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Abstract

This thesis presents the study and development of coherent lensless imaging techniques
with THz radiation for potential industrial non-destructive testing and biomedical imaging
applications. The detection and generation of different wave ranges in the THz band vary
significantly from one to another. The penetration ability of THz radiation also depends on
their working wavelength. Therefore, we have studied the appropriate systems and their
suitable applications for both the far-infrared side of THz radiation and the sub-THz radiation.
Far-infrared has a shorter wavelength. Thus, both the imaging system readiness and the
intrinsic resolution are better. However, the penetration ability is limited. On the other hand,
sub-THz radiation maintains good penetration ability for a large variety of dielectric mate-
rials. It is suitable to carry out non-destructive testing applications with the sub-THz radiation.

Both digital holography and other non-interferometric phase retrieval techniques, includ-
ing ptychography, have been studied and implemented with THz radiation. Migrating these
coherent lensless imaging techniques in the THz needs to tackle the difficulties due to the
long working wavelength and the still-developing THz source and detector technologies. We
have shown that combining the phase retrieval method with the off-axis digital holography
can be beneficial when working with THz radiation. The phase retrieval method helps recover
more information that cannot be successfully reconstructed due to the imperfect recording
condition of the THz hologram. The validity of the proposed method has been tested both on
the far-infrared and the sub-THz digital holographic setups. On the other hand, ptychography
allows imaging the sample under investigation over a wide field of view. We have studied
the appropriate configuration of THz ptychography in reflection mode and other further
improvements. Imaging a dehydrated human breast cancer tissue with our improved THz
ptychography setup shows its potential in biomedical imaging applications.

Keywords: Terahertz imaging; Digital holography; Phase retrieval; Ptychography; Non-
destructive testing; Biomedical imaging.
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Chapter 1

General Introduction

1.1 Context

Terahertz (THz) waves refer to electromagnetic radiations with frequencies ranged between
0.1 and 10 THz1, locating between the infrared and microwave frequencies as depicted in
Fig. 1.1. Due to its location in the electromagnetic spectrum, the THz band shares properties
of both neighboring [1]. Like microwaves, THz waves can penetrate various insulating
optically opaque materials such as polymers [2], fabrics [3], biological tissues [4], and semi-
conductors without ionization damage2. The seeing-through ability makes THz imaging an
emerging technique of high potential in industrial non-destructive testing (NDT) [5], medical
[6], and security applications [7]. THz waves offer a higher spatial resolution for imaging
applications thanks to the shorter wavelength compared to the microwave, paving the way for
industrial inspection with sub-mm resolution [8–10]. On the other hand, similar to infrared
radiation, many molecules have peculiar absorption spectra (i.e. fingerprint spectra) in the
THz range. Vibrational absorption frequencies of organic intramolecular chemical bonds are
mainly located in the IR band. In contrast, the absorption frequencies of weak intermolecular
forces (such as hydrogen bonds and van der Waals’ force), molecular structure bending,
dipole vibrations, rotational energy transitions, and low-frequency vibrations are mainly
located in the THz band [11]. Water, for example, has hundreds of rotational and vibrational
absorption lines in the THz region [12]. The rich spectral information makes THz radiations
useful for different applications such as pharmaceutical quality assessment [13], illicit drugs
detection [14, 15] and agricultural products inspection [16].

1Frequency ν =1 THz=1012 Hz corresponds to wavelength λ = c/ν= 300µm.
2The penetration ability of THz wave is more restrictive than that of microwave radiation.
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Fig. 1.1 Terahertz gap locates between the millimeter waves and the infrared waves.

The band THz remained the least explored electromagnetic spectrum due to the tech-
nological difficulties in THz generation and detection, which is often referred to as the
"THz gap" [17, 18]. However, the THz gap has been gradually bridged over the last thirty
years. Photonic technologies diminished the limitations from the high-frequency side, while
microwave technologies made progress from the low-frequency side. These breakthroughs
opened up numerous opportunities for using THz radiation for research purposes and appli-
cations mentioned above. A detailed overview of THz techniques will be given later on in
this work.

1.2 Objective of the thesis

The ERDF/Wallonia region project TERA4ALL is associated with this Ph.D. thesis. In
the first place, the project TERA4ALL aims at promoting THz technologies for industrial
application. Various study cases in pharmaceutical, agricultural, biomedical, and NDT
domains have been carried out with Terahertz time-domain spectroscopy (THz-TDS) since
spectroscopic characterization with THZ-TDS has higher Technology Readiness Level (TRL)
[10]. Implementing innovative THz imaging techniques and instrumentation is another
essential perspective of the project TERA4ALL. CSL devotes to exploring the possibility of
continuous-wave (CW) THz lensless imaging techniques for the NDT of composite materials.

Under this framework, the thesis presents extensive research on CW THz lensless imaging
techniques and their potential applications. The first objective is to understand different
THz science and technology families to evaluate the feasibility and limitation of inspecting
composite materials using different CW THz imaging systems. As explained in Section
1.1, the THz band spans across the photonic and electronic spectrum, the technologies
of generating and manipulating THz radiations, as well as their properties, are related
to the subdivisions. Both sub-THz and far-infrared (FIR) CW systems are investigated.
Experiments are conducted with different systems in both bands. The second objective is to
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develop coherent lensless imaging techniques with THz radiation. Coherent lensless imaging
techniques allow reconstructing both the amplitude and phase numerically with coherent
source and intensity-only detectors. Undoubtedly, the retrieved phase can act as an imaging
contrast agent. Moreover, the phase information can reveal additional information such
as refractive index fluctuation, thickness, and profile variation [19]. Migration of coherent
lensless imaging techniques in THz borrowed their working principles implemented at shorter
wavelengths, from the visible to the X-ray range. However, the specific features of THz
radiation should be taken into account.

1.3 Outline of the thesis

Figure 1.2 depicts the main contents and their organization of the thesis. The work is
conducted as follows:



4 General Introduction

Fig. 1.2 THz technology and the coherent lensless imaging techniques are the two keywords
to explore in this thesis. The diagram depicts the main contents with their corresponding
chapters.

An overview of THz science and technologies is presented in chapter 2. The repre-
sentative THz sources, THz detectors, and the properties of different THz subdivisions
are reviewed. The chapter also gives a survey of the current THz imaging techniques and
applications. Understanding the state-of-the-art in THz technologies helps determine the
suitability for specific applications. The appropriateness of inspecting composite materials
using CW THz imaging with different technologies will be addressed. The chapter will
address the two important conclusions: Our available THz equipment is not suitable for
investigating composite materials. However, our THz source and detector are suitable choices
for investigating emerging coherent lensless imaging techniques.

Chapter 3 explains the theoretical background of coherent lensless imaging techniques,
including digital holography (DH), phase retrieval (PR), and ptychography. The chapter



1.3 Outline of the thesis 5

covers the common free space propagation derived from scalar diffraction theory, the distinc-
tive ways of recovering the phase problem, and their implementation in THz. The benefit
of employing lensless coherent imaging techniques in the THz band will be discussed. The
contents in Chapter 2 and Chapter 3 are partially published in the review papers [20, 21].

Chapter 4 to Chapter 6 consist of two coherent lensless imaging techniques that have
been developed with THz radiation during this thesis, which corresponds to the second main
objective. The developed techniques are mainly based on the available FIR THz equipment
at CSL. In the meantime, we validated some development at sub-THz, which is the more
suitable band for NDT applications, by collaborating with CENTERA (Center for Terahertz
Research and Applications), Polish Academy of Sciences.

In Chapter 4, DH is investigated. Due to the large wavelength of THz radiation, some
particular concerns for choosing the appropriate DH setup and reconstruction method are
addressed at the beginning of this chapter. An iterative PR scheme is developed to enhance
the imaging quality of off-axis THz DH. The result is published in the paper [22]. Two
distinctive experimental setups at both 2.52 THz and at 280 GHz have been developed.
The experimental results have both validated the effectiveness of the proposed iterative PR
scheme. The experiments also showed that off-axis THz DH is capable of reconstructing
concealed (or optically opaque) objects. The reconstructed phase can be used for retrieving
the thickness measurement. The limitation and perspectives of off-axis THz DH are discussed
at the end of this chapter.

In Chapter 5, we investigated another coherent lensless imaging technique in THz: pty-
chography. Ptychography allows full-field, high-resolution imaging with an expended field of
view (FOV). THz ptychography in transmission mode was recently demonstrated in [23]. We
implemented reflective ptychography by oblique illumination for the first time in collabora-
tion with the Beijing University of Technology (BJUT). The feasibility was demonstrated by
measuring the topography of two reflective metal samples. The work is communicated in [24].

Regarding the reconstruction results obtained with reflective ptychography in Chapter 5,
as well as the results published in [23] in transmission mode, there is still room for improve-
ment. The reconstruction failed when having complex objects.



6 General Introduction

In Chapter 6, the optimization of THz ptychography is studied. In transmission mode,
the proposed improvements include 1) diffraction pattern post-processing for denoising, 2)
enlarging the FOV without more extra scans, and 3) diffuser illumination for resolution
enhancement. The experiment demonstrated that the proposed methods produce more satisfy-
ing results compared to the earlier development. We successfully reconstructed an image of a
paraffin-embedded human breast cancer tissue sample thanks to the improvement mentioned
above.

Finally, a conclusion of the THz coherent imaging techniques studied throughout the
thesis, as well as their perspectives and hurdles toward real-world applications, are given in
Chapter 7.



Chapter 2

Overview of the THz technologies

This chapter provides an overview of THz technologies mainly related to continuous-wave
(CW) THz imaging systems and applications. At the beginning of the chapter, the subdi-
visions of THz radiation is elaborated. THz radiation generation and detection research
remain the most challenging yet revolutionary domain. Moreover, it plays a decisive role
in THz imaging and other applications. We will firstly review the representative CW THz
sources and detectors. The specification of the sources and detectors involved in further
experiments will be exhaustively described. We also introduce the THz generation and detec-
tion mechanism of two relatively mature THz systems, which can provide practical solutions
for NDT applications in the composite material industry: the THz Frequency Modulated
Continuous-Wave (FMCW) radars and the THz time-domain spectroscopy (THz-TDS) [10].
Besides the THz wave generation and detection, understanding the optical properties of
different materials in THz allows us to choose the appropriate THz optics and understand the
specimen’s optical behavior under investigation. Different categorizations of THz imaging
and their typical applications will be reviewed. The review provided in this chapter is only a
glimpse of the promptly developing THz research. It intends to provide the current situation
of THz instrumentation and imaging techniques that are relevant to our further development.
Other THz imaging techniques and applications which are irrelevant to our equipment are
only briefly presented to emphasize the uniqueness and differentiation.
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2.1 The subdivisions of THz band

Some basic information of THz radiation has been addressed in the general introduction in
Chapter 1. However, the definition of the term "Terahertz" is very broad and ambiguous.
It simply refers to the electromagnetic wave that locates between infrared and microwave.
The definition of the border is also blurry. In many sources, including the report from
the International Telecommunication Union (ITU) [25], THz radiation refers to the range
between 0.1 THz to 10 THz. Meanwhile, it is common to see that the definition is narrowed
down to 0.3 THz - 3 THz in other papers. Since The THz band does not have a standard
definition, instead of broadly discussing the whole THz spectra, it is more appropriate
to regard the THz science and technologies as the extension of microwave toward higher
frequency (shorter wavelength) and the development of optical/thermal technologies toward
lower frequency (longer wavelength). THz wave generation and detection mechanism, the
way it interacts with the matter, and their suitable applications on the two sides of THz
spectra are distinct from each other. Some THz bands behave similarly to their neighboring
spectral band. Therefore they are merged into their neighboring bands as well. The typical
subdivisions of the THz bands are as follows [26]:
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• Millimeter wave (MMW): 1-10 mm, 30-300 GHz, 0.03-0.3 THz

• Sub-millimeter wave (SMMW): 0.1-1 mm, 0.3-3 THz

• Far-infrared radiation (FIR): 25-350 µm, 0.86-12 THz

In addition, the frequency range of 0.1-1 THz, corresponding to 300-3000 µm is often
referred to as sub-THz radiation in many works of literature. Therefore, this term will also
be used in the thesis.

2.2 THz generation and detection

2.2.1 Narrowband CW THz sources

CW THz generation can be either based on microwave technologies or optical-based tech-
nologies. The subsections introduce typical narrowband CW THz sources.

2.2.1.1 IMPATT diodes, Gunn diodes, and Frequency multiplier chains

Electronic solid-state oscillators emit CW monochromatic sub-THz radiation. Impact ioniza-
tion avalanche transit-time (IMPATT) diodes and Gunn diodes belong to this category. A
microwave oscillator is created by applying a DC voltage to bias the device into its negative
resistance region. Gunn diodes based on gallium arsenide (GaAs) are made for frequencies
up to 200 GHz, while those relying on gallium nitride (GaN) can reach up to 3 THz. Most of
these devices are compact and low-cost sources. They are easy to use and can be operated at
room temperature. Therefore, they are suitable for various imaging applications. Companies
such as Terasense provide commercial IMPATT diodes THz sources from 100 GHz up to
300 GHz, as shown in Fig. 2.1(a). The highest output power at 100 GHz is up to hundreds of
mW, whereas the 300 GHz sources have an output of 40 mW.

Frequency multiplier chains are often added on the electronic sources such as Gunn
and IMPATT diodes to generate even higher frequency radiation at the expense of power
loss. Frequency multipliers are Schottky-diode-based or transistor-based electronic circuits,
which have a non-linear response to electromagnetic waves. They generate higher harmonic
components of the incoming wave. With a suitable filter or waveguide, harmonics are
collected. It is also possible to use several frequency multipliers in series to produce even
higher frequencies. For instance, Fig. 2.1(b) shows a 90 mW high-power 264 GHz source
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developed at Virginia Diodes with the help of three frequency multipliers. Some experiments
that we conducted in sub-THz range in Chapter 4 made use of a 35 mW 140 GHz IMPATT
diode (Aerfortis) with a multiplier to achieve 280 GHz output frequency (Fig. 2.1(c)), but as
a cost, the output power is decreased to 15 mW. Moreover, frequency multiplier modules
are often integrated in the transmitter and receiver parts of a millimeter wave vector network
analyzer (VNA) as a frequency extender (Fig. 2.1(d)).

Fig. 2.1 Typical electronic solid-state oscillators for CW THz generation. (a) Commercial
IMPATT diode THz sources from Terasense [27]. (b) The high-power 264 GHz source
from Virginia Diodes is achieved with the help of three frequency multipliers [28]. (c)
The IMPATT diode with a multiplier used in the sub-THz experiment in Chapter 4. (d) A
millimetre wave vector network analyzer (VNA) broadband system from Anritsu [29].

.

2.2.1.2 Backward wave oscillators

Back wave oscillators (BWOs) are shoe-box-sized tunable monochromatic THz sources.
They produce THz radiation based on the electron movement in the electron vacuum tubes.
Figure 2.2(a) shows the working principle of BWO for THz generation. A heated cathode
emits electrons that are accelerated by external DC voltage toward the anode side. A metal
grating known as a comb slow-wave structure along the vacuum tube induces a periodic
spatial modulation of the electron beam and the electrons are driven into bunches. The
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bunched electrons excite surface electromagnetic waves on the metal grating. The produced
wave, i.e., the THz radiation travels in the opposite direction of the electron beam’s direction,
justifying the name. The output frequency is determined by the electron velocity. Thus,
the frequency is tunable by adjusting the bias voltage. Commercial BWO sources (such
as Terasense and Microtech Instruments Inc., as shown in Fig. 2.2(b)) offer high output
power up to 100 mW in the sub-THz range and mW-level output at 1 THz. Similar to other
electronic sources, the frequency multipliers can be integrated with a BWO source to achieve
high frequency. Since the first THz imaging system was demonstrated with BWO in 2004
[30], BWOs are often chosen as ideal sub-THz sources for imaging applications due to their
high-power output, compactness and tunability [31–35].

Fig. 2.2 Back wave oscillators for THz generation. (a) Schematic working principle of BWO
[36]. (b) Commercial BWO THz sources from Terasense [27].

2.2.1.3 Free electron lasers

Free electron lasers (FELs) are building-sized facilities. They generate high-power (W to
kW scale), monochromatic, broadly and continuously tunable THz radiation. Well-known
FEL facilities include Novosibirsk FEL (NovoFEL) in Russia, FLASH at DESY in Germany,
CAEP THz FEL in China, the FLARE FEL at FELIX Laboratory in the Netherlands, and the
SwissFEL in PSI in Switzerland. In FEL, a beam of accelerated free electrons is injected into
a wiggler where the magnetic field varies periodically with distance. The electrons move
sinusoidally in the wiggler, generating coherent monochromatic electromagnetic radiation.
The generated radiation resonates in an optical cavity [37]. The wiggler is analogous to the
gain medium of a conventional laser system, whereas the electron beam is the equivalent of
the pumping system.
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2.2.1.4 Quantum cascade lasers

Quantum cascade Lasers (QCLs) are electrically pumped unipolar lasers. It is the latest way
of generating THz radiation. THz sources are mW-level compact sources. Commercialized
THz QCL sources exist single-line and multi-line devices operating in pulsed mode, pro-
viding a CW equivalent THz power of several mW in the frequency range from 1.2 to 5
THz. Commercialized THz QCL sources can be found from companies such as LongWave
Photonics (the US), Alpes Lasers (Switzerland) and Lytid (France).

The working principle of QCL differs from that of conventional semiconductor lasers. In
semiconductor lasers, a photon is emitted during the recombination of an electron and a hole.
The emission frequency is determined by the discrete difference between the conduction
band and the valence band of the used semiconductor. Photon emission in QCL is based on
electron transitions (unipolar carrier) in cascaded quantum well structures. For conventional
semiconductor lasers, the emission frequency is determined by the energy band of the used
material. QCL emission frequency is determined by the engineered band structure: the
size and width of the quantum wells. The quantum wells structure is formed by having a
semiconductor material (such as GaAs) sandwiched by two layers of material with a wider
bandgap (such as AlxGa1-xAs). The conduction band offset between these two materials
provides the ‘wells’ and ‘barriers’. In a QCL, an electron undergoes an intersubband transi-
tion and sequentially emits a photon in one period of the quantum well structure. The same
electron is injected into the next period and contributes to another intersubband transition [26].

The difficulty of developing THz QCL can be contributed to two aspects. First, due
to the weak energy of emitted THz photon, it is difficult to selectively inject and remove
electrons from such close sub-bands. The thermal excitation can easily disturb the electron
configuration. The output power of QCLs drops drastically as the temperature increases.
Second, the loss due to the absorption of radiation by free carriers increases proportionally
to the square of the wavelength. Thus, waveguides are required [38]. The first THz QCL
was reported only in 2002. It delivers an output power of 2 mW at 4.4 THz working at 50K
operation temperature [39]. Although all the commercially available THz QCLs require
Stirling, liquid nitrogen, or cryogenic cooling to reach the claimed output power, progress
is being made toward room-temperature high-power sources [40, 41]. Generating sub-THz
waves with QCL is another challenge. The latest research demonstrates intracavity generation
within THz QCLs over the unprecedented range of 25 GHz to 500 GHz [42].
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2.2.1.5 Optically pumped FIR lasers

Optically pumped FIR lasers are considered the oldest technology for THz generation since
the FIR generation with optically pumped gas molecules was firstly observed in the 1960s
[43]. They play an important role in THz research as a CW high power monochromatic
source that operates at room temperature. However, the system can be bulky and expensive.
They are based on the stimulated emission from rotational transitions in gas molecules (such
as methanol, formic acid, hydrogen fluoride and ammonia) at pressures in the millibar (mbar)
range, offering discrete single-line (1MHz and less) emissions from around 60 µm to 500
µm with powers up to hundreds of mW.

Optically pumped FIR lasers consist of a vacuum cavity in which a molecular gas at low
pressure is filled and a CO2 laser that emits IR radiation as the pump. The lasing principle
is thoroughly explained in [44]. As shown in Fig. 2.3, an infrared (IR) photon (9.69 µm) is
absorbed by Methanol (CH3OH) vapour, exciting the C-O stretch (vibrational) mode. The
molecule then lases between the J (J=16) and J-1 rotational levels, emitting a photon at
118.83 µm. The wavelength of the pump CO2 laser and the molecule decide the output
frequency together. The output power for a given line is determined by the power of the
pump CO2 laser.

Fig. 2.3 Lasing principle of optically pumped FIR lasers (source: [44])
.

Optically pumped FIR laser at CSL

The optically pumped FIR laser system at CSL is manufactured by Edinburgh Instruments
Ltd, shown in Fig. 2.4. The system delivers more than three times as much output power
compared to the other two commercialized models FIRL-100 (Edinburgh Instruments Ltd)
and SIFIR-50 (Coherent Inc.). The pump CO2 laser utilized here has a maximum output
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power of 180 W (50 W for the other two models). A maximum output power of 500 mW can
be obtained at 2.52 THz. The high power comes at the cost of compactness. The pump laser
and the FIR cavity are integrated in one box in both FIRL-100 and SIFIR-50. The CO2 pump
laser PL6 works in a flow-through mode with a standard gas mixture composition of 7%
CO2, 18% N2, and 75% He1. A rotating diffraction grating allows selecting the desired IR
lines. Two mirrors and a ZnSe lens couple the output IR beam into the FIR-295 cavity. The
molecular gas is filled in the cavity and pumped at low pressure. The generated FIR radiation
transmits the output coupler, whereas the IR radiation is blocked. The cavity length of
FIR-295 is adjustable by changing the position of the output coupler attached to a motorized
precision linear translation stage.

Two practical issues exist with our FIR laser system. First, to achieve the optimum
output power as indicated on the datasheet, the IR power, the gas pressure and the FIR
cavity length should be well-adjusted. Unfortunately, adjusting the FIR cavity length can be
tedious and time-consuming since the absolute displacement of the cavity elements cannot be
quantitatively readout. Therefore, finding the maximum power with a Gaussian-shaped beam
profile is a trial-and-error process. Another issue is power and beam profile stability. The
stability of the FIR laser output depends on the stability in frequency and power of the CO2

pump laser and on the stability of the FIR cavity. Although both cavities are water-cooled,
the system is sensitive to ambient thermal fluctuation. The same effect is observed with
FIR-100. PL6 + FIR-295 system is more impacted than the other two models mentioned
above since the output power of CO2 laser is higher. The situation is even worse in our case
because of the layout of our laboratory. The heat generated by the water-cooling system
cannot be evacuated outside of the laboratory. As a result, the FIR output power can drop
more than 20% within 10 minutes. To solve this issue, the system should be ideally installed
in an air-conditioned laboratory. Moreover, laser stabilizers developed by the same company
can be added to actively compensate for the laser output fluctuations and to lock the variation
in laser frequency or power to a value close to the passive jitter2.

1It is the same case in FIRL-100, whereas SIFIR-50 utilizes a permanently sealed-off pump laser.
2SIFIR-50 has integrated stabilizer, the power can be stable up to one hour according to their specification.
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Fig. 2.4 PL6 + FIR-295 laser system in CSL.

2.2.1.6 Summary

Hereby we summarize the output power and the frequency of the CW THz sources mentioned
above. FELs are building-sized facilities that provide ultra-high (W-kW scale) output power
over a broad frequency range. Microwave technologies such as IMPATT diodes, Gunn diodes
and BWOs are compact sources that can generate 100 mW-level output in the deep sub-
THz region (<300 GHz). These sources can reach higher frequency output with frequency
multiplier blocks at the expense of loss in power. These sources are compact and cost-
efficient. Thus, they are suitable for developing applications in the sub-THz range. On the
other hand, optical-based sources are mainly used for the FIR radiation generation. Optically
pumped FIR lasers are relatively established technologies. They generate discrete single line
emissions. The pumped gas molecule and the employed pump line determine together the
output power and frequency. The system is QCLs are recently developed THz sources that
emit mW-level outputs from 1.1 up to 5 THz.

2.2.2 THz detectors

2.2.2.1 Foreword

There exist different ways for categorizing THz detectors. First, by detecting principle, the
THz detectors can be classified into three categories: photon detectors, thermal detectors, and
rectification detectors. Second, depending on their working temperature, the detectors can
be divided into uncooled and cooled detectors. At last, the detecting system can be divided
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into coherent detection and incoherent detection systems. Incoherent detection systems
directly provide the signal correlated to the intensity of THz radiation, whereas coherent
detection allows detecting both the amplitude and the phase of the THz radiation. Besides the
THz-TDS system, which employs a time-gated coherent detection, the heterodyne technique
is another coherent detection method. For coherent heterodyne detection, the THz signal at
frequency ωTHz is down-converted to a few GHz by mixing with the fixed frequency ωLO

of the local oscillator. The output signal has an intermediate frequency ωIF = |ωTHz −ωLO|
and an amplitude proportional to the THz signal. The transceivers in FMCW systems are
based on heterodyne detection. The coherent detection offers complete information of the
THz signal at the expense of system complexity. Producing 2D arrays with the heterodyne
technique is impractical.

In our project, we seek commercially available 2D array THz detectors for room-
temperature imaging applications. It narrows down our choice to the following incoherent
uncooled thermal detectors and rectification detectors which will be presented in the subsec-
tion. A more detailed recent review of available THz detectors can be found in [45].

