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PREFACE

This thesis has come into being during my time as a research assistant at the Chair
of Communication Systems (Fachgebiet Nachrichtentechnische Systeme, NTS) at the
University of Duisburg-Essen under the supervision of Professor Andreas Czylwik.

For the last five years, I have been part of project S01, entitled “Beamforming con-
cepts for THz frequencies”, within the Collaborative Research Center / Transregio
SFB/TRR 196 “Mobile material characterization and localization by electromagnetic
sensing” (“MARIE”). During this time, the focus of my work has been on the devel-
opment and evaluation of beam steering concepts for the terahertz frequency range,
with a particular emphasis on concepts that are suitable for wideband applications.
Since Professor Jan C. Balzer joined our group in late 2017, my work has been enriched
by the topic of terahertz time-domain spectroscopy with monolithic light sources. My
motivation within the last few years was to make a significant contribution to this field
through the utilization of methods from the field of communications engineering. The
findings I made are the topics of this work. While the majority of the thesis is focused
on aspects of terahertz time-domain spectroscopy using monolithic mode-locked laser
diodes, the circle is closed in the last chapter with a detailed discussion of the chal-
lenges of wideband beam steering at terahertz frequencies and promising solutions
that take advantage of the spectral properties of mode-locked laser diodes.

I would like to express my gratitude towards several people who have been instru-
mental to the success of my work. First and foremost, I would like to thank my su-
pervisor Professor Andreas Czylwik for his continued support of my work, for his
mentoring, and for many thought-provoking discussions. I offer my thanks to Profes-
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sor Martin Hofmann for his review of this thesis and for numerous helpful comments
throughout its development. A special thanks goes to Professor Jan C. Balzer for in-
troducing me to the topic of terahertz time-domain spectroscopy with monolithic light
sources and for countless inspiring conversations that have shaped my work on the
topic. Furthermore, I would like to thank all the colleagues and collaborators I had
the please of working with throughout the years. Not only have they provided sub-
stantial technical input and support but also made my work truly enjoyable. I would
particularly like to single out my colleague Xuan Liu. She has always had my back,
and her creative and critical thinking have been invaluable in keeping my research on
track and moving forward. I would also like to acknowledge Dr. Lars Häring, Dr. Ste-
fan Bieder, and Dr. Thorsten Schultze for their academic as well as personal guidance
throughout my time in the department.

Last but not least, I would like to express my gratitude towards my family. I thank my
parents for always allowing me to follow my interests and for their support in all of
my endeavors. I thank my sister for dozens of inspiring conversations on our joint car
rides to work. I owe a lot to my late grandparents, who have been a tremendous source
of support and motivation but sadly did not get the opportunity to see this thesis come
to fruition. Most importantly, this work would not have been possible without the
patience and unequivocal support of my fiancée Vivian Blazejewski.

Throughout my time working at the Chair of Communication Systems, I have pub-
lished results of my work in several peer-reviewed journal and conference papers, and
I have had the pleasure of presenting my work at several international conferences.
Moreover, I have contributed to numerous more papers, most of which have arisen
from the Collaborative Research Center “MARIE”. A categorized chronological list of
all publications can be found on the following pages. I would like to thank all of my
co-authors for their contributions, and I would like to show my appreciation to all the
collaborators who have allowed me to gain an insight and take part in their work.
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INTRODUCTION

The discovery and comprehension of electromagnetic waves is one of the greatest
scientific achievements of the last millennium. Enabled by the pioneering work of
Maxwell, Heaviside, Hertz, and their contemporaries in the late 19th century, the elec-
tromagnetic spectrum has through the course of the 20th century become yet another
resource for humankind to make use of. Although the propagation of all electromag-
netic waves is described by a single set of partial differential equations, the way they
interact with matter strongly depends on their wavelength and the associated photon
energy. While only a small fraction of the electromagnetic spectrum is perceptible by
humans as visible light, the frequency range that has been technically exploited covers
nearly twenty orders of magnitude. It goes all the way from extremely low frequency
(ELF) submarine communication systems operating at only a few hertz up to gamma
ray (γ-ray) sources for cancer treatment working at several exahertz. Due to the large
variety of practical applications, it is nowadays hard to value any particular portion of
the electromagnetic spectrum above the rest. However, it is fair to say that the tech-
nological accessibility and the favorable propagation characteristics of the microwave
and the infrared range have given them a special role in the second half of the 20th

century as well as today. Interestingly enough, despite their spectral proximity, the mi-
crowave and infrared range have historically been treated quite independently. This
is mostly due to the different technological means by which they have been accessed,
but also because of the different ways they interact with matter.

1
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From microwave and infrared to terahertz waves

Microwaves, that is to say waves with a frequency that is roughly in the range from
300 MHz to 300 GHz and a wavelength that is roughly in the range from 1 mm to 1 m,
are typically electronically generated by oscillator circuits. These oscillators generate
their required power gain in an active electronic device, such as a semiconductor diode
or transistor. These devices are sometimes called “transit-time” devices because power
is transferred into the microwave band as carriers transit through the device. Conse-
quently, the maximum operating frequency is limited by the time the carriers spend
transiting through the device. Microwaves travel primarily through the line of sight,
but they are also reflected by large pieces of infrastructure and in some cases diffract
around smaller objects. These properties, along with the large available bandwidth,
have made them the basis of today’s wireless communication systems. The supe-
rior non-line-of-sight propagation characteristics at the lower end of the microwave
range up to about 6 GHz have made it the frequency range of choice for wideband
mobile communication standards. The adjacent bands are frequently used for satel-
lite communications, and the upper bands up to about 100 GHz – typically called the
millimeter-wave range – are a popular choice for point-to-point wireless communica-
tion links. Moreover, the microwave frequency range above about 60 GHz is widely
used for radar applications with centimeter-level accuracy. A fairly novel use of that
frequency range is three-dimensional sub-surface imaging in security applications.

The infrared range is located between the upper end of the microwave range and
the lower end of the visible portion of the electromagnetic spectrum. It encompasses
roughly the frequency range from 300 GHz to 400 THz or the wavelength range from
750 nm to 1 mm. Infrared waves are typically electronically generated by so-called
“transition” devices, such as light-emitting diodes or lasers. In these devices, power
is transferred into the infrared range by band transitions of carriers in a semiconduc-
tor material. Consequently, the minimum frequency that can be generated is deter-
mined by the minimum achievable band gap of the semiconductor structure. Unlike
microwaves, infrared radiation travels almost exclusively through the line of sight and
is efficiently reflected only by smooth surfaces. Moreover, it diffracts only around tiny
objects, and atmospheric attenuation limits the usable transmission distance in large
portions of the infrared range. Nonetheless, the applications of infrared waves are as
numerous as the frequency range is wide. They include thermal sensing, spectroscopy,
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metrology, meteorology, and optical communications. Fiber-optic communication sys-
tems in the 1550 nm band have a particular role, as they build the backbone of today’s
broadband digital communication systems.

The border region of the microwave and the infrared range is commonly referred to
as the terahertz or sub-millimeter wave range. It is loosely defined as the frequency
range from 100 GHz to 10 THz. Due to the aforementioned limitations of transit-time
and transition devices, the terahertz range is notoriously difficult to conquer and has
largely remained no-man’s-land until the end of the 20th century. This circumstance
has led to the coining of the phrase “terahertz gap”. Curiously, this “gap” is – on a
logarithmic scale – located roughly in the center of the technically exploited portion
of the electromagnetic spectrum. Most importantly, the terahertz range shares a lot of
the properties of microwaves and infrared radiation, thus opening up a wide palette
of possible applications. Terahertz waves have a wavelength that is almost as short
as that of far-infrared radiation, but are capable of penetrating dielectric materials at
least a few millimeters deep. This can make them a powerful tool for high-resolution
sub-surface imaging. At the same time, the bandwidth available in the terahertz range
is ten times that available in the microwave range. This can enable not only ultra-high
data-rate wireless communication links but also radar systems with sub-millimeter
resolution. Moreover, a few chemicals – particularly gases – exhibit distinct spectral
features in the terahertz range that can be used for material detection.

Over the last few decades, a lot of scientific effort has been put into gaining access
to the terahertz range. On the microwave side, electronic sources and detectors with
ever-increasing cutoff frequencies have been developed. These include transistor- and
diode-based fundamental oscillators and detectors as well as frequency multipliers
and sub-harmonic mixers. Although electronic devices operating up to 2 THz have
been reported, the output power as well as the realizable device complexity decrease
steadily with increasing frequency. On the infrared side, quantum cascade lasers have
allowed the laser concept to be extended just below 1 THz. However, most of these
approaches have in common that they rely on a resonant element and thus exhibit a
comparatively small relative bandwidth.
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Photonic terahertz spectroscopy

This thesis focuses on systems that enable applications which utilize a wide spec-
tral range at terahertz frequencies. The generation and coherent detection of tera-
hertz waves across large portions of the terahertz range is only afforded by photonic
terahertz spectroscopy systems. These operate on the principle of generating a suf-
ficiently wide spectrum in a higher frequency band – typically the near-infrared or
short-wavelength infrared range – with one or more lasers and translating this spec-
trum into the terahertz range with a suitable non-linear device. Most state-of-the-art
systems use a pair of semiconductor devices driven by the same laser-generated in-
frared signal to emit and coherently detect terahertz radiation.

For many years now, these photonic terahertz spectroscopy systems have been the
work horses in terahertz labs around the world due to their wide bandwidth, high
dynamic range, room-temperature operation, ease of use, and relative maturity. How-
ever, except for a handful of lighthouse applications, they have yet failed to make a
successful transition from the lab into the field. The reasons for this include the high
cost of the systems (typically > 50000 €), their relative bulk (larger than a shoe box),
and their mechanical sensitivity. Undoubtedly, another reason is the simple fact that a
new technology needs to offer significant advantages over existing solutions to achieve
market penetration.

There are two groups of photonic terahertz spectroscopy systems: Terahertz frequency-
domain spectroscopy (THz-FDS) and terahertz time-domain spectroscopy (THz-TDS).
As their names suggest, the difference between them lies in the domains in which they
generate and detect terahertz spectra. THz-FDS systems emit and detect monochro-
matic terahertz radiation, i.e. one frequency at a time, so that spectral information is
obtained by scanning that frequency. THz-TDS systems emit pulsed terahertz radia-
tion, i.e. all frequencies at once, so that spectral information is obtained by sampling
the terahertz pulses in the time domain using an optical delay unit (ODU).

Ultra-high repetition rate terahertz time-domain spectroscopy

The properties of a THz-TDS system are largely determined by the infrared source –
commonly called the “light source” – that drives the system. On the one hand, its spec-
tral and coherence properties dictate the performance in the terahertz domain. On the
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other hand, the light source is a major contributor to the cost, bulk, and complexity of
the overall system. For these reasons, the last few decades have seen a quest for light
sources that improve any one of these parameters. State-of-the-art THz-TDS systems
typically use a fiber laser as their light source. These systems readily achieve a band-
width of several terahertz and a peak dynamic range that exceeds 100 dB with a pulse
repetition rate in the range of a few hundred megahertz. However, while fiber lasers
are comparatively compact and robust compared to previously used light sources, they
are still optically pumped and lack any potential for monolithic integration. These
shortcomings have set off investigations into suitable monolithic light sources for THz-
TDS.

Particular promising candidates are monolithic mode-locked laser diodes (MLLDs).
Like fiber lasers, MLLDs exhibit a fixed phase relationship between their longitudinal
modes. The quantitative difference that sets an MLLD-driven THz-TDS system apart
from a fiber laser-driven system is a much larger free spectral range (FSR) due to the
short on-chip cavity. Typical values are of the order of a few ten gigahertz. In the
time domain, this causes a correspondingly high pulse repetition rate. Because of this
property, this approach has recently been named ultra-high repetition rate terahertz time-
domain spectroscopy (UHRR-THz-TDS). The UHRR-THz-TDS approach presents nu-
merous unique opportunities and challenges, whose exploitation and overcoming, re-
spectively, enable a quantum leap in the practical application of terahertz spectroscopy
systems. This requires a thorough understanding of the concept and a comprehensive
investigation of the UHRR-THz-TDS approach. This thesis gives a substantial contri-
bution in this field.

Objectives and structure of this thesis

This thesis has three main objectives. The first objective is properly placing UHRR-THz-
TDS in the context of photonic terahertz spectroscopy systems. To this end, an overview
of the field of photonic terahertz spectroscopy is given in Chapter 1. This includes
descriptions of the operating principles of THz-FDS and THz-TDS as well as brief re-
capitulations of their development. Moreover, it contains a recount of the work that has
been done on monolithic light sources for THz-TDS. A detailed comparison between
the conventional THz-TDS approach and THz-TDS using different monolithic light
sources is provided in Chapter 3. For this comparison, we take a look at the spectral
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and coherence properties of the light sources and analyze their practical implications.
This analysis yields a much-needed comparison of the suitability of the various light
sources for different applications and systems.

The second objective of this thesis is furthering the understanding of UHRR-THz-TDS. For
this purpose, a thorough system-theoretical analysis of the UHRR-THz-TDS approach
is presented for the first time in Chapter 2. This analysis starts with the development
of a simple yet accurate system-theoretical model of an UHRR-THz-TDS system. This
model describes the relationship between the complex optical spectrum of the MLLD
and the measured terahertz spectrum. We then draw important conclusions from the
system-theoretical model regarding the influence of pulse chirp and the significance of
the number of laser modes. Finally, experimental results that verify the validity of the
system-theoretical model are shown.

Based on this improved understanding, the third objective of this work is showcas-
ing promising new solutions for wideband terahertz systems enabled by the UHRR-THz-TDS
concept. A new model-driven approach for shaping the terahertz spectrum by shap-
ing the optical spectrum of the MLLD is proposed in Chapter 4. Numerical results
as well as first experimental results are presented, and limitations of the approach are
discussed. Chapter 5 is concerned with errors caused by the optical delay unit in a
THz-TDS system. Following a brief look at the state of the art, a novel interferomet-
ric solution for accurately reconstructing the delay axis in an UHRR-THz-TDS system
with minimal hardware effort is presented. Based on this solution, algorithms for the
precise synchronization and linearization of the delay axis and efficient processing of
the measurement data are introduced. Finally, Chapter 6 touches on the topic of beam
steering for UHRR-THz-TDS. Some of the fundamental challenges of beam steering
for wideband terahertz systems are discussed. It is then shown how the frequency-
discrete nature of UHRR-THz-TDS makes a new simplified variation of photonic true
time delay (TTD) beam steering feasible. To round this off, it is demonstrated that
non-uniform spatial distributions of the elements of a linear antenna array can provide
good performance across the entire frequency range of an UHRR-THz-TDS system.
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In summary, this thesis presents several contributions to the state of the art, including

• a simple yet accurate system-theoretical model of an UHRR-THz-TDS system,

• a new model-driven approach for shaping the detected terahertz spectrum by
purposefully modifying the optical spectrum of the MLLD,

• a novel interferometric solution for accurately reconstructing the delay axis,

• efficient algorithms for processing measurement data acquired with an UHRR-
THz-TDS system,

• the first utilization of the UHRR-THz-TDS approach for synthetic aperture radar
imaging,

• a novel quasi-true time delay concept that paves the way for wideband beam
steering with an UHRR-THz-TDS system, and

• promising antenna array element distributions that provide good performance
over a relative bandwidth of a decade.
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CHAPTER

ONE

FUNDAMENTALS OF PHOTONIC TERAHERTZ
SPECTROSCOPY

As mentioned in the introduction, photonic terahertz spectroscopy systems with semi-
conductor emitters and detectors have been the work horses in terahertz labs around
the world for many years. In this chapter, the two main groups of systems, i.e. frequency-
domain and time-domain spectroscopy systems, are discussed. Their operating prin-
ciples are summarized and a few noteworthy historical steps on the way from first
demonstrations to the state of the art are discussed.

1.1 Terahertz frequency-domain spectroscopy

1.1.1 System description and operating principle

The most simple version of a fiber-coupled terahertz frequency-domain spectroscopy
(THz-FDS) setup is depicted in Figure 1.1. It is the prototype for any more sophisti-
cated setup and shall aid a brief description of the operating principle in this section.
The spectrometer is driven by two single-mode infrared lasers emitting harmonic sig-

9
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Figure 1.1: Simplified block diagram of a THz-FDS setup. Blue lines indicate polarization-
maintaining fibers. Black lines indicate electrical connections.

nals at the angular frequencies ω1 and ω2, respectively 1. The two harmonic signals are
combined in a fused-fiber coupler, making sure that both lasers are linearly polarized
and that their polarizations are accurately aligned. This is preferably accomplished by
using polarization-maintaining (PM) fibers throughout the setup and aligning the po-
larization of the two lasers with the slow axis of said PM fibers. The same fused-fiber
coupler that combines the two optical signals is used to split the combined signal into
two paths. One path feeds the terahertz emitter (Tx), the other path feeds the tera-
hertz detector (Rx). The emitter is either a biased antenna-integrated photodiode or a
biased photoconductive antenna (PCA). The detector is typically an unbiased PCA. By
photomixing, the terahertz emitter converts the beat of the two infrared signals into
a terahertz wave at the difference frequency of the two lasers. The terahertz wave is
transmitted via a radio-frequency (RF) channel and is incident on the terahertz detec-
tor. In the photoconductive terahertz detector, the incident terahertz wave is mixed
with the beat of the two infrared signals.

The measured quantity in the THz-FDS system is the direct photocurrent generated in
the photoconductive detector. This photocurrent can be easily calculated using simple
models of the physical components in the setup. The infrared spectra emitted by the
two lasers can be written as

E1(ω) = E1 · [δ (ω + ω1) + δ (ω − ω1)] (1.1)

1 The term “mode” can in principle indicate either longitudinal or transversal modes. In this thesis,
it is generally used to indicate longitudinal laser modes. In this case, the term “single-mode” specifically
indicates a single longitudinal mode synonymous with “single-frequency”. The existence of a single
transversal mode is assumed.
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and

E2(ω) = E2 · [δ (ω + ω2) + δ (ω − ω2)] , (1.2)

respectively, where E1 and E2 are the normalized amplitudes of the electric fields emit-
ted by the two lasers. The amplitudes are normalized so that their squares are equal
to the optical powers. Taking into account the intrinsic phase shifts introduced by the
fused-fiber coupler while neglecting the time delays introduced by the optical fibers,
the infrared spectra at the emitter respectively detector are

ETx(ω) ∝ E1 · [δ (ω + ω1) + δ (ω − ω1)] + E2 · [−jδ (ω + ω2) + jδ (ω − ω2)] (1.3)

and

ERx(ω) ∝ jE1 · [−jδ (ω + ω1) + jδ (ω − ω1)] + E2 · [δ (ω + ω2) + δ (ω − ω2)] .
(1.4)

The terahertz current generated in the antenna-integrated photodiode is proportional
to the low-pass filtered instantaneous optical power incident on the photodiode. In the
time domain, the instantaneous optical power is proportional to the squared magni-
tude of the electric field. Thus, in the frequency domain it can be written as

PTx(ω) ∝ ETx ∗ ETx , (1.5)

where ∗ denotes the convolution operator. The instantaneous optical power contains
five spectral components that can be categorized into

PTx(ω) ∝ 2 ·
(

E2
1 + E2

2

)
· δ(ω)︸ ︷︷ ︸

average power

(1.6)

+ 2 · E1E2 · {−jδ [ω + (ω2 − ω1)] + jδ [ω − (ω2 − ω1)]}︸ ︷︷ ︸
difference−frequency oscillation

+ 2 · E1E2 · {−jδ [ω + (ω2 + ω1)] + jδ [ω − (ω2 + ω1)]}︸ ︷︷ ︸
sum−frequency oscillation

+ E2
1 · δ [ω + 2ω1] + δ [ω − 2ω1] + E2

2 · δ [ω + 2ω2] + δ [ω − 2ω2]︸ ︷︷ ︸
double−frequency oscillation

.
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Due to its low-pass behavior, only the average power and the difference-frequency os-
cillation can contribute to the photocurrent generated in the antenna-integrated pho-
todiode. By tuning the frequencies of the lasers, the angular difference frequency
∆ω = ω2 − ω1 can be made to be in the terahertz frequency range. The electric field
observed in the far field of the terahertz emitter contains only the terahertz-frequency
oscillation

ETHz(ω) ∝ E1E2 · j · [−δ (ω + ∆ω) + δ (ω − ∆ω)] · HTx(ω) , (1.7)

where HTx(ω) describes the frequency response of the terahertz emitter 2. After trans-
mission through the RF channel, the electric field at the terahertz detector is

E′
THz(ω) ∝ E1E2 · [−δ (ω + ∆ω) + δ (ω − ∆ω)] · HTx(ω) · Hchannel(ω) , (1.8)

where Hchannel(ω) is the transfer function of the RF channel. In the photoconductive
terahertz detector, the conductivity of the photoconductor is proportional to the low-
pass filtered instantaneous optical power in the same way as the photocurrent in the
terahertz emitter. The terahertz wave that is incident on the PCA induces a voltage at
the terminals of the photoconductor. The direct photocurrent that is generated in the
photoconductor is proportional to the time average of the product of the instantaneous
conductivity and the instantaneous voltage at its terminals. In the frequency domain,
it can be written as

Idet(ω) ∝
{

PRx(ω) ∗ E′
THz(ω) · HRx(ω)

}
· HLP(ω) , (1.9)

where PRx(ω) is the Fourier transform of the low-pass filtered instantaneous optical
power at the detector. The transfer function HRx(ω) considers the terahertz frequency
response of the detector 3, and HLP(ω) is the transfer function of a low-pass filter with
an angular cutoff frequency that is much lower than ∆ω. By calculating PRx(ω) similar
to Equation (1.6), we get

Idet(ω) ∝ HLP(ω) ·
{

E1E2 · [−δ (ω + ∆ω) + δ (ω − ∆ω)] (1.10)

∗ E1E2 · [−δ (ω + ∆ω) + δ (ω − ∆ω)] · HTx(ω) · Hchannel(ω) · HRx(ω)
}

.

2 In literature, the antennas of the terahertz emitter and detector are commonly approximated as
electric dipoles [36]. The electric field observed in the far field of an electric dipole is proportional to the
first time derivative of the current flowing in the dipole [37]. The corresponding term jω is obliquely
included in the transfer function HTx(ω).

3 Analogous to footnote 2, the term (jω)−1 is obliquely included in the transfer function HRx(ω).
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The transfer functions of the emitter, detector, and RF channel can be combined into a
transfer function that describes the complete terahertz system:

HTHz(ω) = HTx(ω) · Hchannel(ω) · HRx(ω) (1.11)

= |HTHz(ω)| · ejφTHz(ω) .

We thus get

Idet(ω) ∝ HLP(ω) ·
{

E2
1E2

2 · |HTHz(∆ω)| · [−δ (ω + ∆ω) + δ (ω − ∆ω)] (1.12)

∗
[
−δ (ω + ∆ω) · e−jφTHz(∆ω) + δ (ω − ∆ω) · ejφTHz(∆ω)

] }
∝ E2

1E2
2 · |HTHz(∆ω)| · δ(ω) ·

[
e−jφTHz(∆ω) + ejφTHz(∆ω)

]
∝ E2

1E2
2 · |HTHz(∆ω)| · δ(ω) · cos [φTHz(∆ω)] .

The photocurrent that can be measured at the output of the photoconductive detector
can thus be written as a function of the difference frequency of the two lasers in the
form of

idet(∆ω) ∝ E2
1E2

2 · |HTHz(∆ω)| · cos [φTHz(∆ω)] . (1.13)

Assuming that the average powers of both lasers are constant, the measured current
depends linearly on the magnitude of the transfer function of the terahertz system
and sinusoidally on its phase. Theoretically, the magnitude of the transfer function
could thus be determined with a frequency resolution that is only limited by the tuning
accuracy of the lasers. However, in reality the term cos [φTHz(∆ω)] complicates the
evaluation. Assuming the simplest RF channel consisting of a free-space path of length
L between emitter and detector, we get

idet(∆ω) ∝ E2
1E2

2 · |HTHz(∆ω)| · cos
[
−∆ωL

c0
+ φTHz,0(∆ω)

]
, (1.14)

where −∆ωL/c0 describes the phase shift introduced by the air channel and φTHz,0(∆ω)

describes any further frequency-dependent contributions to the phase of the transfer
function. For a given length L, the measured photocurrent thus oscillates with the tera-
hertz frequency, with maxima (respectively minima) being c0/L apart in the frequency
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domain. As the frequency is scanned, a fringe pattern can be observed in the photocur-
rent. It can be shown that the difference between the optical path length between the
fiber coupler and the terahertz emitter and the optical path length between the fiber
coupler and the terahertz detector can be included in the total length L. The impacts
these theoretical result have on the use of the system have been described in good de-
tail in a large number of publications. Different approaches have been proposed to
determine both the magnitude and phase of the transfer function of a sample that is
placed in the terahertz path.

