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Abstract In this preparatory chapter, brief introductions to the state-of-the-art
millimeter-wave (mm-wave), infrared (IR) and terahertz (THz) technologies are
given. Short descriptions of prospective applications of mm-wave, IR and THz signals
have also been included in this chapter. A chapter-wise overview of the entire book
has been incorporated at the end of this introductory chapter.

1 Introduction

The subject matter of this book covers three major frequency bands of the electro-
magnetic spectrum, such as millimeter-wave (mm-wave), infrared (IR) and terahertz
(THz) spectrums. The mm-wave spectrum begins at 30 GHz and it is extended up to
300 GHz; the wavelength range of 1-10 mm falls within this spectrum. On the other
hand, the IR spectrum starts from 0.3 THz and ends roughly at 430 THz. As a whole,
the IR spectrum is a very wide frequency regime (wavelength range is 0.7-1000 pm).
The IR spectrum is conventionally divided into three separate sub-spectrums, such
as (i) near-IR spectrum having the wavelength range of 2.5-25 pum (i.e. frequency
range of 120-428.57 THz), (ii) mid-IR spectrum having the wavelength range of
0.7-2.5 pm (i.e. frequency range of 12-120 THz), and (iii) far-IR spectrum having
the wavelength range of 25-1000 pm (i.e. frequency range of 0.3—12 THz). These
sub-spectrums like near-, mid- and far-IR regions are named with respect to their
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Fig. 1 Electromagnetic spectrum showing the position of the THz band [1]

close proximity to the visible spectrum of light (i.e. 0.39-0.7 wm). Now, the THz
region is the portion of the electromagnetic spectrum (0.3—10 THz), which begins at
the end of the mm-wave spectrum and extends up to far-IR regime. The left side of
the THz spectrum belongs to the world of ‘Electronics’ and the world of ‘Photonics’
starts from the right edge of this spectrum. Figure 1 depicts an elaborate illustration
of the electromagnetic spectrum [1]. In Fig. 1, the entire broad frequency band 1-
300 GHz is denoted as microwaves; however, the spectrum 1-30 GHz is specifically
known as microwaves and the spectrum 30-300 GHz is known as mm-waves.

The mm-wave spectrum is highly demanding for future wireless communica-
tion technologies [2]. Presence of three low absorption window frequencies, such as
94, 140 and 220 GHz (Fig. 2) makes it a highly attractive spectrum for wideband,
long-haul wireless communication applications. In order to support ultra-high data
rates, Sth generation (5G) technology is currently utilizing the mm-wave band of
24-86 GHz. Less costly mm-wave links may also replace comparatively costlier
fibre optic links between mobile base stations. In future, mm-wave spectrum will be
utilized in ultra high definition (UHD) video transmission, IEEE 802.11ad WiGig
technology, next generation satellite communication links, wideband and high defi-
nition and high fidelity video and audio transmission in virtual reality devices, etc.
However, despite having several advantages of this spectrum, one major hurdle is
still obstructing the rapid progress of this technology. Considerable amount of atmo-
spheric absorption of the mm-wave frequencies, especially in fog, dust particles,
clouds, etc. is limiting the mm-wave communication range.

The IR spectrum is already in use in several existing technologies. Infrared heating
technologies are used in safe heat therapy methods of natural health care and phys-
iotherapy, cooking, industrial manufacturing processes, etc. Infrared imaging tech-
nology is very popular in military applications like passive night vision goggles,
astronomy, etc. Most popular application of this spectrum is the use of it in high
speed, wideband, short or medium or long range fibre optic communication tech-
nology. This technology utilizes three low absorption window wavelengths, such as
(i) 1st window centred at 0.85 pum, (ii) 2nd window centred at 1.35 wm and (iii) 3rd
window centred at 1.55 pm; Fig. 3 shows the positions of those windows [3].



