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Abstract This chapter labels the recent advances of terahertz (THz or 10'> Hz)
technology-based image processing and its applications. In short, the sandwiched
regime between infrared and microwaves, bridging the gap amid optics and elec-
tronics is renowned as the THz. THz image processing deals with the interaction
of matters in the sub-millimetre wavelength band (ca. 300 GHz to 3 THz) of a
distinct electromagnetic spectrum indistinguishable from the other spectroscopic
techniques. The THz regime also known as the “THz gap” for a long time as neither
microwave nor optical devices could entirely subjugator this mysterious realm with
its countless unseen scientific assets. Thus, the discovery of THz imaging tech-
niques becomes successful to fill the gap. In general, the traditional THz technology
can simultaneously acquire both image and spectral information to address various
fields such as security, aerospace industries, medicine, materials science, biomed-
ical imaging and others. The development and commercialization of THz imaging
systems are now broadly accepted as the accessible alternative roots, such as elec-
tron lasers, Smith-Pur-cell emitters, backward wave oscillators, synchrotrons, are
relatively expensive components. Therefore, THz image processing tries to find
the solution through its generation, manipulation and detection of THz radiation to
expand its usability as check-up tool for various imaging applications. For example,
higher sensitivity of THz wave is convenient to investigate the specific behaviour of
bio-molecules. In addition, advanced digital image processing algorithms in asso-
ciation with THz pulsed imaging (TPI) are effective for screening, diagnosis and
treatment to examine the 3D structures of biological samples like cancer tumours.
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Apart from that, THz spectrum might not only impact wireless network architec-
tures (e.g. WLAN/WPAN/D2D) or security screening but also in aerospace indus-
tries using diode detectors through non-ionizing radiation. In contrast to X-rays,
THz wave is completely harmless that can pass through clothing, objects and pack-
ages to recognize the inside materials and substances. At a glance, THz imaging
along with detection technology contributes to identify opaque objects with clear
borders, shaping this book a must-read for anybody in the arena of digital imaging
and biomedical engineering.

Keywords THz spectroscopy - THz technology + THz image processing - THz
applications

1 Introduction

In the recent decade, Terahertz science has progressively common day by day owing
to the most part to the arrival of ultrashort-pulse optical device based time-domain
spectroscopic analysis (TDS), that permits it conceivable for researchers to convey
time-resolved “far-infrared” (FIR) lessons and to get spectroscopic analysis and their
applications in the field of imaging and image processing within the sub-millimetre
wavelength range (Fig. 1) [1, 2].

The development and commercialization of THz imaging systems are now broadly
accepted as the accessible alternative roots, such as electron lasers, Smith-Pur-cell
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emitters, backward wave oscillators, synchrotrons, are relatively expensive compo-
nents. Therefore, THz image processing tries to find the solution through its genera-
tion, manipulation and detection of THz radiation to expand its usability as check-up
tool for various imaging applications.

Terahertz event surveys fundamental scientific benefits. Introduction of THz
imaging systems can provide the answer to many spectroscopic limitations. The
general objectives of this chapter are to assess the elementary theories of diverse
kinds of THz foundations and detectors that are now thoughtful with THz radi-
ation. The terahertz investigations are essential to be considered to accompanying
crucial information. Thus, keeping in mind the growing interest in THz spectroscopy,
this chapter will be sequenced as follows: Sect. 2 describes the background of THz
spectroscopy. Sect. 3 briefly introduces Terahertz technology followed by THz image
processing in the Sect. 4. This will follow up with THz technology-based applications
in Sect. 5 that will be followed by conclusion in Sect. 6.