The most straightforward approach uses an optical delay unit (ODU) in the optical
path to the detector [38, 39]. In this case, L is varied to scan and analyze the fringe
pattern. An all-fiber realization of this concept uses a fiber stretcher to vary the optical
path lengths [40]. Another approach uses optical phase shifters to achieve the same
goal [41]. Besides these solutions, Roggenbuck et al. [42] have demonstrated that the
magnitude and phase of the transfer function of a sample that is placed in the terahertz
path can be determined without any additional means by comparing the magnitudes
and locations of the maxima of the fringe patterns that are observed with and with-
out the sample, respectively, albeit with a poor frequency resolution. Recent works
have demonstrated another interesting approach. By having slightly different angu-
lar difference frequencies ∆ωTx and ∆ωRx at the emitter and detector, respectively, the
homodyne detection in the PCA turns into a heterodyne detection, so that magnitude
and phase can be directly accessed. The frequency difference is realized either by mod-
ulation in the optical domain [43,44] or very elegantly by combining fast tuning of one
of the lasers with a small path length difference between the transmit and receive path
[45, 46].

1.1.2 From first demonstrations to the state of the art

The experimental groundwork for THz-FDS was laid in the middle of the 1990s. In
1994, Brown et al. [47] demonstrated terahertz generation by photomixing in low-
temperature-grown (LTG) gallium arsenide (GaAs). They did so by beating a fixed-
frequency and a tunable-frequency titanium-sapphire (Ti:sapphire, Ti:Al2O3) laser in a
LTG-GaAs photomixer. The measured radiated terahertz power was close to constant
in the range from 100 GHz to 300 GHz at a value of about 10µW and showed a roll-off
of 12 dB per octave above that frequency. The highest-frequency signal that was mea-
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sured was at a frequency of 3.8 THz with a power of roughly 200 fW. In the following
year, McIntosh et al. [48] made the photomixing terahertz source entirely solid-state by
replacing the Ti:sapphire lasers with distributed-Bragg-reflector (DBR) laser diodes,
and they increased the 3 dB-bandwidth from 405 to 650 GHz by improving the pho-
tomixer design.

In 1998, Verghese et al. [49] extended this concept to the generation and coherent detec-
tion with two photomixers. They constructed the prototype for the coherent THz-FDS
system explained in the previous section. The system was demonstrated up to a fre-
quency of 2 THz. In 2002, Siebert et al. [50] applied this concept to transmission-mode
imaging. They measured both the transmission amplitude and phase at a fixed fre-
quency of 1 THz and compared the results to those achievable with a state-of-the-art
time-domain system. In 2005, Gregory et al. [51] increased the dynamic range achiev-
able with a coherent THz-FDS system to 60 dB at 500 GHz by optimizing the antenna
structure at that frequency. The first tunable coherent THz-FDS system was shown in
the same year by Mendis et al. [52] by using two tunable laser diodes to drive opti-
mized LTG-GaAs photomixers with log-periodic circular-toothed antenna structures.
They demonstrated a frequency resolution of a few megahertz and a peak dynamic
range around 60 dB. In 2007, Wilk et al. [53] made a step towards a low-cost system by
driving the photomixers with a 1064 nm dual-mode laser, albeit with a fixed frequency
and no coherent detection. In the subsequent year, Deninger et al. demonstrated the
first tunable coherent THz-FDS system operating at 1064 nm. The system used LTG-
GaAs photomixers with log-periodic antennas driven by a pair of distributed-feedback
(DFB) lasers. They demonstrated a bandwidth exceeding 1.2 THz and megahertz fre-
quency resolution by interferometric frequency control of the DFB lasers. The dynamic
range at 100 GHz with an integration time of 100 ms was 70 dB and decreased to 30 dB
at 1 THz.

A major leap was made at the end of the decade by Stanze et al. [54, 55]. They demon-
strated the first THz-FDS system operating at 1550 nm, thus paving the way for the
use of standard telecom fiber-optic components for terahertz spectroscopy. To that
end, they employed a LTG-indium gallium arsenide/indium aluminum arsenide (In-
GaAs/InAlAs) photomixer as the receiver. They furthermore recognized that the per-
formance of continuous-wave terahertz systems is primary limited by the carrier life-
time of the photoconductive emitter. To resolve this, they replaced the photoconduc-
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tive emitter with an indium gallium arsenide/indium gallium arsenide phosphide
(InGaAs/InGaAsP) waveguide-integrated photodiode coupled to a bowtie antenna.
They achieved a dynamic range of 75 dB at 75 GHz that dropped to 40 dB at 900 GHz
with an integration time of 300 ms. In the following year, Kim et al. [56] demon-
strated driving a THz-FDS system with a tunable dual-mode DFB laser diode oper-
ating around 1550 nm. A major improvement in performance was accomplished by
Göbel et al. [57] in 2013 by optimizing the design of the InGaAs/InAlAs photoconduc-
tive detector. They achieved dynamic ranges of 105 dB at 100 GHz and 70 dB at 1 THz,
both with an integration time of 200 ms.

Since then, the emitter and detector structures for THz-FDS have remained roughly
the same, thus not giving any major improvements in terms of bandwidth or dynamic
range. In the last few years, there have been different efforts to mitigate the major
drawback of THz-FDS, namely the slow measurement speed due to the relatively slow
tuning of the lasers. A notable work was published in 2021 by Liebermeister et al. [46],
in which they demonstrated a THz-FDS system with a measurement rate of 200 spec-
tra per second with a single-shot bandwidth of 2 THz and a peak dynamic range of
60 dB. Averaging over 5000 seconds allowed them to achieve an unprecedented peak
dynamic range of 117 dB and a bandwidth of 4 THz. Their approach adapts the con-
cept of frequency-modulated continuous-wave (FMCW) radar to THz-FDS. By tuning
one of the two lasers driving the THz-FDS system with an extremely high tuning speed
and introducing a small time delay between emitter and detector, they generate a fre-
quency offset between emitter and detector and thus effectively realize a heterodyne
detection. Besides the high measurement speed, this allowed them to measure both
amplitude and phase at any frequency without any additional means of phase modu-
lation. The particular significance of that work is that it proved that there is no inherent
speed deficit of frequency-domain systems compared to time-domain systems. As will
become obvious in Section 1.2, the colloquial generalization that time-domain systems
are much faster than frequency-domain systems at the cost of a lower frequency res-
olution is merely due to the historical circumstance that femtosecond lasers became
available decades earlier than fast-tunable continuous-wave lasers.
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1.2 Terahertz time-domain spectroscopy

1.2.1 System description and operating principle

A mode-locked femtosecond laser is at the heart of the THz-TDS setup. Through mode
locking, there is a stable phase relationship between the longitudinal modes of the
laser, so that the superposition of the modes leads to a periodic output signal. By
establishing a favorable phase relationship between the modes, they all interfere con-
structively at distinct times, so that a periodic train of short high-power pulses is emit-
ted. The exact shape of these pulses generally depends on the width and shape of the
optical spectrum as well as the precise phase relationship between the laser modes. As
will be explained in more detail in Section 1.2.3, a passively mode-locked laser contains
an element – typically a saturable absorber – within its cavity that causes mode locking
without an external signal.

THz
Tx

THz
Rx

Bias Voltage

idet(τ)

ETHz(ω)

E′
THz(ω)

Femtosecond
laser

τ

Figure 1.2: Simplified block diagram of a THz-TDS setup. Blue lines indicate polarization-
maintaining fibers. Black lines indicate electrical connections.

State-of-the-art THz-TDS systems usually employ a fiber laser with a pulse duration
in the order of 100 fs and a repetition rate in the order of 100 MHz to feed the terahertz
spectrometer. As depicted in Figure 1.2, the infrared signal is split into a transmit and
a receive arm with a fused-fiber coupler. In the receive arm, the pulses are delayed
with a variable delay τ in an ODU. In the transmit arm, a section of fiber is used to
compensate any static length differences between the transmit and the receive arm.
Both the terahertz emitter and detector are PCAs whose structures may be optimized
somewhat differently.

The PCA in the emitter is biased with a fairly high voltage (typically in the order of
100 V) whereas the detector is operated without bias. In the emitter, the femtosecond
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optical pulses excite free carriers across the bandgap of the photoconductive mate-
rial. These free carriers are accelerated by the applied bias field and flow as a current
through the antenna structure that is coupled to the photoconductor. If the carrier life-
time in the photoconductive material is sufficiently short, the free carriers recombine
quickly after the femtosecond infrared pulse has decayed. This way an ultra-short cur-
rent pulse flows through the PCA with each repetition of the femtosecond laser and
electromagnetic pulses are radiated into free space. Depending on the carrier dynam-
ics, the radiated pulses are significantly longer than the femtosecond infrared pulses
that excite them, but still have a bandwidth of several terahertz.

At the detector, similar to the emitter, the incident infrared pulses excite free carriers.
These are, however, not accelerated by an externally applied bias field but by the tera-
hertz electric field that is received by the antenna. The accelerated carriers contribute
to an average current flow that can be measured at the terminals of the PCA. The am-
plitude of the average current depends on the temporal overlap between the infrared
and the terahertz pulse. By changing the delay τ of the infrared with respect to the
terahertz pulse with the ODU and measuring the average photocurrent idet(τ) at the
terminals of the PCA, the received terahertz pulse can be sampled in the time domain,
hence the name time-domain spectroscopy. The measured photocurrent is [36]

idet,ideal(τ) ∝ popt(τ) ∗ e′THz(τ) , (1.15)

where popt(τ) and e′THz(τ) are the low-pass filtered instantaneous optical power and
the instantaneous terahertz field at the PCA, respectively. Transforming this expression
into the frequency domain and considering the frequency dependence of the detector
with the transfer function HRx(ω), we get

Idet(ω) ∝ Popt(ω) · E′
THz(ω) · HRx(ω) .

Considering that the spectrum of the femtosecond laser stays constant, we can thus
compare the spectra of different received terahertz pulses, for example with and with-
out a sample in the RF path.

There is an important distinction to draw between the modeling of THz-FDS and THz-
TDS systems. In THz-FDS, the infrared signals are continuous-wave signals with a
peak-to-average power ratio (PAPR) of 2. In THz-TDS, assuming a pulse width of
100 fs and a repetition rate of 100 MHz, the PAPR is approximately 105. In the case of
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THz-FDS, it is valid to use a small-signal model of the semiconductor components as
described in Section 1.1.1. This allowed us to derive a simple frequency-domain model
of the system. In the case of THz-TDS, however, non-linear processes – such as screen-
ing effects – play an important role. Thus, an accurate description requires careful
consideration of the carrier dynamics both in the terahertz emitter and detector. The
interested reader is referred to a review by Jepsen et al. [36] and a detailed analytical
model by Duvillaret et al. [58].

1.2.2 From first demonstrations to the state of the art

The development of THz-FDS and THz-TDS have run somewhat in parallel, with THz-
TDS being the slightly more mature sibling. THz-TDS has always been a step ahead in
terms of bandwidth and measurement speed.

In the early 1970s, Ippen and Shank introduced the concept of passive mode locking in
dye lasers [59, 60]. This concept allowed them to generate optical pulses with a pulse
width as low as 1.5 ps. In 1981, Fork et al. [61] extended the concept of passive mode
locking by employing a scheme called “colliding pulse mode locking” (CPM) where
two counterpropagating pulses interact in the laser cavity. Using this approach, they
were able to reduce the pulse width to 90 fs. In the same year, Mourou et al. [62] used
optical pulses from a mode-locked dye laser to drive a GaAs photoconductive switch
that was coupled to a small dipole antenna. This was effectively the first PCA. They
could show that the microwave pulses radiated by the dipole had a pulse width of less
than 3 ps, but they did not use the term “terahertz” yet.

Three years later, Auston et al. [63] showed that PCAs could not only be used for the
generation but also for the detection of terahertz radiation. They placed two photocon-
ductive dipoles on opposite sides of an electrically insulating slab. The photoconductor
they used was radiation-damaged silicon-on-sapphire (SOS). Both PCAs where driven
through free space by the same CPM laser with a pulse width of 100 ps. Similar to the
block diagram shown in Figure 1.2, the emitter PCA was electrically biased, whereas
the detector PCA was connected to a highly sensitive current amplifier. By scanning
the delay between the optical pulse at the detector and emitter, they sampled the mi-
crowave pulse that was transmitted through the insulating slab. This was effectively
the first THz-TDS setup and is the prototype for the system described in Section 1.2.1.
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The detected pulses exhibited a pulse width of 2.3 ps. In 1988, Fattinger et al. [64]
adopted this approach in a reflection geometry by placing the emitter and detector
PCA in the same plane. They placed a spherical mirror above the pair of PCAs, thus
reflecting the radiation from the emitter onto the detector. They measured a pulse
width of 1 ps and for the first time called this a “terahertz” system. They further-
more predicted that in the future further standard optical elements could be used for
terahertz applications, for example, to collimate the terahertz radiation from the emit-
ter. In the following year [65], the same group followed through on this promise and
transmitted terahertz pulses over a distance of 1 m by collimating the radiation from
the photoconductive emitter and focusing it onto the photoconductive detector with
a pair of sapphire lenses. This configuration is almost identical to today’s terahertz
transmission spectroscopy setups. In their visionary work, they discussed the effects
of water vapor absorption lines as well as possible applications of this new concept for
spectroscopy and wideband communications.

The last three decades have seen different improvements of the THz-TDS concept.
These can be grouped into

• technological advances that improved the system performance while enabling
a transition from bulky and sensitive near-infrared free-space-optical setups to
compact and robust fiber-coupled setups operating at 1550 nm, and

• engineering improvements that aimed to alleviate the need for a free-space ODU
in the setup.

Technological advances

It was found early on that the carrier lifetime in the PCA is the most limiting factor for
the system bandwidth. The shorter the carrier lifetime is, the higher the usable band-
width of the THz-TDS system is. This is particularly true for the emitter. A detailed
discussion can be found in [58]. Besides the investigation of the influence of the carrier
lifetime, it was shown that the high-frequency limit of the system is dominated by the
laser pulse width. In 1992 and 1993, Gupta et al. [66, 67] discussed different ways to
achieve short carrier lifetimes. They introduced LTG-GaAs as a particularly attractive
material for that purpose. LTG-GaAs has since then remained the material of choice for
PCAs driven by near-infrared lasers. In the same year, Kafka et al. [68] introduced the
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Ti:sapphire mode-locked laser as an alternative to the dye lasers that were prevalent
at the time. The Ti:sapphire laser exhibited a larger tuning range as well as a higher
pump power handling capability. It allowed the construction of the first “compact”
(i.e. table-sized) THz-TDS systems. In 1994, Takahashi et al. [69] demonstrated the
first photoconductive material with a carrier lifetime as low as 1 ps that is sensitive
at 1550 nm. They employed a LTG-InGaAs/InAlAs multiple quantum well (MQM)
structure. Still, near-infrared systems dominated terahertz labs.

A decade later, different competing approaches to shorten the carrier lifetime by adding
defects in the InGaAs/InAlAs material system were proposed. Suzuki et al. demon-
strated iron- (Fe-) implanted InGaAs photoconductive terahertz detectors [70] and
emitters [71]. Takazoto et al. [72] proposed beryllium- (Be-) doping and demonstrated
a bandwidth of 2.5 THz with a peak signal-to-noise power ratio of 45 dB.

In 2008, Sartorius et al. [73] made a significant advancement by presenting the first
all-fiber THz-TDS system operating at 1550 nm. The system employed LTG-InGaAs/
InAlAs PCAs with a novel multiple quantum well (MQW) structure and was driven by
a mode-locked fiber laser. The use of a compact fiber laser and fiber-coupled emitter
and detector heads meant an important step towards a plug-and-play system. They
demonstrated a bandwidth of 3 THz. In 2010, Roehle et al. [74] presented improved
PCAs using a 3D-mesa structuring process that yielded an improvement by a factor
of 27.5 in detected amplitude compared to planar antennas and exhibited a band-
width of 4 THz. In the same year, Wood et al. [75] demonstrated terahertz emission
from metal-organic chemical vapor deposition (MOCVD) grown iron-doped InGaAs
(Fe:InGaAs). Particular about this work was that they demonstrated the material sys-
tem’s ability to be excited across the wavelength range from 830 to 1550 nm. In 2013
and 2014, Dietz et al. [76, 77] presented a molecular beam epitaxy- (MBE-) grown In-
GaAs/InAlAs multilayer heterostructure (MLHS) for the emitter and a Be-doped LTG-
InGaAs/InAlAs MLHS for the detector. With these structures, they achieved a radi-
ated power of 64µW, a bandwidth of 6 THz, and a peak dynamic range of 90 dB. The
problem with these high-performance devices was that the emitter and detector were
fabricated in separate processes.

In 2017, Globisch et al. [78] solved this problem by demonstrating that MBE-grown
iron-doped InGaAs (Fe:InGaAs) can be used to fabricate both high-performance emit-
ters and detectors. Using this material system, they demonstrated a radiated power of
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75µW, a bandwidth of 6 THz, and a peak dynamic range of 95 dB. Kohlhaas et al. [79]
recently made use of this by constructing a photoconductive transceiver that employs
an emitter and detector PCA on the same substrate behind a single silicon lens. This
device allows true monostatic reflection-mode measurements with a THz-TDS system.
There are several other recent works showing structures such as an InGaAs/InAlAs su-
perlattice with localized Be-doping [80], a GaAs epilayer with erbium arsenide (ErAs)
quantum dots [81], and an InGaAs/InAlAs superlattice with ErAs inclusions [82].

Towards THz-TDS without a free-space-optical ODU

While the advent of fiber laser-driven THz-TDS [73] made the systems significantly
more compact and robust, the free-space optical component that remained in any THz-
TDS system was the ODU. To remedy that, several different approaches have been
proposed. The oldest approach is called “asynchronous optical sampling” (ASOPS)
[83, 84]. In ASOPS, the terahertz emitter and detector are driven by two separate opti-
cal pulse trains. The two pulse trains exhibit constant but slightly different repetition
rates. Thus, the optical pulses repetitively pass the terahertz pulses incident on the
terahertz detector. This is equivalent to one of the pulses being conventionally delayed
with an ODU. The two pulse trains can, for example, be emitted from two mutually
stabilized Ti:sapphire lasers [84,85] or from a bidirectional mode-locked fiber laser with
two outputs [86].

A variation of the ASOPS concept is an approach called “electronically controlled op-
tical sampling” (ECOPS) [87, 88]. As the name suggests, in ECOPS the repetition rates
of the pulse trains are electronically controlled during the operation. ECOPS has the
advantage of allowing higher scan rates with low repetition rate mode-locked lasers.

Another approach is called “optical sampling by laser cavity tuning” (OSCAT) [89–91].
The OSCAT approach employs a single mode-locked laser whose repetition rate is con-
tinuously modulated by tuning the length of the cavity. A static time delay between
emitter and detector is introduced in the setup with a piece of fiber. Because of this
static delay and the modulation of the laser’s repetition rate, the instantaneous repeti-
tion rates at the emitter and detector are different and a scanning similar to the ASOPS
concept is achieved.

A recently proposed approach is called “single-laser polarization-controlled optical
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sampling” (SLAPCOPS) [92]. The SLAPCOPS concept is a variation of the ECOPS
approach using only a single laser. The SLAPCOPS laser is a fiber laser with a sin-
gle pump diode and gain section but two cavities. By using a pair of polarization
beam splitters/combiners, the optical signals circulating in the two fiber cavities are
polarization multiplexed through the same gain medium, i.e. the same Erbium-doped
fiber, with opposite propagation directions. Due to the polarization multiplex, the two
counterpropagating pulse trains do not interfere with each other and can be indepen-
dently coupled out of the laser. One of the two cavities includes a piezo phase shifter to
modulate the repetition rate of the pulse train in that cavity, thus enabling the ECOPS
operation of the system.

1.2.3 Monolithic light sources for THz-TDS

While the developments described in Section 1.2.2, in particular the introduction of
all-fiber systems based on the mode-locked fiber laser and fiber-coupled PCAs, have
paved the way towards compact and robust THz-TDS systems, their widespread ap-
plication is still hindered by the high cost and relative bulkiness of the fiber laser. State-
of-the-art fiber lasers still cost tens of thousands of euros, which makes them the major
contributor to the overall system cost. Moreover, while the cost of the terahertz emitter
and detector can be expected to go down with scaling of the semiconductor process
as the number of fabricated devices increases, the assembly of the fiber laser is quite
complex and consists of several specialized parts. A monolithic light source would
be preferable, as it is significantly more compact, robust, and has the potential to be
mass-produced. Quite early, different groups have looked at monolithic light sources
for THz-TDS. Three options have gained particular attention, the third of which is the
topic of the majority of this thesis.

Multi-mode laser diodes

As early as 1997, Tani et al. [93] performed experiments driving a biased PCA with a
low-cost commercially available multi-mode laser diode (MMLD) 4. They measured
the RF spectrum radiated by the PCA and found discrete spectral peaks at integer

4 Analogous to footnote 1, the term “multi-mode” specifically indicates multiple longitudinal laser
modes. Notwithstanding the above, the laser diode used by Tani happened to exhibit more than one
transversal mode as well [93].
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multiples of F = 52 GHz, where F was the MMLD’s free spectral range (FSR). Each
spectral component at the frequency mF , m ∈ N, was the superposition of the beat
signals of all pairs of laser modes that were located mF apart. Because the modes of
the MMLD are not locked, there is no stable phase relationship between them, thus
yielding a high linewidth of the spectral peaks of around 4 GHz. It was already found
by Tani et al. that “the spectral intensity for the lowest frequency mode (52 GHz) is
the strongest, as expected from the highest number of the laser modes contributing to
the fundamental beat frequency and the decreasing efficiency of the photoconductive
bow-tie antenna for higher frequencies” [93].

In 1999, Morikawa et al. [94] used this source of terahertz radiation for spectroscopic
measurements by comparing the amplitude spectra measured with and without a sam-
ple in the path of the terahertz radiation. To measure the amplitude spectra, they used
a Martin–Puplett-type interferometer with a bolometer.

In the following year, the same group [95] built on this work and demonstrated that a
MMLD cannot only be used for the generation but also the detection of terahertz ra-
diation. To that end, they drove a conventional THz-TDS setup with a MMLD. Doing
so, they measured a photocurrent at the output of the photoconductive detector that
was periodic with the delay introduced by the ODU. The periodicity of this photocur-
rent matched the mode spacing of the MMLD. Even though the light intensity of the
MMLD fluctuates very rapidly as the laser modes randomly change their amplitudes
and phases, the measured photocurrent is very stable. The measured photocurrent is
proportional to the time average of the product of the instantaneous optical power and
the instantaneous electric terahertz field at the photoconductive detector, i.e. the cross
correlation of the two quantities. Because of that, this approach was called terahertz
cross-correlation spectroscopy (THz-CCS).

If we remember that the terahertz signal and the optical signal at the photoconduc-
tive detector have been generated by the same MMLD, we can see that the detected
photocurrent is equal to the convolution of the autocorrelation of the low-pass filtered
instantaneous optical power and the impulse response of the terahertz system. As-
suming that the random process describing the MMLD is stationary, the detected pho-
tocurrent can be written in the frequency domain as [95]

Idet(ω) ∝ HTHz(ω) ·
∣∣Sopt(ω)

∣∣2 , (1.16)
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where HTHz(ω) is the combined transfer function of the terahertz system and Sopt(ω)

is the power spectral density of the low-pass filtered instantaneous optical power.
Thus, as long as the power spectral density remains constant, which can be assumed
if the operating parameters of the MMLD remain unchanged, the detected terahertz
spectrum only depends on the transfer function of the terahertz system. In 2004,
Morikawa et al. [96] improved the performance of this approach by replacing the free-
space optical setup with a fiber-optic setup and observed spectral components up to
about 600 GHz.

Interestingly, the same concept was rediscovered in 2009 and published under the
name quasi time-domain spectroscopy (QTDS) by Scheller et al. [97]. They also measured
a bandwidth of about 600 GHz. In their publication, Scheller et al. describe the system
in the frequency domain by mixing between the modes of the MMLD. They state that
because of “the time averaging characteristic of the detection process [...] the phase of
the detected THz frequency components is not related to the random phase between
the multimode laser lines”. As we will see later, the irrelevance of the phases of the
laser modes in THz-CCS is of particular importance. Both Morikawa’s and Scheller’s
experiments were performed with near-infrared lasers.

In 2017, Kohlhaas et al. [98] moved this concept to telecom wavelengths by using a
Fabry-Perot MMLD (Thorlabs FPL1055T, λ0 = 1550 nm, F ≈ 43.5 GHz) and state-
of-the-art InGaAs emitter and detector modules. With this setup, they were able to
demonstrate a bandwidth of about 1.5 THz. In 2018 and 2019, Rehn et al. [99, 100]
showed the enhancement of the terahertz bandwidth by low duty cycle operation of
the MMLD and optical feedback into the MMLD, respectively. In their second paper,
they used a laser diode (Thorlabs FPL1009P) that appeared to be a fiber-coupled ver-
sion of the MMLD used by Kohlhaas in his 2017 paper. However, Rehn made some
conflicting observations that indicated that the laser may be mode-locked under cer-
tain conditions.
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Superluminescent diodes

The frequency resolution of THz-TDS systems is primarily determined by two param-
eters. The first parameter is the length of the ODU, as it determines the size of the
discrete Fourier transform (DFT) window. The second parameter is the optical spec-
trum of the light source, since the spacing of the laser modes determines the spacing
of the spectral components of the terahertz spectrum. In the case of a fiber laser, the
mode spacing (i.e. the FSR) is typically around 100 MHz. A double-pass ODU whose
delay range is long enough to scan one repetition period of the laser would need to
be 1.5 m long. In practice, ODUs are typically much shorter than that, so that the fre-
quency resolution is usually limited by the length of the ODU. However, in the case of
THz-CCS, where the setup is driven by an MMLD, the mode spacing is in the range
of several ten gigahertz due to the much shorter cavity of the MMLD. In that case, the
frequency resolution is limited by the FSR of the light source.