2.2.2.2 Uncooled thermal detectors

Pyroelectric cameras and uncooled microbolometers focal plane arrays (FPAs) are 2D
array THz detectors based on thermal detection. Pyroelectric cameras are able to detect
broadband spectrum ranging in UV, IR, and up to THz radiation. They are often used as beam
profilers for sensitive bands. The detection mechanism is based on the pyroelectric effect
in polarized ferroelectric crystals such as lithium tantalate (LiTaO3). The working principle
of the pyroelectric camera is depicted in Fig. 2.5(a). The detection crystal is considered as
a small capacitor with two conducting electrodes mounted perpendicularly to the direction
of spontaneous polarization. With the incident radiation, the temperature variation causes
the change of its electric polarization, giving rise to a measurable current across the crystal.
Pyrocam III and Pyrocam IV are commercially available pyroelectric cameras from Ophir
[46], shown in Fig. 2.5(b). The Pyrocam III has a resolution of 124 × 124 pixels with a
pitch of 100 µm. The latest model Pyrocam IV has a higher resolution of 320 × 320 pixels
with a smaller pitch of 80 µm. An additional radiation chopper is integrated, which allows
modulating the irradiance in time. Under chopped CW operation, the Pyrocam has a noise
equivalent power (NEP) of 13 nW/

√
Hz per pixel. The lowest measurable signal is 96

nW/pixel. The saturation power is about 4.5 W/cm2.
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Fig. 2.5 (a) Working principle of pyroelectric cameras [26] and (b) the Pyrocams from Ophir
[46].

Uncooled microbolometer FPAs measure the power of electromagnetic radiation indi-
rectly via the temperature-dependent electrical resistance of the detecting materials such as
amorphous silicon (a-Si), vanadium oxide (VOx), and silicon nitride (SiN). Figure 2.6(a)
shows an example of the microbolometer structure. A membrane of pixel-sized detecting
material is attached to the read out integrated circuit (ROIC) by the metal stud. The mem-
brane is thermally isolated thanks to the micro bridge structure. Therefore it can work under
uncooling conditions. Microbolometer arrays were initially developed for long-wave IR
(LWIR) band (8-14 µm) imaging. The technology is relatively well-established. Commercial
off-the-shelf LWIR cameras with typical resolutions up to 1280 × 1024 pixels with 17 µm
pitch can be found. Surprisingly, the LWIR microbolometers remain sensitive to THz radia-
tions. Real-time imaging with LWIR microbolometers at 2.52 THz has been demonstrated
since 2005 [47]. Uncooled microbolometer FPAs specifically designed for THz radiation
emerged in the market by the time of 2010, including the NEC’s IRV-T0831 camera3 (Japan)
[48], the INO’s MICROXCAM-384i-THz camera (Canada) [49], the CEA Leti’s i2S TZ-
CAM THz camera (France) [50], and the recent-developed RIGI THz Camera from the
company Swiss Terahertz (Switzerland) [51], shown in Fig. 2.6(b). These microbolometers
have optimized their sensitivity in the THz band via different approaches, including the
use of metallic absorbers for maximizing THz absorption, coupling designed antennas, and
integrating metamaterial-based absorbers [49, 52]. The uncooled microbolometer FPAs are
very sensitive at frequencies > 1 THz. For example, the MICROXCAM-384i-THz camera
that we possess has a claimed NEP of 35 pW/

√
Hz per pixel at 2.5 THz. The pixel gets

saturated around 150 µW/pixel. However, these values are frequency-dependent. Generally,

3NEC has already discontinued the production of THz cameras by the year of 2016.
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these cameras are less sensitive at < 0.6 THz.

The technical maturity of dedicated THz microbolometers does not reach the same level
as LWIR microbolometers. The number and the size of pixels of THz microbolometers are
limited compared to the LWIR microbolometers. Hack et al. have evaluated the performance
of LWIR microbolometers for real-time THz imaging and THz off-digital holography ap-
plication [53]. The LWIR microbolometer XENICS Gobi 640 showed unexpectedly good
sensitivity around 2 THz. Moreover, it is even more suitable to perform THz off-axis digital
holography thanks to its small pixel size. Thus XENICS Gobi 640 was also used for our
digital holography setup at 2.52 THz in Section 4.5. The high sensitivity of microbolometer
FPAs allows working with low power (mW-level) commercial THz sources. However, extra
care should be taken when working with microbolometer FPAs (both the LWIR and the THz
ones) because their pixels can be permanently damaged when a low-power (µW-level) laser
is focused on several pixels. The output of our FIR laser considerably exceeds the damage
threshold. Consequently, the laser should be attenuated to the appropriate power level prior
to shining on the microbolometer FPAs.

Fig. 2.6 (a) Example of the microbolometer structure and (b) commercially available THz
microbolometer cameras.

Detection of sub-THz radiation at room temperature is often realized with uncooled
Rectification THz detectors, including the Schottky barrier diodes (SBDs) and field effect
transistors (FETs) detectors. Their typical NEP of single-pixel detector is around 1-100
pW/

√
Hz at sub-THz (<0.6 THz) [45]. In Chapter 4, we have employed a single-pixel

FET detector with a 2D raster scan for hologram acquisition at the sub-THz (280 GHz)
range. The detection mechanism of FET detectors is based on plasma wave’s rectification
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in the FET channel. When THz radiation is coupled between the gate and the source of
the FET, the AC signal is rectified, leading to a DC photoresponse (photovoltaic effect)
proportional to the radiation intensity [54]. One advantage of FET THz detectors is that they
can be integrated into FPAs based on standard complementary metal–oxide–semiconductor
(CMOS) technology. The maturity of the fabrication process guarantees the quality of pixel
uniformity and the production cost [55]. Terasense (the USA) has commercialized FET-based
THz cameras with NEP of 1 nW/

√
Hz in the range of 10 GHz - 1 THz. The increase in

NEP compared to that of single-pixel detectors is due to readout procedures and electronics.
Terasense camera has a resolution of 64 × 64 pixels with a pitch of 1.5 mm. Their latest
linear imager (256 × 1 pixels) has reduced the pixel pitch down to 0.5 mm.

2.2.3 THz Frequency Modulated Continuous-Wave (FMCW) radar
and THz time-domain spectroscopy (THz-TDS)

In the two previous sections, we have seen different principles and their examples for
generating and detecting CW narrowband THz radiation. Different sources and detectors
introduced in Sections 2.2.1 and 2.2.2 can be associated with one another for imaging and
sensing applications based on incoherent detection as long as the detectivity of the detector
matches the source output level. In the meantime, FMCW radar and THz-TDS are two
relatively mature THz sensing systems that are based on their unique, coherent detection
mechanism. Thanks to the coherent detection, the embedded phase information allows
depth-resolving imaging, providing practical solutions for real-world composite material
NDT application for the composite material industry. The EU-funded DOTNAC project
has investigated their performance in industrial NDT [56]. Since then, the FMCW radars
technology has led to different applications for automotive and aviation sectors such as
radome inspection, thickness measurement, and acoustic and thermal insulation quality
control. THz-TDS is not only capable of performing layer thickness measurement for
industrial applications, it is also the standard technology for spectroscopic studies in different
domains. The development of application driven FMCW radar and THz-TDS systems has
made much progress [57, 58]. In this section, we introduce the generation and detection
principles of these two systems.

2.2.3.1 THz Frequency Modulated Continuous-Wave (FMCW) Radar

The principle of the FMCW technique is depicted in Fig. 2.7. FMCW radars are all-electronic
based systems. A typical FMCW transceiver unit is described in Fig. 2.7(a). For the signal
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generation, a voltage controlled oscillator (VCO) generates a low-frequency saw tooth-like
frequency sweep. Then a multiplier chain block, as explained in Section 2.2.1.1 up-converts
the low-frequency signal to the THz range, typically centered around 150 GHz up to 600
GHz. The frequency-modulated THz wave (Tx) is transmitted by a horn antenna. The same
antenna receives the signal reflected by different reflecting interfaces of the sample under test
(Rx). An attached directional coupler sends the received signal Rx to a Schottky diode-based
detector. The received signal is mixed with the local reference frequency to get the beating
frequency fmixer. Figure. 2.7(b) shows the relation between the transmitted signal (Tx) and
the reflected signal (Rx). The beat frequency is correlated with the distance d that the signal
propagates during the time delay ∆t:

d =
c

2n
∆t =

c fmixerTsweep

2nBW
, (2.1)

where c is the speed of light in the vacuum; n is the refractive index of the propagation media
at the working frequency; BW is the frequency sweep bandwidth, and Tsweep is the sweep
period. The depth resolution δd is determined by BW

δd =
c

2nBW
. (2.2)

The FMCW radar imaging system can be implemented either through the classical focused
raster scanning implementation or by the synthetic aperture radar reconstruction. Its lat-
eral resolution is limited by the employed wavelength. Since THz FMCW radars have a
smaller wavelength and a wider bandwidth than microwave radars, they can provide a higher
resolution.
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Fig. 2.7 The principle of THz FMCW radar. (a) Typical setup of a FMCW THz transceiver
and (b) The frequency sweep sensing scheme during FMCW measurement. The schemes are
adopted from [58].

.

2.2.3.2 Terahertz time-domain spectroscopy (THz-TDS)

THz-TDS directly measures the electric field of the generated broadband THz radiation in
the time domain. Figure 2.8(a) depicts the generic THz-TDS setup. A pulse generated by a
femtosecond laser is divided into two beams: a pump beam that excites the THz emitter to
generate broadband THz radiation and a probe beam that passes through a time-delay system
and arrives at the THz signal receiver. The detector can only register a signal when both the
known probe pulse and the THz field are present. In the time domain, the probe pulse is
short (<100 fs) compared to the generated THz field (several ps). Therefore the THz field
can be temporally sampled by mechanically varying the distance in the time delay line to
achieve a temporal resolution ∆t. As indicated in Fig. 2.8(a), varying the position of mirrors
determines the sampling time t1-t3. Thus, the electric field of the THz pulse as a function
of time delay can be obtained (Fig. 2.8(b)). Finally, the spectrum information is obtained
by taking the Fourier transform of the real-valued temporal pulse (Fig. 2.8(c)). The result is
complex-valued spectrum in the frequency domain with a frequency resolution of 1

∆t [59].
The amplitude and phase of frequency-dependent complex spectrum allow extracting optical
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properties, which will be explained in Section 2.3.

Fig. 2.8 (a) Generic THz time-domain spectroscopy(THz-TDS) setup. (b) measured ampli-
tude of the THz field in the time-domain. Dashed lines correspond to different time-delay
position in (a). The Fourier-transform of (b) gives the phase and intensity (c) of the pulse in
terms of frequency.

THz emitters and receivers are crucial elements in THz-TDS systems. Photoconductive
antennae (PCA), nonlinear crystals or even air/laser-induced plasmas can be utilized for THz
generation and detection in THz-TDS. We will hereby describe briefly the working mech-
anism of PCA since it is widely used in most commercial THz-TDS systems. The Menlo
THz-TDS system that we used to measure the optical properties of composite materials is
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also based on PCA. Exhaustive review of THZ-TDS with state-of-art emitters and receivers
can be found in [37, 59].

Generation of THz pulse with PCA was firstly reported by Auston in 1984 [60]. A
PCA consists of two metal electrodes deposited on a semiconductor substrate. Nowadays,
the most commonly used semiconductor material in PCA is gallium arsenide (GaAs), such
as low-temperature grown gallium arsenide (LT-GaAs), semi-insulating GaAs (SI GaAs).
Other possible materials include radiation-damaged silicon-on-sapphire (RD-SOS), indium
phosphide (InP), and amorphous silicon [37]. The femtosecond pump pulse, which matches
the bandgap of the semiconductor material, is focused into the gap between two electrodes,
which creates electron-hole pairs. These charges are accelerated by a DC bias applied
between the electrodes, forming a transient photo-current, which is described as a Hertzian
dipole. The transient photo-current generates THz electric field, which can be expressed as:

ETHz(t) ∝
∂ IPC(t)

∂ t
. (2.3)

When the probe pulse is focused onto the PCA receiver, electron-hole pairs are again
created in the PCA. The arrived THz pulse ETHz will accelerate the electron-hole pairs to
create a current in the gap. The current value JTHz(t) at instant t1 is proportional to the
convolution between ETHz(t) and the detector response R(t) induced by the femtosecond
pulse:

JTHz(t1) =
∫ t1

−∞

ETHz(t)R(t1 − t)dt. (2.4)

Since the femtosecond pulse is significantly shorter, detector response R(t) can be further
approximated as a delta function for sampling. Therefore the produced current JTHz(t1) is
considered directly proportional to ETHz(t1). The produced current is amplified and converted
to a voltage, providing the output signal that is proportional to the time-resolved THz electric
field.

2.3 Extracting material optical properties in THz domain

2.3.1 Foreword

Good transparency of the investigated sample should be guaranteed when imaging through
the sample. In many works of literature, various non-polar materials, such as glass fiber
composites or polycarbonate (PC), are vaguely described as "transparent for THz radiation".
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However, in our very first attempt at defect detection in composite materials, no signal was
detected when we set a THz detector behind a 2mm-thick glass fiber composites illuminated
by the 2.52 THz laser beam at 500 mW. The reason is that the absorption coefficient of
a material is frequency-dependent. Therefore, before developing imaging systems, it is
essential to investigate the optical behavior of the target material at the working frequency.
In this section, we introduce the method of material characterization with THz-TDS to
obtain the refractive index and the absorption coefficient. We review the representative
material properties in the literature. We also performed a measurement of optical properties
of different composite materials experimentally.

2.3.2 Material characterization with THz-TDS

The standard way of characterizing materials in the THz domain is using the THz-TDS
system. The two important optical properties parameters: the refractive index and the
absorption coefficient, can be retrieved by comparing the electric field modified by the
inserted sample ESample with the reference signal ERef when the sample is absent. The
measurement is often realized in transmission mode with normal incidence. The reference
signal ẼRef(ω) is measured when no sample is presented. The pulse propagates directly
through the air. ẼSample(ω) is measured after the pulse perpendicularly passes through the
flat sample surfaces. The ratio between ẼSample(ω) and ẼRef(ω) gives the measured complex
transmission of the sample:

T̃meas(ω) =
ẼSample(ω)

ẼRef(ω)
= A(ω)ei∆φ(ω). (2.5)

If we ignore the possible Fabry-Pérot arising from the multiple reflections that take place
in the sample, the transmission after sample’s surface is obtained according to the Fresnel
equations. Under normal incidence, the theoretical transmission T̃Theo(ω) can be written as:

T̃Theo(ω) =
4ñairñSample

(ñair + ñSample)2 ei ωd
c (ñSample−ñair). (2.6)

The ñSample,air are the complex refractive index defined as

˜n(ω) = n(ω)− iκ(ω), (2.7)
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in which the real part of ˜n(ω) is the refractive index n(ω). The imaginary part κ(ω) is the
extinction coefficient which contains the absorption coefficient α(ω):

α(ω) =
2ωκ(ω)

c
. (2.8)

By associating the theoretical transmission T̃Theo(ω) with the measured complex transmission
T̃meas(ω), taking ñair(ω) = 1, we can obtain the refractive index n(ω) and the absorption
coefficient α(ω):

nsample(ω) = 1+
c

dω
∆φ(ω), (2.9)

and
αsample(ω) =

2
d
· ln(

4nsample(ω)

A(ω) · (1+nSample(ω))2 ). (2.10)

The THz-TDS can also be operated in reflection mode, the comparison between the
signal reflected by the sample ẼSample(ω) and the reference signal ẼRef(ω) reveals the
information of sample’s reflection coefficient. However, extracting the absorption coefficient
quantitatively and the refractive index solely from the reflection is more challenging. Two
factors contribute to this fact. First off, most reflection systems are not under a normal
incidence configuration. Consequently, the reflection coefficient is polarization-dependent.
Therefore, a precise knowledge of the incident waves’ polarization status, as well as the
incident angle, should be available to extract the optical parameters [61]. Moreover, unlike the
transmission configuration, the reference signal ẼRef(ω) is measured by placing a metallic
mirror (perfect reflector) at the sample’s location. Any misalignment of the reference
mirror with respect to the sample’s location contributes to a phase error in the signal [62].
Therefore reflective THz-TDS requires more rigorous system characterization and data
processing to retrieve reliable optical parameters. Despite the difficulties, THz-TDS under
reflection configuration is a valuable tool for analyzing highly absorbent samples such as
fresh biological tissues since more signals can be captured.

2.3.3 Common material properties in THz range

Table 2.1 summarizes the published optical properties of common material in the THz range.
We have concluded that the penetration ability of THz radiation is more selective than X-ray.
It depends largely on the materials under investigation and the working wavelength. For
various dielectrics materials, the absorption coefficient increases significantly when the
frequency exceeds 1 THz. The increase of absorption coefficient along with the frequency in
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glasses (Pyrex, BK7) and certain polymers (PMMA, PC, PET) is quantitatively expressed in
[63]:

α(ω)n(ω) = K0(hω)β , (2.11)

where K0 is a constant for each amorphous material (independent of temperature and fre-
quency), h is the Plank constant; β depends on material and approaches to 2. The refractive
index is relatively stable, whereas the absorption coefficient exhibits a square law increase
with respect to the frequency.

Acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), and nylon are standard
three-dimensional (3D) printable materials. They have a significant absorption coefficient at
frequencies >1 THz range. The absorption coefficient in the sub-THz range is low. There-
fore they can be used for fabricating sub-THz optics components. Reported 3D-printed
sub-THz components and devices, including lenses and diffractive elements, are made with
non-standard low absorption filament such as cyclic olefin copolymer (TOPAS), and HDPE
[64]. Polymer composites are often bonded with adhesives. A series of commercially
available adhesives are studied in [65]. Although the optical behavior of adhesives depends
on chemical bases, the number of components, and the processing procedure, we can still
conclude that they are highly absorbent at frequencies >1 THz. It is not surprising that these
materials with mm-scale thickness are no longer transparent when observed at 2.52 THz.
Seeing through these materials is only possible with sub-THz radiation.

Polymers including polypropylene (PP), polyethylene (PE), polytetrafluoroethylene
(PTFE, Teflon), polymethylpentene (TPX), and ZEONEX exhibit low THz absorption up
to 5 THz. They are suitable to be used as lenses, substrates, or windows in THz setup,
among which TPX and ZEONEX are more favorable for THz optics because of their good
mechanical properties, chemical stability, and transparency in the visible range for alignment
needs. Quartz, silica, and High Resistivity Float Zone Silicon (HRFZ-Si) are low absorption
crystals. They are also important materials for manufacturing THz optics. Moreover, due
to the high refractive index, HRFZ-Si provides a transmittance/reflectance ratio of about
54/46 % in the wide wavelength range without any coating [66]. Thus, they can be used as
THz beam-splitters and attenuators. For imaging concerns, if one material remains highly
transparent along with the whole THz range (including the above-mentioned polymers and
crystals, dehydrated biological tissues, and thin textiles), it is preferable to image these
samples at a higher frequency (smaller wavelength) for achieving a better resolution.



2.3 Extracting material optical properties in THz domain 27

Table 2.1 Optical properties of common polymer materials in THz range

Material Refractive
index n

α at 1 THz
(cm−1)

α at 0.5 THz
(cm−1)

Ref

Polypropylene (PP) 1.49 <1 ∼1 [67]
Poly tetrafluoroethylene (PTFE) 1.44 <1 ∼1 [67]

High density Polyethylene (HDPE) 1.54 ∼2 ∼2 [67]
Poly carbonate (PC) 1.651 ∼15 <10 [67]

Polymethyl methacrylate (PMMA) 1.569 ∼25 <10 [67]
Polyethylene terephthalate (PET) 1.71 ∼25 <7 [67]

Polymethylpentene (TPX) 1.46 <1 <1 [68]
ZEONEX 1.53 <1 <1 [68]

Quartz 1.96 ∼2 ∼1 [2]
Silica 1.96 ∼2 ∼1 [2]
Pyrex 2.11 ∼30 ∼10 [2]
BK7 2.5 ∼80 ∼18 [2]

High Resistivity Float Zone Silicon
(HRFZ-Si)

3.41 <0.5 <0.5 [69]

Acrylonitrile butadiene styrene
(ABS)

1.57 ∼18 ∼5 [70]

Polyactic acid (PLA) 1.89 ∼20 ∼11 [70]
Nylon 1.72 >25 ∼7 [70]

Epoxy resins-based adhesives4 1.6-2 ∼17-32 ∼5-7 [65]
Acrylate-based adhesives5 1.569 ∼6-27 ∼2.5-7 [65]

2.3.3.1 Experimental observation

In the scope of investigating NDT for plastic/composite materials, we performed some
transmission measurements of typical glass fiber reinforced polymer (GFRP) samples. The
GFRP samples in Fig. 2.9(b) turned out to be opaque at 2.52 THz when illuminated with our
laser. No signal was detected behind the samples. To evaluate their absorption coefficient, we
measured the samples 2.1, 5.1, and 6.1 using the THz-TDS system (Menlo Systems) shown
in Fig. 2.9(a). The samples’ composition and their thickness are listed in Table. 2.2.

4Four two-component adhesives from different companies are tested in this literature.
5Five two-component adhesives from different companies are tested in this literature.
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Fig. 2.9 (a)THz-TDS setup. (b)GFRP samples under investigation.

Table 2.2 Investigated GFRP samples

Sample Description Thickness

2.1 30% glass fiber+PMMA +PE 2 mm
5.1 60% glass fiber + epoxy 2 mm
6.1 54% glass fiber + vinylester 5 mm

The measured data and their analysis are presented in Fig. 2.10. Figure 2.10(a) gives
the measured time-domain signal. Compared to the reference signal, the pulse after passing
through the samples is shrunk and delayed. Figure. 2.10(b) gives the spectra in the frequency
domain. The cut-off frequency for the reference signal is around 2 THz. The cut-off frequency
for the three samples is brought forward to 1 THz, 0.8 THz, and 0.5 THz, respectively. The
signal-to-noise ratio (SNR) after the cut-off frequency is too low for parameter extraction.
We extracted the refractive index (Fig. 2.10(c)) and the absorption (Fig. 2.10(d)) using the
data before the cut-off frequency using Eq. 2.9 and Eq. 2.10. Even for the least absorbent
sample 2.1, the absorption coefficient exceeds 30 cm−1 at 1 THz. We applied quadratic
regression to the product of the retrieved refractive index and the absorption coefficient
according to Eq. 2.11, the fitting results shown in Fig. 2.10(e) are satisfying. If we neglect
the refractive index variation, we can roughly estimate the absorption coefficient based on
the fitting function. The absorption coefficient of sample 2.1 at 2.52 THz reaches 180 cm−1!
Therefore, we conclude that these samples can only be imaged at deep sub-THz.
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Fig. 2.10 Measured optical properties of three GFRP samples. (a) is the measured time-
domain signal. (b) is the spectra in the frequency domain obtained by performing FFT on the
datasets in (a). (c) is the refractive index. (d) is the absorption coefficient. (e) is the product
of the refractive index and the absorption coefficient.
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2.4 Terahertz imaging systems

Hereby we present THz imaging systems and their applications by different common ways
of categorization. THz imaging systems can be divided into passive and active imaging
depending on whether an external THz source is employed (Fig. 2.11).

Environment  
THz radiation 

Target emission 

Detector 

Target  

THz source Detector 

Target  

Target  

Reflection mode 

Transmission mode 

(a) (b) 

Fig. 2.11 (a) Passive THz imaging. (b) Active THz imaging in reflection and transmission
mode, respectively.

A passive THz imaging system does not need a source. The detector detects the THz
radiation emitted by the target itself as well as the ambient THz radiation (emitted by the sun),
as shown in Fig. 2.11(a). It records the slightly differing contrast in radiometric temperature.
The difference between ambient temperature (295 K) and human body temperature (310
K) is only around 15 K6. Passive imaging system detectors require a very challenging level
of sensitivity since the THz signals are extremely weak. It is attainable with cryogenically
cooled sensors or with heterodyne receivers [71]. Developing highly sensitive detectors with
required optical components and advanced electronics for passive THz radiation detection has
been pioneered in the space science community. Herschel and Plank are two famous satellites
that carry THz detection instruments [72]. The Herschel Space Observatory specifically
targets the far-infrared and has both direct detection imaging bolometers and photometers,
as well as seven high-resolution heterodyne spectrometer bands covering 480 to 1910 GHz
[72]. Planck was launched in 2009 to study the cosmic microwave background between 27
GHz to 1 THz in even greater detail. The space technology has been gradually transferred to

6On the outdoor scene, the sky temperature (60 K) provides higher contrast.
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sub-THz/MMW imaging for the detection of concealed weapons for security applications
[73]. In 2002, The first THz passive image of a human hand was captured by a 250 GHz/300
GHz with 16-pixel array imager developed by the European Space Agency (ESA)-sponsored
StarTiger team and UK Rutherford Appleton Laboratory (Fig. 2.12(a)) [74]. This technology
is co-patented by ESA and commercialized by the UK company ThruVision with customers,
including airports around the world as well as the US Customs and Border Protection agency,
at selected southern border entry ports (Fig. 2.12(b)) [75]. This signature technology transfer
benefits from the high ability of sub-THz penetration. The fact that no external radiation
is emitted toward the human body eliminates the safety concern. Understandably, passive
imaging provides less contrast image compared to active imaging techniques. It becomes an
advantage in security applications because it alleviates privacy invasion.

Fig. 2.12 (a) Passive Imaging of human hand [74]. (b) Passive imaging system commercial-
ized by ThruVision [75].

On the other hand, an active THz imaging system illuminates the target with a source and
collects the transmitted or reflected radiation (Fig. 2.11(b)). The geometrical configuration
can be either in transmission mode or in reflection mode. Besides the THz-TDS, which
provides multi-spectral information. THz active imaging systems with other narrowband
sources tend to be monochromatic due to the limited choices for THz generation. As reviewed
in Section 2.2, THz sources have limited frequencies and power. THz detectors also have
different sensitivities and operation frequencies. The THz source should be delicately paired
with the appropriate THz detector at the operational frequency to achieve optimum imaging
quality.

