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Preface

The prime objective of this book is devoted to feature the research developments in
the design aspects of advanced components and systems for terahertz wireless tech-
nologies. This field of research is becoming quite popular today. Indeed, many THz
components have been developed and the research field is still expanding. This is due
to that the terahertz communications have a higher frequency than the microwaves
and millimeter waves used so far in wireless networks, and therefore, terahertz tech-
nology will be the solution to meet the increasing demand for bandwidth. However,
this high frequency leads to an increase in complexity to develop THz components.
For that reason, the scientific community is intensifying research in the develop-
ment of THz components and of course its vast applications for the betterment of
civilization through the best utilization of advanced technology.

This book gathers scientific and technological innovations and advancements
already developed or underdevelopment in the academic, industry, and research
communities. This title would involve fundamental ideas and advancements in the
terahertz technology covering communication techniques that can be used for THz
system, terahertz VCO design, THz detection techniques, antennas for THz system,
quantum confinedTHzmaterials,micromachining andmeasurements of THzwaveg-
uide components, THz communication system, and terahertz wave source design. In
this book, the methodologies for the design of terahertz components and system
technologies including emerging applications are discussed. The chapter contents
are expected to be based on theoretical, methodological, well-established, and vali-
dated empirical work dealing with different topics in the terahertz domain. This book
covers a very broad audience ranging from basic sciences to experts and learners in
engineering and technology.

The book will be an ideal choice for undergraduate, master’s degree, research
students, microwave engineers, biomedical engineers, electronics and electrical
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engineers interested in fundamental and key advancements in THz science and
technology.
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Terahertz VCO Design for High-Speed
Wireless Communication Systems

Abdelhafid Es-Saqy, Maryam Abata, Mohammed Fattah, Said Mazer,
Mahmoud Mehdi, Moulhime El Bekkali, and Catherine Algani

Abstract The enormous evolution of the IoT and its applications requires highly
secure communication with high data rates and high bandwidth. However, current
wireless communication systems, based on microwave and millimeter frequencies,
are not able to meet these requirements. For this reason, several actors propose the
migration to terahertz frequencies. In this chapter, we present the THz domain and
its potential applications, we present the impact of the use of THz in 6G, and finally
we propose the study and design of a terahertz VCO for the THz band applications.
The circuit is designed based on the pHEMT transistor from the United Monolithic
Semiconductors foundry. Simulation results show that the oscillation frequency is
around 104 GHz, the output power is −11.127 dBm.
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1 Introduction

One of the main objectives of communication systems is to be able to transmit data
at the highest possible rates. In fact, the continuous increase in data rates in wireless
communication systems, for both business and private users, is leading to a significant
evolution of the bandwidths used. However, the growing user demand for high-speed
wireless communication already exceeds the capabilities of current networks.

In order to overcome this challenge, it is necessary to consider the integration of
communication systems based on terahertz (THz) carrier frequencies. These frequen-
cies are sufficiently high to support data rates greater than a hundred gigahertz [1].
On the other hand, the THz beam is more diffractive and less attenuated by dry, non-
metallic objects than infrared, which is an advantage for high-speed indoor wireless
communication [2, 3]. In addition, short wavelengths require very small antenna
sizes [4], which is of great importance in medical imaging and in any application
requiring thinmaterials.However, themain difficulty is tomanufacture compact, high
performance, and reasonably priced sources, aswell as THz-sensitive, integrable, and
robust detectors [4–6].

The design of sources for THz communication systems is a major challenge.
THz sources are the most difficult components to design and manufacture. There are
several techniques for generating THz signals, including Resonant Tunneling Diode
[7–9], Photomixer [10–12], On-Chip Antenna using the Metasurface notion [13],
and other techniques [14]. The development of the performance of THz sources and
detectors will allow the evolution of many fields such as pharmaceutical industry
[15], medicine and biology [16], astronomy [17, 18], imaging and spectroscopy [19,
20], giga-bit wireless communication systems [1, 21–23], detection of explosives
and weapons [24], and other applications in the field of security and quality control
[25], where the THz radiations play a highly important role.

In the field of communication, several research institutes, and industrialists, have
been studying the terahertz wave for the past ten years. The goal is to demonstrate
that the THz domain can be used for higher speed communication [3]. Several
papers covering the different aspects of this subject (communication sources and
detectors,modulation systems,wireless communicationmeasurements) are available
[23, 26, 27].

In this chapter, we present the THz domain and its different applications. Next, we
focus on the development and integration of a high spectral purity and high output
power VCO, for wireless THz communication.

2 Terahertz Domain

The THz band, which includes frequencies between 100 GHz and 10 THz [28], i.e.,
wavelengths between 0.03 and 3 mm, is situated between microwaves and infrared.
Actually, THz radiation marks the limit between two physical domains: electronics
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Fig. 1 Representation of the spectrum of electromagnetic waves as a function of frequency

formicrowaves andmillimeterwaves, and optics for infrared (Fig. 1). The importance
of THz radiation lies in its four main characteristics [29]:

• They are radiation of very low energy (1 THz ≡ 4.13 meV one million times
weaker than X-rays). This low energy has no ionizing effect on biological tissues.

• Have the property of being very penetrating in dielectric or poorly conducting
materials.

• Allow the identification of several chemical species, because of their chemical
signatures, which characterize each species after interaction with THz waves.

• Have the particularity of being absorbed by polar liquids like water. This feature
highlights the potential of THz radiation in many applications and fields.

The THz range represents a very interesting spectral coverage for many applica-
tions. In the following paragraph, we give some examples of these applications.

3 THz Radiation Applications

Terahertz (THz) radiation, which ranges from 300 GHz to 30 THz for opticians
and between 100 GHz and 10 THz for electronics specialists, has been extensively
studied and is about to revolutionize our daily lives by offering amultitude of valuable
applications. In every field of activity, THzwaves play an increasing role. This section
briefly presents the different applications of THz waves.
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3.1 THz Spectroscopy

THz spectroscopy is among the most widely used techniques in the biomedical
field [19, 30]. Using this technique, chemical analyses can be performed to identify
species andmolecules present in a sample. This technique also allows the study of the
dielectric properties and electrical conductivity of materials [15, 20]. Furthermore,
this spectroscopy has the advantage of interacting directly with the vibrational and
rotational states of the molecules. Compared to those observed in the ultraviolet,
visible spectrum, or infrared, the THz spectroscopy technique provides a comple-
mentary signature and fingerprint of the molecule under study [31]. This allows this
technique to identify dangerous chemical substances that are difficult to identify with
other fields, such as explosives, drugs [15], and other illegal substances. For example,
THz spectroscopy can detect substances that are difficult to identify in other fields,
such as hydrogen disulfide (H2S2) and other illegal substances.

A quick, precise, and efficient qualitative and quantitative technique for studying
chiral substances, substances with chiral or asymmetric centers in their structure,
proposed by the authors of the paper [32]. The method uses the linearly polarized
terahertz spectroscopy.

3.2 Medical Applications

The THz radiation will be the basis for several medical applications, such as the
identification of the structural state of proteins, the diagnosis of diseases, and others.
In fact, THz radiation is characterized by the frequencies between 100 GHz and 10
THz, i.e., wavelengths between 30 nm and 3 mm, wavelengths that are shorter than
those of microwaves, which provides a lateral resolution of 10 µm to be obtained
using Optical Rectification Terahertz Imaging (ORTI) technique [33]. The time-
domain spectroscopy technique, for example, can provide an absorption spectrum
over a band from 100 GHz to 4 THz with a spectral resolution of a few GHz [34, 35].

Furthermore, THz radiation, characterized by its low non-ionizing energy per
photon, is safe for biological media, making it more attractive for biological and
medical applications [34]. THz radiation seems to be a very favorable choice for
the study of living organisms, as it is very low energy radiation (4.13 meV for a
frequency of 1 THz) and therefore non-destructive.

3.3 Quality Control and Monitoring for Safety

The properties and performance of THz radiation have made it attractive in the field
of safety and quality control [29]. In the pharmaceutical industry, the THz radia-
tion allows the better understanding of the quality and performance of the delivery
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mechanisms of active drug ingredients. In fact, the THz radiation penetrates easily
through the plastic or polymers used in the pharmaceutical industry and allows the
analysis of the active ingredients of most drugs.

In the industrial field, THz waves can be used for the inspection of material or
product defects, as well as for the detection of internal defects in encapsulated or
packaged products, and the control of purity and contamination of materials such as
metal, glass.

In the field of security surveillance, Terahertz radiations provide a key function
in the detection of drugs, explosives, dangerous chemical species, and chemical and
biological agents. Indeed, each chemical species has its own signature when inter-
acting with THz radiation, so it can be identified from its fingerprint. Furthermore,
THz waves can detect these potentially dangerous materials even when they are
isolated in a package or hidden in clothing [29].

3.4 Astronomy and Earth Science

Half of the total luminosity in space is in the THz region [36]. Therefore, the THz
radiation has long been, and certainly always will be, of interest to astronomers.
Thanks to the resources deployed by large organizations such as NASA, THz radi-
ations play a key role in the study and monitoring of the Earth’s environment [27].
For example, a laser emitting a THz wave with a 2.5 THz frequency, whose role is
the measure of the concentration and distribution of chemical species constituting
ozone (from the hydroxyl radical (OH–), a critical component in the ozone cycle),
installed on the AURA satellite, whose role is to collect data, was launched by the
NASA in 2004. The measurements and data collected will allow us to understand the
importance of chemical species in the destruction of ozone in the stratosphere [37].

On the other hand, the AKARI satellite, launched in February 2006, monitors the
frequencybandbetween1.6 and176THz,which corresponds to thewavelength range
from 1.7 to 180 µm. This has provided information for understanding the formation
of galaxies and their evolution over time, as well as for studying the processes of star
formation and planetary systems [38].

3.5 THz Communication

Currently, several billion machine-to-machine and IoT communications are needed
to meet both the requirements of industry for the development of other technologies,
like autonomous cars, smart homes and cities, and E-health services [39], and the
requirements of private users of wireless communication; however, the microwave
frequency band will be fully occupied over time [40]. The International Telecom-
munication Union (ITU) has identified five frequency bands for the deployment of
5G networks, launched in 2020: [24.25–27.5 GHz], [37–43.5 GHz], [45.5–47 GHz],
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[47.2–48.2 GHz], and [66–71 GHz] [41]. The International Telecommunication
Union’s goal for 5G wireless communications, in addition to high spectral efficiency
and improved coverage, is to achieve throughput in the range of 10 Gb/s for mobile
users and connectivity to AI devices, while 5G users need data rates of 5 Gb/s for
low mobility and 50 Gb/s for high mobility [42]. However, these new frequencies
(millimeter frequencies) will only provide access to about 7 GHz per sub-band. Also,
the bandwidth of circuits operating in the millimeter wave band remains limited,
generally capped at 10 or 15% around the center frequency. Therefore, an increase
in the operating frequency beyond 100 GHz becomes unavoidable to achieve a data
transfer rate of several tens of Gbps.

The THz frequency band, which is both the optics of long wavelengths (far
infrared) and the electronics of very high frequencies (at the limit of the intrinsic
capacities of transistors), may be a very good choice for tomorrow’s communica-
tion; therefore, the THz frequency range has been the focus of attention for several
years now in response to the problem of wireless communications.

4 Impact of THz on 6G Wireless Communication

The5Gnetwork,with its additional new techniques, such asmillimeterwave,massive
MIMO, beamforming, small cells, and full duplex, will offer revolutionary new
features compared to previous generations. Nevertheless, the explosive growth in
the number of connected systems could overcome the capabilities of 5G wireless
networks. Some recently developed applications, such as virtual reality systems, are
required to go beyond 5G because they need a minimum data rate of ten Gbps, which
exceeds the capacity of 5G systems [43]. In addition, high-definition video, ultra-
high-definition (UHD) devices, and 3-D video are becoming increasingly valuable
for mobile users. Uncompressed UHD video can achieve 24 Gb/s data rate, while
uncompressed 3-D video with UHD can achieve 100 G/ps [26].

Research into the use of THz radiation in 6G wireless networks has become a
daily occupation for researchers and players in the telecommunications field. This
technology will revolutionize not only communication systems and their applica-
tions, but also business, personal life, lifestyle, and thus society [44]. To meet the
expectations of the intelligent information society of 2030. China has launched the
“Broadband Communications and New Networks” project for 2030 and beyond.
The European Commission’s Horizon 2020 program has sponsored multiple B5G
projects, like TERRANOVA; a project that aims to develop architectures and tech-
nologies capable of delivering optical network quality of experience in 6G wireless
communication networks [45]. In the USA, the FCC has already launched studies of
6Gnetworks, and the THz band has already opened. For the FCC, frequencies beyond
5G are reserved for 6G. In Japan, the first 6G projects have already been launched
in 2020 [46]. Finland organized the first global summit on 6G wireless technology
and launched the 6Genesis project, the first 6G project. The project supports the
development of several aspects of wireless communication [47]. The International



Terahertz VCO Design for High-Speed … 7

Fig. 2 6G performance
compared to the 5G
performance

Telecommunication Union (ITU) has established the Focus Group on Network Tech-
nologies 2030. It is expected that these new wireless communication networks will
improve data rate up to 1 Tbps, reduce latency down to 0.1 ms, increase spectral
efficiency above 100 bps/Hz, and provide a huge connectivity density of more than
103 devices per 100 m2 with a reliability that exceeds 99.9999% (Fig. 2) [45]. And
to achieve these goals the use of the THz band is essential for 6G.

5 VCO Design for THz Band

Various electronic and/or photonic systems and technologies have been developed to
achieve the first demonstrations of THz communication. Due to the limitation of the
operating frequency of the transistors developed by different foundries, most of the
published works in the literature propose photonic solutions. Recently, electronic
techniques are being developed, and our work is part of the development of an
efficient wireless communication system for the terahertz frequency band.

Due to the behavior of passive elements at high frequencies, and the limited cut-
off frequency for transistors, the VCO presents one of the most difficult blocks to
design in a transceiver system. In this section, we propose the study and design of a
VCO, capable to generate a signal with frequencies around 104 GHz.

For the design of a local oscillator that delivers a high-power signal with minimal
phase noise, we have opted for the pHEMT (pseudomorphic High Electron Mobility
Transistor) of the PH15 process from the UMS foundry. It is characterized by a
transition frequency fT = 110 GHz and a gate length of 0.15 µm [48]. In this
regard, considering the limitation of the operating frequency ofmost of the transistors
developed so far, we have focused in this chapter on the choice of a structure that
favors the second harmonic (Fig. 3). It consists of a LO (Fig. 4) whose fundamental
oscillation frequency is 52 GHz and a bandpass filter (Fig. 7), whose passband is
around 104 GHz.
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Fig. 3 6G terahertz VCO architecture

Fig. 4 Circuit of the mmWave voltage controlled oscillator

5.1 mmWave VCO

As shown in Figs. 4 and 5, this is a balanced Colpitts structure based on a pHEMT
[39]. The oscillation frequency can be varied by varying the control voltage vtune.
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Fig. 5 Layout of the mmWave voltage controlled oscillator

The simulation shows that the power at the fundamental harmonic is −2.768 dBm,
and at the second harmonic it is −11.507 dBm (Fig. 6).

5.2 Bandpass Filter

The filter is studied in detail in the paper [49]. Its role is to favor the second harmonic
and reject the fundamental and other unwanted harmonics. To accomplish this task,
the filter must have a flat frequency response around 104 GHz with a rapid gain drop
in the attenuated band. The electrical circuit of the filter is shown in Fig. 7, and the
layout is shown in Fig. 8. Actually, the filter is obtained by cascading a low-pass filter,
a high-pass filter, and an L4 choke connected with the low-pass filter to perform the
rejection. By cascading these two filters, we naturally obtain a bandpass filter, whose
passband is the intersection of the passbands of the two filters. Table 1 shows the
characteristic values of each component.

The transmission coefficients (S12 and S21) and reflection coefficients (S11 and
S22) are presented below. Figures 9 and 10 show that the transmission coefficients
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Fig. 6 mmWave VCO output power level for a tuning voltage of 2 V

Fig. 7 Circuit of the bandpass filter

have a maximum value at the 104 GHz frequency; it is of the order of −0.542 dB.
However, the reflection coefficients (Figs. 11 and 12) have a minimum value at this
frequency, −40.25 and −23.49 dB for S11 and S22, respectively.
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Fig. 8 Layout of the bandpass filter

Table 1 The characteristic
values of the passive
components forming the
bandpass filter

Parameters Values

High pass filter C1 0.017 pF

C2 0.046 pF

L1 0.006 nH

Low pass filter L2 0.025 nH

L3 0.08 nH

C3 0.365 pF

Inductance L4 0.0244 nH

Fig. 9 Transmission coefficient S12 of the bandpass filter
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Fig. 10 Transmission coefficient S21 of the bandpass filter

Fig. 11 Reflection coefficient S11 of the bandpass filter
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Fig. 12 Reflection coefficient S22 of the bandpass filter

5.3 THz VCO

To overcome the limitation of the operating frequency of the transistors, we propose
to highlight the second harmonic from a VCO operating in millimeter band. The
cascading of a VCO with an oscillation frequency of 54 GHz, and a bandpass filter
with a passband around 104 GHz, has allowed us to enhance the second harmonic
of the VCO output spectrum. As we can see in Fig. 13, the fundamental harmonic
is attenuated by 19.02 dB: −2.768 dBm before the insertion of the filter, versus −
21.792 dB after. However, since the transmission coefficient of the filter is maximum
at 104 GHz, the power of harmonic present at this frequency is −11.127 dBm.
Compared tomost results in the literature, this architecture offers considerable output
power.

6 Conclusion

In this chapter, we have defined the THz domain, we have presented different applica-
tion areas of THz radiation, then we have cited the positive impact of the use of these
waves in 6G networks, then we have proposed an architecture of a voltage-controlled
oscillator that operates in the THz band. The principle consists in cascading a VCO,
whose oscillation frequency is 54 GHz, and a bandpass filter, whose bandwidth is
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Fig. 13 THz VCO output power level for a tuning voltage of 2 V

around 104 GHz. The result, as previously shown, demonstrates that this technique
allows the second harmonic to be favored, and therefore the oscillation frequency of
the local oscillator to be doubled, without having to make major modifications to the
circuit.

References

1. R. Piesiewicz,M. Jacob,M.Koch, J. Schoebel, T. Kurner, Performance analysis of futuremulti-
gigabit wireless communication systems at THz frequencies with highly directive antennas in
realistic indoor environments. IEEE J. Sel. Top. Quantum Electron. 14(2), 421–430 (2008)

2. C. Jansen et al., Diffuse scattering from rough surfaces in THz communication channels. IEEE
Trans. Terahertz Sci. Technol. 1(2), 462–472 (2011)

3. A. Hirata et al., 120-GHz-band millimeter-wave photonic wireless link for 10-Gb/s data
transmission. IEEE Trans. Microw. Theory Tech. 54(5), 1937–1944 (2006)

4. D.Dragoman,M.Dragoman, Terahertz fields and applications. Prog.QuantumElectron. (2004)
5. M.S. Shur, J.-Q. Lu, Terahertz sources and detectors using two-dimensional electronic fluid in

high electron-mobility transistors. IEEE Trans. Microw. Theory Tech. 48(4), 750–756 (2000)
6. T.W. Crowe, P.W. Porterfield, J.L. Hesler, W.L. Bishop, D.S. Kurtz, K. Hui, Terahertz Sources

and Detectors (Orlando, Florida, USA, 2005)
7. H. Drexler, J.S. Scott, S.J. Allen, K.L. Campman, A.C. Gossard, Photon-assisted tunneling in

a resonant tunneling diode: stimulated emission and absorption in the THz range. Appl. Phys.
Lett. 67, 2816–2818 (1995)

8. R. Izumi, S. Suzuki,M.Asada, in 1.98 THz Resonant-Tunneling-Diode Oscillator with Reduced
Conduction Loss by Thick Antenna Electrode. 2017 42nd International Conference on Infrared,
Millimeter, and Terahertz Waves (IRMMW-THz) (Cancun, Mexico, 2017), pp. 1–2



Terahertz VCO Design for High-Speed … 15

9. K. Kasagi, S. Suzuki, M. Asada, Large-scale array of resonant-tunneling-diode terahertz
oscillators for high output power at 1 THz. J. Appl. Phys. 125(15) (2019)

10. R. Safian, G. Ghazi, N. Mohammadian, Review of photomixing continuous-wave terahertz
systems and current application trends in terahertz domain. Opt. Eng. 58 (2019)

11. X. Li, W. Yin, S. Khamas, An efficient photomixer based slot fed terahertz dielectric resonator
antenna. Sensors 21 (2021)

12. A. Jumaah, S. Al-Daffaie, O. Yilmazoglu, F. Kuppers, in Graphene—Nanowire Hybrid
Photomixer for Continuous-Wave Terahertz Generation. 2017 42nd International Conference
on Infrared,Millimeter, and TerahertzWaves (IRMMW-THz) (Cancun,Mexico, 2017), pp. 1–2

13. M. Alibakhshikenari et al., Study on improvement of the performance parameters of a novel
0.41–0.47 THz on-chip antenna based on metasurface concept realized on 50 µm GaAs-layer.
Sci Rep 10, 11034 (2020)

14. Z. Vilagosh, A. Lajevardipour, A. Wood, in Imaging and Lesion Ablation Modeling in
Skin Using Freezing to Enhance Penetration Depth of Terahertz Radiation. Photonics in
Dermatology and Plastic Surgery 2019 (San Francisco, United States, 2019)

15. S.K. Mathanker, P.R. Weckler, N. Wang, Terahertz (THz) applications in food and agriculture:
a review. Trans. ASABE 56(3), 1213–1226 (2013)

16. Z. Zhou et al., Multicolor T-ray imaging using multispectral metamaterials. Adv. Sci. 5(7)
(2018)

17. K. Rudakov et al., inLow-Noise THz-Range Nb Based SIS Receivers for Radio Astronomy. 2020
45th International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz)
(Buffalo, NY, USA, 2020), pp. 1–2

18. Y. Takashima, S. Sirsi, H. Choi, W.J. Arenberg, D.W. Kim, S.K. Walker, in All Reflective THz
Telescope Design with an Inflatable Primary Antenna for Orbiting Astronomical Satellite for
Investigating Stellar Systems (OASIS) Mission. Astronomical Optics: Design, Manufacture,
and Test of Space and Ground Systems III (San Diego, United States, 2021)

19. J.F. Lampin, G. Mouret, S. Dhillon, J. Mangeney, THz spectroscopy for fundamental science
and applications. Photoniques 101, 33–38 (2020)

20. F. Sebastiani et al., Probing local electrostatics of glycine in aqueous solution by THz
spectroscopy. Angew. Chem. Int. Ed. 60(7), 3768–3772 (2021)

21. H.-J. Song et al., 8 Gbit/s wireless data transmission at 250 GHz. Electron. Lett. 45(22) (2009)
22. T. Nagatsuma et al., in Giga-Bit Wireless Link Using 300–400 GHz Bands. 2009 International

Topical Meeting on Microwave Photonics (2009)
23. S. Koenig et al., Wireless sub-THz communication system with high data rate. Nat. Photonics

7(12), 977–981 (2013)
24. M.S. Shamim, M.S., Uddin, M.R. Hasan, M. Samad, Design and implementation of minia-

turized wideband microstrip patch antenna for high-speed terahertz applications. J. Comput.
Electron. 20(1), 604–610 (2021)

25. A. Khalatpour, A.C. Paulsen, C. Deimert, Z.R. Wasilewski, Q. Hu, High-power portable
terahertz laser systems. Nat. Photonics 15(1), 16–20 (2021)

26. H.-J. Song, T. Nagatsuma, Present and future of terahertz communications. IEEE Trans.
Terahertz Sci. Technol. 1(1), 256–263 (2011)

27. M.S. Shur, Terahertz Technology for Space Exploration and Data Communications (Boston,
MA, 2007)

28. A.G. Davies, E.H. Linfield, M.B. Johnston, The development of terahertz sources and their
applications. Phys. Med. Biol. 47(21), 3679–3689 (2002)

29. D.D. Abdelhamid, H. Halima, Images térahertz et infrarouges pour le contrôle de la qualité
intérieure du fruits de dattier (2020)

30. T. Taniuchi, S. Okada, H. Nakanishi, Widely tunable terahertz-wave generation in an organic
crystal and its spectroscopic application. J. Appl. Phys. 95(11), 5984–5988 (2004)

31. T.R. Globus et al., THz-spectroscopy of biological molecules. Spectrosc. Biol.Mol. 29, 89–100
(2003)

32. Z. Wang et al., Qualitative and quantitative recognition of chiral drugs based on terahertz
spectroscopy. Analyst 12, 1–12 (2021)



16 A. Es-Saqy et al.

33. G. Soylu, E. Hérault, B. Boulanger, F. Laurell, J.-L. Coutaz, Sub-wavelength THz imaging
of the domains in periodically poled crystals through optical rectification. J. Infrared Millim.
Terahertz Waves 41(9), 1144–1154 (2020)

34. A. Ramundo-Orlando, G.P. Gallerano, Terahertz radiation effects and biologic al applications.
J. Infrared Milli. Terahz Waves 30, 1308–1318 (2009)

35. K. Ahi, S. Shahbazmohamadi, N. Asadizanjani, Quality control and authentication of packaged
integrated circuits using enhanced-spatial-resolution terahertz time-domain spectroscopy and
imaging. Opt. Lasers Eng. 104, 274–284 (2018)

36. L. Juery, Communication térahertz sans fil à haut débit avec un transistor à haute mobilité élec-
tronique comme détecteur. Université Montpellier II—Sciences et Techniques du Languedoc
(2014)

37. N.A. Kramarova et al., Validation of ozone profile retrievals derived from theOMPSLP version
2.5 algorithm against correlative satellitemeasurements. Atmos.Meas. Tech. 11(5), 2837–2861
(2018)

38. P.H. Siegel, THz instruments for space. IEEE Trans. Antennas Propag. 55(11), 2957–2965
(2007)

39. A. Es-Saqy et al., 28 GHz balanced pHEMTVCOwith low phase noise and high output power
performance for 5G mm-wave systems. Int. J. Electr. Comput. Eng. 10(5), 4623–4630 (2020)

40. A. Es-Saqy et al., 5G mm-wave band pHEMT VCOwith ultralow PN. Adv. Sci. Technol. Eng.
Syst. J. 5(3), 487–492 (2020)

41. International Telecommunication Union, Key outcomes of the World Radiocommunication
Conference 2019. ITU News MAGAZINE 6 (2019)

42. L. Rao, M. Pant, L. Malviya, A. Parmar, S.V. Charhate, 5G beamforming techniques for the
coverage of intended directions in modern wireless communication: In-depth review. Int. J.
Microw. Wirel. Technol. 1–24 (2020)

43. B. Aghoutane, M. El Ghzaoui, H. El Faylali, Spatial characterization of propagation channels
for terahertz band. SN Appl. Sci. 3, 233 (2021). https://doi.org/10.1007/s42452-021-04262-8

44. S. Nayak, R. Patgiri, 6G communication: envisioning the key issues and challenges. EAI
Endorsed Trans. Internet Things 6(24) (2021)

45. Z. Zhang et al., 6Gwireless networks: vision, requirements, architecture, and key technologies.
IEEE Veh. Technol. Mag. 14(3), 28–41 (2019)

46. T. Nakamura, in 5G Evolution and 6G. 2020 IEEE Symposium on VLSI Technology (2020)
47. M. Kokkonen, S. Myllymäki, H. Jantunen, Focal length of a low permittivity plano-convex

lens at frequencies 30–600 GHz. Electron. Lett. 56(5), 223–225 (2020)
48. United Monolithic Semiconductors, Take Advantage of Wideband, Low Noise Medium Power

UMS PH15 GaAs Process. Shared Foundry Offer (2018)
49. M. Abata,M.Mehdi, S.Mazer,M. El Bekkali, C. Algani, AV-band two pole high-pass filter for

frequency quadrupler design. Int. J. Commun. Antenna Propag. IRECAP 6(1), 56–60 (2016)

https://doi.org/10.1007/s42452-021-04262-8


Performance Analysis of EOS and SDI
Detectors in THz Band

Mohammed El Ghzaoui

Abstract Over time, scientists and engineers exploited the frequency bands of the
electromagnetic spectrum. Starting with the visible spectrum, they gradually devel-
oped sources and detectors operating at lower and higher frequencies. First, the
frequency band between 0.1 and 30 THz, called terahertz (THz), has not been fully
exploited. On the other hand, with the current development of communication and
broadband, many parts of the electromagnetic spectrum are saturated. For this, scien-
tists are interested in the terahertz (THz) domain, which, thanks to its high frequen-
cies, offers the possibility of increasing the data rate. Indeed, the transmission of
bit rates of the order of one Tbit/s is potentially possible with THz waves, which
is advantageous for a wireless communication technology. However, the main diffi-
culty with its use is the lack of compact, powerful, and inexpensive sources and
detectors. The objective of this work is to set up detectors that can be used in the THz
field. In this chapter, we will begin by describing the terahertz (THz) spectral domain
and the applications exploiting this frequency band. We will also list some detectors
that currently exist on the market. THz detection methods with equivalent sampling
by photoconductive antennas, by electro-optical sampling, and by plasma in air are
discussed here. In addition, spectral domain interferometry (SDI) and bolometer
detection systems are discussed later in this chapter.

Keywords Terahertz bands · Terahertz detectors · Bolometer detector · SDI for
terahertz detection · Photoconductive terahertz detector · Electro-optical detector

1 Introduction

The terahertz frequency domain, commonly called far infrared, extends between 0.3
and 30 THz, i.e., in terms of wavelengths between 1 μm and 1 mm. The rise in
frequency to the domain terahertz is interesting because it theoretically allows to
have bands passes higher than in microwave [1, 2]. The continuous development
of THz radiation detectors and sources is a key point for progress in various fields
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of science and technology, such as security, medical imaging, high resolution radar
system, spectroscopy, and telecommunication, … [3, 4]. Since the THz frequency
domain lies between microwaves (generated by electronic devices) and medium-
IR (where optical sources exist), both domains can be used to create new devices
(sources and detectors) capable of operating in THzmode. Thus, electronic or optical
skills will be used, directly or indirectly in the generation and detection of the THz
signal. Currently, researchers have understood the interests of the neglected THz
wave domain, and for about fifteen years tools have emerged. However, the high
absorption of terahertz radiation in the atmosphere seems to be a hindrance to its use
for long distances [5]. On the other hand, there are still two important obstacles in
this field which are the cost and complexity associated with the manufacture of THz
detectors.

Nowadays, there are THz wave detectors that operate at cryogenic temperatures
and others at room temperature. The latter are interesting because many applica-
tions require detectors at room temperature which are very fast and sensitive and
which extend their operation in the THz. A number of ambient temperature detec-
tors have been reported for frequencies below 1 THz. Examples include tunneling
diodes, field effect detectors, and Schottky diodes [6]. The latter are most sensitive at
room temperature for sub-THz frequencies [7]. However, their sensitivities decrease
significantly for frequencies above 1 THz since it is limited by the time constant τ

= RC. THz detection methods with SDI detection systems, Bolometers, equivalent
sampling by photoconductive antennas, electro-optical sampling, and plasma in air
are discussed [8, 9].

Initially proposed by AM Song [10], GaAs-based SSDs have already experimen-
tally shown a good sensitivity of 300 V/W at 1.5 THz and this at room temperature
[11]. The capabilities of GAN/AlGaN-based SSDs to function as direct detectors
and mixers have been experimentally demonstrated [12]. Even though, it has been
demonstrated in [13] that heterostructures based on narrow bandgap materials like
InAs or InSb aremore suitable for applications in THz. In [14] the choice of GaNwas
made because SSDs based on this material should theoretically be able to generate
submillimeter wave oscillations based on the Gunn effect. This will allow the real-
ization of a continuous wave transmitter/detector system THz integrated in the same
material and which is simple to realize, compact, operating at room temperature,
tunable and powerful but above all to go further in the frequencies and to approach
the 1 THz.

Besides, the detection of terahertz waves can be done as in microwave with a
heterodyne detection. Antenna can be also a critical element to transmit signal over a
communication channel [15, 16]. A THz signal is transposed to microwave frequen-
cies. The signal is multiplied by another signal from a local oscillator so as to trans-
pose the frequency difference to a detection apparatus such as a spectrum analyzer.
This type of detection can go up to 3 THz [17]. Another detector is the bolometer
which was invented in 1881 by S. Langley. This systemmakes it possible to measure
the amount of electromagnetic energy by absorbing this radiation and measuring
the temperature rise. It consists of an absorber whose temperature will increase
proportionally to the energy coming from the incident radiation and a thermal bridge
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allowing the heat to evacuate to a radiator. A thermometer measures the tempera-
ture rise and generates a voltage that can then be amplified to be measured. The
bolometer principle can be applied to all frequency ranges of the electromagnetic
spectrumwhichmeans that a bolometer can detect both a terahertz beam and infrared
radiation. A system of filters allowing only terahertz radiation to pass through is
therefore necessary to work in this frequency band. The interest of the bolometer
is to have a very good sensitivity and a low noise level. The equivalent level of
noise NEP 4 is typically of the order of 10e−11W/q (Hz) for a bolometer cooled
with liquid Helium. Research is now focused on room temperature bolometers as
well as their miniaturization. Such integrable bolometers make it possible to create
micro-bolometer grids and therefore real-time imaging to create a real THz camera
[18]. Finally, other detectors exist such as the Schottky diode which can detect a
signal at 100 GHz. There are also systems based on the Pockels effect that exploit
the appearance of birefringence of an electro-optical crystal when it is illuminated
by a THz beam. The measurement of this birefringence effect makes it possible to
know the intensity of the THz signal.

In this chapter, we will talk about the THz technology, its characteristics opening
to fields of application, and different possible ways of detecting THz waves, then,
we will introduce the main characteristic of the THz frequency band. After that, we
will describe some non-exhaustive methods of detection of THz waves.

2 Handling Terahertz Radiation

The terahertz wave domain is located between infrared and microwave, at the border
of optics and radioelectricity, so that the terahertz sources are inspired by those of the
two branches of physics. However, their effectiveness here decreases very sharply:
this leads to the appearance of the “terahertz gap.” This chapter includes a review of
different methods for generating and detecting terahertz radiation.

3 Interest, Capacity, and Potential of THz Radiation

THz radiation is attracting increasing interest from public services or industry, and
certain application niches are already well targeted. By way of example and to cite
the most popular applications, mention should be made of the transmission of data in
terahertz mode which will make it possible to increase the currently accessible data
rates [19], the study of ultra-fast molecular dynamics [20], the imaging of skin cancer
cells [21], the detection of prohibited substances (explosives [22] or narcotic drugs
[23]) through their packaging. All those applications need detection method in order
to have practical implementation. For that, we will begin by succinctly presenting
the different techniques that can be used for the detection of explosives in particular
by THz technology. Then we will briefly present the different methods of detection
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making it possible to fill the THz gap, showing the interest of THz in the time domain
for the detection of explosives.

4 THz Detection Methods

THz detection methods with equivalent sampling by photoconductive antennas, by
electro-optical sampling, and by plasma in air are discussed here. In addition, SDI
and bolometer detection systems are discussed later in this chapter.

4.1 Equivalent Time Sampling

A THz pulse has a duration of the order of a picosecond, and therefore, standard
electronics are not fast enough to sample several points of the same pulse and recon-
struct its shape. In this case, equivalent time sampling shall be used. For this, the
signal to be measured must absolutely be periodic, which is the case for the pulse
THz since it is repeated several times in time (at each pulse of the laser). A delay
line is generally used in order to vary the delay between the THz pulse and the probe
laser pulse. For each delay, one can sample a different point of the THz wave. By
moving the delay line between each measurement, it is therefore possible to sample
the waveform THz point by point (see Fig. 1) [24]. Equivalent time sampling is
possible because the probe pulse used to sample is much shorter than the THz pulse.
Note that this technique is often carried out using a synchronous detection amplifier
and that several measurements are then acquired for each position of the delay line
in order to reduce the measured noise.

Fig. 1 Equivalent time
sampling
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4.2 THz Detection by Photoconductive Antennas

The principle of detection by photoconductive antennas is similar to that of gener-
ation. As for the generation, a laser pulse (visible or infrared) is sent to the semi-
conductor component of the antenna, between the two electrodes, in order to reduce
its resistance. On the other hand, unlike the generation, no potential difference is
imposed between the electrodes; here, it is the incident THz field which acts on the
displacement of the photoporters. A current can then pass between the two electrodes.
By measuring this current, we can determine the THz field using the expression that
binds the two, i.e., [25]:

I (t) = t∫
−∞

ε
(
t − t ′

)
ETHzdt

′ (1)

where I(t) is the current induced by the THz field, ε is the surface conductivity of
the semiconductor, and ETHz is the electric field THz.

Photoconductive antennas are mainly used for the detection of low and medium
high THz electric fields. Indeed, a strong THz electric field could induce nonlinear
effects in the semiconductor and the above formula would then no longer be valid
[13].

Generally, the detection of terahertz radiation using photoconductive antennas is
quite similar to its emission: This time it is the incident terahertz electric field which
induces a voltage between two arms of the antenna connected by a transmission
line to a current amplifier. Indeed, a laser pulse excites charge carriers beyond the
bandgap of the semiconductor photoswitch. The charge carriers are accelerated by
the external terahertz field to be detected, such that, still in the context of the Drude
model. The current measured by an ammeter is then the convolution of the sampling
field E (d)

S and the flow of charge carriers in the detector antenna:

I (d)(t) = E (d)
S ∗ (

en(d)(t)V (t)
)

(2)

where V (t) is the speed of the charge carriers and n(d) which is the initial density of
the charge carriers in the detector is giving by:

n(d)(t) = n(d)
0 exp

(
− t

τ (d)

)
(3)

τ (d) is the relaxation time of the detector material, possibly different from that of the
emitter. Since the electronics associated with the detection antenna are slower than
the optical processes, the experimentally measured signal represents a time average
of the current I (d)(t).

For the detection of terahertz radiation, a Hertz dipole geometry can be used
(Fig. 2) [26]. The semiconductor material is most often low temperature gallium
arsenide or silicon on sapphire substrate damaged by radiation (see above for their
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Fig. 2 Diagram of a
terahertz detection antenna

electronic characteristics); we use antennas manufactured in LT-GaAs on the tech-
nological platform of the IEMN (Villeneuve d’Ascq). The transmission lines form
a separation of 5 μm. Once again, a good operation of the circuit can be verified by
measuring its resistance which must fall sharply when the antenna is illuminated;
typically, it goes from about ten mega-ohms to a few hundred kilo-ohms.

In the sameway as in the case of the transmitting antenna, a high-resistivity silicon
lens is placed on the surface of the semiconductor and makes it possible to collect
more signal. The electric field of the incident beam sampled with a femtosecond laser
(typically, 30 mW) induces a current between the two arms of the detector antenna
connected by the transmission line to a current preamplifier and a synchronous detec-
tion amplifier coupled to a mechanical chopper inserted in the terahertz beam (all
three are provided by Stanford Research Systems, USA); this technique makes it
possible to considerably increase the signal-to-noise ratio. It should be emphasized
that, the current being positive or negative, this type of detector makes it possible to
measure the terahertz electric field directly.

The electrooptic detection of the signal is done by the opposite effect to the optical
rectificationwhich is thePockels effect (linear electrooptic effect). The terahertzwave
arriving on an electrooptic crystal (typically, ZnTe or GaP) modifies its refractive
index and two photodiodes record the difference in intensity of two beams separated
by aWollaston prism, proportional to the terahertz field to be detected. This technique
is called optical sampling and was proposed in 1995 by Wu and Zhang [27].