In 2019, Molter et al. [101] tried to address this drawback of monolithic lasers by driv-
ing a THz-CCS setup with a monolithic superluminescent diode (SLD). The SLD does
not have a cavity, so its optical spectrum does not have a mode structure. The SLD
emits virtually incoherent light with a very wide and smooth spectrum with a 3 dB-
bandwidth of about 5.7 THz. Using this light source, they were able to demonstrate a
continuous terahertz spectrum with a bandwidth of 1.7 THz and a peak dynamic range
of 60 dB after 20 s averaging time.

Mode-locked laser diodes

The THz-CCS approach using either a MMLD or a SLD has demonstrated that it is
possible to drive a photonic terahertz spectrometer with light that has small or virtu-
ally no temporal coherence, respectively. However, the lack of temporal coherence can
cause problems in some applications that will be discussed in Chapter 3. An alterna-
tive monolithic light source that promises to provide behavior similar to “classical”
THz-TDS is a mode-locked laser diode (MLLD). MLLDs have been subject to intense
research for more than twenty years due to their widespread applicability in metrol-
ogy, signal processing, and communications. The prospect of integration in fiber optic
networks and the availability of a suitable material system have early on led to MLLD
implementations at 1550 nm telecom wavelengths. The wide range of possible appli-
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cations on the other hand has led to the development of MLLDs with a wide range of
pulse widths and repetition rates. Pulse widths tend to be somewhere between a few
hundred femtoseconds and several picoseconds, whereas repetition rates range from a
few gigahertz to hundreds of gigahertz. An excellent review can be found in Ref. [102].

The material system of choice is InGaAs/GaAs/InAs on an InP substrate. The key
technology that has enabled high-performance MLLDs with low injection current, small
pulse width, low noise, and low temperature sensitivity is the inclusion of quantum
dots (QDs) or quantum dashes (QDashes) in the semiconductor. A comprehensive
review of QD lasers can be found in Ref. [103].

There are three mode-locking mechanisms: Active, passive, and hybrid mode-locking.
Actively mode-locked lasers acquire their lock through the injection of an RF signal
with a frequency that is close to the FSR of the laser cavity. Passively mode-locked
lasers automatically lock their modes when they are operated with the correct injection
current, temperature, and in some cases reverse bias voltage. In this case the repetition
rate of the MLLD is solely determined by the optical length of the cavity and the oper-
ating conditions. Hybridly mode-locked lasers are locked to an injected RF signal, but
contain similar elements as passively mode-locked lasers to shorten the pulse. In this
thesis, the term MLLD represents passively mode-locked laser diodes.

Conventionally, MLLDs consist of a two sections: A gain section and a saturable ab-
sorber section. An excellent explanation of the mode-locking principle of two-section
MLLDs is given in Ref. [103]. However, it has been found that single-section laser
diodes, that is to say Fabry-Pérot laser diodes without a saturable absorber, can also
exhibit mode locking [104]. While their mode of operation is not as well understood as
that of two-sections MLLDs and they are more difficult to control due to the absence
of a saturable absorber, they exhibit some interesting properties. Besides the simplic-
ity of their structure, they typically exhibit the lowest pulse width at a higher injec-
tion current, which benefits their ability to emit short high-power pulses. However,
single-section MLLDs exhibit a much stronger group delay dispersion (GDD) than
two-section devices. This requires external dispersion compensation in order to gener-
ate short optical pulses. The implications of this aspect will be discussed in great depth
in Chapter 2. A detailed comparison between single-section and two-section MLLDs
with a particular focus on single-section MLLDs can be found in Refs. [105, 106].
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In 2017, Merghem et al. [107] demonstrated for the first time the use of an MLLD to
drive a terahertz time-domain spectrometer. They used a single-section QDash laser
with a center wavelength of 1550 nm and a repetition rate of about 41 GHz. Because
of its single-section design, the emitted pulses were strongly chirped. They used the
anomalous dispersion of a 62 m long section of single-mode fiber at 1550 nm to com-
press the pulses and achieved a pulse width below 1 ps 5. They employed commer-
cially available fiber-coupled PCAs both as the terahertz emitter and detector and were
able to demonstrate a bandwidth of about 600 GHz and a peak dynamic range of 45 dB.
Although these numbers were somewhat disappointing, they still proved that a single-
section monolithic MLLD can be used to drive a THz-TDS system. This demonstration
is the experimental groundwork for all further investigations in this thesis and a large
amount of research activity within our group. Because this approach is akin to conven-
tional THz-TDS but with an orders of magnitude higher repetition rate, we have coined
the term ultra-high repetition rate terahertz time-domain spectroscopy (UHRR-THz-TDS).
This intentionally sets it apart from the previously presented THz-CCS approach.

Within the last few years, our group has put a lot of effort into the improvement of the
performance of UHRR-THz-TDS systems. We have suspected that the limited band-
width and dynamic range observed by Merghem was due to the use of conventional
PCAs both for the terahertz emitter and detector. As was shown in Ref. [58], the band-
width of a THz-TDS system using a PCA emitter is largely determined by the optical
pulse width and the carrier lifetime of the emitter PCA. The pulse width of the MLLD
used by Merghem was however about ten times longer than that of a state-of-the-art
fiber laser. In 2019, Tybussek et al. [14] demonstrated UHRR-THz-TDS with state-of-
the-art ErAs:In(Al)GaAs PCAs. These exhibited carrier lifetimes around 2 ps, whereas
the PCAs used by Merghem had a carrier lifetime of about 30 ps. The employed MLLD
was the same Thorlabs FPL1009P used previously by Rehn [100] in his work on the
spectral enhancement of THz-CCS. However, intensity autocorrelation measurements
suggested that the laser was at least partially mode-locked under the correct operating
conditions, i.e. injection current and temperature. The terahertz measurement revealed
a bandwidth of about 1.4 THz and a peak dynamic range of 51 dB.

Another argument can be made by looking at the PAPR of the optical signal. Assuming
that the MLLD has a repetition rate of 50 GHz and a pulse width of 500 fs, we get an

5 In the context of optical fibers, the term “single-mode” indicates a single transversal mode.
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approximate PAPR of 25. This is much closer to the PAPR of a continuous-wave system
(PAPR = 2) than that of a fiber laser-driven THz-TDS system (PAPR ≈ 105). It is known
from THz-FDS that continuous-wave systems perform well up to 2 THz if they use an
antenna-integrated photodiode-based terahertz emitter. It is thus safe to assume that
such an emitter would perform well for UHRR-THz-TDS, too. We have verified this
assumption in recent works [1, 3] and observed bandwidths up to 1.5 THz with a peak
dynamic range exceeding 60 dB.
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CHAPTER

TWO

SYSTEM-THEORETICAL ANALYSIS OF UHRR-THZ-TDS

While there are a few mathematical descriptions of THz-CCS in literature, these cannot
be applied to UHRR-THz-TDS because they assume a stochastic laser signal and do
not take into account the phase spectrum of the MLLD. In this chapter, a simple yet
accurate system-theoretical model of an UHRR-THz-TDS system is presented. This
model makes it possible to calculate the detected terahertz spectrum from the complex
optical spectrum of the MLLD and the transfer function of the terahertz system. It
provides plentiful new insights into the system’s operating principle and accurately
describes the influence of the optical phase on the detected terahertz spectrum. In
particular, it explains the experimentally observed relevance of chirp compensation in
UHRR-THz-TDS and gives the relationship between the intensity autocorrelation of
the MLLD and the detected terahertz spectrum.

I have first published this model in Ref. [1]. In Section 2.1, the findings in that work will
be summarized and a more detailed analysis of the results is provided. For more details
of the mathematical derivation, the interested reader is referred to Ref. [1]. Please
note that this chapter slightly deviates from the notation used in the reference to better
match the remainder of this thesis. In Section 2.2, a few important conclusions from the
system-theoretical model regarding the influence of pulse chirp on the emitted as well
as the detected terahertz spectrum are drawn. Also, the relevance of the number of
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laser modes are analyzed. Finally, in Section 2.3, some experimental results that verify
the validity of the mathematical model are summarized.

2.1 System-theoretical modeling

A simplified block diagram of an UHRR-THz-TDS setup is depicted in Figure 2.1. The
optical signal from the MLLD first passes a device that compensates the inherent chirp
of the laser pulse. This device can either be a suitable section of single-mode fiber
(or polarization-maintaining single-mode fiber) or an optical filter. The anomalous
dispersion of single-mode fiber has proven to be a simple yet effective tool for this
purpose. The optical signal is then split into a transmit and a receive path with a 50:50
fused fiber coupler. In the receive path, the optical signal is delayed with an ODU
by the delay τ. In the transmit path, a “dummy” section of fiber is used to ensure
that the path lengths from the splitter to the emitter and detector modules are roughly
the same. The emitter module is an electrically biased antenna-integrated photodiode,
whereas the detector module is an unbiased PCA. The measured quantity in the setup
is the photocurrent idet(τ) at the terminals of the detector.

THz
Tx

THz
Rx

Bias Voltage

idet(τ)

ETHz(ω)

E′
THz(ω)MLLD

Chirp
Compensation

τ

Eopt(ω)

Figure 2.1: Simplified block diagram of an UHRR-THz-TDS setup. Blue lines indicate
polarization-maintaining fibers. Black lines indicate electrical connections.
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2.1.1 Mathematical description of the mode-locked laser diode

The complex optical spectrum emitted by the MLLD can be written as

eopt(t) =
N−1

∑
k=0

Ek · cos
[
(ω0 + kΩ) · t + φk

]
(2.1)

td

Eopt(ω) =
N−1

∑
k=0

Ek ·
{

δ
[
ω + (ω0 + kΩ)

]
· e−jφk + δ

[
ω − (ω0 + kΩ)

]
· ejφk

}
, (2.2)

with Ω = 2πF, where N is the number of considered laser modes, ω0 is the angular
frequency of the first considered laser mode, F is the repetition rate of the MLLD,
and Ek and φk are the amplitude and phase of the k-th mode, respectively. The field
amplitudes Ek are normalized so that their squares equal the optical powers of the laser
modes. This expression describes a comb-like structure of equidistant modes. For the
purposes of this derivation, we assume laser modes with infinitely small linewidth.

2.1.2 Filtered instantaneous optical power

We have seen in the mathematical description of a THz-FDS system in Section 1.1.1 that
the instantaneous optical power, i.e. the squared magnitude of the instantaneous elec-
trical field, is of particular importance in describing both the generation and detection
of terahertz radiation. In the case of UHRR-THz-TDS, it contains spectral components
at the difference- and sum-frequencies of the MLLD’s modes. However, due to the
low-pass behavior of the terahertz emitter and detector, the sum-frequency compo-
nents can be neglected. It is thus useful to define a filtered instantaneous optical power
that only contains the difference-frequency components [1], [106]:

popt(t) ∝
N−1

∑
k=0

E2
k + 2 ·

N−1

∑
m=1

N−1

∑
k=m

EkEk−m · cos (mΩt + φk − φk−m) (2.3)

td

Popt(ω) ∝ 2π ·
N−1

∑
m=0

N−1

∑
k=m

EkEk−m (2.4)

·
[
δ (ω − mΩ) · e−j(φk−φk−m) + δ (ω + mΩ) · ej(φk−φk−m)

]
.
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It can be seen that the filtered instantaneous optical power consists of discrete spectral
components at the angular frequencies ω = mΩ , 0 ≤ m ≤ N − 1 . The average optical
power (m = 0) is simply the sum of the optical powers of all laser modes, whereas
the amplitudes and phases of the other spectral components (m > 0) result from the
complex superposition of the beat signals of all pairs of laser modes that have the
spacing mΩ. In the general case of arbitrary amplitude and phase distributions of the
laser modes, the beat signals interfere in a rather complex way. However, we can see
that in the case of a linear phase distribution, the term φk − φk−m is independent of k.
In this case, all the beat signals at the angular frequency mΩ interfere constructively.

2.1.3 Transmitted and received terahertz field

A photodiode responds to the filtered instantaneous optical power of the incident light.
If the peak power is sufficiently small, this response is linear. As previously discussed,
the PAPR of an MLLD is relatively low. Thus, the photocurrent generated by the
antenna-integrated photodiode in the emitter module is approximately proportional
to the filtered instantaneous optical power:

ITHz ∝ Popt(ω) . (2.5)

This photocurrent flows through the transmit antenna and radiates a terahertz wave.
As elaborated in Section 1.1.1, the terahertz electric field in the far field of the antenna
is proportional to the current flowing through the antenna. Furthermore, the antenna-
integrated photodiode itself has a frequency response that must be accounted for by a
transfer function HTx(ω) describing the emitter. Thus, the terahertz electric field in the
far field of the emitter can be written as [1]

ETHz(ω) ∝ HTx(ω) · Popt(ω) (2.6)

∝ HTx(ω) · 2π ·
N−1

∑
m=1

N−1

∑
k=m

EkEk−m

·
[
δ (ω − mΩ) · e−j(φk−φk−m) + δ (ω + mΩ) · ej(φk−φk−m)

]
.
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The influence of the RF channel between emitter and detector can be accounted for by
the transfer function HChannel(ω), so that the field received by the detector is [1]

E′
THz(ω) ∝ HChannel(ω) · ETHz(ω) (2.7)

∝ HTx(ω) · HChannel(ω) · 2π ·
N−1

∑
m=1

N−1

∑
k=m

EkEk−m

·
[
δ (ω − mΩ) · e−j(φk−φk−m) + δ (ω + mΩ) · ej(φk−φk−m)

]
.

2.1.4 Detected photocurrent

To determine the photocurrent idet(τ) that can be measured at the terminals of the de-
tector, it is necessary to look at the mixing process taking place in the photoconductive
detector. The instantaneous photoconductivity of the photoconductor g(t) is approx-
imately proportional to the filtered instantaneous optical power of the optical signal
illuminating the photoconductor. This optical signal is the same as that illuminating
the emitter, but it is delayed by the delay τ of the ODU:

g(t, τ) ∝ popt(t − τ) (2.8)

td
G(ω, τ) ∝ Popt(ω) · e−jωτ . (2.9)

The electric field of the terahertz wave that is incident on the photoconductive detector
modulates the voltage v(t) across the photoconductor:

v(t) ∝ e′THz(t) (2.10)

td
V(ω) ∝ E′

THz(ω) . (2.11)

The current flowing through the photoconductor can thus be described by the product
of the conductivity g(t, τ) and the voltage v(t) across the photoconductor. The current
idet(τ) that is measured at the terminals of the detector is proportional to the time
average of this current. This can be written as [1]
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idet(τ) ∝ F−1
{

1
2π

·
[

Popt(ω) · e−jωτ
]
∗
[
HRx(ω) · E′

THz(ω)
]∣∣∣

ω=0

}
, (2.12)

where HRx(ω) describes the frequency response of the photoconductive detector. After
a lengthy calculation, this expression can be simplified to [1]

idet(τ) ∝ 2 ·
N−1

∑
m=1

{
|HTHz(mΩ)| · sin [mΩτ +∠HTHz(mΩ)] (2.13)

·
N−1

∑
k=m

N−1

∑
l=m

EkEk−mElEl−m · cos [(φk − φk−m)− (φl − φl−m)]

}
,

where

HTHz(mΩ) = mΩ · HTx(mΩ) · Hchannel(mΩ) · HRx(mΩ) , m = 1 ... N − 1 , (2.14)

combines the frequency responses of the emitter, the detector, and the RF channel. The
double sum in the second row of this equation can be interpreted as a set of unique
amplitude factors [1]

Am =
N−1

∑
k=m

N−1

∑
l=m

EkEk−mElEl−m

· cos [(φk − φk−m)− (φl − φl−m)] , m = 0 ... N − 1 ,

(2.15)

that depend only on the complex optical spectrum of the MLLD. Using this expression,
the detected photocurrent can be written in the compact form [1]

idet(τ) ∝ 2 ·
N−1

∑
m=1

|HTHz(mΩ)| · sin [mΩτ +∠HTHz(mΩ)] · Am . (2.16)

We can draw numerous important conclusions from this result. The detected pho-
tocurrent in an UHRR-THz-TDS system consists of spectral components at the angular
frequencies ν = mΩ , m = 1 ... N − 1 . The amplitude of each spectral component is the
product of the magnitude |HTHz(mΩ)| of the transfer function of the terahertz system
at that angular frequency and an amplitude factor Am that depends on the amplitudes
and phases of all laser modes that are involved in the generation and detection of that
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spectral component. The phase of each spectral component depends only on the phase
∠HTHz(mΩ) of the transfer function at the respective angular frequency. If the spec-
trum of the MLLD is stable, which can be assumed under mode-locked conditions,
changes in the detected spectrum can be directly attributed to changes in the trans-
fer function of the terahertz system. The complex optical spectrum of the MLLD only
determines the maximum achievable amplitude of each component of the detected
terahertz spectrum. An important differentiation from the THz-CCS approach is that
the amplitudes Am result from deterministic beating of the laser modes rather than
time averaging over random fluctuations of the beat signals. In Section 2.2, the terms
Am are analyzed in greater detail.

2.1.5 Intensity autocorrelation

The conventional way of characterizing an MLLD is by measuring its intensity au-
tocorrelation function Rpp(τ), commonly known as second harmonic generation (SHG)
autocorrelation. It is the autocorrelation function of the filtered instantaneous optical
power [1]:

Rpp(τ) = popt(τ) ∗ popt(−τ) . (2.17)

A lengthy calculation leads to the expression [1]

Rpp(τ) ∝
N−1

∑
m=0

cos (mΩτ) · Am . (2.18)

This expression shows the close relationship between the intensity autocorrelation and
the detected photocurrent in the UHRR-THz-TDS system. The intensity autocorrela-
tion consists of discrete spectral components at the frequencies ν = mΩ , m = 0 ... N − 1 .
There is no delay between these spectral components, indicating that they have com-
mon maxima at τmax, n = nF−1 , n ∈ Z. Distinct symmetrical pulses appear at these
positions. The shape and amplitude of these pulses depend on the factors Am.

The comparison of Equations (2.16) and (2.18) gives us an interesting alternative expla-
nation of the UHRR-THz-TDS approach that shows an undeniable relationship with
the THz-CCS approach. The detection process in the photoconductive detector effec-
tively measures the autocorrelation of the MLLD signal weighted with the amplitude
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and phase of the terahertz system’s transfer function. The difference between THz-
CCS and UHRR-THz-TDS is the fact that the optical signal from an MLLD is primarily
deterministic, whereas the signals from a MMLD or SLD are stochastic. This has an
important effect on the measured photocurrent idet(τ) and intensity autocorrelation
function Rpp(τ). In the case of an MLLD driving the system, both measured quantities
are periodic with the period 1/F, and their envelope decays only slowly with increas-
ing absolute value of τ. In the case of a MMLD driving the system, they are periodic
with the period 1/F, but their envelope quickly decays with increasing absolute value
of τ. In the case of an SLD, both the photocurrent and the intensity autocorrelation are
aperiodic and exhibit a single distinct maximum at τ = 0. The practical consequences
of these differences are discussed in Chapter 3.

Another important conclusion from the comparison of Equations (2.16) and (2.18) is
that the detected terahertz spectrum can be calculated given the intensity autocorrela-
tion of the MLLD and the transfer function of the terahertz system. More importantly,
the measurement of an MLLD’s intensity autocorrelation allows us to evaluate its per-
formance in an UHRR-THz-TDS system. As we will see in Chapter 4, we can use the
knowledge of this relationship to engineer optical spectra that imprint desired charac-
teristics on the detected terahertz spectrum. Moreover, it makes it possible to specify
requirements for the development of MLLDs that are optimized for UHRR-THz-TDS.

2.2 Conclusions from the system-theoretical model

In this section, a few key lessons from the theoretical analysis in the previous section
are drawn. In particular, the influences of the optical phase distribution and the num-
ber of laser modes on the emitted terahertz signal and the detected photocurrent are
evaluated.

2.2.1 Influence of the pulse chirp

It is well-known that the pulse from a mode-locked laser needs to be chirp-free in
order to achieve a minimum pulse width and maximum pulse amplitude. This is ad-
dressed either by designing the laser cavity such that it automatically emits chirp-free
pulses or by external pulse compression. In the first demonstration of UHRR-THz-
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TDS, Merghem et al. [107] by habit compensated the chirp of their single-section MLLD
with a section of single-mode fiber. In this section, the effect of laser chirp on the emit-
ted as well as the detected terahertz spectrum are quantified.

Quantification of pulse chirp

In their 2012 paper, Rosales et al. [106] analyzed the chirp of single-section and two-
section MLLDs. They found that the chirp of single-section MLLDs was much stronger.
In 2016, O’Duill et al. [108] performed stepped-heterodyne measurements of the com-
plex optical spectra of single-section MLLDs under different operating conditions to
analyze their group delay dispersion. They found a simple empirical formula that re-
lates the group delay dispersion to the 10 dB-bandwidth of the device. They defined
the phase of the k-th mode as [108]

φk =
1
2
· D2 ·

[
2π · ( fk − f0)

]2 , (2.19)

where f0 is the central frequency of the MLLD spectrum and D2 is the group delay
dispersion. For this definition, they empirically found that [108]

D2 =
1

2π · ∆ fenv · F
, (2.20)

where fenv is the 10 dB-bandwidth of the laser spectrum and F is the free spectral range.
An interesting interpretation of this empirical result can be found by looking at the
outer two modes. Since they are located ∆ fenv apart, the difference of their group
delays is

∆τgr = 2π · D2 · ∆ fenv =
1
F

. (2.21)

This is equivalent to saying that the “difference in group delays experienced by the two
modes at the frequency extrema of the MLL spectrum [...] equal the cavity round-trip
time” [108].

To analyze the effect of laser chirp on the detected terahertz spectrum, we can use
O’Duill’s empirical formula for the group delay dispersion as the maximum chirp one
can expect to experience. By applying the notations from Section 2.1, we get

D2 =
1

2πNF2 (2.22)
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and

φk =
1
2
· D2 · (2πkF)2 (2.23)

=
π

N
· k2 .

By introducing a chirp coefficient c ∈ [0, 1], the effect of different amounts of chirp can
now be analyzed:

φk = c · π

N
· k2 , 0 ≤ c ≤ 1 . (2.24)

To keep it simple, only the case of an MLLD whose modes all have the same amplitude
Ek ≡ E0 ∀ k is considered.

Influence of pulse chirp on the emitted terahertz spectrum

First, the emitted terahertz spectrum is analyzed. Since it was found that the radiated
terahertz field is proportional to the filtered instantaneous optical power of the incident
light, we can gauge the influence of the optical spectrum on the emitted terahertz spec-
trum by defining a normalized amplitude for the spectral component of the filtered
instantaneous optical power at the angular frequency mΩ. Evaluating the weights of
the Dirac delta functions within the inner sum in Equation (2.4) yields the normalized
amplitude of the spectral component at the normalized frequency m:

Apopt,m =

∣∣∣∣∣N−1

∑
k=m

E2
0 · ej(φk−φk−m)

∣∣∣∣∣ . (2.25)

Inserting Equation (2.24) into Equation (2.25) yields

Apopt,m =

∣∣∣∣∣N−1

∑
k=m

E2
0 · ej·c· π

N ·[k2−(k−m)2]

∣∣∣∣∣ . (2.26)

A numerical evaluation of the normalized amplitudes Apopt,m/(N − 1) is depicted in
Figure 2.2. Plot (a) shows the normalized amplitudes as a function of the normalized
frequency m for different values of the chirp coefficient c, whereas plot (b) shows the
normalized amplitudes as a function of the chirp coefficient c for different values of the
normalized frequency m.
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Figure 2.2: Normalized amplitudes Apopt,m / (N − 1) of the spectral components of the filtered
instantaneous optical power for N = 50 (a) as a function of the normalized frequency m for
different values of the chirp coefficient c and (b) as a function of the chirp coefficient c for
different values of the normalized frequency m.

The case c = 0 in plot (a) represents the case without any chirp. This case shows that
the emitted amplitude rolls off towards higher frequencies due to the decreasing num-
ber of constructively superimposed beat tones. An increasing amount of chirp leads
to a frequency-dependent reduction of the emitted amplitudes. For small amounts of
chirp (c < 0.1), the frequency dependence is relatively mild, whereas for large amounts
of chirp (c ≥ 0.1) the frequency dependence is severe. For very large amounts of chirp,
the interference between the beat tones is almost perfectly destructive.