Active imaging systems can provide high image contrast thanks to the extra source illu-
mination. However, artifacts due to the coherent source illumination deteriorate the imaging
quality [76]. First off, the rough surfaces will create the speckle phenomenon, as shown in
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Fig. 2.13(a). The image is taken at 650 GHz in reflection geometry by raster-scanning the
focused beam over the target. Speckle occurs in the hairy part [77]. Another typical artifact is
the interference pattern when the multiple reflections generated by different surfaces interfere
with the main beam. It is also known as Fabry-Pérot effect. Figure 2.13(b) shows a typical
interference pattern that occurred in the quartz sample (2.5 cm × 2 cm) holder at 2.52 THz
by raster-scanning the sample at the focal plane [78]. A similar observation is discussed in
the first demonstration of THz imaging with BWO at 520–710 GHz in [30]. The coherence
artifacts have a greater impact on full-field imaging due to the optics for beam expanding
and the employed objective. One of the well-known effects of the coherent imaging system
is edge ringing due to diffraction. The sharp cutoff of the aperture in the coherent imaging
system induces strong oscillations on edge. Figure 2.13(c) from [79] shows a typical image
where the strong ring patterns are clearly observable. The illumination beam has strong
circular fringes. The image is taken in transmission mode using i2S TZCAM camera with an
objective lens at 2.5 THz. The similar phenomenon can be found in [80–83].

Fig. 2.13 Artifacts due to the coherent source illumination: (a) speckle; (b) spurious interfer-
ence; (c) Interference patterns in full-field imaging: (c1) is the photograph of the object and
(c2) is the THz imaging of (c1).

Naturally, the solution for more homogenized illumination is to break the coherence. In-
troducing a fast variation of optical path by multi-angle beam steering [79, 77, 84], a rotating
diffuser [83] or oscillating axially the optical component [82] will average and blur out the
unwanted patterns. Frequency modulation and wavelength modulation are also well-known
coherence reduction techniques that can be applied when the THz sources are tunable [30, 85].

It is worth mentioning that although the high coherence of the THz sources is trou-
blesome when employed as illumination in an active imaging system, the coherence
property opens up new avenues in coherent lensless imaging. The techniques imple-
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mented in this thesis take advantage of the high coherence of employed THz sources.

Fig. 2.14 Breaking the coherence for uniform illumination: (a) with a rotating diffuser in
[83]; (b) oscillating axially the optical component in [82].

By image acquisition method, the imaging system can categorized as single-point raster-
scanning imaging and full-field imaging. The setup of single-point raster-scanning imaging
is depicted in Fig. 2.15(a). The first set of lenses focuses the THz beam to a diffraction-
limited spot to illuminate the sample. After transmitting through the sample (or reflected by
the sample), the THz beam is collected by the second set of lenses to the detector. Other than
THz-TDS, sub-THz imaging is often based on single-point raster-scanning imaging due to
the lack of appropriate detector arrays. The time-consuming scan is the main flaw of these
imaging systems.

Fig. 2.15 (a) Single-point raster-scanning imaging; (b) Full-field imaging

Full-field imaging captures the image of an illuminated object using detector arrays.
An expanded beam illuminates the sample. The image under the FOV is then formed on
the detector array by an imaging objective lens. The first real-time THz full-field imaging
was demonstrated at 2.52 THz using an uncooled microbolometer in 2005 [47]. Full-field
imaging significantly increases the imaging speed because a larger area can be imaged with
a single acquisition. The effective imaging area is determined by the optical design of the
objective and the illuminated region. However, the image quality of samples using full-field
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imaging is less satisfying than that of single-point raster-scanning imaging for three reasons.
Primarily, it is challenging to provide a large area of uniformed illumination. The flaws in
the illuminating beam, including the coherent artifacts discussed above, will also be imaged.
Under a Gaussian beam illumination, the SNR at the border will be lower due to the lower
intensity in full-field imaging. Secondly, with the same source power output and detector
sensitivity, the SNR at the imaging area is lower when using full-field imaging. Thirdly, the
imaging objective can introduce aberration and additional coherent artifacts. Figure 2.16
shows the representative images at a similar frequency that are obtained with single point
raster-scanning imaging system [86] and full-field imaging system [80], respectively. The
three phenomena discussed above can be clearly observed, although the aim is not to compare
the two specific images rigorously.

Fig. 2.16 (a) Single-point raster-scanning imaging with QCL at 2.5 THz in [86]; (b) Full-field
imaging of the concealed knife (shown in inset) with QCL at 2.8 THz in [80].

The system commercialized by INO company represents the state-of-the-art THz full-field
imaging system. Progress has been made in both building large-area uniform illumination
and objective design. INO has designed beam homogenizers to break the coherence and
polarization while expanding the beam to provide 12 cm × 15 cm quasi-flat-top illumination
[81]. Up to 2021, INO has designed four objectives that are claimed to be diffraction-limited.
For large field of view (FOV) objectives, the F-number has been decreased from 0.95 to
0.6. Thus better resolution and higher contrast can be achieved. Figure 2.17(a) shows the
imaging system with an F/0.7 objective. Recently, a macro objective that allows imaging
a FOV of 13.5 mm × 10 mm with high resolution has been designed (Fig. 2.17(b)). A
resolution of 0.67 λ (0.5 mm at 400 GHz) is obtained with the macro objective. However, a
trade-off between large FOV and high resolution exists. Figure 2.17(c) shows the resolution
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performance published in [87]. Imaging 75 mm × 56 mm (16.5 mm × 12.4 mm) FOV at
515 GHz ends up with 3.5 λ (6.9 λ) resolution.

Fig. 2.17 (a) INO THz full-field imaging system with large FOV objective (F/0.7). (b) INO
THz full-field imaging system with macro objective (F/0.7) (c-f) Resolution tests performed
in [87]. (d-f) are the THz images of the corresponding area in (c).

2.5 Emerging computational imaging techniques in THz

Computational imaging techniques that are well-developed at visible to X-ray range have been
adapted in THz imaging. Two forces drive such technical migration. On the one hand, the
unique property of THz will offer more application possibilities for the existing computational
imaging techniques. On the other hand, these imaging techniques provide an alternative
solution to tackle the difficulties encountered in the THz band. As a result, these techniques
have remained the focus of attention in recent THz imaging reviews [1, 8, 9, 20, 88, 89].

2.5.1 Computed Tomography

Computed tomography (CT) reconstructs the 3D image of the interior feature of an object
based on a series of 2D images taken at multiple scan angles. Each 2D image corresponds
to the transmitted light after being attenuated by the object at the projection angle. Thus,
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the 3D reconstruction reveals the light absorption inside the sample. CT was originally
developed with X-Ray for medical imaging and quality control in NDT applications. Due to
THz radiation’s penetration ability and the non-ionization feature, developing THz CT for
3D imaging is an active research field. The first THz CT was demonstrated in 2002 with a
THz-TDS setup [90], 3D spectral amplitude and phase information are retrieved. THz CT
has also been developed with CW THz radiation [91, 33]. Case studies of bones, ancient
potteries, porcelain, and polymer products have been carried out in these experiments [9].
Due to the large wavelength of THz radiation, the diffraction effect plays an important role
in deteriorating the reconstruction. Effort have been made in both beam-forming [92, 93]
and precise reconstruction modeling [94].

2.5.2 Single-pixel imaging

Single-pixel imaging is a computational imaging technique based on compressive sensing. It
measures multiple transmitted intensities of the sample illuminated by different modulation
masks. Unlike the single-point configuration mentioned in the last section, single-pixel
imaging does not require a 2D scan. Instead, the sample’s information can be mathematically
retrieved using matrix-vector multiplication. The compressive sensing theory proposes that
reconstruction can be obtained from a number of measurements lower than that of unknown
pixels when the image is sparse under certain representations [95]. Single-pixel imaging is
especially pertinent for THz imaging due to the lack of rapid and sensitive 2D THz cameras.
However, the single-point measurement is still the standard method in THz-TDS. THz
single-pixel imaging was first demonstrated in 2008 [96, 97]. When using THz-TDS, both
amplitude and phase were retrieved. Since then, improvements toward real-time imaging with
a spinning-disk mask [98], 3D single-pixel tomography [99, 100] and spatial THz modulator
(mask) optimization have been realized [101].

2.5.3 CW THz coherent lensless imaging

Retrieving phase information is of interest because the phase distribution of the wavefront pro-
vides additional information about the object. Besides measuring the phase via complicated
coherent detection, coherent lensless imaging techniques allow extracting phase information
from intensity-only measurement based on free-space diffraction of the coherent wavefront.
As the name indicates, this family of technology requires a coherent CW source, which is
the case for most THz sources as discussed in Section 2.4. No optics for image formation
is required. The methods developed in this thesis, digital holography, phase retrieval, and
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ptychography, belong to this family. The principle of each method and related work will be
elaborated in Chapter 3.

2.6 Chapter summary

In this chapter, we have reviewed the state-of-the-art of THz technology. The review helps
us keep a clearer view of the different subdivisions of THz band, generation and detection
technologies, and THz imaging systems. Our THz source and detector mainly work in the
FIR band. The FIR band offers more facilities for developing full-field emerging imaging
techniques. However, their penetration ability is very selective. Once materials remain
opaque at the FIR range, imaging with such THz radiation is no longer advantageous over
other frequency ranges. Seeing-through applications such as NDT of composite materials
should be envisaged at the sub-THz regime. However, the long-wavelength and the lack of a
large 2D array detector are the main hurdles to developing high-quality imaging techniques.
In the following chapters, we will develop and improve different CW coherent imaging
techniques with our equipment in the FIR band. Potential applications will be explored. We
will also investigate the migration of developed imaging techniques toward the sub-THz
range.





Chapter 3

Overview of coherent lensless imaging
techniques

This chapter introduces essential notions of coherent lensless imaging techniques. Contrary
to conventional imaging formation by lenses, coherent lensless imaging techniques utilize
the diffracted intensities of the object under coherent illumination and retrieve its complex
wavefront (both the amplitude and phase) via performing the free-space propagation numeri-
cally. Correctly retrieving the lost phase information from the intensity-only acquisitions is
the fundamental challenge of coherent lensless imaging techniques. This is often referred to
as the “phase problem”. The chapter starts with the scalar diffraction theory as explained
in many wave optic textbooks to describe free-space light propagation [102]. The angular
spectrum method (ASM) for diffraction representation is derived since the method is used
throughout the thesis. Afterward, we will introduce digital holography (DH) and phase
retrieval (PR), which are two distinctive methods to tackle the “phase problem”. DH retrieves
the phase by interfering with the diffracted wavefront with a known reference wavefront,
while the PR techniques broadly refer to other non-interferometric approaches that solve the
phase problem mathematically based on multiple diffraction patterns. The basics of these two
techniques are introduced in this chapter. Although the fundamentals of coherent lensless
imaging techniques presented in this chapter bear no difference from the cases at shorter
wavelengths, the particularity of their implementation in THz due to the tremendous increase
of wavelength should be taken care of. Finally, we review the THz coherent lensless imaging
techniques.
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3.1 Scalar diffraction theory

3.1.1 Scalar wave equation

The electromagnetic wave propagation is based on Maxwell’s equations. In absence of free
charge, the equations are written as

∇×E =−µ
∂H
∂ t

∇×H = ε
∂E
∂ t

∇ · εE = 0

∇ ·µH = 0.

(3.1)

E(x,y,z, t) and H(x,y,z, t) are the electric field and magnetic field, respectively. ε and µ

are the permittivity and the permeability of the medium in which the wave propagates. If we
assume that the medium is nondispersive (frequency independent), homogeneous (position
independent) and isotropic (direction independent), ε and µ are scalar constants. Owing to
the relation ∇× (∇×A) = ∇(∇ ·A)−∇2A , if we apply the ∇× operation to both sides of
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the first and second equations in Eq. 3.1, we get the vector wave equation:

∇
2E− n2

c2
∂ 2E
∂ t2 = 0

∇
2H− n2

c2
∂ 2H
∂ t2 = 0,

(3.2)

where n =
√

ε/ε0, is the refractive index of medium and c = 1/
√

ε0µ0 is the velocity of
propagation in vacuum; ε0 and µ0 are the permittivity and the permeability in vacuum
respectively. Since the vector wave equation in Eq. 3.2 is obeyed by both E and H. Their
components Ex,y,z and Hx,y,z obey the relation, we summarize Eq. 3.2 into one scalar wave
equation at location R and time t:

∇
2u(R, t)− n2

c2
∂ 2u(R, t)

∂ t2 = 0. (3.3)

The scalar wave equation significantly simplifies the problem compared to the full vector
theory. However, we emphasize that the assumptions we make to the medium need to be
satisfied when using the scalar model. For example, in an inhomogeneous medium, the
permittivity depends on the position, Eq. 3.3 is no longer valid since the coupling between
different components exists. Light propagation in inhomogeneous or isotropic medium can
not be investigated based on the scalar diffraction theory explained hereafter.

In this thesis we employ monochromatic sources. For a purely monochromatic wave with
frequency ν , the scalar wavefront can be written as

u(R, t) = Ψ(R)exp(2πνt). (3.4)

The spatial component and the temporal one are separated in this representation. The
expression Ψ(R) = A(R)exp[iφ(R)] is the complex amplitude of the wavefront. After
injecting Eq. 3.4 in Eq. 3.2, we obtain the Helmholtz equation for the complex amplitude:

(
∇

2 + k2)
Ψ(R) = 0, (3.5)

with k = 2πnν

c = 2π

λ
, the wavenumber. During the propagation, the complex amplitude of a

wavefront must satisfy the Helmholtz equation. Hence, the formulation of the diffraction
problem is to find the complex distribution Ψ(R) at an arbitrary point R(x,y,z) which is a
solution of Eq. 3.5.
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3.1.2 Angular spectrum method for diffraction calculation

The angular spectrum method (ASM) formulates the diffraction problem using the linear-
invariant systems theory. The various spatial Fourier components of a complex wavefront
across a certain plane can be regarded as plane waves traveling in different directions away
from that plane. The field amplitude at other points across other parallel planes can be
calculated by summing these plane waves after the propagation.

We suppose that the incident wave Ψ(x,y,0) is located at plane z = 0. After propagating
a distance of z, the wavefront distribution at the observing plane to be calculated is Ψ(x,y,z).
The 2D Fourier transform of Ψ(x,y,0) and Ψ(x,y,z) gives their frequency spectrum

G( fx, fy;0) =
∫∫

∞

−∞

Ψ(x,y,0)exp [−i2π ( fxx+ fyy)]dxdy, (3.6)

G( fx, fy;z) =
∫∫

∞

−∞

Ψ(x,y,z)exp [−i2π ( fxx+ fyy)]dxdy. (3.7)

Ψ(x,y,z) is the inverse Fourier of its spectrum G( fx, fy;z)

Ψ(x,y,z) =
∫∫

∞

−∞

G( fx, fy;z)exp [i2π ( fxx+ fyy)]dfxdfy. (3.8)

The term exp [i2π ( fxx+ fyy)] can be regarded as representing a plane wave propagating with
direction cosα = λ fx,cosβ = λ fy. Therefore, physically, the complex wavefront Ψ(x,y,z)

is the sum of the plane wave components. Injecting Eq. 3.8 in the Helmholtz equation Eq. 3.5
gives

d2

d2z
G( fx, fy;z)+

(
2π

λ

√
1− (λ fx)

2 − (λ fy)
2
)2

G( fx, fy;z) = 0. (3.9)

One elementary solution of Eq. 3.9 can be written as

G( fx, fy;z) = G( fx, fy;0)exp
[

i
2π

λ
z
√

1− (λ fx)
2 − (λ fy)

2
]
. (3.10)

Equation 3.10 shows that the propagation of wavefront on the z direction can be expressed

by multiplying a phase factor exp
[

i2π

λ
z
√

1− (λ fx)
2 − (λ fy)

2
]

to the original frequency

spectrum G( fx, fy;0), when fx and fy satisfy 1− (λ fx)
2 − (λ fy)

2 ≥ 0. When 1− (λ fx)
2 −

(λ fy)
2 < 0, these evanescent wave components are rapidly attenuated by the propagation.

We summarize the ASM representation as
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Ψ(x,y,z) = F−1{F {Ψ(x,y,0)}×G (kx,ky;z)
}
, (3.11)

with

G (kx,ky;z) =

 exp
[

i2π

λ
z
√

1− (λ fx)
2 − (λ fy)

2
]
, if 1− (λ fx)

2 − (λ fy)
2 ≥ 0

0, if 1− (λ fx)
2 − (λ fy)

2 < 0.
(3.12)

We mention here that there exists another way of rigorously calculating the diffraction
distribution at the observation point R(x,y,z) using the Green’s theorem and alternative
Green’s function, leading to the Rayleigh-Sommerfeld diffraction formula. The detailed
derivation can be found in [102]. The Rayleigh-Sommerfeld formulation can be expressed
via the convolution between the original wavefront and the Rayleigh-Sommerfeld kernel:

Ψ(x,y,z) = F−1 {F {Ψ(x,y,0)}×F {h(x,y,z)}} , (3.13)

with

h(x,y,z) =
z

iλ

exp
(

ik
√

z2 + x2 + y2
)

z2 + x2 + y2 . (3.14)

When developing THz coherent imaging techniques, minimizing the object-detector
distance is crucial for resolution concerns which will be discussed in the next section. At
a short recording distance, both ASM and Rayleigh-Sommerfeld convolution are suitable
choices for describing THz propagation. On the contrary, Fresnel and Fraunhofer far-field
approximations, which are widely used at shorter wavelengths for their simplicity, are not
appropriate for THz propagation. In this thesis, we use ASM to describe the THz wave
propagation. Equations 3.11 and 3.12 are used repeatedly in the following chapters.

If we knew the complex distribution of the wavefront at the recording plane, we could
obtain the complete information about the object without ambiguity using Eq. 3.11 or Eq. 3.13.
Unfortunately, the phase information is lost during the acquisition since the cameras capture
only the intensity. The loss of phase information is referred to as “the phase problem”.
The term originated from the field of X-ray crystallography, and the same problem was
encountered in the optics community.
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3.2 Some fundamental limits of THz coherent lensless imag-
ing techniques

There is no essential differences between developing coherent lensless imaging techniques
using THz radiation and the implementations at shorter wavelength. However, both visible
and THz cameras typically have µm-scale pixel pitch and tens of mm-scale imaging area,
whereas the working wavelengths differ by 2-3 orders of magnitude. The tremendous increase
in working wavelength leads to specific concerns that impact experiment design and future
applications. We discuss hereafter two important aspects, the lateral resolution, and the phase
measurement range. Other particularities of employing large wavelengths have been studied
thoroughly in our paper [21].

3.2.1 Lateral resolution

The intrinsic resolution of coherent lensless imaging techniques is diffraction-limited, i.e.,
the lateral resolution dr depends on the wavelength and the numerical aperture (NA) of the
imaging system. Under the lensless configuration, the NA is determined by the finite size
of imager N p×N p and the recording distance z between the object plane and the detector
plane, as shown in Fig. 3.1:

ρ =
λ

2NA
=

λ

2sinα
=

λ

2

√(
2z
N p

)2

+1 ≈ λ z
N p

. (3.15)

The wavefront in front of the detector plane is continuous and infinite, whereas the imager
has a finite aperture. Consequently, the high-frequency components of the wavefront are
diffracted outside of the imager extent. The information is lost during the recording. The
diffraction is severe when using THz wavelength. Yet a sub-mm level resolution is desired in
most THz imaging cases. Thus minimizing the object-detector distance is crucial for THz
lensless imaging. The recording distance is often squeezed to less than five cm when working
with the one cm2-sized imagers at THz wavelength. The geometrical configuration often
sets the lower limit of object-detector distance. Additionally, for the off-axis DH setup, one
should leave enough space for reference wave injection; the object-detector distance can be
reduced to one cm. For Gabor in-line DH or other reference-free PR setups, the recording
distance can be reduced further to several millimeters. The large wavelength of sub-THz
radiation implies that a fairly large NA should be employed to achieve an appropriate lateral
resolution. An extensive detection area is needed for recording the diffraction patterns due
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to the mm-level wavelength. For instance, in [103], when working at 0.495 THz (λ= 606
µm), for a sample located 16.3 cm away from the detector, a detection area of 20× 20 cm is
needed to achieve a lateral resolution comparable to the wavelength.

Fig. 3.1 The lateral resolution of a lensless coherent imaging system.

The short recording distance in THz DH translates to a high Fresnel number F

F def
=

a2

zλ
, (3.16)

where a is the radius of the aperture, z is the recording distance. If F is larger than 1, the
beam is said to be near-field. It is often the case in the THz configuration for the resolution
concern. The paraxial Fresnel approximation or the Fraunhofer far-field approximation are
no longer suitable for describing THz propagation in free space in this situation.

3.2.2 Phase measurement range and resolution

The phase distribution obtained from coherent imaging techniques allows us to visualize
or even quantify the optical path difference (OPD) between two points. The phase differ-
ence ∆φ of two points is related to the OPD and the wavelength λ through the relation
∆φ = 2π/λ ×OPD.

In transmission mode, the light passes through the transparent object. The OPD between
two points relates to the thickness variation ∆t or refractive index ∆n. For a homogeneous
transparent object with refractive index n, the thickness difference between two points is
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written as ∆t = ∆φλ/[2π(n−1)]. For an object with uniform thickness t, the refractive index
variation is ∆n = ∆φλ/[2π(t −1)]. The thickness variation or the refractive index variation
is proportional to the phase difference and the working wavelength.

Under reflection configuration, the light is reflected by the surface of the object under
investigation. The phase difference reveals the object’s 3D profile. The phase difference is
proportional to the depth variation ∆d of the surface profile.

The measurable range and precision are two aspects should be noticed when relating the
phase distribution and the measurand. First off, the obtained phase distribution is wrapped
in modulo 2π. A larger measurement range of variation corresponds to 2π phase variation
thanks to the large working wavelength. We use a simple case to illustrate this effect. A
deformation ranging from 0 to 50 µm shown in Fig. 3.2(a) is observed using reflection
configuration with normal incidence illumination. Hence the deformation ∆D and the phase
map ∆φ obey the relationship:

∆φ =
4π∆D

λ
, (3.17)

where the phase map ∆φ is wrapped in modulo 2π. The deformation is too large to be
observed in visible wavelengths (Fig. 3.2(b)). As shown in Fig. 3.2(b)-(d), the number of
wrapped phase fringes reduces with the increase of working wavelength.

However, in the meantime, the measurement resolution decreases when working with
large wavelength since the measurand is proportional to the wavelength. This is considered
as a shortcoming when working with THz wavelength. If rφ stands for the phase resolution,
i.e., the minimum distinguishable phase variation from the phase map, the measurement
precision of the deformation rD is calculated as:

rD =
rφ λ

4π
. (3.18)

The achievable precision of the obtained phase data, i.e., the phase resolution rφ is determined
by the SNR of the measured data. If the phase resolution rφ is 0.2 rad for three wavelengths,
the minimum measurable deformation rD will be λ/63, which corresponds to 0.17 µm in
Fig. 3.2(c) whereas 1.9 µm in Fig. 3.2(d). The measurement precision in the latter is less
satisfying. Therefore, if prior knowledge of the deformation is known, unwrapping the phase
obtained with LWIR in Fig. 3.2(c) will give the optimum result among the three wavelengths
in this example.
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Fig. 3.2 Phase difference mod (2π) of a deformation ranging from 0-50 µm (a) at: (b) 532
nm, (c) 10.6 µm and (d) 118.83 µm.

3.3 Digital holography

Holography was invented by Dennis Gabor in 1948 as a lensless imaging concept when
attempting to avoid spherical aberrations in the electron microscope [104]. The discovery
of lasers in 1960 subsequently enabled the further development of holography. In 1971,
Dennis Gabor was awarded the Nobel Prize in Physics “for his invention and development
of the holographic method.” As the etymology indicated, the whole (holo) information of
the object’s wavefront, both the amplitude and the phase, is recorded by letting the object
wavefront O(x,y) interfering with a known reference wave R(x,y) at the recording plane
(x,y). The interference pattern, i.e., the hologram H(x,y) is written as:

H(x,y) = |R(x,y)+O(x,y)|2

= |R(x,y)|2 + |O(x,y)|2 +R∗(x,y)O(x,y)+O∗(x,y)R(x,y).
(3.19)

The hologram contains three diffraction orders: the 0 order consists of |R(x,y)|2 + |O(x,y)|2,
which is the intensity of two interfering beams; the +1 order R∗(x,y)O(x,y) contains the
complex amplitude of the object wavefront O; the −1 term O∗(x,y)R(x,y) contains the
conjugate of the object wavefront. In analog holography, the hologram is recorded on the
photosensitive plates. When illuminating the hologram with the same reference wavefront
used during the recording process, our eyes can observe the intensity generated by the original
complex field object wavefront O(x,y). With the development of optoelectronic recording
devices and progress in computer performance, it became possible to record the holograms
with cameras. Using these digital holograms, one can numerically calculate the propagation
of the wave based on the scalar diffraction theory explained earlier in the chapter to perform
the reconstruction. This process is known as digital holography (DH), which is the most
established lensless imaging technique. Owing to the lensless setup and the retrievable phase
information, DH is regarded as a versatile tool for applications in contactless metrology of



48 Overview of coherent lensless imaging techniques

vibration, displacement, and deformation, as well as for microscopic imaging of biological
cells, materials, and particle fields.

3.3.1 In-line digital holography

The holography setup originally conceived by Gabor is the in-line configuration, as depicted
in Fig. 3.3(a). A single beam is used to illuminate a small object. The object should be
smaller than the lateral extent of the incident wave so that part of the incident wave is not
affected by the object serving as the reference wave. Under the in-line configuration, the
term |R(x,y)|2 is constant; the relation |O(x,y)|2 ≪ |R(x,y)|2 holds due to the recording
requirement. Since the wavefront diffracted by the object and the reference wave travel along
the same optical axis, the real image terms R∗(x,y)O(x,y) and O∗(x,y)R(x,y) in Eq. 3.19
overlap. When back-propagating R(x,y)H(x,y) to the object plane using Eqs. 3.11 and
3.12, the real image O(x,y) is in focus with an out-of-focus O∗(x,y). Front propagating the
same distance will bring O∗(x,y) in focus and O(x,y) out of focus. Figure 3.3(b) shows the
presence of twin image around the in-focus needle when simply back-propagating the 2.52
THz hologram in the inset of Fig. 3.3.