The advantage of this method lies in the low dispersion of certain crystals in the
terahertz region. Among the crystals of LiTaO3, LiNbO3, and ZnTe, it is the latter that
has shown the most performance for the detection of terahertz pulses. Electrooptic
terahertz receivers showed exceptional performance at high frequencies, but could
not cover the entire spectral continuum covered by photoconductive receivers. The
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reason for this is the absorption of phonons in crystals used in the terahertz region
and the strong spectral dependence of electrooptic susceptibility.

4.3 THz Detection by Electro-Optical Sampling

Electro-optical sampling (EOS) is a technique based on the Pockels effect, which is
the inverse of optical rectification. The Pockels effect is the induction of birefringence
in a nonlinear crystal by a DC wave. In the case of THz detection by electro-optical
sampling, it will be approximated that the THzwave is a DCwave since its frequency
is much smaller than the visible or near infrared wave used as a probe. The THz wave
is therefore sent on a non-centrosymmetric crystal, which induces a change in the
polarization ellipsoid in the crystal, and therefore in the ellipsoid of the refractive
indices of the crystal. For example, for a ZnTe crystal (or any other crystal with a
blende-like structure), the ellipsoid of indices becomes [28]:

α2 + β2 + γ 2

n20
+ 2r41Eαβγ + 2r41Eβαγ + 2r41Eγ αβ = 1 (4)

where α, β, γ are the spatial coordinates corresponding to the axes of the crystal, n0
is the refractive index of the crystal without exposure THz, r41 is the electro-optical
coefficient of the crystal and Eα , Eβ , Eγ , are the electric fields THz applied along
the axes α, β, γ .

The THz wave thus induces a birefringence in the nonlinear crystal. This bire-
fringence is probed by a second beam sent on the crystal. This beam, visible, or near
infrared undergoes a change in polarization during its passage in the birefringent
crystal since the optical component parallel to the slow axis of the crystal undergoes
a phase delay with respect to the optical component parallel to the fast axis of the
crystal [28]:

�ϕ = 2πL

d
�n (5)

where �ϕ is the induced phase difference, L is the thickness of the crystal d is the
central wavelength of the probe pulse and�n is the difference between the refractive
indices of the slow and fast axes of the crystal. For a beam orthogonal to an oriented
ZnTe crystal (110) with an electric field oriented along the axis (–110) of the crystal,
i.e., the optimal position [29]:

�ϕ = 2πn30Lr41ETHz

d
(6)

where ETHz is the electric field THz.
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By measuring the change in polarization, i.e., the phase shift, it is therefore
possible to calculate the magnitude of the electric field THz that caused the bire-
fringence. To do this, a balanced detection is generally used. A pair of photodiodes
and a Wollaston prism are then used to measure the orthogonal components s and
p of the polarization of the laser pulse. The signals from the photodiodes are then
directed to a synchronous detection amplifier where they are subtracted and filtered.
The difference of the signals is proportional to the THz field provided that the posi-
tion of the quarter-wave plate of the mounting has been adjusted beforehand so that
the difference is zero without a THz field [30]:

M = I1 − I2
I1 + I2

= 1

2
(1 + sin(�ϕ)) − 1

2
(1 − sin(�ϕ)) = sin(�ϕ) = �ϕ (7)

where M is the modulation measured with the photodiodes and I1 and I1 are the
intensity of photodiode 1 and 2, respectively.

It should be pointed out that �ϕ ≪ 1 was assumed in order to obtain a linear
formula, and therefore, this formula can only be used with small phase differences.
By combining Formulas (6) and (7), we obtain:

ETHz = dM

2πn30Lr41
(8)

• Over-rotation during electro-optical sampling

It is noted in Formula (7) that the modulation is bounded by −1 and 1 for phase
differences of −π /2 and π /2, respectively. If the phase difference exceeds π /2, the
modulation decreases instead of increases since it has a sinusoidal behavior. This
problem related to electro-optical detection is called over-rotation. Since a large
phase difference is usually caused by a high electric field, EOS can only be used for
detecting weak THz fields if over-rotation is to be avoided.

There are of courseways towork around the over-rotation problem and detect high
THz fields. According to Formula (6), a smaller phase difference can be obtained
by using a thinner detection crystal or having a lower electro-optical coefficient.
In the first case, it should be known that a THz pulse incident on a crystal always
generates reflections, which can also be detected. The thinner the crystal, the closer
the reflection is temporally to the main pulse, and therefore, the more it is necessary
to reduce the time window of the measurement in order to avoid measuring the
reflection. However, a short time window also means a low frequency resolution,
which is generally undesirable. In addition, a thinner crystal also means a shorter
interaction length of thewaves in the crystal, which results in a decrease in the Signal-
to-Noise Ratio (SNR). In the second case, it is actually possible to use a crystal with
a lower electro-optical coefficient than ZnTe, for example, gallium phosphide (GaP),
and with which it is much more difficult to obtain over-rotation. On the other hand,
the measured signal-to-noise ratio is then lower.
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Fig. 3 Over-rotation in a THz pulse measured by EOS

The most common solution to over-rotation is the addition of silicon waffles in
the mounting just before the detection crystal (see Fig. 3). Part of the THz pulse
(30%) is reflected on each silicon waffle. The goal is to add enough silicon waffles
so that the THz field reaching the crystal is both under the over-rotation limit and
in the linear regime (sin(�ϕ) = �ϕ). However, adding several silicon waffles may
cause some deformations in the detected THz field. In addition, a high THz field can
induce nonlinear effects in silicon and the reflection on each waffle is then lower
than 30%. Also, multiple THz reflections on the silicon waffles are always at the tail
of the main pulse in a measurement, which limits the time acquisition length and
therefore the frequency resolution.

Of course, if silicon waffles are added to the assembly, this must be taken into
account when calculating the THz field. By also adding the reflection losses on the
detection crystal, we obtain:

ETHz = dM

2πn30Lr41
0.7
N

(9)

where 
 is the transmission coefficient through the detection crystal and N is the
number of waffles of Si. Each waffle transmits 70% of the THz wave.
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4.4 THz Detection by Plasma in Air

There are two methods of plasma THz detection in air called THz-ABCD. The first
is THz Air Breakdown Coherent Detection. The principle is very similar to THz
generation by plasma in the air: A femtosecond laser is focused in the air, which
generates a plasma whose charges are accelerated. If one sends a THz pulse to be
detected on the plasma at the same time (or almost) as the laser pulse, there will
be generation of the second harmonic of the laser beam. By detecting this second
harmonic using a photomultiplier tube, the THz field can be deduced:

I2ω ∝ |E2ω|2 ∝ (
W (3)EωEω

)2
E2
THz (10)

where I2ω is the intensity of the second harmonic of the laser, W (3) is the 3rd order
nonlinear coefficient of the plasma, Eω is the laser electric field, E2ω is the electric
field of the second harmonic of the laser, and ETHz is the electric field THz.

Unfortunately, since we only measure the intensity of the second harmonic, we
cannot measure the electric field coherently. To achieve consistent detection, a very
intense laser intensitymust be used. At high pump intensity, the white light generated
by the plasma contains a non-negligible second harmonic component that must be
considered in the calculation [31]:

I2ω ∝ |E2ω|2 ∝ (
W (3)EωEω

)2
E2
THz + 2

(
W (3)EωEω

)
ETHzE

2ω
SH + (

E2ω
SH

)2
(11)

where E2ω
SH is the electric field of the second harmonic from the plasma.

If the field of the second harmonic coming from the plasma is high enough,
the first term of Formula (11) becomes negligible and the intensity detected by
the photomultiplier tube is then proportional to the electric field THz, making the
detection method consistent. Of course, a drawback is that it is not possible to detect
a THz field that is too large (or it is necessary to compensate with the intensity of the
pump laser) since the first term of Formula (11) would then no longer be negligible.
The second THz method is THz Air Bias Coherent Detection (THz-ABCD). This
method requires a lower laser intensity, but an AC electric field must be applied close
to the focal point. The intensity detected with a photodetector is then:

I2ω ∝ |E2ω|2(W (3) Iω
)2(

E2
THz + 2ETHzESFI + E2

SFI

)
(12)

where ESFI is the alternating electric field imposed on the plasma.
Modulation of the applied electric field makes it possible to use a synchronous

detection amplifier in order to measure only the second oscillating term at the
frequency of the applied AC signal. An intensity proportional to the electric field
THz is thus measured. We then have:

I2ω ∝ 2
(
W (3) Iω

)2
ETHzESFI (13)
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This type of detection makes it possible to improve the bandwidth of the measure-
ment compared with the electro-optical detection seen above. There are also no
multiple reflections of the laser on the faces of the electro-optical crystal or the
photoconductive substrate, nor any danger of damaging the detector material by
too high a laser intensity. On the other hand, the very high laser intensities and the
sometimes necessary high voltages are clearly a material limitation.

4.5 Frequency Domain Interferometry THz Detection

Frequency domain interferometry (SDI) is a detection technique used in several
fields. A standard assembly based on a Michelson interferometer is shown in Fig. 4.
In Fig. 4, a separator blade separates an incident pulse into two pulses. One of the two
pulses follows the path of the sample arm while the other follows the reference arm.
The two pulses are then recombined by the same separating plate and interfering in
a spectrometer.

The principle is first to split in two a beam from a coherent source (often a
laser pulse). The first beam is used to probe the sample while the second serves as a
reference. In the case presented here, the sample beam is reflected on the samplewhile
the reference beam is reflected on a planemirror. The two beams are then recombined
together and directed to a spectrometer. The spectrometer is typically composed of
a diffraction grating, which spatially separates the constituent wavelengths of each
of the two beams, followed by an grating of photodetectors, which records the light
intensity as a function of the wavelength. Since the beams are coherent, they interfere
and the detector therefore measures fringes. After numerical transformation of the

Sample arm 
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Sample  

Fig. 4 SDI mounting type
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space of wavelengths to the space of wavenumbers (k = 2πλ), the intensity of the
fringes can be described by the following formula:

Ii (k) = Ip(k) + Ipr (k) + 2
√
Ip(k)Ipr (k) cos(kL + ϑ0) (14)

where Ii is the intensity of the fringes Ip is the intensity of the pulse reflected on the
sample Ipr is the intensity of the pulse reflected on the reference, i.e., the mirror k is
the wavenumber L is the optical path difference between the sample and reference
beams at the spectrometer ϑ0 is a phase constant.

According to Formula (14), the frequency of oscillation of the fringes is given by
the optical path difference between the sample and reference pulses. The frequency
can be extracted using a Fourier transform of the interferogram in wavenumber k. It
is then possible to deduce therefrom the position of the sample or even the topog-
raphy of the sample if the latter is displaced laterally between two measurements.
SDI detection can be used for several purposes. These include the measurement of
small distances at high resolution, atmospheric radar, phase microscopy, and ultra-
sound imaging of arteries. However, its most common and well-known application is
Optical Coherence Tomography (OCT). There are three types of OCT: Time Domain
OCT (TD-OCT), frequency Domain OCT (SD-OCT), and frequency swept Source
OCT (SS-OCT), which is a variant of SD-OCT.

The SD-OCT mount is the same as shown in Fig. 4. The coherent source is then a
broadband infrared source, i.e., it contains a wide frequency range and therefore has
a very short coherence length. For this reason, there will be interference between the
sample beam and the reference beam only if the optical path difference between the
two is smaller or equal to the coherence length of the source. At the spectrometer,
instead of observing an infinite number of fringes, we will therefore observe a local
interference pattern composed of a finite number of fringes.

Figure 5 illustrates the principle of operation of the SD-OCT. An incident beam on
a semi-transparent sample is then reflected by each interface between two different
refractive indices. For example, it can be assumed that a first light ray is reflected
by the input surface of the sample, a second by an internal structure of the sample,
and a third by the output surface of the sample. After being reflected by the sample,
these three rays are directed to the spectrometer, where their constituent wavelengths
are spatially separated by a diffraction grating. The reference beam also reaches the
diffraction grating and then interferes with each of the rays reflected by the sample.
Since the optical path traveled by each of the three rays reflected by the sample
is different, their optical path difference with the reference beam is also different.
The three interference patterns produced will therefore have different oscillation
frequencies according to Eq. (14). These three interference patterns are detected and
added together by the array of photodetectors. By making the Fourier transform of
the total interference pattern, we obtain three peaks corresponding to the three optical
path differences, i.e., a depth profile of the sample. A 3D scan of the sample can be
obtained by scanning its surface with the sample beam.

OCT in general has been used in a wide range of applications including glau-
coma detection, eye tissuemovementmeasurement for eye disease diagnostics, tissue
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Fig. 5 Principle of operation of the DS-OCT

differentiation, and industrial part metrology [32, 33]. OCT in the frequency domain
offers advantages such as better sensitivity and faster acquisition than OCT in the
time domain [34].

4.6 Bolometers Detectors

Bolometers are detectors very sensitive to thermal radiation and are among the most
widely used infrared detectors in the IR spectrum including the THz frequency range.
The detector element is extremely sensitive to temperature change. Their principle of
operation is such that the thermal radiation that hits the detector causes a temperature
change. This will then lead to a change in resistance which gives access to a variation
in the measurement of the voltage across an external reading circuit (Wheatstone
Bridge). There are several types of bolometers [35]: • Metallic: the typical metals
used in this type are nickel, bismuth, platinum, and titanium. They operate at room
temperature and are easily integratedwith CMOS technology. They are characterized
by low noise, on the other hand, their temperature coefficient is low which decreases
their performance.

The semiconductors used amorphous silicon, germanium, and alloys such as SiGe.
Their temperature coefficient depends on the manufacturing process but it is of the
order of 10 times higher than that of metals. Semiconductor oxides are also used
such as GexSi1-xOy or vanadium oxide (V0x). * Hot electron superconductors: For
a better bolometer sensitivity, the resistivity of the thermistor material must show a
strong temperature dependence. The known high dependence of the resistivity of a
superconductor on temperature makes it a natural choice for a thermistor material in
bolometers. Note that unlike the other two types of bolometerswhere the resistance of
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Fig. 6 Resistance variation of a semi-conductor, b superconductor. α is the variation coefficient
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their thermistor decreases with temperature, here the resistance of a superconductor
increases with temperature (Fig. 6).

Golay cells and pyroelectrics are the most widely used commercial detectors due
to their reasonable sensitivities. On the other hand, their response speeds are too slow
(generally of the order of a few milliseconds), and they are very difficult to arrange
in matrices which is a handicap for applications such as in imaging; Bolometers
although they are capable of detecting frequencies above 2 THz, they require a
response time of a few milliseconds, an electrical polarization but also sometimes a
cryogenic temperature.

5 SDI Versus EOS Detection

In Sect. 4, we have described several detection methods, the most common of which
is electro-optical sampling (EOS). EOS, however, is limited by over-rotation for
strong THz fields. While various methods exist for circumventing the over-rotation
limit, the latter always have drawbacks such as the reduction of the signal-to-noise
ratio, a limited time acquisition length, or the deformation of the detected pulse THz.
An alternative electro-optical detection method would therefore be advantageous for
the measurement of intense THz fields.

In 2012, Sharma et al. [36] developed a new electrooptic detection method based
on an SDI system. The technique makes it possible to measure the phase change
undergone by the probe wave when it passes through the electro-optical crystal by
interferometry instead of measuring its polarization change with a polarizer.

During THz SDI detection, the probe pulse is temporally divided in half before
reaching the detection crystal. The division is carried out using a glass plate: The
laser pulse reflects first on the outer face of the glass plate, and then on its inner face,
which creates two consecutive pulses. The first pulse reaches the crystal 3 ps before
the second pulse. By adjusting the lengths of the probe and THz optical paths, it
is possible to obtain that the first probe pulse passes through the crystal before the
THz pulse while the second probe pulse passes at the same time as the THz pulse
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(see Fig. 7). The first pulse serves as a reference, while the second probe pulse is
phase shifted by the birefringent crystal and therefore contains the information to be
measured. The two probe pulses are then directed to a spectrometer consisting of a
diffraction grating, a cylindrical lens, and a CCD camera. The two probe pulses are
diffracted by the grating, after which they interfere together. Fringes are therefore
observed on the camera, with an intensity given by the Formula (14). Here, it is
the instantaneous phase differences between each of the Fourier components of the
two probe pulses that it is desired to extract since they are induced by the THz field
and proportional to the latter. Instantaneous phase differences can be extracted as
follows:

ϑ = arctan

(
Im(F(I (k)))

�(F(I(k)))

)
(15)

where ϑ is the instantaneous phase difference between the two probe pulses, Im(.)

is the imaginary part, �(.) is the real part, and F(I (k)) is the Fourier transform of
the intensity of the fringes I(k) (see Formula (14)).

For the calculation of the instantaneous THz field, the value of the phase shift
corresponding to the center frequency of the probe pulse is generally selected. As
mentioned in Sect. 4.5 and observed in Fig. 7, the probe pulse is much shorter
than the THz pulse, and therefore, it can be approximated that the calculated phase
corresponds to a single point of the THz wave. To measure the complete THz wave,
the glass plate is placed on a delay line that makes it possible to vary the optical
path difference between the probe and THz pulses. For each position of the delay
line and therefore for each point of the pulse THz, the phase must be calculated. It is
noted that, since the phase is calculated using an inverse tangent function, the result
is always between –π /2 and π /2. To avoid phase jumps and thus obtain a continuous
waveform, a standard phase unwinding algorithm is used.

THz pulse

two probe 
pulse

Fig. 7 Synchronization of THz pulses and probe on crystal
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During standard electro-optical sampling, it was desired to measure the phase
difference between the components s and p of the probe pulse passing through the
birefringent crystal. Here, it is rather desired tomeasure the phase difference between
two probe pulses, one having passed through the birefringent crystal and the other
having passed through the same crystal but without birefringence. Since the SDI
technique is based on interferometry, the maximum detectable phase is theoretically
limited by the coherence length of the source. However, the discrete sampling of
the interference pattern by the pixels of the CCD camera limits the actual maximum
detectable phase to a value lower than this theoretical limit. Indeed, according to
Eq. (14), the greater the measured phase, the greater the frequency of oscillation
of the fringes becomes. However, according to Nyquist, a signal must be sampled
with a frequency at least twice as high as that to be sampled. In other words, an
interferogram cannot be sampled if there are too many fringes for the number of
pixels in the camera. The maximum phase detectable by the spectrometer is called
the depth range. If the spectrometer camera contains N pixels, a maximum of 2
fringes can be sampled according to the Nyquist criterion. In this case, according to
Formula (14), we obtain:

�spectroscopyLMax = 2π
N

2
(16)

LMax = Nπ

�spectroscopy
(17)

where �spectroscopy is the spectral range of the spectrometer, LMax is maximum
optical path difference detectable, N is the number of pixels of the CCD camera
(perpendicular to the fringes).

The spectral range of the spectrometer is chosen as a function of the source used.
This is because if the spectral range is too small, part of the spectrum is lost, and
if it is too large, the resolution after FFT is reduced. It is therefore established as a
criterion that the resolution after FFT must correspond to the axial resolution of the
system, i.e., the minimum distance between two objects that can be solved by the
spectrometer. Axial resolution is defined as the mid-height width (FWHM) of the
source spectrum after FFT. For a Gaussian source, we get [37]:

Axial resolution = 2λ2
O ln(2)

π�λsource
(18)

where λO is the central wavelength of the source and �λsource is the bandwidth of
the source.

Since the source used has a wavelength of 790 nm and a bandwidth of 40 nm
and the camera has 1024 pixels, the theoretical depth range is 3.53 mm. Considering
that a phase difference of 2π corresponds to a wavelength of the laser, the maximum
measurable phase difference is therefore 8924π, compared to π /2 for EOS [36].
Another advantage of the SDI over the EOS is that no synchronous sensing amplifier
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Fig. 8 Terahertz electric field detection using the conventional EOS, and the SDI techniques

is needed, making mounting more accessible. Despite its excellent performance in
terms of maximum detectable phase difference, the SDI system also has its draw-
backs. The glass is used to temporally separate the probe pulse and limit the temporal
acquisition length of the pulse THz. Indeed, the first probe pulse must not be super-
imposed on the field THz, and therefore, it is possible to acquire only 3 ps of the pulse
THz, i.e., the time separating the two probe pulses. The limited time window results
in a limited frequency resolution. In addition, the signal-to-noise ratio obtained with
SDI detection is much lower than with the standard EOS (see Fig. 8). Sharma et al.
[38] attribute a majority of the noise in the signal to mechanical vibrations in the
system, in particular the angular vibration of the glass blade. Finally, most of the
initial probe pulse is transmitted through the glass slide instead of being reflected
there and is therefore not used for detection. The contrast of the fringes on the camera,
and therefore the signal-to-noise ratio, is then lower than if 100% of the probe beam
were used.

6 Conclusion

In this first chapter, we defined the THz domain and presented its interest thanks to
its physical properties. We introduced a number of THz detectors and discussed the
pros and cons of each. It is clear that enormous efforts are still to be made and that
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recent advances in both electronics and photonics are to be continued even if only by
the levels of power/sensitivities achieved by current emitters/detectors. The objective
in this work is part of the development of a THz detector with a wide bandwidth, a
high response speed, a high cut-off frequency, and above all the ability to operate at
room temperature.
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On the Effective Electron Mass
in Quantum-Confined THz Materials
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S. K. Biswas, and K. P. Ghatak

Abstract The Effective ElectronMass (EEM) is studied in bulk specimens and also
under strong magnetic field (B). Taking various THzMs we observe that normal-
ized EEM increases with increasing doping, intensity and wavelength, respec-
tively. The EEM decreases with increasing alloy composition; the EEM exhibits
increasing dependence with intensity and wavelength under magnetic quantization.
The EEM will change with other physical quantities in various ways which shows
their individual quantum signature.
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Keywords Effective electron mass · Terahertz materials · Magnetic field ·
Wavelength · Intensity

1 Introduction

The concept of Effective Electron Mass (EEM) is very important in the realm of
terahertz materials (THzMs) [1–25]. The THzMs are being widely studied in the
literature [13, 26–39], and the EEM affects all other electronic, electrical and thermal
properties of the conduction electrons in THzMs. The EEM is studied for THzMs
under different physical conditions as stated in the abstract.

2 Method

The EEM in ith direction in k-space can be defined as [13, 26–39]

m∗
i (EF ) = �

2ki
∂ki
∂EF

(1)

where the symbols are defined above.
From (1), we note that the EEM can be derived and for that we need the energy-

wave vector relation (EWR) of a particular THzM. By using the different EWR as
given in [1–25], we can find out the EEM (denoted by α1) for various THzMs which
are plotted in Figs. 1, 2, 3, 4, 5 and 6. The n0 has been calculated in each case by
using the Uncertainty principle of Heisenberg under different quantization.

3 Result and Discussions

1. From Fig. 1, we note that the normalized EEM increases with increasing n0 for
bulk THzMs.

2. From Fig. 2, we note that the normalized EEM increases with increasing I for
bulk THzMs.

3. From Fig. 3, we infer that the normalized EEM increases with increasing λ for
bulk THzMs.

4. From Fig. 4, we note that the normalized EEM changes with increasing x for
bulk THzMs.

5. Figures 5 and 6 reflect the fact that EEM exhibits increasing dependence with
I and λ under magnetic quantization.
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Fig. 1 Plots of α1 versus n0
for the indicated materials in
figures a–d for finite I where
the graphs a, c are valid for
� �= 0 and � = 0. The
graphs b, d show the same
when I = 0. The graph e is
for parabolic energy bands
which is valid for both I = 0
and I �= 0
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Fig. 2 Plots of α1 versus I
for the indicated materials

Fig. 3 Plots of α1 versus λ

for the indicated materials
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Fig. 4 Plot of α1 versus x
for the indicated material

Fig. 5 Plot of α1 versus I
for indicated materials for
I �= 0 and finite B

Fig. 6 Plot of α1 versus λ

for indicated materials for
I �= 0 and finite B

4 Conclusion

The EEM is studied in bulk specimens and also under strong magnetic field (B).
Taking various THzMs, we observe that normalized EEM increases with increasing
doping, intensity and wavelength, respectively. The EEM decreases with increasing
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alloy composition; the EEMexhibits increasing dependencewith intensity andwave-
length under magnetic quantization. The EEM will change with other physical
quantities in various ways which shows their individual quantum signature.
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Opportunities and Challenges in THz
Communication

M. Bharathi, A. Amsaveni, and R. Priyadharshini

Abstract Terahertz communication is the feasible solution for satisfying the demand
for higher bandwidth.However, THzchannel is highly different from lower frequency
bands and poses lot of technical challenges in the design and deployment of commu-
nication system. High path loss and absorption loss is one of the critical challenges
to be addressed in THz band. Due to this high absorption loss, THz waves can be
used only for short distance (<5 m) Communication. The channel characteristics in
THz band have to be investigated thoroughly for reliable communication over this
band. As it is possible to obtain Tbits/s data rate over this band, the signal processing
algorithms in the higher layers of the communication stack need to be revised to
handle terabits level data. Design of transceiver to operate in the THz region with
wide bandwidth is another technical challenge to be addressed. Highly directive
antenna is needed to overcome the path loss problem. The bandwidth of the antenna
should be high enough to handle the range of frequency. Large antenna array with
nanomaterials/metamaterials to satisfy the above requirements has to be designed.
The size of the antenna poses fabrication challenges. In spite of these technical
challenges, the recent advancements in THz channel modeling, signal generation,
detection, modulation, and antenna design are closing the THz gap. This chapter
defines the challenges in THz communication and reviews the approaches adapted
in the literature to address these challenges.

Keywords THz communication · Channel modeling ·Molecular absorption ·
Modulation · Channel coding ·MIMO · Antenna design · Transceiver design ·
Nanodevices

1 Introduction

The demand for wireless communication data rates is ever increasing. This high
demand is met to a certain extent by the advancements in the modulation schemes
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and the signal processing algorithms both at the transmitter and at the receiver ends.
However, the available bandwidth sets an upper limit for the achievable data rate.
Terahertz communication is one of the feasible solutions to overcome the spectrum
scarcity. The wavelength of Terahertz signal is lesser than microwave and ranges
from some tens of GHz up to limited range in THz. This band is less explored and
not used for active services. Very high data rate up to Terabits per Second (TBPS)
over a short range can be achieved using this frequency band. As the wavelength is
less in this range, antenna size is very small and hence nanodevices can communicate
using this spectrum [1].

THz wireless communications can be explored for AR and VR applications. Chip
to-chip-communication, on-chip communication, body area networks, communica-
tion between nanothings (IoNT), Remote Sensing, Biological Detection are some of
the possible applications in THz frequency. However, there are few technical chal-
lenges that need to be addressed to enjoy the benefits of this large spectrum. These
challenges include channelmodeling, highpath loss, antennadesign, etc. This chapter
discusses a few of these challenges with the present state of development.

2 Channel Modeling

The signal can propagate in either direct (Line of Sight—LOS) or indirect (Non-Line
of Sight—NLOS) paths through wireless communication medium. To completely
understand and study the channel, both LOS and NLOS paths must be considered
[2]. THz frequency waves are extremely absorbed by the molecules in the atmo-
sphere. Molecules in the atmosphere vibrate at certain frequencies and in those
frequencies, the absorption is more. Hence the molecular absorption depends on
the type of molecules present, the vibrating frequency, temperature, and pressure.
High Resolution Transmission Database (HITRAN) is the open source which takes
the composition of atmospheric gas as input and predicts the molecular absorption
(αmol( f, Tk, p)). For pure water vapor, the absorption coefficient as a function of
wavelength is given in Fig. 1. Frequency starting from 0.1 to 1.5 THz is considered
for this computation, and the wave numbers corresponding to this frequency start at
3.3 cm−1 and go up to 50 cm−1.

Fig. 1 Water vapor absorption coefficient as a function of wavelength
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Absorption coefficient was computed for temperatures 293 degree Kelvin (20 °C)
and 303 (30 °C) degree Kelvin and plotted in Fig. 1. From the graph, it is learnt
that as temperature increases there is a small decline in the absorption coefficient.
However, the peaking happens at same frequency for both temperatures. The peaks
occur at frequencies different frequencies spread throughout the region.

The free space absorption of the electromagnetic wave is given by [2]

AdB
abs( f, r) = αmol( f, Tk, p)r20 log e (1)

where ‘f ’ is the frequency of the wave and ‘r’ is the propagating distance.
Expansion of EMwave while propagating produces loss known as spreading loss

which is function of the distance traveled, frequency and is given by,

AdB
spread( f, r) = 20 log10

(4π f r)

c
(2)

where c = 2.9979× 108 m/s is the speed of light.
LoS path loss is primarily due to both free space absorption and spreading loss

and is given by,

AdB( f, r) = AabsdB( f, r) + AspreaddB( f, r) (3)

LoS path loss with respect to frequency is computed for two temperatures 20 and
30 °C and given in Figs. 2 and 3, respectively. Various propagating distances from 0.1
to 100 m are considered for this simulation. Path loss is highly frequency selective
and goes more than 100 dB for even for very short distance. At some frequencies,
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loss is too high and this forms transmission windows and over which data can be
transmitted effectively [3].

The transfer function of the direct path can be obtained by,

HLOS( f, r) = Hspread( f, r).Habs( f, r) (4)

where

Hspread( f, r) = c/4π f r and Habs( f, r) = e−
1
2 αmol( f,Tk ,p)r

TheNLOS path is more crucial in establishing communication in condition where
the direct path is blocked due to some obstacles. Electromagnetic wave reflection is
themajor factor for the NLOS path loss. Reflection depends on the surface roughness
σhs and the length of correlation lcorr [2]. Analyzing the reflection properties of the
surface helps in understanding the NLOS path loss. Kirchhoff scattering theory can
be employed for studying the EM wave scattering at rough surfaces.

The transfer function of the ith NLOS path is,

HNLOS
i ( f, r, ξi ) = Href,i ( f, ri2, θi1, θi2, θi3) × Hspread,i ( f, ri1, ri2).Habs,i ( f, ri1, ri2)

(5)

where

Href,i ( f, ri2, θi1, θi2, θi3) =
√
E

{
Rpower,i ( f, ri2, θi1, θi2, θi3)

}
,
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Hspread,i ( f, r) = c

4π f (ri1 + ri2)

Habs,i ( f, ri1, ri2) = e−
1
2 αmol( f,Tk ,p)(ri1+ri2)

r is the direct distance between the Tx and Rx.
ri1 is the distance between the Tx to the ith scattering point.
ri2 is the distance between the ith scattering point to the Rx.

Including both LoS and NLoS path, the overall transfer function of the channel
is given by

HEQ( f, r, ζ ) = HLOS( f, r)e− j2π f τLOS +
N∑
i=1

HNLOS
i ( f, ζi )e

− j2π f τNLOSi (6)

The vector ζ = [ζ1, ζ2, . . . ζN ] gives the coordinates for the scattering points,
which accounts for the parameters [ri1, ri2, θi1, θi2, θi3]. N is the total number of
NLOS paths.

For the simulation of transfer function, a rectangular room of length 5 m, width
and height 2.75 m and 2.5 m, respectively, is considered. Four NLOS paths as shown
in Fig. 4 are analyzed, and the total path loss is calculated. The transmitter and
the receiver are placed 2 m apart. LoS and NLoS transfer function is computed for
300 °C and is given in Fig. 5. It can be observed from the result that LOS path
is the predominant factor if exist. Under such condition, transfer function can be
approximated to the transfer function of LoS path.

Due to the high path loss in THz region, efficient methods need to be developed
to overcome the power loss in this band. High gain directional antenna, efficient
channel codes, and modulation schemes are few areas that need to be focused to
make THz communication possible.
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3 Modulation Schemes

To evaluate the performance of Terahertz channel, Binary Phase ShiftKeying (BPSK)
is used as a modulation scheme. In BPSK modulation technique, to encode each bit
a phase shift is introduced over a fixed time interval. The performance of the high
frequency channel for various distances is shown in Fig. 6. For small distances like
0.5, 1, and 2m, the error rate is low and the performance is acceptable. However, with
distance due to the absorption attenuation increases. Even with high signal-to-noise
ratio, for long distances, the noise floor dominates the signal, and hence, the error
rate is more.

Frequency-dependent path loss of THz channel demands novel modulation
schemes to be developed. From Fig. 7, it is observed that at some frequencies the
transfer function is very low, and these frequencies are not suitable for data transmis-
sion. It is the best practice to send data over frequencies where the loss is minimum.
The dips in the transfer function create transmission windows. The THz channel
needs unique modulation schemes considering these constraints.

The frequency selective nature of the channel is considered for designing the
modulation scheme for improving the performance of the system. The width of
the high attenuation bands mainly depends on the distance and humidity in the
air. Modulation scheme is designed such that these bands are excluded from data
transmission. This type of modulation scheme is known as adaptive modulation
scheme.Though the amount of data transmission is reducedwith adaptivemodulation
scheme, the Bit Error Rate (BER) is improved with such modulation techniques [2].
Comparison of channel performance with and without adaptive modulation is shown
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in Fig. 6. Significant improvement is observed in the case of adaptive modulation
scheme compared to non-adaptive technique. This improvement is observed in both
5 and 10 m propagation distance. In non-adaptive technique, high attenuation bands
in the transfer function such as 0.5–0.6 THz, 0.7–0.78, 0.93–0.98, and 1.09–1.2 are
not considered for data transmission.
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4 Multiple-Input Multiple-Output Systems

In the recent past, the demand for data rate is met with the help of Multiple-Input
Multiple-Output (MIMO) systems. MIMO technique exploits the space dimension.
Using MIMO technology, capacity of the channel and the spectral efficiency can be
improved. This also helps to improve the reliability of the communication medium.
MIMO is implemented by deploying Many co-located antennas at the receiver side
or/and transmitter side. The key idea behind diversity is that each antenna receives
different faded signal and the probability of all of them in deep fade is less. Thus
spatial diversity schemes improve reliability by reducing channel fluctuations due to
fading.

Figure 8 shows the schematic of THz channel with receiver diversity where
multiple antennas are deployed at the receiver side.

The signal received at ith antenna at the receiver side is given by

yi = hi x + ni (7)

In general form,

Y = HX + N (8)

where

Y = [y1y2 · · · yNr ]T is the vector consists of received signal from all antenna.
H = [h1h2 · · · hNr ]T is the vector consists of the channel seen by each antenna.
N = [n1n2 · · · nNr ]T is the vector of noise on the received signal.

The signal received through each antenna can be combined effectively using
various combining techniques. MaximumRatio Combining (MRC) is the commonly
used techniquewhich is optimal in termsofSNR.The transmitted symbol is estimated
using,

x̂ = HHY

HH H
(9)

Fig. 8 Schematic of receiver
diversity
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Deployment of more than one antenna at the transmitter and at the receiver is
the feasible solution to achieve better performance in THz environment. Multiple
antennas also help to achieve narrow beamwidth. The data throughput of THz
band can be increased with the help of MIMO technology. Many users can also
be supported in the same environment using MIMO. However, this advantage comes
with the cost of complexity. In the recent years to reduce the complexity and cost [4]
array of subarrays are used. Nano-sized antennas in this high frequency range lead
to ultra-massive architectures. 1024 × 1024 massive MIMO structure was designed
and the improvement was analyzed [5] using numeric and analytical examination.
Thismassive structure was capable of achieving a data rate up to 8 Tbps for a distance
of about 10 m. However, to improve the data rate and distance, it is not advisable
and feasible to increase the array size. As discussed in Chap. 2, adaptive modulation
with transmission window can be explored with MIMO system. Adaptive modula-
tion with receiver diversity is analyzed with different number of receiver antennas.
The performance of the systemwith varying receiver diversity is plotted in Fig. 9 and
shows the BER of adaptive modulation in combination with receiver diversity. For
a distance of 10 m and NRx = 32, there is a 25 dB gain with and without adaptive
modulation.

Another promising technology to improve the performance of communication
systems is Orthogonal Frequency Division Multiplexing (OFDM). This technology
helps to reduce Inter Symbol Interference (ISI) which occurs due to the dispersive
nature of the channel. In wideband channel when the delay spread is more than the
symbol duration, each symbol will interfere with the neighboring symbol and this
reduces the data that can be transmitted. Proper selection of the transmitted symbols
and the use of adaptive equalizers at the receiver side reduce the ISI effect. However,
the use of adaptive equalizer is complex as it needs high computational power to
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update and train the equalizer at regular intervals and reduces the spectral efficiency
of the channel. The promising technology to overcome the effect of ISI ismulticarrier
modulation which converts the wideband channel into parallel multiple narrowband
channels. Data is transmitted in each channel independent of the other channel. The
narrowband channels will be flat fading, and hence, the frequency-dependent channel
is converted to multiple narrowband flat fading channels.

OFDM with adaptive BPSK modulation and MIMO improves the performance
of the system. Figure 10 shows the variation of BER with OFDM.

5 Antenna Design

The bandwidth of the THz channel is too high and this can support the growing
demand of high data rate. The antenna that is used at THz communication should have
wider bandwidth. The directivity of the antenna plays an important role in mitigating
the distance constraint due to excessive path loss. Properties of the material are vital
in deciding the performance of antenna. Therefore, the impact of material properties
might be an interesting area to study further. These two needs can be achieved using
graphene-based huge antenna arrays. Surface plasmon polaritons (SPP) waves can
propagate at THz frequency with graphene as a material used for antenna design.
The velocity of SPP wave in graphene is almost twice compared to the velocity
in vacuum. Graphene outperforms copper and carbon nanotubes when it comes to
designing antennas with small footprints and great directivity [6]. Nanoelectronic
device can employ antenna arraymade up of graphene for communication. Graphene
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also enables the creation of reconfigurable directional antennas in addition to SPP
wave propagation. Plasmonic patch antenna based on graphene, a reconfigurable
graphene-based Yagi–UdaMIMO antenna, and planar antennas are some of the THz
antennas which are studied and explored. Antenna with superstate layers are also
explored in THz region to obtain multiple bands.

To counteract the path loss incurred at THz frequencies, a large antenna gain is
required, and this can be achieved with large antenna array [7]. Although printed
antennas can be used to create a huge antenna array construction, mutual coupling
is one of the key concerns in such antenna. Although there is a substantial amount
of study on mutual coupling reduction in the literature, it demands special attention
in the THz domain.

6 Transceivers Design in Terahertz Band

The development of transceivers with a large bandwidth in the THz frequencies is a
significant issue. The THz gap, which means that the frequency band is too high for
traditional oscillators and too low for optical photon emitters, makes signal creation
at THz frequencies challenging. As molecular absorption and path loss are high in
this band of frequencies, high power, high sensitivity, and low noise figure should be
taken into consideration while designing THz transceivers. Available oscillators will
not be sufficient to generate THz signals. There is considerable research happening
in the area of signal generation. However, the available solutions are costly and
also complex. Research efforts are needed to reduce the cost and complexity of the
available solution. THz signals can be generated either by top-down or by bottom-up
approach.

Multiplexers are used to generate THz frequency signal in bottom-up method.
Several multiplexers can be used in bottom-up method. With several multiplexers,
the total power and the intermodulation products will be more in the generated
signal. This results in highly distorted modulation signal with multiple mixers. The
number of multiplexers should be limited to avoid distortion created by intermod-
ulation and spurious effects. The top-down approach employs a photonics system
in which continuous or pulsed THz radiation is produced by laser stimulation of
semiconductors, and non-linear crystals or lasers are operated directly on THz
frequencies.

7 Present State of the Art

The performance of the THz channel in terms of the achievable data rates is discussed
in this section.

Amplitude Shift Keying is used in frequencies varying between 0.125 and 0.542
THz for distance varying between 0.1 and 5800 m. The data rate achieved with
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ASK was varying between 1 and 30 Gbps. OOK modulation scheme was used in
frequencies between 220 and 300 GHZ for distance for 0.04 to 60 m. The maximum
achievable data rate with OOK was up to 48 Gbps. 8-PSK and QPSK modulation
schemes were also explored for THz communication. 16 QAM modulation scheme
was also explored by many researchers and the data rate obtained was up to 100
Gbps.