The chirp dependence of select frequencies is highlighted in plot (b). Most notable are
the normalized frequencies m = 1 and m = 49. For the lowest-frequency component
m = 1, we can observe a monotonic decrease with increasing chirp. For c = 1, i.e.
without any chirp compensation, the amplitude for m = 1 drops to 1/(N − 1). This
can be easily explained. For c = 1, the phase shift between the beat tones of adjacent
pairs of laser modes is equal to π. In the case of 50 modes, the beat tones of 48 pairs
of laser modes interfere destructively, and only the beat tone of a single pair of modes
remains. The highest-frequency component (m = N − 1 = 49) on the other hand
results from the beating of only the outer two modes of the laser spectrum and is thus
independent of the chirp.
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Influence of pulse chirp on the detected terahertz spectrum

Next, the detected terahertz spectrum is analyzed. As discussed in Section 2.1, the
influence of the optical spectrum on the detected terahertz spectrum is determined by
the amplitudes Am. Inserting Equation (2.24) into Equation (2.15), we get

Am =
N−1

∑
k=m

N−1

∑
l=m

E4
0 · cos

{
c · π

N
·
[
k2 − (k − m)2 − l2 + (l − m)2

]}
(2.27)

=
N−1

∑
k=m

N−1

∑
l=m

E4
0 · cos

[
c · π

N
· m · (k − l)

]
, m = 0 ... N − 1 .

I have shown in Ref. [1] that by using the Dirichlet kernel this can be rewritten in the
closed form

Am = E4
0 ·


sin
[

1
2
· c · π

N
· m · (m − N)

]
sin
[

1
2
· c · π

N
· m
]


2

, m = 0 ... N − 1 . (2.28)

A numerical evaluation of the normalized amplitudes Am/ (N − 1)2 is depicted in Fig-
ure 2.3. The behavior is similar to the amplitudes of the emitted spectrum depicted in
Figure 2.2, with a few notable differences.

In plot (a), we can see that the high frequency roll-off is steeper than for the emitted
spectrum. This is easy to understand given that the detected spectrum results from
the beating process occurring both in the emitter and detector. In plot (b), it can be
observed that the chirp dependence of the lowest-frequency component m = 1 of the
detected spectrum is much less than that of the emitted spectrum. Considering Equa-
tion (2.15), this can be attributed to the fact that the double sum introduces summands
with various combinations of the phases φk, φk−m, φl, and φl−m.

2.2.2 Influence of the number of modes

Another important aspect that can be analyzed given the theoretical results is the in-
fluence of the number of laser modes. Practically, the average optical power that is
allowed to be incident on the terahertz emitter and detector is limited by the damage
threshold Pmax of the photodiode and photoconductor, respectively. For the purposes
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Figure 2.3: Normalized amplitudes Am / (N − 1)2 of the spectral components of the detected
terahertz spectrum for N = 50 (a) as a function of the normalized frequency m for different
values of the chirp coefficient c and (b) as a function of the chirp coefficient c for different
values of the normalized frequency m.

of this analysis, both damage thresholds are assumed to be identical. It is thus instruc-
tive to consider the case of a flat optical spectrum with Ek ≡ E0 =

√
Pmax/N. In this

case, Equation (2.25) simplifies to

Apopt,m =
N−1

∑
k=m

Pmax

N
(2.29)

=
N − m

N
· Pmax

and Equation (2.27) simplifies to

Am =
N−1

∑
k=m

N−1

∑
l=m

(
Pmax

N

)2

(2.30)

=
(N − m)2

N2 · Pmax
2 .

A numerical analysis of these results is depicted in Figure 2.4. The plots show the am-
plitudes of select components of the emitted and detected terahertz spectra as a func-
tion of the number of laser modes N. The amplitudes are normalized to the average
optical power Pmax and its square Pmax

2, respectively. We can draw several important
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conclusions from these results. The normalized amplitudes monotonically increase
with the number of modes and converge to 1 for N → ∞. Thus, the spectrum of the
MLLD should be as dense and as wide as possible in order to maximize both the emit-
ted and detected amplitudes.

The case m = 1 is particularly interesting. It can be seen that for N = 2 the emitted and
detected amplitudes are 6 dB and 12 dB lower than the optimum, respectively. This
means that

(a) the emitted amplitude at the fundamental frequency is up to 6 dB higher if an
MLLD is used compared to two single-mode laser diodes. Thus, a terahertz com-
munication system driven by an MLLD whose repetition rate is equal to the de-
sired carrier frequency has a higher transmit power than a system driven by two
single-mode laser diodes with the same combined average optical power.

(b) the detected amplitude at the fundamental frequency is up to 12 dB higher if an
MLLD is used compared to two single-mode laser diodes. This puts UHRR-THz-
TDS at an advantage over THz-FDS.
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Figure 2.4: Left axis: Normalized spectral amplitudes Apopt,m / Pmax of the emitted terahertz
spectrum as a function of the number of laser modes N. Right axis: Normalized spectral am-
plitudes Am / Pmax

2 of the detected terahertz spectrum as a function of the number of laser
modes N.
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2.3 Experimental results

I have shown an extensive experimental validation of the system-theoretical model in
Ref. [1]. For the sake of conciseness, only a short summary of the findings is repro-
duced here. Details about the experimental methods as well as further results can be
found in Ref. [1].

Optical amplitude spectrum

(Measured with
optical spectrum analyzer)

Optical phase spectrum

(Measured with stepped
heterodyne method)

Intensity autocorrelation

(Calculated from
complex optical spectrum)

Intensity autocorrelation

(Measured with
SHG autocorrelator)

Terahertz spectrum

(Calculated from complex
optical spectrum and

terahertz transfer function)

Terahertz spectrum

(Calculated from intensity
autocorrelation and

terahertz transfer function)

Terahertz transfer function

(Measured with
THz-FDS system)

Terahertz spectrum

(Measured with
UHRR-THz-TDS system)

Calculation
Comparison

Figure 2.5: Concept for experimental validation of the system-theoretical model of UHRR-THz-
TDS. Blue boxes indicate measured quantities. Green boxes indicate calculated quantities.

The concept for experimental validation of the system-theoretical model is sketched in
Figure 2.5. Measured quantities are indicated by blue boxes, calculated quantities are
indicated by green boxes. The main objectives are the validation of Equations (2.15),
(2.16), and (2.18) as well as the confirmation of the relationship between the optical
intensity autocorrelation and the detected terahertz spectrum. To that end, all the rele-
vant quantities are measured and calculated with various optical amplitude and phase
spectra. These different spectra are generated by using two different MLLDs and us-
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ing different lengths of single-mode fiber between the MLLD and the measurement
setup to (partially) compensate their inherent chirp. The first MLLD was the Thorlabs
FPL1009P mentioned in Section 1.2.3. The second MLLD was a two-section QD laser
diode from Fraunhofer Heinrich Hertz Institute (HHI) in Berlin. Here, only results for
the latter are shown. The quantities that are independent of the optical phase spectrum
(i.e. independent of the single-mode fiber length) are depicted in Figure 2.6. The quan-
tities that depend on the optical phase spectrum are depicted in Figures 2.7 through
2.10.
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Figure 2.6: (a) Optical amplitude spectrum. The continuous blue line indicates the spectrum
measured with the optical spectrum analyzer. The red crosses indicate the peaks within the
40 dB-bandwidth. (b) Transfer function of the terahertz system. The continuous blue line in-
dicates the transfer function measured with the THz-FDS system. The red crosses indicate the
values of the transfer function at f = mF.

Figure 2.6 (a) shows the optical amplitude spectrum of the MLLD measured with an
optical spectrum analyzer (Anritsu MS9740A). The MLLD exhibits 62 modes within a
40 dB bandwidth with a free spectral range of F ≈ 50.14 GHz. Figure 2.6 (b) depicts
the transfer function of the terahertz system measured with a commercially available
THz-FDS system (Toptica Terascan 1550). The transfer function is measured with a fre-
quency resolution of 10 MHz, making it possible to accurately determine the values
|HTHz(mΩ)|.

In the following, the results obtained with single-mode fiber lengths of L = 0 m (virtu-
ally no chirp compensation), L = 25 m (partial chirp compensation), and L = 50 m
(nearly perfect chirp compensation) are considered. Figure 2.7 depicts the optical
phase spectra measured with the stepped-heterodyne technique proposed in Ref. [109].
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Figure 2.7: Optical phase spectra measured with the stepped-heterodyne method with single-
mode fiber lengths of (a) 0 m, (b) 25 m, and (c) 50 m, respectively. The blue dots indicate the
measured points. The red line represents a cubic fit of the measured phase values.

The measured data points are indicated by blue dots, and a cubic fit is depicted by a
continuous red line.

Figure 2.8 shows the intensity autocorrelation calculated according to Equations (2.15)
and (2.18) in red as well as the intensity autocorrelation measured with an SHG auto-
correlator (APE pulseCheck). Figure 2.9 shows the Fourier transforms of these quanti-
ties. In the delay domain, it can be seen that the nearly perfectly chirp-compensated
case leads to a narrow pulse with a full width at half maximum (FWHM) of approxi-
mately 750 fs.
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Figure 2.8: Intensity autocorrelation functions with single-mode fiber lengths of (a) 0 m, (b)
25 m, and (c) 50 m, respectively. The blue line represents the autocorrelation function measured
with an SHG autocorrelator. The red line represents the autocorrelation function calculated
from the complex optical spectrum.
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Its Fourier transform, whose spectral amplitudes are equal to the amplitudes Am ac-
cording to Equation (2.18), exhibits a 40 dB bandwidth of about 1.8 THz. The uncom-
pensated and partially compensated case exhibit a distorted pulse shape with a signif-
icantly wider pulse width and lower pulse amplitude. Their Fourier transforms show
a much steeper drop-off towards higher frequencies than the well-compensated case.
All plots show a good match between the calculated and the measured data. Notably,
without chirp compensation or with only partial chirp compensation, there is a strong
frequency selectivity. This confirms the predictions from the numerical analysis shown
in Figure 2.3.
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Figure 2.9: Fourier transform of the intensity autocorrelation functions with single-mode fiber
lengths of (a) 0 m, (b) 25 m, and (c) 50 m, respectively. The blue line represents the Fourier
transform of the autocorrelation function measured with an SHG autocorrelator. The red line
represents the Fourier transform of the autocorrelation function calculated from the complex
optical spectrum. The dashed black line indicates the measurement noise floor.

Figure 2.10 depicts several representations of the detected terahertz spectra. The con-
tinuous blue lines indicate the spectra measured with the UHRR-THz-TDS system. The
red crosses mark the peaks of the spectral components. The yellow circles represent
the spectral amplitudes calculated from the complex optical spectrum and the transfer
function of the terahertz system. The purple squares indicate the spectral amplitudes
calculated from the measured intensity autocorrelation and the transfer function of the
terahertz system. The red, yellow, and purple plots show a remarkable agreement be-
tween the calculated and the measured spectra. In the well-compensated case, we can
identify spectral components above the noise floor up to 1.3 THz. In the other cases,
the bandwidth is severely reduced and a few spectral components are completely can-
celed.
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Figure 2.10: Detected terahertz spectra with single-mode fiber lengths of (a) 0 m, (b) 25 m,
and (c) 50 m, respectively. The continuous blue lines indicate the spectra measured with the
UHRR-THz-TDS system. The red crosses mark the peaks of the spectral components. The
yellow circles represent the spectral amplitudes calculated from the complex optical spectrum
and the transfer function of the terahertz system. The purple squares indicate the spectral
amplitudes calculated from the measured intensity autocorrelation and the transfer function of
the terahertz system.
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CHAPTER

THREE

COMPARISON BETWEEN THZ-TDS, THZ-CCS,
AND UHRR-THZ-TDS

In Chapter 1, first the conventional (typically fiber laser-driven) THz-TDS approach
has been introduced and then two closely related alternative approaches have been dis-
cussed separately: THz-CCS using either an MMLD or an SLD as the light source and
UHRR-THz-TDS using an MLLD as the light source. The detailed system-theoretical
analysis of UHRR-THz-TDS in Chapter 2 has provided hints that these approaches are
in fact quite complementary. In this chapter, it is attempted to provide a comprehen-
sive comparison of these approaches based on typical spectral and coherence proper-
ties of the different light sources. Subsequently, this comparison is used to discuss the
suitability of theses approaches for different applications.
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3.1 Spectral and coherence properties of the light sources

Fiber laser MLLD MMLD SLD

Spectral width > 10 THz < 3 THz < 3 THz > 5 THz
Pulse width < 100 fs > 600 fs n/a n/a

Mode spacing ≪ 1 GHz > 10 GHz > 10 GHz n/a
Apparent coherence length Long Long Short Virtually none

Table 3.1: Spectral and coherence properties of the considered light sources.

A summary of the spectral and coherence properties of the four light sources is given in
Table 3.1. Fiber lasers and MLLDs are both mode-locked. Their spectra exhibit distinct
modes with a small linewidth. With the proper chirp compensation, they emit optical
pulses whose repetition rate is given by the spacing of the modes. The major differ-
ence between fiber lasers and MLLDs is in their spectral width and mode spacing, in
other words their pulse width and repetition rate. While MMLDs also exhibit a mode
structure, these modes are not locked and thus exhibit very large linewidths. Conse-
quentially, the generated terahertz signals also exhibit a large linewidth. Moreover,
because of the lack of mode locking, the phase relationship between the modes is ran-
dom and rapidly changing, so that the emitted optical signal is not pulsed. MLLDs and
MMLDs however have somewhat similar spectral widths and mode spacings. SLDs
do not have a cavity and thus emit a noise-like optical signal with no mode structure.

Apparent coherence length

The coherence length is strictly defined only for single-mode lasers in terms of the
interference behavior between two laser beams that travel different distances before
being combined. Although it is oftentimes hand-wavingly explained as the distance
after which the beams “no longer produce interference fringes” and it is commonly ac-
cepted that the coherence length is inversely proportional to the linewidth of the laser,
the exact quantitative definition has been subject to much debate [110]. A useful and
straightforward definition of coherence length is the propagation distance correspond-
ing to the delay after which the envelope of the field autocorrelation function drops to
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1/e its maximum value 6. The field autocorrelation function of a single-mode laser is
illustrated in Figure 3.1.
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Figure 3.1: Qualitative field autocorrelation function of a single-mode laser. For illustrative
purposes, an unusually short coherence time Tcoh is depicted.

A mode-locked laser, be it a fiber laser or MLLD, simultaneously emits several lon-
gitudinal modes. All modes are emitted practically continuous-wave, so that their
linewidths are in the ballpark of that of a single-mode laser. However, the common
definition of the coherence length is not useful, as can be seen from the qualitative
autocorrelation functions illustrated in Figure 3.2. The plot shows a simulated field
autocorrelation function in blue and the corresponding intensity autocorrelation func-
tion in red.

The intensity autocorrelation function consists of repetitive pulses with the following
relationships to the optical spectrum:

• The pulse width is inversely proportional to the width of the optical spectrum.

• The repetition period is inversely proportional to the free spectral range.

• The decay rate of the envelope of the pulse maxima is related to the linewidths
of the longitudinal modes.

For the discussion in this section, the rate of decay of the envelope of the pulse maxima
is of particular importance. Thus, the definition of an “apparent“ coherence length

6 The field autocorrelation function is traditionally measured with an unbalanced Michelson interfer-
ometer. Because the Fourier transform of the interferogram is equal to the optical spectrum according to
the Wiener-Khinchin theorem, this apparatus is commonly called a “Fourier transform spectrometer”.
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Figure 3.2: Illustrative field (blue) and intensity (red) autocorrelation function of a mode-locked
laser.

introduced by Reisinger et al. [111] in 1979 appears to be very useful. The apparent
coherence length is defined as the propagation distance after which the envelope of
the field autocorrelation function has decayed to 1/e its maximum value. For a mode-
locked laser, the apparent coherence length can be in the range of meters to hundreds
of meters.

This concept is extended to MMLDs and SLDs by the qualitative autocorrelation func-
tions illustrated in Figures 3.3 and 3.4, respectively. Because of the lack of mode-
locking, the linewidths exhibited by MMLDs are orders of magnitude higher than
those of MLLDs. Thus, the envelope decays much faster and we observe apparent
coherence lengths in the centimeter range. SLDs emit broadband incoherent light, so
that their autocorrelation functions exhibit a single coherence spike at τ = 0.
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Figure 3.3: Illustrative field (blue) and intensity (red) autocorrelation functions of a multi-mode
laser.
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Figure 3.4: Illustrative field (blue) and intensity (red) autocorrelation functions of a superlu-
miscent diode.

3.2 Practical implications of the properties of the light
sources

In this section, the implications of the spectral and coherence properties as well as the
physical properties of the light sources are discussed in four areas of practical inter-
est: Spectroscopy, synthetic aperture radar (SAR) imaging, use in a distributed sensing
system, and monolithic integration. A summary of these implications and a qualitative
comparison are given in Table 3.2.

3.2.1 Spectroscopy

In this context, the term “spectroscopy” refers to sensing systems that operate in a
relatively static configuration (typically in transmission mode) and rely on spectral
information to characterize or classify materials. The most relevant parameters for
these applications are the bandwidth and spectral resolution of the system.

As discussed at great length, the spectral width of the light source and the efficiency of
the generation and detection processes influence the usable bandwidth of the terahertz
system. This puts fiber laser-driven THz-TDS systems with bandwidths of several
THz distinctly above the other approaches. UHRR-THz-TDS and SLD-driven THz-
CCS systems follow with maximum bandwidths around 1.5 THz, and MMLD-driven
systems trail close behind.

The maximum achievable spectral resolution is determined by the mode spacing of the
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light source. Being mode-less, SLD-driven THz-CCS systems have virtually unlimited
frequency resolution, followed by fiber laser-driven THz-TDS systems with sub-GHz
frequency resolution. The frequency resolution of these systems is typically limited by
the length of the ODU. UHRR-THz-TDS and MMLD-driven THz-CCS systems have a
much worse spectral resolution of the order of several ten gigahertz.

3.2.2 Synthetic aperture radar imaging

An up-and-coming application of THz-TDS is SAR imaging. The use of the SAR
principle with a commercial THz-TDS system was first demonstrated in our lab by
Damyanov et al. [15]. Because this approach does not require any collimating or focus-
ing optics, it is commonly referred to as “lensless” imaging. In a sense, the focusing
of the image is performed in software by a back-projection algorithm. This leads to a
very simple and flexible setup and has the advantage that the object under test does not
have to be placed in the focus of an imaging system. Basically, the emitter and detector
are placed besides each other, and both roughly face the object under test. By moving
the antennas relative to the object under test (or vice versa), measurements are per-
formed over a synthetic aperture. In a recent publication [13], I have demonstrated the
use of the SAR principle with UHRR-THz-TDS and shown that this approach allows
us to resolve sub-millimeter sized features 7.

There are four parameters of the photonic system that have a particularly strong influ-
ence on the behavior and performance of the imaging system:

• The bandwidth determines the range resolution.

• The dynamic range influences the distances, sizes, shapes, and materials of ob-
jects that can be detected.

• The field of view determines the distance range within which objects can be de-
tected.

• The unambiguous range determines the distance range within which no ambigu-
ity occurs.

7 I would like to thank M. Sc. Dilyan Damyanov for implementing the back-projection algorithm.
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As previously discussed, the detected amplitude of systems with mode-locked light
sources is higher than that of incoherent light sources, and for mode-locked light sour-
ces the detected amplitude increases with the number of modes. In the first approxi-
mation, the dynamic range is proportional to the detected amplitude. Thus, fiber laser-
driven systems have the highest dynamic range, followed by MLLD-driven systems.

To investigate the field of view and unambiguous range, we consider the vastly simpli-
fied block diagram of a prototype terahertz system depicted in Figure 3.5. The length
Lremote represents the length of the fiber that connects the light source to the terahertz
system. The lengths LTx and LRx represent the fiber lengths from the splitter to the
emitter and detector, respectively. The length LODU(τ0 + τ) represents the variable
length of the ODU, and the length LTHz represents the total length of the RF path from
the emitter to the detector.

THz
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THz
Rx

Light
source

︷ ︸︸ ︷
︷ ︸︸ ︷
︷ ︸︸ ︷

︷
︸︸

︷

Lremote

LTx

LRx LTHz

︷︸
︸︷LODU(τ0 + τ) τ0 + τ

Figure 3.5: Simplified block diagram of a photonic terahertz system including all relevant
lengths within the setup.

If we regard the system as an intensity autocorrelator, the zero point (and thus the
maximum) of the autocorrelation function is at LTx + LTHz = LRx + LODU(τ0). The
autocorrelation function is then scanned with the variable delay τ of the ODU. While
in static measurement scenarios, such as transmission-mode spectroscopy, the fiber
lengths can be adjusted according to the length of the RF path such that the zero point
of the autocorrelation falls within the delay range of the ODU, this may not be possible
in SAR imaging. The round-trip path length from the emitter to the object under test
and back to the detector may not be known a priori and may vary in use. Depending
on the light source, this can have different effects:
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• Fiber laser: Since the modes of a fiber laser are typically spaced much less than
1 GHz apart, the distance between the maxima of the autocorrelation is much
greater than 30 cm. For most practical ODUs, this can possibly result in no auto-
correlation maximum appearing within its delay range.

• MLLD: The modes of an MLLD are typically spaced more than 10 GHz apart,
i.e. the distance between the maxima of the autocorrelation is typically less than
3 cm, which is within the range of most ODUs. Thus, supported by the long
apparent coherence length of the MLLD, it is always possible to measure a pulse
independent of the round-trip path length of the RF path.

• MMLD: The case of an MMLD is similar to that of an MLLD, however, the enve-
lope of the autocorrelation function decays much faster, so that a significant loss
of signal amplitude is observed as the distance to the zero point is increased.

• SLD: The autocorrelation of the SLD only has a single maximum in the zero point.
Thus, a path length offset that is larger than the range of the ODU leads to no
usable signal being observed.

While the field of view of UHRR-THz-TDS vastly exceeds that of the other approaches,
this comes at the cost of a very short unambiguous range of c0/(2F). I have investi-
gated the effects of the short unambiguous range in Ref. [13]. An illustrative extract of
the results is depicted in Figures 3.6 and 3.7.

THz
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Rotating
table46 mm

120 mm

20 mm

Figure 3.6: Sketch of the measurement setup for SAR imaging of two aluminum cylinders.

Figure 3.6 shows a sketch of the top-view of the measurement setup. The object under
test consists of two aluminum cylinders with a height of 25 cm and a diameter of 4 mm
that are placed vertically on a motorized rotation stage at a distance of about 12 cm
from the terahertz emitter and detector. One of the cylinders is placed roughly in
the center of the rotation stage, whereas the other cylinder is placed 20 mm off-center.
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The resulting radargram after normalization against a reference reflector is depicted in
Fig. 3.7 (a) 8. We can identify two practically continuous lines that are repeated every
1/F ≈ 20 ps. The line with the small delay amplitude represents the cylinder that
is roughly in the center of rotation, whereas the line with the large delay amplitude
represents the cylinder that is 20 mm off-center. We can also see that the two objects
shadow each other after every 180◦ rotation. The resulting image after application
of the back-projection algorithm is depicted in Figure 3.7 (b). The image shows two
distinct circles with a radius of 4 mm as well as several ghost images caused by the
ambiguity of the system. The resolution of this ambiguity will be of significant interest
for future work.
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Figure 3.7: (a) Repeated radargram for the two aluminum cylinders. (b) SAR image of the two
aluminum cylinders.

3.2.3 Distributed sensing system

As discussed in Section 2.1, mode-locked laser sources require a precisely chosen length
of single-mode fiber between the light source and the emitter respectively detector for
pulse compression, i.e. the lengths Lremote + LTx and Lremote + LRx have to be matched
to the chirp of the light source with sub-meter precision. This puts a limit on the maxi-
mum distance between the light source and the emitter respectively detector. This can

8 Since the frequency resolution of the system is F, the actual length of the measured radargram is
1/F. Here, the radargram is repeated 12 times to virtually extend the field of view presented to the
back-projection algorithm.
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be relevant for distributed sensing systems in which emitters and detectors are placed
far away from the light source. In the case of an MLLD, the maximum fiber length
is typically in the range of a few dozen meters. In the case of a fiber laser, it is natu-
rally in the range of a few meters. However, fiber lasers oftentimes have the option of
pre-chirping the pulse at their output in order to extend this range. THz-CCS system
have an inherent advantage in such applications because they do not require any pulse
compression.

3.2.4 Monolithic integration

The degree of integration of photonic terahertz systems is still lagging way behind
electronic systems due to the technological heterogeneity of the required components.
Even though the only two components actually operating at terahertz frequencies, i.e.
the emitter and detector, are fabricated on a semiconductor process, the rest of the
system lacks monolithic integration. While MLLDs, MMLDs, and SLDs are suitable
monolithic light sources, all three in principle still require an ODU, which cannot be
easily realized in an integrated circuit. However, the long coherence length and tun-
ability of MLLDs promise to allow the adaptation of the ASOPS or ECOPS concept
with UHRR-THz-TDS. While this removes the need for an ODU, there is currently no
monolithic replacement for the aforementioned section of single-mode fiber for pulse
compression. On the other hand, MMLDs and SLDs do not require pulse compression
but are not suitable for ASOPS or ECOPS.
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CHAPTER

FOUR

SPECTRAL SHAPING

As seen in Chapter 2, the detected terahertz spectrum in an UHRR-THz-TDS system
depends on the optical spectrum of the MLLD and the transfer function of the terahertz
system. The latter is determined by the frequency response of the terahertz emitter
and detector as well as the RF channel between the two. As discussed in Chapter 1,
the optimization of the frequency responses of the emitter and the detector is subject
to active technological work on the semiconductor structures. The primary objectives
are increasing the bandwidth and the dynamic range.

