment, an extension towards ∼6 THz
is even achievable. Most notably, there would be no requirement for swapping bands compared
to the electronic VNA, where a minimum of six bands are required to span the frequency range
from 220 GHz to 1.5 THz. As a result, broadband measurements are greatly simplified by
the photonic approach, as the system only has to be calibrated once, and realignment is not
necessary (as it would be when switching bands).

2.2.5 Conclusion

To the knowledge of the author, the highest frequency extension for VNAs currently available on
the market is 1.5 THz [65]. Due to the fabrication tolerances and increased scattering by surface
roughness of hollow metallic waveguides, upscaling existing technology is challenging. THz-TDS
systems can determine S21 and S11 parameters when implemented in transmission and reflection
geometry, respectively. Therefore, a complete two-port PVNA can be configured by adding a
few components to an existing free space photonic system. This will be demonstrated in the
next chapter, along with data evaluation and calibration techniques which for time-domain
measurements require an entirely new methodology.
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Chapter 3

Photonic VNA: System
Architecture, Calibration

and Data Evaluation

Electronic Vector Network Analyzers (EVNAs) are typically set up in a two-port configu-
ration that facilitates recording a complete set of Scattering(S) parameters (S21, S11, S12, S22)
of a Device Under Test (DUT). In contrast, Terahertz Time-Domain Spectroscopy (THz-TDS)
systems are usually configured in either transmission or reflection geometry enabling only S21
or S11 parameter extraction. For a complete characterization, the DUT must be physically
reversed and moved between different setups. In this thesis, we enhance the capability of the
existing THz-TDS systems by first building a setup similar to a two-port single path configu-
ration of a Vector Network Analyzer (VNA), which is capable of measuring both S21 and S11
parameters simultaneously. We refer to this system as a 1.5 port Vector Spectrometer (VSM).
Then it is upgraded to a two-port Photonic Vector Network Analyzer (PVNA) by incorporating
a few components. In this chapter, we describe the various components of these systems and
propose novel calibration and data assessment approaches.

3.1 System Architecture

The PVNA setup essentially consists of a laser, transmitters and receivers, test sets and post-
detection electronics. Figure 3.1 depicts the simple block diagrams of a 1.5 port VSM and a
two-port PVNA configuration. In this section, we discuss the specifications of each component
that is used to realize these systems.

3.1.1 Optical Component: Ultrafast Laser

To optically modulate the conductance of both transmitters and receivers in a pump-probe
configuration, an ultrafast laser is used. A modified Menlo C-fiber laser system [213] operating
at a center wavelength of around 1560 nm with 90 fs pulse duration and a repetition rate of
100 MHz is implemented to realize the VSM and the PVNA. It features two fiber ports – one

37
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Figure 3.1: Simple block diagrams of (a) a 1.5 port VSM and (b) a two-port PVNA. Tx
= Transmitter, Rx = Receiver, DC = Directional coupler, ODU = Optical delay unit,
PD = Post-detection.

emits 45 mW of power, and the other emits a power of around 16 mW. It also consists of a
free-space port that is phase-locked to the fiber ports, featuring a maximum of 350 mW of
optical power.

3.1.2 Transmitters and Detectors: Pulsed Photoconductive
THz Emitters and Detectors

The transmitters and the receivers are actualized by ErAs:In(Al)GaAs and ErAs:InGaAs based
photoconductors, respectively. The emitter material is grown by molecular beam epitaxy at
standard growth temperatures of InGaAs (490 ℃) and contains 90 × [15 nm InGaAs | 1.5 nm
C:InAlAs | δC 0.8 ML ErAs | 1.5 nm C:InAlAs] superlattice structure as previously published
in Reference [214]. The photoconductor exhibits a resistivity of 3850 Ω cm and mobility of
approximately 450 cm2/Vs [214]. For the detector structure, the C-doped InAlAs layer is
excluded to facilitate a shorter carrier lifetime [215–217]. A total of 100 superlattice periods
containing [10 nm InGaAs | δC 0.8 ML ErAs] are incorporated into the detector construction,
which shows enhanced mobility of 775 cm2/Vs and a reduced resistivity of 240 Ωcm [214]. The
carrier lifetime of the ErAs:InGaAs detector is 0.388 ± 0.036 ps, whereas, for the emitter, it
is 1.842 ± 0.029 ps [161]. The effective carrier lifetime of these photoconductors is reported to
decrease almost linearly with increasing bias [76].

A 25 µm gap slotline antenna on the emitter material and a 5 µm gap H-dipole antenna
on the detector are deposited to enable the THz radiation to be transmitted and received,
respectively. The photoconductors are mounted on highly resistive, hemispherical silicon lenses
with 10 mm diameter and 6.1 mm thickness to facilitate incoupling and outcoupling of the THz
radiation [218]. Finally, the photoconductive devices are semi-packaged for device protection
and robustness, i.e. integrated with a silicon lens and electrical BNC connectors but not with
an optical fiber. Such packages necessitate the alignment of the laser spot with the active area
but offer more flexibility for THz setup optimization.

With the Menlo C-fiber laser [213], the same as the one described in Section 3.1.1, this
transmitter-receiver pair in a typical transmission THz-TDS setup achieves a 90 dB peak Dy-
namic Range (DNR) with more than 6.5 THz bandwidth (averaged over ∼2000 scans with
6-8 min acquisition time). For this measurement, the transmitter and receiver are driven with
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Figure 3.2: THz performance of the ErAs:In(Al)GaAs transmitter and ErAs:InGaAs
receiver pair driven by a TeraFlash Pro laser system [212] for a transmission geometry
THz-TDS setup. Adapted with permission from [76] ©2022 IEEE.

45 mW and 16 mW of optical power, respectively, and the transmitter is biased at 200 V [214].
In the latest publication regarding this transmitter-receiver pair, Nandi et al. reported a 110 dB
peak DNR with more than 6 THz bandwidth (averaged over ∼1000 scans with 1 min acquisi-
tion time), when operated in conjunction with the TeraFlash Pro [212] laser system (1550 nm
operating wavelength, ∼90 fs pulse width, 100 MHz repetition rate) driving the devices with
15 mW of power each [76] (Figure 3.2).

3.1.3 Test Set: Wire Grid Polarizer-based Directional Coupler

Measuring the reflection coefficients requires separating the incident and reflected waves trav-
eling to and from the DUT. For broadband investigation, a frequency-independent directional
element is required for this purpose.

A directional coupler based on a set of Wire Grid Polarizers (WGPs) is preferable over
interference-based Directional Couplers (DCs) due to their inherent broadband feature, which
is crucial for pulsed THz system. WGPs consist of metallic wires separated by a distance
much smaller than the wavelength of the incident electromagnetic wave. When an incident
electromagnetic wave encounters these metal stripes, the polarization component parallel to
the stripes is reflected, while the component perpendicular to the stripes is transmitted.

To realize the DC, the utilized WGPs comprise free-standing Tungsten wires, with w =
10 µm thickness and p = 25 µm pitch (fill factor, F = w/p = 0.4), as depicted in Figure 3.3.
Extinction Ratio (ER) and Insertion Loss (IL) are the parameters used to assess the overall
quality of the WGP. The ER is determined by

ER = 20 log10(
E⊥
E∥

) (3.1)
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p

(a) (b)

Figure 3.3: (a) Design parameters of the WGP, with diameter of the free-standing Tung-
sten wire w = 10 µm and pitch p = 25 µm. (b) Photo of the WGP at 0° orientation.

where E⊥ is the transmitted E-field component perpendicular to the metal wires and E∥ is the
unwanted signal or the transmitted E-field component parallel to the metal wires. The IL is
expressed as

IL = 20 log10(
E⊥
Eref

) (3.2)

where Eref is the transmitted E-field in the absence of the WGP. The performance of the WGPs
is evaluated using a commercial THz-TDS system, and the results are illustrated in Figure 3.4.
The WGP shows a maximum ER of 40 dB at around 200 GHz, which reduces to 20 dB at
around 2.5 THz. The IL increases with frequency and goes above 1 dB beyond 2 THz. From
Figure 3.4, it is evident that the performance of the WGP degrades above 2 THz. However,
conducting experiments up to 2.5 THz is still feasible.

In addition to separating the incident and reflected THz pulses, the DC guides the transmit-
ted THz pulse toward the corresponding receiver for backward propagation. The arrangement
of WGPs functioning as frequency-independent DCs is depicted in Figure 3.5.

WGP1 and WGP4 are tilted at θ = 45° to the optical axis. To achieve a projection of α = 45°
orientation, the wires are inclined at β = arctan(tanα cos θ) ≈ 35°. The projected orientation of
45° (α) allows maximum THz power to be propagated through the first encountered polarizer
in respective paths as the transmitters radiate linearly polarized signal at -45°. In contrast,
the θ = 45° tilt with respect to the wavefront of the emitted THz beam guides the reflected
signals from the DUT toward the corresponding receivers. To prompt reflection, the THz beam
polarization is rotated by employing WGP2 and WGP3 oriented at 90°, and tilted slightly to
deflect undesirable scattered signals off-axis.
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Figure 3.4: (a) Extinction ratio and (b) insertion loss of the WGP.
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Figure 3.5: Operating principle of the WGP based DC for implementation in PVNA.
Inset: Orientation of WGP1 and WGP4.
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For forward propagation, the diagonally polarized THz signal emitted from Tx1 propagates
through WGP1 with an insertion loss of less than 1 dB and is subsequently converted to linear
polarization by WGP2. This conversion incurs a ∼3 dB loss of signal power. Now the signal
emerging after WGP2 interacts with the DUT resulting in both transmission and reflection
of the THz pulses. The reflected part propagates through WGP2 unchanged in polarization,
then gets reflected by WGP1 with another ∼3 dB loss towards Rx1 at a diagonal polarization.
The transmitted part similarly propagates through WGP3 without changing polarization and
is subsequently reflected by WGP4, suffering a ∼3 dB loss before getting detected by Rx2 at
diagonal polarization. For backward propagation, the THz signal emitted from Tx2 also follows
a similar path, and the transmitted and reflected signal from the DUT is detected by Rx1 and
Rx2, respectively. Each signal path suffers ∼6 dB loss due to polarization conversion and 1-2 dB
more for insertion loss. However, this still yields a considerable signal due to the high available
DNR of the system.

3.1.4 Post-Detection Electronics

The current generated in photoconductive detectors upon receiving THz pulses is generally
between a few nA and a few pA. To amplify and transform current to voltage, a low noise
Trans-Impedance Amplifier (TIA) from TEM Messtechnik (PDA-S) [219] is implemented. Sub-
sequently, an Lock-In Amplifier (LIA) is utilized to extract the signal from the noisy background
by demodulating the incoming signal at the reference frequency used for modulating the THz
source. The demodulation process mainly involves multiplying the input signal with a sine wave
at the reference frequency, followed by implementing a low pass filter with a predetermined time
constant to obtain the DC component, which is the signal of interest. This is realized by em-
ploying LIAs from Zurich Instruments (MFLI-MD) [220], each consisting of two demodulators
to simultaneously demodulate two differentially modulated incoming signals. Multiple LIAs
can be synchronized so that their time stamps coincide. A graphic user interface designed in-
house enables concurrent data reading and saving from the LIAs in sync with the delay stage
movement (see Appendix A).

3.2 Calibration Standards and Calibration Process

Like EVNAs, the PVNA needs to be calibrated to eradicate systematic errors. However, this
process is more straightforward for the PVNA, as the propagation occurs in the air with a well-
known wave impedance of 376.7 Ω. In contrast, for EVNA, the Smith chart has to be calibrated
for the respective metal waveguides connected to the DUT. For the calibration of PVNA, we
adapted a method that is similar to a combination of the ‘Gated-Reflect-Line’ (GRL) [149]
and the ‘Through-Through-Network’ (TTN) self-calibration [151, 152] approach of EVNA (see
Section 2.1.5). Mueh et al. also described a similar calibration technique for a 1.5-port system,
which can be expanded to calibrate a complete two-port configuration [93].

A conventional EVNA calibration method implements a 12-term error model [126,221,222],
with six terms each for forward and backward propagations. Although the complete set of
S-parameters is retrieved concurrently in a PVNA, the signals emitted by various transmitters
are effectively segregated from one another because their modulation frequencies are sufficiently
spaced; therefore, there is almost no cross-talk. This indicates that the error terms determined
for separate forward and reverse propagation models are valid for the two-port PVNA. Forward
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and backward error models with six error components are depicted in Figure 3.6 and Table 3.1
describes the error sources. The error models and error-term calculations are partially based
on the explanations found in References [93] and [222].
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Figure 3.6: 6-term error model for (a) forward and (b) backward propagations.

Error term Error Sources
ed,1, ed,2 Directivity
es,1, es,2 Source Match
er,1, er,2 Reflection Tracking
et,1, et,2 Transmission Tracking
el,1, el,2 Load Match
ei,1, ei,2 Leakage / Isolation

Table 3.1: Error sources.
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As with the GRL method, time gating is implemented to calibrate the PVNA measurement
for the elimination of source/load match error. As the measurement is already executed in the
time-domain, it can be accomplished without requiring an inverse Fourier transformation of
the measured data. Due to the finite delay length, the signal is already time gated; however, it
may be further truncated to exclude signals interacting with the DUT multiple times, enabling
perfect load/source matching. It is good practice to configure the system such that the unwanted
reflections stemming from quasi-optical elements (such as beam splitters or lenses) arrive much
later than the main pulse. We implement a modified Blackman window to realize the time
gating to avoid any artifacts arising when the pulse is converted to the frequency-domain. For
instance, if a rectangular window is utilized in the time-domain, it indicates a convolution
between the THz spectrum and a sinc function in the frequency-domain, leading to enhanced
side lobes [223]. Section 3.3.1 goes into further detail regarding the time-windowing procedure.
By applying time gating, the error terms es,1 and el,1 for forward propagation and es,2 and el,2
for backward propagation can be eliminated.
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Figure 3.7: (a) Through and (b) reflect standard paths for forward measurement calibra-
tion.
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For forward propagation with perfect source/load match (es,1 = el,1 = 0) the detected
DUT/test signals are given by

bDUT
3,fw = a0(et,1S21 + ei,1) (3.3)

bDUT
0,fw = a0(ed,1 + er,1S11) (3.4)

To calculate the error terms, first the signals detected at both the receivers are recorded for
an empty setup, similar to the reference measurement of a transmission THz-TDS. This cor-
responds to the through standard. From Figure 3.7(a), the detected reference signals can be
expressed as

bref3,t = a0ei,1 + a0et,1 exp(−jϕDUT ) (3.5)

bref0,t = a0ed,1 (3.6)

where ϕDUT = ωn0dDUT /c0, with n0 ≈ 1 is the refractive index of air, dDUT is the thickness of
the DUT, and c0 is the speed of light in vacuum. As the DUT is placed between the reference
planes, the absence of it in the setup produces a phase difference that is dependent on the
thickness of the DUT dDUT . For performing the through calibration it is crucial to know the
value of dDUT . However, this phase difference between the DUT and reference measurements,
which denotes the optical path length change introduced by placing the DUT in the setup,
can also be used to extract material parameters such as refractive index and thickness as later
explained in Section 3.3.2. Moreover, similar to the TTN technique, this broadband through
measurement corresponds to several line measurements with 376.7 Ω reference impedance.
Since the electrical length varies with different frequencies, this corresponds to a change in
the length of a mechanical line [152], eliminating the requirement for a separate line standard
measurement.

Subsequently, a reflect standard is performed by placing a metal surface precisely at the
position of the reference plane, similar to a reference measurement of the reflection THz-TDS.
For this case, S11 = -1, and the detected reference signals are given by

bref3,r = a0ei,1 (3.7)

bref0,r = a0(ed,1 − er,1) (3.8)

From the above equations we can calculate the error terms as follows

ei,1 =
bref3,r

a0
, er,1 =

bref0,t − bref0,r

a0
(3.9)

ed,1 =
bref0,t

a0
, et,1 =

bref3,t − bref3,r

a0
exp(jϕDUT ) (3.10)

Now for a reference impedance Z0 = 376.7 Ω, the calibrated S-parameters can be expressed
as

S21 =
bDUT
3,fw − bref3,r

bref3,t − bref3,r

exp(−jϕDUT ) (3.11)

S11 =
bDUT
0,fw − bref0,t

−bref0,r + bref0,t

(3.12)
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From Equations 3.11 and 3.12, it is evident that both the reference and the DUT measure-
ments are calibrated essentially by subtracting the corresponding error term or unwanted signal
(transmitted signal when a mirror is placed and reflected signal when the setup is empty). The
ratio of these calibrated test and reference signals yields the respective S-parameters. These
calculations are repeated for backward propagation to obtain S12 and S22 parameters.

Mirror 1

Mirror 2

DUT

(a)

Ref.
Plane 1

DUT

Mirror 1
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Spacer

Ref.
Plane 2

(b)

Figure 3.8: (a) Calibration tool. (b) Top view of the calibration tool.