2 THz Spectroscopy

Terahertz wave is very sensitive to bio-molecules in the sub-millimetre wavelength
band (ca. 300 GHz to 3 THz) [3], which offer several crucial medical applications.
Moreover, the pulses of electromagnetic wave with an average power of 100 nW
and a full-width half-maximum of 0.3 ps generally used for terahertz pulsed imaging
(TPI) [4]. Fourier-transformed pulse or a photoconductive device can be convenient
to coherently detect the pulses that provide a working frequency regime of 0.1-3.0
Terahertz [5]. While various methods like x-ray and ultrasound are failed to provide
unique spectral information, terahertz imaging can be a proper solution furnishing a
key advantage that is found that can possibly be employed to differentiate between
the types of tissue [6]. The spectroscopic data may also be helpful for pharmaceutical
applications—THz spectrographic analysis is ready to tell apart among polymorphic
varieties of medicines. In fact, carbamazepine, a drug on the whole operated to deal
with sufferers having psychological syndromes, transforms from shape III to shape
I'in a temperature-based method [7] (Fig. 2).

Terahertz radiations are non-invasive, penetrable and non-ionizing to numerous
objects with a complexity of diffusion inferior to that of microwave radiation. THz
spectra additionally tend to be terribly sensitive to numerous forms of resonances
such as torsional, rotational, translational, vibrational and conformational states,
empowering it to offer details on compounds, which are unapproachable with other
imaging and analytical procedures (Fig. 3). These precise traits lead them to be appro-
priate for recognizing, analyzing, or imaging numerous materials. Despite Infrared
and Raman spectroscopy, the improvement of strategies for generating, manipulating
and detecting THz waves remains in its primary phases. However, THz wave was
believed appropriate for image processing and other implementations, technologies
to connect such competencies were realistically non-staying. On the other, the high
frequency of terahertz cannot be estimated by an electronic counter used to record
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Fig. 2 The THz scale based on the electromagnetic spectrum, with pictures featuring the large
assortment of materials, molecules and phenomena, which THz spectroscopy can explore. Some
examples of this kind are nano-materials and correlated electron materials; the charge carrier
dynamics in semiconductors, hydration of solutes and liberational fashions in water and other
liquids; and cooperative approaches in amino acid crystals and proteins. Reprinted with permission
from [8]

optical radiations. Instead, different properties of wavelength and energy are used
to characterize THz spectra. Significant advances in terahertz technology have led
to more and more types of terahertz devices for different applications appearing for
commercialization. This chapter introduces the use of THz image processing and the
application of THz spectroscopy.

3 THz Technology

Although there is no precisely defined terahertz range, the accepted terahertz range
is 300 to 3 GHz [3]. This parallels to wavelengths of 100 pm to 1 mm. This is a
relatively unknown part of the electromagnetic spectrum called the “terahertz gap”.
Until recently, this gap was mainly due to the lack of light source and detector
technology. Electromagnetic radiation (EM) with a wavelength longer than terahertz,
antenna and waveguide tools can be presented for many years. Whereas for the
wavelengths shorter than THz, optoelectronic and optical technologies have been
applied for decades. These two technologies must be transported together to capture
and study the THz regime, also stated as the far-infrared region.

THz radiation synthesis has been made conceivable by the advancement of three
different strategies. These are:

1. Direct emission from far-infrared incoherent sources.
2. Up-conversion to terahertz frequencies from microwave frequencies [9].
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3. Coherent lasers down-conversion functioning in the adjacent IR to the THz band

[10].

Figure 2 represents the THz-TDS in association to photoconductive antennas
having characteristic transmission spectrometer configurations for TRTS generation

and detection.
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4 THz Image Processing

The components required for fruitful development of THz imaging is summarized in
Fig. 4. It comprises the convergence of three units: electronics, photonics and signal
processing.

Undoubtedly a portion of exertion has been devoted in the areas of electronics and
photonics through the progress of production and identification technologies. Signal
processing of THz data is the part that is least established [11]. Following are the
main outcomes of this assignment, in this favour of THz spectroscopic imaging:

1. For significant development in THz image processing or THz imaging the
key signal processing subjects that prerequisite to be talked about have been
recognized and prospective lines of examination have been projected.