Introduction to Millimeter-Wave, Infrared and Terahertz Technologies 3

frequency [Ghz]
10010 15 30 60 77 100 150 300
I ' ! socHz | ‘133+GH2 i
= 10 | sea level i
:‘% 4 km | ]
o
B 4 | |
&
o
©
E 01 | 2 -
[} . o’ ; 94 GHz 140 GHz 220 GHz
= ’.*-_ .-
I pp——
001k H,O i
X Ku | K | KalQ[V] W |
1 1 1 1 1 1

30 20 10 5 3 2
wavelength [mm]

Fig. 2 Atmospheric absorption versus frequency/wavelength plot at sea level and at 4000 m altitude
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Fig. 3 Attenuation versus optical wavelength plot in glass; three optical transmission windows are
shown in this plot [3]

The THz spectrum or THz band is also known as ‘THz-gap’, since it is the most
technologically unexplored portion of the electromagnetic spectrum. As mentioned
earlier, the ‘THz-gap is an almost untouched frequency band (0.3-10 THz) lying
between well explored mm-wave and IR spectrums. Higher data rate can be achieved
in THz communication systems as compared to their equivalent mm-wave counter-
parts. On the other hand, better penetration capability of THz waves as compared to IR
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frequencies makes the THz band superior to the IR spectrum in some specific appli-
cations. Currently, the THz spectrum has massive requirements in various scientific,
security, medical and astronomical sectors. Some examples are bio-sensing, bio-
imaging, remote sensing, spectroscopy, industrial quality inspection, medical and
pharmaceutical sectors, food diagnostics, astronomy, etc. [4-24]. Significantly, the
lower energy of THz photons makes those more convenient as compared to the high
energy X-ray photons for remote inspection of some highly delicate substances like
historical artefacts, historical structures, historical paintings, etc. [25].

2 Brief Overview of the Book

The scope of this book includes a significantly long portion of the electromagnetic
spectrum, starting from the mm-waves (i.e. 30 GHz) and extended up to the end of
the near-IR spectrum (i.e. 450 THz). Most significant aspect of this portion of the
electromagnetic spectrum is that it includes a frequency regime where the gradual
transition from electronics to photonics occurs; this frequency regime is nothing but
the THz frequency spectrum. This book provides a detailed analysis, description and
discussion of some recently developed technologies under this extended frequency
spectrum. Especially, the emphasis is given on the state-of-the-art and upcoming
research going on at various parts of the globe on THz science and technology [26—
36]. This book can be considered as a textbook for undergraduate, post graduate,
doctoral students and also for scientists due to the ultra-broad coverage of it.
Chapter-wise organization of the entire book is provided in this section. Sensi-
tivity analysis of Ku-band substrate integrated waveguide has been presented in
Chap. 2 for photonic circuit integration. The possibilities of realizing Gallium Nitride
integrated power module for terahertz wave generation are discussed in Chap. 3.
Design methodologies of SiSnC/Si heterostructure electro-optic modulator (EOM)
for optical signal processing applications have been included in Chap. 4. Design
and optimization techniques of graphene nanoribbon tunnel field effect transistors
(TFETs) for low power digital applications are described in Chap. 5. Chapter 6
describes a very interesting topic of optoelectronics, i.e. birhythmic behaviour in dual
loop optielectronic oscillators. Performance analysis of optical arithmetic circuits
using artificial neural networks has been presented in Chap. 7. Chapter 8 demon-
strates the design and modelling of an infrared sensor-based object detection circuit
for computer vision applications. A comparative analysis on bandwidth management
techniques in 6th generation mobile communication has been presented in Chap. 9.
Noise performance of millimeter-wave impact avalanche transist time (IMPATT)
oscillators has been summarized in Chap. 10. Chapter 11 deals with a brief introduc-
tion of high frequency passive circuits. Impact of negative bottom gate voltage for
improvement of RF/analog performance in asymmetric junctionless dual material
double gate MOSFET has been discussed in detail in Chap. 12. Chapter 13 presents
a DC and RF analysis of gate all round tunneling field-effect transistor (GAA-TFET)
based on graphene nanoribbon (GNR). Generalized distribution functions in heavily
doped nano materials have been studied at terahertz frequency and the results are
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summarized in Chap. 14. Chapter 15 deals with the influence of THz frequency
on the gate capacitance in two-dimensional quantum-well field effect transistors
(QWFETs). Chapter 16 reveals an alternative scheme of quantum optical superfast
tristate controlled-NOT gate using frequency encoding principle of light with semi-
conductor optical amplifier. Finally, the Chap. 16 deals with the detailed discussion
regarding the use of frequency encoding principle for implementing nano-photonic
ultrafast tristate Pauli X gate.