8 Future Research Areas in THz Communication

Research gaps exist in the THz communication although considerable work is avail-
able in this spectrum. Focused attention is needed in every aspect of this new and
potential technology to make it practical. Figure 11 shows the areas that need to be
explored.

Critical issues including modeling of the channel, signal processing, design of
transceiver, antenna design, constraints of the physical layer, protocols for the upper
layer, security to be studied and analyzed to enjoy the benefits of this wide spectrum
and increase the data rates.

Fig. 11 Research areas in THz communication
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9 Conclusion

The demand for data rate is growing exponentially and this can be achieved only with
increased bandwidth. The available bandwidth is almost reaching its maximum limit.
Due to the growingdemand and advancements in smart handheld devices,multimedia
services are commonly used in modern wireless communication. The number of
people using wireless networks is increasing at a fast rate; today, there are 23 billion
devices connected to the internet and the prediction is that this number will reach 75
billion by 2025. Furthermore, when compared to a fixed wired network connected
to personal computer, people use mobile devices more and consume more data on
the mobile devices. So it is mandate to discover a way to meet this high demand.
The unexplored THz spectrum with ultrawide bandwidth enables high data rate
communication. Many literature study and analyze the channel and noise properties
of THz links, which differ significantly from those of currently used bands. Physical
layer requirements as well as the features that the upper layers must contain should
be studied in order to construct a proper communication system in THz bands. It
is necessary to develop new modulation and channel code schemes that account for
physical layer aspects such as energy efficiency, distance, and bandwidth. Because
of the significant attenuation inherent in THz bands, the design of amplifiers and
antennas is very critical in achieving high gain and directivity. The key issues in
the THz bands are signal production, transmission, and sensing; however, recent
work on graphene has opened up new vistas in signal generation because graphene
permits SPP waves to propagate. Antennas based on graphene are well suited for
nanonetworks. In addition to graphene, SiGe, InP, and InGaAs are widely studied
materials in transceiver design. Because the investigations have mostly focused on
the physical layer, the MAC and above levels must be thoroughly investigated to
cope with big bandwidths, high data rates, and a large number of nodes in a seamless
manner.
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Coding and Modulation for Terahertz
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Abstract Due to the huger demand for data traffic, today’s network devices face
great challenges and require urgent development of a high-speed broadband commu-
nications network. Efforts should bemade to increase channel capacity. As its propor-
tional to the channel bandwidth, the most effective way to rapidly expand channel
capacity is to increase the channel bandwidth and expand the available spectrum. In
this context, it is inevitable to switch to the terahertz (THz) band of 0.1–10 THz with
correspondent wavelength range of 3 mm at 30 µm, which is an area that has not
been thoroughly explored and has a very wide application value and development
space. THz is a key enabler of future fifth-generation (5G) and sixth-generation (6)
wireless communication systems. It shows great potential to mix an incredibly wide
variety of applications and devices with Ultra-high Data Rate rates up to Terabits per
second. Despite its characteristics of high-speed transmission, wide bandwidth, and
high security, terahertz faces various challenges; including the path loss is very sensi-
tive to water concentration and TX–RX distance. The frequency and distance depen-
dence of terahertz (THz) propagation channel can seriously degrade the Bit Error
Rate (BER) performance. In order to reach Ultra-high Data Rate THz Communica-
tion, it is imperative to develop novel modulation schemes and waveform designs
that provide a good compromise between low complexity, ultra-high throughput,
and low energy consumption. In addition, there is a necessity to modify, adapt,
and improve conventional Error-Control Coding mechanisms to find the tradeoffs
between error correction capabilities, energy consumption and latency, with themain
motivation on improving communication reliability for ultra-high-speed wireless
THz communication. This chapter mainly presents the principle of terahertz commu-
nication and provides the advances in coding and modulation for ultra-high-speed
THz communications.
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1 Introduction

To meet ultra-high-speed throughput requirements in wireless communication
systems, complex digital communication schemes and advanced signal processing
techniques have been used to boost the spectral efficiency and the channel capacity
[1]. However, as it’s proportional to the channel bandwidth, the most effective way
to rapidly expand channel capacity is to increase the channel bandwidth and expand
the available spectrum to run bandwidth-intensive applications for ultra-broadband
wireless communications.

In this context, it is inevitable to switch to THz band which is an area that has not
been thoroughly explored, and it has a wide potential applications.

It is for this reason, the IEEE 802.15 terahertz Interest Group has been created in
2008 to study the possibility of the terahertz for networking wireless communication
band [2]. As in 2014, there is an official IEEE standardization commission called
100 Gbps.

As shown in Fig. 1, THz and sub-THz communication involve the electromagnetic
spectrum domain in the range of 100 GHz (3 mm) to 10 THz (30 µm) and sub-THz
conversion range is between 0.1 and 0.3 THz [3].

THz communication systems can use the available bandwidth to attain terabits per
second (Tbps) throughput without any additional sophisticated Spectral Efficiency
Improving Techniques.

Fig. 1 Diagram showing of location for THz band in the electromagnetic spectrum
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Fig. 2 Atmospheric attenuation (dB/km) at various frequencies

There are many challenges that need to be addressed in signal and communication
processing for terahertz (THz) communications.

Figure 2 shows atmospheric attenuation (dB/km) at various frequencies, the signal
attenuation clearly peaks between 1 and 10 THz [4]. Propagation losses arise when
terahertz waves are absorbed by water vapor, carbon dioxide, and molecular oxygen.
As a result, the usable bandwidth is considerably shrinking with distance and ranges.

For very short-range communications less than one meter, molecular absorption
loss seems to be insignificant, and thus, the THz band behaves as terahertz wide
transmission window [5]. This substantial large bandwidth has encouraged the use
of modulation schemes based on exchange of 100 fs-long pulses is TS-OOK [6]
that take into consideration the difficulty of generating high-power of carrier signals
for THz band frequencies. It has been shown that as the molecular absorption is
exponentially increasing with distance; the available bandwidth of the THz trans-
mission is drastically shrinking [7–10]. And thus, the THz band is spited in multiple
transmission windows, tens to hundreds of GHz wide each. For longer distances, the
modulations that dynamically adjust the transmittedwaveform according to the trans-
mission distance appear more convenient and ultra-massive MIMO (UM-MIMO)
antenna systems [11–13] are needed to overcome the severe power limitations and
path losses.

The path loss and rapid modification of radio waves caused atmospheric scintil-
lation will significantly degrade the signal-to-noise ratio (SNR) and deteriorate the
bit error rate (BER) rendering of THz wireless communication.

Error-Control-Coding Techniques can be a favorable solution to increase the
system performance in channels. Traditional Error-Control Coding Techniques, such
as automatic repeat request (ARQ), forward error correction (FEC), or Hybrid auto-
matic repeat request (HARQ) techniques [14], are most complex and computation-
ally intense components in digital baseband signal processing. Encode-decode of
data packet necessity the time longer than that of their transmission. Because of
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the very limited computational capability and energy storage capacity of Nano-
devices, there is a necessity tomodify, adapt, and improve conventional Error-Control
Codingmechanisms tofind the tradeoffs between error correction capabilities, energy
consumption, and latency, with the main goal is to improve communication relia-
bility for ultra-high-speed wireless THz communication. The EPIC project [15, 16]
is dedicated exclusively to channel coding and is investigating the coding families’
turbo, low-density parity check (LDPC), low-density, and polar codes especially to
efficient implementations. This chapter mainly presents the principle of terahertz
communication and provides for readers the advances in coding and modulation for
ultra-high-speed THz communications.

2 Modulations Schemes for THz Communications

The classical approach used to improve the throughput is based on using higher-order
modulation formats and size of MIMO antenna array. Designing similar systems for
100 Tb/s requires an extremely large signal-to-noise ratio (SNR) to ensure high
performance. However, the distance and frequency dependent of the THz channel
significantly degrade the signal to noise ratio (SNR) and deteriorate the bit error
rate (BER) performance. In addition, Carrier-based modulation is particularly chal-
lenging at THzband owing to the faculties to generatemore than short high-frequency
pulses of a fewmill-watts (mW). In order to reachUltra-highDataRate THzCommu-
nication, it is imperative to develop novel modulation schemes waveform design for
THz Band communication that provide a concession between low complexity and
high throughput with a limited power consumption.

2.1 Pulse-Based Modulation

2.1.1 Time Spread On–Off Keying Modulation

Time Spread On–Off Keying (TS-OOK) is a technical modulation scheme used for
short-rang communication, this technique serves to share the channel among different
Nano-devices inTHzband. TS-OOK is constructed on the transmission and reception
of 100 fs-long pulses. Logic ‘1’ is modulated by using 100 fs-long pulse, and the
logic ‘0’ is modulated by silence [17].

The time interval between consecutive logical transmissions is fixed such that the
apparatus need not sense the channel all the time for all communication, and much
longer than the period pulse i.e., silence zones. This technique offers multiple access
mechanisms between the communication devices.

A nano-device does not all the time of the detection by channel, but it just delays
for the next transmission. The multiple access mechanism does not necessitate close
synchronization between nano-devices constantly. Transceiverswill be synchronized
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about the preamble of the package, in effect, the receiver detects the packet all over
the sequence transmission.

In the scheme of TS-OOKmodulation, the signal is transmitted on one basis. Since
information is encoded in the energy of the signal, demodulation can be realized using
an envelope detector [18].

The transmitted signal is given by:

suT (t) =
K∑

i=1

Au
i p(t − iT − τ u) (1)

where Au
i mentions to the amplitude of the i-th symbol of transmission u (i.e., ‘0’ or

‘1’), K is the number of symbols in the packet, p represent a pulse with period time
Tp, Ts is inter-arrival time, and τ u is initial transmission time retard.

TheTS-OOKmodulation funding a large number about the devices are transmitted
concurrently up to a few Tbits/s, since the time period symbols Ts is very longer
compared to the pulse period T p.

The symbol rate as following:

β = Ts
Tp

� 1 (2)

Despite its advantages, TS-OOK suffers of two main drawbacks; firstly, the
complexity to detecting the best value from the symbol rate to preserve a greater
throughput of the device depending on the number of active devices. i.e, if β = 1,
the communication symbols sent by the device will burst and reach the maximum
rate for each device. Therefore, only one device can access the channel at a time. As
β increases, the throughput per device is reduced.

Second drawbacks, if the two transmitters Tx1 and Tx2 start to transmit at two
different times, respectively, τ1 and τ2. We will have a collision production between
two synchronized communications at the level of the receiver where:

(τ1 + t1prop) mod Ts = (τ2 + t2prop) mod Ts (3)

where t1prop and t2prop represents the signal propagation time for Tx1 (resp.Tx2) to
receiver.

In the case where the transmitters and the receiver are stationary, we fix t1prop
and t2prop, the collision make the interest every symbols up to the one of about two
communications is completed.

The probabilities of pulses collision and the same channel collision concerning
two communications are expressed by:

Probcollision = Probco-channel = 1

β
= Ts

Tp
(4)
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From the co-channel collision, we can check the packet error correction in the
receiver, as a critical measuring the quality of the radio access modulation indicates
a co-channel collision.

On the receiver side, the signal formula received by a device v can be expressed
by:

sv
R(t) =

K∑

i=1

Av
i p(t − iTs − τ u) ∗ hu,v(t) + nu,v

i (t) (5)

where hu,v is the system impulse transfer between the devices u and v, in [8], and be
determined by on the optimal conditions and the space from the transmitter–receiver
(u, v). nu,v

i is the noise by the transmitter symbol i about (u, v).
Devices start transmission at any time its synchronization or control by same type

of the central entity networking, because Ts � Tp.
However, the possibility of using the channel simultaneously by several devices

because of very short Tp ≈ 100 fs, which implies a low probability of collision
between the symbols and on the other hand between the silences.

Figure 3 shows an example of TS-OOK modulation for two devices; Tx1 and Tx2

which transmit different binary sequences to another device Rx. The higher plot
represents the sequence ‘1011’, which is transmitted by Tx1. The initial Gaussian
pulse define the logical ‘1’, and the logical ‘0’ is defined by silence. This signal
propagates in the channel (therefore, deformed and retarded). In parallel, the next
plot represents the sequence transmitted by Tx2, ‘1101’. This next plot transmitted
is delayed by the receiver whether the first transmitter.

Fig. 3 TS-OOK modulation
utilized in terahertz
communication
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2.1.2 RD-TS-OOK Modulation

TS-OOK has a native limitation in a user data collision during a slot, which results
in a collision for all slots. Then, it is necessary to vary the duration of the time slots
of the users, i.e., their transmission rate; Rate Division Time Spread On–Off Keying
(RD-TS-OOK) is an improvement in terms of TS-OOK, where the transmitter starts
by declaring we can use β before sending the data.

RD-TS-OOK can be uses a different symbol rates in terahertz communications
by devices reduces the effect of selected interference (co-channel collision) [6].

Certainly, either two communications C1 and C2 are generated a co-channel
collision under the following two conditions:

[
βC1 mod βC2 = 0 and (τ1 + t1prop) mod TSC1 = (τ2 + t2prop) mod TSC2

]

or
[
βC2 mod βC1 = 0 and (τ1 + t1prop) mod TSC1 = (τ2 + t2prop) mod TSC2

]
(6)

In Fig. 2; a collision occurs at a receptor, then the next collision between the
nano-devices does not follow, except before a period of least commonmultiple LCM
(βc1, βc2), where:

LCM(βc1, βc2) = βc1 × βc2 (7)

The collision probability in the same co-channel of the RD-TS-OOK modulation
is writing as:

Probco-channel = 1

βmax − βmin
× 1

β
(8)

Figure 4 shows the example of RD-TS-OOK modulation for two devices; Tx1

and Tx2 transmit at the same time different binary sequences τ1 and τ2 to a third
device which receives Rx. The higher plot represents the sequence ‘1011’, which is
transmitted by Tx1 white a symbol rate T s1. This signal propagates in the channel
(therefore, deformed and retarded). In parallel, the next plot represents the sequence
transmitter by Tx2 white a different symbol rate T s2, ‘1101’. This next transmitter
is delayed about the receiver whether the first transmitter. In the signal received at
Rx, the second symbol of Tx1 is collided by the second symbol of Tx2. To avoid
collisions, you have to use different slots duration.

RD-TS-OOK technique has drawbacks. Firstly, we conclude the symbol rate is
selected made at random, does not modulate the regular use about the various β.
(i.e. induces an unbalancing between devices, using a βmin or βmax). Secondly, The
RD-TS-OOKmodulation does not keep the consideration of the traffic load, in order
to select the value of βmin and βmax.
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Fig. 4 RD-TS-OOK
modulation

2.1.3 DS-OOK Modulation

In Direct Sequence DS-OOK, each transmitter’s data with another symbol rates, the
access channel is authorized by multiple users concurrently with minimum overlap.
DS is used the every codes about the users, in transmission the signal crossing the
Thz channel, identical codes are used to dispread the signal at the receiver side [19].

Figure 5 shows DS-OOK communications, the pulse wave for THz-band nano-
communication has a Gaussian unicycle with a pulse size of around 100 fs expressed
as:

p(t) = 2
√
eAπ t fc exp

[−2(π fct)
2
]

(9)

where A, and fc are the amplitude and the frequency, respectively, of the pulse.

The signal propagate by DS-OOK, with the multiplication of all pulse for the user-
specific propagate code. The transmitted waveform of the user k is giving by:

Fig. 5 Signal mechanism of
DS-OOK technique
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sk(t) =
∞∑

i=−∞

N−1∑

n=0

p
(
t − iTs − nTp

)
bkja

k
n (10)

where themodulated data symbol is bkj , and a
k
n is the spreads code about user k. Then,

Ts = NTp is the symbol period, Tp is the single pulse time period, and N number of
pulses data bit [20].

On the receiver side, the signal received contain message information on the
expected retard and the spread code for the 0-th user. The signal form is represented
by:

r(t) = s0(t) ∗ h0(t) + M(t) + n(t) (11)

where s0(t) is the user’s signal and h0(t) is the channel impulse response. M(t) is
multiple-access interference (MAI) at the receiver, such as:

M(t) =
K−1∑

k=1

sk(t) ∗ h(t) + n(t) (12)

where n(t) is the THz band noise.
DS-OOK is a modulation protocol for THz band of multiple-access communica-

tions than a correlator receiver.

2.2 Carrier-Based Modulation

Carrier-based modulation techniques enable for the utilization of wider spectrum
bandwidths and shorter communication distances at perfect higher frequencies,
allowing for effective frequency planning on spectra without absorption and mini-
mizing noisy channel caused noise. At THz frequencies and at long distances,
molecule absorption losses outnumber propagation losses. Simple modulation
methods that necessitate low-complexity digital demodulation are given priority
(binary phase-shift keying and amplitude shift keying).

2.2.1 Single-Carrier

Single-Carrier (SC) modulations are favorable compared to orthogonal frequency
division multiplexing (OFDM), despite the difficulty of implementation in terahertz
communications. However, can be used in certain indoor THz communications, but
with multipath frequency selectivity in the channels, exactly at the receiver side.
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2.2.2 Multi-carrier

Multi-carrier reveals to be one of the most promising modulation schemes, and it
is defined as a form of multi-carrier modulation of multiple orthogonal sub carrier
frequencies of smaller bandwidth. However, there are many challenges remain to be
overcome in order to support multi-carrier in the THz region as: high complexity
transceiver, high PAPR, and stricter frequency synchronization. In order to address
these challenges, one of the promising multi-carrier modulation schemes is the
so-called Distance-Aware Multi-Carriers (DAMC) for terahertz communication at
distances from meters to kilometers. DAMC modulation allows adaptive transmis-
sions of various symbols on non-overlapping and regularly spaced sub-windows in
parallel. The DAMC scheme realized in a centralized control unit was proposed in
[21].

Figure 6 shows the three stages of DAMC; in the first step, the available transmis-
sion windows identifies and selected by the transmitter at a known communication
length and a path loss threshold value. Second step, all window are distributed into
some non-interfering sub-windows that are used about the transmission multi-carrier
signals. Last step, every carrier signal have amodulationwithM-QAM, such as order,
M, is dependent onmeeting the bit error rate (BER) and transmission power exigency
at the receiver (i.e., to maximize the data rate and increase the bandwidth efficiency,
thus to minimize power consumption keeping a minimum rate). For example, with
16-ary quadrature amplitude modulation (16-QAM) needs a signal-to-noise ratio
(SNR) of 14.9 dB for a bit error ratio (BER) of 10−6.

As Shown in Fig. 7, the transmitter signal s(r, t) is generated by multi-carrier
modulator, its expression is given by:

Fig. 6 Planning of DAMC modulation control unit of in THz communication band

Fig. 7 Schematic model of DAMC modulation communication
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s(r, t) =
M(r)∑

i=1

Ni∑

j=1

xi j (r)g(t) cos
[
2π fi j (r).t + ϕi j (r)

]
(13)

where M is the total number of transmission windows that is distance-adaptive, Ni

is the number of sub-windows in ith transmission window. In the jth sub-window of
the ith window xi j is the complex symbol for the long communication length r, fi j
and ϕi j are the carrier frequency and the phase offset, respectively. g(t) is a raised
cosine pulse with roll-off factor that a relates to the sub-window bandwidth

BWg = 1 + β

Ts
= (1 + β)Rs (14)

where T s is the symbol duration, which 0 ≤ t ≤ Ts, and Rs is the transmitted symbol
rate.

The receiver signal, y(r, t), is writing by:

y(r, t) = s(r, t) ∗ h(r, t) + v(t) (15)

where h is the transfer function of THz band transfer channel, and v is the total noise
with power spectral density Nw, (i.e., the noisy molecular absorption [22] and the
thermal noise at the receiver).

As shown in Fig. 8, a Multi-carrier modulation is divided a high density digital
stream into several low bit-rate schemes and transmit in parallel (Sub-Carriers).

3 Coding Schemes for THz Communications

Due the very energy storage capacity and limited calculator capability of Nano-
devices [23], there is a necessity to modify, adapt, and improve conventional Error-
Control Coding mechanisms to find the trade-offs between energy consumption,
error correction capabilities, and latency, with the main motivation on improving
communication reliability for ultra-high-speed wireless THz communication. The
EPIC project [17, 18] is dedicated exclusively to channel coding and is investigating
the coding families, LDPC codes, turbo codes; and polar codes, especially to efficient
implementations.

Turbo encode-decoding is ingrained serial; and LDPCCode decoding is ingrained
parallel. Polar encode-decoding is inherently performant serial on a code tree struc-
ture. Thus, the challenges for decoder implementations achieving 100 Gbit/s and
beyond are fundamentally different between the different coding schemes (i.e., turbo,
LDPC, andPolar codes). The highly parallel nature of LDPCdecoding leads to higher
throughput [24]. Turbo and Polar codes offer a much greater degree of flexibility in
block sizes and code rates [25].
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Fig. 8 Power spectral density of mutli-carrier system

3.1 LDPC Code

Low density parity check (LDPC) code is one of the forward error correction (FEC)
schemes; it ismore effective by their better performance, decoding complexity, and to
provide good quality of THz communication band, andLDPC remains a good coding
scheme technique. The schema block of LDPC coding based TS-OOK modulation
is given in Fig. 9. First rediscovered by Robert Gallager [24], many researches
have shown novel LDPC codes which are well generalized providing the practical
advantages over turbo codes.

LDPC codes can be used in long distance wireless communication. LDPC code
is a linear error-correcting code who has a parity check matrix H, and contains rows
and the columns with less to 1’s compared to 0’s.

Fig. 9 Schema block of LDPC coding scheme based TS-OOK modulation
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LDPC codes are classified into two types of codes; the first is regular LDPC, and
the second is irregular LDPC codes. Gallager codes is an original regular binary of
LDPC codes. However, the matrix Hn×(n−k) is composed by number wc of ones in
any column and the number wr of ones in any row, which n is the number of bits in
the code-word, and k is bits information symbol [25]. If both conditions are satisfied
(i.e., (n − k)wr = nwc thus wc < wr) [21], the parity check matrix is said to be of
low density.

We call an LDPC code (n, wc, wr) of length n, and in general the matrix H has
a very high dimension, which a very low density of element ‘1’.

Consider the parity check H matrix, for example, (n = 20, wc = 3, wr = 4) first
code proposed with Gallager [26]:

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1
1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0
0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0
0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0 0
0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0
0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1
1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0
0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0
0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0
0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0
0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(16)

The code rate of the linear regular LDPC code C(n, wc, wr ) is formulated by:

r c

r

w w k
w n
−

=R = (17)

For LDPC coding, a generating matrix G is derived from the parity check matrix
H to eliminate Gaussian in modulo-2 arithmetic, such that H and G are formed
differently. LDPC encoding is giving by matrix multiplication as

C = [b|m] = m.G (18)

where b is the parity vector corresponding of m message vector.
The matrix generate LDPC codes is giving by:

G = [
Pk(n−k)|Ik

] = [
H2H

−1
1 |Ik

]
(19)
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where H2 is the rectangular parameters matrix (n − k) × k, and H1 is the square

parameters matrix (n − k)2 used in the partitioning of matrix HT =
⎡

⎢⎣
H1
...

H2

⎤

⎥⎦. Then,

Pk(n−k) is the coefficient matrix, and Ik is identity matrix.
Many decoding algorithms exist for LDPC codes, but the two well-known types

are Sum Product Algorithm (SPA) and Bit Flipping (BF). In this work, we study the
SPA algorithms.

First, the bits received from the channel, andwhich are input to the LDPC decoder,
and noisy which are called a posteriori probabilities after demodulation, which can
be expressed as Log-likelihood ratios (LLR):

LR = log

(
p(x = 0)

p(x = 1)

)
= log

(
1 − p

p

)
(20)

As shown in Fig. 10, the decoding procedure is considered as a transfer of some
probabilities about the Variable nodes to the Check nodes (VC message) and vice
versa (CV message). The SPA is used to maximize a posteriori probabilities (MAP)
algorithms [27].

The first step for the VC message at the first iteration is the one-rank matrix of
the LLRs:

Mn×m = (rn×1.11×m)T � Hn×m (21)

where 1 is the matrix or vector of 1’s, and � denotes Hadamard (element-wise)
product.

The algorithm consists of processing the VC message in the probability domain
using the relationship between hyperbolic tangents and the neperian logarithm
[28]. The transmission operation of the VC message is the multiplication (i.e., the
probabilities) of ones elements in each row:

Er,c = log

(
1 + ∏

c′∈Br,c′ �=c
tan

(
Mr,c′/2

)

1 − ∏
c′∈Br,c′ �=c

tan
(
Mr,c′/2

)
)

= log

(
1 + ∏

c′∈Br,c′ �=c
M ′

r,c′

1 − ∏
c′∈Br,c′ �=c

M ′
r,c′

)
(22)

Fig. 10 The VC message
flow chart
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where r is the number of the row, c is the number of the column, Br is the set of the
1’s elements in r-th row, and c′ �= c means that we exclude c-th variable node from
the consideration.

Finally, in the first iteration, LLRs from the channel should be updated. Then, we
sum up the information of rows in matrix E.

lc = LRc +
∑

r∈Ac

Er,c (23)

where Ac is the series of Parity-Check matrix ones elements in the c-th column.
Then, we map up-to-date LLRs to binary symbol by the relationship:

zc =
{
0 if lc ≥ 0
1 if lc < 0

(24)

Then necessary condition should be checked:

sm×1 = Hm×n ⊗ zn×1 =
{
0 then stop decoding
1 then continue decoding

(25)

If the syndrome s is not the zero-vector decoding should be continued. Therefore,
matrixM should be recalculated (Fig. 11):

Mr,c =
∑

r ′∈Ac,r ′ �=r

Er ′,c + LRc (26)

After that, for the second iteration, we have to repeat the iterations while s is a
non-zero vector.

In THz wireless communication, it is necessary to have a long LDPC code length
with low code rate. On the other hand, we must be taken into consideration the
complexity of the system, the data rate, the transmission delay, and the bit error rate
BER performance.

Fig. 11 The CV message
flow chart
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3.2 Turbo Code

Turbo codes are the groundbreaking codes introduced in [28, 29]. Turbo encoders
use the best known systematic convolutional codes. As shown in Fig. 12, the imple-
mentation of turbo codes by the parallel concatenation of two recursive systematic
convolutional (RSC) encoders. We will see in the following, the turbo encoding and
the iterative turbo decoding. The RSCs encoders are a short constraint length to avoid
excessive decoding complexity, and it is a code rate 1/3 encoder.

A row column interleave, one finds the data arewritten by row and read by column,
in thisway the random interleaveprovides in thedata bits [30]. For a turbo encoder, the
generating sequence is the feedback output. Figure 13 shows the recursive systematic
convolutional (RSC) encoder [31] for the intended system. The generative sequence
used for the encoding algorithm which is defined in the relationship that given by:

G(D) =
[
1,

1 + D2

1 + D + D2

]
(27)

where 1 is the systematic output.
Generation of the moderate weight turbo codes is realized by the combination of

the low from RSC1 and the high-weight code from RSC2. Finally, one will have the
transmission of the original input sequence x next to the two parity bit ranges are
transmitted over the channel,where it is dropped to noise interference and attenuation.
However, the bit error rates (BER) are different because the BER can be changed, as
the input–output of the encoder. At Eb

N0
SNR less, the BER of an RSC code should

be minimized. The demodulator can express its trust in the value of each bit by

Fig. 12 Schema diagram for turbo encoder

Fig. 13 Schema of (RSC)
encoder
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Fig. 14 Turbo decoder scheme

using the corresponding log likelihood ratio (LLR). Each LLR gives the logarithm
of the probability ratio of the corresponding bit having the values ‘0’ and ‘1’, which
receives the information iteratively, despite the uncertainty of the wireless channel.

The schematic diagram for Turbo decoder represent in Fig. 14. The output decoder
produce a soft estimation of systematic bit expressed as LLRs.

Li

(∧
x(n)

)
=

(
P(x(n) = 1|x ′, p′

1, La(x)

P(x(n) = 0|x ′, p′
1, La(x)

)
; n = 1, 2, . . . , N (28)

where p′
1 is the noise of the parity check bits, and the external bits information

received by the first decoder is:

Le1(x) = L1(x) − La(x) − Lcx
′ (29)

The term Lcx ′ is the information provided by the noisy observation. The extrinsic
information Le1(x)where x is interleaved before applying as input to theBahl, Cocke,
Jelinek, and Raviv algorithm (BCJR) in the second decoder [32].

3.3 Polar Code

Polar code is a novel type channel coding, and it was proposed by Erdal Arikan in
2009 [33]. Polar codes can attain the Shannon capacity for symmetric binary-input
memoryless channels as the block dimension is sufficiently large. Low complexity
of coding and decoding leads to this codes successful coding.

Throughout polar code length n, k message bits, the binary-input vector u =
(u1, u2, u3, . . . , un) may be made up of (n − k) bits, and k information bits, with
code rate R = k/n. The polar code-word x is defined by

x = uGn (30)
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Fig. 15 Examples for polar encoder schemes: a n = 2, b n = 4

where Gn are generators matrix.
As shown in Fig. 15, polar decoding has variable node and check node, having a

degree of 3 at most. The propagation of LLRs in the decoding butterfly diagram is
from right to left. However, the appropriate performant decoding is computing the
LLRs at each node. The LLRs is expressed as:

L(i)
n (yn1 , u

i−1
1 ) = w(i)

n

(
yn1 , u

i−1
1 |ui = 0

)

w
(i)
n

(
yn1 , u

i−1
1 |ui = 1

) (31)

where

ûi =
{
0, if L(i)

n (yn1 , u
i−1
1 ) ≥ 1

1, or else
(32)

Polar coding scheme usually approaches with successively cancelation decoder
(SCD) as a sub-optimal decoding method [31, 33].

In Fig. 16, we used a successive cancelation list (SCL) of cancelation decoders
which is in parallel for a production of a list of candidate decisions and choose the
most probable word in the list. This SCL decoder gives a trace of several decoding
results in lieu of one. The decoding path is divided into two new paths one ending
in ‘0’ and the other ending in ‘1’ for each bit of information; the paths should be
pruned to enable the maximum number of paths to list size L.

After reading about the sources of error in THz wireless communication systems,
code schemes such as LDPC and turbo and polar codes can be considered as possible
coding scheme candidates. Then, the existing coding schemes should be adopted;
the disruptive types of channel coding schemes with very low complexity can be
developed for THz communications. Finally, the development of FEC technology
needs to be validated and demonstrated in future THz chipset.
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Fig. 16 Illustration diagram SC list decoder

4 Conclusion

The objective of this chapter was to present the efficient modulation techniques that
are usable in wireless communication in the terahertz band, as well as the different
types of coding that are applicable in the THz band (i.e., forward error correction
(FEC), in order to minimize errors at the transmitter–receiver side of communica-
tion. Firstly, we give a lecture on the modulation protocols pulse-based modulation
(PBM); TS-OOK is characterized by 100 femto-second-long, RD-TS-OOK, andDS-
OOK modulation schemes. Carrier-based modulation is treated in two types, single-
carrier modulation and multi-carrier modulation in detail. However, multi-carrier
schemes are more adaptive and suggested modulation techniques. The second part,
we have describe the working principle of each coding scheme, LDPC, turbo, and
polar codes. In this work, we conclude that LDPC and turbo codes have a better hard-
ware efficiency, so successive cancelation list SCL decoding is necessary to have a
performance at the level of LDPC turbo codes and very low complexity of THz
communication. However, a good throughput is achieved by these decoders; it is not
like the polar coding that needs improvements made in order to have equality and
overcome the problems at the transmission channel. This chapter mainly presents
the principle of terahertz communication and provides for readers the advances in
coding and modulation for ultra-high-speed THz communications.
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Terahertz Band Frequency Tuning
for a CMOS Active Filter

Imane Halkhams, Wafae El Hamdani, Said Mazer, Moulhime El Bekkali,
and Mohammed Fattah

Abstract The Terahertz band, which has remained for a long time little used, is
currently in full emergence. In addition to high performance, terahertz (THz)wireless
communications appear to be an attractive and complementary technology compared
to other less flexible and more expensive technologies. The technological revolution
inwireless and high-speed telecommunications applications is pushing researchers to
create powerful and compact components. To explore the efficiency of filtering in the
Terahertz band, we have designed a frequency tunable bandpass filter. The proposed
topology is composed of two transconductances and input and output adaptation
stages designing the bandpass filter. The central frequency is 129 GHz, with input
and output reflection coefficients of −27.6 dB and −22.86 dB respectively. To tune
the filter, a varactor circuit was inserted at its input allowing to vary the centre
frequency from 128.2 to 129.8 GHz, a difference of 300 MHz. These performances
show that this filter can be widely used in frequency selection applications, low noise
amplifiers, and broadband amplifiers bandwidth improvement. The simulations were
carried out on the Keysight Technologies Advanced Design System software, using
the CMOS 0.35 µm technology from the AMS Australia foundry.

Keywords Terahertz band · Frequency tuning · Active filtering · Active inductor ·
CMOS

1 Introduction

The THz frequency domain located in the electromagnetic spectrum between the
optical domain of the infrared (IR) and the electronic domain of the microwave
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was long called the IR-faraway or submillimetre waves. Confined to the field of
astronomical observation, terahertz technologies have exploited the special physical
properties related to the terahertz domain to develop new fields of applications,
notably that of spectroscopy, imaging, and communication [1, 2].

Certain technological steps have been taken, and components and systems that
meet the expectations of the scientific and industrial sectors are now available. In the
field of imaging, studies have shown that biological tissues have optical properties
in the THz frequency range. Thus, X-rays with ionizing and invasive properties are
replaced by terahertz rays which are less ionizing and more transmissible [3].

In the field of spectroscopy, the performance of terahertz techniques is directly
related to the generation methods of this radiation. Spectroscopy currently makes it
possible to have countless information such as the optical parameters of materials
(refractive index, absorption, etc.) and the measurement of thicknesses [4].

For telecommunications, the Earth’s atmosphere contains several chemical (gas)
absorbent elements that canmake the atmosphere almost opaque in specific frequency
bands. Thewatermolecule has hundreds of absorption lines that correspond to energy
levels of rotation and/or vibration of the molecule that fall within the range of radio
and THz waves.

As a result, the potential uses of THz waves in telecommunications exist in these
regions and/or at very high altitudes (aircraft, satellite, etc.), where water molecules
are rare [5].

In the context of telecommunications, frequency filtering is crucial in the selec-
tion of the desired band and the rejection of out-of-band signals. Active filtering
is therefore the ultimate solution to this problem. In that connection, we introduce
through this article the design and simulations of an active bandpass filter, tunable
in frequency and characterized by a high-quality factor. The filter was implemented
using active inductor technology, which has the characteristic of being easily inte-
grable and tunable in frequency. However, the parasitic effect of the transistors nega-
tively affects the stability of the circuit and directly impacts the quality factor of the
final filter. To remedy this, different techniques are used, including improving the
polarization conditions of transistors and adapting them.

2 The THz Domain

Telecommunications include all techniques for transporting data. As current speeds
are soon to be exceeded, the emergence of new ultra-fast applications is pushing
scientists to develop increasingly fast solutions and systems.

With all these developments, the magnetic spectrum becomes saturated. The
research is directed towards bands not (or rarely) allocated in the terahertz domain.

The technological issue is therefore to design active filters that are integrable,
reconfigurable, and inexpensive.

The objective of our work is to set up a filter that can be integrated, reconfigured,
and intended for THz wireless communication (Fig. 1). Before presenting this study,
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Fig. 1 Electromagnetic spectrum

let us recall some bibliographical elements on the THz domain (advantages, filters,
and applications).

For a long time, the researchers developed all types of components and filters
at microwave and visible spectrum without taking advantage of the terahertz band,
which has undeniable advantages over others.

This area has only been in use for about twenty years [6]. One of the reasons lies
in the absence of integrated and tunable filters at a time.

We will start by presenting the different applications using Terahertz waves.

2.1 THz Applications

THz radiation has been widely studied, not only because it is an unknown field, but
also for its unique characteristics and wide possible applications. THz waves play an
increasing role in different fields of activity.

Their applications aremultiple and related in particular to biological detection [7],
airport security [8], drug and explosives identification [9], imaging [10], or astronomy
[11].

2.1.1 THz Spectroscopy

THz spectroscopy is one of the most commonly used techniques for biomedical
applications [12]. It allows chemical analyzes to be carried out to identify andquantify
the species present in a sample as well as the study of dielectric properties and
electrical conductivity of materials such as semiconductors [13].

For example, THz spectroscopy can detect difficult chemicals to be identifiedwith
other areas and other dangerous substances such as gases and explosives or illegal
substances such as drugs [14].
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2.1.2 Medical Applications

THz radiation is interesting for medical applications since it doesn’t present any
danger to biological media thanks to its low non-ionizing energy per photon. THz
imaging will allow viewing objects in different ways with better spatial resolution
[15] since THz radiationmakes it possible to get a spatial resolution of a fewhundreds
of microns [16], much smaller than that of microwaves.

THz radiation appears to be a very favourable alternative because it is non-
destructive. THz is used in several medical applications such as diagnosis of diseases,
identification of structural state of proteins, effects of radiation on samples and
biological processes [13].

2.1.3 Quality Control and Surveillance for Safety

Three important factors have contributed to the use of THz in the field of safety and
quality control as well as in military applications:

• To detect potentially hazardous materials, THz radiation is transmitted mostly
through non-metallic materials, allowing THz systems to see corrugated boxes,
etc. To detect potentially hazardous materials,

• Studies show that THz radiation carries a minimal health risk compared to x-rays.
• Manymaterials, such as explosives, chemical, and biological agents, have specific

characteristics in the THz domain [17], which allow different substances to be
detected, even when they are hidden in clothing [8].

One of the most popular security applications is the airport scanner [8].

2.1.4 Astronomy and Earth Science

THz radiation is also used in the study and control of the earth’s environment, for
example in the study of chemical species that make up the ozone layer [18]. It
helps measure the concentration and distribution of chemical species in ozone and
understand their importance.

THz technology is also present in astronomy, thanks to the means implemented
by large organizations such as NASA.

Its main objectives are to obtain information to apprehend the formation and
evolution of galaxies and the study of the processes of formation of stars and planetary
systems [19].

2.1.5 THz Communication

Research centres and manufacturers are constantly studying the possibilities of
exploiting the terahertz band to develop high-speed communication systems.
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A few projects presented transmitters and receivers that operate at 60 GHz [20].
Koch’s research published in 2007 states that THz systems will replace the current
WIFI systems between 2017 and 2023 [21, 22].

Terahertz systems offering speeds up to GBytes per second will allow several
broadband applications to be developed, such as telephony, new generations of
wireless networks, HD television (HDTV) [23], etc.

3 Types of Filters

To exploit the terahertz band and develop emerging applications, various types of
filters are required.

There are two main families of topologies for making an electromagnetic filter:
volume filters and planar filters.

Volume filters are based on the use of electromagnetic resonant modes in a volume
which may be a metal cavity or a dielectric resonator. For the design of planar filters,
it is done in two dimensions on one ormoremetal layouts physically spaced by layers
of insulators.

3.1 Volume Filters: Based on Waveguide

Waveguide-based filters are composed of resonate cavities delimited generally by
conductive walls and coupled by irises or conductive elements.

At frequencies below 30 GHz, these filters are hardly compatible with integrated
technologies since they are waveguide and bulky. The main advantage of these struc-
tures is that they have a very high-quality factor that can be greater than a few
thousand.

Tomeet the demand for high-quality factor selective filters that can go as far as the
terahertz range, differentmicro-machining techniques are then developed: computer-
controlled engraving (CNC-milling) [24], engraving based on synchrotron radiation
[25], deep engraving based on reactive ions (DRIE) [26], the use of photosensitive
resin SU-8 [27], or etching Tetramethylammonium hydroxide base (TMAH) for
example [28].