To make the calibration process robust and repeatable, switching between DUT, reflector
and empty configuration is the main challenge. Moreover, it is absolutely critical to ensure that
the reference and the DUT planes are perfectly aligned. This is accomplished by implementing
a calibration tool as depicted in Figure 3.8. One side of the tool is aligned with the DUT,
while the other may be adjusted by a screw to match the reference plane established by the
DUT. Two mirrors are positioned on two reference planes by implementing spacers to perform
reflect calibrations for both ports. The calibration tool is mounted on a dovetail optical rail to
facilitate switching between DUT and the mirrors. It can be moved out of the THz beam path
to assume an empty setup configuration.

3.3 Data Evaluation

3.3.1 Time-Domain Data Processing

The time-domain signal is filtered and windowed to facilitate the extraction of DUT parame-
ters (S-parameters and optical characteristics) and to eliminate spectral leakage and unwanted
reflections within the setup. The raw data extracted from the lock-in amplifier contains oscil-
lations, as depicted in Figure 3.9(a), due to resonances in the slot line antenna. Reflections
of non-radiative frequencies within the antenna structure produce standing waves displaying
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Figure 3.9: THz pulse before (blue) and after (red) processing. (a) Time-domain. (b)
Frequency-domain.

strong resonance peaks separated by 50 GHz, with an effective wavelength equal to the strip’s
length [178]. These resonances exhibit different propagation constants compared to that of the
leaky wave modes, resulting in dispersion of the emitted THz pulse and the manifestation of
an unwanted time-harmonic oscillation following the primary pulse [178]. Due to these oscilla-
tions, it is challenging to distinguish the THz pulse, particularly for a highly absorptive DUT.
To eliminate these oscillations, we implement a high-pass filter discarding any signal below
200 GHz. This also restricts the lower limit of the operational bandwidth to 200 GHz.

Applying apodization functions before performing a Fourier transform is a typical technique
for reducing undesirable effects. Since the Fourier transform operates under the premise of
infinite periodic signals, it is necessary to cope with the reality that experimentally obtained
data is finite in the case of time-resolved measurements. Therefore, spectral leakage is an
effect that must be considered [224]. Applying a suitable window to the time-domain signal
is one way to eliminate this effect. In contrast, if no windowing was used, the finite length
of the acquired signal acts as a rectangular window, which results in broadening and ringing
in the spectrum [86]. The properties of the Fourier transform provide an explanation for this.
Mathematically, the application of a rectangular window in the time-domain corresponds to
multiplication with the Heaviside step function Π(t), which goes from 1 to 0 at the point of
truncation. This transforms into a convolution in the frequency-domain as

ETHz(t)Π(t)
FT−−→ ETHz(ω)⊛ F [Π(t)] (3.13)

where ETHz(t) is the unconstrained THz signal. The fourier transform of the rectangular
function Π(t) with a finite measurement window of T is expressed as

F [Π(t)] =
T√
2π

[
sin(ωT2 )

ωT
2

]
· exp(−jωT

2
) =

T√
2π

[
sinc(

ωT

2
)

]
· exp(−jωT

2
) (3.14)

The convolution of the THz spectrum with the sinc function produces a center maximum and
several smaller side maxima, with the side maxima being responsible for spectral leakage [223].
The effect of spectral leakage is mitigated by employing a modified Blackman window, which
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has been shown to enhance the DNR significantly [225]. In addition, this window enables the
removal of undesired reflections caused by quasi-optical equipment, such as WGPs, lenses, etc.,
that arrive before and after the main pulse.

3.3.2 Algorithm for Material Characterization

A thorough understanding of the material’s dielectric characteristics, such as its refractive in-
dex, absorption coefficient, or dielectric permittivity, is required before attempting to construct
a THz component from it. For many years, free space EVNAs have been the system of choice
for determining dielectric permittivity for frequencies lower than 300 GHz [59]. The use of
commercially available frequency extenders has broadened the focus of the investigation to en-
compass signals up to 1.5 THz [60, 61]. Still, THz-TDS devices continue to be the preferred
option for measuring the dielectric characteristics of materials beyond 3 GHz because of their
extensive frequency coverage. However, THz-TDS systems are generally configured in either the
transmission or reflection mode to characterize a material. With 1.5 port and two-port systems,
the reflection and transmission coefficients are concurrently retrieved. This has proved to be
useful not only because the availability of both measurements enhances accuracy (as demon-
strated in our publication [226]) but also because the systems are adaptable since they enable
the investigation of both transmissive and absorptive materials. To determine the complex re-
fractive index or dielectric permittivity and thickness of the material under test we modified the
algorithms reported by Taschin et al. [227] and Scheller [228] to incorporate both transmission
and reflection data in conjunction. Since the Materials Under Test (MUTs) are plane-plane cut
dielectrics, they are reciprocal in nature (S21 = S12 and S11 = S22); therefore, a measurement
with only 1.5 ports is sufficient. Nevertheless, this technique may also be implemented on a
two-port system. To a large extent, the algorithm described in this section is published in
References [226] and [229].

The accuracy of the extracted parameters depends on the initial estimation of the thickness
of the material. If the initial thickness is too far from the actual thickness, the algorithm
optimizes for a local minima instead of a global one. Here, the time of flight technique is used
to non-invasively estimate the thickness da from the peak locations in the time-domain data.
The temporal delay ∆t1 between the reference pulse and the first transmitted pulse is derived
from the transmission measurement shown in Figure 3.10 as

∆t1 = (n̄− n0)da/c0 (3.15)

where n̄ is the mean refractive index of MUT, n0 is the refractive index of air and c0 is the
speed of light. There are multiple peaks in both the transmission and reflection data due to
round trips within the sample at intervals of

∆t2 = 2n̄da/c0 (3.16)

The values of n̄ and da can be derived from Equations 3.15 and 3.16. For materials with low
absorption, da derived from time-domain data is fairly close to the actual value. In contrast,
highly absorptive and dispersive materials suffer alteration in the form of the pulse relative to the
reference pulse as a consequence of attenuation and a temporal shift of spectral components. In
this case, the second peak for the first round trip or the first echo is sometimes indistinguishable
in the transmission measurement (Figure 3.10 top). As shown in Figure 3.10 top inset, the THz
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Figure 3.10: Measured transmitted (top) and reflected (bottom) time-domain THz pulse
for absorptive materials. Inset: THz path of the main pulse (peak1) and first echo
(echo1) transmitted through (top) or reflected from (bottom) the MUT. The echo of the
transmitted pulse is too weak to distinguish from the noise floor. Adapted from [226]
©2018 IEEE.

pulses must travel 3dMUT distance (where dMUT is the thickness of the MUT) within the
MUT and experience two transmissive and two reflective interactions at the MUT-to-air (or
air-to-MUT) interface before the first echo can be recorded for transmission measurement. In
reflection geometry (Figure 3.10 bottom inset), it travels a shorter 2dMUT distance within the
MUT and undergoes two interactions (one reflecting and one transmissive). Figure 3.10 depicts
that for an absorptive MUT, the first echo is discernible only in reflection measurement for
the above reasons. Therefore, the availability of data for both reflection and transmission is
beneficial.

Now we convert the time-domain signal to the frequency-domain by fast Fourier transforma-
tion and calculate the field transmission and reflection coefficients (or S21 and S11 parameters)
from the ratio of the DUT signal to the corresponding reference signal

S21(ω) = t(ω) =
EMUT

T (ω)

Eref
T (ω)

, S11(ω) = r(ω) =
EMUT

R (ω)

Eref
R (ω)

(3.17)

The phase for the transmission measurement is comparatively larger as it is prompted by
the THz signal propagating through the whole thickness of the MUT and, unlike reflection
measurement, is not prone to error due to misalignment of the DUT with the reference plane.
For those reasons, the phase and amplitude recorded from transmission are utilized to determine
the preliminary values of real (na(ω)) and imaginary (κa(ω)) part of the refractive index using
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[206]

na(ω) = n0 −
c0
ωda

∠t(ω) (3.18)

κa(ω) =
c0
ωda

{
ln

4n0na(ω)

(n0 + na(ω))2
− ln | t(ω) |

}
(3.19)

where, | t(ω) | and ∠t(ω) are the magnitude and phase of the measured transmission coefficient.
For the sake of calculation simplicity, the Fabry-Pérot (FP) component and the imaginary part
of the refractive index in the Fresnel coefficients are disregarded in Equations 3.18 and 3.19.
To prevent erroneous unwrapping, a modified phase unwrapping approach is employed [206].

The optimization procedure can then proceed from the preliminary values of da, na(ω)
and κa(ω). An iterative technique numerically optimizes the frequency-dependent complex
refractive index ña(ω) = na(ω, da)− jκa(ω, da) by minimizing the global error function

errg =
∑
ω

[
(|t(ω)| − |tth(ω)|)2 + (|r(ω)| − |rth(ω)|)2

]
(3.20)

and the local error function at each frequency step ωx,

errl(ωx) = (|t(ωx)| − |tth(ωx)|)2 + (|r(ωx)| − |rth(ωx)|)2 (3.21)

where tth(ω) and rth(ω) are the theoretical transmission and reflection transfer functions con-
taining the fitted parameters. They are expressed as [206]

tth(ω) = ττ ′ exp

[
−j(ña(ω)− n0)

ωda
c0

]
FP (ω) (3.22)

rth(ω) = ρ+ ττ ′ρ′ exp

[
−2jña(ω)

ωda
c0

]
FP (ω) (3.23)

where the FP term is given by

FP (ω) =

{
1− ρ′2 exp

[
−2jña(ω)

ωda
c0

]}−1

, (3.24)

and the field transmittance and reflectance are

τ =
2n0

n0 + ña(ω)
; τ ′ =

2ña(ω)

n0 + ña(ω)
; ρ =

ña(ω)− n0
n0 + ña(ω)

; ρ′ =
n0 − ña(ω)

n0 + ña(ω)
(3.25)

The numerical approach to determine the thickness and the complex refractive index of
the MUT are outlined in a flow diagram in Figure 3.11. The initial thickness da is varied
in arbitrarily selected increments of 0.001 mm, throughout a range of ± 0.1 mm. For each
value of da, na(ω, da) and κa(ω, da) are calculated using Equations 3.18 and 3.19. However,
na(ω, da) and κa(ω, da) are influenced by artificial oscillations as a result of the ignored FP
term. In order to eliminate these FP oscillations and capture the actual physical frequency
behavior, a polynomial fit of the optical parameters, with adjustable order and fitting range, is
implemented.

A two variable Nelder-Mead (NM) simplex algorithm is used to optimize the fitted param-
eters for each value of da, with the goal of minimizing the global error function errg. Through
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Figure 3.11: Schematic flowchart of the numerical approach for the determination of opti-
cal characteristics of a material. Adapted from [229] ©2021 Optical Society of America.

this optimization process, we obtain a thickness db along with nb(ω, db) and κb(ω, db) such that
errg is minimized. Consequently, these parameters are fine-tuned using a three-variable NM
process, yielding dc, nc(ω) and κc(ω). Finally, with the thickness held constant at dc, the local
error function errl(ωx) is minimized by optimizing nc(ω) and κc(ω) for each frequency point ωx.
Any spectral details that were lost during the fitting procedure are now restored. The optimized
values for dc, nc(ω) and κc(ω) are used as starting points for another round of optimization,
and this procedure is repeated several times until a minimum value of

∑
ωx
errl(ωx) is achieved.
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From the determined extinction coefficient κMUT (ω) the absorption coefficient of the MUT
can be calculated by

αMUT =
2ωκMUT (ω)

c0
(3.26)

The complex dielectric permittivity ϵ̃(ω) = ϵ′(ω)− jϵ′′(ω) can be calculated from the extracted
refractive index nMUT (ω) and extinction coefficient κMUT (ω) using

ϵ′(ω) = n2MUT (ω)− κ2MUT (ω) (3.27)

ϵ′′(ω) = 2nMUT (ω)κMUT (ω); (3.28)

and the loss tangent by

tan δ(ω) =
ϵ′′(ω)

ϵ′(ω)
=

2nMUT (ω)κMUT (ω)

n2MUT (ω)− κ2MUT (ω)
(3.29)

The MATLAB code used to implement the algorithm is included in Appendix B. Based on
a similar approach we also developed an application for the characterization of planer samples
using commercial THz-TDS setup in transmission geometry (see Appendix C).

3.4 Conclusion

In this chapter, we covered the basics of the PVNA, including its components, how it is cal-
ibrated, and how data is analyzed. In the following chapters, we apply these techniques to
construct THz-range characterization systems and execute practical applications designed to
validate the effectiveness of such systems.



Chapter 4

1.5 Port Pulsed Free Space
Vector Spectrometer

With the purpose of developing efficient and affordable characterization systems in the THz
range, a 1.5 port system is built, which is capable of conducting both transmission and reflection
measurements simultaneously. The system can be utilized as a functional characterization
instrument for component development as it is interesting for a variety of applications which
requires concurrent measurement of S11, S21 and S12 parameters.

Terahertz Time-Domain Spectroscopy (THz-TDS) is a popular non-contact, non-invasive
and non-destructive technique for material property characterization in the THz range. The
material studies with THz-TDS systems are conducted either in transmission [186, 230, 231]
or reflection mode [191, 232–234]. Due to its higher accuracy and configuration convenience,
the transmission geometry is typically selected; nevertheless, it is not appropriate for highly
absorptive and opaque materials. The reflection geometry is applied in those circumstances.
Reflection THz-TDS is very sensitive to the relative position of the reference mirror and the
sample (misplacement error) [188] and the phase of the recorded reflected signal in this mode
is significantly smaller [189]. As a result, the material parameters and the thickness extracted
using the reflection geometry are prone to large errors. Moreover, for some components, such
as metamaterials with a magnetic response (non-unity permeability) [235], or isolators that
break Lorentz reciprocity [236], both transmission and reflection measurements are required to
investigate their behavior.

The 1.5 port Vector Spectrometer (VSM) can simultaneously measure the transmittance
and reflectance of a Device Under Test (DUT), since it integrates transmission and reflection
geometries in a single setup. Compared to individual transmission or reflection mode configu-
ration, the system is more versatile, accurate, and devoid of the inadequacies associated with
transmission or reflection only measurement. Furthermore, for applications requiring both mea-
surements, experimental errors due to sample positioning and transfer between two different
setups are consequently prevented, resulting in shorter experimentation duration and decreased
measurement uncertainty [237].

To date, several studies have reported systems that are capable of conducting both trans-
mission and reflection measurements. In 2009, Brunner et al. [238] published an innovative
system that simultaneously acquires reflection measurements at normal incidence and double

53
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pass transmission measurements. This system is set up in a transceiver configuration in which
the terahertz pulses are generated and detected in a single electro-optic crystal. This geometry
allows reflection measurements at normal incidence without the drawback of a reduced tera-
hertz signal caused by a beam splitter. The system is used to obtain the refractive index and
absorption spectra of several materials as well as to measure phonon-polariton dispersion of salt
crystals. However, this system requires a double pass through samples, adding complexities to
the calculations, and is limited by the emitters or detectors that can be used in this configu-
ration. Later, in 2013, Ung et al. [239] demonstrated a “dual-mode” spectrometer containing
a large area inter-digitated array emitter with two photoconductive antennas as detector and
a beam splitter acting as a directional coupler. The system has a usable reference bandwidth
of approximately 3 THz and successfully characterized both float-zone (0.5-1 THz) and highly
doped n-type silicon wafers (up to 2 THz) in terms of transmittance and reflectance. In 2018,
we introduced our 1.5 port VSM and presented its capability in extracting the refractive index,
absorption-coefficient and thickness of a highly absorptive material (Polyvinyl chloride) [226]
and later in 2019, we showed its competence in characterizing a nonreciprocal device (THz
Isolator) [240]. In 2021, Mueh et al. [93] published a paper about the error modelling and
calibration scheme of such systems.

In this chapter, we discuss in detail about the 1.5 port VSM in terms of the experimen-
tal setup, system attributes and applications. The ability of this system is demonstrated in
two main applications: characterization of a nonreciprocal device and extraction of optical
parameters, i.e. refractive index, absorption coefficient and thickness of several materials.

4.1 Experimental Setup

Figure 4.1 illustrates a detailed diagram of a 1.5 port VSM containing one transmitter (Tx),
and a pair of receivers Rx1 and Rx2, simultaneously recording the signals transmitted through
and reflected from the DUT or Material Under Test (MUT), respectively. For this configura-
tion, we use an ErAs:In(Al)GaAs-based photoconductive slotline antenna as transmitter and
ErAs:InGaAs-based photoconductive H-dipole antennas as receivers. The photoconductors are
driven using a mode-locked fiber laser from Menlo Systems [213] containing two fiber ports,
which drive the receivers with 15 mW optical power each, and a free-space port that goes
through a delay line and then drives the transmitter with 45 mW of optical power. A set of
Wire Grid Polarizers (WGPs) (WGP1 and WGP2) functions as a broadband directional cou-
pler and directs the reflected signal towards the receiver Rx2, while WGP3 functions only as
a reflector, guiding the signal towards Rx1. The transmitter and the receivers are polarization
sensitive. Tx and Rx2 are oriented at 45° to generate and detect THz wave with diagonal
polarization, whereas Rx1 is oriented at 0° to detect vertically polarized signal.