References

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

. Zhang R, Liu S, Jin H, Luo Y, Zheng Z, Gao F, Zheng Y (2019) Noninvasive electromagnetic

wave sensing of glucose. Sensors 19:1151-1170

Yang SS, Lim JH, Na YJ (2012) Design and fabrication of ka-band active PIN diode limiter
for a millimeter wave seeker. J Korean Inst Electromagn Eng Sci 23(2):220-228

White JS (2008) The missing pieces: physical layer optical network security. Graduate Thesis
submitted at The State University of New York Institute of Technology U#: U00099492, pp
1-140

Siegel PH (2002) Terahertz technology. IEEE Trans Microwave Theory Tech 50(3):910-928
Martyniuk P, Antoszewski J, Martyniuk M, Faraone L, Rogalski A (2014) New concepts in
infrared photodeector designs. Appl Phys Rev 1:041102-1-35

Woodward RM, Cole BE, Wallace VP, Pye RJ, Arnone DD, Linfield EH, Pepper M (2002)
Terahertz pulse imaging in reflection geometry of human skin cancer and skin tissue. Phys
Med Biol 47:3853-3863

Nagel M, Bolivar PH, Brucherseifer M, Kurz H, Bosserhoff A, Buttner R (2002) Integrated
THz technology for label-free genetic diagnostics. Appl Phys Lett 80(1):154-156

Karpowicz N, Zhong H, Zhang C, Lin KI, Hwang JS, Xu J, Zhang XC (2005)
Compact continuous-wave subterahertz system for inspection applications. Appl Phys Lett
86(5):054105-1-3

Yamamoto K, Yamaguchi M, Miyamaru F, Tani M, Hangyo M (2004) Non-invasive inspection
of c-4 explosive in mails by terahertz time-domain spectroscopy. J Appl Phys 43(3B):L414—
L417

Kawase K, Ogawa Y, Watanabe Y, Inoue H (2003) Non-destructive terahertz imaging of illicit
drugs using spectral fingerprints. Opt Express 11(20):2549-2054

Joerdens C, Koch M (2008) Detection of foreign bodies in chocolate with pulsed terahertz
spectroscopy. Opt Eng 47(3):037003-1-5

Tonouchi M (2007) Cutting-edge terahertz technology. Nat Photonics 1:97-105

Prince JL, Links J (2006) Medical imaging signals and systems. 2nd Edition, Pearson Prentice
Hall, Upper Saddle River

Chen S-L, Chang Y-C, Zhang C, Ok JG, Ling T, Mihnev MT, Guo TBNLJ (2014) Efficient
real-time detection of terahertz pulse radiation based on photoacoustic conversion by carbon
nanotube nanocomposite. Nat Photonics 8:537-542

Sirtori C (2002) Bridge for the terahertz gap. Nature 417:132-133

Saleh BEA, Teich MC (2007) Fundamentals of photonics, 2nd edn. Wiley, New York, p 1200
Biswas A, Sinha S, Acharyya A, Banerjee A, Pal S, Satoh H, Inokawa H (2018) 1.0 THz
GaN IMPATT source: effect of parasitic series resistance. J Infrared Millim Terahertz Waves
39(10):954-974

Acharyya A, Banerjee JP (2014) Prospects of IMPATT devices based on wide bandgap
semiconductors as potential terahertz sources. Appl Nanosci 4:1-14

Acharyya A, Banerjee S, Banerjee JP (2013) Potentiality of semiconducting diamond as base
material of millimeter-wave and terahertz IMPATT devices. J Semiconduct 35(3):034005-1-11