3.2 Volume Filters: The SIW Filtres

Substrate Integrated Waveguides have a good agreement between electrical perfor-
mance and integrability. In general, for a SIW structure, the horizontal walls are
conductive planes and the vertical ones are made up of a network of vias whose
dimensions are chosen to avoid any field leakage.
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For the realization of filters, different substrates can be used as the Printed Circuit
Board (PCB) [29].

The size of the SIWs remains large compared to conventional volume guides and
the different transitions between conventional planar lines (microstrip or coplanar
for example) and the mode of propagation must be taken into consideration.

To enhance the integration of this type of filter, heterogeneous integration is
increasingly studied [30]. However, despite the possibility of more efficient inte-
gration, SIWs remain large and relatively expensive to implement. In a context of
maximum integration and low power to convey, the preferred solutions formillimetre
wave systems remain planar structures.

3.3 Planar Filters: Localized Element Filters

At very high frequencies, the localized elements will be produced directly on the
implementation substrate. For example, the capacitors can be interdigitated as shown
in Fig. 2. These allow the synthesized filters to be produced directly using a low-pass
prototype.

Fig. 2 Interdigitated capacitance topology
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However, at such high frequencies, the use of localized elements is relatively
problematic because of the losses generated and the complexity of the implemen-
tation. Millimetric planar filters are therefore mostly implemented using distributed
elements.

3.4 Planar Filters: Distributed Element Filters

Planar transmission lines are an optimal choice for low power integrated millimetre
applications. The main technologies used are microstrip lines and coplanar lines also
called Coplanar waveguide (CPW). The microstrip lines consist of a dielectric layer
separating a conductive strip from the ground plane. Microstrip lines are simple and
well modelled so their use is relatively easy.

The main drawbacks are the technological limitation of the range of characteristic
impedances and the need to introduce vias (metallized holes) to connect elements
located between the signal and the ground.

This technology remains relatively compact and allows great flexibility in filter
designs. Although it has very low-quality factors compared to volume technologies,
it is a priority for the study of fully integrated systems.

4 Structure and Principle

The proposed analogue filtering mechanism is based on the principle of the gyrator
that was invented by S. HARA [31].

This topology designated for microwave applications implements two transistors
in AsGa technology connected in a loop and thus constituting a gyrator that delivers
an inductive effect as soon as it is closed on a capacitor (Fig. 3).

Fig. 3 The first active inductor topology invented by S.HARA



88 I. Halkhams et al.

Fig. 4 The active inductor topology

Since then, several works have developed this structure to follow the technological
evolution of the bandpass filters [32, 33].

In this paper, we present a topology of the active inductor that is composed of two
transistors (Fig. 4).

The first one is common source mounted when the second is common gate
mounted. The first transistor’s gate to source capacitance delivers the capacitive
effect to present an inductive effect at the input of the circuit. V1-V4 exhibit the
transistor’s biasing.

The role of DC-Block is to block the DC component in an RF signal and to
improve measurement accuracy.

The previous circuit has the particularity of simulating an RLC circuit (Fig. 5).
To design the filter, adaptation stages are added in and out. Input and output buffers

deliver a 50� impedance to the preceding stage and to the load, respectively (Fig. 6).
The adaptation of the filter’s input and output impacts its performance [34]. The

insertion, for example, of an output buffer in nMOS technology with a very high
Cgs capacitance acts unavoidably on the centre frequency of the filter. Thus, the
design of the adaptation circuits must be carefully studied to guarantee the optimum
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Fig. 5 Equivalent RLC circuit

Fig. 6 The active bandpass filter topology

performance of the components without altering their critical characteristics such as
the resonance frequency.

In the literature, some research has reported mainly passive circuits, presenting
better linearity but which are not adequate for multi-standard applications [35].
Hence, the advantage of active circuits, that are more stable.

At the input, we used a common grid-mounted transistor (Fig. 7). This presents a
high input admittance and low output admittance, according to Eqs. (1) and (2)):

Ye ≈ gm + j.w.Cgs. (1)

Ys ≈ gds. (2)

where

Ye: input admittance
Ys: output admittance
gm: transistor transconductance
w: Angular frequency
Cgs: grid-source capacity
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Fig. 7 The input adaptation
buffer

gds: output conductance.

In order to obtain an input impedance close to 50 �, the capacity Cgs value must
be low and the transconductance must be approximately equal to 20 ms.

On the output side, the common drain configuration has a very low input admit-
tance on the active inductor’s side and a very high output admittance on the load
side, with a voltage gain of the order of the unit (Fig. 8).

5 Simulation Results and Optimization

5.1 S Parameters, Stability, and Noise Figure

To assess the performance of the filters several factors must be taken into account,
such as selectivity, which is reflected in the quality factor. In other words, the more
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Fig. 8 The output
adaptation buffer

selective the filter, the greater its quality factor. The quality factor is the ratio of the
centre frequency to bandwidth.

Bandwidth is also crucial, especially for new applications that require increasing
bandwidth to meet current communication needs.

We simulated the filter responses, namely the gain (S21) and the reflection coef-
ficients (Fig. 9). The centre frequency is 129 GHz. The simulated bandwidth is
400 MHz. Input and output reflection coefficients are −27.6 dB and −22.86 dB
respectively, allowing out-of-band rejection.

The simulated quality factor is 322, which is very suitable for Terahertz
applications. This reflects that the designed filter has very good selectivity.

To ensure that the filter is operating correctly across the bandwidth its stability
must be evaluated. The stability factor K is inversely proportional to the gain (S21)
(3).
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Fig. 9 The active filter’s S parameters

K = |�|2 − |S11|2 − |S22|2 + 1

2|S12||S21| (3)

With:

� = S11S22 − S12S21 (4)

Thus, the stability factor reaches its minimum at the resonance frequency.
However, it should not be less than 0 for the filter to be in the stability zone. The
filter stability is shown in Fig. 10.

The curve shows that the stability factor has a minimum of ≈ 1 at the resonance
frequency and remains above 1 on the entire frequency range used.

The noise figure shown in Fig. 11 indicates that it reaches its minimum at the
resonance frequency.

5.2 Frequency Tuning

Communication systems are constantly evolving. Emerging applications continue to
consume the available bands, and the need to migrate from one frequency to another
is becoming increasingly important.
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For all these reasons, filters need to be more agile and flexible to meet the needs
of multi-band applications.

In the literature, several methods exist for frequency tuning [36, 37]. Among
the technologies that exist, the most used are semiconductor components, mainly
varactor or transistor, as well as their alternative components in MEMS technology.
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Fig. 12 Varactor’s circuit

In our study, we avoided the use of the transistor to avoid the addition of additional
noise and consumption in addition to non-linear effects. Our choice was to use a
varactor.

To make the filter tunable in frequency, we have added to its input a varactor
circuit whose purpose is to adjust the filter’s centre frequency. The varactor circuit
is shown in Fig. 12.

Using the circuit shown in Fig. 12, which simulates a capacitor whose capacity
is variable according to a reverse voltage applied to its terminal, the filter’s centre
frequency may be tuned by varying the V control voltage.

In the following, we examine the effect of the variation of this voltage on the
centre frequency of the filter (Fig. 13).

Several simulations were carried out to determine the elements that influence
the centre frequency. We started by varying the polarization voltages of the various
transistors, starting with those of the active inductor, arriving at those of the input
and output buffers.

The results of the simulations made it possible either to vary the centre frequency
by a fewmegahertz or to change the gain value from one frequency to another, which
is not recommended for multi-standard applications that require the same gain.

Among all the elements affecting the frequency, the variation of the voltage of the
varactor is the only operation allowing to change the frequency over a wide range
while keeping the value of the gain fixed.

By varying theVcontrol voltage in the range [0.1–1V], the centre frequency of the
filter switches from 129.8 V to 128.2, respectively. Note that the filter gain remains
constant over the entire range.

Beyond the 130 GHz (1 V) frequency, we observed a decrease in gain as the
frequency increased (Fig. 14).
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In radiofrequency, it is important to minimize the VSWR (Voltage StandingWave
Ratio) when inserting filters. It represents the ratio of the maximum voltage to the
minimum voltage present on the line.

When the VSWR is >1, the incident and reflected waves circulate simultaneously
in the line. That is the effect of standing waves.

Figure 15 shows a VSWR of≈ 1 at the centre frequency, which is a perfect match
according to IEEE standards [38].

6 Conclusion

We have presented through this paper the research work concerning the operation of
analogue filtering in the terahertz band using the principle of the active inductor.

We first gave an overview of the filtering technologies used in this band. We then
presented the topology of the filter, the input and output adaptation topologies, and
the main results of the different simulations.

The filter provides interesting results for the terahertz band, including gain, out-
of-band rejection, noise figure, and stability over the entire frequency band used. In
addition, the proposed filter can be easily tuned in frequency according to the desired
standard.

Finally, the filter can be used for applications such as mobile and fixed satellite,
radio navigation, and radio astronomy [39].
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A 10-Element Series Fed Non-uniform
High Directional Planar Antenna Array
at 0.3 THz

Anveshkumar Nella, Manish Sharma, Vulugundam Anitha,
and Tathababu Addepalli

Abstract This work presents a design of 10-element symmetric series fed non-
uniform planar antenna array operating at 0.3 THz and exhibiting high directional
radiation pattern along the upper hemisphere. An impedance bandwidth of range
0.294–0.313 THz and a peak gain (dBi) of 13.26 at 0.3 THz are noted. Gold mate-
rial of thickness 5 µm and silicon dioxide (SiO2) dielectric substrate of 2 mm ×
5.5 mm× 0.06 mm dimensions are employed for the proposed antenna array design.
Array elements length is considered as quarter of free space wavelength at 0.3 THz
while elements width is non-uniform for better impedance bandwidth and direc-
tivity. Initially, a 10-element series fed non-uniform array antenna, utilizing the
concept of Tschebyscheff polynomials and array factor, is presented. Then, an opti-
mized 10-element series fed antenna array, offering better performance, is discussed.
Considering the compact dimensions, higher directivity, resonating characteristics,
and better performance proposed antenna array can be a suitable module for various
THz applications like imaging, radars, device-to-device communication, THzWi-Fi,
point-to-point communication, etc.

Keywords Array factor · Directional radiation pattern · Non-uniform elements ·
Series fed · THz applications · Tschebyscheff polynomials

1 Introduction

Micro-strip patch antennas have played a vital role in several microwave band appli-
cations, which include applications such as Wi-MAX, WLAN, GPS, Bluetooth,
UWB, X, K, and Ku Bands. The utilization of these antennas based on micro-strip
feed has been extended for applications in THz range, which are useful for medical

A. Nella (B) · V. Anitha
Department of ECE, VIT Bhopal University, Sehore 466114, India

M. Sharma
Chitkara University Institute of Engineering and Technology, Chitkara University, Punjab, India

T. Addepalli
Department of ECE, JNTUA, Anantapur, Andhra Pradesh 515002, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
M. El Ghzaoui et al. (eds.), Terahertz Wireless Communication Components and System
Technologies, https://doi.org/10.1007/978-981-16-9182-9_7

99

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-9182-9_7&domain=pdf
https://doi.org/10.1007/978-981-16-9182-9_7


100 A. Nella et al.

applications. The THz application oriented micro-strip antennas are used as array
so that high gain can be achieved with high directivity. A compact 16 × 12 mm2

series fed array designed for X-Band (8–12 GHz) applications achieves gain of 28.5
dBi at 10 GHz with aperture efficiency of 67% [1]. An integration in lower temper-
ature with co-fired ceramic packages (LTCC) of horn antenna working at 300 GHz
offers peak gain of 16 dBi [2], and another high frequency antenna utilizes quartz
layers which is useful for H-Band (220–325 GHz) application has the capability
of suppressing the lower side lobe levels by −4.3 dB at 310 GHz and −8.2 dB at
295GHz [3]. It is also known that for any fixedwireless communication link compen-
sation of larger path loss for higher frequency, a high gain antenna is desirable which
is reported in [4]. It also presents how the designed antenna provides higher-gain
of around 20 dBi in both H–E planes. The coverage area when considered at THz
is very restricted in comparison to the existing Wi-Fi systems. But to encounter
the demand of higher rate of data transmission under THz bands more progress is
observed. A dual-band micro-strip antenna using split-ring resonator provides a −
10 dB impedance bandwidth of range 274.10–295.60 GHz and 306.30–313.40 GHz
[5]. A compound antenna with resonance at 61 GHz has the capability of beam
switching from −32° to 34° [6]. A novel method analyzes linear feeding of micro-
strip antenna array thereby resolving complexity in mutual coupling calculations
[7, 8]. A very high frequency 300 GHz communication link uses Superhetrodyne
system, which achieves a data-rate of 60 Gbit/s covering a maximum range of about
10mm [9]. The next generation beyond 6G involving frequency band of 0.10–10THz
offers opportunities to exchange (borrow-translate) terrestrial systems [10]. Antenna
array with 3 transmitters and 4 receivers utilizes the Dolph-Tschebyscheff distribu-
tion for optimization of the papered patch width for application at 77 GHz [11]. The
truncated cornered unique series fed micro-strip array for 37/39 GHz beam forming
purpose achieves left/right ended polarization (elliptical) [12]. A planar antenna with
integration of Schottky barrier diode results in 19 dBi directivity [13]. A collimated
beam is produced by the reflectory antenna at 300GHz [14] and integration of CMOS
integrated circuits has proved better performance at 300 GHz band [15]. A dielectric
lens antenna designed for 300 GHz measures 21.2 dBi of gain [16] and 300 GHz
step-type configured corrugated horn antenna is applicable with high gain and direc-
tivity [17]. A 300 GHz with two polarizations is well suited for future generation
of micro-machine architecture [18–20]. A uni-traveling photo-diode is reported for
high-speed transmission of data at 300 GHz [21] and a FPC (Fabri-Perot Cavity)
antenna operation at 300 GHz is constructed by using laser cutting brass technology
[22].

In this chapter, the proposed work presents a design of 10-element symmetric
series fed non-uniform planar antenna array operating at 0.3 THz and exhibits high
directional radiation pattern along the upper hemisphere. An impedance bandwidth
of range 0.294–0.313 THz and a peak gain (dBi) of 13.26 at 0.3 THz are noted. Gold
material of thickness 5 µm and silicon dioxide (SiO2) dielectric substrate of height
60 µm are employed for the proposed antenna array design (Ansys HFSS software).
Remaining content is arranged as mentioned in the next discussion.
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Section 2 presents a discussion on preliminary 10-element series fed non-uniform
antenna array structure, dimensions, array factor and Tschebyscheff polynomial
design equations, results and discussion. Section 3 reports an optimized antenna
array geometry, results, and discussion. Section 4 concludes the work.

2 Preliminary 10-Element Series Fed Antenna Array

Figure 1 shows the 10-element symmetric series fed antenna array printed on silicon
dioxide substratewith height given as hsub (0.06mm) and the overall dimension of the
antenna being Lsub × W sub mm2. The non-uniform radiating patch array is printed
on one plane of the substrate of dimensions 2 mm × 5 mm × 0.06 mm and full
ground on the opposite plane. The conducting material (patch and ground) is gold
with thickness 5 µm, and silicon dioxide exhibits a relative permittivity (εr) of 4.
The antenna array is designed for 300 GHz as the center frequency. The non-uniform
symmetric antenna array shown in Fig. 1 is designed by using Dolph–Tschebyscheff
array polynomials where the key parameters like array elements length (l), and width
(W1,W2,W3,W4, andW5) are obtained from following equations [11, 23–25]. Free
space wavelength (λ) as given by Eq. (1), length of each element (l) as given by
Eq. (2) and εreff as given by Eq. (3) are used.

λ = c

f
= 3 × 1011

300 × 109
= 1mm (1)

l = λ

2
√

εreff
= 1

2
√

εreff
(2)

εreff = εr + 1

2
+ εr − 1

2

[
1 + 12hsub

W1

]−1/2

(3)

where W1 is width of center element of the array and is calculated by Eq. (4) given
as,

W1 = W = c

2 f
√

εr+1
2

= 0.3162mm (4)

By applying εr = 4, f = 300 GHz in Eqs. (4) and (3) we get W1 = 0.3162 mm,
εreff = 7.415. Assuming major-to-minor lobe ratio of 30 dB (31.63 (abs)), knowing
the length (l)= 0.183 mm from Eq. (2) the array factor (AF)10 is calculated. Spacing
between elements (d) as 0.25 mm (λ/4), length of feed line (lf) as 0.5 mm (λ/2), feed
line width (W f) as 0.25 mm and strip line width (a) as 1 mm are considered. The
computation of (AF)10 for even number of elements [23–25] is given as,
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(a) 

(b) 

Fig. 1 Proposed preliminary 10-element series fed antenna array a slant view b top view

AF2M(Even) =
M∑
n=1

an cos[(2n − 1)u] (5)

For 10 elements array, 2M = 10; M = 5 (6)
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AF10(Even) =
5∑

n = 1

an cos[(2n − 1)u] (7)

Let, m = 2n − 1 (8)

AF10 =
5∑

n=1

an cos[mu] (9)

AF10 = a1 cos u + a2 cos 3u + a3 cos 5u + a4 cos 7u + a5 cos 9u (10)

From the theory of array design and applying Dolph-Tschebyscheff theory,

AF2M = Tm(z); where m = 2M − 1 (11)

So, for M = 5 the value of m = 9 and hence,

AF10 = T9(z) (12)

From the Tschebyscheff polynomials

Tm(z) = cos[m cos−1 z] for − 1 ≤ z ≤ +1 (13)

Now, say z = cos u and hence,

Tm(z) = cos[mu] (14)

If,

m = 0 then cos[0u] = 1 = T0(z)

m = 1 then cos[1u] = z = T1(z)

m = 2 then cos[2u] = 2z2−−1 = T2(z)

m = 3 then cos[3u] = 4z3−−3z = T3(z)

m = 4 then cos[4u] = 8z4−−8z2 + 1 = T4(z)

m = 5 then cos[5u] = 16z5−−20z3 + 5z = T5(z)

m = 6 then cos[6u] = 32z6−−48z4 + 18z2−−1 = T6(z)

m = 7 then cos[7u] = 64z7−−112z5 + 56z3−−7z = T7(z)

m = 8 then cos[8u] = 128z8−−256z6 + 160z4−−32z2 + 1 = T8(z)

m = 9 then cos[9u] = T9(z)
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T9(z) = cos 9u = 256 cos9 u − 576 cos7 u + 432 cos5 u − 120 cos3 u + 9 cos u
(15)

Hence,

T9(z) = cos 9u = 256 z9 − 576 z7 + 432 z5 − 120 z3 + 9 z (16)

From Eq. (10),

AF10 = a1 cos u + a2 cos 3u + a3 cos 5u + a4 cos 7u + a5 cos 9u (17)

In Eq. (17),

cos u = z

zo
(18)

cos 3u = 4 cos3 u − 3 cos u

= 4[z/zo]3 − 3[z/zo] (19)

cos 5u = 16 cos5 u − 20 cos3 u + 5 cos u

= 16[z/zo]5 − 20[z/zo]3 + 5[z/zo] (20)

cos 7u = 64 cos7 u − 112 cos5 u + 56 cos3 u − 7 cos u

= 64[z/zo]7 − 112[z/zo]5 + 56[z/zo]3 − 7[z/zo] (21)

cos 9u = 256 cos9 u − 576 cos7 u + 432 cos5 u − 120 cos3 u + 9 cos u

= 256[z/zo]9 − 576[z/zo]7 + 432[z/zo]5 − 120[z/zo]3 + 9[z/zo] (22)

where ‘Zo’ is calculated by

T9(zo) = cos h[9 cos h−1zo] (23)

cos h[9 cos h−1zo] = 31.63

Hence,

Zo = 1.1075 (24)

Comparing coefficients of Eqs. (16) and (17)
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Table 1 Array coefficients and elements width

Array coefficient Actual value Normalized value
(an)

Width of each
element (Wn)

Elements width
(mm)

a1 9.569 1 W1 W1 = a1 × W =
0.3162

a2 8.428 0.88 W2 W2 = a2 × W =
0.278

a3 6.451 0.674 W3 W3 = a3 × W =
0.213

a4 4.161 0.434 W4 W4 = a4 × W =
0.1372

a5 2.506 0.261 W5 W5 = a5 × W =
0.082

256a5
z9o

= 256 ⇒ a5 = 2.506

Similarly,

64a4 − 576a5
z7o

= −576 ⇒ a4 = 4.161

The same can be followed to obtain antenna array coefficients as a3 = 6.451, a2
= 8.428, a1 = 9.569. The width of array elements is computed as shown in Table 1.

The proposed preliminary series fed antenna array is presenting S-parameter, 3D-
radiation pattern, and surface current distribution performance as shown in Fig. 2.
As per the observations, the proposed design offers poor matching of impedance.
At 296 GHz, S-parameter corresponds to −11.18 dB and hence there is scope for
improvement in the design. Moreover, the radiation pattern is not directional.

3 Modified 10-Element Series Fed Antenna Array

Figure 3 shows the complete design of modified 10-element symmetric array for
better matching of the impedance and far-field results. Figure 3a, b shows the top and
slant views of the proposed 10-element array. Dimensions of corresponding elements
are shown in Table 2. Spacing between the elements (l1) and elements length (l1) as
0.25 mm (λ/4),W f as 0.25 mm (λ/4) and lf as 0.5 mm (λ/2) are considered.

Figure 3c shows the simulated return loss curve, which provides resonances at
273GHz, 300GHz, and 330GHz. It can be observed that the proposed antenna offers
good matching of impedance for the above said three resonating bands. However,
better reflection coefficient and directional properties along Phi = 0° and upper
hemisphere are obtained at 300 GHz as shown in Fig. 4.
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Fig. 2 a S-parameter
performance, b 3D-radiation
pattern at 0.296 THz, c
surface current distribution
at 0.296 THz

(a) 

(b) 

(c) 
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Fig. 3 Proposed 10-element
array a top view b slant view
c S-parameter performance d
surface current distribution
at 300 GHz

(a) 

(b)

(c) 

(d) 
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Table 2 Proposed array
elements width

Width of each element (Un) Elements width (mm)
u = 0.42 mm

U1 U1 = u = 0.42

U2 U2 = u/1.25 = 0.336

U3 U3 = u/1.5 = 0.28

U4 U4 = u/1.75 = 0.24

U5 U5 = u/2 = 0.21

Figure 3d shows the distribution of current on the surface of the radiating patch
and the conclusion can be derived that all the array elements are the good radiators
at 300 GHz, which results in high gain and achieves the objective of the said above
design. Figure 4 shows the plot of far-field results where the study of 3D-radiation
pattern and 2D-radiation patterns is shown at various resonant frequencies presenting
273 GHz, 300 GHz, and 330 GHz.

Figure 4 clearly presents required radiation directional characteristics from the
proposed antenna at 300 GHz along XZ and YZ planes. Comparison of proposed
work with the existing literature is shown in Table 3, which shows the advantage of
proposed work as compared to other THz discussions.

4 Conclusion

This chapter focused on 10-element symmetric series fed planar antenna array
for 0.3 THz applications. The antenna array was characterized by using Dolph-
Tschebyscheff concept, and all the key parameters obtained are adopted on to
the geometry. Initially, a preliminary array of 10-elements is presented based on
Tschebyscheff polynomials. However, this structure is not resulting into good S-
parameter and radiation characteristics. Then, an optimized 10-element array is
reported for achieving better return loss and directional patterns. An impedance
bandwidth of range 0.294–0.313 THz and a peak gain of 13.26 dBi at 0.3 THz
are noted for the proposed THz array. Gold material of thickness 5 µm and silicon
dioxide (SiO2) dielectric substrate of 2 mm × 5.5 mm × 0.06 mm dimensions are
employed. Exhibiting compact structure, dimensions, higher directivity, resonating
characteristics, and better performance proposed antenna array can be employed in
THz applications like imaging, radars, device-to-device communication, THzWi-Fi,
point-to-point communication, etc.
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Fig. 4. 3D-radiation pattern
at a 273 GHz b 300 GHz c
330 GHz d 2D-radiation
pattern at 300 GHz, XZ-plane
e YZ-plane f XY-plane

(a) 

(b) 

(c)
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Fig. 4. (continued)

(d) 

(e) 

(f)
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Table 3 Comparison of proposed work with the existing literature

References Antenna type Operating
band (THz)

Peak
gain
(dBi)

No. of
layers

Dimensions
(mm × mm)

sub

[2] Horn antenna 0.3 16 3 5 × 5 LTCC

[3] Stacked patch
antenna

0.22–0.32 8.8 2 Top patch
0.208 × 0.153
Bottom patch
0.248 × 0.238

Quartz

[4] Rectangular
Horn antenna,
Cassegrain and
offset parabolic
antennas

0.3 25, 47,
49

1 – –

[5] Micro-strip
antenna array
based on dual
surfaced
multiple
split-ring
resonators
(DSMSRRs)

0.274–0.295
and
0.306–0.313

– 1 0.423 × 0.345 FR4

[14] Printed reflect
array

0.28–0.32 41 1 0.5 × 0.5 Quartz

[16] Dielectric lens
antenna

0.3 19.7 1 – PTFE

[17] Step-profiled
corrugated
horn antennas

0.3 18 24 5 × 5 LTCC

[18] Micro-lens
antenna

0.3 – 1 Aperture
diameter of
2.5 mm

–

[22] Fabry–Perot
cavity (FPC)
antenna

0.285–0.31 17.7 7 2.6 × 2.6 Silicon

* Series fed
non-uniform
planar antenna
array

0.3 13.26 1 2 × 5.5 Silicon
dioxide

*Proposed work
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Compact Two Ports MIMO Antenna
Operating at Terahertz Band

Nour El Houda Nasri, Mohammed El Ghzaoui, and Mohammed Fattah

Abstract The THz frequencies are the new revolution in the telecommunication
due to theirs several advantages this paper will propose a MIMO patch antenna
polyimide based that is capable to function at THz frequencies. The performance of
the proposed antenna has been analyzed in term of multiple antenna characteristics
such as impedance bandwidth (GHz), gain (dB), return loss (dB), and VSWR. The
Polyimide substrate having thickness of 9 μm and lower dielectric constant, and
εr of 3.5 has been used in the antenna design. The HFSS (High frequency structure
simulator) which is based on the finite element method is used to design and simulate
the antenna. In this work, we present the results of a parametric study of a MIMO
2 × 2 patch antenna in the frequency band Terahertz (THz) ranging from 2.526 to
2.995 THz (a bandwidth of 469 GHz) and has a reflection coefficient of about −
21.44 and −29.62 dB and a gain of 6.67 dB at 2.74 THz.

Keywords THz frequencies · Reflection coefficient · Bandwidth · Gain · MIMO

1 Introduction

Telecommunication, a vital sector of the economyof any nation, continues to undergo
major changes from a technological point of view. These changes are made neces-
sary by demand and user requirements in terms of services and quality of service.
This continuous evolution [1] of the telecommunications field always calls for new
frequencies to be used in order to offer the best quality of coverage and therefore of
service for the user; and when we talk about coverage implies the use of antennas
[2–4], for this we cite MIMO antennas which are the most efficient antennas in the
field.

Despite the use of most frequencies on the frequency spectrum there is still a
frequency range of THz waves which is not yet overused but this spectrum called T
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waves is a promising spectrum for the future of telecommunications.MIMO is known
for its advantages for the telecommunication domain. The microstrip patch antenna
is known for its miniaturization compatibility which is perfect for THz frequency.

In fact, many researches have been devoted to the THz patch antennas. Singh
and Singh [5] proposed a trapezoidal microstrip patch antenna on photonic crystal
substrate for high speed THz applications utilized in the frequency band of 0.88–
1.62 THz with a return loss of −13.05. Nickpay et al. [6] designed a wideband
rectangular double-ring nanoribbon graphene-based antenna for terahertz communi-
cations with an average gain of 2.45 dB is achieved at the operational frequency band
of a center frequency of 1 THz. In Anand et al. [7], proposed a graphene nanoribbon
based terahertz antenna on polyimide substrate in the 725–775GHz band, this design
has shown a peak gain of 5.71 dB at 750 GHz.

This work proposes a new THz MIMO patch antenna design with a significant
bandwidth a relatively standard peak gain and a small size, for THz applications
around a resonance frequency of 2.74 THz. The proposed antenna consists of a
MIMO 2 × 2 antenna on polyimide (εr = 3.5) substrate, the low dielectric substrate
is used to improve the radiation in the wanted direction. The antenna is fed by a
microstrip line having a power port adapted to 50 �. The most important aim of this
work is to improve the parameters of the antenna. In order to do this slots were added
to the initial antenna.

This paper is divided into 8 sections: the first is dedicated for the THz technology
and its applications, the second one is for the advantages of MIMO antenna over
SISO antenna, the third one is for MIMO modelization, the fourth one is for the
channel characterization for a MIMO antenna, the fifth section is for MIMO gain,
the sixth section is for the performance of the MIMO antenna channel, the seventh
section is for the antenna gains, and the final one is dedicated for the results and
simulations of the proposed antenna.

2 THz Technology

2.1 State of Art of THz Technology

All over the world, several researchers are interested in THzwaves since they are able
to significantly improve the performance of several devices and also new applications
will take place thanks to this technology; unfortunately the design and development
of solutions using this technology are manifested always expensive [8].

This interest in THz technologies [9, 10] is due to the fact that THz waves lay
between two relevant frequency bands in telecommunication world Fig.1: infrared
(30 μm or 10 THz) and microwaves (1 mm or 0.3 THz, approximately) from which
they take two interesting characters; firstly, they adopt the ability to focus and access
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Fig. 1 THz spectrum frequency

a certain submillimeter spatial resolution; secondly, they penetrate dielectric mate-
rials, adding to this that they exhibit strong aptitudes for penetrating imagery by
emphasizing spectroscopic relevance.

THz technology has several interesting properties:

• The wavelength of THz technology allows waves to penetrate many materials
while providing higher spatial resolution than microwaves.

• The penetration depth is relatively large for several non-conductive materials:
plastics, ceramics, etc. The THz thickness measurement of multilayer materials
is non-destructive.

• Substances subjected to THz radiation exhibit characteristic spectral signatures
due to excitation modes of their molecular arrangement. THz spectroscopy also
makes it possible to identify substances or their chemical characterization.

• The non-contact measurement character since the propagation of THz waves in
the air is low attenuation.

• Their non-destructive and non-ionizing qualities [2].

2.2 THz Applications

Diagnostic imaging

The terahertz will be used in the medical sector [11, 12] to guarantee a more reliable
diagnosis with careful results, by combining the THz with existing medical imaging
such as MRI the diagnosis will be faster and more precise. The THz will also be used
in dentistry to detect quickly the enamel wear and cavities.

Security imaging [13]

Using its property of penetrating dielectric materials, THz will be able to detect all
objects under clothing; therefore, it will offer a large number of applications to use
in safety the THz will give a clear and high quality image of what is under any non-
conductive material; it will be of great service to airport security searches; the THz
can also be used by the military to detect any harmful object.
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Food and hygiene

Food factories will have the chance to improve their quality and even save time to
check through packages using Terahertz to detect the existence of any foreign object
in their product and even to monitor their water content.

Material inspection

The biggest evolution that Terahertz will take is its ability to inspect the materials;
it will be used as a method of quality control and even in the production process to
check if one step is right to move on to the next.

3 Advantage of MIMO Versus SISO System

Unlike the single input single output SISO which is a single antenna for transmis-
sion and only one for reception, the MIMO system with several antennas used for
transmission and reception achieves a higher throughput thanks to the transmission
of data simultaneously on several antennas what is called spatial multiplexing the
MIMO system brings other advantages such as the diversity of antennas because each
antenna is used with a precise angle [14]. This diversity improves the data link by
giving different points of view that an antenna can be affected by an antenna unlike
other antennas thanks to the difference in polarization.

Space–time block coding (STBC) is a technique used by MIMO systems which
consists of transmitting copies of the same data on all antennas; this technique in
combination with spatial multiplexing guarantees the reliability of data transmission.
This technique has been able to overcome the problem of interference and obstacles
encountered in SISO systems this redundancy in MIMOs guarantees more correct
decoding by combining all received copies of the signal.

Another technique that is available with MIMO is beamforming. This method
involves emitting individual rays so each lobe will be dedicated to a specific base
station.

4 MIMOModeling

4.1 MIMO 2 × 2 Modeling

In order to model a 2 × 2 MIMO antenna, the study must focus on two transmitting
antennas and two receiving antennas, it is a TITO Fig. 2 (Two Inputs Two Outputs).

The relationship between the x input signals and the y output signals is as follows:
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Fig. 2 MIMO 2 × 2 system

[
y1
y2

]
=

[
h11 h12
h21 h22

][
x1
x2

]
+

[
n1
n2

]
⇒ y = Hx + n. (1)

where H is the channel matrix of size 2 × 2, and n is the noise vector.
The geometry of the system: two-dimensional 2 × 2 MIMO LOS model shown

is in Fig. 3.
The complete geometry of the system is defined from 5 variables Nt = 2, Nr =

2, φt11, φr11, and d11.
The first step is to calculate the distances between Tx and Rx using the formula:

∀i �= j : di j =
√
d2
i i + (|i − j |Dt )

2 + signe(i − j)2dii | j − i |Dtcos(φtii ). (2)

In MIMO, 2 × 2 d12 and d21 are:

4 

Dr 
Dt 

d

h11

h12

h21

h22 RX2

RX1TX1

TX2

11

Fig. 3 MIMO LOS 2 × 2 model
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d12 =
√
d2
11 + D2

t − 2d11Dtcos(φt11). (3)

d21 =
√
d2
22 + D2

t + 2d22Dtcos(φt22). (4)

dij allows the calculation of φti j , the angle of arrival (defined on [0, π ]) at the
transmitting side between Txj and Rxi using:

φti j = cos−1

(
signe(i − j)

(| j − i |Dt )
2 + d2

i j − d2
i i

2| j − i |Dtdi j

)
. (5)

φt12 and φt21 are:

φt12 = cos−1

(
− (Dt )

2 + d2
12 − d2

11

2Dtd12

)
. (6)

φt21 = cos−1

(
(Dt )

2 + d2
21 − d2

22

2Dtd21

)
. (7)

Then φri j , the angle of arrival (defined on [0, π ]) at the reception between Txj
and Rxi.

φri j = φrii − φtii + φti j . (8)

So:

φr12 = φr11 − φt11 + φt12. (9)

φr21 = φr22 − φt22 + φt21. (10)

φrii , φtii , and dii are calculated using these equations:

dii =
√
d2
1i + ((i − 1)Dr )

2 + 2d1i (i − 1)Dr cos(φr1i ). (11)

φrii = cos−1

(
signe(i − 1)

(|i − 1|Dr )
2 + d2

i i − d2
1i

2| j − i |Dtdii

)
. (12)

φtii = φt1i − φr1i + φrii . (13)

In this case, i = 2:

d22 =
√
d2
12 + D2

r + 2d12Dr cos(φr12). (14)
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φr22 = cos−1

(
D2

r + d2
22 − d2

12

2Drd22

)
. (15)

φt22 = φt12 − φr12 + φr22. (16)

After having defined all the parameters, they are assembled in the formofmatrices:

d =
[
d11 d12
d21 d22

]
. (17)

φt =
[

φt11 φt12
φt21 φt22

]
. (18)

φr =
[

φr11 φr12
φr21 φr22

]
. (19)

4.2 MIMO 3 × 3 Modeling

The relationship between the x input signals and the y output signals is as follows:

⎡
⎣ y1
y2
y3

⎤
⎦ =

⎡
⎣ y11 y12 y13
y21 y22 y23
y31 y32 y33

⎤
⎦

⎡
⎣ x1
x2
x3

⎤
⎦ +

⎡
⎣ n1
n2
n3

⎤
⎦ ⇒ y = Hx + n. (20)

where H is the channel matrix of size 3 × 3, and n is the noise vector.
Using the same equations in the previous part, the parameters that remain to be

calculated are as follows.
Distances are:

d13 =
√
d2
11 + (2Dt )

2 − 4d11Dtcos(φt11). (21)

d23 =
√
d2
22 + (Dt )

2 − 2d22Dtcos(φt22). (22)

d31 =
√
d2
33 + (2Dt )

2 + 4d33Dtcos(φt33). (23)

d32 =
√
d2
33 + (Dt )

2 + 2d33Dtcos(φt33). (24)

d32 =
√
d2
13 + 4D2

r + 4d13Dr cos(φr13). (25)



122 N. E. H. Nasri et al.

For arrival angles:

φt13 = cos−1

(
− (2Dt )

2 + d2
13 − d2

11

4Dtd13

)
. (26)

φt23 = cos−1

(
− (Dt )

2 + d2
23 − d2

22

2Dtd23

)
. (27)

φt31 = cos−1

(
(2Dt )

2 + d2
31 − d2

33

4Dtd31

)
. (28)

φt32 = cos−1

(
(Dt )

2 + d2
32 − d2

33

2Dtd32

)
. (29)

φt33 = φt13 − φr13 + φr33. (30)

φr13 = φr11 − φt11 + φt13. (31)

φr23 = φr22 − φt22 + φt23. (32)

φr31 = φr33 − φt33 + φt31. (33)

φr32 = φr33 − φt33 + φt32. (34)

φr33 = cos−1

(
(2Dr )

2 + d2
33 − d2

13

4Dtd33

)
. (35)

The matrices of MIMO 3 × 3 are:

d =
⎡
⎣d11 d12 d13
d21 d22 d23
d31 d32 d33

⎤
⎦. (36)

φt =
⎡
⎣φt11 φt12 φt13

φt21 φt22 φt23
φt31 φt32 φt33

⎤
⎦. (37)

φr =
⎡
⎣φr11 φr12 φr13

φr21 φr22 φr23
φr31 φr32 φr33

⎤
⎦. (38)
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5 Characterization of the SISO to MIMO Channel

5.1 Determinist Characterization in the Temporal and Spatial
Domains

The propagation channel is mathematically represented by a linear transformation
between the input and the output as shown in Fig. 4.

For a stationary and linear propagation medium, the channel is modeled by a filter
which takes into account the effect of the antennas of the transmitter, the receiver, and
the propagation medium to simplify things the antenna arrays of the transmitter and
of the receiver will not be taken into account, and then the propagation channel will
depend only on the propagation medium and the geometric configuration, temporal
and frequency configuration of the link.

The signals at the input and at the output of this filter are interpreted on both
temporal and spatial domains, so to properly characterize the behavior of the prop-
agation channel a joint explanation in both domains is necessary. Therefore, the
temporal and spatial domains can be treated separately.

Time domain

Either in the time or in the frequency domain, the representation between the input
and output signals is described by four transfer functions. In the time domain there
are two pairs of variables which are the reception instant t and the Doppler shift υ

and propagation delay τ and the frequency f and by duality properties express the
propagation channel. These functions are related by the Fourier transformation that
its operators are defined on Table 1.

The representation of the channel in time-delay

The output signals are expressed by:

y(t) =
∫

x(t − τ)h(t, τ )dτ. (39)

Fig. 4 SISO channel
modeling Signals received  Signals emitted  Transmission 

channel 

Table 1 Definition of Fourier
transforms in the time domain

Dual domains Direct transform Inverse transform

t � v
∫
(.) exp(− j2πvt)dt

∫
(.) exp(− j2πvτ)dv

τ � f
∫
(.) exp(− j2π f τ)dτ

∫
(.) exp(− j2π f τ)d f
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where x(t) is the signal on transmission, y(t) is the signal on reception, h(t, τ ) is the
impulse response of the propagation channel without taking into account the gains
of the transmitting antenna and receiver, and τ is the propagation delay.