There exist different solutions for twin image elimination in in-line configuration. One
widely used method is based on iterative PR techniques. A priori knowledge of the object
such as support constraints or positive absorption will be applied on the object plane to
solve the twin image problem [105]. Figure 3.3(c) shows the effectiveness of twin image
elimination by employing the iterative PR method and the positive absorption constraint
proposed in [106].

Compact and straightforward setup is the main merit of in-line DH. The single-beam
configuration relaxes the coherence requirement for hologram recording. In visible wave-
lengths, in-line DH using partially-coherence light sources is often implemented in digital
holographic microscopy (DHM) to avoid coherent noises. However, in-line DH is restrictive
to the choice of samples. The sample under investigation is limited to a small dimension
variation with a highly transparent background to guarantee the presence of the reference
wave. Large objects or diffusely reflecting objects are not suitable for in-line DH. Due to
these specific features, in-line DH is particularly useful for microscopic imaging such as
particle field, droplet distribution, blood cells, or other microscopic organisms.
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Fig. 3.3 (a) Recording geometry of Gabor in-line holography: the unscattered reference wave
interferes with the object wave. (b) The amplitude after back-propagating the hologram to
the object plane. Both the in focus real image and the out-of-focus twin image present. (c)
The amplitude after removing the twin image by iterative phase retrieval.

3.3.2 Off-axis digital holography

The setup of off-axis DH is depicted in Fig. 3.4(a). A laser beam is separated into two
individual beams: the reference beam and the object beam, traveling in different directions.
Historically, the first optical off-axis hologram was recorded and reconstructed with a He-Ne
laser by Leith and Upatnieks in 1963 [107]. The authors showed that, unlike the in-line
configuration, the off-axis configuration is suitable for any type of object. Moreover, the
off-axis DH separates the different diffracted terms thanks to the off-axis angle. Assuming
that the object wave O(x,y) = AO(x,y)exp(iφO(x,y)) travels along the optics axis, a tilted
plane wave with off-axis angle θx with respect to the optical axis on x direction, is injected
as the reference wave R(x,y) = AR(x,y)exp(i2π

λ
xsinθx). Equation 3.19 can be expressed as

H(x,y) = A2
O(x,y)+A2

R(x,y)+2AOAR cos(2π∆ fxx−φO(x,y)), (3.20)

the off-axis angle θy on y direction is 0 in this example. The spatial carrier frequency
∆ fx = sinθx/λ modulates the object phase information into sinusoidal bright and dark
intensity patterns, as shown in Fig. 3.4(b). If we take the Fourier transform of the hologram,
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the distribution of three orders in the Fourier domain can be written as

F {H}= F
{

R2 +O2}+F {R∗O}+F {O∗R}= F
{

A2
O +A2

R
}

+ARF {O}⊛δ ( fx −∆ fx)+ARF {O∗}⊛δ ( fx +∆ fx),
(3.21)

with ⊛ as the convolution symbol and δ (x) as the Dirac delta function. The three orders
are separated in the Fourier domain thanks to the carrier frequency as shown in Fig. 3.4(c).
Applying a band-pass filter on F {H} allows eliminating the −1 and 0 orders. Centering the
+1 order by shifting ∆ fx towards the origin, then performing the inverse Fourier transform
reconstructs the complex object wavefront O(x,y) at the recording plane. The reconstructed
object at the object plane is then obtained by back-propagation using Eqs. 3.11 and 3.12, as
shown in Figs. 3.4(d2) and (e2).

Fig. 3.4 (a) Recording setup of the off-axis digital holography. The three orders are separated
in the Fourier spectrum (c) of the hologram (b). The reconstructed amplitude (d2) and phase
(e2) are obtained by filtering and back-propagating the +1 order. (d1) and (e1) are the
original amplitude and phase of simulated object wavefront.

The choice of off-axis angle is crucial for off-axis DH recording and reconstruction.
Larger off-axis angle will naturally better separate the three diffraction orders. However, the
upper limit of the off-axis angle should also be respected. If we consider the general case as
depicted in Fig. 3.5, the angles θRef and θObj are the incident angle of the object wave and
the reference wave, respectively. The overall off-axis angle is denoted as θ . The fringe space
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Λ can be calculated as:

Λ =
λ

sinθRef sinθObj
=

λ

2sin θRef+θObj
2 cos θRef−θObj

2

. (3.22)

Taking the approximation cos θRef−θObj
2 = 1 and the relation θ = θRef +θObj, then Eq. 3.22

can be written as:
Λ =

λ

2sin θ

2

. (3.23)

In order to fulfill the spatial sampling condition, according to the Shannon sampling theorem,
the minimum required sampling frequency must be twice the signal bandwidth in order to
avoid the loss of information. One period of fringe Λ should be sampled at least by two
detector pixels with a size of ∆: 2∆ ≤ Λ. This restricts the maximum off-axis angle:

θ ≤ θmax = 2sin−1(
λ

4∆
). (3.24)

The maximum off-axis angle θmax is determined by the working wavelength and the pixel
size of the detector. In the visible range, the pixel size is usually dozens of times the wave-
length. Consequently, θmax is limited to several degrees. Therefore, the Mach–Zehnder
configuration with a beam combiner is often employed in visible off-axis DH setups to
achieve a small off-axis angle. Moreover, extended objects should be located at a minimum
recording distance to minimize θObj. The increase of wavelength when working with THz
radiation relaxes this requirement. In most cases, λ/(4∆)> 1 holds. Therefore, there is no
restriction on the off-axis angle or the recording distance.

Fig. 3.5 The schema of off-axis angle θ .
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Unlike in-line DH, the off-axis DH configuration can be used to image both microscopic
and macroscopic objects, either under transmission mode or under reflection mode. Moreover,
off-axis DH allows retrieving the complex wavefront of the sample with a single-shot
hologram, making it suitable for observing dynamic scenarios. Therefore, off-axis DH has
extensive applications in both scientific and industrial fields, such as microscopic biomedical
imaging and surface morphology measurement.

3.4 Non-interferometric phase retrieval

3.4.1 General principle of iterative phase retrieval (PR)

In contrast to DH, which is considered as an interferometric method to retrieve the phase
information, many non-interferometric methods have been developed over the past decades,
especially for the cases where it is impractical to build up an interferometer (such as X-ray
diffraction imaging and astronomical imaging). The term “phase retrieval” refers to tech-
niques that recover the phase information mathematically as a solution that matches the
diverse diffraction patterns’ intensity measurements and the pre-knowledge or constraints, if
available. The problem can be solved deterministically or iteratively. The most prominent
deterministic method is the transport-of-intensity equation (TIE) introduced by Teague in
1983 that proposed an analytic solution [108]. The PR methods investigated in this thesis are
subject to iterative PR, specifically projection-based iterative PR.

The family of projection-based iterative PR was initially introduced by Gerchberg and
Saxton in 1972 [109] and generalized by Fienup, namely error reduction (ER) and hybrid
input-output (HIO) algorithms in the 1980s [110]. The original Gerchberg-Saxton approach
is based on the propagation between two planes with recorded intensities, whereas Fienup’s
methods are associated with one intensity measurement at the detector plane and the pre-
knowledge of the object plane. Miao et al. gives a theoretical analysis of the uniqueness of
the phase problem in [111]. If each measured intensity has N2 pixels and the object plane
has M2 unknown pixels to solve, leading to 2M2 unknowns in total since they are complex
values, the oversampling ratio σ ,

σ ≡ total number of measured pixels
numbers of unknown pixels to solve

=
N2

M2 , (3.25)
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should be at least superior to two so that the phase can be correctly retrieved. More data
redundancy that leads to σ ≫ 2 is desired to recover the phase robustly in the presence of
noise. Besides the fact that a priori knowledge on the object plane reduces the number of
unknown pixels, another way to increase σ is to take multiple intensity measurements, known
as single-beam multiple-intensity reconstruction (SBMIR). The diverse diffraction intensity
patterns can be taken at different distances [112] or using multiple wavelengths [113].

Figure 3.6 sketches the recording schema (Fig. 3.6(a)) as well as a typical iterative PR
routine (Fig. 3.6(b)). The PR procedure contains the following steps:

1. Initialization of the complex distribution at the object plane O(x,y,0). For example,
one can use the square root of the measured intensity to initialize its amplitude and a
random distribution for the phase, as shown outside of the iterative loop in Fig. 3.6.

2. Propagation to the detector plane located at d away from the object plane. We propagate
the current estimation of the object wavefront O(x,y,0) to the detector plane using, for
example, the ASM representation in Eqs. 3.11 and 3.12 or other diffraction propagators
such as the Fresnel propagation kernel, to obtain the complex-valued field at the
detector plane O(x,y,d).

3. Application of intensity constraints on the detector plane. We replace the computed
amplitude of the wavefront O(x,y,d) by the square root of the measured intensity
while keeping the phase unchanged. The updated wavefront is denoted as O′(x,y,d) =√

I(x,y,d)O(x,y,d)/ |O(x,y,d)|. If multiple intensity measurements are available, we
apply these intensity constraints at their corresponding condition. As the example
shown here, O′(x,y,d) will be propagated to the other two recording planes and get
updated by the recorded intensity accordingly.

4. Back-propagation to the object plane. We back-propagate the updated wavefront
O′(x,y,d) to the object plane.

5. Update the object wavefront on the object plane. After the back-propagation, we apply
the constraints of the obtained object wavefront, such as the support mask, the positive
adsorption, or the sparsity on the object plane to obtain the updated object wavefront
O′(x,y,0) on the object plane. The updated object wavefront is ready to be used in the
next iteration.

6. iterate steps 2-5 contained in the iterative loops box in Fig. 3.6 until convergence is
achieved.
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Fig. 3.6 The principle of iterative phase retrieval technique. The recording setup (a) and
the reconstruction procedure (b) are given. The different steps during phase retrieval are
indicated in the schema. The example illustrated here has three intensity measurements at
different recording distances.

3.4.2 Ptychography: a particular type of phase retrieval

3.4.2.1 General description

Ptychography derives from the Greek word ptycho, signifying to fold. The original concept
of ptychography was introduced by Hoppe in 1969 to compute the phase of the Bragg
reflections from a periodic crystalline structure [114]. Later works suggested that overlapped
coherent illumination spots made it even possible to estimate the phase variation of the
non-periodic object. As Hoppe’s prediction, nowadays, modern ptychography has been
successfully implemented in visible light, x-ray, electron, and extreme ultraviolet (EUV),
capable of imaging various types of samples.
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Figure 3.7 shows the setup of a basic ptychographic experiment. A coherent beam passes
through a pinhole with a radius of r, forming the “probe” P(x,y,0) at the object plane to
illuminate a zone of the object O(x,y,0). The wave emerging from the object plane is referred
to as the “exit wave”. The exit wave can be modeled as Ψ = O(x,y,0) ·P(x,y,0) if the object
is considered as a thin object, the multiplication approximation holds for this case [115]. The
exit wave propagates to the detector plane. A collection of K diffraction patterns Ik(x,y,d),
k = 1...K is recorded by scanning the object with a constant step s at K positions. Figure
3.7(b) shows an example of the illumination area of 5×3 scan positions on the object plane.
The illumination spots at two consecutive positions are partially overlapped with a linear
distance offset o, as depicted in Fig. 3.7(c). We use the definition of normalized overlap ratio
given in [116]:

overlap ratio ≡ o
2r

×100% = (1− s
2r

)×100%. (3.26)

The optimum value of the overlap ratio is between 60% to 80% according to [116]. Pty-
chography can solve the phase problem thanks to the powerful overlap constraint on the
object plane, which fold together all the diffraction patterns. Ptychography is a particular
scheme of PR methods. Compared to conventional PR techniques, ptychography provides
two significant advantages. First off, the scanning recording approach removes the limit
on the total dimension of the sample under investigation. The final imaging FOV can be
larger than the extent of the detector area. Moreover, the illumination overlap constraints
offer strong data redundancy. The phase problem can be more rapidly and robustly solved.
Ptychography is even capable of recovering the object function and the illumination function
simultaneously. Decoupling the contribution of illumination waves is highly beneficial for
the cases where uniform illumination is hard to achieve, just as when imaging with coherent
THz radiation.
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Fig. 3.7 (a) depicts the setup of ptychography. The object is moved on the x and y direc-
tion that perpendicular to the propagation direction, illuminated by the probe beam. The
diffraction patterns Ik(x,y,d) are captured on the detector plane. (b) shows the overlapped
illuminated area. (c) illustrates the notion of overlap rate at two scanning positions.

Although a few proof-of-concept examples of ptychography reconstruction have been
demonstrated in the 1990s, they primarily relied on the direct inversion such as Wigner
Distribution Deconvolution (WDD) [117], which requires a large quantity of data. It is
expected that these methods did not get promoted widely due to the computation capacities
at that time. The widespread adoption of ptychography occurred only after the first iterative
algorithm, ptychographic iterative engine (PIE), was proposed in 2004 by Faulkner and
Rodenburg [118, 119]. PIE requires a well-characterized and coherent probe distribution
and knowledge of translation steps. In 2008, Thibault et al. demonstrated the possibility
of reconstructing the object and probe simultaneously from the ptychographic data with
a difference map (DM) algorithm [115]. The probe recovery alleviated the reconstruction
artifacts due to inaccurate probe information. In 2009, Maiden and Rodenburg published
the extended ptychographic iterative engine (ePIE), which extended the PIE method to
find the solution for probe simultaneously [120]. DM projects the whole data of all posi-
tions at once to update the object and probe functions, whereas the PIE family algorithms
update the two functions gradually, one position after another. DM and ePIE remain the
most widely used reconstruction methods. Since their discovery, different ptychography
algorithms have been developed to better accommodate the recording condition, includ-
ing mixed-state ptychography for partial coherent illumination [121–123], correction of
translation errors [124–126], and multi-slice model 3PIE for thick sample reconstruction
[127]. An exhaustive survey about ptychography, covering the principle, common algorithms,
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and the state-of-art implementations, can be found in the recent-published book chapter [128].

3.4.2.2 Extended ptychographic iterative engine (ePIE) algorithm

Hereby we describe the ePIE algorithm that will be used in this thesis. The flowchart of the
ePIE algorithm is given in Fig. 3.8.

Object estimate  
at kth position,

jth iteration

Exit wave at the object plane at kth position:

Probe estimate,
at kth position,

jth iteration

Updated exit wave at object plane

is used to update the object estimate
and the probe estimate.

Updated object estimate at k+1th
position

 
Updated probe estimate for

the  (k+1)th position

  
Updated object estimate  

at (j+1)th iteration
Probe estimate, 
(j+1)th iteration

Propagate the exit wave to the detector plane 

Update the intensity at the detector plane 

Propagate back to the object plane 

k=1,...,K positions

j=1,...,J iterations

Starting point:  
initializing 

 and 

Fig. 3.8 The flowchart of ePIE algorithm. The inner loop (marked with blue arrows) represents
the update at each scan location. The outer loop (marked with orange arrows) is the iterative
loop.

We initialize the complex-valued object transmission function O(x,y,0) and the probe
P(x,y,0) prior to the first iteration. The first step of ePIE is to model the exit wave at the kth
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position at the object plane O j,k(x,y,0) is obtained by multiplying the probe and the shifted
object:

Ψ j,k(x,y) = Pj,k(x,y)O j,k (x−dxk,y−dyk) , (3.27)

where (dxk,dyk) with k = 1, · · ·,K refer to the scanning displacement of the object during the
recording. The z component, which represents the propagation, is omitted in Eq. 3.27. The
validity of Eq. 3.27 is guaranteed by the thin object approximation. Similar to the iterative
PR scheme, we propagate the exit wave to the detector plane located d away from the object
plane using ASM representation in Eqs. 3.11 and 3.12 (denoted as operator ASMd), obtaining
its complex distribution at the detector plane:

Ψ j,k(x,y,d) = ASMd
{

Ψ j,k(x,y,0)
}
. (3.28)

We apply intensity constraint on Ψ j,k(x,y,d) to update its amplitude by the measured intensity
√

Ik:

Ψ
′
j,k(x,y,d) =

√
Ik

Ψ j,k(x,y,d)∣∣Ψ j,k(x,y,d)
∣∣ . (3.29)

The updated wavefront at the detector plane Ψ′
j,k(x,y,d) is then back propagated to the object

plane, yielding the updated exit wave function Ψ′
j,k(x,y,0):

Ψ
′
j,k(x,y,0) = ASM−d

{
Ψ

′
j,k(x,y,d)

}
. (3.30)

The object and probe function estimates to be used for the next position k+1 are updated
using the difference between the original and updated exit functions at the object plane
Ψ′

j,k(x,y)−Ψ j,k(x,y), the component z is omitted. An update of the object function at the
illuminated area can be written as:

O′
j,k+1 (x−dxk,y−dyk) = O j,k (x−dxk,y−dyk)

+α
P∗

j,k (x,y)∣∣Pj,k (x,y)
∣∣2
max

[
Ψ

′
j,k(x,y)−Ψ j,k(x,y)

]
,

(3.31)

where α ∈ [0,1] tunes the step-size of the update. In [129], the authors gave three ways of
proofing the update mechanism. Since the roles of the object function and the probe function
in forming the exit wave are equal, the exit wave would remain the same if we reversed the
probe function and the object function. Therefore we update the probe function in the same
way by swapping the roles of probe and object functions in Eq. 3.31 with β ∈ [0,1] as the
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weight parameter:

P′
j,k+1 (x,y) = Pj,k (x,y)+β

O∗
j,k (x−dxk,y−dyk)∣∣O j,k (x−dxk,y−dyk)

∣∣2
max

[
Ψ

′
j,k(x,y)−Ψ j,k(x,y)

]
. (3.32)

The updated object function O′
j,k+1 (x,y) and the probe function P′

j,k+1 (x,y) are ready to be
used for the next position k+1. We repeat the procedure for all the K positions to accomplish
one iteration, as shown in the inner loop in Fig. 3.8. The algorithm terminates when J

iterations are executed, or the convergence is achieved.

Fig. 3.9 The evolution of ePIE reconstruction is shown via simulation. The reconstruction at
three different positions during the first iteration is exhibited. In the box that illustrates the
first iteration, row (a) is the simulated exit wave at each position. Row (b) gives the recorded
diffraction patterns at the corresponding positions. Rows (c) and (d) are the reconstructed
amplitude and phase. The reconstructed amplitude and phase after the 5th and the 20th
iterations are given.

Figure 3.9 illustrates the evolution of the ePIE reconstruction via simulating the process
with a known input image scanned at 8×8 positions with an overlap of 86%. We observe
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that the information of the object wavefront is gradually completed one position after another
in the first iteration. The reconstruction is further improved after iterations until convergence
is achieved. After 20 iterations, decent imaging quality is already achieved for both the
amplitude and the phase. The efficient recovery rate confirms the benefit of the high data
redundancy in ptychography.

3.5 THz coherent lensless imaging: state-of-the-art

The coherent lensless imaging techniques, from the well-established DH to versatile PR
strategies, have been migrated progressively towards the THz range in the last two decades.
The first development of coherent lensless imaging techniques with THz radiation originated
from sub-THz. Dated back to 2004, an off-axis THz digital hologram was recorded with a
100 GHz Gunn diode oscillator, and a single-point SBD detector [130]. In 2008, Tamminen et

al. proposed a THz reflective off-axis DH setup using a vector network analyzer as transmitter
and receiver at 310 GHz to image a metallic target placed 1.5 m away from the detector [131].
In 2010, Cull et al. built a Gabor in-line DH system at 100 GHz [132]. The reconstruction
algorithm for twin-image elimination was based on compressive sensing. In 2011, Heimbeck
et al. realized THz off-axis DH with a tunable frequency-multiplied microwave synthesizer
and an SBD single-point detector in the range 0.66-0.76 THz [133]. The frequency tunability
of the THz source allowed them to apply the well-known dual-wavelength approach to
eliminate the 2π phase ambiguity problem.

Full-field imaging was the inevitable trend for THz DH and other possible coherent lens-
less imaging techniques. However, in the sub-THz range, the long-wavelength requires very
large 2D arrays with adequate sensitivity for sub-THz radiation [134]. Although the company
Terasense has recently released a 1D linear camera with a pitch of 0.5 mm working at 300
GHz, making it a promising candidate, its sensitivity and performance for DH recording have
not been studied. Sub-THz DH is still realized with a single-pixel detector until now. On
the other hand, despite the selective penetration ability in the FIR range, which limits the
further application, the band is more suitable for investigating emerging coherent lensless
imaging techniques with commercially available 2D thermal FPA arrays in single-shot with-
out tedious raster-scanning using a single-point detector. In 2011, Ding et al. reported the
first full-field THz coherent lensless imaging: an off-axis THz DH setup with a FIRL laser
and a pyroelectric camera at 2.52 THz with a lateral resolution of 3.4λ [135]. The first THz
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in-line DH was performed in 2012 by the same research group [136]. The compactness of
the in-line DH (shorter recording distance) configuration increased the resolution (1.7λ) by a
factor of 2 compared to the off-axis configuration. Since this first successful demonstration,
the THz coherent lensless imaging has become an active research area. Thermal FPAs paired
with FIR CW sources (pyroelectric cameras or uncooled microbolometers paired with QCLs
or FIRL lasers)1 became the mainstream equipment for investigating full-field THz coherent
lensless imaging techniques.

After the above proof-of-concept demonstrations, THz DH’s development devoted itself
to further improving the imaging performance. In terms of DH recording, besides minimizing
recording distance for resolution enhancement, the synthetic aperture (SA) technique was
successfully implemented with both off-axis [137, 138] and in-line configuration [139, 140],
making up for the insufficient size of THz detectors. Phase-shifting DH, a well-known
strategy in the DH community, has been implemented with THz off-axis DH [137, 141, 142].
Since the FOV of THz DH reconstruction is limited to the detector size, moving the reflective
object during recording and stitching the reconstructed results together, have been proposed
for observing objects larger than the size of a detector [143, 144]. For in-line THz DH,
efforts have been mainly made on reconstruction algorithms towards better reconstruction
quality. For twin-image suppression, besides the widely-used iterative PR method based on
the absorption constraint [145], L1-sparsity constraint has been added to the object plane
to enforce the a priori knowledge [146]. Moreover, in [146], the working wavelength was
at 57.25 µm. The recording distance was minimized to 3 mm, yielding a NA up to 0.87.
A sub-wavelength resolution of 40 µm (0.7λ) was achieved. It was the best resolution of
THz DH to date. As a post-processing method, self-extrapolation estimates numerically
the high-frequency information that was not measured due to the finite size of the detector.
Support constraint on the object plane is used to guarantee the fidelity of the estimation. It
is an effective tool in many in-line THz DH cases. Finer details can be resolved [145, 147].
However, distinguished from the SA method for resolution enhancing, self-extrapolation’s
estimation remains a guessed solution, depending to a significant extent on the applied
constraint deduced from the nature of the object under investigation. In addition, denoising
[148] and auto-focusing algorithms were investigated in the context of THz in-line DH [149].
The concept of data redundancy originated from PR contributes to THz DH. Two-intensity
in-line DH was demonstrated in [150]. In our development published in [22], PR is a tool to

1The output of QCL and various FIRL lines are at mW level, pyroelectric cameras are not sensible enough,
uncooled microbolometers are needed.
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enhance the performance of off-axis DH reconstruction results.

As the imaging ability is maturing, THz DH has been gradually carried out towards appli-
cation. Similar to visible wavelengths, due to the specificity of the setup, in-line THz DH
was solely implemented in digital holographic microscopy (DHM) fashion for biomedical
applications, seeing through sparse samples. The testing samples have transitioned from
dehydrated insect specimens to cancerous tissue. In [151], the reconstruction of a human
hepatocellular carcinoma tissue slice (Fig. 3.10(a)) proved that early signs of liver cancer
and diseases could be traced using THz in-line DH. The reconstructed phase after resolution
enhancement revealed a sign of tissue fibrosis, i.e., , the blue arrow in the phase map in
Fig. 3.10(c), making THz in-line DH a promising tool for cancer diagnosis. Off-axis THz
DH offers a wider choice of samples, thus more application scenarios, thanks to the inde-
pendent reference wave. The samples can be measured in both transmission and reflection
modes. In transmission mode, the thickness measurement of optically opaque materials at
FIR range was carried out in [141] and [22]. In the sub-THz range, visualizing the void in a
3D-printed sample has been demonstrated at 0.495 THz in [103, 152]. A depth of 45 µm was
clearly distinguished from the phase image shown in Fig. 3.11. On the other hand, imaging
concealed objects using off-axis DH under reflection mode paves the way for applications
in non-destructive inspections. In [153, 143], real-time imaging of moving metallic objects
hidden by a thin yet rigid plate made of optically opaque yet highly transparent polymers (PE
or PP) has been successfully demonstrated, as shown in Fig. 3.12(c)-(d). However, despite
the encouraging results, the perturbation caused by the interaction between complex cover
materials and the samples still needs to be tackled before meeting the challenge of real-world
industrial inspection applications. Moreover, the reflectivity and the transmittance of both the
imaging targets, as well as the cover materials, are important concerns that have a significant
impact on imaging results [154].



3.5 THz coherent lensless imaging: state-of-the-art 63

Fig. 3.10 THz in-line digital holographic reconstructions from [151]. (a) Photograph of
the object, a human hepatocellular carcinoma tissue; (b) reconstructed absorption and (c)
phase shift after numerically extrapolating the holograms recorded via sub-pixel registration
method. The green arrow indicates a cut across a vessel or a region damaged after freezing
the tissue. The blue arrow indicates a vertical line which is a sign of tissue fibrosis.

Fig. 3.11 The reconstructed phase of 0.495 THz DH adapted from [152]. The voids are
identified.