2. Introductory mathematical simulation and formulation outcomes have been
gained for signal processing difficulties in Terahertz image modernization.

Moreover, in the typical working range of 0.3—5 THz, focal plane detector arrays
are not yet accessible [12]. Antenna array mediated imaging by means of signal
processing techniques is thus of great fit. Researchers established mathematical equa-
tions and primary explanations for complementary interferometric image moderniza-
tion complications with antenna arrays [13]. Using MATLAB phantoms, computer
simulations have also been achieved for tomographic renovation of complex-valued
predictions.

5 THz Technology Applications

The aforesaid idiosyncratic competencies of terahertz radiations have been subju-
gated in a spare of applications in imaging and sensing. In general, THz wave appli-
cations are exploited in diverse areas including spectroscopy, photovoltaics, phar-
macy, quality assurance, dentistry, medicine, communication, security screening and
astronomy as depicted in Fig. 5.
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Fig. 5 Applications of THz image processing. Reprinted with permission from ref [14]

5.1 THz Technology in Spectroscopic Analysis

Spectroscopic characterization of numerous materials can be analyzed by using Tera-
hertz radiation. The characterization of various compounds has been exploited by
introducing the sensitivity and resonances effect of terahertz radiation in different
molecules. Moreover, intra-molecular connections can be investigated with the help
of Fourier transform infrared (FTIR) spectroscopic techniques but THz probes are
exclusive in the intelligence that they probe the intermolecular and intra-molecular
interactions and deliver characteristic information of material. In a recent report,
terahertz time-domain spectroscopy of 1,3,5-trinitro-s-triazine has been studied
by Huang et al. which displayed an absorption peak at 0.8 THz accountable to
intermolecular accomplishment [15].

In addition, infrared spectroscopy (FTIR) was introduced to corroborate the results
with THz study, which was approved by the same researcher for assessment [15].
Using terahertz time-domain spectroscopy, the spectral topographies of uric acid and
glucose has been investigated Upadhya et al. The results show that the absorption
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spectra of the two organic molecules were having unique features as a consequence
of the intermolecular vibrational modes present in the compounds [16]. The spectral
absorption topographies of a well-acknowledged illicit drug viz. methamphetamine
has also been applied to study by Terahertz spectroscopy. Absorption spectra were
traced to the cooperative vibrational modes estimated in the range of 0.2-2.6 THz
corroborated with the experimental outcome of the molecule. Similarly, the investi-
gation of time-domain THz spectroscopic measurement of 2,4-dinitrotoluene exper-
imented for the same molecule in parallel with FTIR recording, which disclosed
an improved association of outcomes of two procedures at lower frequencies range
than at longer frequencies. The consequence gained experimentally interrelated well
with theoretical analysis displaying that THz spectroscopy is an influential tool
for perusing the low frequency modes of various molecules [17]. Apart from that,
terahertz spectroscopy has been used to estimate some other compounds such as
tryptophan [18] and trialanine, short-chain polypeptides [19].

Besides, the infrared spectra based on protein (bovine serum albumin, BSA)-
complex interaction has been reported in one of our recent reports [20]. Though the
information was not corroborated with THz spectral analysis. But, in a report, ampli-
tude transmittance spectra of native-conformation and thermally denatured BSA
protein interpreted using a THz-TDS system (Fig. 6).
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Fig. 6 Applications to protein (here BSA) conformational analysis using a THz-TDS system. A
standard sample with the solid curve shows THz transmittance without BSA, that of thermally
denatured is denoted by open circles and the native conformation of BSA signified with solid
circles. Reprinted with permission from ref [8]
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5.2 THz Technology in Quality Control (QC)