The representation of the frequency-Doppler channel

The characterization of the general channel can also be done with the frequency
variables given in the dual character. The output Doppler dispersion function is h(f ,
v); it allows to observe the Doppler shift phenomenon. The expression of the channel
is as follows:

y( f ) =
∫

x( f − v)h( f − v, v)dv. (40)

The spectrum of y(f ) is a superposition of replicas of the input spectrum x(t)
which has been Doppler shifted and filtered.

The representation of the channel in frequency-time

The output time signal y(t) can also be represented by a time-varying transfer function
h(f , t) and the spectrum of the input signal x(f ) as follows:

y(t) =
∫

x( f )h(t, f )e2 jπ f td f. (41)

With

h( f, t) =
∫

h(t, τ )e−2 jπ f τdτ =
∫

h( f, v)e2 jπvtdv. (42)

The representation of the channel in delay Doppler

This last representation is important; it allows to have at the same time the dispersion
produced in the transmission channel in the time and frequency domains. The output
signal as a function of the Doppler-delay function h(v, τ ) is expressed as follows:

y(t) =
¨

x(t − τ)h(v, τ )e2 jπvtdvdτ. (43)

Spatial domain

In this part, the study will be done on the characterization of the channel in the
space domain. The propagation channel in this domain is modeled by a kernel oper-
ator. Knowing that the expression of the monochromatic progressive plane wave is

s(t, �r) = Re
{
Ae j(ωt− �k,�r)

}
, we can have the input–output relations of the channel as

following:
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Table 2 Definition of Fourier transforms in the spatial domain when the channel response appears
in the form of a kernel

Dual domains Direct transform Inverse transform

�rRx � �kRx
∫
(.) exp

(
− j �kRx .�rRx

)
d�rRx

∫
(.) exp

(
− j �kRx .�rRx

)
d�kRx

�rT x � �kT x
∫
(.) exp

(
− j �kT x .�rT x

)
d�rT x

∫
(.) exp

(
− j �kT x .�rT x

)
d�kT x

y(�rRx ) =
∫

h(�rRx , �rT x )x(�rT x )d�rT x . (44)

y(�rRx ) =
∫

h
(
�rRx , �kT x

)
x
(�kT x

)
d�kT x . (45)

y
(�kRx

)
=

∫
h
(�kRx , �rT x

)
x(�rT x )d�rT x . (46)

y
(�kRx

)
=

∫
h
(�kRx , �kT x

)
x
(�kT x

)
d�kT x . (47)

where h is a 3 × 3 square matrix connecting the 3 orthogonal components of the
transmitted signal to those of the received signal. The variables �rT x and �rRx represent
the sending position and the receiving position, respectively, and the variables �kT x
and �kRx are the spatial sending and receiving pulses. The 4 expressions which are
equivalent are linked using the Fourier transform in Table 2.

The previous expressions can be simplified in the context of electromagnetic
waves in local areas therefore the new expressions:

y(�rRx ) =
∫

h(�rRx , �rT x )x(�rT x )d�rT x . (48)

y(�rRx ) =
∫

h(�rRx ,�T x )x(�T x )d�T x . (49)

y(�Rx ) =
∫

h(�Rx , �rT x )x(�rT x )d�rT x . (50)

y(�Rx ) =
∫

h(�Rx ,�T x )x(�T x )d�T x . (51)

where h(�rRx , �rT x ), h(�rRx ,�T x ), h(�Rx , �rT x ), and h(�Rx ,�T x ) are, respectively, the
spatial response, the angular response of emission, the angular response of recep-
tion, and the bidirectional response; thus �T x and �Rx represent vectors with two
elements containing the angles of azimuth and elevation, respectively, at the level of
the transmitting site and at the reception site.
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Table 3 Definition of Fourier transforms in the spatial domain for the representation

Dual domains Direct transform Inverse transform

�r � �κ ∫
(.) exp(− j �κ.�r)d�r 1

(2πr)3
∫
(.) exp(− j �κ.�r)�κ

�k � �ρ ∫
(.) exp

(
− j �k. �ρ

)
d�k 1

(2πr)3
∫
(.) exp

(
− j �k. �ρ

)
d�k

Other expressions can be deduced from the time domain expressions with an
equivalence between the parameters of the two. The instant of reception t, the
frequency, the propagation delay τ , and the Doppler shift v which are replaced,
respectively, by the reception position r, the spatial pulsation k, the relative position
of the emission with respect to the reception ρ, and the spatial Doppler pulse κ. So,
the expressions are in the form of a convolution product:

y(�r) =
∫

h(�r , �ρ)x(�r − �ρ)d �ρ

y(�r) =
∫

h
(
�r , �k

)
x
(�k

)
e j

�k.�rd�k. (52)

y
(�k

)
=

∫
h
(
�κ, �k − �κ

)
x
(�k − �κ

)
d�κ. (53)

y(�r) =
¨

h(�κ, �ρ)x(�r − �ρ)e j �κ.�rd �ρd�κ. (54)

where �r = �rRx , �k = �kT x , �ρ = �rRx − �rT x , and �κ = �kRx − �kT x . The 4 expressions
introduced in the equations, mathematically equivalent but of complementary phys-
ical interpretation, are linked by TF. The TF operators are defined in Table3. The

function h(�r , �ρ) is the impulse response varying in space, the function h
(
�r , �k

)
is

the transfer function varying in space, the function h
(
�κ, �k

)
is the two-frequency

function in spatial pulsation, and the function h(�κ, �ρ) is the relative position-spatial
pulsation spreading function Doppler.

5.2 Stochastic Characterization in the Temporal and Spatial
Domains

The propagation channel becomes random in the case of environments rich in
diffusers then the functions which models the channel are random functions their
stochastic explanation is a density function of multidimensional probability equiva-
lent on all the statisticalmoments. In order to facilitate the characterization, the calcu-
lations will be made at the first order which is defined by the mean and at the second
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order by the correlation functions. And the propagation mediumwill be described by
Gaussian processes to understand the energetic behavior of the propagation medium.

Time domain

The functions that were introduced in the previous part can be defined as follows:

Rh
(
t, τ, t ′, τ ′) = E

{
h(t, τ )h′(t ′, τ ′)}. (55)

Rh
(
f, v, f ′, v′) = E

{
h( f, v)h∗( f ′, v′)}. (56)

Rh
(
f, t, f ′, t ′

) = E
{
h( f, v)h∗( f ′, t ′

)}
. (57)

Rh
(
τ, v, τ ′, v′) = E

{
h(τ, v)h∗(τ ′, v′)}. (58)

where
(
t, t ′

)
,
(
τ, τ ′), ( f, f ′), and(υ, υ ′) are time, delay, frequency, and Doppler,

respectively. These functions are linked by a double fourier transform.

Hypothesis of the wide sense stationary channel

The temporal variations of a stationary channel in the wide sense have the statistical
characteristics of weak stationary; therefore, the slow variations are neglected and the
fast variations are stationary at order 2 and depend on the difference�t = t ′− t.This
means that during�t the channel fluctuation statistics remain stable. This assumption
of a stationary channel in the broad sense is adequate for the decorrelation for two
different Doppler components υ.

Hypothesis of uncorrelated scattering channel

The uncorrelated scattering channel hypothesis is an assumption that the inputs from
the diffusers that cause different delays are decorrelated. As a result, this channel
is stationary in the wide sense over the frequency domain. So, two different delay
elements τ are decorrelated. Hence, the simplification of the correlation functions
which vary over time with �f = f′ − f .

Hypothesis of the stationary channel in the wide sense with uncorrelated
scattering

This assumption is the combination of the previous two, so the transfer function is
analogous to a stationary two-dimensional process in the wide sense according to
the variables of time and frequency. The previous correlation functions are reduced
to:

Rh
(
t, τ, t + �t, τ ′) = δ

(
τ ′ − τ

)
Ph(�t, τ ). (59)

Rh
(
f, v, f + � f, v′) = δ

(
v′ − v

)
Ph(� f, v). (60)
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Rh( f, t, f + � f, t + �t) = Ph(� f,�t). (61)

Rh
(
τ, v, τ ′, v′) = δ

(
τ ′ − τ

)
δ
(
v′ − v

)
Ph(τ, v). (62)

where �t = t ′ − t and � f = f ′ − f. The decorrelation for different Doppler and/or
delay components is represented by the presence of the Dirac distributions δ(τ ′ − τ )
and δ(υ ′ − υ). The equations express time and frequency stationarity well.

Spatial domain

The stochastic characterization of the channel in the spatial domain is expressed with
the following functions:

R
(�rRx , �rT x ; �r ′

Rx , �r ′
T x

) = E
{
vec(h(�rRx , �rT x ))vec

(
h
(�r ′

Rx , �r ′
T x

))H}
. (63)

R
(
�rRx , �kT x ; �r ′

Rx ,
�k ′
T x

)
= E

{
vec

(
h
(
�rRx , �kT x

))
vec

(
h
(
�r ′
Rx ,

�k ′
T x

))H
}
. (64)

R
(�kRx , �rT x ; �k ′

Rx , �r ′
T x

)
= E

{
vec

(
h
(�kRx , �rT x

))
vec

(
h
(�k ′

Rx , �r ′
T x

))H
}
. (65)

R
(�kRx , �kT x ; �k ′

Rx ,
�k ′
T x

)
= E

{
vec

(
h
(�kRx , �kT x

))
vec

(
h
(�k ′

Rx ,
�k ′
T x

))H
}
. (66)

where h is a square matrix of dimension 3× 3 which links the 3 polarization compo-
nents of the transmitted signal to that of the received signal, and vec(.) transforms
the matrix to a vector into a column. Each correlation function expressed previously
gives us a matrix of dimension 9 × 9 and these matrices contain the functions of
autocorrelation and intercorrelation between the nine channels. So, these functions
are a global description of the properties of spatial correlations between the different
locations of emission and that of reception and the same for the different pulses of
emission.

In order to simplify the correlation functions in the spatial domain, the propagation
channel is assumed to be stationary in the broad sense on small areas of movement
in transmission, and in reception therefore we neglect the slow large-scale variations
while the rapid variations are stationary at l order 2. The stationarity in the broad
sense makes the functions expressed previously independent of the absolute position
variables of reception and emission; therefore, this stationarity is a total decorrelation
for different spatial pulsations hence the decorrelation for different directions in
emission or on reception, the functions become:

Rh(�rRx , �rT x ; �rRx + ��rRx , �rT x + ��rT x ) = Ph(��rRx ;��rT x ). (67)
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Rh

(
�rRx , �kT x ; �rRx + ��rRx , �k ′

T x

)
= δ

(�kT x − �k ′
T x

)
Ph

(
��rRx , �kT x

)
. (68)

Rh

(�kRx , �rT x ; �k ′
Rx , �rT x + ��rT x

)
= δ

(�kRx − �k ′
Rx

)
Ph

(�kRx ;��rT x
)
. (69)

Rh

(�kRx , �kT x ; �k ′
Rx ,

�k ′
T x

)
= δ

(�kT x − �k ′
T x

)
δ
(�kRx − �k ′

Rx

)
Ph

(�kRx ; �kT x
)
. (70)

So, the channel is spatially stationary in the broad sensewith spatially decorrelated
diffusers. The four functions are simplified for the context of the characterization of
electromagnetic waves in the local area, related to polarization behaviors such as
(71–74):

Rh(�rRx , �rT x ; �rRx + ��rRx , �rT x + ��rT x ) = Ph(��rRx ;��rT x ). (71)

Rh
(�rRx ,�T x ; �rRx + ��rRx ,�′

T x

) = δ
(
�T x − �′

T x

)
Ph(��rRx ,�T x ). (72)

Rh
(
�Rx , �rT x ;�′

Rx , �rT x + ��rT x
) = δ

(
�Rx − �′

Rx

)
Ph(�Rx ;��rT x ). (73)

Rh
(
�Rx ,�T x ;�′

Rx ,�
′
T x

) = δ
(
�T x − �′

T x

)
δ
(
�Rx − �′

Rx

)
Ph(�Rx ;�T x ). (74)

where�T x and�Rx are two-part vectors containing the azimuth and elevation angles,
respectively, at the emission site and at the reception site.

6 Gains of the MIMO Channel

The MIMO system was able to improve the communication systems, unlike the old
systems MIMO presented a new gain: the multiplexing gain which is added to the
already existing gains, the diversity gain and the beamforming gain.

Beamforming gain

Beamforming involves maximizing an accurate signal at reception by applying a rear
or filter and a front filter to the transmitter that selects the desired wave propaga-
tion paths by eliminating unused paths or interference. The beamforming gain is a
development of SNR plus receiver interference.

Spatial diversity gain

Le MIMO antennas make it possible to make copies of the same information these
replicas have undergone fading during transmission using an optimal combination;
the average error probability of the high SNRs is as follows: Pe ≈ cSNR−d with



130 N. E. H. Nasri et al.

c constant linked to channel coding and modulation, SNR signal-to-noise ratio, and
diversity gain.

Diversity gain describes how the slope of the error probability as a function of
SNR varies with diversity. Considering a c = 1 (absence of coding), therefore:

d = − lim
SNR→∞

log Pe(SNR)

log SNR
. (75)

With Pe(SNR) is the error rate for a given SNR.

Spatial multiplexing gain

Spatial multiplexing consists of cutting the message sent into blocks, each block
will be sent on an antenna simultaneously, which makes it possible to increase the
transmission rate; hence the gain in spatial multiplexing which results in an increase
in capacity by using spatial channels parallels. The transmission capacity is directed
by the sub-channels r which evolves in log(SNR). at a strong signal to noise. Hence,
the total capacity R ≈ r log(SNR). The spatial multiplexing gain r is then expressed
in Eq. 76:

r = lim
SNR→∞

R(SNR)

log2(SNR)
. (76)

With R(SNR) the capacity available at SNR.

Diversity-multiplexing gain trade-off

Unlike the time domain, the spatial domain allows for maximum multiplexing gain
and maximum diversity gain with an optimal compromise. The optimum diversity
gain for an Nt × Nr MIMO system is given as a function of the multiplexing gain
in:

d(r) = (N t − r)(Nr − r). (77)

With r = 0, …, min(Nr , Nt).
This equation shows that if we have r transmitting and receiving antennas for

multiplexing, the others offer transmission diversity with (Nt − r) in transmission
and (Nt − r) in reception.
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Fig. 5 Initial MIMO antenna

7 MIMO Antenna Design

7.1 The MIMO Antenna Design

The initial MIMO antenna has been made based on polyimide substrate which has a
dielectric constant εr = 3.5 and thickness of 9 μm, and the antenna dimensions are
W1 × L1 = 47.916 × 75.386 μm2. With an inter-distance of 38.693 μm. Figure 5
describes the top view of the MIMO proposed antenna design.

The proposed MIMO antenna has a radiating patch in the form of a rectangular
with a surface area of W2 × L2 = 19.918 × 28.693 μm2. The antenna is fed using
a microstrip feedline of widthWd = 4.8465 μm with a power port adapted to 50 �.
The ground plane size for the MIMO antenna is 47.916 × 75.386 μm2. This initial
MIMO antenna has a negative peak gain of −11 dB where comes the need for the
next step which consists in the optimization of the antenna using the slots as shown
in the next paragraph.

7.2 Optimization of the MIMO Antenna and Results

In order to improve the performance of theMIMO antenna of the previous paragraph
in termof gain return loss andbandwidth slotswere inserted on the radiating elements,
the optimization approach followed in inserting slots in the right position with the
convenient length and width.
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Table 4 The dimensions of
the slots

Slot Length (μm) Width (μm)

1 8.82675 7.2675

2 6 5

3 6 12

4 7 5

5 10 5

Fig. 6 MIMO antenna with slots

This methodology is the simplest way to impact significantly the performance of
the antenna. We ended up adding 5 slots with widths and lengths shown in Table 4
to the antenna as shown in Fig. 6.

7.3 Results and Simulations

The antenna has been simulated using HFSS. The main characteristics that evaluate
the radiation performance of the antenna are return loss, VSWR, gain, E-plane, and
H-plane radiation pattern.

The return loss of an antenna describes the reflection of thewave by the impedance
discontinuity in the transmission medium in dB. It will be referred to it as S11 (dB)
and S22 (dB); their value have to be less than −10 dB in order to have an effective
antenna. Figure 7 represents the return losses for the proposed antenna which are
–21.44 dB and −29.62 dB, respectively. The antenna has a bandwidth of 469 GHz



Compact Two Ports MIMO Antenna Operating at Terahertz Band 133

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

Frequency (THz)

-40

-35

-30

-25

-20

-15

-10

-5

0

S1
1 

(d
B

)
S11
S22

Fig. 7 Return loss S11 of the THz antenna

(impedance bandwidth of 17.11% in the range of 2.526–2.995 THz) with a center
frequency of 2.74 THz. The voltage standing wave ratio (VSWR) is the standard to
judge the impedance matching between the transmission line and antenna which is
a crucial factor to rate the performance of the antenna; the value of this ratio has to
be below 2 [6, 16] to meet the requirements.

The designed antennaVSWRsare 1.18 and1.07 at 2.74THz. In perfect conditions,
VSWR = 1 which means no reflection and all the power is endured [17]. Up to now,
all the important performance parameters have been discussed. The peak gain of the
proposed antenna is also a crucial parameters is 4.65 dB (Table 5).

The E-plane H-plane far field radiation patterns of the proposed antenna at 2.74
THz are shown in Figs. 10 and 11. These patterns show that the antenna has a
minimum back lobe in the chosen band (Figs. 8 and 9).

The performance comparison is based on S11, Gain (dB), and BW (GHz). This
comparison proves that the designed antenna offered a larger bandwidth and a higher
resonant frequency.

Table 5 Comparison of the designed MIMO antenna with other existing work

Antenna Resonant frequency (THz) S11 (dB) Gain (dB) BW (GHz)

[5] 0.96 −13.05 7.3

[6] 0.750 −35 5.09

[7] 1.06 −41.65 2.45 50

Proposed antenna 2.74 −34 4.65 469
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Fig. 9 S12 plot for the proposed THz antenna

8 Conclusion

This work proposed a new MIMO antenna structure that has been analyzed and
simulated for THz applications at 2.74 THz. The approach to do this work mainly
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Fig. 10 E-plane radiation for the THz antenna

focused on the optimization of a simple rectangular antenna by inserting slots on
the radiating element in the right position with a convenient length and width for
these slots. This approach has improved the peak gain to be 4.65 dB. This antenna
has a bandwidth of 469 GHz and a reflection coefficients of −21.44 dB and −
29.62. Furthermore, the proposed antenna has shown good results comparing to
other existing antenna at a higher frequency.
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Fig. 11 H-plane radiation for the THz antenna
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High Gain of a Canine MIMO Antenna
for Terahertz Applications

Bilal Aghoutane, Hanan El Faylali, and Sudipta Das

Abstract The antennas can equip everyday objects of all kinds. They are used
for various applications ranging from telecommunications to medicine, transport
and even manufacturing. In the context of a generalization of wireless communica-
tion systems, the need to miniaturize antennas to allow their integration on small
objects at Terahertz frequencies is building. This chapter investigates the probability
of designing a MIMO antenna for terahertz applications on Rogers substrate across
a broad frequency spectrum, with a thickness of 0.508 µm. The antenna element
includes five steps. The beginning is the usual patch antenna. Next, we add rectan-
gular and triangular slots size 5 × 1 µm2 and 4.05 µm2 on the patch near the feed
line, respectively. Also, on the right and left of the antenna is loaded with added a
triangular slot size. Before the last, the antenna was close to construction, further
adding a polygon with a number of segments equaling six. Whereas a ground plan
comprise 12.871×14.051µm2.With relative dielectric permittivity equal to 2.33 and
tangent loss equal 0.012 to operate on Terahertz. Patch has a much better impedance
matching. This antenna is simulated before implementing a two-element MIMO
antenna, which is our goal. In the design of the MIMO antenna, one of the more
significant elements is the monopole. This is operated under the λ/2 mode. More-
over, archived that the optimized proposed has significant bandwidth and return loss
equal 0.61 THz and −36.9 dB, respectively, at operating frequency 0.75 THz, with
the high gain and current distribution showing good directional radiation pattern. The
proposedMIMOantenna is simulated inHFSS and can be used for THzApplications.
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1 Introduction

In this part, we will focus on wireless communication systems. The different fields of
application covered by this termwill be quickly presented and recent developments in
these technologies will be discussed. Current reflections on wireless local networks
fil will be more particularly developed, since the present study is situated in this
context. A state of the art of research carried out in themillimetre wave band (or EHF,
Extra High Frequency: 30–300GHz), andmore particularly around 60GHz, will end
this chapter. Electromagnetic waves are various powerful mechanisms for studying.
The broad range of the electromagnetic spectrum offers many applications, such as
the subject of galaxies in astronomy, between different wavelength ranges of the
electromagnetic spectrum. First of all, we will start with a semantic precision about
the term communication. It often happens that scientific jargons use certain words
in everyday language with special meaning. This is the case with communication.
Much like the word information used by Shannon in information theory, the word
communication in communication systems is devoid of any connotation about the
content or value of communication. They are simply systems allowing the exchange
of data (in digital form for most current technologies) between several devices.
This reminder is to be seen in relation to the extensive and complex use of the
term communication in current language (“communication era”, “communication
society”, etc.). The word is now loaded with various meanings that have become a
fact of society.

The THz frequencies are between the frequencies 0.1 and 10 THz. Figure 1 illus-
trates the location of THz frequencies in the electromagnetic spectrum. We can
see that the THz frequencies are located between infrared waves and microwaves.
To better define the THz frequency range, the duration of a cycle electromagnetic at

Fig. 1 Schematics representation of the electromagnetic spectrum with a highlighting of the
frequencies, energies, temperatures and wavelengths associated with each type of radiation. An
equivalence between these different parameters is given for 1 THz [3]
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1 THz is one ps, thewavelength is 300µm, the energy is 4.1meV and the temperature
is 48°K.

The exploitation of millimetre-frequency bands is one of the research topics
commonly studied in the field of electronics [1, 2]. Millimetre frequencies are
emerging as the apparent solution to the exponential increase in speed demands for
wireless communications due to the large bandwidths available at these frequencies.
The significant development of printed antenna technologies such as HFSS and ADS
software has enabled the conception of radiofrequency designs with exciting perfor-
mances and costs. Likewise, in these frequency bands, antennas with large gains
and directional beams can be designed with reasonable dimensions. These two parts
have contributed significantly to the emergence of several millimetre-band wireless
communications applications such as high-speed short distance communications, 5G
networks and ultra-high definition television.

However, several challenges arise regarding integrating circuits with antennas
in wireless transmission applications at millimetre frequencies. Losses are one of
the main difficulties encountered in these frequency bands. As for the Tx chain, they
force very high power amplifiers tomaintain a sufficient transmission power level and
ensure the desired throughput. However, the difficulties in making such amplifiers
are significant in these frequency bands, especially when high levels of linearity
are required. On the Rx side, the noise level of the circuits and the losses between
the antenna and the input amplifier significantly limit the receiver’s noise figure.
To minimize these losses, several techniques must be jointly considered. Among
them, they are minimizing the distance between the antenna and integrated circuits,
reducing interconnection losses and increasing the efficiency of the antenna. Antenna
architectures integrated on a circuit (Antenna-on-Chip, AoC) and antennas integrated
with the box (Antenna-in-Package, AiP) allow compromises between these different
options. They also make it possible to reduce the volume of the front-end module
and its manufacturing cost.

One of the essential parameters in building a millimetre-frequency wireless link
between two Tx and Rx antennas is Free Space Attenuation (FSA). The power
PRX received by the antenna Rx is defined by the FRIIS Eq. (1) also called the
telecommunications equation:

PRX = PT XGT XGRX

(
λ0

4πR

)2

(1)

With PRX the transmit power, λ0 the wavelength in free space, GT X , GRX the
gains of the Tx and Rx antennas, respectively, and R the distance between the two
antennas. The free space loss is defined in Eq. (2):

FSA = −10Log10

(
λ0

4πR

)2

(2)
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Fig. 2 Attenuation in free
space as a function of
distance at 60, 140 and
300 GHz (abscissa
represented in logarithmic
scale)

To quantify the importance of this term at millimetre frequencies, the free space
attenuation is plotted in Fig. 2 for three typical frequencies (60, 140 and 300 GHz)
and for distances ranging frommillimetres to hundreds ofmetres. For example, 10 cm
away, the FSA equals 48 dB at 60 GHz, 55 dB at 140 GHz and 62 dB at 300 GHz.
At 1 m distance, the FSA is 20 dB higher, and at 10 m, it is 40 dB higher.

2 Smart Antenna THz

Smart antennas are devices capable of reacting automatically and in real time as the
propagation channel or environment changes. Operation by adjusting one or more
electrical or radiating characteristics of the antenna. In reality, the antennas are not
brilliant, but the digital signal processing capability, along with the associated active
antennas, makes the system intelligent. The term smart antenna incorporates all situ-
ations in which a system adjusts the electrical characteristics or radiation properties
of a single antenna or an array of antennas dynamically as needed. This implies
that this system can operate in any environment and extract valuable signals in the
presence of interference and noise. Generally, there are two categories of intelligent
antennas: adaptive antenna systems and switched beam antenna systems. The main
objective of both methods is to increase the gain in the user’s direction (useful) while
cancelling the power in the order of the interference. Smart antennas offer important
advantages for the design of wireless systems, which can be summarized as follows:

• Increased Antenna Gain: This helps increase the coverage of modern telecommu-
nications systems, prolong battery life, and leads to smaller, lighter designs.

• Interference Rejection: The zeros created by the antenna pattern can be generated
to interference sources by electronically scanning the radiation pattern, reducing
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the interference seen by the base station. Such interference reductions improve
the Carrier-to-Interference Ratio (CIR), which in turn leads to increased capacity.

• Diversity: This greatly minimizes fading and other unwanted effects of multipath
propagation. The different types of diversity and their advantages will be dealt
with later in this chapter.

• Possibility to communicate between several users at the same time or to follow a
target in real time.

3 Recent Work

Recent developments in integrated antenna and process technologies and assembly
and integration processes have allowed the emergence of serval channel applications
in Terahertz bands [4]. Among them, very high-speed point to point communications
[5, 6], 5G networks [7–10] short distance communications such asWLAN networks,
high definition television (HDTV) and ultra-high definition (UHDTV) [11, 12] and
high-speed wireless interconnections [13, 14]. The performances demonstrated by
these technologies, particularly the high bandwidths, the high level of integration
and the reduction in cost, also make it possible to envisage future communications
networks beyond 5G and 6G [15, 16].

In addition to wireless communications, several other applications have emerged
in the millimetre-wave spectrum, such as 77 GHz automotive radars [17, 18],
detection radars [19, 20] and imaging for safety and security monitoring [21, 22].

The millimetre-wave spectrum is divided into several bands, the main ones being
the V band (40–75 GHz), E band (60–90 GHz), D band (110–170 GHz) and H
band (220–325 GHz). The H band can also be considered as part of the submil-
limetre or terahertz bands [23]. This chapter gives particular interest to wireless
communications applications operating in the D and H bands.

4 THz Wave

In conventional material characterization techniques (microscopy, spectroscopy), the
determination of the specific losses of a material consists of measuring the decrease
in signal between transmitter and detector when a material is placed in the path of
the beam. These measurement techniques bring together in the magnitude “loss”
or “absorption” contributions related to the pure absorption of the material, to the
reflection at its interfaces and to the scattering at the interfaces (diffuse reflection)
that to through the material (diffuse transmission). However, the distinction between
diffusion and inherent absorption of materials may be necessary and important for
some applications. This is, for example, the case in applications such as telecom-
munications [24], isolation [25] or even metrology [26] and scene simulation [27]
where it is useful to know the properties of the materials carefully to be traversed.
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Studies on the scattering of the THz wave by materials were carried out by Cheville
et al. [28]: they showed, by measuring the THz signal backscattered on a sphere,
that it is possible to temporally separate the different waves responsible for the halo
phenomenon. Pearce and Mittleman studied the propagation of THz radiation in a
complex medium. They show in particular that time-domain THz spectroscopy can
be used to study transport (ballistic and diffuse) in complex media [29, 30]. Shen
et al. (Teraview) [31] have shown that the spectral signatures of inhomogeneous
materials can be changed by scattering THz radiation by particles of comparable
size at wavelength.

5 MIMO Antenna Design and Analysis

The proposed antenna was designed on Roger RT/duriod 5870 substrate with a thick-
ness of 0.508µm.The antenna element includes five steps. The beginning is the usual
patch antenna, as shown in Fig. 3a. Next, in Fig. 3b and c, we add rectangular and
triangular slots size 5× 1 µm2 and 4.05 µm2 on the patch near the feed line, respec-
tively. Also, on the right and left of the patch is loadedwith added a triangular slot size
as shown in Fig. 3d. Before the last, the antenna was close to construction, further
adding a polygon with a number of segments equaling six, as shown in Fig. 3e.
Whereas a ground plan comprise 12.871× 14.051 µm2. Relative permittivity equal
to 2.33 and tangent loss equal to 0.012 to operate at terahertz, the patch has better
impedance matching. This antenna is simulated before implementing a two-element
MIMO antenna, which is our goal. In the design of the MIMO antenna, one of the
more significant elements is the monopole. This is operated under the λ/2 mode. The
configuration and the optimized value of the parameters for the proposed MIMO
have been presented in Fig. 4 and Table 1.

In Fig. 5 shows the comparison of reflection coefficient between the first design
(Ant-1), second design (Ant-2) and third design (Ant-3). As we can see, the designed
antenna (Ant-3) has a greater bandwidth with return loss equal to −12.5 dB. On the
contrary, other designs.

Further to improve the performance of an antenna, in the fourth and fifth steps,
the developed patch antenna is transformed. Also, from Fig. 6, it is noted that on
adding a polygon of the slot, the resonating frequency is slightly shifted towards the
right side near 0.5 THz. After the simulation of the two elements, the result is shown
in Fig. 7 and compared with the single element in Fig. 8. From Fig. 7, it is observed
that the optimized proposed have great bandwidth and return loss equal 0.61 THz
and −36.9 dB, respectively, at operating frequency 0.75 THz.

Moreover, Fig. 8 shows all coefficient reflection, the total bandwidth of the
proposed antenna are enhanced from 0.05 THz to 0.61 THz. Also, the maximum
achieved gain is improved from 27 to 34 dBi, as illustrated in Fig. 9.
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Fig. 3 Antenna geometry steps. aAnt-1, bAnt-2, cAnt-3, dAnt-4, eAnt-5 and f optimized design

6 Simulation Results and Optimization

The proposed antenna is simulated, modelled and optimized by using the High-
Frequency Simulation Software (Ansys HFSS). The proposed MIMO antenna is
analyzed and validated in HFSS. The microstrip port feed, the real port formed
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Fig. 4 Proposed MIMO
antenna for THz

Table 1 The optimised
dimensions of the single and
two elements antenna

Parameters Dimensions (µm)

Wp 5.48

L p 6.25

W f 0.5

L f 12.48

Wg 14.051

Lg 12.851

Se 1.953

Sp 4.896

D 14.051

Fig. 5 Comparison
reflection coefficient
between Ant-1, Ant-2 and
Ant-3
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through lines, is used to feed the antenna. The particular lines circling the waveguide
port define theEMdistributionon thewaveguide port. In this section, the development
of the proposed optimized antenna design MIMO is discussed.
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Fig. 6 Comparison
reflection coefficient
between Ant-4 and Ant-5
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Fig. 7 Comparison of
reflection coefficient for the
single element antenna and
MIMO antenna
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To identify the radiation pattern of optimized MIMO antenna design, the E and
H plane, as shown in Fig. 10, is plotted at resonating frequency 0.25 THz, 0.5 THz,
0.75 THz and 1 THz of the proposed antenna. From the radiation pattern, it is a
noticeably advanced MIMO antenna with a multi-side lobe character, which is not
acceptable. To reduce the side lobe in a realistic situation, some algorithms can be
used.

Some other methods are available to overcome the sidelobe levels same filling the
antenna layout, including the metamaterial lens or metamaterial structures, which
assists in decreasing the sidelobe levels of the before-mentioned proposed antenna.

Figure 11 shows the current distribution of the proposed MIMO antenna at
0.25 THz, 0.5 THz, 0.75 THz and 1 THz is diverse due to the difference in the conine
patch and feed line width. In uniform power distribution, the impedance to all the
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Fig. 8 S11 for Ant-1, Ant-2, Ant-3, Ant-4, single antenna and MIMO antenna

Fig. 9 Gain 3D for a single element and b MIMO antenna

transmitting feed lines is the same. In contrast, each transmitting feed line impedance
is different with a different width to the feed lines, as shown in Fig. 11a–d.

7 Conclusion

The probability of a MIMO antenna proposed model is studied for THz applications.
TheMIMO antenna is designed on Roger RT/duriod 5870 substrates with a thickness
of 0.508µm.The antenna uses amircostrip feed linewith 50�. The proposedMIMO
antenna has a size 12.871× 14.051× 0.508µm3 operate across 0.75 THz.Moreover,
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(a) E and H plane at 0.25 THz (b) E and H plane at 0.5THz

(c) E and H plane at 0.75THz (d) E and H plane at 1THz

0

30

60
90

120

150

180

210

240
270

300

330

0

10

20

30

40

50

0

10

20

30

40

50

 G
ai

n 
(d

B)
 E-Plane
 H-plane

0

30

60
90

120

150

180

210

240
270

300

330

0
10
20
30
40
50

0
10
20
30
40
50

 G
ai

n 
(d

B)

 E plane
 H plane

0

30

60
90

120

150

180

210

240
270

300

330

0
10
20
30
40
50

0
10
20
30
40
50

 G
ai

n 
(d

B)

 E plane
 H plane

0

30

60
90

120

150

180

210

240
270

300

330

0

10

20

30

40

50

0

10

20

30

40

50

 G
ai

n 
(d

B)
 E-plane
 H-plane

Fig. 10 Radiation pattern for E and H plane of MIMO antenna

archived that the optimized proposed has significant bandwidth and return loss equal
0.61 THz and −36.9 dB, respectively, at operating frequency 0.75 THz, with the
high gain and current distribution showing good directional radiation pattern. The
proposedMIMOantenna is simulated inHFSS and can be used for THzApplications.
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(a) at 0.25 THz (b) at 0.5 THz

(c) at 0.75 THz                                      (d) at 1 THz 

Fig. 11 The current distribution of the proposed antenna
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Terahertz Band for Wireless
Communication—A Review

Ram Krishan

Abstract In wireless communication, the exchange of data traffic has increased
significantly in modern days as the public produces, transmits, and uses this infor-
mation. Following this transformation, the demand for faster wireless networking
has been increasing rapidly that can be utilized anywhere. Wireless data amount has
quadrupled in the course of recentmanyyears,moving toward the limit ofwired trans-
mission organizations. If the current patterns proceeds, wireless Terabit-per-second
(Tbps) connections are supposed to be the reality in the following five to ten years.
Advanced physical layer technologies, particularly current spectral bands, would be
needed to help these amazingly high data rates. Terahertz (THz) band networking is
imagined as a basic wireless innovation to address this demand, easing bandwidth
depletion and power limitations in current wireless networks and empowering a huge
number of applications in a wide scope of areas. Terahertz is a spectral band with
frequencies ranging from 0.1 THz to 10 THz. The frequencies ranges above and
below of this band have gotten a lot of interest, but this is the band that is the least
researched. This chapter explores the THz band communication systems and their
features for future wireless communication.

Keywords Wireless communication · Data transmission · Terahertz (THz) ·
Frequency band

1 Introduction

Terahertz [1] radiations lies in 100GHz (3mm) to 10THz (30µm)on the electromag-
netic spectrum, and this frequency range falls in between the millimeter and infrared
as depicted in Fig. 1. The other names of the THz band [2] are close millimeters
wave, sub-millimeter, and far-infrared [3].

This piece of the electromagnetic range is the least examined region when
contrasted with neighbor locales, i.e., the microwave and optical groups [4]. This
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Fig. 1 Terahertz radiation spectrum

is the reason the expression “THz hole” is utilized to clarify the early stages of this
band when contrasted with all around created adjoining ghastly locales. This has
driven specialists from different followers (like physical science, material science,
gadgets, optics, and science) to research different neglected or less-investigated parts
of THz waves.

1.1 Properties of Terahertz Waves

A critical inspiration for this is the uncommon wave properties and huge potential
applications in the THz frequency range. THz waves [5–7] have mid-qualities of the
two groups they have sandwiched in the middle. These properties can be summed
up as follows:

1. Penetration: The frequency of THz radiation is longer than the infrared
frequency; henceforth, THz waves have less dissipating and better infiltration
profundities (in the scope of cm) contrasted with infrared ones (in the scope of
µm). Subsequently, dry and non-metallic materials are straightforward in this
reach yet are murky in the noticeable range.

2. Resolution: The THz waves have more limited frequencies in contrast with the
microwave ones; this gives a superior spatial imaging goal.

3. Security: In the THz band, the photon energies are a lot lower than X-beams.
Consequently, the radiations of THz are said to be non-ionizing.

4. Spectral fingerprint: In numerous particles, inter and intra-vibrational method
lies in the THz range.
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Fig. 2 Block diagram of terahertz communication

2 Terahertz (THz) Band in Wireless Communication

The Terahertz Band (0.1–10 THz) is anticipated to satisfy the need for Tbps wireless
connectivity in the near future [8]. THzBand connectivity can overcome the spectrum
shortage and power limitations that currently exist in wireless systems, allowing for
a variety of applications such as ultra-fast huge data transfers between neighboring
devices or videoconferencing of HD quality across personal mobile devices in small
cells [9–11]. Furthermore, newnanoscale networkingparadigms such asNanoSensor
in wireless networks and the Nano Internet of Things may be enabled by the THz
Band.

Figure 2 shows the block diagram of the terahertz communication process. The
increased interest in wireless communication pushed the required wireless connec-
tivity speed to more than 100 Gbit/s. To convey the expansive data transfer capacity
[12] vital for communication in future, specialists are investigating new resources
of the frequency, like terahertz (THz), which is characterized as over 300 gigahertz
(GHz) [13]. Already shown in [13] that the transmission in the 300 GHz must be
done over transmission windows in order to realize a reliable transmission. There
has been a surge in interest in this frequency band, and considerable efforts are being
put into creating efficient sources, sensitive detectors, and suitable modulators in this
frequency band [14, 15].

3 Terahertz Radiation Sources

THz technologies have a long history in space, owing to research applications such as
astronomyand earthmonitoring [16]. Increased commercial exploitation of space, for
example, in support of weather forecasting and future ultra-high-frequency telecom-
munications, has a lot of potentials. Next-generation instrumentation, on the other
hand, would be compatible with low-mass, small-volume, and low-power satellite
payload systems. Higher-frequency sensors would be developed for increased sensi-
tivity and imaging capabilities, as well as enhanced optical signal processing. These
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advances providemajor challenges, requiring improvements in detector components,
circuit downsizing, sophisticated machining, lightweight composites, and improved
cooling technologies, to mention a few. Addressing these problems will enable more
widespreadusageof theTHzdomain fromspace, and considerablework is beingdone
in this area across the globe. In the next decades, THz research in space will flourish,
providing both technical and economic advantages. To illustrate the advances and
possible dangers in THz protection systems, we utilized the paradigm of standoff
imaging systems. Though solid-state transistors would most likely replace Schottky
diodes as sources and receivers in active systems, the large number of receivers (thou-
sands) required for fair contrast in passive systems above 150 GHz means bolometer
arrays will remain critical until packaging allows MMICs to compete. With cautious
optimism, we anticipate integrated circuit and packaging technologies to remain the
top research challenges for both active and passive devices to achieve reduced prices
and more widely accessible capabilities. THz systems will enable sensory modali-
ties that are just not possible in any other electromagnetic spectrum, regardless of
the direction THz technology takes. A key impetus for THz communication system
development is the requirement for bandwidth to allow high-capacity wireless data
transfer. A multitude of communication windows in the band below 400 GHz will
help short-range and indoor wireless networks.