20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

A. Acharyya et al.

Acharyya A (2019) Three-terminal graphene nanoribbon tunable avalanche transit time sources
for terahertz power generation. physica status solidi (a) 216(18):1900277

Acharyya A (2019) 1.0 - 10.0 THz radiation from graphene nanoribbon based avalanche transit
time sources. physica status solidi (a) 216(7):1800730 (2019)

Yeh KL, Hoffmann MC, Hebling J, Nelson KA (2007) Generation of 10 pJ ultrashort terahertz
pulses by optical rectification. Appl Phys Lett 90:171121

Hauri CP, Ruchert C, Vicario C, Ardana F (201 1) Strong-field single-cycle THz pulses generated
in an organic crystal. Appl Phys Lett 99:161116

Kirley MP, Booske JH (2015) Terahertz conductivity of copper surfaces. IEEE Trans Terahertz
Sci Technol 5:1012-1020

Dandolo CLK, Jepsen PU (2016) Wall painting investigation by means of non-invasive tera-
hertz time-domain imaging (THz-TDI): inspection of subsurface structures buried in historical
plasters. J Infrared Millime Terahertz Waves 37:198-208

Booske JH (2008) Plasma physics and related challenges of millimeter-wave-to-terahertz and
high power microwave generation. Phys Plasmas 15:16-20

Barker RJ, Booske JH, Luhmann NC, Nusinovich GS (2005) (editors) Modern microwave and
millimeter wave power electronics. Wiley, New York

Booske JH, Dobbs RJ, Joye CD, Kory CL, Neil GR, Park GS, Park J, Temkin RJ (2011) Vacuum
electronic high power terahertz sources. IEEE Trans Terahertz Sci Technol 1:52-75

He W et al (2015) Generation of broadband terahertz radiation using a backward wave oscillator
and pseudospark-sourced electron beam. Appl Phys Lett 107:133501

Gavrilov NG, Knyazev BA, Kolobanov EI, Kotenkov VV, Kubarev VV, Kulipanov GN,
Matveenko AN, Medvedev LE, Miginsky SV, Mironenko LA, Oreshkov AD, Ovchar VK,
Popik VM, Salikova TV, Scheglov MA, Serednyakov SS, Shevchenko OA, Skrinsky AN,
Tcheskidov VG, Vinokurov NA (2007) Status of the Novosibirsk highpower terahertz FEL
Nucl. Instrum Methods Phys Res A 575(1-2):54-57

Virginia Diodes Inc Virginia Diodes, Inc—Frequency Multipliers. Accessed April 2021. http://
vadiodes.com/en/frequency-multipliers

Han R et al (2013) Active terahertz imaging using Schottky diodes in CMOS: array and 860-
GHz pixel. IEEE J Solid-State Circuits 48:2296-2308

Grant JP et al (2013) A monolithic resonant terahertz sensor element comprising a metamaterial
absorber and micro-bolometer. Laser Photon Rev 7(6):1043-1048

Carranza IE, Grant JP, Gough J, Cumming D (2017) Terahertz metamaterial absorbers imple-
mented in CMOS technology for imaging applications: scaling to large format focal plane
arrays. IEEE J Sel Top Quantum Electron 23(4):4700508

Dobrovolsky V, Sizov F (2007) Room temperature, or moderately cooled, fast THz semicon-
ductor hot electron bolometer. Semicond Sci Technol 22:103-106

Sarieddeen H, Alouini MS, Al-Naffouri TY (2020) An overview of signal processing techniques
for terahertz communications. TechRxiv. Preprint. https://doi.org/10.36227/techrxiv.123633
59.vl


http://vadiodes.com/en/frequency-multipliers
http://vadiodes.com/en/frequency-multipliers
https://doi.org/10.36227/techrxiv.12363359.v1
https://doi.org/10.36227/techrxiv.12363359.v1

	 Introduction to Millimeter-Wave, Infrared and Terahertz Technologies
	1 Introduction
	2 Brief Overview of the Book
	References