The character of quality checks in the industry cannot be exaggerated and many
methods and techniques are always being sight seen for use in the quality control
of countless products. The analysis and characterization of numerous products can
be done with the help of a powerful tool viz. THz time-domain spectroscopy. The
assessment of several polymeric molecules along with a glass-fibre-reinforced epoxy
composite and a polyethylene compound with silver-coated titanium dioxide nano-
spheres was utilized by Rutz et al. [21]. Terahertz radiation can also be useful for
estimating the water content in various materials. The reduction of water to it has
been subjugated for quality control in the paper manufacture process and the THz
wave is also not clear to water [22]. Terahertz spectroscopy can also be introduced
to evaluate the humidity level of papers. In addition, THz can also be applied to the
measured mass of paper and thickness besides the access to the amount of water
in papers [23]. THz imaging and spectroscopic techniques can also be helpful to
monitor various food processes [24].

5.3 THz Technology in Photovoltaics

The construction of dye-sensitized solar cells on dye-sensitized titanium dioxide
(TiO,) can be analyzed through THz time-domain spectroscopy to acquire detailed
spectroscopic information of the films [25]. Blackberry and pomegranate are the two
natural dyes, which were inspected and extract an inorganic dye namely ruthenium
bipyramidal complex (rubpy). From the observation, it was found that these two
natural dyes having comparable spectral properties, which were dissimilar to that of
the inorganic dye (rubpy).

THz reflectometry is also used in accumulation to the spectroscopic classification
of photovoltaic compounds, to image photovoltaic compounds for identifying defects
and flaws in the compounds, which could ultimately govern the competence of solar
cells.

5.4 THz Technology in Pharmaceutical Industry

THz technology is oppressed in the pharmaceutical industry due to the exclusivity
of its features [26-28]. THz radiations have the exceptional aptitude of powerful
different classes of compounds, which are typically not clear to other procedures
of electromagnetic fallout. The detection and quantification of hydrates or polymor-
phic systems can be explored by the applications of THz in pharmaceutical industry
including novel active pharmaceutical constituents. The bioavailability, stability and
production of drugs makes it easy to optimize the characterization via THz image
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processing [29]. The thickness of coated pharmaceutical tablets and the quantifica-
tion of the coating can be used by THz pulse imaging (TPI), which is reported by
Russe et al. The common tomographic procedure and X-ray Micro tomography were
screened to authenticate the outcomes of the tablet coated THz pulsed imaging.

5.5 THz Technology in Biomedical Applications

The development of imaging and sensing purposes of new THz techniques have
seen for the last couple of decades. Like X-ray, THz wave is proficient in producing
2D pictures of diverse types of matters owing to the circumstance that THz waves
transportable through some materials like plastics and semiconductors but are not
clear to the others such as polarizing and metallic materials. For medical imaging,
THz radiations are superior over X-rays because they are non-ionizing and to a large
degree innocuous to the receiver. THz radiations are presently beneath examination
for routine as an imaging modality to envisage tumour or cancerous tissues. Cancer
is the second foremost reason of death in the U.S. after cardiovascular disease as
per the American Cancer Society and notes for approximately one in every four
deaths. The current imaging methods are no sufficient to study early detection of
disease, which could mean the variance between life and death for countless patients
but there is a gap. Herein, novel THz spectroscopic lessons on cancer could possibly
offer new procedures for the initial recognition of the disease. Indeed, THz radiation-
based imaging and detection of cancerous cells and skin tissues thus has been a sharp
upsurge in the amount of studies signifying its potential use [30—33]. The technique
lends itself glowing to imaging utmost organic tissue as THz wave is voluntarily
absorbed by polar liquids and/or water [31]. Furthermore, Woodward et al., able to
discriminate basal cell carcinoma, a type of skin cancer, from healthy tissues with the
help of Terahertz pulse imaging [32]. Breast cancer studies are also an example, which
has also been tested through the THz pulse imaging [34]. Terahertz radiation is very
essential to investigate an excessive quantity of bio-molecules such as proteins, amino
acids/peptides, carbohydrates, RNA/ DNA, cells and tissues [35]. The absorption
spectra in the terahertz frequency can be reflected in the low-frequency core helical
vibration of DNA involving hydrogen bond of DNA base pairs [36]. Thus, for the
characterization of biological compounds or bio-molecules, THz radiation can be
utilized to get extreme level of sensitivity towards the study of bio-molecules.
Dental Application: Imaging with X-ray is the leading imaging method in
dentistry. This is the key technology used to watch dental caries and set up treatment
for implants, extractions, dentures and braces. Nevertheless, X-rays are especially
ionizing and common contacts are negative to health. Thus, as an alternative imaging
technique, Terahertz pulsed imaging (TPI) express inordinate prospective in dental
diagnosis [37-40]. On the other, THz radiations are less hazardous, non-ionizing and
low in energy. In contrast to different organic tissues with a large percent of water
with the inclination for extensive absorption of THz wave, tooth have an enormously
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Fig. 7 Terahertz spectroscopy in biomedical applications and image processing. Reprinted with
permission from ref [41]