4 Challenges for Terahertz Technology

The two most critical challenges for the commercialization of this technology are,

1. Development of effective THz sources with output power levels up to 100 mW.
2. The development of compact antenna arrays to reduce wireless connection

degradation.

Terahertz (THz) waves, also known as underdeveloped electromagnetic waves,
have made considerable scientific progress lately. Apart from laser-based THz
production, progress is being made in THz generating techniques using electronic
devices and accelerators, and a range of THz optical components are being actively
manufactured. THz technology is currently being used in a growing number of appli-
cations. As a result, new research organizations faced a significant barrier to entry. A
new spectroscopic technique was developed in the late 1980s, which led to a signif-
icant rise in jumpin operations. It took a few years, however, for the first commer-
cially viable portable gadget to be released. While academics strive to expand the
available power of spectrum below 10 GHz, we may be nearing physical capacity
limitations, as well as the economic feasibility of increasing capacity in low and
mid-band spectrum below 10 GHz. Advances in modulation and coding methods,
as well as tiny cells, antenna beam shaping, virtualization, and other approaches,
are improving the signal-to-interference-noise ratio (SINR) [17]. If we reach phys-
ical limitations in terms of SINR reduction, the only option to increase capacity is
to increase available bandwidth. Obtaining large continuous networks, which are
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required for greater data rate services, becomes more costly, if not impossible, as a
result. The electronics industry has moved on to the next phase. Photonic circuits,
high-precision infrared sensors, quantum computing, and a host of other technologies
will emerge as a result of this process, which would have been unimaginable only a
decade ago. At the heart of this endeavor are issues that mankind has yet to solve.
For example, a Terahertz diode is a diode that can function in the Terahertz range.
This method has a lot of promise as the next big thing. This paper examines the most
recent developments in the field as well as a brief review of the basics. Terahertz
diodes are diodes that operate at a Terahertz frequency. Schottky diodes and other
PN-junction diodes have a sluggish response time. At such high frequencies, they
are unable to adapt, requiring the creation of a new kind of diode built especially
for switching at this level. Another significant reason for their present research is
the use of THz diodes in Rectenna applications. Rectennas, also known as rectifying
antennas, are signal-rectifying antennas. Instead of employing photovoltaics, we’ll
utilize rectifying antennas to collect light and then directly correct it using these
diodes to produce energy from sunshine.

5 Terahertz Communication Systems

Figure 3 presents the terahertz communication system, the future of wireless tech-
nology. In future, 6G communications aim to provide an increased data rate and
latency efficiency while allowing for ubiquitous connectivity.

Furthermore, 6G communications would use innovative techniques to enable
modern networking experiences, such as virtual presence and universal presence,

Fig. 3 THz wireless communication system
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which would be accessible from anywhere. 6G communications also include notable
technologies like holographic messaging, flying networks, and teleoperated vehi-
cles. In addition, when compared to conventional wireless networks, 6G is said to be
more efficient and secure. THz and Artificial Intelligence (AI) are, however, the most
intriguing of all 6G-related technological developments. These advancements are
said to be ground-breaking in the area of cellular networks. Business experts would
need to enhance their architectural ideas significantly for these new technologies to
be incorporated into prospective networks. 6G broadband networks are expected to
go through a transformation that will set them apart from previous generations and
revolutionize the wireless shift from “connected objects” to “connected knowledge.”
Not only that, but 6G communications may have capabilities beyondmobile Internet,
enabling ubiquitous AI connection to be provided from the central network, which
includes data centers, through delivery backhauls, and finally to end-users.

This presents challenging issues such as spatial-spectral efficiency and commu-
nication frequency ranges. As a consequence, a broad bandwidth is required, which
may be accommodated by THz bands, which are classed as a distance band between
microwave and optical spectra and are the subject of this study. THz waves are high-
frequency waves with a very small wavelength. THz waves, as compared to mm
waves, have a greater frequency.

As a consequence, 6Gmay be described as an ultra-dense network with enhanced
capabilities that can integrate various technologies to execute and fulfill a wide range
of service orchestration requirements. THz band coordination may also be used
for a broad variety of applications, including macro and micro scale ones. Video
transmission requires a large amount of bandwidth, which is one of the reasons why
earlier wireless generations’ internet video delivery services were delayed. Existing
high-rate systems, such as 60GHz IEEE802.11admm-WaveWi-Fi, can only provide
6.8 Gbps on average.

In other words, the bandwidth of existing channels has been exhausted, requiring
the search for an additional spectrum. The THz bands, which are proficient to provide
multi-gigahertz continuous bandwidths sufficient to support uncompressed video
data rates of multi Gbps and Tbps are the only feasible option.

6 Conclusion

In this review chapter, we have explored the various research work is in progress
toward terahertz wireless communication. THz waves may transmit the data at a
faster speed at the expense of a shorter signal transmission wavelength. THz waves
may resolve the issue of lower throughput of data or latency that 5Gwill not be able to
handle, as they are fully deployed and integrated with cellular networks. As a conse-
quence, service providers may look forward to THz waves as a way of addressing the
lower electromagnetic spectrum’s impending bandwidth constraint. Technology will
spread into a wide digital gadgets era with the emergence of smart society, culmi-
nating in a multiplicity of devices being linked, resulting in enormous quantities
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of data. 6G is expected to offer enormous power and a secure wireless connection
between humans and machines like robotic and autonomous drone systems develop.
The current Internet ofThings (IoT)modelwill be replacedby the Internet ofAll (IoE)
paradigm in future. Table 1 shows the comparison of different wireless technologies.
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Nonconventional Heterostructure Tunnel
FET for Sensitive Tera Hertz Detection

Ritam Dutta

Abstract A novel extended gate with source splitted nonconventional heterostruc-
tured tunnel field effect transistor (TFET) device is proposed in this chapter. A
deliberate gate extension utilizes corner effect and can eventually increase the band-
to-band-tunneling (BTBT) phenomenon for a n-type heterostructured TFET. The
splitted source with ultra-thin barrier width results better digital and analog perfor-
mance, which can be useful for electrical and high frequency applications. In this
chapter, the figure of merits (FOM) of such typical TFET viz. transconductance (gm),
overall gate capacitance (Cgg), cutoff frequency (f t) and gain bandwidth product
(GBP) has been discussed and analyzed using TCAD device simulator. The cutoff
frequency (f t) of our proposed nonconventional heterostructured TFET device is
recorded as 0.563 THz which makes it suitable for sensitive tera hertz detection.

Keywords TFET · BTBT · FOM · Transconductance · GBP · Cutoff frequency ·
TCAD · Tera hertz detection

1 Introduction

Nanodevice modeling has been trending research in the field of nanoscience and
nanotechnology. With the advent of nanodevice modeling, the device dimensions
have been scaled from millimeter to nanometer regime. Though downsizing of
MOSFET devices is facing short channel effects (SCE) and drain induced barrier
lowering (DIBL) effects, that limits its growth for low power and high frequency
applications [1, 2]. Therefore, a new device physics-based approach using quantum
tunneling developed several typical homo/hetero structures of tunnel field effect tran-
sistors (TFETs), which has been a real alternative of MOSFET for low power and
high frequency applications [3–7].

This chapter presents a nonconventional heterostructure of a tunnel FET having
extended gate with splitted source electrode, suitable for tera hertz applications.
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There have been several research articles describe the high frequency applications of
lateral conventional structures [8–12]. These conventional TFET device structures
gathered much attraction for ease of physical fabrication process. Several modified
conventional TFET structures have been studied and inferences have been taken from
such literature surveys [5, 13–19]. But there is not much literature survey available
for typical nonconventional TFET structures for high frequency applications. The
figure of merits (FOM) of such typical TFET viz. transconductance (gm), total gate
capacitance (Cgg), cutoff frequency (f t) and gain bandwidth product (GBP) has been
discussed and analyzed using TCAD device simulator.

2 Device Structure and Simulation Strategy

A conventional TFET device structure shaped like English letter ‘L’ with source
splitted is shown in Fig. 1. All necessary device dimension parameters and their asso-
ciated electrical parameters have been taken from recent established device model
[20], shown in Tables 1 and 2 respectively.

A unique feature of L-shaped TFET model is its physical device structure, where
due to the L-type structure the BTBT tunneling can happen perpendicular to the
channel. Such quantum tunneling across the tunneling junction results thousand
times larger drive current (ION) in comparison to any conventional TFETs [21]. This
phenomenon motivated us to modify the structure in nonconventional way, i.e., the
gate terminal has been extended from its original position to sandwiched between

Fig. 1 L-shaped tunnel FET with source splitted device model
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Table 1 Device parameters
used for nonconventional
heterostructure tunnel FET

Device parameters Values

Gate length (Lg) 20 nm

Tunneling length (Ltun) 2–8 nm (variable)

Gate oxide thickness (tox) 2 nm

Source thickness (tox) 5–20 nm (variable)

Gap between splitted sources (gss) 10–40 nm

Gate length extension (Leg) 2–8 nm (variable)

Table 2 Electrical
parameters used for
nonconventional
heterostructure tunnel FET

Electrical parameters Values

Intrinsic channel doping (Nch) 1 × 1015 cm−3

Source doping (Ns) 1 × 1020 cm−3

Drain doping (Nd ) 1 × 1018 cm−3

Metal contact work function (Fm) 4.5 eV

Gate voltage (VG) 1 V

Supply voltage (VDD) 0.5–0.7 V

the splitted source electrodes. The modified nonconventional heterostructured TFET
device is proposed in Fig. 2.

The major reason behind the variable gate electrode extension between a thin
passage of splitted source electrodes is to utilize maximum source-channel area,

Fig. 2 Proposed nonconventional heterostructured TFET with extended gate and splitted source
device model
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through which maximum BTBT tunneling can be performed. Moreover, the corner
effect also boosts the ON-state current (ION) as well as turns ON voltage (VON)
for a nonconventional TFET device up to larger extent [22]. The typical device and
electrical parameters have been detailed in Tables 1 and 2 respectively.

The proposed nonconventional heterostructured TFET device model is simu-
lated by two-dimensional numerical device simulator, namely TCAD. The Shockley
Read Hall (SRH) model is used to assimilate recombination effects between the
carriers. Here n-type tunneling FET has been considered for ease of understanding.
The Bandgap Narrowing (BGN) model is used for quantum tunneling at ultra-thin
tunneling junctions.

2.1 Simulation Framework

The numerical device simulator is based on command and structure files as input
peripherals, and log and solution files work as output peripherals. In ATHENA the
fabrication process is performed virtually and using tony plot the graphical repre-
sentations of possible output(s) can be achieved. The entire software environment is
termed as technology computer aided design (TCAD) [23] (Fig. 3).

Fig. 3 ATLAS device simulator with its peripherals
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2.2 Electric Field Distribution

To study the device performances, firstly the 2D Poisson’s equation needs to be
solved with determined boundary conditions [24]. Kane’s model is used for non-
local BTBT tunneling [25, 26]. After bias applied to the proposed device models,
the electric field distribution contour plots provide the expanded lateral and vertical
electric field emerged around tunneling region for the proposed nonconventional
heterostructured TFET device model.

Moreover, the Eflat and Ecor indicate the electric field distributed at flat surface of
source-channel junction and electric field distributed at corner surfaces of source-
channel junction regions. Due to current crowding phenomenon, the electric field
has got largely distributed at corner regions in comparison with flat source-channel
junction regions (Fig. 4).

3 Simulation Results and Discussion

All electrical characteristics and small signal analysis have been performed in detail
in this section.

Fig. 4 Electric field distribution captured in contour plots for proposed TFET structure
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Fig. 5 Transfer characteristics analysis between conventional and nonconventional TFET structure

3.1 Transfer Characteristics

The transfer characteristics depict the variation of ON-state current with varied gate
voltage (Vg) at VDD = 0.5 V.

From Fig. 5 it can be observed that the red colored solid line rises much earlier
at 0.3 V gate voltage. This red color solid line represents our nonconventional
heterostructured TFET, which provides 20.37 mV/decade of subthreshold swing
(SS), much less compared to 30.22 mV/decade of SS offered by conventional L-
shaped TFETs. Moreover, the proposed TFET device offers better leakage current
of 1.12 × 10–16 A/μm.

3.2 Surface Potential and Electric Field Distribution Analysis

The surface potential distribution along the channel especially in lateral direction and
the electric field distribution analysis plays critical role in determining the suitable
physics-based device structure for better device performance.

In Fig. 6, the surface potential distribution has been analyzed at supply voltage kept
minimum of 0.5 V for both the conventional L-shaped tunnel FET with our proposed
nonconventional TFET device model. From the graphical representation, it can be
clearly understood that the extended varied gate electrode placed between the splitted
source of our heterostructured TFET device produces steep rise in the tunneling
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Fig. 6 Surface potential distribution analysis between conventional and nonconventional TFET
structure

junction due to corner effect. The current crowding occurring at the source-channel
corner region results this steep rise.

The lateral and vertical electric field distribution analysis is shown in Figs. 7 and
8 respectively. In Fig. 7, the noticeable sharp spike has been generated due to the
extended gate structure of our proposed devicemodel, recorded best at 1× 10–4 V/cm

Fig. 7 Lateral electric field distribution analysis between conventional and nonconventional TFET
structure
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Fig. 8 Vertical electric field distribution analysis between conventional and nonconventional TFET
structure

shown using red color solid line, whereas the conventional L-shaped TFET device
model shows only 6 × 10–5 V/cm at tunneling regions.

The vertical electric field for both the device models has got distributed almost
equally along the channel length.

3.3 Small Signal Analysis

The proposed nonconventional heterostructured tunnel FET device model’s small
signal analysis is studied by investigating its analog parameters.

Earlier the proposed device model has offered better ON-state current in transfer
characteristics analysis, and in addition to this, due to typical corner regions of
extended gate, steep subthreshold slope has also been obtained.

The small signal analysis includes transconductance (gm), capacitance between
gate to drain (Cgd), capacitance between gate to source (Cgs), cutoff frequency (f t),
maximum oscillation frequency (f max) and gain bandwidth product (GBP). The total
gate capacitance (Cgg) must be less to achieve the superior device performance for
high-speed applications. The figures of merits (FOM) are assessed at 1 MHz small
signal input frequency. Cgd acts like parasitic capacitance at reduced gate voltages,
and it acts like an inversion capacitance at higher gate potential for small signal
analysis.
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3.3.1 Transconductance Analysis

The transconductance (gm) is defined as the ability of a device to reflect gate voltage
(Vg) into drain current (Id). After bias is applied, gm can be calculated from transfer
characteristics (Fig. 5) using Eq. 1.

gm = (d Id/dVg)VDS (1)

The transconductance (gm) has been simulated and shown in Fig. 9. It can be
observed that, at VDD = 0.5 V and with drain to source voltage (VDS) varied between
1–0.5 V, the subthreshold slope gets affected.

Hence, a precise adjustment of VDS can deliver steeper slope with restricted
leakage current. The proposed nonconventional heterostructured TFET provides gm
of 12.25 × 10–5 S at VDS = 1 V and VDD = 0.5 V.

Now, after finding gm, the f t can be achieved from Eq. 2.

ft = gm2π(Cgs + Cgd) (2)

ft = gm2πCgg (3)

Fig. 9 Transconductance Analysis of proposed TFET model at 0.5 V Supply voltage with varied
VDS (0.5–1 V)
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whereCgs andCgd are the gate to source and gate to drain capacitances, respectively.
The total gate capacitance (Cgg) is the summation of Cgs and Cgd of our proposed
nonconventional heterostructured TFET device model i.e., (Cgg = Cgs + Cgd).

3.3.2 Capacitance–Voltage Characteristics Analysis

Keeping each gate bias of 1 MHz frequency source, small signal analysis can be
performed by the internal capacitances i.e., Cgs and Cgd along with gm are utilized
to evaluate f t . It is evident that, lower the Cgg and higher the gm helps to achieve
excellent high frequency performance.

From Fig. 10, it can be noted that our proposed device model produces less Cgs

with respect to Cgd . Now, with variation in VDS from 0.5 V to 0.7 V, the Cgd can be
reduced from 1.83 × 10–16 F to 0.57 × 10–16 F at 0.5 V of VDD. Cgg can be reduced
with higher gm. The combined attempt of increasing gm by reducing Cgg elevate f t .
The nonconventional heterostructured TFET device model delivers f t = 0.563 THz
at VDS = 0.7 V, VDD = 0.5 V, which is suitable for tera hertz applications.

GBP = gm
2π10Cgd

(4)

Fig. 10 Capacitance–gate voltage characteristics of proposed devicewith variedVDS (0.5V–0.7V)
at 0.5 V supply voltage



Nonconventional Heterostructure Tunnel FET for Sensitive … 173

fmax = ft
8π × Cgd × Rgd

(5)

Moreover, the GBP and f max can be computed from Eq. 4 and 5 respectively. The
f max has been given by the equation number (5) and optimum value of Rgd have been
considered as 1.2 K� for calculating f max.

4 Conclusion

Thenonconventional heterostructuredTFETdevice’s electrical and small signal anal-
ysis is performed thoroughly. The corner effect resulting current crowding effect
offered larger band-to-band tunneling. At supply voltage of 0.5 V, the SS becomes
20.37 mV/decade which is much lower than conventional TFET structure.

Our proposed model provides gm of 12.82 × 10–5 S at VDS = 1 V and VDD =
0.5 V and cutoff frequency of 0.563 THz at VDS = 0.7 V, VDD = 0.5 V, which can
be applied for tera hertz applications. GBP is recorded as 45.5 GHz.
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Study and Design of the Microstrip Patch
Antenna Operating at 120 GHz

Salah-Eddine Didi, Imane Halkhams, Mohammed Fattah, Younes Balboul,
Said Mazer, Moulhime EL Bekkali, and Sudipta Das

Abstract In this chapter, we will present a study concerning the design of a
microstrip patch antenna with a rectangular slot intended for the wireless tech-
nology terahertz. This antenna operates for a frequency located in the terahertz band
(120 GHz). The designed slot allows improving the characteristics of the antenna.
The dimensions of this type of antenna for the terahertz band are reduced compared
to conventional antennas. The patch and feeder cable sizes are small and difficult
to manufacture. In this paper, we use a three-dimensional high-frequency structure
simulator (HFSS) tool. The substrate chosen for this design is the rubber hard one
with permittivity εr= 3 and its height (h= 0.1mm). The overall size of this antenna is
0.9mm× 0.7mm× 0.1mm. It resonates at a frequency of 119.79GHz, with a reflec-
tion coefficient (S11) of less than minus 10 dB throughout the resonant frequency
range (S11 reflection coefficient of −21.36 dB), a bandwidth of 3.11 GHz, VSWR
of 1.18, gain of 7.9 dB, and efficiency of 99.5%.

Keywords THz · 120 GHz · Microstrip patch antenna · Slot · HFSS

1 Introduction

Terahertz (THz) waves define the range of the electromagnetic wave spectrum
between 20 and 0.1 THz, which corresponds to wavelengths between 15 and
3000 µm. Figure 1 shows this spectrum as a function of frequency and wavelength.
The THz band is bounded there by the purple square, which extends from radiowaves
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Fig. 1 Representation of the spectrum of electromagnetic waves as a function of frequency and
wavelength. The purple frame delimits the THz domain

in the electrical band (<0.1 THz) to infrared waves in the optical band (>20 THz).
The THz range covers a spectral area of great interest for many uses in spectroscopy,
imaging, and telecommunications [1].

The development of THz spectroscopy began in the late 1980s with the time-
domain spectroscopy (TDS) technique [2]. For example, it allows the identification
of absorption lines of the polar molecule of water corresponding to the excitation of
molecular rotations [3] or the absorption due to phonons or free carriers in metals or
doped semiconductors.

Among the most common applications of THz spectroscopy is in the pharma-
ceutical industry. This application exploits the fact that the absorption lines of water
are very well defined and more easily identified in the THz domain than in the
optical spectrum [3]. Thus, the presence of water in pharmaceutical products can be
identified during the control of a pharmaceutical process [4].

Like X-rays, THzwaves have a high penetrating power. They can penetrate plastic
and clothing fabrics, for example. Thus, they can be used to make deep images.
However, unlike X-rays, THz waves only partially penetrate metals or skin. On the
other hand, they have the advantage of being low energy, so they do not ionize the
skin and allow body imaging without damaging cells.

These properties offer a great potential toTHz sources,which are used for different
needs: insecurity [5], industry [6], medicine [7], or art [8].

Telecommunications are an example. The bandwidth of radio waves is limited to
10% of the carrier frequency, which is 10 GHz [1], which limits the data transmission
rate. However, by using a higher frequency wave, such as THz waves, the bandwidth
is increased, which allows increasing the data rate transmitted by a wireless network.

In the terahertz frequency range, the most commonly used antennas are planar are
the planar type and the dipoles (Hertz dipoles) built monolithically on the substrate.
On this substrate are active components for radiation generation or detection with
a hemispherical silicon lens placed on the backside of this substrate. Even though
these antennas are not really “broadband”, they have so far provided the best results
in pulsed Terahertz spectroscopy. However, on the other hand, their poor efficiency
makes them unsuitable for use in continuous operation, where the powers involved
are low.

In this chapter, we present a design of a rectangular patch antenna with a
rectangular-shaped groove, suitable for the terahertz operating frequency. The struc-
ture of this antenna is 0.9 mm × 0.7 mm × 0.1 mm. This paper is structured as
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follows: The first step presents a general introduction of this paper, the second step
is devoted to the different applications related to Terahertz frequencies, the third step
presents the Terahertz radiation sources, the fourth step is devoted to the design of a
Terahertz slot patch antenna, finally, the fifth step ends with a conclusion.

2 Applications of Terahertz Frequencies

A. Biomedical

Currently, different medical imaging techniques coexist. The first X-ray images were
made in 1895 by Wilhelm Rontgen. A century later, the first demonstrations of
imaging using terahertz frequency waves were performed [9]. X-ray imaging uses
photons with quantum energies above a hundred eV, whereas in the terahertz range
the energy is less than 1 eV (see Fig. 2). Since molecular ionization requires several
eV, terahertz waves can currently be considered as non-ionizing electromagnetic
radiation. However, the strong absorption of terahertz waves by water molecules and
the high water content of the human body limit the applications of terahertz imaging
to surface examinations.

Initially, the applications were focused on the examination of the skin. The control
of the water content of the cells on the surface allows the detection of a deterioration
of the skin. In the case of skin cancers, the use of terahertz imaging allows the early
detection of this type of cancer undetectable by X-rays but also to monitor their
evolution. In the case of wounds and burns, this detection can be used to evaluate
the extent of the deterioration but especially to control the state of healing of the
skin without removing the dressings [10]. As skin cancer is one of the most common
cancers, its early detection is a significant advance in the biomedical field.

More specific applications have been demonstrated, notably in dentistry. Dentin
has different water contents when it is healthy or not. This variation makes it possible
to detect the depth of evolution of a cavity or the presence of dental tumors [11] while
limiting the use of X-rays. These specific applications may allow an improvement
of the current systems on X-ray exposure. Proofs of concept are a first step toward
the democratization of these systems.

Fig. 2 Electromagnetic spectrum (λ = c/f; E = hf)
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Early detection of plantar perforation disease or diabetic foot syndrome was the
subject of a proof of concept in 2017 [12]. Thus, detection of arch dehydration,
caused by vascular and neurological deterioration, can prevent susceptibility to this
syndrome affecting people with diabetes. It could help avoid the amputation required
in 15% of cases. The coupling of this type of imaging with other medical techniques
increases the scope of application of these frequencies, in particular with endoscopy
systems to visualize colon cancer cells [13].

The terahertz domain also has applications in biomedical research. In particular,
terahertz spectroscopy allows the non-destructive analysis of tumors in vitro but
also the analysis of nerve cells to improve the understanding of neurodegenerative
diseases [14]. Biomedical studies using terahertz spectroscopy are now increasingly
common in the research field but remain marginal in industry. The use of terahertz
waves in the biomedical field contributes to the analysis of the human body and
the establishment of medical diagnoses. Proofs of concept for these applications are
essential elements for their deployment.

B. The industry

The propagation of terahertz waves in different media presents absorption and reflec-
tion spectra unique to each medium. This characteristic makes it possible to identify
and differentiate each molecule, which is used for spectroscopy. Thus, opaque media
in the visible range is transparent for specific THz frequencies. This advantage,
applied to non-destructive testing, is of great interest to the industry. The reduction
of terahertz waves allows determining the spectra associated with the absorption of
products and consequently, their composition or their thickness.

The quality control of a product allows guaranteeing that it fulfills the desired func-
tions. It can be divided into two types of inspection, destructive and non-destructive.
In the majority of the mass distribution industries listed in Table 1, the inspection of
a percentage of the elements of a batch is sufficient to guarantee the quality of all
the elements of the batch. Thus, destructive quality control results in financial losses

Table 1 Industrial applications of non-destructive testing at terahertz frequencies

Sector Principle

Alimentary E-coli contamination, underpack control, quality control, fruit deterioration,
genetically modified food, product origin presence of insects, plastic, presence
of insecticide

Armory Deteriorations, micro-cracks

Automotive Degraded paint

Building Cracks in cement under the plaster, thermal properties of walls

Pharmaceutical Quality control

Photovoltaic Local conversion efficiency

Plastic Thickness of plastic bottles

Semiconductor Lithography control package control, defect control during axial epic growth,
counterfeit detection
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depending on the percentage applied. Terahertz imaging in the industry finds its main
applications in non-destructive testing which allows the use of the analyzed parts.
This type of control is very attractive because of the financial advantage it offers.
The cost of the inspection equipment is a key point since it must be lower than the
financial losses estimated for destructive inspection. Some sectors, such as nuclear,
construction, or space, produce a more limited volume of parts whose manufacturing
cost is higher. The criticality of action in these sectors requires 100% control of the
parts produced, non-destructive testing is therefore essential.

C. Security and defense

Spending in the security and defense sector in France was 32.7 billion euros in
2017. Two points must be dissociated, the security of citizens and the defense of the
territory.

The observation of the French airspace by the radars contributes to the defense
of the territory. The detection of an object by radar is possible when the waves
emitted by the latter are reflected. Their attenuation makes it possible to determine
the distance, speed, and size of the detected object. The use of coatings on moving
objects, absorbing over a wide range of frequencies, limits the radar systems capable
of detecting them. Thus, as coatings evolve, the frequency ranges used by radars are
adjusted. Currently, the lack of terahertz sources limits their use, but a major issue
for defense is the increase in the frequency of radar systems [15].

The ability of terahertz waves to image optically invisible elements is a consider-
able advantage for the security of citizens. For example, determining the contents of
a package, envelope, or suitcase without opening it by using terahertz waves guar-
antees the safety of the control agents. The absorption spectra of drugs, explosives,
and chemical agents are studied by the scientific community to realize security scan-
ners applied to containers or individuals [16]. These scanners allow the detection of
weapons concealed under clothing by THz cameras and increase security in public
places.

Another aspect of security is that of the communications channels. Terahertz
beams can be directional and point-to-point terahertz communications limit the possi-
bility of intercepting the signal by an unauthorized person. Marginal use of terahertz
waves limits the ability to properly receive the signal and thus increases the security
and privacy of communications. More specific examples are developed, in particular,
to contribute to the complexity of counterfeit money [17] by applying a resin patch
on banknotes that can be deciphered by terahertz spectroscopy.

D. Telecommunications

The rate carried by optical fibers reaches Pb/s in the laboratory. But the lack of
optoelectronic converters supporting these speeds limits the bandwidths currently
used. In recent years, the growth in the number of connected objects predicts the
saturation ofWi-Fi. Eldholm’s law predicts a convergence of the necessary data rates
in wired, nomadic, and wireless networks by 2030 [17]. Notably, improved video
quality goes hand in hand with a need for higher throughput. Currently, devices
associated with 4 K are being deployed and 8 K displays are available for purchase.
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4 K requires 6 Gbps. A format in development called Super High Vision requires
24 Gbps illustrating this growth in throughput needed shortly. The occupation and
allocation of the frequency bands currently in use limit the available frequency bands.
An increase in carrier frequencies to terahertz frequencies increases the width of the
frequency bands and represents a solution to the growing data rate demand.

Terahertz frequencies are for now not exploited and not assigned above the
275 GHz frequency band. Therefore the range of frequency comprised around the
frequency of 275 GHz and 1 THz is possible to set up high-speed data communica-
tions. The losses seen at the heart of the atmosphere are due to the frequency of the
scatteredwaves [18, 19] aswell as to the peaks of the resonance peaks of all the chem-
ical components that compose it. The movement of water molecules causes several
absorption peaks in the terahertz band, but certain frequency ranges can be used and
are presented in Table 2. The frequencies above 1 THz are not classified because
of numerous peaks associated with phenomena called absorption that renders these
frequencies unacceptable for high-speed and long-range communications. The loss
suffered by terahertz waves through the atmosphere implies that we need robust and
compact terahertz sources for use in actual environments.

Ultrafast non-wireless communications will likely require both low-range and
long-range data transfers. Indeed, these very short-distance transmissions have
various properties in electronic systems that are very applicable to them. Frequency
increases have a significant effect on the amount of loss incurred when informa-
tion flows through electrical circuits, increasing energy demand, and phenomena
related to thermal effects while reducing device characteristics. Wireless communi-
cation distances sometimes reaching centimeters, combined with high data transmis-
sion rates and short “wireline” type links can replace the electrical interconnections
employed within systems running in the multi GHz range [20].

Wireless communication systems that have very high data rates and low data
carriers over short lengths of less than a meter make it possible to quickly download
data, like magazines or HD movies, past a download kiosk. By augmenting the
coverage length to a distance between 1 and 100 m and more, these uses are likely to
involve a ward or apartment containing environmentally isolated transmission paths
[21]. The scientific literature also mentions the possibility of achieving data transfers
at rates ranging from 100 to 120 Gbps [22]. The distance needed to achieve these

Table 2 Usable frequency
bands for wireless
communications up to 1 THz

Frequency band (GHz) Bandwidth (GHz) Attenuation

215–315 100 2 à 4 dB/km

330–365 35 5 dB/km

390–435 45 9 dB/km

450–515 65 11 à 12 dB/km

625–725 100 11 dB/km

790–900 110 12 dB/km

925–950 25 15 dB/km
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Fig. 3 Report on
non-wireless
communications operating in
the 60 GHz–1 THZ
frequency range for data
transfer rates above 1 Gigabit

objectives can be estimated as 0.5 to 20 m. Figure 3 shows the results obtained in
the field of wireless communications, at a frequency of 60 to 1 THz.

The main link network is essentially made up of non-wireless communications
covering a larger area of more than a hundred meters and allowing for large trans-
mission flows with considerable data rates. The progressive development of this type
of grid consists in compensating for the change from microwave fireplaces to higher
frequency fireplaces. In a more distant future, and to meet the data and information
flow needs of users, we must consider a progressive evolution of the technology,
particularly in the direction of terahertz frequencies and sources. Scientific research
reports high performances reaching 10 Gbps at 120 and 140 GHz for distances
between 5.8 and 1.5 km [23].

3 Terahertz Radiation Sources

THz waves can be generated from different types of sources. We will describe here
the main ones:

• There are thermal sources that are based on black body radiation. The latter emits
in the THz range at a very low intensity from 2 K [24]. For example, a mercury
lamp has a spectrum extending over the entire THz range. However, its energy is
low and the waves generated are incoherent.

• Electronic sources such asGunndiodes, high-frequency transistors, and frequency
multipliers allow the generation of a monochromatic wave up to 1 THz. We also
note the existence of Backward Wave Oscillators (BWO), allowing to generate
coherent fixed radiation of up to 2 THz.

• Quantum cascade lasers, based on inter-subband transitions in semiconductor
quantum wells, allow the generation of monochromatic waves in the THz domain
whose frequency depends on the semiconductor structure. The efficiency of these
lasers is of the order of 10−5, for generated powers of the order of a fewmilliwatts,
and their tunability, which ranges from 1.2 to 4.9 THz [25], depends on the struc-
ture of the semiconductor used. It should be noted that the design of a quantum
cascade laser relies on the dimensions of the wells, which must have nanometric
precision. This precision must be even finer for THz generation because the
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inter-subband transition is made between two states very close in energy. There-
fore, the population inversion between the two sub-bands is very complicated to
realize experimentally. The same is true for tunability. Finally, quantum cascade
lasers generally operate at low temperatures [26], which limit their use for certain
applications.

• Gas lasers also allow the generation of a THz wave by optical pumping of gas
molecules. The latter presents a strong rotational transition in the THz domain
so that a laser transition between two vibrational levels and the emission of a
photon in the THz domain is possible. The most commonly used gases are CH3F,
CH3OH, NH3, COOH, and CH2F2 [24]. They are commercially available. The
best efficiencies obtained with optically pumped gas lasers are of the order of
10−2–10−3, for generated powers of the order of 100 mW. Their emission can
range from 0.1 to 8 THz; each gas has its emission line. Gas lasers have three
major drawbacks. First, no tunability is possible because the generated spectrum
depends on the intrinsic properties of the gas used. Second, optical pumping must
be done at high wavelengths, around 9–11 µm, to excite the rotational energy
levels [24]. Finally, the combination of a pump laser and a gaseous amplifying
medium makes gas lasers very bulky sources.

• Optoelectronic sources are currently the most widely used for the generation of
a THz wave. It is a photo computer, also called “THz antenna”. It consists of
two metallic electrodes separated by a few tens of microns and deposited on a
semiconductor substrate, as described in Fig. 4a [24]. The emission is based on a
DC bias current applied across the electrodes, so that the antenna behaves like a
capacitor in the circuit shown in Fig. 4b. An ultrashort infrared pulse, 20–200 fs,

Fig. 4 Schematic of a THz
antenna (a) and equivalent
RC circuit (b) [24]
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focused between the two electrodes closes the circuit for a short time. The sudden
change of polarization current leads to the generation ofTHz radiation.An antenna
generates a THz wave with a very broad spectrum, which can extend from 0.1 to
5 THz if very short femtosecond pulses are used. This results from the fact that
a bias current is applied across the antenna electrodes, during the duration _t of
the laser pulse. The shorter _t is, the wider the spectrum is, another important
parameter is the carrier lifetime of the semiconductor used. The best conversion
efficiencies are obtained in the laboratory with THz antennas; they are of the order
of 10−2 [27].

• Finally, some sources generate a THz wave from a quadratic Frequency Differ-
ence Generation (FDG) process in a nonlinear crystal. Two visible or infrared
laser optical fields create an induced polarization that generates a coherent elec-
tromagnetic wave in the THz domain. These sources are called “parametric
sources”. The maximum powers of these sources depend in part on the value
of the optical damage threshold of the crystal. Two configurations are possible
depending on whether the DFG is produced between two monochromatic laser
pulses in the nanosecond regime or between two Fourier components within
the same femtosecond laser pulse. In the first configuration, the THz source is
monochromatic, in the second it is polychromatic.

4 Application

A. Procedure for designing a microstrip patch antenna

For the design of a microstrip patch antenna, we follow the following procedure.
Firstly we choose the material needed for the printing that is to say the substrate in
this document, we choose the Rubber_hard substrate with permittivity εr = 3 and
its height (h = 0. 1 mm). Indeed the height of the substrate has a very important
role concerning the general characteristics of microstrip antennas, the formula used
to determine the maximum value of the substrate height has been established by
the relationship of [28, 29]. In the second step, we determine the dimensions of the
radiated element (patch) its width and length. In the third step, we also calculate the
dimensions of the ground plane, and finally, we choose the type of power supply in
this work we use the power supply by micro ribbon line, applying the formulas of
[28] at 120 GHz.
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• Es: the thickness of the substrate
• C: speed of light such that c = 3 × 108 m/s
• f res: resonance frequency
• εr : dielectric constant
• WP: width of the patch
• Lp: length of the patch
• εeff: effective dielectric constant
• �Lp: the extension of the patch length
• Lg: the length of the ground plane
• Wg: width of the ground plane
• W fed: the width of the feed line
• Lfed: the length of the feeder line
• S11: return loss

The formulas in the above table were used to obtain the values of the different
parameters that are presented in Table 3, that is to say, the overall sizes of the
considered device. Figure 5 illustrates the structure obtained after calculating the
dimensions of the various components of this antenna. The results obtained are used
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Table 3 The parameters of
the proposed antenna

Parameters Values (cm)

Lg 0.2

Wg 0.22

H 0.01

Wp 0.09

Lp 0.07

Lfed 0.093

W fed 0.028

Y0 0.071

Y1 0.056

Lf 0.01

Wf 0.04

Fig. 5 Geometry of this proposed antenna

here to enhance the overall characteristics of this antenna, especially concerning its
bandwidth and size reduction.

B. Results of the simulations and discussions

Figure 6 illustrates the result of the simulation of the reflection coefficient curve
associated with the proposed antenna. This reflection coefficient S11 is used to check
the matching properties provided by the antenna with a load or with a power cable.



186 S.-E. Didi et al.

Fig. 6 Diagram of S11

The latter is related to both the input impedance Ze and that associated with the
antenna load Zc. Its value is expressed in dB and is constantly negative. It simply
corresponds to the relationship existing at the entry port. This relationship consists
of the relationship between the reflected power and the incident power. Moreover, if
the value of the reflection coefficient S11 < −10 dB it means that the exciting power
is transmitted at 90%, which is the case of the designed antenna.

This antenna resonates at 119.79 GHz, with a reflection coefficient (S11) lower
than minus 10 dB in the whole resonant frequency range, a bandwidth of 3.11 GHz,
a gain of 7.9 dB. These results are validated by simulating the voltage standing wave
ratio (VSWR) using the HFSS tool (see Fig. 7). The VSWR reflects the presence of
standing waves in the transport cable attached to the electronic system in this case,
namely an antenna. The VSWR is therefore obtained directly from the reflection
coefficient. The standing wave ratio results from the phenomenon of reflection of a
significant amount of the energy produced. This SWR must have a value between 1
and 2 within the bandwidth. Indeed this ratio must tend toward 1 when we want to
maximize the power transmission of the antenna. As shown in Fig. 7 at the operating
frequency of this antenna, we obtain the value of this SWR of 1.18.

The radiation pattern is a curve describing the radiation properties of antennas
as a function of variations (θ, ϕ), that is to say in the polar plane. This radiation
pattern can be in two-dimensional or three-dimensional form and is usually defined
in the far field. The gain G(θ, ϕ), as well as the directivity, is parameters very close
to each other, moreover, there is a related relationship between them, this one allows
to determine the total efficiency of the antenna as G(θ, ϕ) = ηD (θ, ϕ) where η is
the efficiency of the antenna, taking into account the losses in the conductors and
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Fig. 7 Diagram of VSWR

dielectrics as well as the mismatch losses. Figure 8 shows the three-dimensional
and two-dimensional gain patterns at 120 GHz for this examined microstrip patch
antenna.