The first THz ptychography in transmission mode was successfully implemented in
2018 [23]. A lateral resolution of about 2λ and a depth resolution of λ /30 were obtained.
By virtue of its compact geometry, large FOV, and the ability to separate the incident
wavefront and the object contribution, THz ptychography has the potential to conquer certain
limitations in THz DH. In the meantime, topics that improve THz ptychography, such as
probe-position correction, multi-layered ptychography via 3PIE, reflective THz ptychography,
and resolution enhancement, have been studied [24, 155–157]. Recently, THz ptychography
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Fig. 3.12 Real-time imaging concealed object using reflective off-axis THz DH from [153].
(a) Photograph of the object, a metallic plate with inscription; (b) reconstructed amplitude
of the object at one position during its movement; (c) photograph of the plate covered by
polypropylene mask; (d) reconstructed amplitude of the hidden object at the same position as
in (b). Scale bar: 4 mm.

has been implemented in the sub-THz range at 0.1 THz with a single-point detector. A
long-distance diffraction-free beam generated by multiple cascaded lens–axicon doublets
was used as the probe beam [158].

3.6 Chapter summary

Free-space propagation of THz radiation and retrieving the lost phase information are the
two key elements of THz coherent lensless imaging. In this chapter, we have revisited
the fundamental of scalar diffraction theory, deducing the appropriate formula for THz
wave propagation: the ASM representation. We have analyzed some specific features
when implementing THz lensless imaging techniques. The impact of large wavelengths
on lateral resolution remains valid for all the lensless imaging techniques. It was taken
into consideration in the later implementations. We have detailed the interferometric DH
and non-interferometric PR approaches. Finally, we have reviewed the imaging techniques
that have been implemented with THz radiations. We have witnessed the progress of THz
coherent lensless imaging techniques and their attempt toward applications. We will study
THz DH combined with the PR techniques and THz ptychography in the following chapters.



Chapter 4

Investigating Terahertz digital
holography

Digital holography is the first lensless imaging technique we investigate with the THz
radiation. This chapter introduces an iterative PR scheme inspired by the in-line DH, which
makes full use of a recorded object intensity to further improve the off-axis DH reconstruction
results. We carry out some numerical simulations to demonstrate the benefit of the proposed
method. Experimentally, we start by developing THz DH in the FIR range (at 2.52 THz)
using the available equipment at CSL. As indicated in Chapter 2, FIR radiation has limited
penetration ability for many materials; hence it is advantageous to develop imaging systems in
the sub-THz range for NDT applications. Thus we investigate THz DH in the sub-THz range.
There are fewer 2D detector arrays that are suitable for sub-THz imaging. The THz FET
detectors based on plasma wave’s reification show fast response and high sensitivity at room
temperature. Moreover, they can be easily and cost-efficiently integrated into arrays, making
them good candidates. Finally, we build a proof-of-concept THz DH setup at 280 GHz by
raster-scanning a single-point THz FET detector developed by the laboratory CENTERA in
Warsaw, Poland. Both setups validate the effectiveness of the proposed iterative PR method.
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4.1 Particular concerns about off-axis THz DH recording

We have introduced the principle of Gabor in-line DH and off-axis DH, respectively, in Chap-
ter 3. Both techniques have been demonstrated with THz radiation. The published works
showed that the compactness of in-line configuration offers higher lateral resolution thanks
to the short recording distance, according to Eq. 3.15. However, the in-line configuration is
restrictive to the choice of samples. The sample should be much smaller than the incident
beam to allow passing through the reference wave. Furthermore, the PR method for twin
image elimination in in-line DH can be challenging for objects with strong phase variation,
although it can efficiently suppress the twin image when a sparse object is located in the
free space. Therefore, the in-line DH is only suitable for investigating microscopic samples.
On the other hand, the off-axis DH configuration is more flexible that can be applied in
various study cases since a separated tilted reference wave is employed. Both transmission
and reflection mode DH can be developed under the off-axis configuration. The off-axis DH
offers a more reliable reconstruction despite the nature of the sample under investigation. For
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these reasons, the off-axis DH configuration is our preferred choice.

We discussed the choice of the off-axis angle in Section 3.3.2. The limitation of the
maximum off-axis angle determined by Eq. 3.24 is very loose in THz DH setups since the
relationship λ/(4∆)> 1 holds. Therefore the reference wave can be injected with a large
incident angle. Moreover, the recording distance should be minimized to achieve better lateral
resolution according to Section 3.2.1. Injecting the reference wave with a large incident
angle instead of using a beam combiner is a more appropriate choice. On the other hand,
the off-axis angle should be large enough to well separate different orders in Eq. 3.21 in the
spectrum plane. As depicted in Fig. 4.1, if the bandwidth of the object wave is B = 2/δ with
δ as the smallest smallest resolvable object detail, the autocorrelation term F

{
O2} has a

bandwidth of 2B. With a given off-axis angle θ , the separable bandwidth is limited to

B ≤ 2sinθ

3λ
, (4.1)

which limits the attainable resolution for the given object size. If we can get ride of the
autocorrelation term F

{
O2}, the limitation is relaxed to

B ≤ 2sinθ

λ
. (4.2)

We conclude that subtracting the object wave intensity IO from the hologram IH will avoid
the spectral overlap caused by the autocorrelation term, achieving better imaging quality.

Fig. 4.1 1D spectrum of the off-axis hologram.
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Another concern is the thermal background. When the THz holograms are recorded with
thermal THz detectors, both the recorded hologram and the object intensity also contain the
incoherent infrared emission Ithermal originated from the environment, the detector, and the
object placed just in front of the detector. The subtraction allows to eliminate the recorded
thermal background:

IH − IO = (H + Ithermal )−
(
|O|2 + Ithermal

)
= |R|2 +OR∗+O∗R. (4.3)

4.2 Phase retrieval assisted off-axis DH reconstruction

Attempts to combine off-axis and in-line configurations have been carried out at X-ray [159]
and visible wavelengths [160]. These works have shown that the off-axis DH offers a more
reliable reconstruction, especially for the low-frequency components, while the in-line DH
improves the resolution. Hence the overall image quality is improved thanks to the hybrid
approach. In our implementation, we attempt to improve the off-axis THz DH reconstruction
with the iterative PR routine. The object diffraction intensity IO recorded without the refer-
ence beam serves as the intensity constraint at the recording plane.

We propose an iterative PR routine based on the back and forth projection as explained in
Section 3.4. On the object plane, we assume that the object is illuminated by unitary intensity.
The algorithm proceeds as follows:

Step 1 We compute the wavefront distribution using the processed off-axis hologram IH −
IO to retrieve the normalized wavefront distribution in the object plane: Oo,off =

ao,off exp(iφo,off). Oo,off serves as the initial guess in the object plane.

Step 2 Propagate Oo to the detector plane using ASM representation in Eqs. 3.11 and 3.12,
forming the complex wavefront distribution Od = ad exp(iφd).

Step 3 Update the wavefront in the detector plane. The square root of the normalized object in-
tensity

√
IO is used to replace ad while the phase φd is kept: O d,update =

√
IO exp(iφd).

Step 4 Propagate O d,update back to the object plane, forming the updated object wavefront
Oo. Positive absorption and non-negativities constraints can be applied on the ob-
tained amplitude ao if the object is small to further constrain the PR process [106]:
ao (ao > 1) = 1 and ao (ao < 0) = 0. The phase remains unchanged.

Step 5 Repeat steps 2-4 until convergence is achieved.
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4.3 Apodization for aperture diffraction effect elimination

In coherent imaging systems, the edge of the aperture induces the ringing effects on the
edge. The ringing effect also occurs during DH. Digital holographic reconstruction performs
the propagation numerically with the 2D discrete Fourier transformations. Due to the finite
size of the detector aperture, the border points on the recorded hologram cause the ringing
oscillation artifact on the reconstructed image after the numerical propagation [161]. The
horizontal and vertical lines shown in Fig. 4.2(a) and Fig. 4.2(b) represent this effect at
both visible wavelength and THz wavelength. The effect becomes more important with the
increase of wavelength.

Fig. 4.2 Illustration of the osculation artifacts due to the aperture truncation at (a) 653 nm
and (b) 118.83 µm.

An apodization processing can efficiently suppress the unwanted artifact [162]. To
perform the apodization, a 2D window that smoothly vanishes towards the border is multiplied
to the recorded intensity. In this thesis, we applied the apodization processing with a 2D
Tukey window: W (x,y) =W (x)W (y). The 1D Tukey window W (m) is written as:

W (m) =


1
2

{
1+ cos

(2π

r

[m−1
M−1 − r/2

])}
,0 ≤ m < r

2(M−1)
1, r

2(M−1)≤ m < (M−1)
(
1− r

2

)
1
2

{
1+ cos

(2π

r

[
1− m−1

M−1 − r/2
])}

,(M−1)
(
1− r

2

)
≤ m < M

(4.4)

The parameter r controls the size of the vignetting area. In our work, we set r to 0.5 after a
trail and error selection.
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4.4 Simulation analysis

4.4.1 General description of the simulation analysis and performance
matrix

We carried out a series of simulations to demonstrate the benefit of the proposed scheme:
the combination of off-axis reconstruction with the iterative PR method. We simulated
different off-axis holograms with an off-axis angle of 45° in both the x and y directions.
Other parameters used in the simulation (wavelength, camera parameters, and recording
distance) respect the 2.52 THz experimental configuration described in Section 4.5.1. To
evaluate the performance, we compare the reconstructed results with the input image used
for simulation. We define the root-mean-squared-error (RMSE) between the reconstructed
value at kth iteration Ok

rec(m,n) and the input value Osimu(m,n) to quantitatively monitor the
reconstruction error. We have

RMSEA
k =

 1
M×N ∑

m=1···M
m=1···N

∣∣∣|Ok
rec(m,n)|− |Osimu(m,n)|

∣∣∣2


0.5

(4.5)

for amplitude comparison and

RMSEP
k =

 1
M×N ∑

m=1···M
m=1···N

∣∣∣arg(Ok
rec(m,n))− arg(Osimu(m,n))

∣∣∣2


0.5

(4.6)

for phase comparison. A lower RMSE value indicates a higher similarity. In the mean
time, we employ the structural similarity index (SSIM) to evaluate the perceptual similarity
between the reconstructed images and the original ones [44,45]. The SSIM between image x

and y is written as:

SSIM(x,y) =
(2µxµy +C1)(2σxy +C2)(

µ2
x +µ2

y +C1
)(

σ2
x +σ2

y +C2
) , (4.7)

where µx, µy, σx, σy and σxy are the local means, standard deviations, and cross-covariance
of images x and y. C1 = (0.01×L)2 and C2 = (0.03×L)2 are two parameters that are related
to L, the dynamic range of investigated images. SSIM ranges between [0,1]. A higher SSIM
value represents a better similarity between the reconstructed image and the original data.
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4.4.2 Simulation of cases where in-line DH reconstruction struggles

As indicated in Chapter 3, one needs a sufficiently small object to record a Gabor in-line
DH. We simulated some cases where the requirement for Gabor in-line DH configuration is
not met. The first example is a pure amplitude object, as shown in Fig. 4.3. The amplitude
distribution of the simulated object is a negative USAF resolution target (Fig. 4.3(a)). Its
value is between [0,1] after normalization with the arbitrary unit. The phase is set to zero.
The recorded object wave intensity and off-axis hologram are shown in Fig. 4.3(b) and
Fig. 4.3(c), respectively. The recorded object wave intensity is not a Gabor in-line hologram
because there is not enough reference wave from the background that passes through to
interfere with the object. Consequently, reconstructing Fig. 4.3(b) with iterative PR without
additional information fails. Fig. 4.3(d) shows the reconstruction result after 50 iterations.
It gives RMSE=0.18 and SSIM=0.35. Figure 4.3(e) gives the off-axis reconstruction with
RMSE=0.09 and SSIM=0.61. The object wave intensity has been subtracted from the holo-
gram before reconstruction. Periodic patterns remain in Fig. 4.3(e). Filtering the spectrum
with a smaller filter will eliminate this phenomenon at the price of lowering the resolution
of the reconstructed image. The reconstruction using the proposed method is shown in
Fig. 4.3(f) with RMSE=0.06 and SSIM=0.73 at the 50th iteration. The image quality is
improved.

Fig. 4.3 Simulation of a pure amplitude object. (a) is the amplitude distribution of the
simulated object. (b) and (a) are the object intensity and off-axis hologram, respectively.
(d) shows the conventional in-line reconstruction after 50 iterations. (e) shows the off-axis
reconstruction and (f) shows the reconstruction using the proposed method after 50 iterations.



72 Investigating Terahertz digital holography

The spectra of the object intensity and the hologram are given in Fig. 4.4(a) and Fig. 4.4(b).
The overlap of different orders exists despite the fact that large off-axis angles are employed.
Therefore, subtracting the object intensity from the hologram is necessary. The spectra of
off-axis only reconstruction and the proposed method are given in Fig. 4.4(c) and Fig. 4.4(d).
The elimination of artifacts and the completion of the spectrum can be observed by comparing
Fig. 4.4(c) and Fig. 4.4(d). Figure. 4.5 plots the RSME to observe the convergence behavior.
The RMSE decreases quickly. The difference of RMSE between the seventh and the eighth
iteration in Fig. 4.5 is less than 0.001, indicating the convergence has already been achieved.
The convergence rate is faster compared to conventional PR approaches reconstruction
thanks to the initial guess that is close to the actual distribution offered by off-axis DH
reconstruction.

Fig. 4.4 (a) Spectrum of the object wave intensity. (b) spectrum of the off-axis hologram. (c)
spectrum of the reconstructed object using off-axis spectrum filtering. (d) spectrum of the
reconstructed object using the proposed method.

Fig. 4.5 RMSE evolution of the iterative PR with the simulated data.
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The simulation of a pure phase object is performed in a similar way as shown in Fig. 4.6.
The amplitude distribution of the simulated object is set to 1. The phase distribution is a
Pentagon picture normalized to [0,π], shown in Fig. 4.6(a). The recorded object intensity
and the hologram are shown in Fig. 4.6(b) and Fig. 4.6(c).

Fig. 4.6 Simulation of the pure phase object: (a) the phase distribution of the simulated object
(b) the object intensity and (c) the off-axis hologram.

The reconstruction results, i.e., the phase distribution obtained from the in-line PR, the
off-axis reconstruction, and the proposed method, are shown in Fig. 4.7. The in-line PR
method has difficulties in the reconstruction of the pure phase object. The retrieved phase
value is not reliable, with RMSE=1.35 and SSIM=0.11. The mismatch between the recon-
structed phase and the original data can be easily observed in Fig. 4.7(a). Compared to the
off-axis reconstruction in Fig. 4.7(b) with RMSE=0.33 and SSIM=0.41, the proposed method
shown in Fig. 4.7(c) gives a better-resolved result with RMSE=0.24 and SSIM=0.52.

Fig. 4.7 Results of the pure phase object reconstruction: (a) conventional in-line recon-
struction; (b) conventional off-axis reconstruction and (c) reconstruction using the proposed
method.
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4.4.3 Effect of apodization operation: simulation of highly transparent
object

To demonstrate the effect of apodization operation on the border diffraction effect, we
simulated a highly transparent USAF pattern with the following properties: the amplitude
distribution is between 0.8 and 1.0, as shown in Fig. 4.8(a). The phase shift is between 0.5
and 1.5 rad, as shown in Fig. 4.8(b). This case is similar to the actual samples that will be
investigated experimentally later in the chapter. The border effect can be observed in both
amplitude (Fig. 4.8(c)) and phase (Fig. 4.8(d)) distribution after off-axis reconstruction. It
is due to the bulk intensity change caused by camera truncation. Fig. 4.8(e) and Fig. 4.8(f)
give the reconstruction result with apodization operation applied on the off-axis hologram;
no iterative PR is applied. On the other hand, Fig. 4.8(g) and Fig. 4.8(f) used the proposed
method; apodization is only applied to object intensity during the iterative PR step. The border
effect vanishes in Fig. 4.8(e) and Fig. 4.8(h), indicating that apodization efficiently tackles
the border effect. However, the apodization operation decreases the effective recording area
(the values on the border vanish to zero), thus lowering the lateral resolution. Compared to
apodizing the off-axis hologram (Fig. 4.8(e) and Fig. 4.8(f)), the proposed routine (Fig. 4.8(g)
and Fig. 4.8(h)) yields better image quality. The details are better preserved. In both cases,
however, the apodization operation inevitably causes intensity vignetting disturbances in
the border area. Thus, we calculated RSME and SSIM values based on the central area of
400× 400 pixels for each reconstructed amplitude and phase regarding the original data.
The results are summarized in Table 4.1. The obtained values confirm the effectiveness of
apodization. The proposed method is proven to be the optimum solution.
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Fig. 4.8 Effect of apodization processing. Amplitude (a) and phase (b) distribution of
simulated object; amplitude (c) and phase (d) of off-axis reconstruction without apodization;
amplitude (e) and phase (f) of off-axis reconstruction with apodization applied on off-axis
hologram; Amplitude (g) and phase (h) of reconstruction using the proposed method with
apodization applied on object intensity during iterative PR.
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Table 4.1 Quantitative comparison of reconstruction results in Fig. 4.8

off-axis DH
reconstruction

Apodizing
the off-axis hologram

reconstruction

Phase retrieval using
apodized object intensity

reconstruction

RMSE SSIM RMSE SSIM RMSE SSIM

Amplitude 0.33 0.36 0.33 0.49 0.16 0.70
Phase 0.23 0.39 0.23 0.51 0.21 0.72

4.4.4 Effect of the uniformity of the reference wave

We already knew that the best contrast of the recorded hologram is achieved when the object
wave and the reference wave have the same level of intensity. Therefore, the reference wave
should have a uniform intensity distribution that matches the intensity level of the object
wave to optimize the fringe modulation. Unfortunately, the uniformity of the reference wave
in the THz configuration is not easy to be guaranteed. The THz beam is often Gaussian
shaped. Moreover, the excessive diffraction caused by the optic mounts or the camera housing
contributes to bright and dark fringes. The uneven intensity of the reference wave degrades
the reconstruction quality. We expect the proposed PR technique to help recover cases where
the off-axis hologram has poor contrast.

We simulated the effect of the uniformity of the reference wave, as shown in Fig. 4.9. We
used two patterns to simulate the amplitude (Fig. 4.9(a)) and the phase (Fig. 4.9(c)) of the
object wave. The amplitude of the reference wave (Fig. 4.9(b)) has four distinct values in the
four quadrants: 0.1, 0.2, 0.5 and 1. The generated off-axis hologram is shown in Fig. 4.9(d).
The best contrast is observed in the quadrant where the amplitude of the reference wave is
close to 1, i.e., the value of the object wavefront. The fringe modulation is very poor in the
zones where the amplitude of the reference wave is weak.
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Fig. 4.9 Effect of the uniformity of the reference wave. (a) and (c) are the amplitude and the
phase of the simulated object. (b) shows the simulated reference wave’s amplitude with four
different light levels. (d) gives the simulated off-axis hologram.

The reconstruction results of the off-axis hologram in Fig. 4.9(d) are given in Fig. 4.10.
The conventional reconstruction struggles in the regions where the reference wave intensity
is weak. In the regions where the reference wave is weak, the reconstructed amplitude
vanishes (Fig. 4.10(a)). The phase in these regions cannot be retrieved because the fringe
modulation in the hologram is degraded (Fig. 4.10(c)). More information has been recovered
after having applied the proposed PR scheme to the off-axis reconstruction results, as shown
in Fig. 4.10(b) and Fig. 4.10(d). Both the phase and the amplitude are retrieved all over the
imaging area. Thus the proposed method can improve the unfavorable reconstruction results
caused by the uneven reference wave intensity. The conclusion also holds when the object
wavefront has drastic intensity variation.
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Fig. 4.10 Reconstruction results of the off-axis hologram simulated with uneven reference
wave intensity. (a) and (c) are the amplitude and the phase obtained from the conventional
off-axis reconstruction. (b) and (d) are reconstructed with the proposed method.

4.5 Experiments of off-axis DH at 2.52 THz

4.5.1 Setup and sample description

The employed experimental setup is illustrated in Fig. 4.11(a). The CH3OH vapor in the
THz FIR-295 laser is pumped by the line 9P36 of the CO2 laser PL6, emitting 2.52 THz
(wavelength: 118.83 µm) radiation with a maximum output power of 500 mW. After being
attenuated to an appropriate level (tens of mW), the laser beam is split into two beams with
approximately equivalent power by a High Resistivity Float Zone Silicon (HRFZ-Si) THz
beam splitter from Tydex. The transmitted beam passes through the investigated object. The
object is placed at 9.5 mm in front of the recording plane. The reflected beam directed by a
mirror serves as the reference beam. The off-axis angle between the object beam and the
reference beam is around 45°. A shutter is inserted in the reference beam. When the shutter
is open, the reference beam interferes with the object beam; a hologram is captured. When
the shutter is closed; the reference beam is blocked; only the diffraction pattern of the object
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beam is captured. The uncooled microbolometer camera Gobi-640-GigE from Xenics is used
to capture the intensity pattern. The detector has 480×640 pixels on a pitch of 17 µm. At
the given recording condition, the theoretical intrinsic resolution of the system is 138.3 µm
according to Eq. 3.15.

Fig. 4.11 Experimental setup and sample description at 2.52 THz. (a): Schematic of the
experimental setup; (b): the white light image of the sample.

The investigated sample is a piece of visibly opaque 550 µm-thick PP slab. PP is highly
transparent at 2.52 THz with an absorption coefficient of around 1.5 cm−1 and refractive
index npp = 1.49 [67]. The backside of the sample surface (the side facing the laser) is
engraved using excimer laser ablation. As shown in Fig. 4.11(b), the square patterns 1-3 are
three squares of 1×1mm2 with a depth of 44 µm, 72 µm, and 105 µm, respectively. The
line width of patterns 4-6 are 245 um, 155 µm, and 140 µm to evaluate lateral resolution
performance. The depth of these line patterns is 150 µm. Figure 4.12 shows the profile of
the sample under the optical microscopy.
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Fig. 4.12 Profile of the patterns on the PP slab observed under an optical microscopy.

4.5.2 Results and discussions

Figure 4.13 shows the intensities recorded with the setup and their Fourier spectra. The ther-
mal background (Fig. 4.13(a)) was recorded when blocking the FIR laser output. The thermal
background image (Fig. 4.13(e)) does not contain high frequency details. Its Fourier spectra
is located near the origin. The recorded hologram (Fig. 4.13(b)) and the object wave intensity
(Fig. 4.13(c)) are shown along with the amplitude of their Fourier spectra (Fig. 4.13(f) and
Fig. 4.13(g)). We observed that the autocorrelation term shown in Fig. 4.13(g) is overlapped
with the +1 order of the hologram in Fig. 4.13(f). Figure 4.13(d) shows the result after
subtracting the object wave intensity from the hologram. The effectiveness can be observed
from its spectrum in Fig. 4.13(h). We used the the intensity in Fig. 4.13(d) to perform the
off-axis reconstruction. The actual off-axis angles of the reference beam extracted from
Fig. 4.13(h) are 44.8° and -0.83° in the horizontal and vertical direction, respectively. We
observed two spurious components caused by multiple reflections in the Fourier spectra in
Fig. 4.13(f-h) at the 45° direction. They can be removed in the spectra by replacing the
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value with zero during the spectrum filtering. In the four spectra images, the horizontal and
vertical lines originating from the border diffraction can be observed. We applied apodization
processing using Eq. 4.4 on recorded intensities (Fig. 4.13(b-d)). The processed intensities
as well as their spectra are given in Fig. 4.14. The apodization produced a vignetting effect
in Fig. 4.14(a-c). The horizontal and vertical lines vanished in their spectra in Fig. 4.14(d-f)
after the apodization operation.
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Fig. 4.13 Recorded intensities at 2.52 THz and their spectra. (a) Thermal background; (b)
off-axis hologram; (c) object wave intensity; (d) the subtraction between (b) and (c). (e)-(h)
are their corresponding spectra.
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Fig. 4.14 Intensities and spectra after the apodization processing. (a)-(c) are the results after
apodizing Fig. 4.13(b)-(d). (d)-(f) are their corresponding spectra.

The comparison of different reconstruction results is shown in Fig. 4.15. The ampli-
tude and wrapped phase in Fig. 4.15(a) and Fig. 4.15(b) are obtained from reconstructing
the off-axis hologram after subtracting the object intensity, i.e., the intensity shown in
Fig. 4.13(d). We observed severe border diffraction artifact. Moreover, line pair 6 on the right
bottom, whose width is 140 µm, approaching the intrinsic resolution, cannot be resolved.
Figures. 4.15(c)-(d) show the reconstruction results with the apodized off-axis hologram,
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i.e., the intensity shown in Fig. 4.14(c). The border diffraction artifact is significantly alle-
viated. However, the resolution of line pair 6 is still not satisfactory. Then, we applied the
PR-assisted method. We used the reconstruction results in Fig. 4.15(a) and Fig. 4.15(b) as
the initial guess of the object wave. The apodized object intensity (Fig. 4.14(b)) is used as
the intensity constraint on the detector plane. We performed 50 iterations of back and forth
propagation PR as explained in Section 4.2.

A considerable improvement is achieved using the proposed method after 50 iterations of
PR with apodized object intensity. Line pair 6 is recognizable in both amplitude (Fig. 4.15(e))
and phase (Fig. 4.15(f)) reconstruction, implying an improvement of resolution. The back-
ground is more uniform than the results without applying PR. The visible differences between
Figs. 4.15(e-f) and Figs. 4.15(a-b) validate the method. It should be noted that the noise
and vertical fringes at the left border in Figs. 4.15(a-f) are caused by the metallic sample
holder when the object beam impinged the sample. Those artifacts are part of the object
beam; therefore, it cannot be removed using the proposed method.