Generated THz pulses from Tx (with diagonal polarization) goes through WGP1 and is
converted to linear polarization at WGP2 before interacting with the DUT. Depending on the
properties of the DUT some part of the incident pulse is transmitted through and detected
by Rx1, and some part is reflected. The reflected signal goes back through WGP2 without
any change, followed by a 50% reflection to Rx2 by WGP1. Each polarization conversion from
diagonal to linear and vice versa corresponds to a ∼3 dB loss and a total of 6 dB loss for
the reflected beam path. This means Rx2 detects only 25% of the signal generated from Tx.
However, this still yields a considerable signal due to the high available Dynamic Range (DNR)
of the emitter. As opposed to interference-based directional couplers, the set of WGPs shows
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Figure 4.1: Schematic of 1.5 port VSM. WGP = Wire Grid Polarizer, DUT = Device
under test, Tx = Transmitter, Rx = Receiver.

little frequency dependence up to several THz (∼ 2.5 THz, see Section 3.1.3), which is a
must for a pulsed THz system. The emitter is biased with a 90 V (peak) sinusoidal signal
modulated at 11.17 kHz. Two lock-ins (Zurich Instruments MFLI-MD) [220] are used (one for
each receiver output) with a synchronized time stamp to demodulate the received signals. Prior
to the readout, a low noise transimpedance amplifier from TEM Messtechnik (PDA-S) [219] is
used for both receivers. An in-house configured graphic user interface facilitates data reading
and saving from the lock-ins concurrently in sync with the delay stage movement (A). A detailed
description of the components used for this setup can be found in Section 3.1.

4.2 System Attributes

Like most of THz-TDS systems, the characterization process is done by calculating the trans-
mittance (T (ω)) and reflectance (R(ω)) of the DUT, which is calculated by the ratio of the
signal that is transmitted through or reflected from the DUT to the reference signal. In case of
transmission geometry, the reference measurement is done by recording the signal transmitted
through an empty setup (Eref,t(ω)). And for the reflection geometry reference measurement, a
metal mirror is placed in the setup and the reflected signal (Eref,r(ω)) is recorded. Then the
mirror is replaced by the DUT and both transmission (Esam,t(ω)) and reflection (Esam,r(ω))
measurements are recorded simultaneously and t(ω) and r(ω) are calculated as

t(ω) =
EDUT

t (ω)

Eref
t (ω)

, r(ω) =
EDUT

r (ω)

Eref
r (ω)

(4.1)
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Figure 4.2: Reference measurement for the a) transmission (empty setup) and b) reflec-
tion (mirror) modes of the 1.5 port VSM. c) DUT measurement of the 1.5 port VSM.

For the reflection case it is absolutely important to put the mirror and the DUT exactly at the
same place. Misplacement errors lead to erroneous phase determination, which in turn results
in systematic errors in the determined DUT parameters, especially the refractive index.

Figure 4.3: System attributes of the 1.5 port pulsed free space VSM. Available bandwidth
0.2-2.5 THz, with peak DNR of ∼64 dB and ∼57 dB (Equivalent Noise Bandwidth
(ENBW) = 9.196 Hz) for transmission and reflection cases, respectively.
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The reference measurements in this case provides a good knowledge about the available
system attributes in terms of bandwidth and DNR. Figure 4.3 shows the reference spectra
for transmission and reflection measurements. From the figure it is apparent that for both
the transmission and reflection case the available bandwidth is around 0.2-2.5 THz, with the
transmission geometry having a higher peak DNR of ∼64 dB compared to ∼57 dB peak DNR of
the reflection case at around 0.5 THz (the transmitted beam path is shorter and only encounters
one polarization conversion). However, at high frequencies (above 1.5 THz) both exhibits
essentially the same DNR. The measurements reported in the figure are taken with a 3rd order
low pass filter with an integration time of 10 ms (ENBW = 9.196 Hz) per time step and a wait
time of 100 ms between subsequent points. The spectral resolution of the system is ∼7 GHz.

4.3 Applications

4.3.1 Material Parameter Extraction

Accurate knowledge of the material properties is crucial for the design and development of THz
system components such as waveguides [241–243], sensors, filters [244,245], lenses, metamateri-
als [246], metasurfaces [247,248] and absorbers [249]. THz-TDS has established itself as a very
popular technique for material characterization in the THz range due to its wide bandwidth,
which incorporates the spectral fingerprints of numerous materials, higher spatial resolution
than microwaves, and ability to perform in-situ characterization through packaging materials
(dry non-polar common packaging materials are transparent to THz) [250].

So far, significant efforts have been undertaken to optimize either transmission or reflec-
tion geometry THz-TDS. The 1.5 port VSM incorporates both systems in one and it is more
adaptable and accurate. It is not limited by the type of material under investigation as the
transmission THz-TDS is for highly absorptive and opaque materials and less prone to errors,
unlike the reflection THz-TDS. In this section, we discuss about the determination of mate-
rial properties performed using a 1.5 port VSM verifying its capability for such applications.
The thickness of the sample is also concurrently extracted, which is very important for quality
control applications [251,252].
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Figure 4.4: Refractive Index of Highly-resistive Silicon (HR-Si).
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Figure 4.5: Refractive index (left) and absorption coefficient (right) of Polyvinyl chloride
(PVC).

0.5 1 1.5 2

Frequency (THz)

1.2

1.4

1.544

1.8

2

n

Measured Refractive Index of HDPE
Polynomial Fit
Error Bar

0.5 1 1.5 2

Frequency (THz)

-0.2

0

0.2

0.4

0.6

0.8

1

cm
-1

Absorption Coefficient of HDPE
Polynomial Fit
Error Bar

Figure 4.6: Refractive index (left) and absorption coefficient (right) of High-density
polyethylene (HDPE).

First, the reference signals are recorded. For the transmission case, it is the THz signal
transmitted through an empty setup (Figure 4.2(a)). For the reflection case, it is the THz
signal reflected from a metal mirror (Figure 4.2(b)) exactly aligned to the first surface of the
DUT using a custom holder. In the next step, the metal mirror is replaced with the MUT and
both the signals transmitted through and reflected from the MUT are measured simultaneously
(Figure 4.2(c)). These measured signals are then used to extract the refractive index, absorp-
tion coefficient as well as thickness of the material using the algorithm described in Section
3.3.2. Three different types of materials, namely, HR-Si (>10000 Ωcm), PVC and HDPE are
characterized and the results are reported in Figures 4.4, 4.5 and 4.6, respectively. The results
are also summarized in Tables 4.1 and 4.2.

The extracted thickness using the 1.5 port VSM matches with the caliper measurements as
shown in Table 4.1, however, with a factor of 20 higher precision. The error range of ±0.005 mm
is observed by repeating the measurement several times for this specific measurement setup
parameters. The extracted refractive indices and absorption coefficients are compared with the
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Material
Extracted Thickness

(mm)
Calliper Thickness

(mm)
HR-Si 0.6518± 0.005 0.65± 0.01
PVC 1.0078± 0.005 1.01± 0.01
HDPE 2.9745± 0.005 2.98± 0.01

Table 4.1: Comparison between extracted and mechanically measured thickness by a
Caliper.

Material
Extracted
Refractive
Index

Literature
Refractive
Index

Extracted
Absorption
Coefficient
(at 1 THz)

Literature
Absorption
Coefficient
(at 1 THz)

HR-Si 3.412 ± 0.06 3.42 ± 0.001 [253] - 0.05 cm-1 [253]

PVC 1.668-1.637
1.64-1.59 [254]
1.675-1.645 [255]

18.85 cm-1 21 cm-1 [255]

HDPE 1.544 ± 0.028
1.535 [247]

1.54±0.01 [83]
0.22 cm -1 0.22 cm-1 [247]

0.225 cm-1 [83]

Table 4.2: Comparison of extracted refractive index and absorption coefficient with lit-
erature data.

previously reported data in Table 4.2. For HR-Si the extracted refractive index is 3.412±0.06, in
excellent agreement with the literature value of 3.42 [253]. The absorption co-efficient for HR-Si
is very small and below the detectable limit of the system with the available DNR. The refractive
index of PVC shows a gradual decrease from 1.668 to 1.637 within 0.2–2 THz range. PVC is
highly absorptive, exhibiting a power absorption coefficient α= 18.95 cm-1 and 52.23 cm-1 at
1 THz and 2 THz, respectively. Compared to PVC, HDPE absorbs very little in the THz range,
with α = 0.232 cm-1 at 1 THz and α = 0.316 cm-1 at 2 THz. The extracted refractive index
of 1.544±0.028 of HDPE also matches with previous reports. The error margins included in
the refractive index measurements are the standard deviation from the mean or polynomial fit,
excluding the artifacts resulting from the water absorption lines.

4.3.2 Device Characterization

As an example for device characterization, we analyze a Terahertz isolator. Isolators are nonre-
ciprocal devices with the ability to disrupt time-reversal symmetry allowing only forward elec-
tromagnetic wave propagation with low losses and prevent backward propagation, prompting a
substantial attenuation. It is crucial for the protection of source and detector, mitigating multi-
path interference, suppressing undesired signal routing, impedance matching, noise-cancelling,
and decoupling [256–259]. THz isolators play a significant role in protecting highly sensitive
detection systems [260, 261] and high-power terahertz sources [262–264] from the THz echoes
caused by the reflection and scattering from the system components. These factors have led
many research groups to develop THz isolators by implementing various strategies [265–269].
The characterization procedure for such components involves the measurement of both the
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transmitted and the reflected signals, which necessitates switching between transmission and
reflection geometries when classical THz-TDS setups are employed. In this section, we discuss
the characterization of a THz isolator using the 1.5 port VSM that minimizes discrepancies
that may arise while switching between setups.
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Polarizer

Quarter Wave Plate

(Birefringent Material)

Circularly 

Polarized

THz Wave

E

E

Reflecting 
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Figure 4.7: Operating principle of a THz Isolator. Reprinted with permission from [240]
©2019 IEEE.

A WGP and a birefringent material acting as a Quarter-Wave Plate (QWP) are combined to
form the isolator under investigation, a design that is commonly employed in optics [270, 271]
and later adapted in the THz range [272]. Figure 4.7 explains the basic principle of such
an isolator. The fast axis of the QWP is oriented at a 45° angle with the incoming vertically
polarized signal. Upon incidence, the electromagnetic wave is divided into two equal components
that experience different refractive indices (ne and no) and travel at different velocities within
the material. After propagating through the thickness (d) of the birefringent material, the two
orthogonal components obtain a phase difference of ∆ϕ = k0d|no − ne|, where, k0 = 2πf

c0
is

the THz wave vector and c0 is the speed of light in vacuum. At the design frequency, the
phase difference becomes ∆ϕ = (2m + 1)π2 , converting the incident vertically polarized signal
into a circularly polarized one. Any back-reflected signal propagates through the QWP again,
resulting in a total phase difference of ∆ϕ = (2m + 1)π, between the orthogonal components.
The polarization of the resultant beam becomes linearly polarized but rotated by 90° - making
it orthogonal to the input signal polarization. Now this horizontally polarized signal is diverted
by the WGP in the off-axis direction blocking it from backtracing the original path further
than the WGP. Maximum isolation for this isolator configuration is achieved at frequencies
fm = (2m+1)c0)

4d|no−ne| .

A Sapphire wafer, with 10-10 crystal orientation, is utilized as the QWP for the configu-
ration of the isolator. The 10-10 cut sapphire crystal displays uniaxial birefringence due to its
trigonal structure [273]. Figure 4.8 shows the extracted ordinary (no) and the extraordinary
(ne) refractive indices of the wafer that are determined using a data evaluation method similar
to the one described in Section 3.3.2. A nitrogen purged commercial transmission geometry
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Figure 4.8: Ordinary (no) and extraordinary (ne) refractive indices of 10-10 cut Sapphire
and the difference between them (∆n), calculated from THz-TDS measurement data.

THz-TDS system (Menlo systems) is used to record the THz signals at two different polariza-
tion. The retrieved parameters (no = 3.444, ne = 3.091 and ∆n = -0.353 at 1 THz) are slightly
higher compared with previously reported results for 10-10 crystal orientation of sapphire (no =
3.39, ne = 3.07 and ∆n = -0.32 at 1 THz) [273], but within the error limit. However, ∆n shows
a linear increase with increasing frequency, reaching -0.378 and -0.403 at 2 THz and 3 THz,
respectively. The thickness extracted from the algorithm is 0.4181±0.005 mm. Theoretical
isolation level and insertion loss of the isolator are calculated by applying the data shown in
Figure 4.8 to compare with the experimental results.

WGP3 WGP1

THz

Rx1 Rx2 Tx

WGP2

Mirror

QWP

Isolator

WGP3 WGP2 WGP1

THz

HR-Si

Rx1 Rx2 Tx

QWP

Isolator

Figure 4.9: Experimental configurations for investigating the behavior of the isolator.
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Figure 4.9 shows the experimental setup employed to determine the isolation level and the
insertion loss of the isolator under investigation. In this case, the isolation level and the insertion
loss are given as

Isolation Level =
Reflected THz signal without QWP in the setup

Reflected THz signal with QWP present in the setup

Insertion Loss =
Transmitted THz signal without QWP in the setup

Transmitted THz signal with QWP present in the setup

Figure 4.10: Measured isolation and insertion loss for the THz isolator with metal mirror
as the reflecting element.

Two different cases are investigated. For the first case illustrated in Figure 4.9(a), the
back reflection is prompted by a metal reflector after the QWP and then the reflected THz
signals are recorded first with the QWP present and then after removing it from the system.
For the insertion loss measurement, the mirror is removed and transmitted signals with and
without QWP are recorded. For the second case (Figure 4.9(b)), the mirror is replaced by
a HR-Si wafer and the measurements are repeated. However, in this case, the transmission
and reflection measurements are recorded simultaneously. Figures 4.10 and 4.11 depict the
extracted isolation level and insertion losses for the setups with metal mirror and the HR-Si
wafer, respectively.

In the Figures 4.10 and 4.11, the isolation is prominent at 0.542 THz and 1.517 THz, within
the range of 0.2-2 THz. For these cases the isolation levels are 26 dB and 22.23 dB, respectively,
with insertion loss of 6.91 dB and 4.49 dB. This signifies that at fiso,1 = 0.542 THz only 0.2%
signal can backtrace the original path, whereas 20% of the signal can transmit. For fiso,2 =
1.517 THz, 0.6% of the input signal returns back and 35% of the signal propagates in the
forward direction.
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Figure 4.11: Measured isolation and insertion loss for the THz Isolator with HR-Si wafer
as the reflecting element.

Figure 4.12: Extracted refractive index difference from THz-TDS measurements and
isolator data.

The isolation level and insertion loss achieved by the isolator is not as good as predicted
by the theory. The extinction ratio of the WGPs, the positioning and the orientation of the
QWP are contributing factors to this mismatch. The discrepancies between the theory and ex-
perimental data is most likely attributed to imprecise thickness and refractive index extraction.
So the experimental data is fitted to find the thickness and refractive index difference of the
Sapphire wafer and the results are depicted in Figures 4.13 and 4.14, respectively. The refrac-
tive index difference extracted from the fitting is compared with the THz-TDS measurement in
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Figure 4.13: Measured isolation and insertion loss for the THz isolator (with metal mirror
as the reflecting element) are compared with theoretical model evaluated from parameters
extracted using isolator data.
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Figure 4.14: Measured isolation and insertion loss for the THz isolator (with HR-Si
wafer as the reflecting element) are compared to the theoretical model evaluated from
parameters extracted using isolator data.

Figure 4.12 and the new thickness is determined at 0.447 mm. The refractive index difference
determined from the fitting also matches with the previously reported value of ∆n = −0.32
at 1 THz [273–275]. It is also worth mentioning that the frequency resolution of the system
is around 7 GHz, and for proper comparison, the theoretical data presented in the graphs are
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averaged using a sliding average over 7 GHz.
An isolation is also noticeable at around 0.960 THz in the transmission data presented in

Figures 4.10 and 4.11. This is due to the fact that at this frequency, the phase difference
between the two orthogonal components becomes ∆ϕ = (2m + 1)π, signifying that the bire-
fringent material functions as a Half-Wave Plate (HWP) at 0.960 THz. The HWP converts
the polarization of the transmitted THz signal to horizontal (orthogonal to the initial signal
polarization) and is reflected by WGP3 to be detected by Rx1 at vertical polarization.

4.4 Conclusion

The demonstrated 1.5 port VSM is an excellent characterization system with a bandwidth of
0.2- 2.5 THz and a peak DNR of 64 dB (57 dB) in transmission (reflection) geometry at an
ENBW of 9.196 Hz, and is capable of extracting both transmission and reflection data simulta-
neously. This system successfully performed material characterization operation. We achieved
an accuracy in the range of ± 0.05 for the extracted physical thickness of the material and
the determined refractive indices and absorption coefficients are consistent with the literature
values. The successful extraction of isolation level and insertion loss for the THz isolator verifies
its ability to characterize non-reciprocal THz devices.