In this chapter, it is shown how the remaining contributor, namely the optical spec-
trum, can be purposefully modified to shape the detected terahertz spectrum. Such
spectral shaping can have most diverse goals, for example

• maximizing the detectable bandwidth,

• maximizing the spectral amplitudes within a given bandwidth,

• maximizing the amplitudes of particular spectral components, or

• suppressing particular spectral components.

There are in principle three ways to modify the optical spectrum:
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• Technologically modifying the spectrum emitted by the MLLD: This approach
leads to the most compact and lowest-cost system, but it is technologically chal-
lenging and does not allow the spectrum to be changed subsequently.

• Filtering the optical spectrum with a static optical filter: This approach is tech-
nologically simple, but it only allows a limited set of spectral shapes and does
not allow the spectrum to be changed subsequently.

• Filtering the optical spectrum with a programmable optical filter: This ap-
proach is technologically simple and allows the generation of virtually arbitrary
spectral shapes that can be changed at any time, but it introduces a bulky and
expensive instrument into the system.

In the following, a general approach for spectral shaping and a few numerical exam-
ples are presented. Subsequently, first experimental results are shown and practical
limitations are discussed.

4.1 Concept and numerical results

Consider the schematic sketched in Figure 4.1. Assuming that the complex optical
spectrum of the MLLD and the transfer function of the terahertz system are known,
Equation (2.15) can be used to analyze the spectral amplitudes of the intensity au-
tocorrelation and Equation (2.16) to analyze the spectral amplitudes of the detected
terahertz spectrum. Vice versa, if the goal is to generate a terahertz spectrum with
particular spectral amplitudes and if the transfer function of the terahertz system is
known, we can invert Equation (2.16) to synthesize the required spectral amplitudes of
the intensity autocorrelation. However, the required complex optical spectrum cannot
directly be synthesized because Equation (2.15) is not analytically invertible. One solu-
tion is using numerical methods to find a complex optical spectrum that approximates
the desired autocorrelation spectral amplitudes. Here a genetic algorithm is used for
that purpose 9.

9 This approach has been investigated under my supervision as part of the master project entitled
“Optimization and realization of optical spectra for terahertz time-domain spectroscopy using genetic
algorithms” by M. Sc. Muhamed Dedic and M. Sc. Peter Krämer. I have published a summary of their
work in Ref. [10].



4.1. CONCEPT AND NUMERICAL RESULTS 65

Complex

E = (E0 , ... , EN−1)

Autocorrelation

A = (A1 , ... , AN−1)

terahertz spectrum

Idet(mΩ)

Am =
N−1
∑

k=m

N−1
∑

l=m
EkEk−mElEl−m

optical spectrum
spectral amplitudes

Detected

Idet(mΩ) = HTHz(mΩ) · Am

Terahertz

HTHz(mΩ)

transfer function Am =
Idet(mΩ)

HTHz(mΩ)

· cos [(φk − φk−m)− (φl − φl−m)]

Genetic

Analysis Analysis

Synthesis Synthesis
φ = (φ0 , ... , φN−1)

algorithm

Figure 4.1: Concept for spectral shaping.

The genetic algorithm aims to minimize the value of a scalar fitness function ξ. In
our case, the independent variables of the genetic algorithm are the optical amplitudes
E = (E0 , E1 , ... , EN−1) and phases φ = (φ0 , φ1 , ... , φN−1). Since the goal is to syn-
thesize desired autocorrelation spectral amplitudes A = (A1 , A2 , ... , AN−1), we can
intuitively define a suitable fitness function ξ(A). The relationship between the inde-
pendent variables E and φ and the spectral amplitudes A is in turn defined by Equa-
tion (2.15), which can be efficiently implemented in the genetic algorithm to obliquely
reformulate the fitness function ξ(A) = f

(
A(E,φ)

)
.

In this section, the optimization problem is simplified by fixing the optical phases
φ = 0 and only varying the optical amplitudes E. There is good practical justifica-
tion for this besides the reduced computational effort. Firstly, the maximum autocor-
relation spectral amplitudes result in the case of a linear (or constant) optical phase
due to constructive interference between the beat tones. Thus, the only justification
for deviating from a linear optical phase is the potential to suppress particular auto-
correlation spectral amplitudes through well-controlled destructive interference. This
would, however, inevitably be at the cost of the other spectral amplitudes. There is
no conceivable application in which that would be beneficial. Secondly, the relation-
ship between the optical phases and the fitness function is highly volatile, causing the
genetic algorithm to converge much slower than if only the optical amplitudes are con-
sidered. Thirdly, experiments have shown that if the optical phases are considered in
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the optimization procedure, even the slightest deviation in the realized optical phases
causes the measured spectrum to deviate vastly from its designed shape.

An important aspect in the use of the genetic algorithm is the bounding and normal-
ization of the variables E. Practically, the lower and upper bounds are defined by the
lowest and highest amplitudes that can be achieved by filtering and amplification. For
the sake of simplicity, the lower and upper bounds are set to zero and infinity, respec-
tively. The normalization is required to get meaningful and comparable optimization
results. To that end, the genetic algorithm calculates the spectral amplitudes A within
the fitness function as functions of the normalized spectral amplitudes E/ |E|. This
normalization can be physically interpreted as a constant average optical power.

In the following, a few noteworthy numerical results for the spectral shaping approach
is presented. To simplify the interpretation and keep the results generally applicable,
the transfer function of the terahertz system is neglected and the optimization goals
are defined in terms of the autocorrelation spectral amplitudes A considering N = 100
laser modes. The genetic algorithm is supplied by the Optimization Toolbox in MAT-
LAB R2021A.

4.1.1 Maximizing the total power

The first optimization goal has the objective of maximizing the total “power” of the
intensity autocorrelation, i.e. maximizing |A|2. To convert this into a minimization
problem, the fitness function

ξmax. power(A) = |A|−2 (4.1)

is defined. This optimization goal can be interpreted as maximizing the optical-to-
detected power efficiency. The resulting spectra are shown as red curves in Figure 4.2.
Plot (a) shows the optical amplitude spectrum and plot (b) shows the resulting auto-
correlation spectrum. For reference, the blue curves depict the spectra for a uniform
optical spectrum with the same average optical power.

This optimization has yielded an increase in total power of
∣∣Amax. power

∣∣2 / |Auniform|2 =

1.166. It can be seen that the optimization procedure has symmetrically favored the
spectral components in the middle of the optical spectrum at the cost of the spectral
components at the outer edges. This can be explained by the fact that these appear
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Figure 4.2: Optimization results for optimizing the total power of the intensity autocorrelation
for the case of N = 100 laser modes. The red curve shows the optimized spectra, whereas
the blue curve shows the spectra for a uniform optical spectrum for reference. (a) Optical
amplitude spectrum E. (b) Autocorrelation spectrum A. The optical spectra are normalized so
that |E| = 1.

most frequently in the calculation of A. As will be discussed later in this chapter, this
optical spectrum can be realized comparatively easily, as its maximum is located in the
middle and the ratio of the highest to the lowest mode is relatively small.

4.1.2 Maximizing the bandwidth

An optimization goal that has high practical value is the maximization of the band-
width. There are different ways to mathematically define this goal. A particularly
promising fitness function is

ξmax. bandwidth(A) =
1

min
{

Am
2
} . (4.2)

With this fitness function, the genetic algorithm strives to maximize the squared mag-
nitude of the weakest spectral component. For each individual within each generation,
it identifies the spectral component with the smallest amplitude, and favors those indi-
viduals for which it is the highest. Over time, this has the effect of equalizing the spec-
trum by iteratively “pulling up” one spectral component after the other. The resulting
spectra are depicted in Figure 4.3. Plot (b) shows that this approach generated an au-
tocorrelation spectrum that is virtually flat for m > 40. This comes at the cost of the
spectral components m < 79, but achieves a significant gain for m > 79. Plot (a) nicely
visualizes how this is achieved. Since the highest spectral components of the autocor-
relation result from the beating of the outermost components of the optical spectrum,
these are enhanced to achieve the desired optimization goal. This leads to a “bathtub
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shape“ of the optical spectrum. While attractive, we will later see that this approach is
hard to realize and in practice leads to smaller gains than in theory.
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Figure 4.3: Optimization results for optimizing the bandwidth of the intensity autocorrelation
for the case of N = 100 laser modes. The red curve shows the optimized spectra, whereas
the blue curve shows the spectra for a uniform optical spectrum for reference. (a) Optical
amplitude spectrum E. (b) Autocorrelation spectrum A. The optical spectra are normalized so
that |E| = 1.

4.1.3 Maximizing a particular spectral component

A straightforward optimization goal is the maximization of a particular spectral com-
ponent m = m0. It requires the simple fitness function

ξmax. m0(A) =
1

Am=m0
2 . (4.3)

Despite the simplicity of the fitness function, the interpretation of the results is quite
involved because the resulting spectra strongly depend on the choice of m0. Three
distinct cases can be identified:

(a) m0 = 1

The result for the case m0 = 1 is depicted in Figure 4.4. The magnitude A1 approaches
1, which means a small gain of A1,optim./A1,uniform = 1.0193 compared to the uniform
spectrum.

(b) 1 < m0 < N /2

The case 1 < m0 < N/2 is most complicated because it generates complex spectral
shapes that are difficult to interpret. Examples of resulting spectra for four different
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Figure 4.4: Optimization results for maximizing the spectral component m = m0 = 1 for the
case of N = 100 laser modes. The red curve shows the optimized spectra, whereas the blue
curve shows the spectra for a uniform optical spectrum for reference. (a) Optical amplitude
spectrum E. (b) Autocorrelation spectrum A. The optical spectra are normalized so that |E| = 1.

choices of m0 are depicted in Figure 4.5. While no simple rule can be extracted from
these results, there appears to be a periodicity with the period m0 in the optical spectra.
The autocorrelation spectral amplitudes exhibit peaks around integer multiples of m0.
The width of these peaks decreases with increasing value of m0.

(c) N /2 ≤ m0

The analysis of the case N/2 ≤ m0 gives quite conclusive and useful results. Examples
of resulting spectra for four different choices of m0 are depicted in Figure 4.6. For
m0 = N/2, the genetic algorithm produces a uniform optical spectrum

Ek, optim., m0=N/2 = N−1/2 , 0 ≤ k ≤ N − 1 . (4.4)

For m0 = N − 1, the genetic algorithm produces an optical spectrum consisting of only
the outer two modes

Ek, optim., m0=N−1 =

 2−1/2 , k ∈ {0 , N − 1}

0 , else
. (4.5)

For N/2 < m0 < N − 1, the genetic algorithm produces optical spectra that consist of
two blocks with roughly uniform amplitudes and a 2 · m0 − N wide gap in between.
The existence of this gap is easy to explain by the fact that there are no laser modes
located m0 away from the modes within the gap. Thus, they cannot contribute to Am0

and it is best so set their amplitudes to 0. Comparing the result for N/2 < m0 < N − 1
with the results for m0 ∈ {N/2 , N − 1}, it is reasonable to assume that the optimum
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Figure 4.5: Example optimization results for maximizing spectral components 0 < m = m0 <

N/2 for the case of N = 100 laser modes. The red curve shows the optimized spectra, whereas
the blue curve shows the spectra for a uniform optical spectrum for reference. (a,c,e,g) Optical
amplitude spectrum E. (b,d,f,h) Autocorrelation spectrum A. (a,b) m0 = 10, (c,d) m0 = 20, (e,f)
m0 = 30, (g,h) m0 = 40. The optical spectra are normalized so that |E| = 1.

solution results when the roughly uniform amplitudes are replaced with perfectly uni-
form amplitudes. The corresponding spectra are shown in yellow in Figure 4.6.

Upon closer inspection, it can be seen that these “guessed” spectra lead to a marginally
higher amplitude Am0 than the result of the genetic algorithm. The presumably opti-
mum solution for the case N/2 ≤ m0 can be summarized as

Ek, optim., m0≥N/2 =

 0 , N − m0 ≤ k < m0

[2 · (N − m0)]
−1/2 , else

(4.6)

with the resulting amplitude

Am0, optim.
∣∣
m0≥N/2 = 0.25 . (4.7)
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Figure 4.6: Example optimization results for maximizing spectral components 0 < m = m0 <

N/2 for the case of N = 100 laser modes. The red curve shows the optimized spectra, whereas
the blue curve shows the spectra for a uniform optical spectrum for reference. The yellow curve
represents the presumably optimum solution according to Equation (4.6). (a,c,e,g) Optical am-
plitude spectrum E. (b,d,f,h) Autocorrelation spectrum A. (a,b) m0 = 50, (c,d) m0 = 60, (e,f)
m0 = 80, (g,h) m0 = 99. The optical spectra are normalized so that |E| = 1.

4.2 First experimental results

4.2.1 Spectral shaping testbed

In Ref. [10], I have presented a testbed to experimentally test the viability of spectral
shaping for UHRR-THz-TDS and shown first experimental results. A block diagram
of the testbed is depicted in Figure 4.7.

The centerpiece of the testbed is the combination of a Finisar Waveshaper 1000A pro-
grammable optical filter and a Thorlabs EDFA100P Erbium-doped fiber amplifier (EDFA).
The polarization-maintaining Waveshaper can generate user-defined filter functions
that are arbitrary both in magnitude and phase with a frequency resolution of 10 GHz
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Figure 4.7: Block diagram of the spectral shaping testbed. Red lines indicate single-mode fibers,
blue lines indicate polarization-maintaining fibers, and black lines indicate electrical connec-
tions.

across the frequency range from 191.25 to 196.275 THz. Because the filter is passive,
it is followed by an EDFA to re-amplify the optical signal and ensure that its average
power is constant independent of the chosen filter shape.

The light source for the testbed is the same two-section QD MLLD from Fraunhofer
HHI with an FSR of about 50.14 GHz as used in Section 2.3. Because the FSR of the
MLLD is higher than the frequency resolution of the Waveshaper, each laser mode
can be independently adjusted both in amplitude and phase. The output signal of the
MLLD first passes through an isolator to avoid back-reflections into the MLLD. The
combination of a polarization controller (PC) and polarization beam splitter (PBS) is
used to launch the light into the slow-axis of the PM fiber that is connected to the input
of the Waveshaper. The PC is adjusted until the power at the orthogonal output of the
PBS is minimized.

The pulse chirp is roughly compensated with a 50 m long section of PM fiber. The chirp
compensation is then fine-tuned with the phase of the Waveshaper. A fraction of the
signal at the output of the EDFA is split off and fed into an optical spectrum analyzer
(OSA) to verify the generated amplitude spectrum. The majority of the optical sig-
nal is fed into a conventional terahertz spectrometer using a photodiode-based emitter
module (THz Tx) and a photoconductive detector module (THz Rx), both from Fraun-
hofer HHI. The ODU is an OZ Optics ODL-650 with a delay range of 330 ps. The data
acquisition is performed with a Zurich Instruments MFLI lock-in amplifier. The lock-
in detection is enabled by modulating the bias voltage of the terahertz emitter. The
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RF path between emitter and detector is a simple collimated transmission geometry
consisting of two off-axis parabolic mirrors.

This testbed allows the generation of a large variety of spectral shapes while allowing
a fair comparison between the results by keeping the average optical power at the
emitter and detector constant with the help of the EDFA. To demonstrate the viability
of the spectral shaping approach and motivate further investigations, a particularly
interesting spectral shape that I have first published in Ref. [10] is shown here.

4.2.2 Maximizing the bandwidth

The optimization goal is based on the maximization of the bandwidth described in
the previous section. However, because we know that the bandwidth of our tera-
hertz system is limited by the emitter and detector to about 1.3 THz, only the first
1.3 THz/50.14 GHz ≈ 25 spectral components of the intensity autocorrelation are con-
sidered. This results in the fitness function

ξmax. bandwidth(A) =
1

min
{

Am
2
} , 1 ≤ m ≤ 25 . (4.8)

The measured spectra are depicted in Figure 4.8. Plot (a) shows the optical spectra and
plot (b) shows the terahertz spectra. The fat blue lines indicate the unshaped spectra
using the natural optical spectrum of the MLLD. The fat red lines indicate the spectra
resulting after shaping with the Waveshaper. The thin lines highlight the maxima of
the spectra peaks.

The measured terahertz spectra in plot (b) show that by spectral shaping the spectral
components between 1 and 1.5 THz are enhanced by up to 8 dB. This is a quite remark-
able improvement of the system’s performance. However, it comes at the cost of the
spectral components between 100 GHz and 1 THz. The optical spectra in plot (a) re-
veal how this change of the terahertz spectrum is achieved. The spectral shaping has
generated an optical spectrum consisting of two hills with a valley in between. The
distance between the crests of the hills is about 25 · 50.14 GHz ≈ 1.25 THz. The highest
spectral components of the terahertz spectrum result solely from the beating of the am-
plified laser modes within the two hills. The attenuated modes within the valley only
contribute to the lower spectral components. By comparison with the theoretical case
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Figure 4.8: (a) Measured optical spectra of the MLLD without (blue) and with (red) spectral
shaping. (b) Measured terahertz spectra without (blue) and with (red) spectral shaping.

depicted in Figure 4.3, it is evident that the distance between the crests of the hills is
always determined by the highest spectral component that is considered in the fitness
function.

4.3 Practical limitations

There are a few practical limitations to the spectral shaping concept that shall be briefly
discussed here. This discussion is focused on the programmable optical filter ap-
proach. The limitations originate from the transfer function of the terahertz system,
the programmable optical filter, the optical amplifier, and the spectrum of the MLLD.

4.3.1 Terahertz system

Due to the frequency response of the terahertz emitter and detector, the terahertz sys-
tem exhibits a low-pass behavior. Considering Figure 2.6 (b), a 45 dB drop-off across a
1.3 THz bandwidth can be observed. This naturally puts high frequencies at a disad-
vantage over low frequencies. If the goal is to flatten the spectrum, the autocorrelation
spectral amplitudes Am would have to cancel this effect. However, as we have seen,
the amplitudes Am naturally drop off towards higher frequencies, too. Furthermore,
the transfer function of the terahertz system can exhibit distinct nulls, for example
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due to water absorption. Spectral components that fall within these absorption lines
are nearly impossible to recover. Moreover, by considering the theoretical results for
maximizing the bandwidth depicted in Figure 4.3, it is evident that a net gain is only
achieved if the spectral components of the intensity autocorrelation that are enhanced
do not experience excessive attenuation by the terahertz system.

4.3.2 Programmable optical filter and amplifier

The programmable optical filter is a passive device, that is to say it can only attenuate
spectral components. The amplification of a spectral component requires an optical
amplifier, as described in the previous section. However, the gain of the optical am-
plifier – in the case shown here an EDFA – is limited, typically between 20 and 30 dB.
Consequentially, laser modes can only be amplified by a limited factor. Moreover, the
attenuation that can be generated by the programmable optical filter is limited. In the
case of the Waveshaper, it can be set between 0 and 30 dB. Furthermore, there are slight
inaccuracies and interrelationships in the combined magnitude and phase functions of
Waveshaper and EDFA.

4.3.3 Mode-locked laser diode

The spectrum of an MLLD typically exhibits an inverse U-shape, i.e. there is a natural
drop-off towards the outer edges of the spectrum. In combination with the limitations
of the programmable optical filter and the amplifier, this puts a lower and an upper
bound on the amplitudes Ek that can be practically realized. The lower and upper
bounds of the magnitude of a particular mode k = k0 depend not only on the index k0

but also on the chosen magnitudes for the other modes Ek ̸=k0 .

In summary, while the spectral shaping concept proposed here allows severe and use-
ful modifications of the detected terahertz spectrum, the limitations of the components
as well as the terahertz generation and detection process itself restrict the spectral
shapes that can be practically realized. The amplitudes of the highest spectral com-
ponents are particularly limited. Ideally, all involved devices are well-characterized
and their behavior considered in the determination of the filter coefficients. Further-
more, it may be viable to iteratively measure the terahertz spectrum and adjust the
filter coefficients to approach the desired spectral shape.



76



CHAPTER

FIVE

INTERFEROMETRIC RECONSTRUCTION OF THE
DELAY AXIS

One of the most critical components of an UHRR-THz-TDS system is the ODU. It is
used to sample the received terahertz signal with a delayed version of the optical signal
that has generated the transmitted terahertz signal. The accuracy of the delay that is
introduced by the ODU is of utmost importance for the performance and accuracy
of the system. In the previous chapters, we have assumed that the ODU delays the
optical signal with a well-known and linearly increasing delay τ. However, in reality
this assumption is not accurate. Generally, it is more accurate to state that the ODU
introduces a delay τ(t) at the observation time t. The detected photocurrent at the
time t thus becomes idet

(
τ(t)

)
. For the purposes of this discussion, it is assumed that

the delay changes much slower with time than the infrared and terahertz signals.

5.1 State of the art and problem formulation

Conventionally, the ODU is a free-space optical device that is constructed as illustrated
in Figure 2.1. The light at the input fiber is collimated into free space, reflected from a
mirror (typically a hollow-roof prism), and focused into the output fiber. The mirror
is mounted on a motorized translation stage, so that the length of the free-space path
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– and thus the introduced delay – can be adjusted. Because the accuracy of the delay
depends on the positioning accuracy of the mirror, typically great effort is spent on
the mechanical quality of the device. This makes an accurate ODU quite bulky, heavy,
expensive, and mechanically sensitive.

In a conventional THz-TDS system, the delay range of the ODU is usually in the order
of a few hundred picoseconds. Thus, the device is typically several centimeters to a
few decimeters long. It is important to note that for UHRR-THz-TDS the ODU can be
much shorter than that. Because identical infrared and terahertz pulses arrive at the
terahertz detector with the repetition rate of the MLLD, each pulse contains the full
spectral information and thus – theoretically – a delay range of 1/F is sufficient.

The ODU can generally be operated in three different modes:

• Stepped mode: The mirror is moved in incremental steps and the detected pho-
tocurrent is measured in the times between the steps whenever the mirror is sta-
tionary. This mode generally has a high positioning accuracy and requires hardly
any time synchronization between the ODU and the data acquisition. However,
it is very slow and energetically inefficient due to the frequent acceleration and
deceleration of the mirror.

• Point-to-point continuous mode: The mirror is moved continuously between
two positions, for example its two end stops. This mode can be much faster
than the stepped mode, but it requires accurate time synchronization between
the movement of the ODU and the data acquisition. Moreover, during the ac-
celeration and deceleration times at the ends of the delay range, the relationship
between the measurement time and the delay is inevitably non-linear.

• Harmonic mode: If the mirror is driven by a voice-coil motor, it can be viable
to drive it with a harmonic signal, such that the delay changes sinusoidally with
time. This mode can be particularly fast and energy efficient, but it requires a
technique to compensate the non-linear relationship between measurement time
and delay. The harmonic mode is particularly interesting for UHRR-THz-TDS
because the comparatively short stroke of voice-coil motors matches the ultra-
high repetition rate.
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We set aside the harmonic mode for a moment and first consider only the stepped and
point-to-point continuous modes. In both cases, the delay can show both systematic
and random deviations from its ideal linear characteristic. These are generally due to
mechanical inaccuracies or external influences. A common cause of delay fluctuations
are, for example, the threads of the lead screw that translates the rotation of the mo-
tor inside the ODU into a translation. The influences of these errors in conventional
THz-TDS have been subject to extensive research [112–115]. Using system-theoretical
models as well as numerical simulations and measurements, it has been found that
these errors reduce the signal amplitude, increase the apparent noise floor, and reduce
the spectral bandwidth. In the case of the point-to-point continuous mode, an addi-
tional source of error can be the synchronization between the movement of the ODU
and the data acquisition. In the simplest case, a random delay between the start of the
movement of the ODU and the sampling of the detected photocurrent causes a random
delay offset between measurements. Since this offset cannot be differentiated from the
delay introduced by the RF channel, it puts a direct limit on the time resolution of the
system. It is thus necessary to either eliminate these errors by improving the ODU or
correct them with a suitable reference signal.

In 2017, Molter et al. [114] demonstrated a promising concept for correcting the delay
axis in a THz-TDS system by using a continuous-wave laser and a Mach-Zehnder inter-
ferometer to generate a reference signal. A block diagram of their concept is sketched
in Figure 5.1.