Fig. 4.15 Experimental reconstruction results of the engraved PP slab at 2.52 THz. (a) and
(b) are the reconstructed amplitude and phase, respectively, using the off-axis hologram in
Fig. 4.13(d) without apodization. (c) and (d) are reconstruction using the apodized off-axis
hologram in Fig. 4.14(c). (e) and (f) are reconstruction using the proposed method with
apodized object intensity in Fig. 4.14(b).
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The relation between the unwrapped phase ϕ(x,y) and the sample thickness d(x,y) is
given as

ϕ(x,y) =
2π (npp −1)d(x,y)

λ
. (4.8)

After unwrapping the phase distributions in Fig. 4.15(b)-(f), the phase differences between
different patterns and flat areas are summarized in Table 2. Mean values, as well as their stan-
dard deviations (std, given in the parenthesis) of the region of interest (ROI), are calculated.
We observed that the std values decrease to 0.14 rad in Fig. 4.15(f) after having applied the
proposed method. According to the std values, a phase resolution of 0.2 rad is achieved in
this experiment.

Table 4.2 Phase differences calculated from different DH reconstruction methods.

Zone
Depth Calculated Unwrapped Unwrapped Unwrapped

phase Fig. 4.15(b) Fig. 4.15(d) Fig. 4.15(f)
[µm] [rad] [rad] [rad] [rad]

Pattern 1 44 1.14 1.13 (0.32) 1.18 (0.22) 1.13 (0.21)
Pattern 2 72 1.87 1.88 (0.39) 1.82 (0.19) 1.88 (0.14)
Pattern 3 105 2.72 2.96 (0.33) 2.98 (0.23) 2.95 (0.14)

4.6 Experiments of off-axis Sub-THz DH at 280 GHz

4.6.1 Introduction

As analyzed in Section 2.3, most NDT applications should be carried out with sub-THz
radiation, thanks to the high transparency in this frequency regime. On the other hand, from
the THz imaging techniques’ aspect, the undesirable diffraction and interference effects
due to the high coherence of the narrowband sources are more challenging to be tackled
concerning the large working wavelength. Therefore developing lensless imaging techniques
in the sub-THz range is of great interest. After developing the off-axis DH and PR techniques
in the FIR range, we investigate sub-THz DH at 280 GHz in collaboration with CENTERA.
CENTERA is devoted to the study of FET-based THz detectors in the form of an integrated
circuit. THz FET detectors exhibit a fast response time and high sensitivity at room tem-
perature operation for sub-THz detection. Moreover, the THz FET detectors present the
advantage of easy integration, making it more straightforward for array detector fabrication.
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Thus this detector technology is a good candidate for THz imaging in industrial applications.

Before building the THz DH setup, we performed two THz imaging tests based on
the existing confocal imaging systems in CENTERA. The single-pixel raster scanning
imaging system at 140 GHz, shown in Fig. 4.16(a1), provides high-quality image results
(Fig. 4.16(a2)) at the expense of long scanning duration. In our test, a GFRP composite
honeycomb sandwich panel is imaged in transmission mode with a scanning pitch of 0.5
mm. The sample exhibits high transparency. Both the cross-shaped metal sticker on the
backside and the L-shaped one on the front side are visible in the recorded image. Although
some defective cells are visible in the image, the honeycomb structure can not be well
resolved due to the large wavelength (2 mm). Figure. 4.16(b1) shows a 300 GHz fast postal
scanner prototype developed by CENTERA and a Polish company Orteh for high-speed
imaging [163]. The postal scanner contains three lines of 48 FET detector arrays. The
system allows imaging of an A4-size envelope within one second. The linear scanner
combined with the transportation belt solution is particularly suitable for industrial NDT
applications. Figure. 4.16(b3) shows the real-time imaging result of the samples listed in
Figure. 4.16(b2), hidden in an envelope. The scanning results showed that the PCB substrate
made in glass epoxy, the PC, and the yellow GFRP composite pieces are transparent at 300
GHz, whereas they remain opaque at the FIR range. Despite the poor imaging quality of
the prototype scanner, the system allows identifying different concealed objects efficiently.
These preliminary tests showed the potential of developing sub-THz DH with THz FET
detectors. We could imagine a THz holographic imager prototype similar to Fig. 4.16(b1), but
with additional phase measurement, which helps reveal more information about the testing
samples. Assembling high-performance linear detector arrays which meet the requirement
for hologram recording would require a significant volume of engineering work. Therefore
in this thesis, we demonstrated the feasibility sub-THz DH by raster-scanning a single THz
FET detector.
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Fig. 4.16 Sub-THz confocal imaging with FET detectors. (a1) is a single-pixel imaging
system at 140 GHz. (a2) shows the imaging result of a GFRP composite honeycomb
sandwich panel. (b2) is a 300 GHz postal scanner developed by CENTERA for fast imaging.
The scanner contains three lines of 48-pixel FET THz detector arrays soldered on the PCB
supports. The samples in (b2) are kept in an A4-sized envelope, moving on the transportation
belt. (b3) is an example of image recorded by the fast poster scanner system.

4.6.2 Experimental setup

We built an off-axis DH experimental setup with the available materials in CENTERA.
Figures. 4.17(a) and (b) are the schematic and the photograph of the experimental setup at
280 GHz for hologram recording, respectively. The principle bears no difference from that at
2.52 THz in Fig. 4.11(a). An IMPATT diode emits radiation at 140 GHz with an output power
of 30 mW. We assembled a frequency multiplier to the IMPATT diode, which generates the
radiation at 280 GHz with an output of 14 mW ( Fig. 4.17(c)). The comparatively shorter
wavelength after frequency multiplication offers better imaging resolution. The source is
collimated by a three-inch 90° off-axis parabolic mirror (focal length: 152.4 mm) located 15
cm away from the source output. A three-inch wire grid beam splitter separates the beam
into the object wave and the reference wave. A piece of 15×15 cm2 glass is used as a mirror
to redirect the reference wave toward the detector. The off-axis angle is around 35 ° along
the x direction. The object wave illuminates the sample located d in front of the detector
plane. A packaged single-pixel THz FET detector is mounted on a three-axis translation
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stage, as shown in Fig. 4.17(d). The raster scan is performed in the x-y plane. The THz
FET detector employed here is based on GaAs HEMT (high electron mobility transistor).
A broadband bow-tie antenna structure is designed for optimizing the THz absorption. A
silicon-substrate lens with a diameter of 4 mm is mounted in front of the FET detector by the
3D-printed holder to couple the input THz radiation on the detector [164]. The output voltage
of the FET detector is integrated into a lock-in amplifier. Due to the high coherence of the
input THz radiation, the interference problem caused by the multiple reflections between the
optics and the detector occurred during our trial. We slightly tilted the detector to reduce
this undesirable effect. The recording distance, the scanning area, and the scanning pitch are
the three decisive factors for long-wavelength DH recording. According to the discussion in
Section 3.2.1, the long-wavelength would benefit from a large scanning area at the expense of
recording time. The recording distance should be minimized as long as the sample does not
obstruct the reference wave for a better resolution. In the experiment, the imaging area is set
to 10×10 cm2. The recording distance is restricted to less than 10 cm. Such configuration
guarantees an intrinsic resolution on the order of wavelength (1.07 mm). The scanning
pitch should be small enough to well sample the interference fringes on the hologram. The
employed wavelength and the off-axis angle require that the scanning pitch should be larger
than 0.83 mm, as suggested by Eq. 3.24. In our experiment, we set the scanning step to 0.25
mm. It takes around four hours for one hologram acquisition of 400×400 pixels.
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Fig. 4.17 Experimental setup of the off-axis sub-THz DH at 280 GHz. (a) and (b) show the
schematic and the photograph of the experimental setup, respectively. (c) and (d) are the
employed 280 GHz source and the packaged THz FET detector. The inset photo in (d) is a
photo of the THz FET device.

4.6.3 Results

4.6.3.1 Amplitude contrast object: metallic optical chopper wheel

The first case of study is a metallic optical chopper wheel, shown in Fig. 4.18. This sample
is regarded as a pure amplitude contrast object since the metallic structure blocks the THz
radiation entirely. On the edge, every two metallic stripes are separated with a period of 3.6°.
Three holes with a diameter of 3 mm are equally spaced on the wheel. These mm-scaled
structures are suitable for testing the imaging performance of DH at 280 GHz.
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Fig. 4.18 The photograph and the drawing of the metallic optical chopper blade used for
sub-THz DH imaging [165].

Before recording the hologram, we recorded an image of the object beam intensity with-
out the reference beam, as shown in Fig. 4.19(a). The beam diameter is around 5 cm. Some
inhomogeneities are observed. This is mainly due to the interference that we mentioned
earlier. Then we placed the wheel around 8 cm in front of the detector. The exact recording
distance is found to be 7.9 cm after comparing the reconstruction results using different
distances. Figure. 4.19(b) shows an image of the diffraction pattern of the object wave. This
pattern will be used for iterative PR. We observed that the diffraction pattern of the object
wave exhibits some extra dark zones. The dynamic range of the recorded diffraction pattern
is low. Finally, we removed the baffle that blocks the reference beam to record the off-axis
hologram, shown in Fig. 4.19(c).

Fig. 4.19 Hologram recording of the chopper wheel: (a) the object beam without sample; (b)
the diffraction pattern induced by the chopper wheel; (c) the off-axis hologram.

Due to the inhomogeneous intensity distribution of the object wave, the contrast of the
interference fringe in Fig. 4.19(c) varies. We extracted the intensities at three different
locations to evaluate the fringe contrast. The intensity profiles of the three cut lines are



4.6 Experiments of off-axis Sub-THz DH at 280 GHz 91

plotted in Fig. 4.20. The formula for fringe visibility is written as

V =
Imax − Imin

Imax + Imin
. (4.9)

The fringe visibility quantitatively describes the quality of the recorded interference pattern.
In Fig. 4.20, the maximum fringe visibility of the green curve is around 0.7. The value is
around 0.5 for the red curve. The blue curve is located in the zone where there is barely any
THz radiation. The fringe visibility of the blue curve is close to zero. The poor modulation,
in this case, is similar to the effect of an inhomogeneous reference wave discussed previously,
which degrades the reconstruction quality. Hence we believe that the proposed PR method
will improve the reconstruction quality in this case.

Fig. 4.20 The three intensity profiles of the recorded hologram extracted from Fig. 4.19(c).

The reconstruction results are presented in Fig. 4.21. It is not surprising that inline recon-
struction is unable to reconstruct Fig. 4.19(b), as shown in Fig. 4.21(a1)-(a2). The off-axis
reconstruction in Fig. 4.21(b1)-(b2) allows retrieving the overall morphology of the optical
chopper wheel. We performed the proposed iterative PR method using Figs. 4.21(b1)-(b2)
and 4.19(c). The results after 20 iterations are shown in Figs. 4.21(c1)-(c2). Comparing
Fig. 4.21(c1) with Fig. 4.21(b1), first off, we observed an increase of imaging area. The
top right corner is not visible in Fig. 4.21(b1). Only one of the three holes is visible in
Fig. 4.21(b1). All the three holes are visible in Fig. 4.21(c1). Especially the top one is clearly
reconstructed. The metal stripes on the edge are visible in Fig. 4.21(c1).
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Fig. 4.21 DH reconstruction results of the optical chopper wheel at 280 GHz. (a1)-(a2) are
obtained using conventional in-line reconstruction with Fig. 4.19(b). (b1)-(b2) are obtained
with the conventional off-axis reconstruction using Fig. 4.19(b). (c1)-(c2) are reconstructed
using the proposed iterative PR method. (d) plots the profiles extracted from (b1) and (c1).

We identified the centroid of the central hole in Fig. 4.21(c1), which is also the cen-
troid of the optical chopper wheel. We plotted the intensity of the periodic edge located 4
mm away from the centroid for 18 °, as the red and the blue dotted lines in Fig. 4.21(b1)
and Fig. 4.21(c1). It can be observed that the five periods of stripes are distinguishable in
Fig. 4.21(c1) when the iterative PR method is applied. They are clearly separated on the blue
curve in Fig. 4.21(d). However, they are not visible in Fig. 4.21(b1) since the red curve in
Fig. 4.21(d) is mostly flat.

We repeated the experiment with a concealed object. The same optical chopper wheel
was hidden into an envelope (Fig. 4.22(a)) while other parameters remained the same as in
the previous experiment. The diffraction pattern of the object wave and the off-axis hologram
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are recorded, shown in Figs. 4.22(b) and (c). The reconstruction results are given in Fig. 4.23.
The performance of the three different reconstruction methods is similar to the conclusion
obtained in the case where the object is uncovered. The proposed PR-assisted off-axis
reconstruction gives the best results. Although the concealed object is distinguishable, the
reconstruction quality is degraded when compared with Fig. 4.21. The reason is that the two
sides of the envelope can cause both attenuation and random reflection of the object wave,
inducing artifacts to the object wave diffraction and the off-axis hologram.

Fig. 4.22 DH recording of the concealed optical chopper wheel at 280 GHz. (a) the optical
chopper concealed by a envelope. The diffraction pattern of the object wave (b) and the
off-axis hologram (c) are recorded.
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Fig. 4.23 DH reconstruction results of the concealed optical chopper wheel at 280 GHz.
(a1-a2) are obtained using conventional in-line reconstruction with Fig. 4.19(b). (b1-b2) are
conventional off-axis reconstruction using Fig. 4.19(b). (c1-c2) are reconstructed using the
proposed method.

4.6.3.2 Pure phase object: TPX lens

Next, we investigated a pure phase object, a TPX lens, to estimate its optical thickness. The
TPX lens is made of two plano-convex aspheric lenses. It has an effective focal length of 50
mm and a diameter of 38 mm (Fig. 4.24(a)). The refractive index of TPX is around 1.465
and relatively independent of wavelength [166]. According to the technical drawing, the
thickness of the lens at the center is 6.7± 0.1 mm. We employed the digital holographic
interferometry technique to observe the phase variation induced by the phase. We first
recorded a free space hologram without the object, shown in Fig. 4.24(b). Then we recorded
the hologram with the presence of the lens (Fig. 4.24(c)). The lens is located 77 mm in
front of the detector. We obtained the phase reconstructions of both holograms, φobj and φref,
at the object plane. The phase difference, ∆ϕ = φobj −φref, is the phase variation induced
by the lens. The unwrapped phase difference ∆ϕ unwrap and thickness t follow the relation:
∆ϕ unwrap = (2πt/λ )(n TPX −1). The thickness can be extracted.

The reconstruction results are presented in Fig. 4.25. Figure. 4.25(a) shows the recon-
structed amplitude. The metallic lens mount blocked the THz radiation, appearing as dark
zones. Figure. 4.25(b) shows the phase difference ∆ϕ after subtraction. We used a robust
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phase unwrapping algorithm based on the least-squares method [167] to unwrap the phase
in Fig. 4.25(c). To estimate the central thickness, we identified the red-circled zone with a
diameter of 38 mm as the clear aperture of the lens, based on Fig. 4.25(a) and (b). The phase
difference between the border and the center of the ROI in Fig. 4.25(c) gives the central
thickness. Using this method, we estimated that the central thickness of the selected region
is around 6.1 mm, as shown in Fig. 4.25(d) and (e). Despite the uncertainty caused by the
selection of the ROI region, the obtained result is in agreement with the value indicated on
the technical drawing.

Fig. 4.24 DH recording of a TPX lens as a pure phase object at 280 GHz. (a) is the photograph
of the TPX lens. (b) is a free space hologram without inserting the object. (c) is the hologram
with the lens inserted in the object beam.
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Fig. 4.25 DH reconstruction results of the TPX lens at 280 GHz. (a) is amplitude reconstructed
using Fig. 4.24(c). (b) is the wrapped phase difference induced by the object. (c) is the
unwrapped phase obtained from (c). (d) and (e) give the thickness distribution obtained from
(c).
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4.6.3.3 Towards complex samples: observation of a 3D-printed plate with cross pat-
terns

Lastly, we imaged an inhomogeneous dielectric sample which is more relevant to the actual
situations of NDT application. The sample under investigation is a 3D-printed plate with
cross patterns using PLA filament. Nine crosses with thicknesses ranging from 0.2 mm to 1.8
mm are printed on a 2 mm-thick plate, as shown in Fig. 4.26(a) and (b). Besides the off-axis
hologram, we also recorded the free space hologram and the diffraction pattern of the object
wave. In Fig. 4.26, (c) and (d) are reconstructed from the off-axis hologram. (e) and (f) are
reconstructed using the PR-assisted technique. In both cases in (d) and (f), the phase distri-
bution of the free space has been subtracted from the obtained object phase. We can barely
extract any information from the amplitude reconstruction in Fig. 4.26(c) and (e). However,
the cross patterns are distinguishable from the phase reconstruction in Fig. 4.26(d) and (f).
The PR technique is shown to be effective again in this case. The amplitude distribution in
Fig. 4.26(e) shows a sharper outline of the plate as well as the foldback clip on the right.
More importantly, in the phase difference map, the nine crosses are visible in Fig. 4.26(f)
after the PR processing, whereas only the crosses on the middle line are visible in Fig. 4.26(d).
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Fig. 4.26 DH reconstruction results of a 3D-printed plate with cross patterns at 280 GHz. A
square plate with nine crosses patterns is 3D-printed using PLA filament. (a) and (b) are
the photo and the schema of the sample, respectively. (c) and (d) are reconstructed from the
off-axis hologram. (e) and (f) are reconstructed using the PR assisted technique.
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We were expecting a phase shift that is proportional to the cross thickness. However, it is
difficult to extract such correlation from the result in Fig. 4.26(f). This can be attributed to
two possible reasons. First off, unwrapping the phase map in Fig. 4.26(f) is a difficult task,
especially in the presence of various artifacts and noises. Dual-wavelength DH technique
would tackle the phase wrapping ambiguity. Moreover, unlike an engraved dielectric slab,
the effective refractive index of a 3D-printed object has significant variations depending on
the printing parameters during the fabrication process, such as the layer height, the printing
orientation, and the total thickness [168]. Thus the phase map in this experiment only allows
qualitatively identifying the inhomogeneity of dielectrics.

4.7 Chapter summary

In this chapter, we implemented the off-axis digital holography with THz radiation. We
studied the particular concerns of the off-axis DH setup in the THz range, including the
choice of the off-axis angle and the presence of the incoherent thermal background. We
developed a PR-based method to improve the off-axis DH reconstruction further. The off-axis
hologram reconstruction plays the lead role in retrieving the complex wavefront of the object
wave. It provides a reliable initial guess to a subsequent iterative PR process. The PR process
further refines the reconstruction result at the cost of only one additional acquisition of the
object wave intensity. The convergence can be rapidly achieved after only several iterations,
thanks to the credible initial guess. The PR is particularly useful for tackling the imperfect
hologram recording condition. The PR would contribute even more to the result if some a

priori constraints, such as the sparsity and the support region, are applicable to the sample
under investigation or multiple intensities can be acquired. This method is proven to be
effective with both an off-axis DH setup at 2.52 THz using uncooled microbolometer arrays
and a sub-THz setup with a THz FET detector at 280 GHz. Among these two setups, the
sub-THz DH has significant potential in various NDT applications since many materials are
transparent in this regime. Our experiment at this range showed that sub-THz DH is capable
of imaging concealed metallic structures and indicating the inhomogeneities of the dielectrics.
Additional information can be retrieved from the phase using the DH reconstruction than the
conventional imaging techniques. The single-pixel scanning detector is the current limitation
of the employed sub-THz DH setup. The hologram acquisition is time-consuming. Although
assembling the THz FET detector array is technically feasible, we did not have a suitable
array detector for hologram recording. The recently-released high resolution (1×256 pixel
with 0.5 mm pitch) linear scanner developed by Terasense will be a game-changer for sub-
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THz DH recording if the sensitivity is satisfying [169, 134]. Limited FOV (less or equal to
the size of the detector) is the limitation of both the off-axis DH and the conventional PR
methods. Developing imaging plane DH to increase the FOV is not always feasible since
inserted optics would cause severe coherent artifacts, as shown in Section 2.4. Ptychography
that will be developed in the further chapters will break this limitation.



Chapter 5

Development of Terahertz reflective
ptychography

Developing THz imaging under reflective geometry would broaden the application scenarios
such as imaging the concealed reflective objects, imaging wound healing, and inspecting
packaged integrated circuits, to name a few.

In this chapter, we extend the THz ptychography from transmission geometry to reflection
geometry for the first time. Although it seems to be straightforward for this extension, both
the experimental setup and the reconstruction deserve careful consideration. Even in the
EUV, x-ray, and optical wavelengths where ptychography has become a relatively mature and
robust imaging technique, the reflection geometry has performed less than the in transmission
mode. The first reflective ptychography setups using optical and EUV radiation were only
demonstrated in 2013 [170] and 2014 [171], respectively. We tailored a compact oblique
illumination layout for THz reflective ptychography recording. The tilt of the object plane
with respect to the recording plane is then numerically corrected. We investigated two metal
samples to illustrate the feasibility.
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5.1 The choice of configuration for reflection mode THz
ptychography

Figure 5.1 shows the schematic of THz ptychography in transmission mode and two possible
configurations in reflection mode. As discussed in Section 3.2.1, shortening the recording
distance d to the range of 1-2 cm is mandatory when building a THz ptychographic system
with currently limited size THz FPAs to achieve a wavelength-scale lateral resolution. It can
be easily adapted in practice in the case of transmission configuration, as shown in Fig. 5.1(a).
However, such a strict compactness requirement is undoubtedly more challenging to realize
in reflection mode.

The normal incidence illumination mode in Fig. 5.1(b) is not suitable in this case. The use
of a beam splitter (BS) between the object and the camera restricts the minimum recording
distance. For example, with a two-inch BS, the recording distance will be much larger than
3.5 cm (corresponding to

√
2/2 times the diameter). Moreover, the presence of an optical

mount for the BS might lead to obstruction and spurious reflection. We should not forget
to mention the limited output power of several THz sources due to the THz Gap. In the
case where the output power of the THz radiation is not sufficient, the normal incidence
illumination configuration is even more inappropriate since the BS will attenuate twice the
THz power. On the other hand, the configuration using oblique illumination in Fig. 5.1(c)
allows for further reducing the recording distance. The minimum recording distance is
restricted by the physical extent of the object and the camera housing. However, the oblique
illumination will require tilt plane correction, which will be introduced in the next section.
There are many optical configurations to form the probe beam [172]. The single aperture
configuration, as shown in the transmission mode, is the simplest configuration. Alternatively,
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lens systems can be employed to form the confined probe beam as depicted in the figure,
offering more flexibility to the narrowed setup.

Fig. 5.1 Schematic of ptychography in transmission mode and two possible configurations in
reflection mode.

5.2 Tilt plane correction for oblique illumination reflective
ptychography

Under oblique illumination, the object is no longer parallel to the recording plane. Therefore,
we apply a correction on the recorded diffraction patterns to compensate for the tilt. We
employ the notations as depicted in Fig. 5.2. The sample is located in the object plane
(x,y,0). It is illuminated by the incident wave with an angle of incidence θ. The detector
is placed in the recording plane (ξ ,η ,d) which is perpendicular to the specular reflection
direction. Therefore, the detection plane is tilted to θ with respect to the object plane. We
aim to perform a rotation transformation to relocate the diffraction patterns into the corrected
recording plane (ξ ′,η ′,d) which is parallel to the object plane. We will denote the original
recording plane and the corrected recording plane as (ξ ,η) and (ξ ′,η ′) for simplicity.
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Fig. 5.2 The schematic of the coordinate of the object plane, the tilted recording plane and
the recording plane after compensating for the tilt.

The spectrum Ak of each acquired diffraction patterns Ik (k = 1, · · ·,K) is obtained after
performing the two-dimensional Fourier transform:

Ak
(

fξ , fη

)
= F [Ik(ξ ,η)] =

∫∫
I(ξ ,η)× exp

[
− j2π

(
fξ ξ + fηη

)]
dξ dη , (5.1)

where fξ and fη are the coordinates of the spatial frequency. Assuming that ω and ω ′

are the directions perpendicular to the original plane and the corrected plane, respectively.
The spatial frequency along these directions can be written as fω,ω ′ =

√
λ−2 − f 2

ξ ,ξ ′ − f 2
η ,η ′ .

In our configuration, the rotation is performed along the η axis. The spatial frequency
coordinates of these two planes satisfy the following relation: fξ

fη

fω

=

 cosθ 0 sinθ

0 1 0
−sinθ 0 cosθ


 fξ ′

fη ′

fω ′

 . (5.2)

We obtain {
fξ = α

(
fξ ′, fη ′

)
= fξ ′ cosθ + fω ′ sinθ

fη = β
(

fξ ′, fη ′
)
= fη ′

. (5.3)

Moreover, the Jacobian determinant need to be involved when the change of variables takes
place in an integral:

d fξ d fη =
∣∣J ( fξ ′, fη ′

)∣∣d fξ ′d fη ′ (5.4)
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with ∣∣J ( fξ ′, fη ′
)∣∣= ∣∣∣∣cosθ + sinθ

fξ ′

fω ′

∣∣∣∣ . (5.5)

Finally, the diffraction pattern in the corrected coordinate system can be written as

I′k(ξ
′,η ′) = F−1 [A′

k
(

fξ ′, fη ′
)]

=
∫∫

Ak
(
α
(

fξ ′, fη ′
)
,β

(
fξ ′, fη ′

))
× exp

[
j2π

(
fξ ′ξ

′+ fη ′η
′)]∣∣∣∣cosθ + sinθ

fξ ′

fω ′

∣∣∣∣d fξ ′d fη ′.
(5.6)

In practical numerical implementation, the recorded diffract patterns are discrete the complex
value of the spectrum A′

k

(
fξ ′, fη ′

)
is then obtained using bi-cubic interpolation method. The

corrected diffraction patterns I′k are then ready to be used as the input for ptychographic
reconstruction algorithms. Similar correction method has been performed for oblique-
illumination DH [173]. The impact of the correction will be discussed with the obtained
results.