Although the 1.5 port VSM is versatile and provides crucial information about the behavior
of the investigated component in the THz range, it is still inadequate to yield the complete
characteristics of a full set of Scattering (S)-parameters in a single measurement. Especially in
the case of non-symmetrical devices rotating the DUT is necessary, which again increases the
experimental time and introduces uncertainties. To overcome this, a complete two-port system
with two transmitters and receivers capable of measuring the complete set of S-parameters is
essential.
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Chapter 5

Two-Port Pulsed Free Space
Photonic Vector Network

Analyzer

In this chapter, we discuss the system characteristics of the two-port Photonic Vector Net-
work Analyzer (PVNA) and demonstrate its aptitude in several application examples, namely,
the characterization of a Split-Ring Resonator (SRR) array, a Crossed-Dipole Resonator (CDR)
array and a Distributed Bragg Reflector (DBR). The PVNA data is also used to extract ma-
terial permittivity of Highly-resistive Silicon (HR-Si) and Polyvinyl chloride (PVC) wafers.
Afterwards, the pulsed PVNA is compared with the Continuous Wave (CW) PVNA [276] and
with a commercial Electronic Vector Network Analyzer (EVNA) in terms of system attributes
and measured Scattering (S)-parameters. The work presented in this chapter is, to a large
extent, published in References [229], [277] and [278].

5.1 Experimental Setup

Figure 5.1 shows the experimental setup of a two-port pulsed free space PVNA. It consists of
two transmitters (Tx1, Tx2), two detectors (Rx1, Rx2) and two pairs of Wire Grid Polarizers
(WGPs) functioning as directional couplers. A ∼90 fs laser, containing two fiber ports and a
free space port phase-locked with the fiber ports, optically modulate the conductance of the
photoconductors. The fiber ports drive the detectors with 15 mW of power each, whereas
the free space port activates the transmitters with 45 mW of optical power. The free space
port laser path incorporates an optical delay unit followed by a beam splitter that splits the
laser signal into two to facilitate the driving of both transmitters. The transmitters and re-
ceivers used for this setup are ErAs:In(Al)GaAs based photoconductive slotline antennas and
ErAs:InGaAs based photoconductive H-dipole antennas, respectively, same as the ones used for
the 1.5 port Vector Spectrometer (VSM). A detailed description of the components used for
this configuration can be found in Chapter 3.

67
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Figure 5.1: Detailed schematic of a two-port pulsed free space PVNA (adapted from [229])
©2021 Optical Society of America.

As depicted in Figure 5.1, WGP1 and WGP4 have a 45° alignment to the optical axis
and a 45° orientation projected on the axis, whereas WGP2 and WGP3 are oriented at 90°
and aligned at a slight tilt to the optical axis. The orientation of WGP2 and WGP3 allows
only the vertical component of the signal to pass through and the rest is reflected. The tilted
alignment directs the reflected signal away from the system preventing it from being detected
by the receivers. The operating principle of the WGP pair as frequency-independent directional
coupler is detailed in Section 3.1.3.

The WGP pair, containing WGP1 and WGP2, directs the signal reflected from Device
Under Test (DUT) (generated by Tx1) and the signal transmitted through DUT (generated by
Tx2) towards Rx1. Due to the symmetric nature of the system, Rx2 also detects two signals
originating from Tx1 (transmission) and Tx2 (reflection). In order to identify the signals coming
from various sources, the biases of Tx1 and Tx2 are modulated at fmod1 = 11.17 kHz and fmod2 =
19.71 kHz, respectively, and demodulated at those frequencies using the lock-in technique. Two
synchronized lock-in amplifiers containing two demodulators each (Zurich Instruments [220])
are utilized for this purpose, where the demodulation is achieved by using a 3rd order low pass
filter with a Time Constant (TC) of 10 ms (Equivalent Noise Bandwidth (ENBW) = 9.196 Hz).
The lock-ins’ internal signal generators produce the biasing sinusoidal signals, and a high voltage
amplifier amplifies them to 75 V (peak). For each receiver, the post-detection electronics also
include a low noise Trans-Impedance Amplifier (TIA) from TEM Messtechnik (PDA-S) [219],
which converts the photocurrent to voltage with a trans-impedance gain of 107 V/A. Data
reading and storing concurrently from four demodulators, in conjunction with the delay stage
movement, is facilitated by an in-house graphic user interface (Appendix A).
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The delay stage scan is executed in a step-by-step manner, with 100 ms of waiting time
per step, to ensure the settling of the lock-in filter. A 0.02 mm step size, corresponding to
a sampling rate of ∆t = 0.02mm

3×1011mms-1
≈ 0.067 ps, indicates that it is possible to measure up

to (1/2∆t) ≈ 7.46 THz without aliasing (Shannon’s theorem). The delay length used for the
experiments presented in this chapter is 50 mm, equivalent to a time scale of tdl = 167 ps,
yielding a spectral resolution of ∆f ≈ 1/2tdl ≈ 3 GHz. By scanning a larger time window,
this ∆f can be improved. In terms of speed of the system, the step-by-step data acquisition
is not ideal, as it takes approximately 17 minutes to complete a 50 mm scan with 0.02 mm
increments and a 100 ms wait time per step. However, this scan time can be shortened at
the expense of spectral resolution or measurement bandwidth. The spectral resolution and
data acquisition speed are mainly limited by the mechanical stage used to achieve the time
delay between the probe and the pump pulse. Utilizing systems such as Asynchronous Optical
Sampling (ASOPS) [279] and Electronically Controlled Optical Sampling (ECOPS) [280, 281]
based Terahertz Time-Domain Spectroscopy (THz-TDS), that do not require a mechanical
translation stage, these limitations can be mitigated. These systems have demonstrated a
spectral resolution of 50.5 MHz [193] and an acquisition rate of 2 kHz for a 100 ps scan window
[282].

5.2 System Characteristics

5.2.1 Definition of Measurement Parameters

In a standard EVNA, the S-parameters are commonly used to characterize a DUT at high
frequencies and are defined as the ratio of the scattered waves to the incident waves at its
ports. For the case of a free space THz-TDS based PVNA, this is equivalent to the field
transmission and reflection coefficients of the DUT, which are determined by the ratio of the
transmitted or reflected field of the DUT to their corresponding reference signals.

The investigation of the behavior of a DUT using the two-port PVNA is done in four steps.
In the first step, a measurement of an empty setup, as depicted in Figure 5.2 (a), is recorded.

In this case, Rx1 and Rx2 detect the THz signals Eref
t2

(ω) from Tx2 and Eref
t1

(ω) from Tx1,

respectively. Eref
t1

(ω) and Eref
t2

(ω) function as the references for S21 and S12 parameters. This
corresponds to a Through calibration step in a classic EVNA.

In the second step, a metal mirror aligned with the DUT plane facing Tx1 and Rx1 is
inserted as shown in Figure 5.2 (b), and the reflected signal Eref

r1 (ω) is measured. Similarly,
in third step the mirror is aligned with the DUT plane facing Tx2 and Rx2 (Figure 5.2 (c))

and the reflected signal Eref
r2 (ω) is recorded. Eref

r1 (ω) and Eref
r2 (ω) corresponds to the reference

for S11 and S22, respectively, i.e. a Reflect calibration step in a EVNA. The second and third
steps can be combined in one measurement step if the thickness of the sample and the mirror
are exactly same or two mirrors can be aligned with both faces of the DUT simultaneously.
Since the mirror serves as the physical reference plane, it is critical to precisely align the mirror
at the same position as the DUT in order to eliminate errors in the measured S-parameter
phase. EVNAs would require a third calibration step, e.g. a Load calibration. For a free space
PVNA, however, the wave impedance of air, Z0=376.7 Ω is very well known such that the Load
calibration is not necessary. For the final step, the DUT is introduced in the collimated part
of the setup (Figure 5.2 (d)) and all four signals are recorded simultaneously, where EDUT

r1 (ω)
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Figure 5.2: Setups for the calculation of S-parameters of a DUT. a) Reference measure-
ment for S21 and S12 in an empty setup. b) Reference measurement for S11 with mirror
aligned with one face of the DUT. c) Reference measurement for S11 with mirror aligned
with the other face of the DUT. d) DUT characterization with DUT replacing the mirror.
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and EDUT
t2 (ω) are detected by Rx1 and EDUT

r2 (ω) and EDUT
t1 (ω) are detected by Rx2. These

measurements are then applied to determine the S-parameters of the DUT

S21(ω) = t1(ω) =
EDUT

t1 (ω)

Eref
t1

(ω)
(5.1)

S11(ω) = r1(ω) =
EDUT

r1 (ω)

Eref
r1 (ω)

(5.2)

S12(ω) = t2(ω) =
EDUT

t2 (ω)

Eref
t2

(ω)
(5.3)

S22(ω) = r2(ω) =
EDUT

r2 (ω)

Eref
r2 (ω)

(5.4)

5.2.2 Cross-talk Measurement
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Figure 5.3: Measured cross-talk of the two-port pulsed free space PVNA.

The system is configured to minimize cross-talk across different paths. Firstly, the low pass
filters employed in the lock-ins have an ENBW of only 9.196 Hz, which effectively suppresses
the undesired frequency components, as the modulation frequencies fmod1 = 11.17 kHz and
fmod2 = 19.71 kHz lie approximately 8 kHz apart. Secondly, the temporal separation between
the transmitted and reflected signals arriving at the receivers ensure they can be further dis-
tinguished in the time domain. These procedures guarantee cross-talk-free measurement of the
S-parameters because the receivers are operated considerably below their saturation regime.
Moreover, there is no cross-talk within the emitter structures caused by receiving a reflected
THz signal, as this reflected signal can only generate a bias that is, in the worst case, already
7 orders of magnitude smaller than the applied bias. The corresponding (power) isolation level
is thus ∼140 dB.
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The background signal or cross-talk depicted in Figure 5.3 is recorded by blocking the THz
path for S21 and S12 and removing the DUT and mirror from the setup for S11 and S22. It
is evident from Figure 5.3 that the system is not entirely free from cross-talk and background
signals, as at lower frequencies, THz waves with a relative strength of about -20 dB at 500 GHz
are detected. These are the result of minor scattering and reflections caused by four WGPs
and a sample holder in the THz path, despite mounting the WGPs at an angle to ensure that
the unwanted signal is directed off-axis. As these background reflections are mostly systematic,
they are calibrated out using the techniques outlined in Section 3.2. Beyond 1.5 THz, the
cross-talk is negligible.

5.2.3 System Bandwidth and Dynamic Range
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Figure 5.4: System attributes of the two-port pulsed free space PVNA. Available band-
width 0.2-3 THz, with peak Dynamic Range (DNR) of 57 dB at 500 GHz for an
ENBW=9.196 Hz. This figure is adapted from [229] ©2021 Optical Society of America.

The reference measurements discussed in Section 5.2.1 provide knowledge about the system
attributes in terms of available DNR and bandwidth. Figure 5.4 illustrates the reference mea-
surements of the S-parameters of the two-port PVNA. The PVNA exhibits a wide bandwidth
ranging from 0.2 up to almost 3 THz with a peak DNR of 57 dB for S21 at around 500 GHz.
For S22 the peak DNR is slightly lower at ∼ 54 dB at 500 GHz. The available DNR at 1 THz
is ∼ 50 dB and at 2 THz close to 30 dB. These results are acquired by using a 3rd order low
pass filter with ENBW = 9.196 Hz for the demodulation of the detected signals in the lock-in
amplifier.
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5.3 Applications

5.3.1 Metamaterial Characterization

Metamaterials are artificially engineered composite materials containing unique subwavelength
metallic patterns or structures fabricated on a dielectric substrate. These novel class of func-
tional materials derive their properties from the internal periodicity of identical unit cells, rather
than the chemical composition of the base material. As a result, the effective electromagnetic
properties of metamaterials can be designed to even show features not found in nature, such as
negative refractive index.

Most bulk materials found in nature do not show strong magnetic or electric resonances
between 1 to 3 THz. Metals exhibit resonances beyond the mid-infrared range due to phonon
modes, whereas ordinary magnetic materials have resonances in the GHz range or lower [283].
As the properties of metamaterials can be customized, they possess immense potential in terms
of developing devices and components operating in THz range. Experimental demonstrations
include modified THz filters [284–286], absorbers [287,288], quarter-wave plates [289,290], mod-
ulators [291, 292], sensors [293, 294]. Their designable properties can significantly accelerate
research and development in the field of THz radiation. This emphasizes the importance of
developing systems that can accurately capture well established characteristics, such as S-
parameters, of these components. In this section, we investigate two metamaterials exhibiting
resonances in THz region, namely, a SRR array and a CDR array. Both of these metamaterials
are mainly used in sensing applications [295–297].

In many cases, the response of a sample under test, to direct irradiation in a transmission or
reflection setup, is too weak to be detected with sufficient sensitivity for the desired application.
Even if the analyte does not show a THz resonance at all, its presence can be detected as shifts
in the resonance frequency and the Quality (Q) factor of the resonance caused by the adsorption
of that analyte [298]. From an optical perspective, the resonance shift is predominantly caused
by the non-unity refractive index of the specimen under test present in the near field of a
resonator. The Q factor is predominantly reduced by its absorption. Each of the unique
patterns or unit cells of the metamaterial functions as a microscopic LC resonant circuit with
a resonant frequency of f0 = 1√

2πLC
, obtaining its inductance (L) from the magnetic field of

flowing currents in the metal and its capacitance (C) from electric fields spanning parts of the
structure. The changes in resonant frequency depend on the changes in the inductance and
capacitance incurred by the investigated sample. From an electromagnetic perspective, the
frequency shift and Q factor degradation provide a direct measure of the permittivity (ϵ) or the
permeability (µ) of the substance. The high performance of metamaterial sensing systems relies
on high-Q resonance and realization of higher sensitivity to the attributes of the investigated
sample [295,299].

Split Ring Resonator Array

We characterize an SRR array with a design similar to the one presented in [296] by exploring
its S-parameters. Figure 5.5 depicts a section of the SRR array and the dimensions of a unit
cell. It is patterned with Gold (dg = 210 nm) and Chromium (dc = 20 nm), on a low-loss
Quartz substrate of dq = 212 µm thickness. Each ring has an inner radius (r2) of 75 µm and an
outer radius (r1) of 100 µm with a periodicity (x) of the array of 300 µm. The ring asymmetry
angle (θ) is set to 10° for a gap size (w) of 23 µm.
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Figure 5.5: (a) Section of an SRR array (b) Design parameters of a SRR array unit cell.
Reprinted from [229] ©2021 Optical Society of America.
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Figure 5.6: Magnitude of the S-parameters of an SRR array. Adapted from [229] ©2021
Optical Society of America.
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Figure 5.7: Phase of the S-parameters of the same SRR array.

Figures 5.6 and 5.7 compare the extracted magnitude and phase of the S-parameters with
the simulations done using CST Microwave Studio for the investigated SRR array. The main
resonances are well reproduced and match very well with the simulation. However, due to
the low spectral resolution of the PVNA, the resonances have a comparatively lower Q-factor.
Moreover, at higher frequencies, owing to decreasing DNR, the amplitude of the measured
resonances also reduces. In spite of that, several double-peak structures are resolved in S11 and
S22 parameters, and the extracted magnitude data shows good match with the simulated results.
The phase of the S22 parameter shows a gradual phase difference between the simulation and the
experimental data. This is due to the misalignment of the reference plane and the SRR array.
Also, experimental S21 and S12 phase data exhibit a jump around 1.9 THz, which is caused
by incorrect phase unwrapping and can be corrected by implementing a custom unwrapping
algorithm. Beside these slight mismatches, the experimental phase data show good agreement
with the simulated results.

Crossed Dipole Resonator Array

The design of the CDR array under investigation is illustrated in Figure 5.8. It is patterned
with 50 nm thick Aluminium on a 95 µm thick High-density polyethylene (HDPE) substrate.
The symmetric unit cells in this case are the Aluminum crosses consisting of 200 µm x 25 µm
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Figure 5.8: (a) Section of a CDR array (b) Thickness profile of the CDR array. Adapted
from [229] ©2021 Optical Society of America.

Figure 5.9: S-parameters of a CDR array. Adapted from [277] ©2021 IEEE.
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dipole arms. The cells are separated by a distance of 285 µm in both directions. The data
depicted here are published in [277].

Fig. 5.9 depicts the measured magnitude and phase of the S-parameters and compares it
with the simulated (CST Microwave Studio) results. The primary design resonance in S21 at
around 500 GHz is well reproduced, with reduced amplitude and slight shift. Although the
error associated with the misalignment of the mirror and DUT (for reflection) and path length
difference of measured and simulated data (for transmission) are corrected in post-processing,
a slight mismatch is still evident. These discrepancies result from low spectral resolution,
geometrical imperfections of the produced array, and the assumption of lossless material in
the simulation, emphasising the significance of experimental characterization. Moreover, above
1.5 THz, the experimentally extracted S-parameters encounter low DNR and a relatively large
number of water vapor resonances, which makes it challenging to distinguish the resonance
features of the CDR array. Still, the measured S-parameters match the simulation fairly well.