THz
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THz
Rx

Bias Voltage

idet(τ)

ETHz(ω)

E′
THz(ω)

femtosecond laser

continuous-wave laser

iInterf(τ)

τ

Figure 5.1: Block diagram of the interferometric concept for the reconstruction of the delay axis
demonstrated by Molter et al. [114].
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The setup is conceptually a conventional time-domain spectrometer driven by a fem-
tosecond laser. In addition to the femtosecond laser, the light from a continuous-wave
laser is polarization-multiplexed through the ODU with a pair of polarization beam
splitters. Behind the ODU, the de-multiplexed delayed light from the continuous-wave
laser is combined with a non-delayed version of itself and detected in a photodiode.
By splitting the optical signal from the continuous-wave laser in front of the ODU and
combining it again behind the ODU, a Mach-Zehnder inferometer is formed. The pho-
tocurrent generated in the photodiode is of the form

iInterf(τ)
∼
∝ 1 + cos(2π · fcw · τ) , (5.1)

where fcw is the frequency of the continuous-wave laser. In Ref. [114] a HeNe laser
with fcw ≈ 474 THz was used. Thus, the interferogram measured by the photodiode
shows one minimum and maximum for every 2.1 fs change of the delay τ. By counting
the extrema of the interferogram as the ODU is moved, the delay axis can be easily
reconstructed with femtosecond accuracy. This approach has proven to generate a
highly accurate delay axis without imposing demanding requirements on the ODU.
In fact, this approach allows the use of a very simple and inaccurate ODU without
any performance penalty. However, because the interferogram is perfectly periodic
with the frequency of the continuous-wave laser, only relative information about the
delay axis can be retrieved. It is not possible to use this interferogram for absolute
synchronization, that is to say for eliminating a delay offset.

The interferometric concept can be adopted in a particularly elegant, simple, and use-
ful way to UHRR-THz-TDS in a novel approach that I have first published in Ref. [3].
By using the optical signal from the MLLD in an interferometer, this new approach
allows both absolute time synchronization and correction of the delay axis with min-
imal hardware effort. In the following, first the concept is introduced, the setup is
explained, and a mathematical expression for the resulting interferogram is derived.
Subsequently, the use of this concept for time synchronization is demonstrated, and
it is shown how it can facilitate the efficient and accurate processing of measurement
data. Finally, an outlook to using this concept for complete correction of the delay axis
is given and some of the unique opportunities offered by its use are highlighted.
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5.2 System setup and derivation of the interferogram

A block diagram of the concept is depicted in Figure 5.2. The setup consisting of the
MLLD, chirp compensation, coupler 1, ODU, terahertz emitter, and terahertz detec-
tor resembles a conventional UHRR-THz-TDS system. The only addition is the part
highlighted in gray consisting of couplers 2 through 4 and a pair of photodiodes.

THz
Tx

THz
Rx

Bias Voltage

idet(τ)

ETHz(ω)

E′
THz(ω)

MLLD
Chirp

Compensation

τ

Eopt(ω)
iInterf,−(τ)

iInterf,+(τ)

1

2

3

4

Interferometer

Figure 5.2: Block diagram of the novel interferometric concept for the reconstruction of the
delay axis in UHRR-THz-TDS.

Couplers 2 and 3 split off a part of the optical signal going to the emitter and detector,
respectively. These signals are then combined in coupler 4, and the combined signals
are detected by a balanced pair of photodiodes. The four couplers in the system effec-
tively form a Mach-Zehnder interferometer. If we assume the optical spectrum of the
MLLD given in Equation (2.1), it can be shown that the resulting photocurrents are [3]

iInterf,−(τ) ∝
N−1

∑
k=0

Ek
2 · {1 − cos [2π · ( f0 + kF) · τ]} (5.2)

and

iInterf,+(τ) ∝
N−1

∑
k=0

Ek
2 · {1 + cos [2π · ( f0 + kF) · τ]} . (5.3)
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The difference of these two photocurrents is then [3]

iInterf(τ) = iInterf,+(τ)− iInterf,−(τ) ∝
N−1

∑
k=0

Ek
2 · cos [2π · ( f0 + kF) · τ] . (5.4)

This interferogram is simply the linear superposition of the individual interferograms
of all laser modes. A calculated example is depicted in Figure 5.3. Plot (a) shows the
normalized and discretized optical spectrum of the two-section MLLD used in Chap-
ters 2 and 4. Plot (b) shows the corresponding interferogram. The interferogram con-
sists of a carrier-frequency oscillation at approximately the frequency f0 that is modu-
lated by an envelope that is periodic with the repetition rate F of the MLLD. Inciden-
tally, the Fourier transform of the interferogram is the power spectral density of the
electric field emitted by the MLLD.
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Figure 5.3: (a) Normalized and discretized optical spectrum of an MLLD. (b) Calculated inter-
ferogram for the optical spectrum in (a).

The signal from the interferometer is obviously independent of the transfer function of
the terahertz system. Its envelope exhibits the same periodicity as the detected tera-
hertz photocurrent and serves as an accurate absolute time reference between measure-
ments. This can, for example, be realized by defining the range between two maxima
of the envelope as the range 0 ≤ τ ≤ 1/F. Doing so automatically establishes a stable
time-relationship for the detected terahertz signal. At the same time, the internal os-
cillation of the interferometer signal can be used for accurate relative corrections of the
delay axis.
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5.3 Time synchronization and signal processing
for UHRR-THz-TDS

The prerequisite for the proposed technique is that the signals from the terahertz de-
tector and the interferometer are synchronously sampled with a sufficient sampling
rate. The required sampling rate is determined by the bandwidth of the signal from
the interferometer, which depends on the optical spectrum as well as the speed of the
ODU dτ(t)/dt. Assuming that the ODU stops at the outer ends of its range and moves
with the maximum speed dτ(t)/dt|max , the signal from the interferometer covers the
frequency range

0 ≤ f ≤ [ f0 + (N − 1) · F] · dτ(t)
dt

∣∣∣∣
max

. (5.5)

If we assume a linear movement of the ODU and a scan rate of 1 Hz for the 2 · 20 ps
scan range, the maximum frequency is approximately 7.8 kHz 10. In the following para-
graphs, first the synchronization algorithm using the signal from the interferometer is
explained, and then a few experimental results using this concept for the thickness de-
termination of thin dielectric layers together with the necessary signal processing steps
are shown.

5.3.1 Synchronization algorithm

The time-discrete signals to be considered are the sampled photocurrents from the in-
terferometer

iInterf[n] = iInterf(nTS) , n ∈ Z , (5.6)

and from the terahertz detector

idet[n] = idet(nTS) , n ∈ Z , (5.7)

where TS is the sampling period. The first step of the synchronization algorithm is to
determine the envelope of the interferometer signal and to find the locations n1 and

10 The bandwidth of the the interferogram is two orders of magnitude larger than that of the pho-
tocurrent from the terahertz detector. The use of the interferometer thus leads to a significant increase
of the required sampling rate and storage capacity.
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n2 of two consecutive maxima of the envelope. Next, the signal from the terahertz
detector is trimmed at the locations of the maxima to extract exactly one period

idet, sync[k] = idet[n1 + k] , 0 ≤ k < NS = n2 − n1 , (5.8)

where NS is the number of samples within one period. Finally, assuming a linear delay
axis, we specify the delays

τ[k] =
k

NS
· 1

F
, 0 ≤ k < NS . (5.9)

Besides synchronizing the samples between measurements, this approach has the ben-
efit that the trimmed signal idet, sync[k] is exactly one period of the periodic detected
photocurrent. Thus, the discrete terahertz spectrum

Idet, sync[i] = Idet, sync(iF) , 0 ≤ i < NS , (5.10)

can be precisely determined by discrete Fourier transform of idet, sync[k]. Notably, the
accurate cropping of the signal alleviates the need for windowing in the time domain.
Moreover, the frequency resolution of the sampled signal is exactly equal to the theo-
retical frequency resolution achievable with the MLLD.

5.3.2 Experimental results

To test the synchronization concept and to evaluate its accuracy, transmission-mode
measurements of dielectric layers with well-known thicknesses were performed using
the measurement setup sketched in Figure 5.4. The MLLD used here is the Thorlabs
FPL1009P with the free spectral range F ≈ 43.45 GHz.

The terahertz path consists of two pairs of polymethylpentene (TPX) lenses in a fo-
cused transmission-mode geometry. The interferometer is realized by splitting off
fractions of the optical signals going to the terahertz emitter and detector, respectively,
with a pair of 90:10 fused-fiber couplers and combining them in a 50:50 fused-fiber cou-
pler. Two low-cost fiber-coupled telecom photodiodes are used to detect the interfer-
ence signal. Their photocurrents are transimpedance-amplified with two variable-gain
transimpedance amplifiers (TIAs), whose gains are adjusted to compensate any imbal-
ances between the two photocurrents. The difference voltage is then generated by an
analog difference amplifier. As explained in the previous paragraph, the signals from
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Figure 5.4: Experimental setup for the interferometric synchronization concept.

the terahertz detector and the interferometer, respectively, are synchronously sampled
on two channels of a digital storage oscilloscope (DSO). Conveniently, the DSO is trig-
gered on the rising edge of the signal from the interferometer, so that the traces from
the DSO are already roughly synchronized. Further experimental details can be found
in Ref. [3].

An example of the sampled voltages is depicted in Figure 5.5. Plot (a) shows the signals
without a sample in the terahertz path (i.e. the reference signals) and plot (b) shows the
signals when a 1 mm thick cyclic olefin copolymer (COC) sample is placed in the focus
of the terahertz path. The blue curve represents the signal from the interferometer, the
yellow curve represents its envelope, and the black crosses mark two maxima. The red
curve represents the synchronously sampled signal from the terahertz detector. It can
be seen that due to the DSO being triggered off of the signal from the interferometer,
the positions of the maxima change only slightly between the measurements, whereas
the signal from the terahertz detector – as expected – changes its position and shape as
the COC sample is placed in the terahertz path.

After applying the synchronization algorithm, averaging over 100 traces, and scal-
ing with the gain of the transimpedance amplifier, the photocurrents depicted in Fig-
ure 5.6 (a) result. The discrete Fourier transform of these photocurrents yields the
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Figure 5.5: Sampled voltages (a) without a sample in the terahertz path and (b) with the COC
sample in the focus of the terahertz path. The blue curve represents the signal from the inter-
ferometer, the yellow curve represents its envelope, and the black crosses mark two maxima.
The red curve represents the synchronously sampled signal from the terahertz detector.
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Figure 5.6: (a) Synchronized and scaled detected photocurrents without and with the COC
sample in the terahertz path. Absolute value (b) and phase (c) of the photocurrents in plot (a).

discrete amplitude and phase spectra depicted in plots (b) and (c), respectively. The
amplitude spectra in plot (b) are virtually identical with and without the sample due
to the negligible loss of the COC material. They intersect the noise floor at a frequency
of about 1 THz. The phase spectra exhibit a linear behavior for frequencies below that
frequency. Congruent with the delay introduced by the dielectric sample, the slope
with the sample is more negative than without.
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Figure 5.7: (a) Magnitude and (b) phase of the discrete transfer function of the sample. (c)
Impulse response of the sample.

By zero-forcing equalization, the discrete transfer function

H[i] =
Idet,sync,avg,sample[i]

Idet,sync,avg,reference[i]
, 1 ≤ i ≤ imax (5.11)

of the sample is calculated. The magnitude and phase of the discrete transfer function
for the case imax = 18 are depicted in Figure 5.7 (a) and (b), respectively. The dis-
crete and periodic impulse response calculated by discrete inverse Fourier transform
is shown as the blue trace in plot (c). The red trace shows the quasi-continuous impulse
response determined by zero-padding interpolation of the blue trace. The pulse maxi-
mum of the interpolated trace is at t = 1.74 ps. This value is congruent with the slope
of the discrete transfer function and in good agreement with the calculated position

tcalc =
d · (n − 1)

c0
≈ 1 mm · (1.52 − 1)

c0
≈ 1.73 ps , (5.12)

where d = 1 mm is the thickness of the sample, n ≈ 1.52 is the average refractive
index of COC within the considered frequency range measured with a commercially
available THz-TDS system, and c0 is the speed of light in vacuum 11.

11 I would like to thank M. Sc. Tobias Kubiczek for 3D-printing the COC sample and characterizing it
with a Menlo K15 THz-TDS system.
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5.4 Interferometric correction of the delay axis

In the previous paragraph, it has been shown that the envelope of the interferogram
can be used to accurately synchronize the sampled photocurrent from the terahertz
detector. This was, however, under the assumption that the delay increased linearly
within one period of the interferogram’s envelope. To correct possible non-linearities
of the delay axis in between these two points, we can employ the internal oscillation of
the interferogram. There are certainly many approaches to do so. In this paragraph, a
particularly simple implementation is described.

As previously mentioned, under the assumption of a linear delay axis, the Fourier
transform of the interferogram is equal the power spectral density of the electric field
emitted by the MLLD. Thus, the bandwidth of the interferogram also matches that
of the MLLD’s spectrum. Although the bandwidth is of the order of 2 to 3 THz, this
is still small compared to the optical carrier frequency f0 ≈ 192 THz. Thus, the in-
terferogram can be considered a “narrow-band” signal. Consequentially, the distance
between the zeros of the interferogram is roughly constant and approximately equal to
f0
−1/2 ≈ 2.6 fs. The numerically determined distance between neighboring zeros of

the interferogram depicted in Figure 5.3 (b) is shown in Figure 5.8. It can be seen that
the distance fluctuates between 2.599 and 2.626 fs. The inset histogram in Figure 5.8
shows the distribution of the distances between two neighboring zeros.
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Figure 5.8: Numerically determined distance between neighboring zeros of the interferogram
depicted in Figure 5.3. The inset shows the distribution of the distances.
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In the first approximation, the zeros are assumed to be equidistant. Under this as-
sumption, the determination of the delay axis is as simple as determining the sample
indices of the zeros of the sampled interferogram and assigning to them their respec-
tive delay values according to the optical carrier frequency of the MLLD. One period
of the interferogram contains

Nzeros =
2 · favg

F
(5.13)

zeros, where favg ⪆ f0 is the “mean” frequency of the MLLD. Zeros can be found at
the sample indices kzero,m , 1 ≤ m ≤ Nzeros, i.e.

iInterf[kzero, m] = 0 , 1 ≤ m ≤ Nzeros . (5.14)

The delays at these indices are then

τ[kzero,m] =
kzero,m

2 · favg
, 1 ≤ m ≤ Nzeros . (5.15)

This corrected delay axis can then be used for the evaluation of the sampled photocur-
rent from the terahertz detector. However, there are a few aspects to be considered:

• The interferogram needs to be sampled with a sufficiently high sampling rate for
accurate localization of its zeros.

• The delay is accurately determined only for the sample indices kzero,m. For the
indices k in between, the values need to be interpolated for complete retrieval
of the delay axis. However, this is only a hypothetical problem, as the dis-
tance between the zeros of the interferogram is orders of magnitude smaller than
the period of the highest-frequency component in the detected terahertz signal:
favg ≫ (N − 1) · F. The photocurrent from the terahertz detector can be resam-
pled with virtually no loss of information.

• As depicted in Figure 5.8, the distance between the zeros of the calculated in-
terferogram is not actually constant. The resulting error of the delay axis for a
well-chosen value of favg is depicted in Figure 5.9. It can be seen that the error
does not exceed 4 fs, which is negligible for a terahertz signal that does not exceed
a frequency of 2 THz.



90

0 5 10 15 1=F = 20

= = ps !

-4

-2

0

2

4

D
el
ay

er
ro

r
=

fs
!

Figure 5.9: Delay error resulting from the assumption of equidistant zeros of the interferogram.
The “mean” frequency favg ≈ 191.88 THz has been chosen such that the error is equal to zero
at the beginning and at the end of the period.

We can see that the synchronous sampling of the interferogram between the non-
delayed and the delayed optical signal in an UHRR-THz-TDS system makes it pos-
sible to both synchronize and correct the delay axis 12. Besides improving the phase
accuracy, bandwidth, and dynamic range achievable with a conventional ODU, this
concept allows the implementation of methods to simplify the system and to increase
the measurement speed. Firstly, the movement of the ODU does not have to be syn-
chronized with the data acquisition, as the synchronization is performed a posteriori
according to the measured data. Secondly, the entire range of the ODU, including the
acceleration and deceleration phases, can be used. Beyond that, the movement of the
ODU may be inherently non-linear, as is, for example, the case if the mirror is moved
sinusoidally by a voice-coil motor.

12 First experimental results for the correction of the delay axis have been demonstrated under my
supervision as part of the master thesis entitled “Model-supported interferometric reconstruction of the
time axis in an ultra-high repetition rate terahertz time-domain spectrometer” by M. Sc. Peter Krämer.
Using the setup shown in Figure 5.4, it was found that the mode-locking of the Thorlabs FPL1009P is
very unstable, leading to a noisy interferogram. As part of the thesis, an elaborate but computational
expensive algorithm for the noise-resilient determination of the zeros was developed. It was found that
by correcting the delay axis, the apparent width of all spectral components of the detected photocurrent
is decreased while the magnitude of most spectral components is increased by up to 8 dB. The increased
magnitude is particularly noticeable at the upper end of the spectrum in the frequency range from 1.0
to 1.3 THz. Above all, it was found that a superior improvement in signal-to-noise ratio is achievable
by averaging of the measured traces after correction of the delay axis. Later experiments have shown
that the interferogram generated with the two-section QD laser from Fraunhofer HHI is significantly
less noisy, so that its zeros can be directly determined after adequate low-pass filtering.



CHAPTER

SIX

ASPECTS OF PHOTONIC BEAM STEERING FOR
UHRR-THZ-TDS

Beam steering is the ability of an RF transmitter to change the direction to which it
transmits a signal or, vice versa, the ability of an RF receiver to change the direction
from which it receives signals. Historically, as the carrier frequencies and bandwidths
of RF systems have increased, beam steering has always been one of the last tech-
niques to be implemented because its high system complexity requires a high degree
of technological maturity. Traditionally, in each frequency range beam steering has
evolved from mechanically rotating a directional antenna, over analog beam steering
in the RF band, to complex digital beam forming in the baseband. Beam steering can
fulfill a variety of purposes. In communications applications, it can be as simple as
maximizing the power transfer between a transmitter and a receiver by directing their
radiation pattern maxima towards each other or as complex as maximizing the signal-
to-noise power ratio of multiple communication channels between multiple transmit-
ters and multiple receivers. In sensing applications, it can be as simple as maximizing
the power density and sensitivity towards a target or as complex as achieving high
spatial resolution by overlapping narrow beams from the transmitter and receiver.

Beam steering at terahertz frequencies is still at a very early stage due to the rela-
tive immaturity of terahertz technology and a few unique challenges. Some of these
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challenges are due to the high carrier frequency, some are due to the extremely wide
bandwidth. However, the frequency-discrete nature of UHRR-THz-TDS can lead to
some significant simplifications. The exploitation of these simplifications is the subject
of this chapter.

In Section 6.1, the fundamentals of antenna array theory are summarized, some of the
challenges of wideband beam steering at terahertz frequencies are discussed, and the
use of photonic beam steering for that purpose is motivated. In Section 6.2, a quasi-true
time delay photonic beam steering concept for UHRR-THz-TDS is introduced. Finally,
in Section 6.3, it is demonstrated that non-uniform array element distributions promise
to show good performance across the entire frequency range of the system.

6.1 Fundamentals and challenges of wideband beam
steering at terahertz frequencies

6.1.1 Fundamentals of phased array beam steering

The prototype of a linear N-element phased array is sketched in Figure 6.1.

x

z

zn · cos θ︸︷︷
︸

z = z1z = znz = zN

θ θ θ y

Figure 6.1: Sketch of a linear N-element array of antennas located at x = y = 0 , z = zn.

The array consists of N antennas that are located at the coordinates z = zn along the
z-axis. We assume that each element n of the array is driven by a current

in(t) = Re
{

In · exp
(
j · 2π · f · t

)}
(6.1)

= Re
{

În · exp
(
j φn
)
· exp

(
j · 2π · f · t

)}
,

where f is the operating frequency and the phasor In describes the magnitude and
phase of the current driving the element n. In the far field, the electric field generated
by each antenna is proportional to the current flowing in the antenna. At a distance d
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from the array, the electric field generated by the antenna n at the elevation angle θ can
be approximated by the phasor

En ∝ In · exp
(
j · 2π · f · zn · cos θ

c0

)
·

exp
(
− j · 2π· f ·d

c0

)
d

. (6.2)

The term exp
(
− j · 2π · f · d/c0

)
/d describes the phase change and decay of the electric

field due to the propagation along the distance d. It is approximately equal for all
elements of the array. The term exp

(
j · 2π · f · zn · cos θ/c0

)
describes the phase lead of

the field generated by the antenna at the position z = zn relative to a virtual antenna at
the position z = 0. We can define a term

An = Ân · exp

[
j ·
(

2π · f · zn · cos θ

c0
+ φn

)]
(6.3)

that describes the relative contribution of the element n. The sum over the contribu-
tions of all elements

g(θ, f ) =
N

∑
n=1

An =
N

∑
n=1

Ân · exp

[
j ·
(

2π · f · zn · cos θ

c0
+ φn

)]
(6.4)

is the so-called array factor. It quantifies the ratio of the electric field generated by the
array in the direction θ relative to that generated by a single antenna assuming that
all antennas exhibit the same antenna pattern. The array factor g(θ, f ) describes the
interference pattern generated by the interference between the fields emitted by the
elements of the antenna array. Perfect constructive interference leads to main lobes,
perfect destructive interference leads to nulls in the interference pattern. The array
factor is the basis for phased array beam steering, and there are hundreds of papers
and textbooks describing its use.

With the knowledge of the array factor and the element factor, i.e. the antenna pattern
of the array elements, the directivity of the array can be calculated. Assuming isotropic
radiators, the directivity of the linear array becomes

D(θ, f ) =
2 · |g(θ, f )|2

π∫
0
|g(θ, f )|2 · sin θ dθ

. (6.5)
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The angle-dependent directivity D(θ, f ) describes the power density in the direction θ

relative to the average radiated power density.

In the following, the simplest possible implementation, in which the amplitudes Ân ≡
Â0 are constant and the phases φn are chosen such that a main lobe is created at the
angle θ = θ0 at the frequency f = f0, is considered. Intuitively, this is achieved by
choosing the phases

φn(θ0) = −2π · f0 · zn · cos θ0

c0
. (6.6)

While the concept of phased array beam steering is in principle simple, its implementa-
tion in a wideband terahertz system is not. Deliberately leaving aside the technological
hurdles, the key challenges can be located in three areas.

6.1.2 Scarcity of terahertz power

At microwave and millimeter-wave frequencies, RF signals with a power of several
watts can be generated and, most importantly, amplified to compensate for losses. In
the terahertz range, RF power is a much more scarce resource. The generated power
is typically in the low milliwatt range in the case of electronic sources and even lower
for photonic sources like those described in the previous chapters. The radiated power
of photonic terahertz sources typically drops from a few hundred microwatt at the
lower end of the terahertz range to a few hundred nanowatt around 1 THz. Moreover,
it is categorically impossible to construct an efficient amplifier that supports the same
frequency range due to the bandwidth limitations of the required matching networks
as well as due to the limited cutoff frequency of transistors.

Although the low available power and the lack of amplifiers complicate their realiza-
tion, phased arrays can play a key role in increasing the range of wideband terahertz
systems. Considering an N-element array with the uniform amplitudes Â0, the array
factor of the main lobe reaches the maximum value

g(θ = θ0) =
N

∑
n=1

Â0 = N · Â0 . (6.7)

The value of the amplitude Â0 depends on the implementation of the beam steering
network. Consider the three different topologies of a photodiode-driven beam steering
network sketched in Figure 6.2.



6.1. FUNDAMENTALS AND CHALLENGES OF WIDEBAND BEAM . . . 95

i1(t)

in(t)

iN(t)

i1(t)

in(t)

iN(t)

i1(t)

in(t)

iN(t)

(a) (b) (c)

φ1

φn

φN

φ1

φn

φN

φ1

φn

φN

Figure 6.2: Topologies of a photodiode-driven beam steering network. (a) Electric, (b) passive
photonic, and (c) active photonic. Blue lines indicate optical and black lines indicate electrical
signals.

The topology in sketch (a) represents a classical electric beam steering network. The RF
signal from the photodiode is split into N branches, each of which feeds one element of
the antenna array. Setting aside losses in the splitter and in the waveguides, the power
splitting causes the amplitude of each antenna to be Â0 = Âin/

√
N. Thus, the array

factor of the main lobe is

ga(θ = θ0) = N · Âin√
N

=
√

N · Âin . (6.8)

The power density in the main lobe is thus increased by the factor

ga
2(θ = θ0)

Â2
in

= N (6.9)

compared to the case of a single antenna with the amplitude Âin. In other words, the
total radiated power is not increased, but it is directed towards the main lobe.

The topology in sketch (b) represents a passive photonic beam steering network. The
optical signal from the light source is split into N branches, each of which feeds one
photodiode. Each photodiode in turn feeds one element of the antenna array. In this
case, the optical power from the light source is shared between N photodiodes. How-
ever, since the photocurrent generated in a photodiode is proportional to the optical
power, the amplitude of each antenna becomes Â0 = Âin/N. This yields the array
factor

gb(θ = θ0) = N · Âin

N
= Âin . (6.10)
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We can see that in this case the power density is not increased compared to a single
antenna. The increase in directivity is compensated by the decrease in transmitted
power. However, the topology in sketch (b) neglects that optical signals can very well
be amplified. Optical power is not scarce in the way terahertz power is.