C. Comparison of the results of this work with those obtained in the available
literature

In this section,wewill compare the electrical performance of antennas in the terahertz
frequency band, such as directivity, gain, reflection coefficient, VSWR, bandwidth,
and efficiency of the proposed terahertz antenna with various existing works. The
antenna [35] has a better reflection coefficient, VSWR, and bandwidth than the other
papers, that is to say, the antennas [30–34] as well as the proposed antenna, as shown
in Table 4. Antenna [31] has a very high bandwidth compared to antenna [30, 32–
34], but its performance, such as gain and reflection coefficient, is low compared to

Fig. 8 The 3D and 2D gain pattern of this antenna suggests
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Table 4 Comparison of the result of this antenna with the existing result

Refs. Frequency
band
(GHz)

Directivity
(dB)

VSWR S11 (dB) gain (dB) Bandwidth
(GHz)

Efficiency
(%)

[30] 150–500 – – −16.23 5.17 2.2 –

[31] 960 – 1.3 −13.05 3.8 310 –

[32] 2.7 6.91 1.524 −13.66 6.59 90 92.9

[33] 0.750 5.71 – −35 5.09 – 86.58

[34] 2.59 7.19 – −35.183 5.03 – 60.8

[35] 6.994 7.408 1.0003 −75.66 7.286 386 97.21

Proposed 120 – 1.18 −21.36 7.9 3.11 99.5

antenna [30, 32–34]. Thus antenna [34] has a smaller efficiency than antenna [32,
33, 35] and the proposed antenna but offers a much better reflection coefficient than
antenna [30–33] and the proposed antenna. While the proposed antenna achieves
better results than the other antennas especially in terms of gain and efficiency. In
addition, this antenna has a better reflection coefficient compared to antennas [31,
32] and its bandwidth is higher than that of the antenna [30] as shown in Table 4.

5 Conclusion

In this chapter, we present research concerning the THz frequency domain (more
than 100 GHz) as well as applications related to terahertz frequencies and terahertz
radiation sources. We design a two-slot microstrip patch antenna for the terahertz
domain with an operating frequency of 120 GHz. In this chapter, we used the simu-
lation software HFSS (High-Frequency Structure Simulator). The results obtained
with this proposed antenna are remarkable with a small and compact size.

The simulation results obtained in this paper are reflection coefficient S11 = −
21.36 dB, the bandwidth of 3.11 GHz (from 185.15 GHz to 121.26 GHz), standing
wave ratio VSWR = 1.18, the gain of 7.9 dB, and efficiency of 99.5%. This antenna
applies to the terahertz frequency range.
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Development of Dissimilar-Shaped
8-Patch Massive MIMO Antenna
for Various Application
with Enhancement of Bandwidth
and ECC

Shrenik S. Sarade and S. D. Ruikar

Abstract In this paper, a compact closely spaced multiband wideband dissimilar
eight-elements massive MIMO antenna with inset feed are developed. This antenna
is useful for 5G-band n77, Wi-MAX, WLAN and C-band application. This antenna
contains 8-dissimilar radiating elements that are designed for different frequency,
which are 2.54 GHz, 3.45 GHz and 6 GHz which are optimized using the rectangular
shaped with transmission line model. The rectangular shaped cut slots are introduced
in the radiating elements for multiband operation. This antenna have designed using
FR-4 substrate with permittivity 4.4 and height 1.6 mm. This antenna has radiates
multiband frequency.A rectangular-shaped defected ground structure have been used
for the improvement of the mutual coupling between the radiating patch. The eval-
uation of antenna shows that, −10 dB isolation, −10.98 dB total active reflection
coefficients, 0.00093 correlation coefficients and 0.00000086 envelope correlation
coefficients are achieved for all radiating bands. The antenna is working on wide
band, having bandwidth greater than 182 MHz (3.02%) for respective operating
bands.

Keywords MIMO · TARC · ECC · CC · RL

1 Introduction

In wireless communication technology, there is requirement of high data rate and
reliability for the rapid outgrowth of users. The MIMO antenna system (MAS) has
provided the better channel capacity and reliability. The MAS has contains, multiple
antennas at transmitter and receiver side to enhance the data rate. Meanwhile, the
design of wireless systems is requires the antenna to radiate on multiple frequency
band.

InMIMO antenna, the radiating elements are closely placed; therefore, enhancing
the isolation between the radiating elements is critical. Due to high isolation, the
performance of antenna was reduced. In recent years, the researcher has investigated
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the techniques to enhancements of isolation parameters. In paper [1–3], the isolation
parameter is enhanced using the decoupling structure (DS). This DS decouples the
input parts of closely spaced antenna. The decoupling network is used with matching
network for proper matching of input port. In paper [4–7], the different-shaped struc-
ture cut slot is provided in the ground plane for improvement of isolation that is called
as DGS techniques. The mutual coupling (MC) has reduced using the defects within
the ground. This defect is acts as band reject filter, that reducesMC between the radi-
ating elements. This technique effects the parameters like capacitance, inductance
and dielectric constant of microstrip line.

The paper [8] researcher has used electromagnetics bandgap (EBG) for improve-
ment of mutual coupling between the radiating elements. In paper [9], the metamate-
rial technique is used for the improvement of mutual coupling between the radiating
methods. The neutralization line (NL) [10, 11] is used for enhancement of mutual
coupling. In these techniques, the current is taken from a specific location of the
radiating elements and then inverts the phase of current using the length of NL, then
fed this inverted current to a nearby antenna. The MC between the RPE is reduced
using the parasitic structure (PS) [12, 13]. This PS are cancel the couple field between
the elements. This PS has created the opposite electric field that reduces the original
fields and thus reduces the MC between the RPE. The traditional methods are used
for enhancements of isolation [14].

In this paper, the dissimilar-shaped 8-elements massive MAS is designed for
various application. The 8-elements of antenna are designed for different frequency,
which are 2.54, 3.45 and 6 GHz. The antenna geometry structure is designed using
the transmission line model (TLM). The 8-elements are energized using inset feed
methods. The DGS techniques are used for the enhancements of isolation, corre-
lation coefficients (CC) and envelope correlation coefficients (ECC). In wireless
technology, the antenna is operated on single band or dual band, therefore the size,
weight and cost of devices are high. However, today’s wireless technologies demand
the antenna, which operates on the multiband frequencies. Because, the wireless
technology having characteristics like size, weight and cost reduces rapidly. There-
fore, there is requirement of design antenna having size, weight and cost is less with
radiating on different frequency band (multiband).

2 Massive MIMO antenna system(MAS) Design

The massive MAS as shown in Fig. 1 is investigated for multiband wideband opera-
tion of various application. This is consists of 8-different-structured radiating patch
(RP). The RPs are designed for different frequency, which are 2.54 GHz, 3.45 GHz
and 6 GHz as shown in Table 1. The RP-1 and RP-3 is optimized for 2.54 GHz;
RP-2 and RP-4 is optimized for 3.45 GHz; and RP-5, RP-6, RP-7 and RP-8 have
optimized for 6 GHz frequency.

The geometrical structure (GS) i.e. W rp, Lrp, Wpf and Lpf of 8-different-shaped
elements are calculated for 2.54 GHz, 3.45 GHZ and 6 GHz frequency are as shown
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Fig. 1 8-different structured radiating patch (RP) of massive MAS

Table. 1 Radiating patches designed for different frequency

Sr. No. Patch name Patch designed frequency (GHz)

1 RP-5 (P5), RP-6 (P6), RP-7 (P7) and RP-8
(P8)

6

2 RP-2 (P2) and RP-4 (P4) 3.45

3 RP-1 (P1) and RP-3 (P3) 2.54

in Table 2 using rectangular-shaped transmission line model (TLM) Eqs. 1 to 5. The
FR4 substrate is used for designing of antenna having characteristics shown in Table
3.

Table 2 The geometrical structure of RP for different frequency

Parameter Values of parameter

Frequency (fd) 2.54 GHz 3.45 GHz 6 GHz

W rp W rp2 = 35.40 mm W rp3 = 26.16 mm W rp1 = 15.21 mm

Lrp Lrp2 = 27.82 mm Lrp3 = 20.07 mm Lrp1 = 11.34 mm

Wpf Wpf3 = 2.95 mm Wpf2 = 2.88 mm Wpf1 = 2.942 mm

Lpf Lpf3 = 14.64 mm Lpf2 = 10.76 mm Lpf1 = 6.387 mm

Table. 3 Characteristics of
substrate

Sr. No. Parameter Values

1 Height (hs) 1.6 mm

2 Dielectric Constant (DC) (ε0s) 4.4
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The different rectangular cut slot i.e. A, B, C, D, E, F, G and H are introduced
in the RPs as shown in Figs. 1 and 2. The dimensions of rectangular cut slot are as
shown in Table 4. In patch-1, the two rectangular-shaped cut slot (CS) is provided at
the upper edge, having dimensions are width ‘A’ and length ‘B’. In patch-2, the two
rectangular-shaped cut slot is provided at the upper edge, havingdimensions arewidth
‘G’ and length ‘H’. In patch-3, the one rectangular-shaped cut slot is provided, having
dimensions are width ‘A’ and length ‘B’. In patch-4, the one rectangular-shaped cut
slot is provided, having dimensions are width ‘G’ and length ‘H’.

In patch-5, the one rectangular-shaped cut slot is provided at the upper edge,
having dimensions are width ‘E’ and length ‘D’. In patch 6, the two rectangular-
shaped cut slot is provided at the upper edge, in which one slot having dimensions
are width ‘F’ and length ‘D’; another slot are width ‘C’ and length ‘D’. In patch-7,
the one rectangular-shaped cut slot is provided at the upper edge, having dimensions

Fig. 2 Massive MAS with dimensions

Table. 4 Dimensions of cut
slot in radiating patch

Parameter Values (mm)

A 14.64

B 2.95

C 6.387

D 2.942

E 12.75

F 12.38

G 10.76

H 2.88
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Fig. 3 GP with DGS-CS

are width ‘C’ and length ‘D’. In patch-8, there is no any cut slot. The inset line
feed (ILF) is used to apply the RF electrical energy to RP, having dimensions (i.e.
Wpf and Lpf) are calculated using Eqs. 8 to 10 as shown in Table 2

The designed massive MAS structure is 58.16 mm × 105.92 mm × 1.6 mm.
The RPs are separated by less than 0.066λ with respect to 6 GHz. This antenna is
designed using HFSS software as shown in Fig. 1.

The microstrip patch antenna has limitations i.e. single band frequency, minimum
bandwidth, low gain, high isolation and larger size. Therefore, for improvements of
above parameter, the DGS techniques are used.

The DGS has been introduced in the ground plane (GP) with the transmission
line (TL). A DGS is disturb the current distribution in the GP and changes the
characteristics of TL [15].

The GP with dimensions Wgp and Lgp is calculated using Eqs. 6 to 7 as shown
in Fig. 3. The DGS cut slots (CS) of rectangular shape (g1 to g4) are provided in the
GP as shown in Fig. 4 and dimensions shown in Table 5. The DGS cut slot (i.e. g1,
g2, g3 and g4) having dimensions are width ‘C’ and length ‘D’. The DGS working
operation shown in Flow Chart 1.

2.1 Rectangular-Shaped TLM for Radiating Patch

The geometrical structure is calculated using Eqs. 1 to 7.

Width (Wrp) = {[1/2 ∗ fd ∗ √
(με)] ∗ [2/√(ε0s + 1)]} (1)
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Fig. 4 GP with DGS-CS dimensions

Table. 5 Dimensions of
DGS cut slot in ground plane

Parameter Values in mm

Lgp 58.16

Wgp 105.92

Length of DGS (g1 to g4) CS D = 2.95

Width of DGS (g1 to g4) CS C = 6.38

Lchange = {
(4.12/10) ∗ hs ∗ {[

(εe + (3/10)) ∗ (
(Wrp/hs) + (2.64/10)

)]
/

[
(εe − 0.258) ∗ ((

Wrp/hs
) + 0.8

)]}}
(2)

Effective length of RP (Le) = L rp + 2Lchange (3)

εe = {
0.5 ∗ [

(ε0s + 1) + (
(ε0s + 1)/

√
(1 + 12 ∗ (

hs/Wrp
))]}

(4)

where,

W rp = Width of RP
Lrp = Width of RP
ε0s = DC of substrate
εe = Effective DC

The length (Lgp) and width (Wgp) of GP are computed using the following
equation,

Lgp = L rp + 6hs (5)
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Flow Chart 1 DGS working principle

Wgp = Wrp + 6hs (6)

where,

Lgp = Length of GP
Wgp = Width of GP

The length (Lpf)length and width (Wpf) length for IFL are calculated using the
following equation to excite the RPs of antenna.

Feed line length (Lpf) = (λw/4) (7)
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Guided wavelength (λw) = (λg/4) (8)

Wpf = {
0.636 ∗ hs ∗ [

(592.19/(Z0 ∗ √
(ε0s))−−0.7−−ln((2 ∗ 377�)/

(2 ∗ Z0 ∗ √
(ε0s)) + 1)

] + (2 ∗ hs/�)∗
[
(((ε0s − 1)/2 ε0s) ∗ (ln [(592.19/(Z0 ∗ √

(ε0s)) − 1])−−(0.6/ε0s)
]}

(9)

where,
Characteristics Impedance = Z0 = 50 �

2.2 Isolation and Bandwidth Improvements

The isolation or MC is improved, by increasing the distance between the radiating
elements, because of that the area of antenna is increases, means compactness of
antenna decreases. Therefore, the isolation or MC between the radiating elements
is improved using the DGS. Because of DGS, the radiating patches of antenna are
placed very close to each other. Therefore, antenna is become compact and isolation
has been improved.

The patch antenna has operating on the narrow band. Therefore, there is a require-
ment to improve the bandwidth [16, 17]. The bandwidth of antenna is improved using
DGS.

3 Result Analysis

After simulation of designed massiveMAS using high-frequency structure simulator
(HFSS), the evaluation of antenna shows that, the RL and isolation in the following
figure. This antenna is operated on multiple radiating frequency, which are 3.6 GHz,
3.8 GHz, 4.7 GHz, 4.9 GHz, 5.2 GHz, 5.8 GHz, 6.1 GHz, 6.4 GHz, 6.5 GHz and
6.6 GHz as shown in Figs. 5, 6, 7, 8, 9, 10, 11, 12 and in Tables 6, 7, 8, 9, 10, 11, 12,
13.

The RL of RP-1 to RP-8 and having related isolation as shown in Figs. 5, 6, 7, 8,
9, 10, 11, 12 respectively (Points m1 to m8 show the values on graph). In addition,
all values of RL, isolation and bandwidth are shown in Tables 6, 7, 8, 9, 10, 11, 12
and 13, respectively, for radiating frequency.

The simulation of antenna shows less than−10 dB RL and−10 dB isolation. The
analysis shows that, bandwidth is in between 182 MHz (3.02%) and 480 MHz (8%).
Therefore, this antenna is operated on wide band.

The RL S11 and related isolation of RP-1 are shown in Fig. 5 (circle with m1 to
m6 shows the point on the graph). The less than −13 dB RL and less than −18 dB
isolation are shown in Table 6.
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Fig. 5 RL and isolation of patch-1

Fig. 6 RL and isolation of patch-2

Fig. 7 RL and isolation of patch-3
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Fig. 8 RL and isolation of patch-4

Fig. 9 RL and isolation of patch-5

Fig. 10 RL and isolation of patch-6

For good operation of antenna, the standard value defined for RL and isolation
is −10 dB. The bandwidth for RP-1 is 342 MHz (5.7%) for resonating at 4.7 GHz,
289 MHz (4.82%) for resonating at 5.2 GHz, 203 MHz (3.39%) for resonating at
6.5 GHz.

Bandwidth is optimized using the Eqs. 14 and 15.
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Fig. 11 RL and isolation of patch-7

Fig. 12 RL and isolation of patch-8

Table. 6 RL and isolation of patch-1

Parameter Frequency (GHz) Values

S11 4.7 (m1), 5.2 (m3) and 6.5
(m5)

−36.29 dB, −23.79 dB and −
13.44 dB

S12 (m2), S13, S14, S15, S16,
S17 and S18 (m4 and m6)

4.7 (m2), 5.2 (m4) and 6.5
(m6)

less than −20.53 dB, less than
−18.80 dB and less than −
20.36 dB

Bandwidth 4.7, 5.2 and 6.5 342 MHz (5.7%), 289 MHz
(4.82%) and 203 MHz (3.39%)

Table. 7 RL and isolation of patch-2

Parameter Frequency (GHz) Values

S22 3.8 (m1) and 5.2 (m3) −39.13 dB and −17.64 dB

S21 (m2), S23, S24, S25, S26 (m3), S27
and S28

3.8 (m2) and 5.2 (m3) less than −25.06 dB and
less than −17.64 dB

Bandwidth 3.8 and 5.2 329 MHz (5.49%) and
278 MHz (4.64%)
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Table. 8 RL and isolation of patch-3

Parameter Frequency (GHz) Values

S33 (m1) 6.6 −24.39 dB

S31, S32, S34 (m2), S35, S36, S37 and S38 6.6 less than −10.30 dB

Bandwidth 6.6 366 MHz (6.1%)

Table. 9 RL and isolation of patch-4

Parameter Frequency (GHz) Values

S44 (m1) 6.4 −16.86 dB

S41, S42, S43 (m2), S45, S46, S47 and S48 6.4 less than −10.09 dB

Bandwidth 6.4 480 MHz (8%)

Table. 10 RL and isolation of patch-5

Parameter Frequency (GHz) Values

S55 (m1) 4.90 −10.31 dB

S51, S52 (m2), S53, S54, S56, S57 and S58 4.90 less than −22.68 dB

Bandwidth 4.90 182 MHz (3.02%)

Table. 11 RL and isolation
of patch-6

Parameter Frequency (GHz) Values

S66 (m1) 3.6 −13.94 dB

S61, S62, S63, S64,
S65 (m2), S67 and
S68

3.6 less than −16.49 dB

Bandwidth 3.6 317 MHz (5.28%)

Table. 12 RL and isolation of patch-7

Parameter Frequency (GHz) Values

S77 (m1) 6.1 −13.94 dB

S71, S72, S73, S74, S75, S76 and S78 (m2) 6.1 less than −10.82 dB

Bandwidth 6.1 313 MHz (5.21%)

Table. 13 RL and isolation of patch-8

Parameter Frequency (GHz) Values

S88 (m1) 5.8 −17.15 dB

S81, S82, S83, S84, S85, S86 and S87 (m2) 5.8 less than −11.10 dB

Bandwidth 5.8 329 (5.47%)
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The RL S22 and related isolation of RP-2 are shown in Fig. 6 (m1 to m3 shows
the point on the graph). The−17 dB RL and less than−17 dB isolation are shown in
Table 7. The bandwidth for patch-1 is 329 MHz (5.49%) for resonating at 3.8 GHz
and 278 MHz (4.64%) for resonating at 5.2 GHz.

The RL S33 and related isolation of RP-3 are shown in Fig. 7 (m1 to m2 shows
the point on the graph). The −24 dB RL and less than −10 dB isolation are shown
in Table 8.

The bandwidth for patch-3 is 366 MHz (6.1%) for resonating at 6.6 GHz.
The RL S44 and related isolation of RP-4 are shown in Fig. 8 (m1 to m2 shows

the point on the graph). The −16 dB RL and less than −10 dB isolation are shown
in Table 9. The bandwidth for patch-4 is 480 MHz (8%) for resonating at 6.4 GHz.

The RL S55 and related isolation of RP-5 are shown in Fig. 9 (m1 to m2 shows
the point on the graph). The −10 dB RL and less than −22 dB isolation are shown
in Table 10.

The bandwidth for patch-5 is 182 MHz (3.02%) for resonating at 4.98 GHz.
The RL S66 and related isolation of RP-6 are shown in Fig. 10 (m1 to m2 shows

the point on the graph). The−13 dB RL and less than−16 dB isolation are shown in
Table 11. The bandwidth for patch-6 is 317 MHz (5.28%) for resonating at 3.6 GHz.

The RL S77 and related isolation of RP-7 are shown in Fig. 11 (m1 to m2 shows
the point on the graph). The−13 dB RL and less than−10 dB isolation are shown in
Table 12. The bandwidth for patch-7 is 313 MHz (5.21%) for resonating at 6.1 GHz.

The RL S88 and related isolation of RP-8 are shown in Fig. 12 (m1 to m2 shows
the point on the graph). The −17 dB RL and less than −11 dB isolation are shown
in Table 13.

The bandwidth for patch-8 is 329 MHz (5.47%) for resonating at 5.8 GHz.
The Fig. 13 shows that the voltage standing wave ratio (VSWR) and values of all

patches are shown in Table 14. The analysis shows the absolute values of VSWR
between 1.04 and 3.52 (Points m1 to m11 shows the values on graph) of a radiating
frequency.

The Fig. 14 shows the directivity and radiation pattern of antenna. The directivity
of antenna is 1.042 dB as shown in Table 15.

Fig. 13 VSWR
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Table 14 VSWR Parameter Frequency
(GHz)

Values (dB) Absolute
Values

RP-1 VSWR 4.7 (m1), 5.2
(m2) and 6.5
(m3)

0.26, 1.12 and
3.75

1.06, 1.29 and
2.37

RP-2 VSWR 3.8 (m4) and
5.2 (m5)

0.19 and 2.3 1.04 and 1.69

RP-3 VSWR 6.6 GHz (m6) 1.04 1.27

RP-4 VSWR 6.4 GHz (m7) 2.50 1.77

RP-5 VSWR 4.9 GHz (m8) 5.47 3.52

RP-6 VSWR 3.6 GHz (m9) 3.5 2.23

RP-7 VSWR 6.1 GHz
(m10)

3.5 2.23

RP-8 VSWR 5.8 GHz
(m11)

2.42 1.74

Fig. 14 Directivity and radiation pattern

Table. 15 TARC, CC and
ECC

Parameter Values

Directivity 1.042 dB

TARC Less than 0.079 (−10.98 dB)

CC and ECC Less than 0.00093 and less than 0.00000086
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Fig. 15 Electric field intensity on MAS

The Total active reflection coefficients (TARC), correlation coefficients (CC),
envelope correlation coefficients (ECC) and diversity gain (DG) are calculated using
Eqs. 11 to 13 having values shown in Table 15.

The CC and ECC are required between the zero and one. If this value is close to
zero, then all energy is transferred in free space (means, no energy is correlated with
others radiating patch).This antenna is very good for operation.

If this value is close to one, then all energy is correlated with nearest radiating
elements. This antenna is lost all energy. No any energy is transferred in free space.

So, designed massive MIMO antenna analysis shows that, less than 0.00093 CC,
less than 0.00000086 ECC and less than 0.079 (−10.98 dB) TARC. Therefore, this
antenna is useful for wireless communication.

The electric field intensity of antenna in free space is 5.4 V/m as shown in Fig. 15.
The current flow in the RP od antenna is as shown in Fig. 16.

3.1 Isolation and Bandwidth Improvements

The parameter of antenna is calculated using the following equation.

(1) Total active reflection coefficients (TARC)

TARC is calculated using Eq. 10.

TARC = {[√[
((Smm + Smn(e

�))2) + ((Snm + Snn(e
�))2)

]]
/
√
2 (10)

where:
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Fig. 16 Electric field flow in MIMO antenna

� = Phase of the input feeding
Smm and Snn = Reflection coefficient for m = 1 and n = 2
Smn and Snm = Isolation

(2) Correlation coefficients (CC) and Envelope correlation coefficients (ECC)

CC and ECC are found out by using the Eq. 11 for 2-element.

CC2 = ECC = {[
(Smm ∗ Smn + Snm ∗ Snn)/

√[(1 − (Smm)2 − (Snm)2)
(
1 − (Snn)

2 − (Snn)
2)]}2 (11)

(3) Diversity Gain (DG)

DG of the antenna is dependent on ECC.

DG = 10
√(

1 − (0.99ECC)2
)

(12)

(4) Bandwidth

The fractional Bandwidth is calculated by following.

%BW = {[(Fh−−Fl)/F0] ∗ 100} (13)

F0 = {[Fl + (Fh−−Fl)/2]} (14)

where:

BW = Bandwidth
Fh = Higher frequency
Fl = Lower frequency
F0= Centre frequency
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3.2 Flowchart of Antenna Design

The Flow Chart 2 is shown the massive MAS design procedure.

Flow Chart 2 Antenna design procedure
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4 Conclusion

The different-shaped radiating elements massive MIMO antenna is investigated for
multiband operation with wideband application. This antenna is operated on various
frequency band, which are 3.6 GHz, 3.8 GHz, 4.7 GHz, 4.9 GHz, 5.2 GHz, 5.8 GHz,
6.1 GHz, 6.4 GHz, 6.5 GHz and 6.6 GHz. The analysis of antenna shows that, the
return loss and isolation observed which is less than −10.20 dB. The total active
reflection coefficients (TARC), correlation coefficient (CC) and envelope correlation
coefficient (ECC) parameters of antenna which are observed, less than −10.98 dB,
less than 0.00093 and less than 0.00000086 respectively. The operating bandwidth of
proposed antenna is in between 182 MHz (3.02%) and 480 MHz (8%) with good
directivity. This antenna operates on the various application of wireless communica-
tion such as 5G-band n77 and Wi-MAX, WLAN, 5G-band and C-band for satellite
communication with wideband bandwidth.
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Asset Allotment in Hybrid RF/VLC
Communication in the 400–700 THz
Band

Shivanshu Shrivastava, Sajal Agarwal, and Bin Chen

Abstract High data rate system is the most prominent version of communication
systems require for the fifth generation mobile systems. Visible light communication
(VLC) is one of the options to achieve the objective. Visible light communication
works in the range of 400–700 THz and allows lower interference with radio fre-
quency (RF) counterpart. However, VLC deployment suffers from some serious
issues which can be overcome by the hybrid RF/VLC system. These hybrid systems
provide promising mechanism for the problem in hand. Data rate maximizing can be
done by constraining bandwidth, power, and user connection. We can opt for joint
optimization of bandwidth, power, and user connection to maximize the data rate is
non-concave and obtaining an optimal solution is hard with conventional algorithms.
Normally, one optimization variable is presumed in the existing algorithms. A joint
mechanism will be discussed in this chapter for hybrid RF/VLC systems. Basically,
deep Q-network (DQN) learning-based algorithm is used in this chapter, which is an
efficient learning-based mechanism for optimization. Multiple access points (APs)
of VLC systems and only one RF AP will be taken. Idle APs are used and incorpo-
rated, and DQN algorithm is applied by finding an policy with action-value function.
To carry out the simulation, a large data set has been taken with a multi-layered
network to approximate the action-value function estimator. At the end, a algorithm
has been proposed on transfer learning to maximize the data rate for new entered
user equipments (UE). This system uses the reacquired data from already installed
UE to learn and transfer the the information to new UE. It is aimed to provide an
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improvement in sum rate and number of iterations by 10 and 50 folds, respectively,
as compared to the existing optimization algorithms.

Keywords Visible light communication · Deep Q-network learning · Bandwidth ·
Power · Connection parameter · Terahertz communication

1 Introduction

Dependency of our lives over electronic devices exerts an ever-growing need of
energy and bandwidth for data radiation. These needs become more crucial with
the growing interest of Internet of Things for interconnect and rapid data radiation,
collection, and storage. Moreover, location estimation in indoor as well as outdoor
environment requires satisfactory position which cannot be fulfilled by Global Posi-
tioning System. According to a survey by CISCO, it is estimated that the mobile data
traffic would be 46% more in 2022 as compared to 2017, which will further break
its record due to the current pandemic situation. Since, not only general communica-
tion but most of the communication, such as education, administrative, and personal
communication is occurring over Internet. Apart from this interference and limited
spectrum of radio frequency (RF), wireless communication is also an issue which
has to be addressed.

Thus, to overcome the drawbacks of existing system and fulfill the current need
with the option to address the coming demand, it is imperative to design a new com-
munication system which will be able to accomplish all the task with better energy
efficiency. Visible light communication (VLC) systems are such systems which
works on the visible light present in the environment utilizing the light bandwidth
varying from 380 to 750nm. VLC emerges as an efficient candidate for telecom-
munication as well as energy-efficient systems [1, 2]. The corresponding frequency
range of this wavelength is 430–790 THz, which provides large bandwidth. The
basic concept of the VLC systems is to utilize the spectrum available in the con-
fined spaces. Transmitter and recipients of VLC systems should be present in the
same room for successful communication. Thus, transmitter or recipient present out-
side the particular confined space will not be able to transmit or receive waveforms,
respectively. This makes VLC immune to security issues present in the RF coun-
terpart. Since visible light is used for the waveform radiation and reception, thus, it
saves extra power that was required by RF communication. One more positive point
of with VLC communication is that it works in unlicensed band of the spectrum
since it uses visible light for communication. Potential applications of VLC systems
are Internet of Things (IoT), vehicular communication, robot communication, Li-Fi,
and underwater communication, etc. This can also be used for the interference prone
systems/spaces such as hospitals and aircraft . However, practical implementation of
such systems is a big challenge like interference with the ambient light, interference
between differenceVLC devices, integration of this technologywith the existing sys-
tems, etc. Basic VLC systems has two integral parts, i.e., transmitter and recipient
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which consists of three layers. IEEE 802.15.7 is the standard used for the physical
and MAC layer.

Although line of sight communication is a serious issue, which limits its stand-
alone deployment [3, 4], hybrid RF/VLC systems emerged as a solution to the above
problems of stand-alone VLC systems [5]. These hybrid systems incorporate con-
cepts of RF and VLC into single system. Typical hybrid system consists of light
source as the VLC access point (AP) in the setup. This whole set up is supported by
RF APs (One or multiple). A recipient associated either with VLC or RF AP would
be established in the same space. High data rate is provided by the access point of
the visible light communication network, whereas RF AP is used for uninterrupted
communication in the case of non-line of sight (blockage) condition. Thus, both net-
works complement each other. Apparently, hybrid systems provide a heterogeneous
network. In heterogeneous and hybrid networks, asset allotment and their connec-
tion are a significant problem [6, 7]. Thus, maximum asset allotment is a challenge
which can be addressed with different optimization methods. Deep Q-networks-
based algorithms provide effective solution for the asset allotment problem jointly
with the power allotment, down link bandwidth allotment, and their parameters for
high data rate. Thus, this chapter is dedicated to the deep Q-networks-based algo-
rithms. Before discussing the different models, a brief literature survey is given to
understand the existing solutions for the asset allotment problem.

2 Existing Models

Asset allotment is a big challenge in the VLC communication technology. This prob-
lem is crucial in the hybrid systems since VLC and RF are two very different systems
and their models are entirely different. Till now, various models are proposed by
researchers to address the same problem. These models were proposed to maximize
the sum rate and reduce energy-related issues, etc. [8–10]. In this section, a brief
literature survey is given for the hybrid RF/VLC asset allotment models. In 2013,
Ye et al. [6] proposed a user allotment scheme for load balancing in heterogeneous
networks. To achieve the task, a distributed algorithm was designed via dual decom-
position. Proposed scheme was also extended to the range expansion technique. Two
factors were took into account, i.e., SINR and data rate. It was observed through the
study that biasing factors are independent of the base station densities for different
tiers.

In 2014, two distributed algorithms were proposed [11] for matching femtocell
access points for different service providers. These algorithms were able to achieve a
group stable matching and user equipment satisfaction level for centralized optimal
solution. Moreover, the system complexity and delay are very less to achieve optimal
solution due to less number of iterations that were required. Stefan [12] achieved a
very high data rate hybrid system by optimizing the associated parameters using
minimum separation condition in the same year. User connection was the focus
for equal bandwidth among user equipment. It simulated the model for three tier
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heterogeneous network with seven macrocells in hexagonal shape. The aim of this
study was to develop solution for allotment of abundant assets of optical networks
to allow off-load cellular systems for wireless data radiation.

In 2016, Kashef et al. [13] proposed an energy-efficient asset allotment model for
hybrid system. This study displayed a very thorough study for the energy efficiency
for various parameters.

This work was done for the indoor data network building block with multiple
VLC and RF APs from different regions. This study proposed the efficient power
and bandwidth allotment for energy efficiency maximization. From the results pro-
duced by this study, it proves that proposed method is much more efficient for energy
saving than any other study done till that time. In 2017, Marzban et al. [14] proposed
a solution of a very crucial problem of eavesdropping attacks on the physical layer.
This study was dedicated to the physical layer security problems. To solve this prob-
lem, electrical power consumption was targeted to be minimized while securing the
data simultaneously. For the taken hybrid network, zero forcing beamforming and
minimum power allotment algorithm was proposed. From the results, it is confirmed
that the solution provided by the proposed algorithm is promising.

It is depicted that the proposed algorithm outperforms the existing and popular
algorithms in terms of consumed electrical power for indoor scenarios. In the same
year, Kafafy et al. [15] identified the service disruption problem due to limited light
coverage. To overcome this particular problem, hybrid RF/VLC networks are pro-
posedwith RF networks which can be exploited to resolve the limited VLC coverage.
In the proposed study, a complex network was taken having multiple APs for VLC
and RF both. The algorithm was dedicated to the asset allotment to maximize sys-
tem power efficiency to improve throughput per unit power. Results showed that the
deployment of access point of the visible light communication networks improves
the power efficiency and improves the data rate per user. It was also depicted that
uniform classification of access point of the visible light communication networks
can further improve power efficiency.

The classification of access point of the visible light communication networks
uniformly in the indoor environment can improve the power efficiency by 30% for
same number of APs non-uniformly. In 2019, Kong et al. [16] discussed that the
RF path gains change faster than VLC paths because that has small-scale fading.
To overcome the problem in VLC/RF hybrid network, an two-timescale strategy
was proposed to optimize the transmit power at both VLC and RF APs. To do so,
Q-learning algorithm is used for multi-homing problem solution. It was confirmed
from the simulation study that proposed technique successfully supports the users
while satisfying their QoS requirements. Recently, Papanikolaou et al. [17] proposed
a solution for the very crucial problem of, i.e., the coexistence of VLC and RF
networks, and it was supposed that both networks are served by same network in
backhaul, with both perfect and imperfect path state information. An optimal asset
allotment algorithm was proposed to solve the said problem with effective solution.
Apart from the above research, a number of different approaches were proposed by
researchers for the improvement of the performance of the hybrid VLC/RF networks.
In the next section, a solution is provided by the authors also.
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3 Model of a Hybrid RF/VLC System

The system model of a typical hybrid RF/VLC setup consists of LED light sources
installed on the ceiling of the roomwhich acts as multiple access points of the visible
light communication networks. As indicated in the diagram, ceiling is used to install
the RF AP of the room with the CU as the co-locator. It uses the DQN algorithm
to operate the network, APs bandwidth, and transmit power has been allocated to
control APs. Along with this, UE connection was also done. The users who are
carrying the UEs are exhibited randomly on the room’s floor. A user with a UE who
has just entered the room is also indicated at the room’s floor’s edge. LetM denote
the collection of APs indexed as i = 0, 1, 2, . . . , |M |. The RF AP is represented
by the index i = 0, whereas the access point of the visible light communication
networks is represented by the indices i = 1, 2, . . . , |M | − 1. LetN be the number
of UEs in the room, which are indexed as j = 1, 2, . . . , |N |. The UEs are measured
from the floor at a height of h. The VLC and RF networks are used to communicate
with a UE on the downlink. RF and VLC access points are used to connect with
UE. The bandwidth is shared by all access point of the visible light communication
networks. Inter-cell interference (ICI) exists in the VLC network as a result. For
downlink communication, the tests will be carried out on a reference AP i-UE j
pair. A backhaul circuit called [18] is used to communicate data between access
point of the visible light communication networks and the RF AP. The underlying
circuitry activities are likewise performed by the backhaul circuit. In this setup, a
non-coordinated radiation has been investigated. Access points of the visible light
communication network are connected to provide data to UE by using the concept
of LOS and bounced light ray components (Table 1).

3.1 Light Propagation Model in THz Band

The access point of the visible light communication networks uses the downlink to
send data to the UEs. The VLC models light propagation using diffused bouncion,
where light scattering would be taken at various inclinations.

The Lambertian law [19] represents the optical power of light after diffused boun-
cion and is expressed as

Po(φ) = m + 1

2π
cos

m
(φ)Pi , for i ∈ M \{0}, (1)

where Pi denotes total LED power, φ denotes gleam inclination, and m signifies
Lambertian radiation profile order represented as

m = − ln 2

ln cosψ1/2
, (2)
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Table 1 Denotations

Denotation Indication

i The AP of interest

j The UE Of interest

k The AP causing interruptions

ri j The i − j path data rate

ri Total data rate of any AP denoted by i

r Summed data rate that is achievable

Bv
maximum Upper VLC bandwidth limit

Br
maximum Upper RF bandwidth limit

Pi Energy divided by time for an AP i

M Access points on the ceiling of the room

N User equipments on the floor

m Lambertian coefficient

φ Gleam inclination

φ1, φ2 Transmitter inclination of gleam at the point of bouncion

ψ Projection inclination

ψ1, ψ2 Point of bouncion and recipient inclination of projection

G(p) Bouncion number p gain

As Area of projection

GEffRef Net gain of path post getting bounced

P(p)
q Power of the bounced light wave at the bouncing point number p from the

access point number q

C Path capacity limit relevant to VLC

BWji AP i allots bandwidth to the UE j

Gi j Access point i and UE j gain

nv
j UE recipient noise during getting light waveforms

nrj Radio frequency UE recipient noise for RF waveforms

ρ j Responsivity UE optical waveform receptor

pl0 j Power term of RF link attenuation

α j i
α j i = 1 means i − j are connected

α j i = 0 means i − j are not connected

Nr
0 Unwanted waveforms power while receiving RF waveforms

N v
0 Unwanted waveforms power while receiving VLC waveforms

Pr
maximum Upper limit on energy/time of the radio waveforms AP

Pv
maximum Upper limit on energy/time of the light waveforms AP
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where ψ1/2 denotes the LED’s illuminance half-semi-inclination. This will help the
LED to emit the required wavelength λ and Pi (λ), where Pi can be written as

Pi =
∫

λ

Pi (λ)dλ. (3)

A path gain for downlink communication on i − j path can be calculated for LOS
DC path (1).

Gv
i j = (m + 1)Apdcosmφi j cosψi j Topt(ψi j )g(ψi j )

2πd2
i j

, (4)

where Topt(ψi j) is the optical recipient filter gain, its value is constant or unity
inside the recipient FOV, φi j represents the inclination of gleam at AP i , ψi j is the
inclination of projection at UE j , di j represents the separation between the UE j and
AP i , and g(ψi j ) is the converger gain as

g(ψi j ) =
{

n2

sin2ψFOV
if 0 ≤ ψi j ≤ ψFOV

0 if ψi j > ψFOV,
(5)

where n is the refractive index and n = speed of light in vaccum
speed of light in that optical substance is the refractive

index, where ψFOV is the FOV inclination of the recipient UE.
The NLOS path gain from the bounced light components was also calculated by

photodiode of UEs. A ray of light from the (l − 1)th bouncing point makes up the
lth bounced light ray component. The virtual light source is the (l − 1)th bouncing
point, while the virtual recipient is the lth bouncing point. Effective path gain for
DC path for multiple bounces can be calculated as in [19]. However, mathematically,
cumulative path gain can be calculated for all pairs of bouncing points as GEffRef,

GEffRef =
∞∑
p=0

G(p), (6)

where p is the bounce index, G(p) is the DC path gain after the pth bouncion from
the source LED, and

G(p) =
∫

S

G1G2 . . .Gp+1P
(p)
q d As, (7)

where d As represents the very small bounce surface area (approaching to zero) and
P (p)
q represents the bounced light optical power after p bounces produced by the qth

radiating access point of the visible light communication network. A very small part
of the wall has been taken for the above integration of variables. The DC path gains
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of the path tracked by each bounced component are G1,G2, . . . ,Gp+1 and are given
as percent [19].

G1 = (m+1)As

2πd2
1

cosm(φ1) cos(ψ1),

G2 = As

πd2
2
cosm(φ2) cos(ψ2),

.

.

.