5.3.2 Characterization of a Distributed Bragg-Reflector

DBRs are widely employed in optoelectronics for applications such as optical filters [300],
surface-emitting lasers [301], photonic crystals [302], enhancing the efficiency of light-emitting
diodes [303], and so on. A Bragg mirror consists of periodically alternating structures, each
containing layers of two materials with different refractive indices and thicknesses. Fresnel re-
flections occur at each interface due to the difference in refractive index. The thickness of ith

layer diDBR is chosen such that at the design wavelength, diDBR = (2mi−1)λ
4n , where mi is an

integer, these reflections interfere constructively resulting in nearly 100% reflectance. In the
transmitted part, destructive interference results in a pronounced stop band, and the DBR acts
like a band block filter, blocking any signal from propagating within the design frequency band.
Each of the high refractive index material layers of the DBR also functions as resonators that
are weakly coupled by the low index material, implying that the system operates as coupled
resonators with mode splitting [304]. Resonances will still occur even if the thickness of the low
index material is significantly less than λ

4n .

The DBR under investigation comprises three HR-Si wafers of 520 µm thickness with 150 µm
air in between, as illustrated in Figure 5.10(a). Within the error margin of the thickness
measurement of about ±10 µm, the Bragg condition is fulfilled for the first time at around
510 GHz with mair=1 and mHRSi=6.

Figure 5.10(b) depicts the comparison between the extracted S-parameters and theoretical
assessment. As the DBR is symmetric (S21 = S12 and S11 = S22), so S21 and S11 data are
adequate for the comparison. The determined S-parameters show an excellent agreement with
the theoretical model, within the resolution of the system, for both magnitude and phase,
especially in the case of stopbands of S21. The high-Q factor of the theoretical resonances of
S11 is not precisely reproduced in the measurement, due to the experimental resolution limit
of 3.66 GHz. In spite of that, the three-fold mode splitting caused by the three HR-Si wafers
that act as cavities is distinguishable in the experimental data, as shown exemplarily for the
peak centered at ∼0.91 THz in the inset of Figure 5.10(b) with an excellent match to the
simulation. Additionally, apparent disparities above 2 THz are primarily caused by declining
DNR, which also magnifies absorption artifacts caused by water vapor resonances. We note
that the phase of S11 is not unwrapped, as unwrapping would result in the removal of some
of the comparatively sharp phase jumps induced by the resonances, rendering it unsuitable
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Figure 5.10: (a) Schematic of a DBR. Reprinted from [229] ©2021 Optical Society of
America. (b) S-parameters of the DBR. Adapted from [229] ©2021 Optical Society of
America.

for proper comparison. The reflection phase is susceptible to a slight mismatch between the
reference and sample planes due to relative tilt and misalignment while switching between the
mirror and the DBR. Although the switching has been done with caution by using a custom
sample holder mounted on optical rail [276] it is very challenging to avoid this error. This could
be another source for the slight mismatch apparent between the theoretical and measured S11
phase.

5.3.3 Material Permittivity and Thickness Extraction

Comprehensive knowledge of the dielectric characteristics of the material in terms of refractive
index and absorption coefficient or dielectric permittivity is a prerequisite for designing a THz
component. Traditionally, free space EVNAs have been employed to determine the permittivity
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of materials below 300 GHz [59]. With the availability of frequency extenders, this investigation
is now extended up to 1.5 THz [60,61]. Even though the DNR of EVNAs is high, it features two
main disadvantages: 1) several waveguide bands must be employed and 2) the higher frequency
bands are very expensive. Due to broad frequency coverage, THz-TDS systems still are the
most popular choice for measuring dielectric properties of materials.

The PVNA data also enable material parameter extraction by recording the S-parameters
from a plane-plane cut dielectric, in addition to S-parameter measurements of THz devices. To
determine the complex dielectric permittivity (or, alternatively, the complex refractive index)
and Material Under Test (MUT) thickness simultaneously, we implement an algorithm described
in Section 3.3.2. The investigated materials, in this case, are HR-Si and PVC wafers as examples
for a essentially lossless and a very lossy material, and since both are symmetric, S12 = S21 and
S22 = S11.
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Figure 5.11: Permittivity (real) of HR-Si. Reprint from [229] ©2021 Optical Society of
America.
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Figure 5.12: Permittivity (real) (left) and loss tangent (right) of PVC. Reprint from [229]
©2021 Optical Society of America.
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Figure 5.11 shows the real part of a HR-Si (> 10,000 Ωcm) wafer’s dielectric permittivity.
With a value of 11.6410 ± 0.0588 (averaged over the whole frequency range), the dielectric
permittivity is constant within the measurement error and matches excellently with the pub-
lished value of 11.67 at 1 THz [250]. Since the loss tangent is close to zero and below the
lowest value that can be measured using the available DNR of the system, ϵ′′ ≈ 0. The caliper
measurement of 0.65 ± 0.01 mm is compliant with the determined HR-Si wafer thickness of
0.6544± 0.0050 mm.

The dielectric permittivity for PVC is depicted in Figure 5.12 as an example of a lossy
dielectric. From the figure, we obtain, ϵ′′ ≈ 2.648 and tan δ = 0.053 at 1 THz. The caliper
reading of 1.01± 0.02 mm and the extracted thickness of 1.0179± 0.0100 mm are in excellent
agreement (the surface of the used PVC sample is also uneven). We observe that in both
instances, the measurement uncertainty limit of the PVNA is at least an order of magnitude
less than that of the caliper.

5.4 Comparison with Continuous Wave PVNA

Historically the Vector Network Analyzers (VNAs) have been predominantly CW to exploit
high spectral resolution. Single frequency sweep is also advantageous for analyzing non-linear
THz components such as transistors, mixers or receiver diodes. However, CW systems have
relatively narrow frequency coverage, and the measured data is often heavily affected due to
the presence of standing waves.
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Figure 5.13: Comparison of experimental setup for two-port pulsed and CW PVNA.
Reprinted with permission from [278] ©2022 IEEE.
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Figure 5.14: Bandwidth and DNR comparison between two-port pulsed and CW PVNA.
Adapted from [278] ©2022 IEEE.

Recently, Fernandez Olvera et al. [276] reported a free space CW PVNA operating in the
0.1–1 THz range with a resolution of 20 MHz. As depicted in Figure 5.13, both the pulsed and
the CW PVNAs have the same system architecture with the exception of the optical unit and
the photomixers. The optical unit for the CW system contains a pair of telecom-wavelength
DFB lasers from TOPTICA photonics [305] combined with a fiber coupler. The combined signal
is then amplified by an Erbium-Doped Fiber Amplifier (EDFA), followed by a 1:4 splitter that
distributes the optical signal to two photomixing transmitters and two photomixing detectors.
The transmitters implemented in this case are commercial telecom-wavelength PIN photodiodes
with an integrated bowtie antenna [305] (Txcw,1 and Txcw,2)), whereas ErAs:InGaAs photocon-
ductors (Rxcw,1 and Rxcw,2) operate as the detectors. Similar to the pulsed PVNA, two WGP
pairs function as 3 dB directional couplers. The calibration process for the CW PVNA is iden-
tical to that of the pulsed PVNA and is carried out using a Through or Line standard (empty
setup) and a Reflect standard (metal mirror replacing the DUT).
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The reference measurements of the two systems for each of the four S-parameters are com-
pared in Figure 5.14. The pulsed PVNA offers a bandwidth of 0.2-3 THz with a peak DNR
of 57 dB at 0.5 THz (3rd order low pass filter, ENBW = 9.196 Hz). The CW PVNA only
covers 0.1–1 THz of the frequency range but with a higher peak DNR of 90 dB at 0.1 THz (8th

order low pass filter, ENBW = 0.5 Hz). However, the DNR of the CW and pulsed systems are
comparable beyond 0.5 THz. Figure 5.14 further demonstrates that the CW PVNA data are
severely influenced by the presence of unwanted reflections from the DUT, WGPss, and other
quasi-optical components. The effects of these reflections can be minimized with appropriate
filtering [276]. We would also like to point out that CW PVNA has a far superior frequency
resolution of 20 MHz compared to 3.66 GHz of the aforementioned pulsed PVNA.

Figure 5.15: S-parameters of a DBR extracted using pulsed PVNA are compared with
CW PVNA measurement and theoretical calculation. Adapted from [278] ©2022 IEEE.



5.5. Comparison with Electronic VNA 83

We examine a DBR, similar to the one described in Section 5.3.2, and compare the char-
acterization capabilities of the CW and pulsed PVNAs. The magnitude and phase of the
S-parameters extracted using CW and pulsed PVNAs are depicted in figure 5.15, along with
the theoretical data. Owing to its higher resolution, the CW PVNA reproduces the narrow
resonances better with a relatively higher Q factor. However, the CW data shows a frequency
shift compared to the pulsed and the theoretical data due to the thermal inertia and a miscali-
bration of the wavelength look-up table of the Distributed Feedback (DFB) diodes [305], which
can, in principle, be recalibrated for a given tuning speed. The pulsed PVNA results show
a rather good agreement with the theoretical data, especially for the S21 case. However, the
resonance peaks for S11 parameter appear broadened due to low frequency resolution. A slight
mismatch in the S21 phase data due to calibration plane misplacement error is also apparent.

Depending on the intended application, both versions of the PVNA show excellent capabil-
ities as characterization systems in the THz range, where the pulsed PVNA is better suited for
broadband investigation and CW PVNA for precise characterization of narrow spectral features.

5.5 Comparison with Electronic VNA

EVNAs are exceptionally sophisticated characterization systems that can perform fast measure-
ments with excellent precision (frequency resolution in the Hz range) and high DNR (∼120 dB).
Commercially available EVNAs can now achieve frequency coverage of up to 1.5 THz with the
help of frequency extenders [65]. However, these extending modules are narrowband, spanning
a maximum bandwidth of just 50% of the center frequency. In order to cover the frequency
range of 0.2-1.5 THz, five extenders or more must be employed (to ensure overlap), which
makes broadband investigation using an EVNA a laborious and painstaking process because
components need to be repeatedly exchanged, aligned and calibrated.

The bandwidth and DNR of the frequency extenders are detailed in Table 5.1. With a
similar ENBW of ∼10 Hz, the peak DNR of 57 dB for the two-port pulsed PVNA is relatively
low compared to the typical DNR of 115 dB attained by the EVNA for WR3.4 band. How-
ever, within the 1.1-1.5 THz range, for a two-port configuration, the typical DNR for WR0.65
extender is ∼45 dB1 (minimum of 25 dB) [65].The PVNA already shows a better DNR of 47-
35 dB within this range. Moreover, to the knowledge of the author, there are no commercially
available EVNA that can go beyond 1.5 THz, whereas the PVNA can reach up to 3 THz.

The S-parameters obtained using both the two-port pulsed PVNA and a commercial, elec-
tronic, frequency-extended VNA are compared to examine their characterization capabilities in
the THz range. An Agilent Technologies PNA (N5222A) connected to a pair of Virginia Diodes,
Inc. WR3.4 VNAX extenders [65], which operate in the frequency range of 220-330 GHz, is
implemented for this investigation. Horn antennas couple the signals into the free space.

Figure 5.16(a) and 5.16(b) illustrate the retrieved S-parameters for the DBR and the SRR
array, respectively. For better comparison, the PVNA data are zero-padded to realize 0.92 GHz
resolution. For both DBR and SRR array, the S12 and S21 parameters of the PVNA and EVNA
measurements match perfectly, with the main difference being the oscillations in the EVNA due
to standing waves combined with its high spectral resolution (11 MHz).

1WM164 (WR0.65) performance is specified for a TxRx-Rx configuration. Performance of a TxRx-
TxRx configuration is estimated to have a ∼15 dB degradation of dynamic range and may additionally
require the use of a mmWave controller.
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Dynamic Range
(BW = 10 Hz, dB)

Waveguide Band
Frequency Coverage

(GHz) Typical Minimum
WR3.4 220-330 115 105
WM-710
(WR2.8)

260-400 100 80

WM-570
(WR2.2)

330-500 110 100

WM-380
(WR1.5)

500-750 100 80

WM-380
(WR1.5)
Mini

500-750 110 95

WM-250
(WR1.0)

750-1100 65 45

WM-250
(WR1.0)
Mini

750-1100 95 75

WM-164
(WR0.65)*

1100-1500 60 40

Table 5.1: Specifications of EVNA extenders from Virginia Diodes, Inc. The DNR for
WM-164 band mentioned here is for a 1.5 port setup. *The performance degrades by
∼15 dB for a two-port system [65].

In contrast to the DBR, where the higher Q modes in S11 and S22 appear broadened
due to the considerably lower spectral resolution, the measurements of S11 and S22 for SRR
array show excellent matching. These data are situated at the lower edge of the spectrum,
which means that windowing during the Fourier transformation may have an impact. Even
so, the resonances are discernible in both measurements, including the double peak structure
at 255 GHz for the DBR (5.16(a)). The extracted S-parameters are also compared with the
theoretical calculations or simulations. In both the EVNA and PVNA measurements of the
SRR array, high-Q resonances appear to have a slight frequency shift and exhibit reduced
amplitude when compared with the simulations. This is due to geometrical imperfections in
the produced array and consideration of lossless material in the simulation. The resonance
modes of simulation and experiment, however, are reasonably well matched. The measured
S-parameters and the theoretical calculations for DBR also show good agreement.
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Figure 5.16: S-parameters extracted using PVNA is compared with commercial EVNA
and theoretical calculation for (a) DBR and (b)SRR array. Reprinted from [229] ©2021
Optical Society of America.

5.6 Conclusion

In this chapter, we demonstrated a two-port pulsed free space PVNA with the ability to measure
a complete set of S-parameters simultaneously. We achieve a bandwidth of 0.2-3 THz and a
peak DNR of 57 dB with 10 ms integration time. The PVNA shows significant competence in
extracting S-parameters for an SRR array, a CDR array and a DBR, by reproducing high-Q
resonances up to about 273 at 1 THz. The PVNA also exhibits accuracy within the range
of ±0.005 for thickness extraction and ±0.058 for frequency-dependent dielectric permittivity
(real part).

The pulsed PVNA offers frequency coverage of up to 3 THz, which is beyond the available
bandwidth of the CW PVNA (up to 1 THz) [276] and commercial EVNAs (up to 1.5 THz) [65].
In terms of DNR, the pulsed PVNA is comparable to the CW version within 0.5-1 THz with
a peak DNR of 57 dB. The DNR obtained by the pulsed PVNA over the 1.1–1.5 THz range is
approximately 47–35 dB, which is marginally higher than the 45 dB DNR of commercial EVNA
for a two-port configuration. The frequency resolution of ∼ 3 GHz is three orders of magnitude
less than the CW PVNA (20 MHz) and EVNA (11 MHz) data used in this chapter. Still, the
pulsed PVNA reproduces multiple adjacent resonant peaks successfully.

The two-port pulsed free space PVNA can potentially accelerate the development of THz
components and devices by mitigating the lack of affordable and efficient characterization sys-
tems in the intermediate and higher THz range. The next step is to make the system compact
and ready for on-chip integration. The current setup includes optical elements such as the
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WGPs, that make the system bulky and are also responsible for at least ∼ 6 dB loss per
detected signal. These elements can be eradicated from the system by replacing separate trans-
mitter and receiver heads with a transceiver, which is the focus of the next chapter.



Chapter 6

Terahertz Transceivers and
Transceiver-based PVNA

In a conventional reflection-geometry Terahertz Time-Domain Spectroscopy (THz-TDS)
setup with separate transmitter and receiver heads, the reflected THz signal from the Device
Under Test (DUT) must be separated from the emitted signal beam path. This is accomplished
either by implementing a beam splitter (for normal incidence) or by aligning the transmitter and
detector heads at an angle relative to the surface normal of the DUT. The former suffers from
a loss of at least 75% of the emitted signal due to the interactions with the broadband beam
splitters, whereas the latter encounters complications in the alignment of the sensor heads due
to the angled beam path. For the Photonic Vector Network Analyzer (PVNA) setups discussed
in the last chapters, we implemented separate emitter and detector heads and a pair of Wire
Grid Polarizers (WGPs) as frequency-independent directional couplers, similar to the beam
splitter configuration. As previously indicated, this makes the systems cumbersome, inefficient,
and costly. These issues can be mitigated by implementing THz transceivers that include both
the source and the receiver integrated in one enclosure, hence enabling compact systems for
measuring reflected THz signals under normal incidence. Moreover, the transceivers are ideally
suited for industrial applications requiring compact devices for non-destructive, non-invasive,
in-line process monitoring. It is also comparatively less expensive as only one head is needed
instead of the two separate modules of classic THz-TDS configurations.

The THz transceiver concept was initially reported in 2000, which implemented a low-
temperature-grown GaAs antenna with a shared photoconductive gap to generate and detect
THz radiation under normal incidence [306]. Till now, two main design concepts for THz
transceivers are reported in the literature: one that incorporates a common photoconductive
gap for the generation and detection of THz radiation [306, 307] and the other that includes
two spatially separated gaps on the same chip in close proximity [81, 308–310]. Since just one
photoconductive gap needs to be illuminated for common gap transceivers, the optical coupling
is simplified. However, the bias voltage of the emitter and the photocurrent produced by the
optical excitation beams both contribute to the noise of the detector, limiting the bandwidth
and Dynamic Range (DNR) of the system [306]. Hence, the bandwidth reported for this
design is less than 2 THz with a peak DNR of 40 dB [306, 307]. The separate gap concept
reduces the effect of the cross-talk but presents difficulties in terms of the optical coupling

87
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of individual gaps. The distance between the antennas must also be carefully adjusted to
prevent undesirable resonances [306] and distortion of the radiation pattern. Implementing this
concept, Kohlhaas et al. have reported a Fe-doped InGaAs photoconductor-based transceiver
with 6.5 THz bandwidth and a peak DNR of 75 dB (1000 scan average with 60 s measurement
time) [310]. Prior to this, the same research group also reported a Be doped InGaAs-based
transceiver with 4.5 THz bandwidth and 70 dB peak DNR [309]. Better electrical and dynamic
characteristics of InGaAs:Fe photoconductive material are largely responsible for this drastic
enhancement [310].