Sketch (c) shows an active photonic beam steering network in which the optical signal
in each branch is amplified such that it remains constant independent of the number
of branches N. In this case, the amplitude of each antenna remains Â0 = Âin, and the
array factor becomes

gc(θ = θ0) = N · Âin . (6.11)

Now the power density in the main lobe is increased by the factor N2 compared to
a single antenna. This highlights that a properly designed photonic beam steering
network is the optimum solution for a photodiode-driven transmitter. It should be
noted that the optical power of the light source or of a single amplifier is typically larger
than the damage threshold of a photodiode, so that realistically fewer amplifiers than
photodiodes are needed. The interested reader is referred to Ref. [4], in which I show
a complete power budget analysis that assumes realistic values for all components of
the photonic beam steering network.

6.1.3 Grating lobes

Looking at the formula for the array factor

g(θ, f0) =
N

∑
n=1

Â0 · exp

[
j ·
(

2π · f0 · zn · cos θ

c0
+ φn

)]
(6.12)

at the frequency f = f0, it is evident that perfect constructive interference, and thus a
main lobe, occurs for

exp
[
j ·
(

2π · f · zn · cos θ

c0
+ φn

)]
= const. ∀ n , (6.13)

Without loss of generality, we can consider the simple case

exp

[
j ·
(

2π · f0 · zn · cos θ

c0
+ φn

)]
= 1 ∀ n , (6.14)
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i.e.

2π · f0 · zn · cos θ

c0
+ φn = p · 2π , p ∈ Z , ∀ n . (6.15)

Thus, to steer the beam to the angle θ = θ0, the phase shifts

φn = −2π · f0 · zn · cos θ0

c0
. (6.16)

are chosen. In this case, perfect constructive interference results for

cos θ − cos θ0 =
p · c0

f0 · zn
, p ∈ Z , ∀ n . (6.17)

Depending on the steering angle θ0 and the locations zn of the antennas, this equation
has one or more solutions for θ. Assuming that the antennas are equidistantly spaced
along the z-axis with the element spacing d, i.e.

zn = n · d , (6.18)

perfect constructive interference results for all angles θ that fulfill the equation

cos θ − cos θ0 =
p · c0

f0 · n · d
, p ∈ Z , ∀ n . (6.19)

Because n is an integer number and p is an arbitrary integer number, we can substitute
r = p/n to get the simplified equation

cos θ − cos θ0 = r · c0

f0 · d
, r ∈ Z . (6.20)

For 0 ≤ θ ≤ 180◦, the equation has the solutions

r ∈
{
−
⌊

f0 · d
c0

· (1 − cos θ0)

⌋
, ... , −1 , 0 , 1 , ... ,

⌊
f0 · d
c0

· (1 − cos θ0)

⌋}
(6.21)

with the corresponding beam directions

θr = cos−1
(

r · c0

f0 · d
+ cos θ0

)
. (6.22)

The case r = 0 represents the main lobe of the array’s radiation pattern, whereas the
cases |r| > 0 represent so-called grating lobes. When the beam is steered in the broad-
side direction θ0 = 90◦, there are no grating lobes if the element spacing is less than
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one wavelength, i.e. for d < c0/ f0. As the beam is steered away from the broadside,
the maximum element spacing that does not exhibit grating lobes decreases. In the
end-fire case, grating lobes appear if the element spacing exceeds half a wavelength,
i.e. for d ≥ c0/(2 · f0).

At the same time, it can be shown [116] that the directivity of the main lobe of a uniform
antenna array that is steered to the broadside direction is given by

Dmax, broadside =
2 · L

c0/ f0
, (6.23)

where L is the total length of the array. To maximize the directivity while at the same
time avoiding grating lobes, it is thus common to choose the “half-wavelength” ele-
ment spacing d = c0/(2 · f0). However, the targeted high frequency and large band-
width of photonic terahertz systems impose a couple of challenges.

Minimum spacing

The minimum achievable element spacing is determined by the size of the individual
antennas as well as their feeding network. If we consider a system operating from 50
to 1000 GHz, the relative signal bandwidth is more than a decade. The efficient radia-
tion of this signal requires broadband antennas. However, the transversal dimensions
of planar broadband antennas, such as logarithmic spiral antennas or bowtie anten-
nas, are typically of the order of half a wavelength at the lowest frequency. At the same
time, the antenna spacing that is required to avoid grating lobes across the entire band-
width is half a wavelength at the highest frequency. A possible solution is optimizing
the antennas for the upper end of the spectrum and accepting their reduced radiation
efficiency at the lower end of the spectrum. This unideal approach may be acceptable
for some applications given that the transmit power at the lower end of the spectrum
is orders of magnitude higher than at the upper end.

However, another factor that limits the minimum element spacing is the feeding net-
work, as the waveguides leading to the antennas have a certain width. For example,
it has been noted in Ref. [117] that in the case of a fiber-coupled photonic beam steer-
ing array, the thickness of the fiber cladding forces the distance between the antennas
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to be larger than 125µm 13. This problem can be addressed with integrated optical
waveguides that couple the light into the individual antenna-integrated photodiodes.

Operating bandwidth

The large targeted bandwidth leads to conflicting requirements for the element distri-
bution of the array. On the one hand, the array shall be electrically large to achieve a
high directivity. On the other hand, the element spacing shall be small enough to avoid
grating lobes. Both requirements are under the constraint that the technological effort
is proportional to the number of array elements.

This conflicting requirement is illustrated in Figure 6.3. It shows the frequency-depen-
dent directivity of a uniformly spaced linear 10-element array of isotropic radiators
across the frequency range from 50 to 1000 GHz for the broadside case θ0 = 90◦. Plot
(a) shows the case where the element spacing is half a wavelength at 1000 GHz, i.e.
d ≈ 0.15 mm. Plot (b) shows the case where the element spacing is half a wavelength
at 50 GHz, i.e. d ≈ 3 mm. The frequency-dependent directivity is calculated according
to Equation (6.5) with the array factor

g(θ, f ) =
10

∑
n=1

exp

(
j · 2π · f · n · d · cos θ

c0

)
. (6.24)

The radiation pattern for the case of a half-wavelength element spacing at 1000 GHz, as
expected, shows one main lobe as well as several lower-amplitude side lobes across the
entire frequency range. The side lobes are due to the uniform amplitude distribution of
the array. For this dense element distribution, the directivity increases monotonically
from approximately 0 dBi at 50 GHz to 10 dBi at 1000 GHz.

The radiation patterns for the case of a half-wavelength element spacing at 50 GHz
show a complex structure due to a large number of grating lobes. Grating lobes appear
when the element spacing exceeds one wavelength, i.e. for f ≥ 100 GHz. As expected
from Equations (6.21) and (6.22), the number of grating lobes increases with increasing

13 In most cases, the antennas are placed behind a dielectric lens to facilitate efficient radiation into
free space. In those cases, the refractive index of the lens needs to be considered in the array factor. The
wavelength in the dielectric medium is shorter than in air, so – as discussed in Ref. [117] – the antennas
need to be placed closer together than if they were placed in air.
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Figure 6.3: Calculated radiation pattern of a uniformly spaced linear 10-element array of
isotropic radiators in the broadside case θ0 = 90◦. The distance between the elements is (a)
d ≈ 0.15 mm and (b) d ≈ 3 mm, respectively.

frequency, and the grating lobes move towards the main lobe. Notably, the directivity
of the main lobe fluctuates between 8.7 and 12.2 dBi.

This behavior is easy to explain. As the array grows electrically larger with increas-
ing frequency, the theoretical maximum directivity increases linearly. However, since
power is equally shared between the main lobe and the grating lobes, the directivity of
the main lobe decreases in a stepwise fashion with each appearance of a grating lobe.
It is shown in Section 6.3 that optimized non-uniform spatial element distributions
can be used to construct an array that shows reasonable directivity across the entire
frequency range without the appearance of grating lobes.
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6.1.4 Beam squint

In the previous section, we have seen how the beam is steered to the angle θ0 at the
frequency f0 by driving the elements of the array with the phases

φn = −2π · f0 · zn · cos θ0

c0
. (6.25)

If the array is now considered at an arbitrary frequency f , the array factor becomes

g(θ, f ) =
N

∑
n=1

Â0 · exp

[
j ·
(

2π · f · zn · cos θ

c0
+ φn

)]
(6.26)

=
N

∑
n=1

Â0 · exp

[
j ·
(

2π · f · zn · cos θ

c0
− 2π · f0 · zn · cos θ0

c0

)]

=
N

∑
n=1

Â0 · exp

[
j · 2π · zn · ( f · cos θ − f0 · cos θ0)

c0

]
,

so that the condition for perfect constructive interference becomes

f
f0
· cos θ − cos θ0 =

p · c0

f0 · zn
, p ∈ Z , ∀ n . (6.27)

We get the direction of the main lobe from the fundamental case p = 0, i. e.

cos θ =
f0

f
· cos θ0 . (6.28)

Only if the condition

f0

f
· cos θ0 ≤ 1 (6.29)

is fulfilled, there is a main lobe in the direction

θ = cos−1
(

f0

f
· cos θ0

)
. (6.30)

The direction of the main lobe obviously changes with frequency. This effect is well-
known from wideband communication or radar systems under the name beam squint.
However, these systems typically have relative bandwidths of a few percent, whereas
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the wideband terahertz systems considered in this thesis exhibit a relative bandwidth
of more than a decade. The beam squint not only causes the direction of the main lobe
to change by an unacceptable amount, there can even be cases where there is no main
lobe because Equation (6.29) is not fulfilled. These effects are illustrated in Figure 6.4
for the case of a 100-element uniformly spaced array with an element spacing that is
equal to half a wavelength at 1000 GHz, i.e. d ≈ 0.15 mm. The beam is steered in
the directions θ0 ∈ {0◦ , 45◦ , 90◦} at the frequency f0 = 500 GHz. The frequency-
dependent directivity is calculated according to Equation (6.5) using the array factor

g(θ, f ) =
100

∑
n=1

exp

[
j ·
(

2π · f · n · d · cos θ

c0
+ φn(θ0)

)]
(6.31)

with the phases

φn(θ0) = −2π · f0 · n · d · cos θ0

c0
. (6.32)

No beam squint occurs in the broadside case θ0 = 90◦ because the associated phase
shifts are all zero. However, in the cases θ0 = 0◦ and θ0 = 45◦ the position of the
main lobe is at the desired angle only at the frequency f0 = 500 GHz. It moves away
significantly from that angle for lower and higher frequencies. As expected, the beam
disintegrates as it squints towards the end-fire position at the lower end of the fre-
quency range.
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Figure 6.4: Calculated radiation pattern of a uniformly spaced linear 100-element phased array
of isotropic radiators with the element spacing d ≈ 0.15 mm. The beam is steered in the direc-
tions (a) θ0 = 0◦, (b) θ0 = 45◦, and (c) θ0 = 90◦, respectively, at the frequency f0 = 500 GHz.
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True time delay beam steering

A solution to the problem of beam squint is the well-known concept of true time delay
(TTD) beam steering. The idea of TTD beam steering is to delay the signals at the indi-
vidual elements of the array rather than shifting their phases. For TTD beam steering,
the signal emitted by the array element n is delayed by

τn =
zn · cos θ0

c0
. (6.33)

By replacing the phase shifts in the phased array with “true” time delays, the array
factor becomes

g(θ, f ) =
N

∑
n=1

Â0 · exp

[
j ·
(

2π · f · zn · cos θ

c0
− 2π · f · τn

)]
(6.34)

=
N

∑
n=1

Â0 · exp

[
j · 2π · f · zn · (cos θ − cos θ0)

c0

]
,

so that the condition for perfect constructive interference at the frequency f becomes

cos θ − cos θ0 =
p · c0

f · zn
, p ∈ Z , ∀ n . (6.35)

The fundamental solution p = 0 gives the main lobe direction

θ = θ0 . (6.36)

By delaying the signal radiated by the element n with the delay τn, the TTD beam steer-
ing network compensates the phase lead it acquires in air in the direction θ0 relative to
the other elements. This causes the beam to be steered in the direction θ0 independent
of frequency. A simple visual explanation is sketched in Figure 6.5 assuming a pulsed
signal. By delaying the signals before they are radiated, they are tempo-spatially pre-
aligned, so that the pulse maxima overlap in the desired direction.

Photonic true time delay beam steering

While the TTD concept is theoretically simple, it is notoriously difficult to implement.
The generation of a “true” time delay in an electric beam steering network requires the
changing of the electrical length of transmission lines. Possible solutions are adjusting
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Figure 6.5: Illustration of the tempo-spatial alignment of the pulses emitted by an antenna
array with TTD beam steering.

the propagation constant of a transmission line [118] or switching between transmis-
sion lines of different lengths [119]. However, none of these can achieve the necessary
bandwidth due to the lack of sufficiently wideband single-mode waveguides and elec-
tronic components. The most promising solution is provided by photonic beam steer-
ing. It can be shown that a delay introduced to the optical signal driving a photonic
transmitter is directly translated into the terahertz signal generated by the photonic
transmitter. That makes it possible to perform beam steering of a terahertz signal by
adjusting the delays in the optical domain. This concept is illustrated in Figure 6.5.
The generation of adjustable delays is much easier and almost lossless in the optical
domain, but only solutions that can be realized in a photonic integrated circuit (PIC)
are practically meaningful. However, large arrays require large delays. For an array
with the length L, the delay range that is required to be able to steer from one end-
fire position to the other is 2L/c0. Realizing such delays in a PIC, for example with
switched waveguides, is difficult and requires a lot of chip area. In the following sec-
tion, it is shown that in the particular case of UHRR-THz-TDS a small delay range is
sufficient to realize wideband beam steering without beam squint.
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6.2 Quasi-true time delay photonic beam steering
for UHRR-THz-TDS

In the case of UHRR-THz-TDS, it is possible to implement an approach that is a simpli-
fied adaptation of TTD. I have first published this concept under the name “quasi-true
time delay” (QTTD) beam steering in Ref. [2] 14.

The transmit signal of an UHRR-THz-TDS system contains spectral components only
at the frequencies f = mF , m ∈ N. Thus, in the time domain it is periodic with 1/F.
This means that delaying the signal by an integer multiple of 1/F leads to the exact
same signal. If we consider this in the calculation of the delays required for TTD beam
steering, Equation (6.33) can be modified to

τn, mod =
zn · cos θ0

c0
mod

1
F

, (6.37)

where “mod” denotes the modulo operator. This equation gives a value between 0 and
1/F by which the signal that is radiated by the element n needs to be delayed in order
to steer the beam in the direction θ0. To analyze the functionality of this approach,
the direction of the main lobe needs to be verified and the resulting radiation patterns
need to be evaluated.

Plugging the delays calculated according to Equation (6.37) into Equation (6.34) yields
the array factor

g(θ, f ) =
N

∑
n=1

Â0 · exp

[
j · 2π · f ·

(
zn · cos θ

c0
− zn · cos θ0

c0
mod

1
F
)

)]
. (6.38)

Evaluating this array factor at the discrete frequency f = mF, we get

g(θ, f = mF) =
N

∑
n=1

Â0 · exp

[
j · 2π · mF ·

(
zn · cos θ

c0
− zn · cos θ0

c0
mod

1
F

)]
.

(6.39)

14 Ref. [2] is a joint paper between M. Sc. Xuan Liu and myself, to which we have equally contributed.
We share its first authorship, and the individual author contributions are listed in the paper.
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Using the definition

x mod y = x −
⌊

x
y

⌋
· y , x, y ∈ R (6.40)

= x − µ · y , µ ∈ N

of the modulo operation, this can be rewritten as

g(θ, f = mF) (6.41)

=
N

∑
n=1

Â0 · exp

{
j · 2π ·

[
mF ·

(
zn · cos θ

c0
− zn · cos θ0

c0

)
+ mµ

]}
, µ ∈ N .

Considering that mµ is an integer number, this can be simplified to

g(θ, f = mF) =
N

∑
n=1

Â0 · exp

(
j · 2π · mF · zn · (cos θ − cos θ0)

c0

)
. (6.42)

This equation is equivalent to evaluating the array factor in the TTD case (see Equa-
tion (6.34)) only at the frequencies f = mF. It is thus easy to see that the main lobe
is at the angle θ0 at the frequencies f = mF. This QTTD approach is a promising so-
lution for photonic beam steering for UHRR-THz-TDS because the required delays in
the range from 0 to 1/F are quite realistic to be realized as switched waveguides in a
PIC.

Exemplary radiation patterns using the QTTD approach are illustrated in Figures 6.6
and 6.7. The plots show the calculated radiation patterns of a 100-element uniformly
spaced array with an element spacing that is equal to half a wavelength at 1000 GHz,
i.e. d ≈ 0.15 mm. The beam is steered in the directions θ0 ∈ {0◦ , 45◦ , 90◦} by apply-
ing the delays

τn, mod =
nd · cos θ0

c0
mod

1
F

, (6.43)

with F = 50 GHz. The frequency-dependent directivity is calculated according to
Equation (6.5) using the array factor

g(θ, f ) =
100

∑
n=1

exp

[
j · 2π · f ·

(
nd · cos θ

c0
− nd · cos θ0

c0
mod

1
F
)

)]
. (6.44)
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Figure 6.6: Calculated radiation pattern of a uniformly spaced linear 100-element array of
isotropic radiators with the element spacing d = 0.15 mm. The beam is steered in the direc-
tions (a) θ0 = 0◦, (b) θ0 = 45◦, and (c) θ0 = 90◦, respectively, using the QTTD approach for
F = 50 GHz. The radiation patterns are plotted with a frequency resolution of 1 GHz.
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Figure 6.7: Calculated radiation pattern of a uniformly spaced linear 100-element array of
isotropic radiators with the element spacing d = 0.15 mm. The beam is steered in the direc-
tions (a) θ0 = 0◦, (b) θ0 = 45◦, and (c) θ0 = 90◦, respectively, using the QTTD approach for
F = 50 GHz. The radiation patterns are plotted only at the frequencies f = m · 50 GHz.

To visualize the effects of the quasi-true time delays, Figure 6.6 shows the radiation pat-
terns plotted with a frequency resolution of 1 GHz, and Figure 6.7 shows the radiation
patterns only at the frequencies f = m · 50 GHz.

The cases θ0 = 0◦ and θ0 = 45◦ in Figure 6.6 illustrate that the main lobe is at the
correct angles for f = m · 50 GHz and squints away from these angles between those
frequencies. By only showing those frequencies, Figure 6.7 highlights that the beam
shows the proper shape at the frequencies f = mF.
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6.3 Spatial element distributions for UHRR-THz-TDS

As discussed in Section 6.1.3, the optimum element spacing of a uniformly spaced an-
tenna array depends on the operating frequency. This is a problem for beam steering
in a wideband UHRR-THz-TDS system, as a small element spacing leads to low direc-
tivity at the lower frequencies, whereas a large element spacing leads to grating lobes
at the higher frequencies. A promising solution is a well-chosen non-uniform spatial
element distribution. By breaking the periodicity of the array, the condition for perfect
constructive interference can be made to possess only a single exact solution, so that
true grating lobes are avoided while maintaining a high directivity of the main lobe.
However, depending on the chosen element distribution, the radiation pattern can still
exhibit side lobes with varying amplitudes.

In the following, two different solutions for striking a compromise between directivity
and side lobe suppression over the considered frequency range from 50 to 1000 GHz
are presented. In Section 6.3.1, the use of a zero-redundancy element distribution based
on a Golomb ruler is demonstrated. In Section 6.3.2, different numerically optimized
element distributions are shown.

All radiation patterns shown on the following pages are calculated using Equation (6.5)
with the array factor

g(θ, f = mF) =
10

∑
n=1

exp

[
j · 2π · mF ·

(
zn · cos θ

c0
− zn · cos θ0

c0
mod

1
F

)]
(6.45)

for F = 50 GHz.

6.3.1 Zero-redundancy spatial element distribution

As the name suggests, grating lobes result from the periodic nature of an antenna ar-
ray. More precisely, a main lobe or grating lobe appears when multiple pairs of an-
tennas share the same interference maximum. This is naturally the case in an array of
equidistantly spaced antennas. Intuitively, this means that grating lobes can be sup-
pressed if the element distribution is made “as non-uniform as possible” in the form
of a so-called minimum-redundancy distribution. I have first demonstrated the use of
a minimum-redundancy antenna array for UHRR-THz-TDS in Ref. [2] 15. Reducing

15 See footnote 14.



6.3. SPATIAL ELEMENT DISTRIBUTIONS FOR UHRR-THZ-TDS 109

redundancy in an antenna array had previously been proposed as a solution for maxi-
mizing directivity with a limited number of elements [120–122] as well as for increasing
the bandwidth of an array [123, 124].

A promising minimum-redundancy distribution is a Golomb ruler. A Golomb ruler
is a set of integers that are chosen such that no two pairs of elements within the set
have the same difference. The number of elements in the set is called the order of
the set. To design a linear N-element array, we consider the Nth-order Golomb ruler
GN = {g0 , g1 , ... , gN−1} and choose a minimum element spacing d. The locations of
the antennas are then

zn = gn · d , n = 0 ... N − 1 . (6.46)

In the following, the design of a 10-element array is considered. The 10th-order Golomb
ruler consists of the elements [125, 126]

G10 = {0 , 1 , 6 , 10 , 23 , 26 , 34 , 41 , 53 , 55} . (6.47)

To avoid grating lobes up to f = 1000 GHz when steering the beam to the broadside
direction, the element spacing is chosen to be half a wavelength at that frequency, i.e.

d =
c0

2 · 1000 GHz
≈ 150µm . (6.48)

The resulting element distribution is sketched in Figure 6.8. To analyze the perfor-
mance of the minimum-redundancy array, the resulting frequency-dependent radia-
tion patterns of a linear 10-element array of isotropic radiators that are arranged ac-
cording to Equations (6.46) through (6.48) are depicted and evaluated for their key pa-
rameters in Figure 6.9. The rows (a), (b), and (c) represent the cases where the beam is
steered in the directions θ0 = 0◦, θ0 = 45◦, and θ0 = 90◦, respectively. In conformance
with the use for UHRR-THz-TDS, only the frequencies f = m · 50 GHz are considered.

d ≈ 150 µm

z
55 · d ≈ 8.24 mm

Figure 6.8: Minimum-redundancy element distribution according to a 10th-order Golomb ruler
with the minimum element spacing d.
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Figure 6.9: Calculated frequency-dependent radiation pattern, main lobe directivity DML, side
lobe level SLL, and beam width θ3 dB of a linear 10-element array of isotropic radiators that are
arranged according to a 10th-order Golomb ruler with the minimum spacing d ≈ 150µm. The
beam is steered in the directions (a) θ0 = 0◦, (b) θ0 = 45◦, and (c) θ0 = 90◦, respectively. Only
the frequencies f = m · 50 GHz are considered.

Comparing the resulting radiation patterns to the corresponding patterns of dense and
sparse uniformly-spaced arrays depicted in Figure 6.3, we can see that the minimum-
redundancy array achieves a much narrower beam width than the dense uniform ar-
ray. At the same time, it does not produce any grating lobes across the entire frequency
and steering range. Only in the end-fire case at 1000 GHz, a back lobe is produced at
θ = 180◦. While the minimum-redundancy array does not produce true grating lobes,
it does produce several side lobes. Most notably, the side lobe level (SLL) is constant
at 7.1 dB across the entire frequency and steering range 16. The directivity of the main
lobe increases monotonically from 5.3 dBi at 50 GHz to 10 dBi at 1000 GHz.

16 The side lobe level (SLL) is defined as the ratio between the maximum directivity outside the main
lobe and the directivity of the main lobe in dB.
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In summary, the minimum-redundancy array is well-behaved across the entire consid-
ered frequency range and exhibits a remarkably consistent performance throughout
the entire range of steering angles. These properties make this element distribution
a good choice for applications that utilize the entire frequency range and require fair
directivity as well as good angular selectivity.

6.3.2 Numerically optimized spatial element distributions

Since the minimum-redundancy element distribution offers a compromise between all
parameters, it is instructive to evaluate whether it is possible to find alternative element
distributions that imprint desired characteristics on the frequency-dependent radiation
pattern. Based on the experience with numerical optimization for spectral shaping (see
Chapter 4), a genetic algorithm has been chosen to be employed for that purpose. In
the following, first the formulation of the optimization problem and its constraints are
described. Subsequently, fitness functions for three different optimization goals are
developed and the respective results are presented.