small water proportion, which drives it handy to photo tooth samples the usage of
the THz pulsed imaging method (Fig. 7).

5.6 THz Technology in Security Screening

Security screening is the most usual place programs of THz technology and image
processing. Terahertz does nowadays no longer most effective supply statistics
approximately the existence of hid objects however additionally has the ability to
become aware of the composition of the substances as per requirement. In latest years
several examinations have been performed at the functionality of terahertz to hit upon
explosives at airports and different touchy places [42]. The gain of THz wave over
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X-ray, extensively utilized for security screening because of its non-ionizing nature
and low energy. The ionizing behaviour of X-rays forms the ordinary acquaintance
of it, which by means is dangerous to people. The particular ability of Terahertz
radiations to impale an extensive variety of packaging substances drives it feasible
to hit upon explosives, weapons and doubtlessly explosive devices hid inside those
substances [43].

5.7 THz Technology in Communication, Remote Sensing
and Astronomy

One different use of THz spectra is inside the place of wireless statistics communica-
tion. The THz radiation part of the electromagnetic radiations has proven to undertake
as a bandwidth appropriate for statistics transmission. Ishagaki et al. have planned a
THz oscillating resonate tunnelling diode that has the capacity to transmits a signal
at 542 GHz with a statistics switches price of 3 Gbit/s. This kind of THz WIFI is
constrained to a vicinity of 30 ft however has an ability to aid statistics fees of as
much as a hundred Gbit/s. Remote sensing lets in the purchase of data approximately
substances or places from a span, which will be from a plane or satellites. Terahertz
radiation is one of the potential equipment for sporting out far off sensing. Lui et al.
advanced a method primarily based on broadband THz radiation identification for
far off sensing with which they had been capable of coming across coherent THz
radiation at a separation of 10 m [44].

5.8 THz Technology in Some Other Applications

Meta materials are substances that can be structurally regulated to have interaction
in a selected manner to electromagnetic waves. Meta materials can also be repre-
sented by THz spectroscopy in a regular manner. Meta materials that can be mainly
counterfeited to have interaction with THz radiation are mentioned to THz meta
materials. THz spectroscopy additionally has the capacity to hit upon oil spills in
water bodies [45, 46]. Gorenflo et al. decided the quantity and shape of water in
oil-water complexes with the help of terahertz transmission spectroscopy, via way of
means of tracking modifications in refractive index and absorption coefficient [45].

6 Summary

In the last couple of decades, a noteworthy development has been made on the Tetra-
hertz mediated technology for the production, manipulation and identification of
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THz wave resulting in ever-growing applications of this technology in the research
and industry. Herein, this chapter contributes towards the role of Terahertz image
processing and THz technology along with its applications in numerous areas such
as spectroscopic analysis, biomedical, pharmaceutical testing, oil spill characteri-
zation, astronomy, photovoltaic characterization, security screening, quality control
and pharmaceutical industry. With the exponential development in analysis within
the THz region, a tendency has been developed to anticipate additional proceedings
in the implementation of THz technology within society.
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