In this chapter, we present the design and fabrication process of an ErAs:In(Al)GaAs-based
THz transceiver and evaluate the performance by implementing it in a one-port characterization
system for Scattering (S)-parameter extraction applications.

6.1 Development of the Transceiver

6.1.1 Material Properties

For efficient generation and detection of THz radiation, the photoconductors must fulfill dif-
ferent requirements. High mobility and a large breakdown field strength are the most crucial
properties for emitter materials in order to accelerate optically generated carriers in a large
bias field in an efficient manner, whereas a short (sub-picosecond) carrier lifetime for detector
materials allows for accurate time-domain sampling of the THz pulse [311]. These requirements
are challenging to satisfy concurrently since they partially compete with one another. Hence,
developing a photoconductor for THz transceivers that simultaneously meets the demands of
the emitter and the receiver is difficult.

We utilize ErAs:In(Al)GaAs photoconductors, identical to the emitter material reported
in Section 3.1.2, to fabricate the THz transceiver. It consists of 90 periods of a superlattice
structure containing a 15 nm InGaAs layer, followed by 0.8 monolayers of C-delta-doped ErAs
sandwiched between two 1.5 nm C-doped InAlAs layers [214]. The breakdown field strength of
the material is 170±40 kV/cm under dark conditions and above 130±20 kV/cm when illumi-
nated with 45 mW of optical power [214]. In addition to that, a resistivity of 3850 Ωcm and
mobility of around 450 cm2/Vs makes it an excellent choice for THz sources [214]. However, it
exhibits a comparatively long carrier lifetime (1.842 ± 0.029 ps) [161], which is not ideal for a
THz detector since it leads to a reduced signal-to-noise ratio (see Section 2.2.2). Systems based
on these photoconductors have demonstrated more than 6 THz bandwidth and 110 dB peak
DNR (averaged over ∼1000 scans with 1 min acquisition time) [76]. Consequently, even with
a lower DNR due to the longer carrier lifetime (>1 ps) of the material as a receiver, the de-
tected THz radiation is expected to have sufficient strength for a variety of applications. Table
6.1 compares the material properties of ErAs:In(Al)GaAs and the state-of-the-art transceiver
material Fe:InGaAs.



6.1. Development of the Transceiver 89

Material
Type

Resistivity
(Ωcm)

Mobility
(cm2/Vs)

Carrier Lifetime
(ps)

ErAs:In(Al)GaAs 3850 450 1.842 ± 0.029
Fe:InGaAs 1570 710 0.25

Table 6.1: Typical material properties of ErAs:In(Al)GaAs and Fe:InGaAs [178,214,310].

6.1.2 Fabrication Process

The ErAs:In(Al)GaAs photoconductor grown on a 500 µm InP:Fe substrate wafer is cleaved to
form a 7 mm × 8 mm sample where the antenna and electrode structures will be patterned via
contact Ultraviolet (UV) lithography. A thin layer of AZ® 5414 E photoresist is spin-coated at
6000 rpm on the sample, followed by the first lithography step that removes the outermost 1 mm
wide stripe of photoresist from the edges of the sample using AZ® 726 MIF developer. This
ensures good contact between the quartz mask and the active area (remaining 6 mm × 7 mm
area containing the photoresist) for the subsequent lithographic step, as spin-coating-induced
irregularities in the edges of the sample are removed. Next, the antenna and the electrode
structures are patterned by UV exposure, followed by the image reversal bake step, which
entails heating the sample at 120 °C for one minute, and is conducted to transform the AZ®

5414 E from positive to negative. Afterwards, the sample is irradiated with UV light without
any mask and subsequently developed exposing the sample surface featuring the desired layout.
Figure 6.1 depicts these steps taken to prepare the sample for the subsequent metal antenna
deposition stage.

The sample is immersed in a 1:1 solution of water and Hydrochloric acid (HCl) for 30 seconds
to remove the native oxide of the InGaAs cap layer. This enhances the adhesion of the deposited
metal resulting in better ohmic contact between the metal and the InGaAs layer. Subsequently,
the thermal evaporation method is used to thermally deposit a 180 nm layer of Gold after
depositing a 20 nm layer of Titanium using an electron beam evaporator. The sample is then
submerged in acetone for 15 minutes to dissolve the photoresist along with the metal deposited
on it from the untreated regions (Lift-off). A further annealing process, at 420 °C for 30 seconds
in a Nitrogen purged chamber, is conducted to reduce the interface trap density to diffuse the
metals into the semiconductor and establish an ohmic contact between the metal and the
semiconductor. Figure 6.2 shows the metal deposition technique as detailed above.

In the mesa etching process, the ErAs:In(Al)GaAs layer is removed by wet etching from
the sample, with the exception of the areas between the electrodes, beneath the antenna, and
around the pads, as illustrated in Figure 6.3. A layer of AZ® 1518 is spin-coated on the sample
at 4000 rpm, followed by patterning of the mesa structures using another photolithography
step and subsequent development with the AZ® 726 MIF developer. Next, the photoresist is
hard-baked for 15 minutes at 110 °C, which causes any remaining solvent to evaporate, therefore
strengthening the link between the resist and the structure and stabilizing it. In the regions
not covered by the photoresist layer, the ErAs:In(Al)GaAs photoconductive material is etched
away, exposing the semi-insulating, highly resistive InP:Fe substrate. The etching agent used
in this case is a combination of Sulphuric acid (H2SO4), Hydrogen Peroxide (H2O2), and water
(H2SO4:H2O2:H2O = 1:8:50), which etches the photoconductive material at a rate of 14.5 nm/s.
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Figure 6.1: Preparation of sample before metal deposition.
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Figure 6.2: Metal deposition process.
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Figure 6.3: Mesa etching process.
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The plasma-enhanced chemical vapor deposition process is used to structure a layer of
Silicon Nitride (Si3N4) deposited on top of the sample (Figure 6.4). The layer thickness is
optimized to reduce reflection for better coupling of the infrared laser into the active region.
In addition, this layer protects the photoconductive material from oxidation and other types of
contamination. AZ® 1518 photoresist is deposited on the sample by spin-coating at 4000 rpm.
Using lithography and development, a protective photoresist coating covering only the electrode
structure is subsequently patterned. Using Carbon Tetrafluoride (CF4) as the etching agent,
reactive ion etching process removes the Si3N4 layer from the exposed contact metal pads
attached to the antenna.

Si3N4 Deposition

Plasma-enhanced 
chemical vapor

desposition

Reactive ion etching

CF4 

Fabricated chip 
with ARC 

InP:Fe Substrate

ARC 
Photoresist

InP:Fe Substrate InP:Fe Substrate

Figure 6.4: Anti-Reflection Coating (ARC) deposition process.

After the fabrication process, each transceiver chip is cleaved out for packaging. Figure
6.5 depicts the micrograph of a typical transceiver chip design. To emit the signal, a slotline
antenna with a 25 µm gap is implemented and to receive the THz radiation, an H-dipole antenna
with a 10 µm gap is employed. The transmitter and receiver modules are separated by a 20 µm
distance, ensuring a confocal THz beam path.

20 µm

Transmitter

Module

Receiver

Module

25 µm 10 µm

Figure 6.5: Micrograph of a ErAs:In(Al)GaAs photoconductor-based THz transceiver
chip.
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6.1.3 Packaging

The transceiver chip is semi-packaged in a 50 mm × 40 mm housing containing a hyper hemi-
spheric silicon lens with a diameter of 10 mm and thickness of 6.1 mm. UV curable glue is used
to secure the chip once it has been positioned in the center of the silicon lens. The electrical
contacts are realized via conductive epoxy bonding to the external circuits. The module also
consists of separate coaxial cable connectors to facilitate the application of bias voltage and
read-out of the detected THz signal. Free space coupling of the optical signals is achieved by an
external lens that focuses both laser beams onto the individual gaps. A high-precision 3D stage
with micrometer accuracy is used to align the focused laser spots onto the photoconductive
gaps, which is necessary for free space coupling.

(a) (b)

Figure 6.6: (a) Front and (b) rear view of the semi-packaged transceiver module.
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6.2 Transceiver-based One-Port PVNA

To characterize the transceiver chip and verify its capability, a one-port PVNA containing the
packaged transceiver is configured that can extract the S11 parameter of a DUT.

6.2.1 Experimental setup

TR

DUT

Laser

Pulse

Mirror

Mirror

MenloSystems

Laser

Messtechnik

PDA-S

Figure 6.7: Experimental setup of a transceiver-based one-port PVNA. TR = Transceiver,
PBS = Polarizing Beam Splitter, TIA = Transimpedance Amplifier, DAQ = Data Ac-
quisition, ODU = Optical Delay Unit.

Figure 6.7 illustrates the experimental setup of a transceiver-based one-port pulsed free
space PVNA. It consists of a monolithically integrated transceiver (TR) containing a transmitter
and a detector module fabricated on the same chip that emits and receives the THz pulses. A
commercially available Menlo Tera K15 time-domain system [312] containing a pulsed laser
(1560 nm operation wavelength, 90 fs pulse duration, 100 MHz repetition rate) and an Optical
Delay Unit (ODU) is used to realize the PVNA. Laser pulses emerging from the two fiber ports
are launched into free space via beam collimators. A Polarizing Beam Splitter (PBS) is used
to combine the pump and probe beams onto the electrode gaps of the transmitter and receiver
module, respectively. The transmitter is driven with 28 mW of optical power, whereas the
receiver is driven with 9 mW of optical power. A source measure unit (Keithley 2400 [313])
supplies the transmitter module with 40 V DC bias, and the read-out is performed by a Data
Acquisition (DAQ) system. Prior to the read-out, the detected photocurrent is converted to
voltage by implementing a low noise Trans-Impedance Amplifier (TIA) from TEM Messtechnik
(PDA-S) [219] with a trans-impedance gain of 107 V/A. The DAQ and the data acquisition
software are also contained within the commercial time-domain system. We point out that
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the bias provided to the transmitter module is roughly half of that applied for 1.5 port Vector
Spectrometer (VSM) and two-port PVNA (Chapters 4 and 5), to safeguard the transceiver for
extended operation.

6.2.2 System Characteristics

(a) (b)

Figure 6.8: (a) Cross-talk and (b) calibrated spectral profile of the one-port PVNA.

Cross-talk may arise due to the close proximity of the transmitter and receiver modules
on the same photoconductive chip. This is investigated by measuring the detected THz signal
after removing all obstacles from the THz path that may prompt reflection of the emitted THz
signal within the measurement window. Figure 6.7(a) depicts the spectral profile of this signal.
It is evident from the figure that direct cross-talk between the transmitter and receiver through
the substrate of the transceiver chip causes a noticeable amount of background in the received
signal. This background signal or cross-talk is more prominent in the lower frequencies with a
relative strength of about -28 dB at 0.4 THz and steadily decreases until it becomes negligible
beyond 1.5 THz. Due to the static nature of this background, it can be calibrated out by
subtracting it from the measured signals, similar to the approach discussed in Section 3.2.

For the determination of the S11 parameter with the one-port system, the reference mea-
surement is recorded with a metal mirror placed at the reference plane and the test signal is
recorded with the DUT replacing the mirror. The calibrated spectral profile of the reference
signal is depicted in Figure 6.8(b), indicating that the system has a bandwidth of 0.2 to 2.5 THz
with a peak DNR of ∼53 dB. This measurement is recorded for an average of 1000 scans with a
measurement duration of 100 seconds. The time domain measurements are performed using a
time window of 80 ps, corresponding to a frequency resolution of around 7 GHz. This resolution
can be improved by using a longer measurement window.

Compared to the two-port PVNA configured with isolated transmitter and receiver heads
and WGP-formed directional couplers (Chapter 5), the bandwidth and DNR of the transceiver-
based one-port PVNA are relatively lower. There are a number of factors that contribute to
this. In comparison to the ErAs:InGaAs photoconductive receivers used for the isolated module
PVNA, the transceiver’s receiver module performs inferiorly due to its longer carrier lifetime,
which has a direct impact on the system’s signal-to-noise ratio. The DNR and operational band-
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width of the system are also adversely affected by pronounced background and lower applied
bias to the transmitter module. Despite this, the one-port PVNA can function at frequencies
exceeding 2 THz, whereas a commercial Electronic Vector Network Analyzer (EVNA) frequency
extender can only reach 1.5 THz [65].

6.2.3 Applications

To verify the principle of operation of the configured transceiver-based one-port PVNA, we
investigate the S11 parameter of a Distributed Bragg Reflector (DBR) and a Split-Ring Res-
onator (SRR) array (same as the ones described in Sections 5.3.1 and 5.3.2) and compare the
results with a theoretical model or simulation.

Characterization of a DBR

Figure 6.9 compares the retrieved S11 parameter of the DBR with the theoretically derived
one in terms of magnitude and phase. The frequency resolution of the theoretical data is
adapted to resemble to the measured data for a fair comparison. The extracted magnitude of
the S11 parameter matches rather well with theoretical calculation. However, due to low DNR,
the pass-bands exhibit reduced strength than estimated, yet their frequency positions fit the
theoretical model perfectly. The phase of the S11 parameter also shows excellent agreement
with the theory. Due to water vapor resonance-induced artifacts, there is a slight disparity
above 1.6 THz in the phase of the extracted S11 parameter. Apart from that, the theoretical
prediction and the observed value of the S11 parameter are well-matched.

Figure 6.9: S11 parameter of a DBR extracted using a one-port transceiver-based PVNA
and compared with the theoretical model.
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Characterization of a SRR array

Figure 6.10: S11 parameter of a SRR extracted using a one-port transceiver-based PVNA
and compared with the simulation.

Figure 6.10 depicts a comparison between the simulation (CST Microwave Studio) and the
experimentally determined S11 parameter of the investigated SRR array in terms of magnitude
and phase. The magnitude data demonstrate excellent agreement with simulated results. Each
resonance peak is accurately resolved, having an almost identical Quality (Q)-factor. With a
Q-factor of ∼79 in the simulation and ∼71 in the experimental data, the first resonance peak
occurs at roughly 300 GHz. At around 1.7 THz, a high-Q resonance feature is absent in the
extracted S11 parameter magnitude data. It is evident from the figure that the system lacks
sufficient DNR to resolve the peak at this point. The SRR-induced resonance peak becomes
harder to detect when the system DNR approaches the noise floor due to an overlapping water
vapor resonance artifact. Besides that, a number of multi-peak features are reproduced, even
with a frequency resolution of ∼7 GHz. The phase data also closely resemble the simulated
model. This demonstrates that the transceiver-based one-port PVNA can accurately determine
the S11 parameter of a DUT with frequency coverage of 0.2-2 THz.

6.3 Conclusion

This chapter addressed the design and fabrication process of a THz transceiver based on
ErAs:In(Al)GaAs photoconductor. We then assessed its performance by implementing it in
a one-port PVNA configuration to measure the S11 parameter of several THz components. We
showed that the bandwidth of the one-port system was between 0.2 and 2.5 THz, with a peak
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DNR of 53 dB for a 1000 scan average during 100 s of measurement time (Time Constant (TC)
≈ 42 ms). By extracting the S11 parameter of a DBR and a SRR array, the transceiver-based
PVNA demonstrates great aptitude, with magnitude and phase data showing excellent agree-
ment with the theoretical model. The PVNA frequency coverage of up to 2.5 THz exceeds the
maximum frequency that the commercial EVNA extenders can attain, which is 1.5 THz [65].

As demonstrated in Reference [310], if the photoconductive material could be engineered to
have a shorter carrier lifetime while maintaining similar resistivity and mobility, the bandwidth
and DNR of the transceiver would be significantly increased. Alterations to the antenna layout
and substrate can also help to reduce the effect of cross-talk. The semi-packaged transceiver can
be fully packaged by integrating the PBS and focusing lens into the head, further simplifying
optical alignment and enabling plug-and-play configuration.

The transceiver-based one-port PVNA can be expanded to a complete two-port PVNA by
adding a second transceiver enabling the extraction of a full set of S-parameters of a DUT.
The most challenging aspect of this will be differentiating signals emanating from distinct
transmitter modules. Activating one transmitter at a time and capturing both transmission
and reflection data for that transmitter, as classic EVNAs do, is one approach to circumvent this
issue. Incorporating a mechanical-delay-stage-free laser system, such as TeraFlash Pro [212],
which has four fiber ports to facilitate the simultaneous driving of two transceivers, can further
simplify the system’s setup and data acquisition procedure, as well as increase the system’s
speed.
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Chapter 7

Summary and Outlook

Recent advancements in the generation and detection of THz radiation have resulted in
room-temperature-operated tabletop photonic systems with enormous bandwidth and power.
This has encouraged researchers to engineer THz devices and components for cross-disciplinary
applications that greatly benefit from these attributes. However, the bottleneck for the develop-
ment of such devices and components is the lack of efficient and cost-effective characterization
systems capable of broadband and high frequency (>1.5 THz [65]) investigations. This thesis
aims to provide a solution to this bottleneck and establish a solid foundation to mitigate the
research gap that the present characterization systems are unable to address.