5.3 Experimental setup

Figure 5.3 shows a photograph of our built reflective ptychography setup. We wished to work
with a relatively small wavelength for the resolution concern. By pumping the methanol
vapor with the 9P32 line of the CO2 laser, we obtained an approximate output of 100 mW at
96.5 µm (3.1 THz) with our FIR-295 laser system. We used two TPX lenses L1 and L2, with
a focal length of 152.4 mm and 50.8 mm, respectively, to collimate and condense the output
laser beam. A pinhole was placed near the focal plane to shelter the spurious reflection. The
beam’s power was attenuated to an appropriate level (several mW) by a series of attenuators
to avoid saturation and microbolometer damage. The diameter of this collimated beam
was around 3 mm. The beam impinged the reflective samples with an incidence angle of
approximately 45 degrees. Due to the oblique illumination, the probe beam on the object
plane should exhibit an elliptical shape. The major axis on the x axis direction was stretched
to 4.24 mm, while the minor axis on the y axis direction remained 3 mm. The samples
were mounted on an assembled two-axis translation stage. The on-axis accuracy of the
translation stages is ± 5 µm. The sample under investigation was raster-scanned over 8×8
positions with a step of 0.7 mm. The scanning scheme ensured an overlap ratio of 84%
and 78% on the x and y directions according to Eq. 3.26. The uncooled microbolometer
(MICROXCAM-384i-THz by company INO) with a pixel pitch of 35 µm and 388× 284
pixels was located on the plane perpendicular to the specular reflection direction to record
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the diffraction patterns. The theoretical observable area of the built system is 18.34 mm ×
14.98 mm. The recording distance between the center of the illuminated area of the object
plane and the detector was squeezed to 18 mm, expecting an intrinsic resolution of 1.34λ
according to Eq. 3.15. The uncooled microbolometer is quite sensitive to the incoherent
thermal background. Therefore, we inserted a shutter in the optical path. At each position,
ten frames of dark acquisitions were obtained by turning off the shutter prior to recording ten
diffraction patterns at the same position but switching on the shutter. The averaged dark offset
was subtracted from the corresponding averaged diffraction pattern. The total acquisition
procedure took up to five minutes.

Fig. 5.3 The photograph of Terahertz reflective ptychography setup.

5.4 Results

5.4.1 Embossed object: Polish one-Grosz coin

We firstly investigated the reverse side of a Polish one-Grosz coin with the proposed reflective
ptychography setup. As shown in Fig. 5.4(a), the coin is composed of steel bronze with a
diameter of 15.5 mm. Its reverse side has the embossed pattern of its value "1 Grosz" as well
as one leaf. Figures 5.4(b)-(c) show the profile of the cutting line measured using a digital
microscope (VHX-5000, KEYENCE). The height of the embossed number "1" above the
surface is 60 ± 1 µm. The width in the middle of the number "1" is 1280 µm.
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Fig. 5.4 A polish coin one Grosz with embossed patterns is measured using THz reflective
ptychography. (a) is he photograph of the sample, (b-c) the profile measured by optical
microscopy.

The data acquisition is realized with the proposed method. Figure 5.5 shows an example
of different pre-processing steps of the diffraction patterns at one scanning position. Figure
5.5(a) and (b) show the diffraction pattern and the dark offset at the 33rd scanning position.
Figure 5.5(c) shows the diffraction pattern after dark removal. Applying the tilted plane cor-
rection on Fig. 5.5(c) yields Fig. 5.5(d). The two patterns are displayed under the normalized
scale. The latter is parallel to the object plane. Thus the diffraction pattern is stretched to an
oval shape along the x axis, which is in line with the expectation. All the diffraction patterns
at 64 positions were processed in the same way.
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Fig. 5.5 (a) The diffraction pattern at the 33rd scanning position. (b) is the dark offset at the
same position. (c) is the diffraction pattern after dark removal. (d) is the diffraction pattern
after tilt plane correction.

We used the ePIE algorithm to reconstruct both the uncorrected and the corrected dataset.
The weight coefficients α and β defined in Eqs. 3.31 and 3.32 are set to 1. The algorithm
converged to consistent results with both datasets after 15 iterations. The retrieved recording
magnitudes, the object function, and the probe function no longer vary when increasing the
number of iterations. The reconstruction distance of 18 mm gives the optimum in-focus
image.

The reconstruction results are shown in Figs. 5.6(a)-(b). When using the uncorrected pat-
terns for the reconstruction, the reconstructed image is out of focus and blurry (Figs. 5.6(a1)
and (a2)). A significant improvement had been remarked when using corrected diffracted
patterns, shown in Figs. 5.6(b1)-(b2). The reconstructed images show more distinct border-
lines. There are also initial signs of reconstructing the letters "GROSZ" at the bottom of the
FOV in Fig. 5.6(b1), whereas it was not the case in Fig. 5.6(a1). The width of the number
"1" is 41 pixels in Fig. 5.6(a1), corresponding to 1435 µm, while the value is of 37 pixels
in Fig. 5.6(b1), corresponding to 1295 µm. The latter is apparently closer to reality. The
effectiveness of the tilted plane correction can also be observed from the reconstructed probe
distribution in Figs. 5.6(a3)-(a4) and Figs. 5.6(b3)-(b4). The reconstructed probe’s shape



5.4 Results 109

changed from a circular to an elliptical form after the tilted plane correction, which is in
accordance with the fact that the object is illuminated by an elliptical probe beam under the
oblique illumination configuration. The major and minor axes of the main lobe in Fig. 5.6(b3)
are around 3.0 and 2.1 mm, respectively. A ratio of 1.4 is due to the 45-degree configuration.
There is no phase ramp in the probe’s phase distribution in Fig. 5.6(b4), indicating that the
tilt plane correction has successfully transformed the oblique illumination configuration into
a normal incidence equivalent configuration. As discussed in Section 3.2.2, the height of the
object’s surface profile d(x,y) and the unwrapped phase variation ϕ(x,y) under the oblique
configuration satisfy the following relationship:

d(x,y) =
ϕ(x,y)λ
4π cosθ

. (5.7)

We retrieved the topography of the measured object from the reconstructed phase in Fig. 5.6(b2),
shown in Fig. 5.6(c). We calculated the height difference between a 21 × 36 pixels region on
the embossed area and two rectangular regions on the adjacent flat areas of the same size.
The height of the embossed feature is 59 ± 1µm.
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Fig. 5.6 Reconstruction results of the Polish one-Grosz coin. Images in set (a) are the
reconstruction obtained without applying the tilted plane correction, whereas the ones in
set (b) are reconstructed with corrected diffraction patterns. The numbers 1 to 4 correspond
to the reconstructed object amplitude, the object phase, the retrieved probe amplitude, and
the retrieved probe phase, respectively. The probe figures share the same colorbar as the
reconstructed objects. (c) is the topography of the surface extracted from (b2).
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5.4.2 Engraved object: Stainless steel ruler

We also applied the proposed setup to image the engraved profiles on a stainless steel ruler,
as shown in Fig. 5.7. Under digital microscopy, the average depth of the engraved pattern is
15 ± 1µm. The width of each scale mark is 180 µm. The aspect ratio of the number "2" is
1.17.

Fig. 5.7 A stainless steel ruler with engraved patterns is measured using THz reflective
ptychography. (a) is photograph of the sample, (b-c) shows the profile measured by 250 ×
microscopy.

The reconstruction parameters are identical to the previous experiment. The results are
given in Fig. 5.8. Similar behaviors have been remarked. The reconstruction without the
tilt plane correction gives blurry images (Fig. 5.8(a1)-(a2)) compared to the results with
the correction applied (Fig. 5.8(b1)-(b2)). The aspect ratio of the number "2" is 1.57 in the
former case and 1.26 in the latter case. Thus, the latter is closer to the actual value. The
depth of the measured profile is calculated from Fig. 5.8(b2), plotted in three-dimension in
Fig. 5.8(c). The depth of the engraved features on the stainless steel ruler is around 11 ± 1 µm.
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Fig. 5.8 Reconstruction results of the engraved profile on a stainless steel ruler. Images in
set (a) are the reconstruction obtained without applying the tilted plane correction whereas
the ones in set (b) are reconstructed with corrected diffraction patterns. The numbers 1 to
4 correspond to the reconstructed object amplitude, the object phase, the retrieved probe
amplitude, and the retrieved probe phase, respectively. The probe figures share the same
colorbar as the reconstructed objects. (c) is the topography of the surface extracted from (b2).

5.5 Discussion

In the above two experiments, the tilt plane correction significantly improved the reconstruc-
tion quality. The reason is that the stretching of the probe under the oblique illumination
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modified the overlapped region shared by two adjacent positions. This modification is an
important nuisance for ptychography since ptychography relies on the pre-knowledge of the
displacement to find the object function that is consistent with all the measured diffraction
patterns. We summarized the two phase measurement results in Table 5.1. We used the actual
height measured by the optical microscopy to compute their theoretical phase variations
at 96.5 µm. The measured phase variation obtained from Fig. 5.6(b2) and Fig. 5.8(b2) as
well as the calculated height are listed. The standard deviation of the phase map is given in
the parentheses. A phase resolution of 0.1 rad is estimated during our experiment, which
corresponds to a depth variation of 1.1 µm (λ/88).

Table 5.1 Summary of depth measurements using THz reflective ptychography

Polish 1 Grosz coin Stainless Steel ruler

Actual height [µm] 60 (1.0) -15 (1.0)
Theoretical phase value [rad] 5.5 (0.1) -1.4 (0.1)
Measured phase value [rad] 5.5 (0.1) -1.1 (0.1)
Calculated height [µm] 59 (1.1) -11 (1.1)

The result obtained hereby is comparable to that in transmission mode reported in [23].
Despite this, currently, the algorithm stagnated after 15 iterations to the best solution, while
better reconstruction quality should be expected. We analyze the possible factors that
contribute to the limited quality of recorded diffraction patterns. The flawed recorded dataset
limits the current reconstruction quality. First off, the noise, such as dark noise residual and
spurious reflection, especially the multiple reflections that travel back and forth between the
camera window and the reflective sample presented in each acquisition, degrades the dataset
consistency [174]. The microbolometer manufacturer INO provides anti-reflective coating
options for a given working wavelength, which would benefit the experiment. However, these
coatings would lead to a decrease in transmission when working at different THz spectral
ranges. The limited dynamic range is another issue. The intensity distribution diffracted by a
pinhole has an extended dynamic range. The zero-order component has orders of magnitude
more intense than the scattered signal [175]. The microbolometer of the INO camera is
incapable of faithfully recording the diffraction patterns with the full dynamic range. In [176],
the authors have also reported the unsatisfactory sensitivity and stability during diffraction
pattern recording when working with the INO camera during their preliminary experiment.



114 Development of Terahertz reflective ptychography

In the next chapter, we will further investigate and propose solutions to circumvent these
limitations.

5.6 Chapter summary

In this chapter, we proposed a THz reflective ptychographic imaging system for the first time.
The large working wavelength makes the compactness of the system more demanding. We
picked the oblique illumination configuration after having investigated different options for
recording geometries. The tilt plane correction was proposed to ensure a better reconstruction.
We demonstrated the feasibility by imaging the surfaces of two metal samples. It is worth
noting that there is limited research in THz ptychography. Many experimental parameters,
such as the overlap rate, or the probe size, were empirically inherited from the X-ray or optical
ptychography. We pointed out some possible improvements that will be further investigated
in the next chapter. More challenging cases such as imaging concealed reflective objects or
complex samples with low reflectivity could be envisaged once better reconstruction quality
is achieved.



Chapter 6

Further improvements of Terahertz
ptychography towards biomedical sample
imaging

Investigating biological tissue with THz radiation has always been of great interest. In the
TERA4ALL project consortium, the INTELSIG research unit of te University of Liège
investigates the human breast cancer margins assessment via THz-TDS imaging technique in
order to accurately remove the cancerous part with a minimal layer of healthy tissue during
the breast-conserving surgery. During the first phase, the dehydrated paraffin-embedded
samples are studied. These dehydrated biomedical samples exhibit good transparency at
the FIR range. We attempt to image these samples with THz ptychography. These samples
have complex structures and unknown refractive index distributions, whereas the imaging
quality and stability of our first THz ptychographic development need to be further improved.
Another concern is imaging efficiency when the samples have a larger size. Although
ptychography is a full-field imaging technique with the possibility to image extended objects,
ptychography still requires collecting and processing multiple diffraction patterns. Therefore,
optimizing the scanning scheme is necessary to image a large FOV more efficiently. This
chapter explores the solutions to further improve our ptychographic experimental setup to
meet these requirements.
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6.1 First attempt: Imaging a reduced-size sample

6.1.1 Experimental setup and sample description

As the first attempt, we simply modified the THz reflective ptychography setup in Fig. 5.3
back to in transmission mode. The sample mounted on the translation stage is impinged
by the probe beam. The THz camera is placed 11 mm away from the sample to record the
diffraction patterns. We set the working wavelength back to the strongest emission line, at
118.83 µm (2.52 THz) because the laser was less stable at the moment when we performed
the experiment. As in the reflective ptychography presented in Chapter 5, the scan was
performed over an 8×8 grid with a step of 0.7 mm, leading to a overlap ratio of 78% and
a theoretical observable region of 18.34 × 14.98 mm2. However, as remarked during the
reflective experiment, only the central area around 5 × 5 mm2 was well reconstructed.

The paraffin-embedded human breast tissue samples to be tested are provided by the
biobank of Liège University Hospital (CHU). Such samples were sliced into 50 µm from a
formalin-fixed, paraffin-embedded breast tissue block obtained from one patient. The sliced
tissue is mounted on a 2 mm-thick Teflon plate. These steps followed a standard protocol
for histology slide preparation [177]. The actual sample, as shown in Fig. 6.20 in Section
6.3.3 has a typical size of 20 mm × 20 mm. The actual sample contains both healthy and
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cancerous regions. When preparing these samples, an additional pair of 4 µm-thick slices
(the slice before and after the 50 µm-thick sample under investigation) are mounted on glass
slides for a classic histopathological assessment.

Measuring the full-sized sample will require about 4 times more of the scanning positions
on each direction, which will consume 16 times more acquisition time using the current
setup. However, the stability of the FIR laser cannot guarantee the long-time acquisition.
Therefore, due to the limited FOV of the current setup, we first used a reduced-size (5 mm ×
5 mm) paraffin-embedded human breast cancer tissue sample to verify the imaging quality
for the preliminary test as shown in Fig. 6.1(a). Then, we observed the sample under optical
microscopy, shown in Figs. 6.1(b) and (c), to verify if the ptychographic reconstruction can
recover the same morphology of the sample under investigation.

Fig. 6.1 A 5 mm × 5 mm paraffin-embedded human breast cancer tissue sample (a) is used
for our preliminary test. (b) and (c) are the photograph and the morphology of the sample
under optical microscopy.

6.1.2 Impact of the background noise residual

We performed the data acquisition, dark removal pre-processing, and the ePIE reconstruction
as introduced in Chapter 5. The tissue is Figure 6.2(a1) shows the 30th diffraction pattern
after the dark removal pre-processing. Unfortunately, the reconstruction result after 100 itera-
tions based on the dataset could not correctly recover the sample’s information. Just like the
reflective ptychography experiment, the algorithm stagnated after 15 iterations. Grid-shaped
artifacts are visible on the reconstructed object (Figs. 6.2(a2) and (a4)) and probe function
(Figs. 6.2(a3) and (a5)), even in the region where the probe function was supposed to be zero.
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After reviewing relevant literature[174, 178, 179], we learned that the success of pty-
chography reconstruction is highly dependent on the SNR of the recorded dataset. Different
sources of noise that contaminate the dataset lead to data inconsistencies. We identified the
presence of background noise residual in the pre-processed diffraction pattern, as shown
in Fig. 6.2(a1). The intensity in the red rectangle area should have been zero. However,
the pixels in these region has a mean value of 0.17 (std: 0.084). As suggested in [174], we
estimated the mean value and the standard deviation of the red rectangle area. The mean
value is subtracted from the entire image. After the subtraction, all the values below three
times the standard deviation were considered as pixels that contain only the noise. Their
values are set to zero. Figure 6.2(b1) shows the same diffraction pattern after denoising. The
reconstruction based on the denoised dataset gave satisfying results, shown in Figs. 6.2(b2)-
(b5). Details such as the broken hole and the excessive tissue stripe are visible in Fig. 6.2(b2)
and Fig. 6.2(b4). The reconstructed probe function is also closer to reality.
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Fig. 6.2 Impact of the background noise residual in ptychographic reconstruction of the
reduced-size tissue sample. Images in set (a) correspond to the originally recorded diffraction
patterns (a1) and their reconstruction results (a2-a4). Images in set (b) correspond to the
denoised diffraction patterns (b1) and their reconstruction results (b2-b4). The background
noise is estimated in the red rectangle area in (a1).

In ptychography, the performance of the reconstruction at each iteration j can be assessed
with the error metric E j, defined as

E j ≡
∑

K
k=1 ∑x,y

(√
Ik(x,y)−

∣∣Ψ j,k(x,y,d)
∣∣)2

∑
K
k=1 ∑x,y Ik(x,y)

. (6.1)

The evolution of the error metric using original dataset and the denoised dataset are plotted in
Fig. 6.3. The reconstruction using denoised dataset converged to a lower error value whereas
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the reconstruction using original dataset stagnated.

Fig. 6.3 Evolution of the error metric using original dataset and the denoised dataset over
100 iterations.

We also applied the denoising method to the one-Grosz coin (in Section 5.4.1) dataset
acquired under the reflective configuration. The comparison between the original dataset and
the denoised dataset is presented in an analogous way in Fig. 6.4. The denoising operation
removed the grid-like artifact. Moreover, the effective reconstructed area is enlarged on
Figs. 6.4(b2) and (b4), and the letters "GROSZ" are recognizable.
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Fig. 6.4 Impact of the background noise residual in ptychographic reconstruction of the
dataset recorded in reflection mode. Images in set (a) correspond to the original recorded
diffraction patterns (a1) and their reconstruction results (a2-a4). Images in set (b) correspond
to the denoised diffraction patterns (b1) and their reconstruction results (b2-b4). The back-
ground noise is estimated in the red rectangle area in (a1).

We successfully reproduced the impact of the background noise residual via simulation,
shown in Fig. 6.5. With the presence of 1% background noise residual, the reconstruction
result in Fig. 6.5(c) exhibits similar grid-like artifacts. The reconstruction based on the
denoised dataset in Fig. 6.5(d) recovered from such artifacts. The very slight degradation
of reconstruction quality in Fig. 6.5(d) compared to the noise-free case in Fig. 6.5(b) is due
to the loss of weak signals. Therefore, we validate the denoising procedure as a simple yet
powerful way to improve the ptychography reconstruction. This procedure will be applied to
the further experimental dataset.
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Fig. 6.5 Simulation of the impact of thermal background noise residual. Images in (a) are
the input data for simulating the diffraction patterns in the ptychographic dataset. (b) are
the reconstruction results after 50 iterations without the presence of thermal background
noise. (c) are the reconstructed with the ptychographic dataset used in (b) with additional 1%
thermal background noise residual. (d) are reconstructed with the noisy ptychographic dataset
but with the denoising method applied on the diffraction patterns before the reconstruction.

6.2 Further improvement of THz ptychographic data ac-
quisition

6.2.1 Enlarging the FOV: choice of the probe beam size

Using the original setup for imaging the actual sample would require much more scanning
positions, leading to more time-consuming data acquisition and processing. Consequently,
reducing the data acquisition time could be especially advantageous in our case since the
FIR laser is not stable. Therefore we seek for a solution to efficiently enlarge the FOV. A
reduced-sized illumination beam needs to be employed to meet the oversampling condition
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in a conventional phase retrieval experiment where only one diffraction pattern is measured.
However, the multiple overlap acquisitions provide the oversampling condition in ptychog-
raphy. Therefore, the restriction of illumination size is not applicable in ptychography.
According to the definition of overlap ratio expressed in Eq. 3.26, employing a larger probe
beam size allows enlarging the scanning step proportionally while maintaining the same
overlap ratio. Since the effective FOV of ptychography is determined by the scanning step
and the number of acquisitions. A Larger scanning step results in recording the same FOV
efficiently with fewer acquisitions.

We simulated four cases to understand the impact of the probe beam size. In the sim-
ulation, we kept the overlap ratio as a constant, i.e., 78.8%, as the original experimental
configuration. The simulated probe beams with four pinholes with a diameter of 3.3 mm, 6.6
mm, 9.9 mm, and 13.2 mm, respectively. The scanning steps are adjusted to 0.7 mm, 1.4
mm, 2.1 mm, and 2.8 mm, according to Eq. 3.26. The simulated object is scanned at 8×8
positions to record 64 diffraction patterns. Other parameters remain the same as the original
experimental configuration described in Section 6.1.1. We launched the ePIE algorithm for
the four datasets with 50 iterations.
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Fig. 6.6 The impact of the probe beam size in ptychography. (a-d) are the reconstruction
results after 50 iterations with simulated ptychographic dataset of 8×8 scanning positions.
The overlap ratio is fixed to 78.8% in the four cases. The employed pinholes for probe beam
creation have a diameter of (a) 3.3 mm, (b) 6.6 mm, (c) 9.9 mm and (d) 13.2 mm. Scale bar:
3 mm.

The reconstructed results are given in Fig. 6.6. The increase in FOV is significant.
Moreover, we observed that the border region is better reconstructed in the cases where a
larger probe beam is employed. To quantitatively evaluate the results, we computed the SSIM
(Eq. 4.7) and the correlation coefficient (CC) between the reconstruction results and the input
image on the central 400×400 pixels. The definition of CC is expressed as

CC(x,y) =
∑(x−µx)(y−µy)√

∑∑(x−µx)
2 ×∑∑(y−µy)

2
, (6.2)

where µx, µy, σx, σy and σxy are the local means, standard deviations, and cross-covariance
of images x and y. Similar to SSIM, CC ranges between [0,1]. Higher CC indicates a better
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reconstruction.

The comparison is summarized in the Table. 6.1. The probe formed by the 6.6 mm
aperture gives optimum reconstruction quality. From the four phase maps in Fig. 6.6, we
observed that the cross-talk is more severe in (c) and (d) than in (b). One explanation is that
in cases (c) and (d), the probe beams are close to or even superior to the size of the detector
array. Consequently, the diffraction pattern at the border of the probe cannot be recorded.
Data redundancy is not guaranteed. Moreover, the drastic intensity change on the border
causes artifacts as in the DH cases explained in Section 4.4.3. Such artifacts already appear
in the reconstructed probe maps in Figs. 6.6(d3) and (d4).

Table 6.1 Quantitative comparison of reconstruction results in Fig. 6.6

Pinhole diameter [mm] 3.3 6.6 9.9 13.2
Scanning step [mm] 0.7 1.4 2.1 2.8
Scanning position 64 64 64 64
Overlap ratio [%] 78.8 78.8 78.8 78.8
Theoretical FOV [mm2] 14.98×18.34 19.88×23.24 24.75×28.14 29.68×33.04
Amplitude CC 0.51 0.94 0.92 0.74
Phase CC 0.66 0.94 0.93 0.81
Amplitude SSIM 0.33 0.48 0.34 0.15
Phase SSIM 0.25 0.60 0.47 0.24

To ensure that such a probe can be generated experimentally, we drilled three holes with
a diameter of 3.3 mm, 6.6 mm, and 9.9 mm on a metal plate and measured their diffraction
pattern. These hole apertures are placed 5 cm in front of the THz camera. The measured
diffraction patterns are in excellent accordance with the simulated results, shown in Fig. 6.7.
Since the simulation suggested that the probe beam formed with the 6.6 mm aperture gives
the optimum solution, it is picked to generate the probe beam in the further experimental
setup.
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Fig. 6.7 Comparison of measured diffraction patterns (b1-b3) and the simulation results
(a1-a3) of different pinholes with a diameter of 3.3 mm, 6.6 mm and 9.9 mm.

6.2.2 The benefit of speckle illumination

The implementation of optical [172, 180], X-ray [175, 181], and electron [182] ptychography
has reached a consensus that speckle illumination created by inserting a diffuser is apprecia-
ble for blind ptychography reconstruction which allows recovering the probe function and
the object wave function simultaneously. Hereby we illustrate the benefit of employing a
diffuser for speckle illumination in our THz ptychography configuration.

The randomized phase created by the diffuser introduces higher incident angles in the
probe beam. As a result, the incident beam is spread to a broader area on the detector. The dy-
namic range of the diffraction pattern using the speckle illumination is reduced compared to
a plane wavefront since the pixels on the border area of the detector receive more flux. These
pixels have higher SNR. Therefore, they can be recorded more reliably with low dynamic
range detectors in the ptychographic dataset. Figure 6.8 demonstrates the benefit of dynamic
range decrease using speckle illumination. We simulated the ptychographic recording with a
plane wavefront probe and a randomized probe, respectively. The diffraction patterns are
cropped by the THz camera aperture. To simulate a camera with a limited dynamic range,
we set the weak signal (1% of the maximum value) to zero and then quantized the diffraction
patterns to 16 levels. In reality, the dynamic range limitation can be more restrictive. A pure
amplitude object, the USAF target is used as the original input. Figures 6.8(a1) and (b1)
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are the diffraction patterns at the same scan position recorded with a plane wavefront probe
and a randomized probe, respectively. We observe that more high-frequency signal on the
border area is preserved in Fig. 6.8(b1). Consequently, its reconstruction result in Fig. 6.8(b2)
exhibits higher resolution than the plane wavefront illumination case in Fig. 6.8(a2) when
comparing zoom-in image of the central region inside the red square. We also observe that
the background in Fig. 6.8(b2) is more homogeneous than in Fig. 6.8(b1).