Formulation and constraints of the optimization problem

The goal of the genetic algorithm is finding the locations zn , n = 0 ... N − 1 , of the
elements of a linear 10-element array that minimize the value of a fitness function ξ

that is defined as a function of the angle- and frequency-dependent array factor g(θ, f ).
Because steering angles close to broadside are practically most relevant, the optimiza-
tion is simplified by only considering the case θ0 = 90◦. To ensure comparability with
the element distributions shown in the previous sections and to prevent the genetic
algorithm from generating unfeasible results, it is necessary to enforce constraints on
the locations zn. It is chosen that the spacing between any two elements shall not be
less than half a wavelength at 1000 GHz and shall not be larger than half a wavelength
at 50 GHz. This places any generated result between the two cases depicted in Fig-
ure 6.3. The constraints are practically implemented by allowing the genetic algorithm
to choose the distances dk , k = 1 ... N − 1 , between the elements with

c0

2 · 1000 GHz
≤ dk ≤ c0

2 · 50 GHz
∀ k (6.49)
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and defining the locations

zn =
n

∑
k=1

dk , n = 0 ... N − 1 . (6.50)

The array factor is only considered at the discrete frequencies m · 50 GHz , m = 1 ... 20 ,
for the discrete angles l · 0.1◦ , l = 0 ... 1800 . The discrete array factor is calculated as

g[l, m] = g(l · 0.1◦ , m · 50 GHz) (6.51)

=
9

∑
n=0

exp

(
j · 2π · m · 50 GHz · zn · cos (l · 0.1◦)

c0

)
.

Minimizing the deviation from a hypothetical “ideal” array

The first – admittedly quite heuristic – optimization goal is the minimization of the
deviation of the resulting array factor from that of a hypothetical “ideal” array. The
fitness function is defined as

ξtotal deviation =
20

∑
m=1

1800

∑
l=0

(
g[l, m]− gideal[l, m]

)2
, (6.52)

where gideal[l, m] is the targeted array factor depicted in Figure 6.10.

It is determined by calculating the array factor of a uniformly spaced 10-element array
with an element spacing that is equal to half a wavelength at 50 GHz, and removing all
side lobes, i.e.
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Figure 6.10: Hypothetical side lobe-free array factor of a uniformly spaced 10-element array
with an element spacing that is equal to half a wavelength at 50 GHz.
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gideal[l, m] =


9
∑

n=0
ej·π·m·n·cos(l·0.1◦) , cos−1

(
1

5m

)
≤ cos−1

(
− 1

5m

)
0 , else

. (6.53)

The angles cos−1
(
± 1

5m

)
are the positions of the first nulls on the left and right of the

main lobe. The element distribution generated by the genetic algorithm is sketched in
Figure 6.11, and the resulting radiation patterns are depicted in Figure 6.12.

z
17.6 mm

Figure 6.11: Numerically optimized element distribution that minimizes the deviation from a
hypothetical “ideal” array.
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Figure 6.12: Calculated frequency-dependent radiation pattern, main lobe directivity DML, side
lobe level SLL, and beam width θ3 dB of a linear 10-element array of isotropic radiators that are
arranged according to the numerically optimized distribution shown in Figure 6.11. The beam
is steered in the directions (a) θ0 = 0◦, (b) θ0 = 45◦, and (c) θ0 = 90◦, respectively.
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They have the interesting property that the directivity of the main lobe is almost con-
stant at 10 dBi across the entire frequency range for all steering angles. It only drops
below that value by any significant amount at 50 GHz. However, the high directivity
comes at the cost of an increased side lobe level. In the broadside case depicted in (c),
significant side lobes appear for f ≥ 150 GHz with a level between −4.5 and −3.2 dB.
As the beam is steered away from the broadside direction, “true” grating lobes appear
for f ≥ 650 GHz and f ≥ 550 GHz in the θ0 = 45◦ and θ0 = 0◦ case, respectively.
Notably, the side lobes are located far away from the main lobe across the entire range
of frequencies and steering angles, creating a quiet zone around the main lobe. This
is quite beneficial in practical applications because it supports good angular selectiv-
ity. Moreover, the element pattern of real non-isotropic antennas naturally attenuates
radiation off-broadside.

Minimizing the deviation from a mask

Minimizing the total deviation of the array factor of the optimized element distribution
from a desired array factor is a quite simple approach. However, we have seen that
it is not possible to find a perfect solution because the requirements interfere with
each other across the large frequency range. With the approach shown above, there
is no means of weighting these conflicting requirements. An alternative approach for
defining a fitness function that optimizes practically relevant parameters has recently
been proposed by Sheikholeslami and Atlasbaf [127] in the context of re-configurable
reflect arrays 17. They specify a lower and an upper mask for the normalized array
factor, and define a fitness function that is minimized if the array factor lies between
the lower and upper mask. Using the notation introduced in this section, the value of
the fitness function at the normalized frequency m is [127]

ξmask[m] =
1800

∑
l=0

(
g2

U[l, m]− |gnorm.[l, m]|2
)
·
(

g2
L[l, m]− |gnorm.[l, m]|2

)
(6.54)

+
∣∣∣g2

U[l, m]− |gnorm.[l, m]|2
∣∣∣ · ∣∣∣g2

L[l, m]− |gnorm.[l, m]|2
∣∣∣ ,

where gL[l, m] and gU[l, m] are the lower and the upper mask, respectively, and

17 I would like to thank M. Sc. Xuan Liu for pointing out Ref. [127] to me.
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gnorm.[l, m] =
g[l, m]

max
l

{|g[l, m]|} (6.55)

is the normalized array factor. The masks are typically specified according to the de-
sired beam width and side lobe level. To enable a comparison with the previous op-
timization result, masks that match the hypothetical array factor shown in Figure 6.10
are chosen. The lower and upper mask are depicted in Figure 6.13 (a) and (b), respec-
tively. The lower mask represents the 3 dB beamwidth of the hypothetical array, and
the upper mask aims to enforce a side lobe level of –13.26 dB. This value is chosen be-
cause it represents the minimum side lobe level of an array that is excited with uniform
amplitudes.
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Figure 6.13: (a) Lower and (b) upper mask extracted from the array factor in Figure 6.10.

To minimize the deviation from the mask across the entire frequency range, the fitness
function

ξmask, max. = max
m

{
1800

∑
l=0

(
g2

U[l, m]− |gnorm.[l, m]|2
)
·
(

g2
L[l, m]− |gnorm.[l, m]|2

)
(6.56)

+
∣∣∣g2

U[l, m]− |gnorm.[l, m]|2
∣∣∣ · ∣∣∣g2

L[l, m]− |gnorm.[l, m]|2
∣∣∣ }



116

is chosen. The element distribution generated by the genetic algorithm is sketched in
Figure 6.14, and the resulting radiation patterns are depicted in Figure 6.15.

z
13.9 mm

589 µm

Figure 6.14: Numerically optimized element distribution that minimizes the deviation from
the mask depicted in Figure 6.13.
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Figure 6.15: Calculated frequency-dependent radiation pattern, main lobe directivity DML, side
lobe level SLL, and beam width θ3 dB of a linear 10-element array of isotropic radiators that are
arranged according to the numerically optimized distribution shown in Figure 6.14. The beam
is steered in the directions (a) θ0 = 0◦, (b) θ0 = 45◦, and (c) θ0 = 90◦, respectively. Only the
frequencies f = m · 50 GHz are considered.

In the broadside case, the directivity has the value 6.7 dBi at 50 GHz and rapidly in-
creases to around 10 dBi for frequencies above 150 GHz. The side lobe level is constant
at -6 dB for frequencies above 250 GHz. Compared to the case depicted in Figure 6.12,
this optimization goal has achieved an improvement of the side lobe level by up to 3 dB
at the cost of a slightly decreased directivity at the lower end of the frequency range.
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Minimizing the maximum side lobe level

The effective angular selectivity that can be achieved with the antenna array is largely
determined by the prominence of the main lobe, i.e. the ratio between the directivity
of the main lobe and the maximum directivity outside the main lobe. This ratio is in
fact quantified by the side lobe level. Since the side lobe level is in general frequency-
dependent, an important optimization goal is the minimization of the maximum side
lobe ratio in the observed frequency range. For that purpose, the fitness function

ξSLL =

(
min

m

{
gML[m]

gSL[m]

})−1

(6.57)

has been defined, where

gML[m] = g[900, m] (6.58)

is the value of the array factor of the main lobe at the frequency m · 50 GHz and

gSL[m] = max
l

{
g[l, m] , l < lleft ∨ l > lright

}
(6.59)

is the maximum directivity outside the main lobe at the same frequency. The indices
lleft and lright denote the left and right borders of the main lobe. These are determined
by finding the nearest local minima of the array factor on the left and right of the main
lobe. Rather than defining a fixed angular range for the main lobe a priori, this method
adapts the limits lleft and lright to the actual width of the main lobe for each individual
that is generated by the genetic algorithm.

z
9.1 mm

279 µm

Figure 6.16: Numerically optimized element distribution that minimizes the side lobe level
across the entire frequency range.

The element distribution generated by the genetic algorithm is sketched in Figure 6.16,
and the resulting radiation patterns are depicted in Figure 6.17. Looking at the result-
ing radiation patterns and the parameters extracted therefrom, there is great similar-
ity with the minimum-redundancy array. There are no grating lobes in the broadside
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case, and the side lobe level is constant at 7.1 dB. The directivity increases from 5.6 dB
at 50 GHz to 10.26 dB at 1000 GHz. As the beam is steered off-broadside, a grating
lobe appears for frequencies above 650 GHz. These results are a strong indication that
the element distribution according to a Golomb ruler shown in the previous section is
in fact the optimum solution for minimizing the side lobe level across the considered
range of frequencies and steering angles.
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Figure 6.17: Calculated frequency-dependent radiation pattern, main lobe directivity DML, side
lobe level SLL, and beam width θ3 dB of a linear 10-element array of isotropic radiators that are
arranged according to the numerically optimized distribution shown in Figure 6.16. The beam
is steered in the directions (a) θ0 = 0◦, (b) θ0 = 45◦, and (c) θ0 = 90◦, respectively. Only the
frequencies f = m · 50 GHz are considered.



CONCLUSION AND OUTLOOK

Conclusion

This thesis provides a comprehensive treatment of UHRR-THz-TDS. Starting from a
recapitulation of the development of photonic terahertz spectroscopy systems, it is
shown that MLLDs are currently competing with MMLDs and SLDs as monolithic
light sources that are suitable for THz-TDS. The main property setting them apart is
their effective coherence length. Due to the locking of the laser modes, MLLDs exhibit
a long effective coherence length that give UHRR-THz-TDS properties similar to “clas-
sical” THz-TDS. On the other hand, MMLDs and SLDs emit light that has a very short
effective coherence length or virtually no coherence, respectively, so that the associated
THz-CCS approach behaves quite differently from UHRR-THz-TDS.

Based on this consideration, advantages and disadvantages of the concepts for differ-
ent applications and systems are established. On the one hand, a long effective coher-
ence length is beneficial in applications in which the round-trip time of the terahertz
signal is not known a priori or changes with time. These applications most promi-
nently include SAR imaging. On the other hand, the fixed phase relationship between
the laser modes of an MLLD demands the optical pulse to be properly compressed at
the terahertz emitter and detector. Therefore, the required precisely defined length of
fiber between the MLLD and the emitter-detector pair puts an – admittedly generous –
limit on the total distance between the light source and the terahertz system. More im-
portantly, the required pulse compression is yet another hurdle on the way towards a
completely monolithically integrated terahertz spectroscopy system. A particular em-

119
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phasis of this work is on the effects of the ultra-high repetition rate of MLLDs. While
causing a poor spectral resolution for spectroscopic applications, its effects on SAR
imaging are a little more nuanced. On the one hand, it causes the unambiguous range
to be extremely short. On the other hand, it provides a deep field of view, as the
range in which objects can be detected no longer depends on the length of the ODU.
MLLD- and SLD-driven systems are strikingly complementary. While the former are
preferable for imaging due to their deep field of view, the latter are preferable for spec-
troscopic applications given their high spectral resolution.

An important contribution of this work is the development of a system-theoretical
model for UHRR-THz-TDS. The presented model allows to calculate the detected tera-
hertz spectrum from the complex optical spectrum and the complex transfer function
of the terahertz system. Moreover, it establishes the relationship between the complex
optical spectrum, the intensity autocorrelation, and the detected terahertz spectrum.
The model shows that the spectrum of the MLLD only affects the amplitudes but not
the phases of the detected terahertz spectrum. It also shows that the corresponding
amplitude factors can be calculated either from the amplitude and phase spectrum of
the MLLD or from the Fourier transform of the intensity autocorrelation function.

These results have great practical relevance. Firstly, they explain the importance of
pulse compression and quantify the effect of pulse chirp on the emitted as well as the
detected terahertz spectrum. Secondly, they allow a prediction of the MLLD’s perfor-
mance in an UHRR-THz-TDS system based on its optical spectrum. An interesting
result of this analysis is that for a constant average optical power, the emitted and de-
tected spectral amplitudes increase with the number of laser modes. Consequentially,
an MLLD with a wide and dense optical spectrum generates the highest spectral ampli-
tudes. As a byproduct, this analysis shows that the transmitter of a terahertz-photonic
communication system exhibits a higher transmit power if it is driven by an MLLD
compared to the conventional case where it is driven by two single-mode lasers.

Based on the improved understanding of UHRR-THz-TDS, several improvements of
the concept are devised and solutions for existing problems of wideband terahertz sys-
tems are developed. Making use of the system-theoretical model, a concept for shaping
the detected terahertz spectrum by shaping the spectrum of the MLLD is investigated.
It is shown that a genetic algorithm can be used to synthesize the complex optical spec-
trum that is required to generate a desired terahertz spectrum. Fitness functions for the
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genetic algorithm that maximize the total detected power, a particular spectral compo-
nent, or the bandwidth of the detected spectrum are developed. First experimental
results using a programmable optical filter show that a spectral shape that maximizes
the detected bandwidth leads to an improvement of the spectral components above
1 THz by up to 8 dB.

To further enhance the performance and practicality of UHRR-THz-TDS, a novel tech-
nique for correcting errors caused by the ODU in the system is developed. This new
technique uses the light from the MLLD in a Mach-Zehnder interferometer to generate
a reference signal for synchronizing and correcting the delay axis. It has numerous
advantages over previously used approaches. Firstly, it increases the hardware effort
of the system only by a minimal amount and facilitates the data acquisition by pro-
viding a low-noise trigger signal. Secondly, it provides absolute time synchronization
and corrects non-linearities of the delay axis with femtosecond-accuracy using a sim-
ple algorithm. This can prospectively allow the use of a fast free-running ODU for
achieving a high spectral update rate. Thirdly, the demonstrated concept allows the
detected terahertz signal to be trimmed to exactly one period. This step allows an
accurate discrete Fourier transform and efficient processing of the measurement data.

Finally, beam steering for UHRR-THz-TDS is addressed. To that end, some of the
fundamental challenges of beam steering for a wideband terahertz system are dis-
cussed and solutions that make use of the frequency-discrete spectrum generated by
the MLLD are presented. It is reasoned – based on a simple power budget analysis –
that photonic beam steering is the most useful approach for UHRR-THz-TDS. It is then
mathematically shown that a delay range equal to one repetition period of the MLLD is
sufficient to enable beam steering across the entire frequency range of the system with-
out beam squint. This approach is named quasi-true time delay beam steering. Based
on this approach, it is then demonstrated with numerical simulations that non-uniform
spatial element distributions of a linear antenna array with a limited number of array
elements can achieve a high directivity without grating lobes. On the one hand, nu-
merically optimized element distributions that aim to match the radiation pattern of
the array to that of a hypothetical “ideal” array or minimize the side lobe level are
developed. On the other hand, it is shown that a minimum-redundancy element dis-
tribution according to a Golomb ruler in fact realizes the best side lobe level across the
entire frequency range for all steering angles between broadside and end-fire.
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Outlook

This thesis opens up several paths for future work. First and foremost, the presented
description and analytical modeling of UHRR-THz-TDS will be of great benefit to
the interpretation of future experimental results. In order to make less restrictive as-
sumptions about the light source, it will be of great interest to develop a more general
stochastic model of the system. Such a stochastic model should be formulated in a way
that the detected terahertz spectrum can be calculated for arbitrary optical spectra. Not
only would such a description allow for a more accurate quantitative comparison be-
tween different light sources, but it would also make it possible to quantify the effect
of the finite linewidth of real MLLDs.

The proposed approach for spectral shaping leaves plenty of room for future work.
A technique that can be expected to deliver improved results will be to include the
transfer function of the terahertz system in the model-driven optimization procedure
and to follow this up with measurement-driven iteration cycles. Moreover, it will be
of great interest to determine customized optimization goals for specific applications.
In the long run, it may be viable to consider these results in the design of new MLLDs
that are optimized for UHRR-THz-TDS.

The presented method for the interferometric reconstruction of the delay axis will be
of great practical relevance. Because its benefits greatly outweigh the additional hard-
ware effort, it should be used in all future UHRR-THz-TDS measurements. Beyond
that, attempts should be made to construct a fast ODU with a delay range that matches
the repetition rate of the MLLD and to combine this with a fast data acquisition de-
vice. Such a system will be an important step towards making the UHRR-THz-TDS
approach commercially attractive. In the same context, the possible applications of
UHRR-THz-TDS should be further investigated. Particular attention should be paid to
applications that make use of the deep field of view. On the other hand, effort should
be spent on developing methods for resolving the problem of ambiguity. A promising
solution may be a sensor fusion approach that combines the data from the UHRR-
THz-TDS system with that from another sensor. While the UHRR-THz-TDS system
provides a high resolution, the other sensor (for example an electronic terahertz radar)
determines the “rough” location of the object under test to resolve the ambiguity.
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Finally, the presented concepts for wideband beam steering still require experimental
validation. This will be a massive undertaking due to the technological challenges in-
volved in the realization of an on-chip array of antenna-integrated photodiodes and the
photonic beam steering network. A likely first step that will enable a proof of concept
will be the construction of a small on-chip array that is driven by a fiber-optic beam
steering network. Besides the experimental proof of concept, there are several more
areas that deserve further investigation. One of them is the antenna structure. An
important research question is the development of antenna structures that efficiently
radiate over an extremely wide frequency range but are small enough to be used in an
array. In that context, mutual coupling between the array elements and efficient cou-
pling into free space will be important aspects to consider. In the spirit of this thesis,
it should be evaluated if the frequency-discrete nature of the wideband radiated sig-
nals can be exploited in the design of the antenna structures. On the side of the beam
steering network, the realization of fast tunable delay elements will be of utmost im-
portance. Currently, the most promising approach is a switched delay line. The under-
lying technological challenge of the proposed concepts will be the hetero-integration
of the passive beam steering network, the antenna-integrated photodiodes, and opti-
cal amplifiers. However, it can be expected that the synergy with current research on
sixth-generation wireless communication systems operating at terahertz frequencies
will deliver solutions within a few years.
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LIST OF ABBREVIATIONS

3D three-dimensional

ASOPS asynchronous optical sampling

Be beryllium

COC cyclic olefin copolymer

CPM colliding pulse mode locking

DBR distributed Bragg reflector

DFB distributed feedback

DFT discrete Fourier transform

DSO digital storage oscilloscope

ECOPS electronically controlled optical sampling

ELF extremely low frequency

ErAs erbium arsenide

Fe iron

FMCW frequency-modulated continuous-wave

FSR free spectral range

FWHM full width at half maximum

GaAs gallium arsenide
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HHI Heinrich Hertz Institute

InAlAs indium aluminum arsenide

InGaAs indium gallium arsenide

InGaAsP indium gallium arsenide phosphide

LTG low-temperature-grown

MBE molecular beam epitaxy

MLHS multilayer heterostructure

MLL mode-locked laser

MLLD mode-locked laser diode

MMLD multi-mode laser diode

MOCVD metal-organic chemical vapor deposition

MQW multiple quantum well

ODU optical delay unit

OSA optical spectrum analyzer

OSCAT optical sampling by laser cavity tuning

PAPR peak-to-average power ratio

PBS polarization beam splitter

PC polarization controller

PCA photoconductive antenna

PM polarization maintaining

QD quantum dot

QDash quantum dash

QTDS quasi time-domain spectroscopy

QTTD quasi-true time delay

RF radio frequency



LIST OF ABBREVIATIONS 127

Rx receiver

SAR synthetic aperture radar

SHG second harmonic generation

SLAPCOPS single-laser polarization-controlled optical sampling

SLD superluminescent diode

SLL side lobe level

SOS silicon on sapphire

THz-CCS terahertz cross-correlation spectroscopy

THz-FDS terahertz frequency-domain spectroscopy

THz-TDS terahertz time-domain spectroscopy

Ti:sapphire, Ti:Al2O3 titanium-sapphire

TIA transimpedance amplifier

TPX polymethylpentene

TTD true time delay

Tx transmitter

UHRR-THz-TDS ultra-high repetition rate terahertz time-domain spec-
troscopy
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[57] T. Göbel, D. Stanze, B. Globisch, R. J. B. Dietz, H. Roehle, and M. Schell, “Telecom
technology based continuous wave terahertz photomixing system with 105 deci-
bel signal-to-noise ratio and 3.5 terahertz bandwidth,” Opt. Lett., vol. 38, no. 20,
pp. 4197–4199, Oct 2013. doi: 10.1364/OL.38.004197



132

[58] L. Duvillaret, F. Garet, J.-F. Roux, and J.-L. Coutaz, “Analytical modeling and
optimization of terahertz time-domain spectroscopy experiments, using photo-
switches as antennas,” IEEE Journal of Selected Topics in Quantum Electronics, vol. 7,
no. 4, pp. 615–623, 2001. doi: 10.1109/2944.974233

[59] E. Ippen, C. Shank, and A. Dienes, “Passive mode locking of the cw dye laser,”
Applied Physics Letters, vol. 21, no. 8, pp. 348–350, 1972. doi: 10.1063/1.1654406

[60] C. V. Shank and E. P. Ippen, Mode-Locking of Dye Lasers. Berlin, Heidelberg:
Springer Berlin Heidelberg, 1973, pp. 121–143. ISBN 978-3-662-11579-4

[61] R. L. Fork, B. I. Greene, and C. V. Shank, “Generation of optical pulses shorter
than 0.1 psec by colliding pulse mode locking,” Applied Physics Letters, vol. 38,
no. 9, pp. 671–672, 1981. doi: 10.1063/1.92500

[62] G. Mourou, C. V. Stancampiano, A. Antonetti, and A. Orszag, “Picosecond
microwave pulses generated with a subpicosecond laser-driven semiconduc-
tor switch,” Applied Physics Letters, vol. 39, no. 4, pp. 295–296, 1981. doi:
10.1063/1.92719

[63] D. H. Auston, K. P. Cheung, and P. R. Smith, “Picosecond photoconducting
hertzian dipoles,” Applied Physics Letters, vol. 45, no. 3, pp. 284–286, 1984. doi:
10.1063/1.95174

[64] C. Fattinger and D. Grischkowsky, “Point source terahertz optics,” Applied Physics
Letters, vol. 53, no. 16, pp. 1480–1482, 1988. doi: 10.1063/1.99971

[65] ——, “Terahertz beams,” Applied Physics Letters, vol. 54, no. 6, pp. 490–492, 1989.
doi: 10.1063/1.100958

[66] S. Gupta, J. Whitaker, and G. Mourou, “Ultrafast carrier dynamics in iii-v semi-
conductors grown by molecular-beam epitaxy at very low substrate tempera-
tures,” IEEE Journal of Quantum Electronics, vol. 28, no. 10, pp. 2464–2472, 1992.
doi: 10.1109/3.159553

[67] S. Gupta, J. F. Whitaker, S. L. Williamson, G. A. Mourou, L. Lester, K. C. Hwang,
P. Ho, J. Mazurowski, and J. M. Ballingall, “High-speed photodetector applica-
tions of gaas and inxga1−xas/gaas grown by low-temperature molecular beam



REFERENCES 133

epitaxy,” Journal of Electronic Materials, vol. 22, no. 12, pp. 1449–1455, Dec 1993.
doi: 10.1007/BF02649997

[68] J. Kafka, M. Watts, and J.-W. Pieterse, “Picosecond and femtosecond pulse gener-
ation in a regeneratively mode-locked ti:sapphire laser,” IEEE Journal of Quantum
Electronics, vol. 28, no. 10, pp. 2151–2162, 1992. doi: 10.1109/3.159524

[69] R. Takahashi, Y. Kawamura, T. Kagawa, and H. Iwamura, “Ultrafast 1.55µm pho-
toresponses in low-temperature-grown ingaas/inalas quantum wells,” Applied
Physics Letters, vol. 65, no. 14, pp. 1790–1792, 1994. doi: 10.1063/1.112870

[70] M. Suzuki and M. Tonouchi, “Fe-implanted ingaas photoconductive terahertz de-
tectors triggered by 1.56µm femtosecond optical pulses,” Applied Physics Letters,
vol. 86, no. 16, p. 163504, 2005. doi: 10.1063/1.1901817

[71] ——, “Fe-implanted ingaas terahertz emitters for 1.56µm wavelength excitation,”
Applied Physics Letters, vol. 86, no. 5, p. 051104, 2005. doi: 10.1063/1.1861495

[72] A. Takazato, M. Kamakura, T. Matsui, J. Kitagawa, and Y. Kadoya, “Terahertz
wave emission and detection using photoconductive antennas made on low-
temperature-grown ingaas with 1.56µm pulse excitation,” Applied Physics Letters,
vol. 91, no. 1, p. 011102, 2007. doi: 10.1063/1.2754370

[73] B. Sartorius, H. Roehle, H. Künzel, J. Böttcher, M. Schlak, D. Stanze, H. Venghaus,
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