State-of-the-art electrical and photonic characterization systems for THz range investiga-
tion were discussed in Chapter 2. Electronic Vector Network Analyzers (EVNAs) are usually
employed in the electronic domain to characterize THz devices and components, which re-
quire frequency extender modules to achieve a maximum frequency of 1.5 THz [65]. However,
these modules are relatively narrowband, necessitating multiple units to cover a wide frequency
range. In addition, upscaling these systems is difficult owing to manufacturing and alignment
tolerances. At the same time, photonic Terahertz Time-Domain Spectroscopy (THz-TDS) sys-
tems based on photoconductive transmitters and receivers, driven by already well-established
telecom-wavelength ultrafast pulsed lasers, can reach very high frequencies (∼10 THz) [78] with
considerable power (∼110 dB peak Dynamic Range (DNR)) [76]). These systems enable the
path for free space pulsed Photonic Vector Network Analyzers (PVNAs), which is the main
focus of this thesis.

Since a pulsed PVNA uses a time-domain measurement approach rather than the frequency-
domain measurement technique of an EVNA, the calibration and data evaluation processes are
slightly different. The calibration of the PVNA is more straightforward than that of the EVNA,
as the signal travels through the air with a well-known wave impedance of 376.6 Ω. For the
calibration of PVNA, we developed a method comparable to the combination of the ’Gated-
Reflect-Line’ (GRL) [149] and the ‘Through-Through-Network’ (TTN) self-calibration [151,152]
technique of EVNA. We also developed an algorithm to extract the complicated dielectric
permittivity, alternatively, the refractive index and absorption coefficient, in addition to the
thickness of a Material Under Test (MUT) from the retrieved Scattering (S)-parameters.
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We configured a 1.5 port Vector Spectrometer (VSM) capable of simultaneously measuring
both transmission and reflection coefficients, which are analogous to the S21 and S11 parame-
ters, respectively. It is an upgrade of traditional THz-TDS systems that are configured either
in transmission or reflection geometry and can measure either S21 or S11 parameters. With a
demonstrated bandwidth of around 0.2–2.5 THz, the 1.5 port VSM provides coverage at fre-
quencies that go beyond the range of currently available commercial Vector Network Analyzers
(VNAs) [65]. Measurements were conducted in a single setup without the need to reconfigure
the setup or move the Device Under Test (DUT) across systems. The aptitude of the VSM was
verified by extracting optical parameters, including refractive index and absorption coefficient,
and physical thickness of the MUT using the previously mentioned algorithm. The error margin
of the determined refractive index is around ± 0.05 and less than 10 µm for thickness. The
retrieved absorption coefficients are consistent with what has been reported in the literature.
The VSM also successfully characterized an asymmetrical device, a THz isolator, in terms of
insertion loss and isolation level, with an excellent match with the theoretical model.

The system is then extended to a two-port PVNA, which can concurrently extract a com-
plete set of S-parameters with a demonstrated bandwidth of 0.2 to 3 THz and a peak DNR of
57 dB (Equivalent Noise Bandwidth (ENBW) ≈ 10 Hz). The frequency coverage of up to 3 THz
for pulsed PVNA is significantly broader in comparison to their Continuous Wave (CW) (up
to 1 THz) [276] and commercial electronic (up to 1.5 THz) [65] equivalent. In terms of DNR,
the pulsed PVNA is comparable to the photonic CW version within the 0.5-1 THz range. The
47–35 dB DNR of the PVNA in the 1.1-1.5 THz band is better than the 45–25 dB DNR of the
EVNA for a two-port configuration. Substantial proficiency in extracting S-parameters for a
Split-Ring Resonator (SRR) array, a Crossed-Dipole Resonator (CDR) array, and a Distributed
Bragg Reflector (DBR) was demonstrated by the PVNA, with both magnitude and phase data
exhibiting excellent agreement with the simulations. In addition, the PVNA demonstrated high
accuracy in thickness (± 0.005 mm) and frequency-dependent complex dielectric permittivity
calculation.

Finally, a THz transceiver was manufactured with the aim of miniaturizing the PVNAs for
on-chip integration and industrial application. The transceiver was then utilized to set up a one-
port PVNA to assess its feasibility in configuring such characterization systems. We obtained a
bandwidth of 0.2-2.5 THz and a peak DNR of 53 dB (Time Constant (TC) ≈ 42 ms) with this
PVNA. This transceiver-based PVNA performs admirably by extracting the S11 parameter of
a DBR and a SRR array, with magnitude and phase data exhibiting excellent agreement with
the theoretical model.

Efficient pulsed free space PVNAs configured in this work incorporate a broad spectral
range and are able to characterize a wide variety of THz components and materials in the THz
range. The PVNA bandwidth exceeds six hollow metal waveguide bands in one system and
unlike EVNAs, are not susceptible to measurement uncertainties originating from variances
in the metal waveguide and flanges connections, unstable cables, standing waves. Broadband
investigations can be carried out in a single setup, and the calibration process is greatly sim-
plified. Compared to highly-priced EVNA extension modules, these systems are cost-effective.
Therefore, the PVNAs pave the way for future THz-range characterization systems that are effi-
cient and affordable, and creates a strong foundation for THz component development, enabling
widespread adaptation of THz technologies in both research and industrial settings.



7.1. Limitations and Outlook 101

7.1 Limitations and Outlook

The configured PVNAs incorporate a few limitations in terms of measurement speed and fre-
quency resolution. They are interrelated in the sense that the resolution of the system is
dependent on the investigated time window, and both are linked with the mechanical delay
stage. A ∼ 160 ps window scan with 10 ms integration time (ENBW ≈ 10 Hz) takes approx-
imately 15 minutes, corresponding to a ∼ 3 GHz spectral resolution. The resolution is rather
low compared to that of commercial EVNAs (a few Hz) [65] and CW PVNAs (a few MHz) [276].
By implementing Asynchronous Optical Sampling (ASOPS) [279] or Electronically Controlled
Optical Sampling (ECOPS) [281] techniques, which do not require a mechanical delay stage,
it is possible to circumvent this limitation to some extent. Systems based on these techniques
have demonstrated a spectral resolution of 50.5 MHz [193] and an acquisition rate of 2 kHz for
a 100 ps scan window [282].

Although we demonstrated the principle of operation for a PVNA built with transceivers,
due to time constraints, we did not configure a transceiver-based two-port PVNA. Further-
more, the THz transceivers can still be improved in terms of cross-talk elimination, system
bandwidth expansion, and DNR improvement. According to reference [310], this is accom-
plished by engineering photoconductive materials with a short carrier lifetime, high resistivity,
and high mobility. Cross-talk can be minimized by modifying the antenna’s architecture and
the substrate. A two-port PVNA with improved transceivers may be investigated as part of a
potential future extension of this work.

Due to free space configuration, the PVNA application examples discussed in this thesis
were only confined to the characterization of planar THz components or materials. On-wafer
THz component investigations utilizing EVNA are generally realized by implementing contact
probes, which suffer from fragility and misalignment issues due to their minuscule dimensions
required for THz frequency characterization. To test on-wafer transmission-line-coupled THz
components, Caglayan et al. have devised a non-contact probing technique [314–316]. This
technique can be studied further to determine its applicability in pulsed PVNA settings.

The next stage in the development process would be to integrate the system on chip, which
would enable for widespread implementation of such systems in both academic and commercial
settings. To realize on-chip pulsed PVNAs, broadband planar waveguide topology has to be
developed. In addition, the development of broadband splitters with a well-defined splitting
ratio and research into photoconductor-to-waveguide transitions, transitions to free space and
coplanar waveguide design, etc., will be necessary. Our research group has already conducted
some work regarding broadband THz photonic integrated circuits [317], and the results will
guide future attempts to develop on-chip PVNAs.

THz technology is rapidly moving from the realm of basic science to widespread industrial
use, thanks to the proliferation of multidisciplinary applications and the development of more
effective generation and detection methods. However, characterization systems continue to lag
behind, impeding the development of THz components and devices. With vast bandwidth
and substantial power, pulsed free space PVNAs has the potential to become the character-
ization system that alleviates the demand constraint for THz components and expedites the
development of THz technologies.
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Appendix A

Data Acquisition GUI

Various components of the data acquisition Graphical User Interface (GUI) illustrated in Figure
A.1 are outlined below.

Port denotes the port at which the mechanical delay stage controller is connected.

Initialize Delay Stage button initializes the mechanical delay stage.

Master Lock-in shows the connected primary lock-in amplifier.

Slave Lock-in shows the connected secondary lock-in amplifier.

Initialize Lockin(s) button initializes both the lock-in amplifiers and loads the preset
parameters such as time constant, modulation frequency, filter order and data acquisition rate.

Synchronize button synchronizes both the lock-in amplifiers with a 10 MHz reference clock
to have the same time stamp.

Move to button moves the mechanical stage to the input position.

Start displays the starting position of the stage.

End displays the ending position of the stage.

Step (for ‘Scan’ function) displays the step distance in mm.

Num. Scan (for ‘Shake and Measure’ function) displays the number of scans to be exe-
cuted.

Speed shows the speed of the stage in mm/s.

The Scan button initializes the step-by-step scan and data fetching from the lock-in am-
plifier.

The Shake and Measure button initializes continuous scan and data fetching from the
lock-in amplifier.

The Shake button prompts the stage to move between the start and end positions without
taking any data. This technique is used mainly for alignment purposes.

The Stop button terminates the movement of the stage and data acquisition from the
lock-in amplifier.

The Save StepScan button saves the data acquired for the step-by-step scan case.

The Save ContinuousScan button saves the data acquired for the continuous scan case.

The FFT button converts the acquired data from the time domain to the frequency domain
and displays it.

The Sample is an editable text box, where the name of the investigated sample can be
entered. This sample name is then included in the saved file.
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TransmissionT2R1 displays the time-domain THz signal generated by Transmitter 2 and
received by Receiver 1 after transmitting through the sample.

TransmissionT1R2 displays the time-domain THz signal generated by Transmitter 1 and
received by Receiver 2 after transmitting through the sample.

ReflectionT1R1 displays the time-domain THz signal generated by Transmitter 1 and
received by Receiver 1 after reflecting back from the sample.

ReflectionT2R2 displays the time-domain THz signal generated by Transmitter 2 and
received by Receiver 2 after reflecting back from the sample.

Figure A.1: Data acquisition GUI.
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MATLAB Code for Material
Characterization Algorithm

1 clear all;

2 close all;

3

4 % importing data file

5

6 % reference

7 ref_tr_t1r1 = importdata (’empty_t1r1.txt’);

8 ref_tr_t2r2 = importdata (’empty_t2r2.txt’);

9

10 ref_r_t1r1 = importdata (’mirror_t1r1.txt’);

11 ref_r_t2r2 = importdata (’mirror_t2r2.txt’);

12

13 % sample

14 sam_t2r1andt1r1 = importdata (’sample_transmissions_and_t1r1.txt’);

15 sam_t1r2andt2r2 = importdata (’sample_transmissions_and_t2r2.txt’);

16

17 %% getting data

18 %[t,x21 ,x11 ,x22 ,x12]

19

20 [ref_tr_time ,ref_tr_21 ,no_ref_r_11 ,~,~] = func_2port_getdata (

ref_tr_t1r1);

21 [ref_tr_time2 ,~,~,no_ref_r_22 ,ref_tr_12 ]= func_2port_getdata (

ref_tr_t2r2);

22

23 [ref_r_time ,no_ref_tr_21 ,ref_r_11 ,~,~] = func_2port_getdata (ref_r_t1r1

);

24 [ref_r_time2 ,~,~,ref_r_22 ,no_ref_tr_12] = func_2port_getdata (

ref_r_t2r2);

25

26 %port 1

27 [sam_time1 ,sam_tr_21 ,sam_r_11 ,~,~] = func_2port_getdata (

sam_t2r1andt1r1);

105
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28 %port 2

29 [sam_time2 ,~,~,sam_r_22 ,sam_tr_12] = func_2port_getdata (

sam_t1r2andt2r2);

30

31 figure;

32 subplot (2,2,1);

33 plot (ref_tr_time , ref_tr_21);

34 hold on;

35 plot (sam_time1 , sam_tr_21);

36 subplot (2,2,2);

37 plot (ref_tr_time2 , ref_tr_12);

38 hold on;

39 plot (sam_time2 , sam_tr_12);

40 subplot (2,2,3);

41 plot (ref_r_time , ref_r_11);

42 hold on;

43 plot (sam_time1 , sam_r_11);

44 subplot (2,2,4);

45 plot (ref_r_time2 , ref_r_22);

46 hold on;

47 plot (sam_time2 , sam_r_22);

48

49 %% Windowing

50

51 % getting rid of data below 200 GHz

52

53

54 f_filter_min = 0.2;

55

56

57 ref_tr_21 = func_2port_hpfilter (t,f_filter_min ,ref_tr_21);

58 ref_tr_12 = func_2port_hpfilter (t,f_filter_min ,ref_tr_12);

59 ref_r_11 = func_2port_hpfilter (t,f_filter_min ,ref_r_11);

60 ref_r_22 = func_2port_hpfilter (t,f_filter_min ,ref_r_22);

61

62 sam_tr_21 = func_2port_hpfilter (t,f_filter_min ,sam_tr_21);

63 sam_r_11 = func_2port_hpfilter (t,f_filter_min ,sam_r_11);

64 sam_r_22 = func_2port_hpfilter (t,f_filter_min ,sam_r_22);

65 sam_tr_12 = func_2port_hpfilter (t,f_filter_min ,sam_tr_12);

66

67 %% Primary Thickness calculation

68

69 %[d,n] = func_primarydn (tr,ts,ar,as)

70 % For Tx 1 and Rx1 and Rx2

71 [d_p1 , n_p1 , peakflag1] = func_2port_primarydn (t,ref_tr_12 ,sam_tr_12 ,

sam_r_11);

72

73 % For Tx 2 and Rx1 and Rx2

74 [d_p2 , n_p2 , peakflag2] = func_2port_primarydn (t,ref_tr_21 ,sam_tr_21 ,

sam_r_22);

75

76
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77 %figure time domain

78

79 figure(’Name’,’Transmission TD’);

80 subplot (2,1,1);

81 plot (t*1e12 ,ref_tr_21 , ’r’);

82 hold on;

83 plot (t*1e12 ,sam_tr_21 , ’k’);

84 title(’T2R1’);

85 %axis ([0 80 -0.1 0.15]);

86 grid on;

87 subplot (2,1,2);

88 plot (t*1e12 ,ref_tr_12 , ’r’);

89 hold on;

90 plot (t*1e12 ,sam_tr_12 , ’k’);

91 title(’T1R2’);

92 %axis ([0 80 -0.1 0.15]);

93 grid on;

94

95 figure(’Name’,’Reflection TD’);

96 subplot (2,1,1);

97 plot (t*1e12 ,ref_r_11 , ’r’);

98 hold on;

99 plot (t*1e12 ,sam_r_11 , ’k’);

100 title(’T1R1’);

101 %axis ([0 80 -0.1 0.15]);

102 grid on;

103 subplot (2,1,2);

104 plot (t*1e12 ,ref_r_22 , ’r’);

105 hold on;

106 plot (t*1e12 ,sam_r_22 , ’k’);

107 title(’T2R2’);

108 %axis ([0 80 -0.1 0.15]);

109 grid on;

110

111

112 %% Frequency Domain conversion

113

114 %transmission

115 %ref

116 [f12 ,Aref_tr_12] = func_2port_time2freq (t,ref_tr_12);

117 [f21 ,Aref_tr_21] = func_2port_time2freq (t,ref_tr_21);

118 %sample

119 [f12 ,Asam_tr_12] = func_2port_time2freq (t,sam_tr_12);

120 [f21 ,Asam_tr_21] = func_2port_time2freq (t,sam_tr_21);

121

122 %reflection

123 %ref

124 [f11 ,Aref_r_11] = func_2port_time2freq (t,ref_r_11);

125 [f22 ,Aref_r_22] = func_2port_time2freq (t,ref_r_22);

126 %sample

127 [f11 ,Asam_r_11] = func_2port_time2freq (t,sam_r_11);

128 [f22 ,Asam_r_22] = func_2port_time2freq (t,sam_r_22);
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129

130 f = f12;

131

132 figure(’Name’,’Transmission FD’);

133 subplot (2,1,1);

134 plot (f/1e12 ,20* log10(abs(Aref_tr_21)), ’r’);

135 hold on;

136 plot (f/1e12 ,20* log10(abs(Asam_tr_21)), ’k’);

137 title(’T2R1’);

138 axis ([0.2 3 -70 inf]);

139 grid on;

140 subplot (2,1,2);