Fig. 6.8 Simulation results of ptychographic recording with speckle illumination. (a1) is the
diffraction pattern with a plane wavefront probe whereas (b1) is recorded with a randomized
wavefront probe generated by a diffuser. (a2) and (b2) are the reconstructed amplitude
after 50 iterations using the plane wavefront dataset and the diffuser illuminated dataset,
respectively.

We simulated another case where the object is considered difficult to be reconstructed,
shown in Fig. 6.9. The object is a highly transparent slab with little structures. Its phase
is in the range of [0,2π]. All the other parameters are the same except for the presence of
the diffuser. In this case, we did not degrade the dataset with quantization or saturation.
After 50 iterations, the reconstruction failed in Fig. 6.9(b), whereas the object is successfully
reconstructed in Fig. 6.9(d) thanks to the diffuser. Without the presence of the diffuser, we
need to increase the overlap ratio to higher than 90% to get the similar results in Fig. 6.9(d).
Comparing the probe beam in (a) and (c), the probe generated with the diffuser covers a larger
extent with adequate intensity. Therefore, the effective overlap ratio is higher thanks to the
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diffuser illumination. A larger data redundancy guaranteed the success of the reconstruction.

Fig. 6.9 Simulation result of ptychographic reconstruction of an object that is difficult to be
reconstructed. (a) and (c) are the input for the simulation with plane-wave illumination and
speckle illumination, respectively. (b) and (d) are the reconstructed results after 50 iterations
in these two cases.

Since THz diffusers are not commercially available, we found an inexpensive way to
fabricate our own piece of diffuser. We knew that wavelength-scale structure will help scatter
the coherent light and create speckle patterns. We adhered several pieces of porous PE foam
to a PP substrate, as shown in Fig. 6.10. Figure 6.10 shows the optimized experimental setup
for THz ptychography. The self-made diffuser is mounted in front of the 6.6 mm-diameter
aperture to generate the probe beam with randomized phase. The sample is placed 3 cm away
from the aperture. The distance between the sample and the camera is about 11 mm.
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Fig. 6.10 (a) Photograph of the final optimized experimental setup for THz ptychography. A
6.6 mm aperture combined with a self-made diffuser, as shown in (b), is used to generate the
probe beam. The distance between the aperture and the sample on the photo was modified
for the sake of visibility.

6.3 Experimental results

6.3.1 Amplitude contrast object: A USAF target for lateral resolution
characterization

We first measured an amplitude contrast USAF target to characterize the lateral resolution
of the proposed THz ptychographic imaging system. We utilized a clear optical path USAF
target from Edmund (Fig. 6.11(b)) as a master for sample fabrication. The pattern was
transferred to a PP slab by depositing 200 nm silver coating, as shown in Fig. 6.11(a). This
operation was performed at the surface laboratory of the CSL. The sample was mounted on
the translation stage and scanned over 13×13 positions with a step of 1.4 mm. The scanning
scheme allows a theoretical imaging area of 26.88×30.24 mm2.



130 Further improvements of Terahertz ptychography towards biomedical sample imaging

Fig. 6.11 (a) The photograph of the PP sample with the silver USAF target pattern and (b)
the hollow USAF target pattern master.

To prove that the diffuser is beneficial, we performed the acquisition both under the
plane-wave illumination (without diffuser) and with the inserted diffuser, as depicted in
Fig. 6.12(a1) and (b1). We observed the diffraction patterns of the two cases when the probe
beam passes through a clear sample zone, shown in Fig. 6.12(a2) and (b2). The diffraction
pattern under the diffuser illumination covers a larger area on the detector. We plotted the
intensity profiles of the two cut-lines under the log scale in Fig. 6.12(c). The blue profile
is obtained with the collimated beam, the green one with the diffuser. The border area in
Fig. 6.12(b2) has higher SNR than in Fig. 6.12(b1).
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Fig. 6.12 Comparison of the dynamic range of the recorded diffraction patterns. The diffrac-
tion pattern in (a2) is recorded without the diffuser as depicted in a(1); the diffraction pattern
in (b2) is recorded with the diffuser. The intensity profiles of the cut-lines in (a2) and (b2)
are plotted in (c) under the log scale.

We executed the ePIE algorithm for 50 iterations at several different reconstruction
distances. We observe that the lower part of the sample is best in focus at 10.8 mm while
the upper part is in focus at 12 mm. Figures 6.13(a) and (b) give the central area of the
reconstruction results of the USAF target at 10.8 mm with the dataset recorded without the
diffuser and with the diffuser, respectively. The reconstruction result in Fig. 6.13(b) has a
more uniform background with less artifact than that in Fig. 6.13(a). The elements in the dark
green dashed line area are used to estimate the lateral resolution of the system. In Fig. 6.13(b),
all the six elements are distinguishable in the horizontal direction, corresponding to a lateral
resolution of 140.4 µm (1.18λ ). The third smallest line pair is distinguishable on the vertical
direction, corresponding to a lateral resolution of 177.3 µm (1.49λ ). In Fig. 6.13(a), however,
the first two line pairs in the horizontal direction are not well separated. According to Eq.
3.15, the intrinsic resolution of the setup is 0.95λ in the horizontal direction and 1.18λ in the
vertical direction. Our result is only 25% higher than the intrinsic resolution. Moreover, the
images in dark red rectangles give the reconstruction results of the line pairs on the upper
part of the sample at 12 mm when they are in focus. The reconstruction obtained with the
diffuser illumination dataset in Fig. 6.13(b) remains a better result.
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Fig. 6.13 Comparison of the reconstruction results of the USAF target using different probe
illumination. (a) is reconstructed amplitude with the dataset recorded without a diffuser,
whereas (b) is reconstructed with the dataset with diffuser illumination. Scale bar: 3 mm.
The sample is tilted; the upper side of the sample is in focus at 12 mm, whereas the lower side
is best in focus at 10.8 mm. The full-scale image and the zoomed-in part in the dark green
dashed line are reconstructed at 10.8 mm. The dark red rectangle gives the reconstruction
results of the upper line pairs at 12 mm.
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6.3.2 Pure phase object: An engraved HDPE slab for phase measure-
ment characterization

Fig. 6.14 The HDPE slab sample engraved with twelve squares for phase resolution charac-
terization.

The second sample under investigation is a 2 mm-thick HDPE (nHDPE = 1.54 at 2.52 THz)
slab engraved with 12 squares with different depths using excimer laser ablation, shown in
Fig. 6.14. The depth of each square is summarized in Table 6.2. The HDPE sample has
low absorption in the THz range. Thus it is regarded as a pure phase object. We recorded
the diffraction patterns both under the plane-wave illumination (without diffuser) and with
the inserted diffuser to evaluate its performance. The sample is placed 14 mm in front of
the detector. We scanned 20×20 positions to gather a collection of the diffraction patterns,
corresponding to a theoretical imaging area of 36.68×40.04 mm2.

Table 6.2 Depth of each square shown in Fig. 6.14

Square
number

1 2 3 4 5 6 7 8 9 10 11 12

Depth
[µm]

9.2 22 32.5 41 61.8 68.5 76 77 106 113 227 328

The reconstructed results of the two datasets after 100 iterations are given in Fig. 6.15.
The central area of the reconstructed object, as well as the retrieved probe function, are given
for the comparison. The experimental result obtained here is consistent with the simulation
analysis shown in Fig. 6.9. The reconstruction was unsuccessful with the dataset acquired
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under plane-wave illumination (Fig. 6.15(a)-(c)) while the diffuser illuminated dataset gave
distinct and sharp reconstruction results (Fig. 6.15(d)-(e)). The comparison of the error
metric plotted in Fig. 6.16 validates that the reconstruction result of the diffuser illuminated
dataset converged to a lower error, yet it was stagnated with the dataset under plane-wave
illumination. The tilted fringes appeared in the background of Fig. 6.15(d) and (e) are
originated from the Fabry–Pérot effect occurring between the two surfaces of the sample.

Fig. 6.15 Comparison of the reconstruction results of the HDPE slab using different probe
illumination after 100 iterations. (a)-(c) are reconstructed object amplitude, object phase
and the complex probe function, respectively, using plane-wave illumination. (d)-(f) are the
reconstruction results of the dataset recorded with diffuser illumination. The color wheel in
(c) and (f) displays the complex distribution of the probe function. The hue color represents
the [0,2π] phase range and the brightness gives the normalized amplitude ranging from 0 to
1. Scale bar: 5 mm.
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Fig. 6.16 Evolution of the error metric of the HDPE slab sample reconstruction after 100
iterations.

Unwrapping the phase map in Fig. 6.15(e) allows retrieving the thickness variation in
the same way as Eq. 4.8, except that the refractive index of the material should be replaced
by nHDPE. However, the phase unwrapping process requires pre-knowledge of the sample,
and it could introduce additional errors. Alternatively, we generated a theoretical wrapped
phase map ranging between [−π,π] based on the known thickness and compared it with
Fig. 6.15(e) to quantitatively evaluate the phase resolution of the reconstructed result. On the
reconstruction map, we took the central 50×50 pixels to compute its mean phase value and
standard deviation. The generated theoretical phase map is given in Fig. 6.17(a). The wrapped
phase values of each square are plotted in Fig. 6.17(b). The values are also summarized
in Table 6.3. The retrieved phase values of squares 1 to 8, and the flat area denoted as 0,
are in accordance with the simulated value. The standard variation is around 0.1 rad. A
depth variation of 10 µm (≈ λ/11.8) is distinguishable from the measurement from the
experimental result in Fig. 6.15(e). The retrieved phase values for the squares 9 to 12 exhibit
higher systematic error. We remark that the cross-talk between the phase and amplitude
values occurred for these cases since the amplitude shows lower amplitude distribution,
which would a significant increase of the absorption coefficient. As analyzed in [183], this
type of cross-talk could happen when reconstructing a strong phase-shift object with a noise-
contaminated dataset. This type of cross-talk has also appeared in simulations in Figs. 6.5
and 6.6. The phase residues can be found on the reconstructed amplitude. The high standard
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deviation values of squares 11 and 12 are mainly due to the wrapped 2π shift. Therefore, a
fair estimation of the phase resolution of the THz ptychographic setup is around 0.1 rad. The
thickness variation as low as λ/11.8, corresponding to 0.3 rad, is distinguishable.

Fig. 6.17 Comparison of the reconstructed phase and the theoretical value. (a) is the theo-
retical wrapped phase variation introduced by the HDPE sample. The measured results are
plotted with the theoretical value in (b).

Table 6.3 Comparison of the reconstructed phase and the theoretical value

Square number
Thickness Theoretical Measured

wrapped phase value wrapped phase value
[µm] [rad] [rad]

0 2000 (1.0) 0.56 (0.03) 0.55 (0.08)

1 1990.8 (1.0) 0.29 (0.03) 0.21 (0.09)
2 1978 (1.0) -0.07 (0.03) -0.01 (0.11)
3 1967.5 (1.0) -0.37 (0.03) -0.43 (0.08)
4 1959 (1.0) -0.61 (0.03) -0.63 (0.09)

5 1938.2 (1.0) -1.21 (0.03) -1.19 (0.11)
6 1931.5 (1.0) -1.40 (0.03) -1.32 (0.11)
7 1924 (1.0) -1.61 (0.03) -1.46 (0.11)
8 1923 (1.0) -1.64 (0.03) -1.72 (0.15)

9 1894 (1.0) -2.47 (0.03) -1.89 (0.09)
10 1887 (1.0) -2.67 (0.03) -1.77 (0.13)
11 1773 (1.0) 0.36 (0.03) 1.23 (0.32)
12 1672 (1.0) -2.52 (0.03) 0.29 (2.88)



6.3 Experimental results 137

6.3.3 Imaging the full-sized breast cancer tissue sample

Finally, the full-sized dehydrated breast cancer tissue sample, shown in Fig. 6.18, is measured
with the proposed THz ptychography setup in transmission mode using speckle illumination.
Likewise, the sample was scanned at a grid of 20× 20 positions with a step of 1.4 mm.
The sample was placed 14.8 mm in front of the detector plane. The reconstruction results
after 200 iterations are given in Fig. 6.19. The morphology of the tissue, as well as the
excessive paraffin drops on the side, are clearly reconstructed. The reconstructed amplitude
in Fig. 6.19(a) is related to the absorption distribution of the sample. Since the sample is
dehydrated, the absorption is relatively low. The phase variation in Fig. 6.19(b) reveals more
information. The central area of the sample exhibits lower phase shift than both ends.

Fig. 6.18 Photograph of a full-sized paraffin-embedded human breast cancer tissue sample
on the Teflon substrate.

Fig. 6.19 Ptychographic reconstruction results of a full-sized dehydrated breast cancer tissue
sample after 200 iterations. (a) and (b) are the reconstructed amplitude and the phase images,
respectively. (c) is the reconstructed probe function.The hue color represents the [0,2π] phase
range and the brightness gives the normalized amplitude ranging from 0 to 1. Scale bar: 5
mm.
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Fig. 6.20 THz-TDS measurement of the full-sized breast cancer sample provided in [184].
(a1) and (a2) are the images of the two neighbour slides used for histopathological analysis.
In each image, the margin of cancerous region is circled by the dashed line. (b) and (c) are
measured with THz-TDS spectrometer under reflection mode (TeraPulse 4000, TeraView).
(b) is the normalized amplitude of the sample impulse response in the time domain. (c) is the
normalized amplitude of the frequency response at 1.12 THz in the frequency domain.

To better understand our results, we compared our reconstruction with the histopathology
analysis as well as the THz-TDS measurement of the same sample provided in [184]. The
conventional histopathology analysis applied on the neighboring slides has identified the
central area of the sample as cancerous, as shown in Fig. 6.20(a1) and (a2). More interestingly,
the highly-contrasted area observed using the THz-TDS spectrometer, (b) the impulse
response in the time-domain and (c) the amplitude at 1.12 THz in the frequency-domain are
highly correlated to the phase-shift distribution in Fig. 6.19(b). Such encouraging results
show that the optimized THz ptychographic setup is capable of imaging large, complex
biological samples efficiently. Further quantitative analysis could be carried on with the
phase-contrast imaging result provided by THz ptychography. It is worth mentioning that
the data acquisition time of 400 diffraction patterns using our ptychography setup only took
less than 30 minutes. However, the TDS results were obtained with a spatial scan step of
200 µm in each direction. It took several hours to perform the data acquisition. In terms of
acquisition time, the proposed ptychography technique has a distinct advantage over TDS
measurement. It is more suitable for fast screening biomedical samples. Performing 200
iterations of ePIE reconstructions with a laptop PC with the current CPU based code took
up to 1680 seconds. Developing GPU-based acceleration ptychography could significantly
reduce the reconstruction time.
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6.4 Chapter summary

In this chapter, we explored avenues to improve further the imaging capability of our THz
ptychographic system for biomedical imaging applications. Many bottlenecks are originated
from the limited THz detector technologies. We showed that correctly denoising the measured
diffraction pattern is crucial for successful reconstruction. Moreover, we relaxed the dynamic
range requirement by introducing a diffuser illumination. The scattered probe illumination
not only decreased the dynamic range of the diffraction pattern but also illuminated a larger
area of the sample, leading to a more significant overlap rate. The diffuser illumination
provides more reliable reconstruction results. We also accelerated the acquisition process
of a large FOV sample by enlarging the probe size. The proposed improvement vanishes
both via simulation and experiment. After the improvement, a lateral resolution of 1.18λ is
achieved. A phase variation of 0.3 rad on the depth direction, corresponding to a depth of 10
µm (λ/11.8) is distinguishable. We used a self-made diffuser in the current experimental
setup. If we engineered the scattering angle of the diffuser, it would bring more benefit. A
large scattering angle allows us to extrapolate the diffraction patterns that fall outside of the
detector, further enhancing the lateral resolution. The diffuser can also be combined with a
divergent beam to achieve this goal [157, 172].

We successfully imaged a paraffin-embedded human breast cancer tissue sample using
THz ptychography. Undoubtedly, more quantitative analysis is still needed to perform
cancer detection via THz imaging techniques. The ptychographic reconstruction provided an
encouragingly highly correlated phase-contrast image. The result showed the potential of
THz ptychography for further biomedical applications.





Chapter 7

Conclusions and Perspectives

Through this work, we have developed different coherent lensless imaging techniques with
THz radiation, namely the DH (Chapter 4) and iterative phase retrieval techniques, including
ptychography (Chapter 5 and Chapter 6), after having conducted a systematic literature
review of the THz technology (Chapter 2) and the coherent lensless imaging (Chapter 3). The
main discoveries have been concluded in the corresponding chapter summary section. Hereby
we discuss the lessons learned during this journey as well as the further work directions.

The first lesson learned in this thesis is a better understanding of THz radiation and the
state-of-the-art of THz technology. One big attraction of the THz radiation to the NDT com-
munity is its seeing-through ability without causing ionization, as a less harmful alternative
to x-rays. However, is it worth the hype? In reality, the penetration ability of THz is more
selective than x-ray. THz radiation cannot penetrate metal or water. Even for dielectric
materials, only a few exhibit low absorption in the FIR range, whereas most are transparent
in the sub-THz regime. The technologies for generating and detecting the THz radiation and
their corresponding imaging systems differ a lot depending on the regime. Furthermore, in
terms of imaging application, an increase of 107 times in wavelength compared with x-ray
leads to a very limited lateral resolution. Therefore, a fair conclusion is that THz imaging
will only act as an advantageous alternative when the sample of interest remains transparent
at the given wavelength while the achievable resolution meets the application needs.

Another reflection is the technical readiness of current THz imaging techniques for
real-world applications after the successful development of THz science and technology
for two decades. We have learned the mainstream THz sources and detectors for various
THz imaging systems. Imaging with THz-TDS systems for material characterization and the
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thickness measurement based on the time-of-flight contributes to numerous successful appli-
cations [185], spanning from identifying the polymorph compounds, inspecting pill’s coating
thickness in the pharmaceutical industry to the detection of internal defects in different types
of specimens. On the one hand, THz-TDS measurement contains rich spectral information
about the sample. On the other hand, a map of the layer of interest can be extracted from
the time-domain measurement. Nowadays, many integrated THz-TDS systems with diverse
performance specifications are commercially available. The remaining challenge of THz-
TDS imaging toward real-world applications can be summarized into the following three
aspects: First off, the sensitivity or the imaging resolution of the THz-TDS system cannot
meet the application requirement. It is often the case for food contamination inspection and
biomedical sample imaging applications. Second, biomedical applications such as cancer
detection and dental caries studies remain in the early stage due to the limited understanding
of the interaction between the sample and the THz radiation. Finally, the application of fast
quality inspection in different industries is turned down due to the limited imaging acquisition
speed of THz-TDS, which contains both the optical delay line scan and the 2D spatial raster
scan. CW THz imaging systems are favorable for fast-imaging applications. The speed
was also a problem in the earlier single-pixel CW imaging systems. The current THz 2D
cameras based on uncooled microbolometer and field-effect transistor technologies allow
full-field imaging of tens of cm2 imaging area in one single shot. Techniques that eliminate
undesirable interference effects caused by the coherent THz sources are adopted, offering a
better imaging quality. However, these CW THz imaging systems with fixed wavelength only
provide intensity distribution. Thus, limited information can be interpreted from the imaging
result. Consequently, fewer application scenarios are foreseen compared to the THz-TDS
imaging systems.

Exploring lensless coherent imaging provided an alternative to the THz CW imaging
systems. The coherence of the CW narrowband THz sources allows retrieving both the sam-
ple’s amplitude and phase information. Our developments showed that the phase distribution
obtained using DH and ptychography revealed the variation of the optical thickness in the
sample. Our development in the FIR range has benefited from the convenience offered by the
uncooled microbolometer 2D FPA. Due to the lack of sufficiently large FPAs with adequate
sensitivity at the sub-THz range, the single-pixel detector was employed, leading to a very
time-consuming acquisition. It was the most significant constraint for further optimizing the
sub-THz holographic system. Under the single-pixel detector system, developing other phase
retrieval techniques that require multiple intensity acquisitions, including ptychography, does
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not seem like a good idea due to the low acquisition efficiency, although it is feasible. The
state-of-art sub-THz linear scanner with higher sensitivity and higher resolution offers a
gleam of hope.

The main drawback of our FIR system is the FIR optically pumped laser source itself. Its
bulky size and complicated installation, unfortunately, turn down all the out-of-the-laboratory
applications. The stability becomes a serious flaw when continuous acquisitions are needed,
such as recording the ptychographic datasets, applying the synthetic aperture approach, or
imaging a larger area via scanning. Using one of the latest compact, high-power QCLs with
relaxed cooling conditions will make up for these flaws. Moreover, the tunable frequency
of the QCL source will offer more possibilities for lensless imaging techniques such as
dual-wavelength DH and multi-wavelength phase retrieval. There is still much room for THz
detector arrays. A larger array size will offer a higher system NA, leading to a higher lateral
resolution. Detectors with a wider dynamic range and lower NEP will be very beneficial
for holograms and diffraction patterns recording. The imaging quality of PR techniques,
including ptychography, highly depends on the reliability of diffraction pattern recording.

Comparing the performance of the two THz lensless imaging techniques, the off-axis DH
allows retrieving a relatively credible object wavefront with only one hologram. However, the
usage of a reference wave prevents shortening the recording distance since the object should
not obscure the reference wave, thus decreasing the resolution. Ptychography breaks this
limitation. Moreover, ptychography allows high-resolution imaging with large FOVs without
additional optics. It is an indispensable solution since it is challenging to perform image-plane
DH in THz with an object image with sufficient resolution and minimize unwanted coherent
artifacts. However, the cost is that ptychography requires more data acquisition and heavier
data processing to solve the phase problem. The strict restriction on recording distance to
remain a high NA holds for both techniques when using THz radiation. Developing these
techniques under reflection mode becomes very challenging, particularly for reflective pty-
chography due to the need to move the object. For reflective DH, the synthetic aperture can
be carried out to relax the distance requirement. For THz reflective ptychography, our current
setup is only capable of imaging small, highly reflecting samples for their surface profile
measurement as a proof-of-concept experiment. In reality, using THz radiation for surface
profile measurement is not advantageous unless its seeing-through ability can be exploited.
Continuous efforts still need to be paid in both the above-mentioned improvement in THz
detectors and the ptychographic data processing methods to enable appealing applications
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such as imaging concealed structures or in vivo measurement of biological tissues. Another
important feature of ptychography is its ability to recover the illuminating beam. This is
particularly advantageous over DH in THz since the illumination is not always homoge-
neous. On the other hand, ptychography can be used for characterizing the illuminating beam.

Ptychography itself is still an active area of research. In this work, we only explored
the classic ePIE reconstruction algorithm. Many advanced algorithms are based on a more
elaborated physical model that matches the actual experimental conditions, such as the
multi-slice approach, the decomposition of the mixed probe states, and the modelization of
the noise. These algorithms will lead to more credible reconstruction results. Besides that,
GPU-based implementation will accelerate the speed of ptychography reconstruction.

Looking to the future, developing ptychography at 280 GHz with the linear scanner after
the validation of its sensitivity will allow inspecting the large-sized composite panels, like
the sample shown in Fig. 4.16(a). Applying multi-slice reconstruction methods will allow
locating the defects at their corresponding layers. A prototype of an imaging scanner with
both amplitude and phase information can be foreseen for NDT applications. Both DH and
ptychography in the FIR range have shown satisfying imaging results with wavelength-level
(<150 µm) lateral resolution and µm-level depth resolution when imaging polymer samples
that are highly transparent in this range. Some study cases towards real-world applications
in plastic industries can be tested using our FIR setup, such as identifying the inclusions
and voids in plastic parts. Both techniques can be further implemented for 3D tomographic
reconstructions.



Nomenclature

Acronyms / Abbreviations

ABS Acrylontrile butadiene styrene

ASM Angular spectrum method

BJUT Beijing University of Technology

BS Beam splitter

BWO Backward wave oscillator

CC Correlation coefficient

CENTERA Center for Terahertz research and applications

CMOS Complementary metal-oxide-semiconductor

CSL Centre Spatial de Liège

CT Computed tomography

CW Continuous-wave

DH Digital holography

ePIE Extended ptychographic iterative engine

ER Error reduction

HIO Hybrid input-output

ESA European Space Agency

EUV Extreme ultraviolet
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FEL Free electron laser

FET Field effect transistor

FFT Fast Fourier transform

FFT Fast Fourier Transform

FIR Far-infrared

FMCW Frequency Modulated Continuous-Wave

FOV Field of view

FPAs Focal plane arrays

GFRP Glass fiber reinforced polymer

HDPE High density Polyethylene

HEMT High electron mobility transistor

HRFZ-Si High Resistivity Float Zone Silicon

IMPATT Impact ionization avalanche transit-time

IR Infrared

ITU International Telecommunication Union

LWIR Long-wave infrared

MMW Millimeter wave

NA Numerical aperture

NDT Non-destructive testing

NEP Noise equivalent power

OPD Optical path difference

PCA Photoconductive antenna

PC Poly carbonate
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PET Poly terephthalate

PIE Ptychographic iterative engine

PLA Polyactic acid

PMMA Polymethyl methacrylate

PP Polypropylene

PR Phase retrieval

PTFE Poly tetrafluoroethylene, Teflon

QCL Quantum cascade laser

RMSE Root-mean-squared-error

ROIC Read out integrated circuit

ROI Region of interest

SBD Schottky barrier diode

SBMIR Single-beam multiple-intensity reconstruction

SMMW Sub-millimeter wave

SNR Signal-to-noise ratio

SSIM Structural similarity index

THz-TDS Terahertz time-domain spectroscopy

THz Terahertz

TOPAS Cyclic olefin copolymer

TPX Polymethylpentene

TRL Technology readiness level

VCO Voltage controlled oscillator

VNA Vector network analyzer

WDD Wigner Distrinution Deconvolution
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