141 plot (f/1e12 ,20* log10(abs(Aref_tr_12)), ’r’);

142 hold on;

143 plot (f/1e12 ,20* log10(abs(Asam_tr_12)), ’k’);

144 title(’T1R2’);

145 axis ([0.2 3 -70 inf]);

146 grid on;

147

148 figure(’Name’,’Reflection FD’);

149 subplot (2,1,1);

150 plot (f/1e12 ,20* log10(abs(Aref_r_11)), ’r’);

151 hold on;

152 plot (f/1e12 ,20* log10(abs(Asam_r_11)), ’k’);

153 title(’T1R1’);

154 axis ([0.2 3 -70 inf]);

155 grid on;

156 subplot (2,1,2);

157 plot (f/1e12 ,20* log10(abs(Aref_r_22)), ’r’);

158 hold on;

159 plot (f/1e12 ,20* log10(abs(Asam_r_22)), ’k’);

160 title(’T2R2’);

161 axis ([0.2 3 -70 inf]);

162 grid on;

163

164

165 %% Experimental Transfer Function

166

167 %port 1, transmitter 1, receiver 1(refl) and 2(trans)

168

169 T_p1 = Asam_tr_12 ./ Aref_tr_12;

170

171 mag_T_p1 = abs (T_p1);

172 phase_T_p1 = unwrap(angle(T_p1));

173

174 R_p1 = Asam_r_11 ./ Aref_r_11;

175

176 mag_R_p1 = abs (R_p1);

177 phase_R_p1 = unwrap(angle(R_p1));

178

179 %port 2, transmitter 2, receiver 2(refl) and 1(trans)

180 T_p2 = Asam_tr_21 ./ Aref_tr_21;
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181

182 mag_T_p2 = abs (T_p2);

183 phase_T_p2 = unwrap(angle(T_p2));

184

185 R_p2 = Asam_r_22 ./ Aref_r_22;

186

187 mag_R_p2 = abs (R_p2);

188 phase_R_p2 = unwrap(angle(R_p2));

189

190

191 figure(’Name’,’Transfer Function ’);

192 subplot (2,1,1);

193 plot (f, abs(T_p1), ’r’);

194 hold on;

195 plot (f, abs(T_p2), ’b’);

196 xlim ([0.2 e12 2e12]);

197 legend (’Port 1’, ’Port 2’);

198 title (’Transmission Coefficient ’);

199 subplot (2,1,2);

200 plot (f, abs(R_p1), ’r’);

201 hold on;

202 plot (f, abs(R_p2), ’b’);

203 xlim ([0.2 e12 2e12]);

204 legend (’Port 1’, ’Port 2’);

205 title (’Reflection Coefficient ’);

206

207 %% Selecting Data with Usable Dynamic Range

208

209 fmin = 0.2; %in THz

210 fmax = 2.5; %in THz

211

212 range = find (f> fmin*1e12 & f< fmax*1e12 );

213 fr = f(range);

214

215 range2 = find (f< fmax*1e12);

216 fr2 = f(range2);

217

218 %% adapt phase

219

220 phase_TF_exp_tr_12_adap = func_2port_adaptphase (fr ,fr2 ,phase_T_p1 ,

range);

221 phase_TF_exp_tr_21_adap = func_2port_adaptphase (fr ,fr2 ,phase_T_p2 ,

range);

222

223

224 %% selecting data within range

225

226 %Port1

227 Aref_tr_12 = Aref_tr_12(range);

228 Asam_tr_12 = Asam_tr_12(range);

229 T_p1 = T_p1(range);

230
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231 mag_T_p1 = mag_T_p1(range);

232 phase_T_p1 = phase_T_p1(range);

233

234 Aref_r_11 = Aref_r_11(range);

235 Asam_r_11 = Asam_r_11(range);

236 R_p1 = R_p1(range);

237

238 %Port 2

239 Aref_tr_21 = Aref_tr_21(range);

240 Asam_tr_21 = Asam_tr_21(range);

241 T_p2 = T_p2(range);

242

243 mag_T_p2 = mag_T_p2(range);

244 phase_T_p2 = phase_T_p2(range);

245

246 Aref_r_22 = Aref_r_22(range);

247 Asam_r_22 = Asam_r_22(range);

248 R_p2 = R_p2(range);

249

250 %% Calculating initial n and k and alpha

251

252 c = 3e11;

253 n0 = 1;

254 wr = 2*pi.*fr;

255

256 % FP term is neglected and imaginary part of the refractive index in

the Fresnel coefficients

257 % Also polyfit is used (which will be later put in the loop)

258

259 % for initial n and k calculation windowed data is used , but for

optimization

260 % the error is calculated by comparing with not windowed transfer

function

261

262 %using adapted phase to calculate the initial estimation of n and k

263

264 phase_T_p1 = phase_TF_exp_tr_12_adap;

265 phase_T_p2 = phase_TF_exp_tr_21_adap;

266

267

268 [n_es_tr_12 ,na_tr_12 ,k_es_tr_12 ,ka_tr_12 ,alp_es_tr_12 ,alpa_tr_12] =

func_2port_rawpoly (mag_T_p1 ,phase_T_p1 ,wr,d_p1);

269 [n_es_tr_21 ,na_tr_21 ,k_es_tr_21 ,ka_tr_21 ,alp_es_tr_21 ,alpa_tr_21] =

func_2port_rawpoly (mag_T_p2 ,phase_T_p2 ,wr,d_p2);

270

271

272 %% Calculate theoretical transfer function

273

274 % Port 1

275 n_com_1 = na_tr_12 - 1i*ka_tr_12;

276

277 T_p1_t = func_2port_transferfunction_transmission (n0 ,n_com_1 , wr ,c,
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d_p1);

278 R_p1_t = func_2port_transferfunction_reflection (n0 ,n_com_1 , wr ,c,

d_p1);

279

280 err_T_p1_t = abs(T_p1)-abs (T_p1_t);

281 err_R_p1_t = abs(R_p1)-abs (R_p1_t);

282

283 % Port 2

284 n_com_2 = na_tr_21 - 1i*ka_tr_21;

285

286 T_p2_t = func_2port_transferfunction_transmission (n0 ,n_com_2 , wr ,c,

d_p2);

287 R_p2_t = func_2port_transferfunction_reflection (n0 ,n_com_2 , wr ,c,

d_p2);

288

289 err_T_p2_t = abs(T_p2)-abs (T_p2_t);

290 err_R_p2_t = abs(R_p2)-abs (R_p2_t);

291

292 % changing the name for the loop

293 n_raw_p1 = n_es_tr_12;

294 n_raw_p2 = n_es_tr_21;

295

296

297 k_raw_p1 = k_es_tr_12;

298 k_raw_p2 = k_es_tr_21;

299

300 for iteration1 = 1:10

301

302 %Tx1

303 [nn12 ,~,mn12] = polyfit (fr,n_raw_p1 ,2);

304 na_tr_12 = polyval (nn12 ,fr, [], mn12);

305

306 [kk12 ,~,mk12] = polyfit (fr,k_raw_p1 , 2);

307 ka_tr_12 = polyval (kk12 ,fr, [], mk12);

308

309 %Tx2

310 [nn21 ,~,mn21] = polyfit (fr,n_raw_p2 , 2);

311 na_tr_21 = polyval (nn21 ,fr, [], mn21);

312

313 [kk21 ,~,mk21] = polyfit (fr,k_raw_p2 , 2);

314 ka_tr_21 = polyval (kk21 ,fr, [], mk21);

315

316 %% 2D optimization to find thickness

317

318 % vary the thickness and for each thickness minimize the error to

get n

319 % and k

320

321 %port 1

322 dr = 0.1; % range in mm.

323 di = 0.001; % increment in mm.

324
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325

326 [d2d_p1 , n2d_p1 , k2d_p1 , alp2d_p1] = func_2port_2dopti (c, n0, d_p1 , dr

, di, na_tr_12 , ka_tr_12 , wr, T_p1 , R_p1);

327

328 R_p1_2d = func_2port_transferfunction_reflection (n0 ,n2d_p1 - 1

i*k2d_p1 , wr,c,d2d_p1);

329 T_p1_2d = func_2port_transferfunction_transmission (n0 ,n2d_p1 -

1i*k2d_p1 , wr,c,d2d_p1);

330

331 err_p1_2d (iteration1) = mean((abs(T_p1)-abs (T_p1_2d)).^2 + (abs(

R_p1)-abs (R_p1_2d)).^2);

332

333 %port 2

334 [d2d_p2 , n2d_p2 , k2d_p2 , alp2d_p2] = func_2port_2dopti (c, n0, d_p2 , dr

, di, n_es_tr_21 , k_es_tr_21 , wr, T_p2 , R_p2);

335

336 R_p2_2d = func_2port_transferfunction_reflection (n0 ,n2d_p2 - 1

i*k2d_p2 , wr,c,d2d_p2);

337 T_p2_2d = func_2port_transferfunction_transmission (n0 ,n2d_p1 -

1i*k2d_p2 , wr,c,d2d_p2);

338

339 err_p2_2d (iteration1) = mean((abs(T_p2)-abs (T_p2_2d)).^2 + (

abs(R_p2)-abs (R_p2_2d)).^2);

340

341 %% 3D optimization

342 %port 1

343 [d3d_p1 ,n3d_p1 ,k3d_p1 , alp3d_p1] = func_2port_3dopti (c,n0, d2d_p1 ,

n2d_p1 ,k2d_p1 ,wr ,T_p1 , R_p1);

344

345 R_p1_3d = func_2port_transferfunction_reflection (n0 ,n3d_p1 - 1i*

k3d_p1 , wr ,c,d3d_p1);

346 T_p1_3d = func_2port_transferfunction_transmission (n0 ,n3d_p1 - 1i*

k3d_p1 , wr ,c,d3d_p1);

347 err_p1_3d (iteration1) = mean((abs(T_p1)-abs (T_p1_3d)).^2 + (abs(

R_p1)-abs (R_p1_3d)).^2);

348 d_p1_f (iteration1)= d3d_p1;

349

350

351 %port 2

352

353 [d3d_p2 ,n3d_p2 ,k3d_p2 , alp3d_p2] = func_2port_3dopti (c,n0, d2d_p2 ,

n2d_p2 ,k2d_p2 ,wr ,T_p2 , R_p2);

354

355 R_p2_3d = func_2port_transferfunction_reflection (n0 ,n3d_p2 - 1i*

k3d_p2 , wr ,c,d3d_p2);

356 T_p2_3d = func_2port_transferfunction_transmission (n0 ,n3d_p2 - 1i*

k3d_p2 , wr ,c,d3d_p2);

357 err_p2_3d (iteration1) = mean((abs(T_p2)-abs (T_p2_3d)).^2 + (abs(R_p2

)-abs (R_p2_3d)).^2);

358 d_p2_f (iteration1)= d3d_p2;

359

360 %% each frequency optimization
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361

362 [nf_p1 ,kf_p1 ,alpf_p1] = func_2port_fopti (c,n0,d3d_p1 ,n3d_p1 ,k3d_p1 ,wr,

T_p1 , R_p1);

363

364 [nf_p2 ,kf_p2 ,alpf_p2] = func_2port_fopti (c,n0,d3d_p2 ,n3d_p2 ,k3d_p2 ,wr,

T_p2 , R_p2);

365

366

367 R_p1_f = func_2port_transferfunction_reflection (n0 ,nf_p1 - 1i*kf_p1 ,

wr ,c,d3d_p1);

368 T_p1_f = func_2port_transferfunction_transmission (n0 ,nf_p1 - 1i*kf_p1

, wr ,c,d3d_p1);

369

370 err_p1_f(iteration1) = mean((abs(T_p1)-abs (T_p1_f)).^2 + (abs(R_p1)-

abs (R_p1_f)).^2);;

371

372 R_p2_f = func_2port_transferfunction_reflection (n0 ,nf_p2 - 1i*kf_p2 ,

wr ,c,d3d_p2);

373 T_p2_f = func_2port_transferfunction_transmission (n0 ,nf_p2 - 1i*kf_p2

, wr ,c,d3d_p2);

374

375 err_p2_f(iteration1) = mean((abs(T_p2)-abs (T_p2_f)).^2 + (abs(R_p2)-

abs (R_p2_f)).^2);;

376

377 n_raw_p1 = nf_p1;

378 k_raw_p1 = kf_p1;

379

380 n_raw_p2 = nf_p2;

381 k_raw_p2 = kf_p2;

382

383 n_best_p1 (:, iteration1) = nf_p1;

384 k_best_p1 (:, iteration1) = kf_p1;

385

386

387 n_best_p2 (:, iteration1) = nf_p2;

388 k_best_p2 (:, iteration1) = kf_p2;

389

390 end

391

392 % minimum error

393

394 [err_minp1 , emindexp1] = min (err_p1_f);

395 [err_minp2 , emindexp2] = min (err_p2_f);

396

397 % parameters for minimum error

398

399 nf_p1 = n_best_p1 (:,emindexp1);

400 nf_p2 = n_best_p2 (:,emindexp2);

401

402 kf_p1 = k_best_p1 (:,emindexp1);

403 kf_p2 = k_best_p2 (:,emindexp2);

404
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405 alp_p1 = 2 * wr .* kf_p1 ./ (c*0.1) ;

406 alp_p2 = 2 * wr .* kf_p2 ./ (c*0.1) ;

407

408 d3d_p1 = d_p1_f (emindexp1);

409 d3d_p2 = d_p2_f (emindexp2);

410

411 figure(’Name’, ’Final Characteristics ’);

412 subplot (1,2,1);

413 plot (fr , nf_p1 , ’r’);

414 hold on;

415 plot (fr , nf_p2 , ’k’);

416 title (’Refractive Index ’);

417 legend (’Port 1’,’Port 2’);

418 subplot (1,2,2);

419 plot (fr , alp_p1 , ’r’);

420 hold on;

421 plot (fr , alp_p2 , ’k’);

422 title (’Absorption Coefficient ’);

423 legend (’Port 1’,’Port 2’);



Appendix C

Material Characterization
Software

Detailed instructions for using the program to characterize materials are provided in this ap-
pendix. The application interface is depicted in Figure C.1. This program is only applicable
for transmission mode Terahertz Time-Domain Spectroscopy (THz-TDS) measurements.

The Get Reference and Get Sample buttons open a modal dialog box for selecting
the corresponding reference data and test data files, respectively. After selecting the files, the
data is loaded in the form of time-domain signals in the top left graph. The signals are then
transformed into the frequency domain by Fourier transform and displayed in the top right
figure.

Clicking the Calculate button will calculate the primary thickness of the Material Under
Test (MUT) using the time-of-flight method. In cases where the Fabry-Pérot (FP) peaks overlap
or at least two peaks in the test signal are not detectable due to absorption, the prompt will
ask for mechanically measured thickness.

In the Characterization Range editable text box, the user can enter the frequency range
in which the parameters will be extracted. It is recommended to use a frequency range with
sufficient Dynamic Range (DNR) (at least 20 dB).

When Characterize button is clicked, the application will calculate the refractive index,
absorption coefficient and thickness of the MUT and display them. The prompt below will
show ‘Characterizing DONE’ after the characterization process is complete. The Save
Data button can then be used to save the determined optical parameters in a file.

The Reset button clears all the data and prepares the application for the next operation.

115
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Figure C.1: MatChar (version 1.0) software interface for the determination of refractive
index, absorption coefficient and thickness of a MUT. The parameters are extracted from
the THz-TDS measurement in transmission mode.
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Ederra, Andrew L. Reynolds, M. Holker, and Peter De Maagt. Measurement of the
dielectric constant and loss tangent of high dielectric-constant materials at terahertz
frequencies. IEEE Transactions on Microwave Theory and Techniques, 51(4 I):1062–1066,
Apr 2003.

[22] Daniel Bourreau, Alain Peden, and Sandrick Le Maguer. A Quasi-Optical Free-Space
Measurement Setup Without Time-Domain Gating for Material Characterization in the
W -Band. IEEE Transactions on Instrumentation and Measurement, 55(6):2022–2028,
Dec 2006.

[23] E. R. Brown, E. A. Mendoza, Y. Kuznetsova, A. Neumann, and S. R. J. Brueck. THz sig-
natures of DNA in nanochannels under electrophoretic control. In 2013 IEEE SENSORS,
pages 1–3. IEEE, Nov 2013.



References 119

[24] Elliott R. Brown, Mingzhi Lu, and Wenzao Li. Second-order bandpass terahertz fil-
ter achieved by multilayer complementary metamaterial structures. Optics Letters,
36(7):1071–1073, Apr 2011.

[25] Fabian D J Brunner, Arno Schneider, and Peter Günter. A terahertz time-domain spec-
trometer for simultaneous transmission and reflection measurements at normal incidence.
Optics Express, 17(23):20684, Nov 2009.

[26] Nathan M Burford and Magda O El-Shenawee. Review of terahertz photoconductive
antenna technology. Optical Engineering, 56(1):010901, Jan 2017.

[27] Ruben Burger, Julia Frisch, Matthias Hübner, Matthias Goldammer, Ole Peters, Enno
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and M. Koch. Fibre-coupled terahertz transceiver head. Electronics Letters, 44(25):1473,
2008.
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