Gp+1 = As

πd2
p+1

cosm(φp+1) cos(ψp+1)Topt(ψp+1)g(ψp+1),

(8)

where As is the projection surface area, φa and ψa (a = 1, 2, . . . , p + 1) are the
gleam and projection inclinations at the ath bounce (a is a dummy variable), φa

and ψa (a = 1, 2, . . . , p + 1) are the gleam and projection inclinations at the ath
bounce, and Gv

i j is the DC path gain between the i th access point of the visible light
communication network and the PD-based j th recipient in (4). Path gain can be taken
as G1 for i th access point of the visible light communication network and the first
bouncing point, whereas path gains between 2nd and 3rd bouncing point are G2, and
Gp+1 is the path gain between the pth bouncing point and the recipient PD in (8).
All of the bouncing spots’ path gains are almost identical mathematically. Topt and
g(ψp+1) receive PD properties. Hence, Gp+1 is function of Topt and g(ψp+1). Gp+1

is the gain between the receiving PD and the last bouncing point. Let us say, spectral
bounce of the substance at the pth bouncing point is �p(λ), and spectral bounce of
the substance as pth bouncing point is P (p)

q .

P p
q =

∫
λ

Pi (λ)�1(λ)�2(λ) . . . �p(λ)dλ. (9)

All of the bouncing points’ surfaces are presumed to be made of the same substance.
Because �p is a function of λ, �1(λ) = �2(λ) = . . . = �p(λ) = � is supposed.

The total of the LOS and NLOS components in the effective received optical
power Peff from a single LED is expressed as

Peff = GEffRefPi + Gv
i j Pi = Gi j Pi for i ∈ M \{0}, (10)

where VLC i transmits waveform with power Pi and AP i to UE j effective path
gain is Gi j = GEffRef + Gv

i j for i ∈ M \{0}.

3.2 Model for RF Waveform Propagation

RF waveform propagation model can be used to receive the waveform by UE j
from the RF AP, which includes fading and path loss in the power path gain. The
WINNER-2 path model [20] is used to simulate the received RF waveform power.
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G0 j = Ld
−pl0 j
0 j χ0 j , (11)

where χ0 j represents the Nakagami fading path, pl0 j represents the path loss expo-
nent, and d0 j is the separation between UE j and the RF AP indexed as i = 0. Here,

L = 10X/10, X = M + N log 10
(

f c
5

)
, f c is the carrier frequency in GHz, and M

and N are the propagation constants, which vary depending on the propagation
model. M = 46.8 and N = 20 in a LOS environment, while M = 43.8 and N = 20
in a non-LOS environment. The fading strength of the Nakagami fading path χ0 j

is based on the gamma classification. It is a fading classification in general. When
κ = 1, it resembles the Rayleigh classification, and when 1 ≥ κ ≤ ∞, it resembles
the Rician fading classification.

3.3 Data Rate in THz Band-Based VLC

Because the goal of our research is to maximize the achievable sum rate of hybrid
RF/VLC systems, apart from this, data rate of UE will also be calculated when it is
connected to an RF or a access point of the visible light communication network is
crucial. The Shannon’s capacity formula will be used to express a UE’s feasible data
rate throughout its affiliation with the RF AP. When a UE is connected to a access
point of the visible light communication network, however, communication is based
on light intensity modulation/direct detection (IM/DD). The waveform amplitude
bounces the immediate optical power in this diagram.As a result, there are restrictions
on the waveform’s real-valued and non-negative nature. Because of these limitations,
applying the Shannon capacity formula directly may not be sufficient to get the
desired data rate.

Gaussian noise damaged the capacity of an IM/DD path which was explored by
the authors in [21–23]. According to [21], investigations demonstrate that the lowest
bound of the path capacity in VLC networks can be calculated as

C = 1

2
B log2

(
1 + w

ρ2P2
eff

σ 2

)
, (12)

where w is a constant equal to w = e/2π (e is the Euler’s number), ρ is the PD’s
responsivity, B is the modulation bandwidth, Peff is the received optical power, and
σ 2 is the Gaussian noise power A factor of 1

2 emerges as a result of different limits
in VLC, according to [21]. It was also discovered that the expression (12) is correct,
and that it agrees with the top bound for a high SNR.
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3.4 The Overall Communication Model

Data is sent to each UE by one of the access points of the visible light com-
munication networks and RF AP. The DQN-based learning technique presented
ahead will be used to determine its relationship. Some APs will most likely be
idle, with no UE linked with them. The path gain vector for UE j linked with
AP i for i ∈ M will be expressed as Gj = [G0 j ,G1 j ,G2 j , . . . ,G |M | j ] where
G0 j ∈ C, [G1 j ,G2 j , . . . ,G |M | j ] ∈ R

(|M |−1)×1
≥0 . The path gain between the UE j

and the AP i is denoted as Gi j ∈ Gj. The waveform put out by the APs will be
expressed in vector form as follows: x = [x0, x1, x2, . . . , x|M |] where x0 ∈ R and
[x1, x2, . . . , x|M |] ∈ R

(|M |−1)×1
≥0 . Remember that the RF AP is represented by the

index i = 0 in the above settings. Consider the case where the UE j is linked to the
AP i . When UE j is connected to AP i = 0, i.e., the RF AP, it receives waveform
y j , which is expressed as

y j = √
G0 j P0 × x0 + nrj , for i = 0, (13)

where nrj is the additive white Gaussian noise (AWGN). When UE j is connected to
the i th access point of the visible light communication network, on the other hand,

y j = ρ j Gi j Pi xi + ∑
k∈N\{i} ρ j Gk j Pkxk Dk(αk j ′) + nv

j ,

for i ∈ N\{0}, (14)

where ρ j denotes the responsivity of the PD at the j th UE recipient as given in (12),
nv
j involves the shot noise and thermal noise, and

Dk(αk j ′) =
⎛
⎝1 −

∏
j ′∈N \{ j}

(1 − αk j ′)

⎞
⎠ , (15)

where αk j ′ is written as

αk j ′ =
{

1 if AP k is associated to UE j ′

0 otherwise.
(16)

αi j = 1 in (14) indicates that UE j is connected with AP i . The desired AP-UE com-
bination is AP i - UE j , but AP k is interfering with the j th receiving UE. The desired
waveform is represented by the first term in (14), whereas interference is represented
by the second term. The interference term in a standard version of the expression that
does not have Dk(αk j ′). In the interference term, we multiply Dk(αk j ′) to account
for idle APs that are not broadcasting. It assures that the interferer is only deemed
AP k if it is radiating to minimum one UE j ′, where j ′ �= j . αk j ′ is a parameter. The
parameter αk j ′ denotes the connection of UE j ′ with AP k, with Dk(αk j ′) = 0 if AP
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k is not radiating and radiating to UE j ′ and 1 if AP k is broadcasting and radiating
to UE j ′. This factor takes into account the case where an AP is temporarily turned
off owing to a hardware problem.

The instant achievable data rate at UE j for the input waveform that is continuous
and follows a negative exponential classification expressed as [24] after (12), (13),
and (14).

ri j =
{

BWj0 log2
(
1 + wγ0 j

)
, for i = 0 and

1
2BWji log2

(
1 + wγi j

)
, for i ∈ M \{0}, (17)

where γ0 j and γi j are the lower bounds of SINR0 j and SINRi j which are given as

SINR0 j = P0G0 j

Nr
0 BWj0

, and

SINRi j =
ρ2
j G

2
i j P

2
i

N v
0 BWji+

∑
k∈N\{i} ρ2

j G
2
k j P

2
k

(
1−∏

j ′∈M\{ j}(1−αk j ′ )
)2 ,

(18)

where BWj0 is the RF AP (i = 0) - UE j link’s bandwidth and BWji is the band-
width of the access point of the visible light communication network i - UE j link’s
bandwidth and i ∈ M \{0}. Because the model only considers one RF AP, it is sup-
posed that the RF waveforms experience minimal interference. As a result, we are
interested in the SNR when the UE j is linked to the RF AP. However, the SNR
for the RF AP-UE j link is represented as SINR0 j for consistency in nomenclature.
The RF AP is denoted by the subscript i = 0. SINR will be of importance when UE
j is connected to a access point of the visible light communication network. In the
case of RF waveforms, any broad statement of SINR will also indicate SNR. The
throughput of AP i can be calculated using the above expression for instant data rate.

ri =
∑
j∈N

α j i ri j , for i ∈ M . (19)

3.5 Allocating the Assets in Hybrid RF/VLC

The goal of this work is to discover the best user connection, AP transmits power
allotment, and AP downlinks bandwidth allotment for the UEs that are connected to
it. The asset allotment will be done with the goal of maximizing ri from (19). The
challenge of asset allotment is stated as follows:

P : max
BWji ,Pi ,α j i

ri , for i ∈ M , j ∈ N , (20)

subject to the following constraints:
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C1 :
∑
j∈N

α j iBWji ≤ Bv
maximum, for i ∈ M \{0}, (21)

where Bv
maximum is themaximum allowable bandwidth for a access point of the visible

light communication network. From C1, it is evident that the sum of bandwidths
allocated to a access point of the visible light communication network’s associated
UEs should not be greater than Bv

maximum. The same consistency is required on the
RF AP, which is written as follows:

C2 :
∑
j∈N

α0 jBWj0 ≤ Br
maximum, for i = 0, (22)

Constraint C2 specifies that the entire bandwidth assigned to the RF AP cannot go
beyond Br

maximum. The radiation power is the next constraint, which is enforced to
achieve power budget savings and eye safety considerations. An access point of the
visible light communication network’s radiation power has an upper limit Pv

maximum,
which is defined as

C3 : 0 ≤ Pi ≤ Pv
maximum, for i ∈ M \{0}, (23)

Similarly, an RF AP’s radiation power cannot exceed its maximum accessible power
Pr
maximum, which is defined as follows:

C4 : 0 ≤ P0 ≤ Pr
maximum, for i = 0, (24)

For i ∈ M , j ∈ N , SINRi j is given more constraints in order to provide reliability.
Let γi j be the least SINR needed on the AP i - UE j link for higher efficiency. As a
result, the SINR restriction is as follows:

C5 : SINRi j ≥ γi j , for i ∈ M , j ∈ N , (25)

The minimal threshold for SINRi j in the constraint C5 is gammai j . We use
SINRi j = γi j for the calculations in this paper. To carry out the optimization of the
variables BWji , Pi , and α j i , equality is supposed. Taking equality as a starting point,
the optimization of Bji , Pi , and α j i will lead to the optimization of γi j .

SINRi j = γi j (26)

facilitates the solution.
The following criteria for preventing SINR constraint violation are established

when the constraint C5 in (25) holds with equality [25, 26]

1 − ∑
i∈M

∑
j∈N ξi j > 0, and∑

i∈M
∑

j∈N βiξi ≤ 1,
(27)
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where

ξi j =
(
1 + 1

γi j

)−1

, and (28)

βi j = N0BWji

(Gi j Pi/γi j ) − N0BWji
+ 1. (29)

The constraints (25), (27), (28), and (29) are important for interferencemitigation.
Interference among APs forces the feasible data rates for distinct APs to interact with
each other. As a result, optimizing the data rates that may be achieved for multiple
APs at the same instants will be tough. The restriction (25) ensures that a minimum
SINR threshold is maintained for each AP-UE pair. The minimal SINR threshold is
indicated by the symbol γi j . By imposing aminimum SINR requirement on a AP-UE
pair, the APs’ interference is limited. The state space vector Si j enables to do this.
It will be constructed in the next section.

It is worth noting that summing logarithmic functions produces a concave func-
tion. However, inP , BWji , Pi , and α j i make the function ri jointly non-concave.

4 Allotment of Bandwidth Power and Connection
Parameter in the Systems with One RF and Multiple
Access Point of the Visible Light Communication
Networks

Now, a DQN-based learning algorithm to maximize the network throughput in (20)
is developed.

4.1 Framework for Learning

We solved the problem in (20) using a DQN-based learning technique in this part.
While respecting the limitations in (21)–(27), the suggested approach maximizes the
attainable data rate ofAP i in (20). The three vector variables state, action, and reward
are used to operate learning-based algorithms. The environment’s current state is
defined by the state vector. The action vector specifies the course of action conducted
in response to the current environment state. The reward vector specifies the reward
that the system receives after it performs an activity. Let Si j = {s1i j , s2i j , . . . , sli j } be
the state vector andAi j = {a1i j , a2i j , . . . , ami j } be the action space. At time t , the system
in state si j (t) ∈ Si j gets a reward Ri (s, a). Then the player takes an action given by
ai j (t) ∈ Ai j on the system. This action takes the system to state si j (t + 1) ∈ Si j . The
result of action ai j (t) is obtained in the form of reward. The deep learning algorithm
is trained by the CU on how to associate UEs and communicate with APs about
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power and bandwidth classification. Iteratively, this process is repeated. The system
gets closer to getting the maximum payout with each repetition.

4.1.1 Action Space (Ai j )

α j i , BWji , and Pi form the action space. As shown in (20), the action space A i j
will be constructed with α j i , BWji , and Pi for i ∈ M and j ∈ N , respectively.
Let Bi j and Pi represent the discretized form of BWji and Pi . For Bi j and Pi , the
following formula is used:

Bi j =
⎧⎨
⎩0, Br/v

min

(
Br/v
maximum

Br/v
min

) u

(|Bi j |−2)
, u = 0, 1, 2, ...,

∣∣Bi j

∣∣ − 2, (30)

where Br/v
min and Br/v

maximum represent the minimum and maximum BWji values. Like-
wise, Pi is calculated as

Pi =
⎧⎨
⎩0, Pr/v

min

(
Pr/v
maximum

Pr/v
min

) u
(|Pi |−2)

, u = 0, 1, 2, ..., |Pi | − 2, (31)

where Pr/v
min and Pr/v

maximum denote the minimum and maximum transmit power levels
for the two different APs, namely the RF AP and the access point of the visible
light communication network. α j i will have a cardinality 2|M |×|N | for i ∈ M and
j ∈ N . The formulation of Ai j has 2|M |×|N | values of α j i due to the occurrence
of mathematical expression of interference in (18). Ai j is formulated with |Bi j | =
|Pi | = 2|M |×|N |. The threshold γi j will be calculated with the discretized values
Bi j , Pi , and α j i , according to (18) on every i − j link. The formulation of the action
space will be done as

Ai j = {γ 1
i j , γ

2
i j , . . . , γ

|Bi j |×|Pi |×|α j i |
i j }. (32)

The player, that is the CU, chooses a value, a value that belongs to Ai j and a value
that the CU can assign for each AP. While opting a plan from Ai j , it adjusts Pi and
Bi j allotment for the i th AP (while satisfying j ∈ N \{α j i = 0}). It observes the
environmental variations and those in its own radiation. Hence, choosing Bi j and Pi

value to get a minimum SINR value, that is γi j , is the action of the player. Further,
the design of state space vector is carried out.
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4.1.2 State Space (Si j )

The state space is formulated with the constraints of the problem in (21)–(29). It is
formulated as Si j = {I i j1 , I i j2 , . . . , I i j6 }, where

I i j1 =
⎧⎨
⎩
0 if

∑
j∈N

αi j BWji ≤ Bv
maximum, for i ∈ M \{0}, j ∈ N ,

1 otherwise.

I i j2 =
⎧⎨
⎩
0 if

∑
j∈N

α0 j BWj0 ≤ Br
maximum, for i = 0, j ∈ N ,

1 otherwise.

I i j3 =
{
0 if 0 ≤ Pi ≤ Pv

maximum, for i ∈ M \{0}, j ∈ N ,

1 otherwise.

I i j4 =
{
0 if 0 ≤ P0 ≤ Pr

maximum, for i = 0, j ∈ N ,

1 otherwise.

I i j5 =
{
0 if

∑
i∈M , j∈N

ξi j (γi j ) < 1, for i ∈ M , j ∈ N ,

1 otherwise.

I i j6 =
{
0 if

∑
i∈M , j∈N

βi jξi j (γi j ) < 1, for i ∈ M , j ∈ N ,

1 otherwise.

(33)

The expressions (25)–(29) form the state vector. The state vector enables the DQN
algorithm and maintains a balance between the power of the waveform from the
desired user and that from the interfering users.

4.1.3 Reward (ri )

The action in a state facilitates a reward to the AP i immediately. For each i ∈ M
and j ∈ N at t , actions are made at the CU ai j (t) ∈ Ai j for the link i − j post
observation of si j (t). The CU reports α j i (t) via a underlying link to the i th AP for
j ∈ N \{α j i = 0}. In si j , ai j , and Ai j , for clarity, the subscripts i and j have been
removed. The instant reward Ri (s, a) is received in the form of the AP i data rate
and is defined as Ri (s, a)

Ri (s, a) =
{

rfix, if
∑6

c=1 I
i
c > 0,

ri , otherwise,
(34)

where rfix is a lower reward than the reward gained after breaching the interference
limits in any way. When the constraints are met, AP i receives ri as a reward. The
CU will try to determine the best policy for each AP in order to optimize its own ri .
For constraints (21) to (29), the CU makes decisions repeatedly until it finds the best
policies for the APs to maximize their respective ri s.
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Because ri s are never negative, maximization of s
∑

i∈M ri may be accomplished
by maximizing individual ri s for each AP i . As a result, the CU will use the DQN
learning process to identify an optimal policy that maximizes the reward for AP i .

The three vectors, the first one is the action vector, the second one is the state
vector, and the last one is the reward, were used to execute learning based on deep Q-
network learning. A replay memory collected at the transition point of t and t + 1 is
facilitated on the CU to store the experience ei (t) = {ai j (t), si j (t), ri (t), andsi j (t +
1)}. si j (t), ri (t), and si j (t + 1) are obtained by the replay memory from the network.
On the other hand, ai j (t) is obtained from theDQN learning output. At each iteration,
a small batch extracts training samples from the replay memory. As indicated in
Algorithm 1, each iteration comprises of a set number of episodes EPN, each of
which uses one training sample and runs for T time slots. A DQN block is also
illustrated, which is where DQN learning takes place. The DQN block’s input switch
alternates between connecting to the micro batch’s output and connecting to the
network. It gets the samples for training the time it is associated to the mini batch’s
output, and it gains information about the state si j (t)when connected to the network’s
connection. The selected action ai j (t) is used to create the DQN learning output. The
DQNblock’s output port swaps its connection between two input ports ahead of time.
The replay memory receives ai j (t) from the first input port. The second input port
sends ai j (t) to the loss, gradient, and parameter upgrading blocks, which results in
an improved θ . With the micro batch output, the output of the parameter upgrading
block is fed back to the input of the DQN block.

With the use of the state value functionV π (s) [27], theCUdevelops an appropriate
policy π for AP i to complete the DQN-based learning method. It is the largest
discounted sum of immediate rewards Ri (s, a) over a lengthy period of time while
following the optimal strategy π . It’s written like this in math:

V π (s, a) = max
π

{ ∞∑
t=0

ζ t E(R(s, a))t |st = s, at = a, π

}
. (35)

The optimal form of action-value function Q∗(s, a)
�= max

π
V π (s, a) is calculated

using Bellman’s equation as follows:

Q∗(s, a) = max
a∈A

{r(s, a) + ζQ∗(s ′, a′)}. (36)

where Q∗(s, a) is updated at ζ learning rate. Q ∗ (s, a) iteratively converges to its
optimal value for t → ∞ in (35).

As the goal of DQN learning is to build an environment for the agent to do
particular behaviors in order to maximize the reward, maximization of Q(s, a) leads
to maximization of ri . The i th AP’s achievable data rate, ri , is the incentive in this
work. The state value function V π (s) is computed first. The state value function
V π (s) indicates which state provides the greatest reward, i.e., the achievable data
rate ri , and is written as where
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Ri (s, a) =
{

rfix, if
∑6

c=1 I
i
c > 0,

ri , otherwise,
(37)

The action-value function Q(s, a) is then calculated, indicating the action or policy
that the agent should follow in order to obtain the maximum state value. Q(s, a) =
maxπ V π (s) is the mathematical formula. As a result, maximizing the action - value
function maximizes the reward ri .

Obtaining optimal Q∗(s, a) becomes difficult when vectors are huge. As a result,
a function estimator is used to estimate the optimal action-value function. In this
approach, [27] was used, where a neural network for this estimation was pro-
posed as Q(s, a; θ) ≈ Q∗(s, a). This approximation is achieved using a fully linked
feed-forward multilayer perception (MLP) network in this paper. The DQN-based
approach has an advantage because it uses a neural network as the action-value
approximator. It adds itexperience replay to increase learning performance in this
approximation, in which the CU records the environment’s experience at each
time step for AP i as ei (t) = {ai j (t), si j (t), ri (t), si j (t + 1)} in a replay memory.
Di (t) = {ei (1), . . . , ei (t)} represents the replay memory at different time instants.
The action-value function approximator Q(s, a) and the target action-value function
approximator Q(s, a; θ) are the two MLP networks used as Q-network approxima-
tors. The parameters of the current and prior iterations are θ and θ−, respectively. The
action-state function’s current iteration parameter θ is changed with each iteration.
This is accomplished using the display memory Di , which selects a random sample
(a, s, r, ŝ). After a certain number of iterations, θ− is updated, and the parameters
of the target value function are substituted with the updated θ of the action value
function. The technique for updating is carried out using a gradient descent algorithm
based on the following cost function:

L(θi ) = E

[(
ri (s, a) + ζ max

â∈A

(
Q̂i (ŝ, â, θ−

i )
) − Qi (s, a, θi )

)2
]

. (38)

5 Conclusion

The chapter studied the joint asset Allotment optimization problem in a hybrid
RF/VLC system in the downlink. The problem is neither concave nor convex, as
is observed. A centralized DQN-based learning method based on learning from the
hybrid RF/VLC environment has been created to overcome the constraints of stan-
dard optimization algorithms in handling such a challenge. The state vector for DQN
is based on the bandwidth, power, and connection parameter choices, whereas the
action vector is based on the constraint terms in the optimization problem. With the
use of an action-value function, the best policy is found. The CU selects the right
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Algorithm 1 DQN Network Learning for Hybridized RF and VLC systems
for i = 0, 1, 2, . . . , |M | do
Start
Start the memory vector that contains the state and action vectors
Start π(ai j |si j ; θi ) parameter θi
Start the network based on neurons for Qi with random θi
Start the network based on neurons target action-value function Q̂i with θ−

i = θi
end for
for Iteration =1:Ki do
Get the initial state
for Episode = 1: EPN do
for t < T do
for i = 0, 1, 2, . . . , |M | do
Opt a∗

i j (t) according to the equation for maximization j ∈ N
Select an action

ai j (t) = arg max
ai j (t)

Q(si j (t), ai j (t); θi ) (39)

Else another random action has to be selected with probability ε

Change si j (t + 1) and ri (t) as per (33) and (37)
Store ei (t) = (ai j (t), si j (t), ri (t), si j (t + 1) in the vector Di designed for storing expe-
rience for i th AP.
Change the present θi of Q(si j (t), ai j (t); θi ), by means of sampling of the mini batch
of transitions from Di (t)
After every constant number of steps, change θ−

i = θi
Receive samples of batch which is mini sized from the replay memory

end for
end for

end for
end for
Perform r = ∑

i∈M ri

bandwidth, power, and connection parameter values from the action vector set to
choose the best action for optimal policy formulation.
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Mechanical Engineering Challenges
in Machining of Terahertz Waveguide
Components

Rakesh Kumar Bhardwaj, V. P. Dutta, and Naresh Bhatnagar

Abstract The demand of high-speed wireless communication has increased, which
needs the data rate of the order of Terabyte per second (Tbps) in near future. Tera-
hertz (THz) band communication is a key wireless communication technology to
satisfy this future demand. This will also reduce the spectrum scarcity and capacity
limitation of current wireless systems. Micro fabricated folded waveguides are
potential compact source of wideband and high-power terahertz radiation. This
chapter primarily focuses on machining technology for THz waveguide compo-
nents requiring ultra-high precision micromachining. Rectangular waveguides espe-
cially folded waveguides are even more difficult to manufacture using conventional
machining techniques due to their small size and very tight tolerances. The criti-
calities in micromachining of Terahertz waveguide Components starting from 100
to 1100 GHz have been developed mechanically in this research work. Free cutting
brass IS 319-H2 andALalloy IS:736 24345WPwere used asworkmaterials due to its
electrical and mechanical properties. Waveguide size as small as 0.254 × 0.127 mm
was micro machined within ±3 to 5 µm linear tolerances, surface roughness of the
order of 0.045 µm Ra and flatness less than 0.3 µm (<λ/2). The split top and bottom
blocks of the waveguide were aligned by dowel pins which are matched within a
tolerance of ±5 µm. The perpendicularity and parallelism were maintained within
±5µm tolerance as per IS:8000-1975. This work explored and established the appli-
cation of micro milling as reasonably suitable for the THz waveguides followed by
ultrasonic cleaning. Waveguide above 1.1 THz having waveguide size as small as
75 µm× 37.5 µmwas also realized using femtosecond laser within nanometer level
accuracies.
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1 Introduction to Terahertz Waves and Terahertz
Technology

Terahertz technology is described under different subheadings as under.

1.1 EM Waves and Their Propagation

The Electromagnetic wave (EM wave) is created by a disturbance in electric or
magnetic field locally. When magnetic field changes, it induces electric field, so that
a series of electrical and magnetic oscillations are formed resulting in propagation of
EM waves. From the origin (source), the wave propagates uniformly outward in all
directions. An EM wave or radio wave propagates outward from the source such as
antenna at the speed of light. The propagation of EM waves in a medium or vacuum
is due to mutual changes between magnetic and electric field. All waves transmit
energy through empty space. A medium is the material through which EM waves
travel (Fig. 1) .

1.1.1 EM Spectrum

Electromagnetic energy is an arrangement of broad to short waves. The exam-
ples of broad waves are radio waves, whereas gamma rays are short waves. The
electromagnetic radiations are reflected or absorbed by water vapors [1].

Fig. 1 Electromagnetic radiation spectrum [1]
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1.2 Introduction to Waveguides

Waveguide is a device to guide electromagnetic energy from one region to another.
In general, waveguides are hollow rectangular/circular metal tubes. The waveguide
acts as a high pass filter in which most of the energy above the cutoff frequency will
pass through the waveguide, whereas the energy below the cutoff frequency will be
attenuated by the waveguide. Figure 2a shows the electric and magnetic fields of a
wave whereas, Fig. 2b shows the waveguides.

Waveguides are often used at frequencies greater than 300 MHz being more
common above 8 GHz. Waveguides are wideband devices used to transmit either
power or communication signals [2]. A hollowmetal rectangular waveguide is shown
in Fig. 2c. Figure 3 shows different cross section geometries of waveguides.

(a) (b) (c) 

Fig. 2 a Electric and magnetic fields, b waveguide bend, c cross section of a waveguide

Fig. 3 Types of waveguide cross sections [3–6]
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The waveguide has a width ‘a’ in the x-direction and a height ‘b’ in the y-direction
with a > b as shown in Fig. 2c. Power is transmitted in Z direction. The cutoff
frequency f c is the frequency at which all lower frequencies are attenuated by the
waveguide. The formula for the cutoff frequency of a rectangular cross sectioned
waveguide is given by:

fc = 1

2a
√

με
= c

2a
Rectangular cross section (1)

wherein, in Eq. (1), c is the speed of light within the waveguide,μ is the permeability
of the material (air) that fills the waveguide and ε is the permittivity of the material
(air) that fills the waveguide. Note that the cutoff frequency is independent of the
short length ‘b’ of the waveguide.

1.2.1 Waveguide Cutoff Frequency for Rectangular Waveguide

The cutoff frequency of a waveguide varies according to its cross section. The cutoff
frequency for a rectangular waveguide can be calculated using the formula given as
[7, 8]:

fc = c/2a

where:

f c is rectangular waveguide cutoff frequency in Hz
c is the speed of light within the waveguide in meters per second, and
a is the large internal dimension of the waveguide in meters.

1.3 Frequency Bands and Designations

Hestler et al. [9] have recommended the waveguide sizes and interfaces at various
frequency range up to 1.1 THz in his publication, which are backwards compatible
with MIL-DTL 3922/67C. Table 1 gives the current standard series of waveguide
bands starting from WR-10 up to WR-1 as specified in MIL-DTL-85/3C.

Rectangular Waveguides are denoted by WR, whereas the number that follows
gives the width of the waveguide opening in mils divided by 10. EIA is environment
impact assessment and ALMA stands for Atacama large millimeter/submillimeter
wave array, which controls the environment under the guidelines of United Nation
Environment protection (UNEP). Certain bands at higher frequencies are rounded
off for convenience.

Tolerances can be calculated w.r.t. the tolerances at WR-10 using the formula as
given in Eq. 2.
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Table 1 Current and proposed waveguide bands, Hestler et al. [9]

Proposed band
designation

EIA band
designation

Internal
dimensions
(mils)

Internal
dimensions
(mm)

Frequency
range (GHz)

TE (10)
Cutoff (GHz)

WR-10 WR-10 100 × 50 2.540 ×
1.270

75.0–110.0 59.0

WR-8 WR-8 80 × 40 2.032 ×
1.016

90.0–140.0 73.5

WR-6.5 WR-6 65 × 32.5 1.651 ×
0.826

110.0–170.0 90.8

WR-5.1 WR-5 51 × 25.5 1.295 ×
0.648

140.0–220.0 116

WR-4.3 WR-4 43 × 21.5 1.092 ×
0.546

170.0–265.0 137

WR-3.4 WR-3 34 × 17 0.864 ×
0.432

220.0–300.0 174

WR-2.8 Undefined 28 × 14 0.711 ×
0.356

265.0–400.0 211

WR-2.2 Undefined 22 × 11 0.559 ×
0.279

330.0–500.0 268

WR-1.9 Undefined 19 × 9.5 0.483 ×
0.241

400.0–600.0 311

WR-1.5 Undefined 15 × 7.5 0.381 ×
0.191

500.0–750.0 393

WR-1.2 Undefined 12 × 6 0.305 ×
0.152

600.0–900.0 492

WR-1.0 Undefined 10 × 5 0.254 ×
0.127

750.0–1100.0 590

Tolerances at any Freq. f (GHz) = (Tolerances atWR − 10) × (100/ f ) (2)

1.4 Worldwide Status of Terahertz Technology

Tematys [10] a team of expert consultants, who provide consultation to various
research and development organizations have published a market and technology
trend report in 2016 on Terahertz components and systems. As shown in Fig. 4,
Terahertz detectors were realized in 1985 and the THz source got developed in
the next ten years. More compact detectors arrays were made in 2010 and now
the world is working on low-cost and fast THz components. It is expected that by
2022, THz components will be available for the researchers to design systems for
various applications in Defense, Biomedical, Industrial and other areas. The market
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Industrial and other applications.

Fig. 4 Status of Terahertz techology and systems, © Tematys [10]

revenue of THz technology has grown to 40–100 million e in the last five years,
which clearly indicates huge demand of this technology in the near future [10].
World over companies like Tera view, ADVENTEST, RP Photonics, Virginia Diode
Inc., Toshiba and Zomega, etc. are working to develop THz technology. Also, some
lab-level systems are being reported in the literature now a days.

1.5 Status of Terahertz Technology in India

Defence Research and Development organization (DRDO) one of the leading
research and development organization working for Indian defense has published
a paper in 2019 authored by Rehman et al. [11]. They gave the status of THz tech-
nology with future roadmap. Table 2 gives the institutions working in the field of
Terahertz technology with research area.

1.6 Micromachining of Waveguide

Micromachining is a wider term, in the context of THz. Researchers [12–16]
used different methods to realize lab-level THz components using micromachining.
Bruneau et al. [17] of jet propulsion laboratory of NASA successfully realized THz
metallic waveguides without sharing any of the mechanical manufacturing details.
Deep reaction ion etching, Micro molding and Laser micromachining are another
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Table 2 Institution wise status of THz technology in India [11]

Institutes Area of research

Sources and detectors IIT Delhi mm-wave electronic transmitters,
spin-based THz sources, time domain, and
CW THz set-up, THz waveguides
machining and fabrication

IISER, Trivandrum Semiconductor hetero-structure alloys as
THz sources

TIFR, Mumbai SI-GaAs THz sources, THz-ultrafast
studies

Signal processing and devices IIT Guwahati THz metamaterial structures for the
active–passive THz devices

IIT Bombay mm-wave signal processing

Channels CEERI-Pilani THz waveguides in Silicon for the
short-range communication channel,
multiplexer/demultiplexer

mm-wave remote and atmospheric
sensing, atmospheric transmission

popular method for realization of THz components. A deep understanding of chem-
ical machining is required for the micro fabrication of components through them,
and every material has different chemical affinity behavior and process parameters.
The processes described so far can produce 2-D components in x–z plane, but tool
based micro milling or conventional micro milling can produce 3-D components, in
which linear, circular and helical interpolation is also possible with precise control of
dimensions. Moreover, any material can be machined using micro milling and there-
fore it is very suitable for small lot size and research purposes. This research work
will first focus only on tool based micro milling and Femtosecond laser machining
for successful realization of THz waveguide components for the different frequency
bands. Following are a few of the micromachining techniques for the development
of waveguides at different frequencies.

1.6.1 Tool Based Micromachining/Mechanical Micromachining

Researchers [18, 19] have investigated various aspects of micromachining but there
are no reported studies with regard to electromechanical components especially
micromachining of THz components. Though all the aforementioned studies are
of importance to carry out machining research work, these are adapted wherever
possible in the machining of present THz waveguides. However Nordquest et al. [12]
have successfully fabricated a metallic waveguide at 3THz, though they have also
cut silicon substrate and placed it in a metallic cavity. Groenendijk et al. [13] have
discussed the microstructure of metallic surface cut by Femtosecond laser. Micro
milling can machine, metals, alloys, polymers, composites and ceramics into 3-D
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shapes within accuracy of 10–3 to 10–5 (sub-micron). 3-D components for various
applications can be machined using macro or micro machines at low or high produc-
tion volume with much higher accuracies than MEMS based process which gives
an accuracy of 10–1 to 10–3 only. As it is known that with an increase in frequency
the wavelength reduces and hence waveguide size also reduces which makes the
components much smaller in size and more sensitive to tolerances. For example,
the cross section of a typical rectangular waveguide at 94 GHz is 2.54 × 1.27 mm,
at 330 GHz, the size shrinks to 0.711 × 0.356 mm. Similarly, the waveguide size
reduces to 0.381 × 0.191 mm at 625 GHz and 0.254 × 0.127 mm at 1 THz.

1.6.2 MASK Based Micromachining/Silicon Micromachining

Mask Based micromachining is having following major technologies:

• Dry & Wet Etching
• Plasma Etching
• LIGA Process
• Electroforming

LIGA technology is well suited for the mass fabrication of parts, particularly in
polymers. Many micro-systems benefit from the unique characteristics and advan-
tages of the LIGA process in terms of product performance [14]. However, for metals
like brass and copper, it may not be the right technique.

1.6.3 Micro Molding

Sammoura et al. [15] developed a waveguide with integrated flanges at 95 GHz and
tested it. The plasticwaveguide can be fabricated by hot embossing and electroplating
technology. Plastic waveguides can be made in batches.

Signal transmission up to 77.8% is achieved by micro molding developed. This
enables the use of components in all—weather conditions like weather monitoring,
airplane radars, astronomy, etc. Conventional methods fabricate rectangular metal
waveguides and later flanges are brazed. However, at high-frequency feature sizes
are too small and micromachining is the right technology to meet the requirements.
However, for such molding first of all micromachining of mold is required and later
duringmold filling, defects like shrinkage, sinkmarks, porositymay occur, which are
serious at higher frequencies due to very small waveguide size. However, waveguide
for Ka and Ku band has been reported in literature, which was made through micro
molding.
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1.6.4 Laser Micromachining

Laser micromachining is a general term used for making tiny features in parts
measured inmicrometerwith extreme precision. It is also used for controlled cut, drill
or scribe of material. Hence, Laser machining can be applied for machining the THz
waveguides onmetallic blockswithout generating heating ormechanical damage like
warping or loss of size and strength. It is also established that laser micromachining
can fabricatemetallic rectangularwaveguides onBrass,Aluminumalloy,Magnesium
alloy and 99%pure Copper. Therefore, thesemicromachining techniques can be used
for fabricating waveguide of sizes corresponding to the frequency of 1 THz, 3 THz
and 10 THz with desirable tolerances, surface roughness, flatness, perpendicularity
and parallelism. One such laser micromachining technique is by using Femtosecond
laser. The smallest duration of pulsemakes femtosecond laser a feasible candidate for
waveguide machining and it is also available at the Central Research Facility (CRF),
IIT Delhi. Thus, efforts will be made to compare fabricated waveguide components
at 1.1 THz by this technology with Kern micromachining. Researchers have worked
on Lithography for development of waveguides, where they have developed a low
frequencywaveguide usingmicromolding. Researchers [20–29] have also used laser
micromachining with CW fiber laser, Nanosecond laser and femtosecond laser for
realizing various devices mostly on substrates and non-metallic materials.

1.7 Applications of Terahertz Band

Over the past several years, there has been increased interest in the potential of
terahertz sensors for imaging of concealed weapons, explosives and chemical agents
[16, 18, 30–35]. The THz application at the nano, micro and macro scale is discussed
in the following sections and depicted in Fig. 5. Applications in the area of Defense,
Industries, Biomedical and other areas are shown in detail.

1.8 Mechanical Engineering Challenges in THz Technology

Suppose the geometry of the waveguide was not maintained as per IEEE guidelines
and MIL standards. In that case, the inside surface of waveguide dimensions will
not be as desired and rough. Under these conditions, electromagnetic waves that are
designed to an incident on smooth surface undergo reflection in the specular direction
are scattered diffusely resulting in loss of intensity in the specular direction. THz
components should satisfy all geometrical tolerances in addition to linear tolerances
such as flatness, positional tolerances, cylindricity, parallelism, squareness, surface
roughness, etc. need to be achieved according to standards.
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Fig. 5 Applications of terahertz technology [10]

1.8.1 Mechanical Design Methodology

Various open sources and book articles have elaborated the design and analysis of
waveguides at different frequency bands [21–24]. The Software Ansoft Corporation,
version 9, USA was used for the design of waveguides. The material selected for
waveguides was Brass. The length of 25 mm was kept constant for all waveguide
section. The theoretical design of waveguide is described in the textbooks Kulkarni
[26], Kraus [27], Prasad [28], Mathew [29], Liao [36], Harrington [37], Balanis [38]
and Collin [39]. Teja et al. [40] have studied the wave characteristics and field distri-
bution traveling in different media in rectangular waveguides by using a High space
structural system (HFSS). They explored different electrical as well as magnetic field
strength parameters inside the waveguide and developed fundamental model distri-
bution at the X-band. The two waveguide sizes considered by them were 32.86 ×
20.16mmand22.86× 10.16mm, respectively. Researchers [3, 41–44] have designed
and developed THz components based on analytical design and software simula-
tions. The components designed by them are Filters in THz and Sub-THz region,
Metal-dielectric-metal waveguide, Metal V-grove waveguide, Sub-THz channels for
low-cost Interconnects and rectangular metal waveguide with and without ridges.
Sudhamani et al. applied these design and analysis strategies to develop variety of
THz components [4–6, 45–48].
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1.8.2 Material Selection

The properties of material like electrical conductivity, permeability and permittivity
play a very important role for the propagation of electromagnetic waves. Hence it is
very important to choose materials according to the electrical requirements in addi-
tion to structural properties. The half-hard free cutting brass IS 319–H2 (Cu: 61%,
Zn: 36%, Pb: 3%) was selected for straight and folded waveguide structure (FWS)
due to its high strength, corrosion resistance and good dimensional stability over
a long period [49]. In the same way, some researchers [50–56] define the proper-
ties and advantages of using Al-Alloy, OFHC, Mg Alloy, Silicon family, Graphene
and polymeric materials for waveguides. In addition to that many-more researchers
have used different materials for realization of THz waveguide components and their
characterization [57–63].

1.8.3 Waveguide Interface Standards

Hadeel et al. [64] in 2020 emphasized the importance along with status of tech-
nology and a very good review of literature stream wise. He has described time
line standardization shown in Fig. 6. They compiled the data of achievable data rate
and propagation distance at frequency starting from 100 to 625 GHz along with
the technology through which it was achieved. According to the data presented, a
propagation distance as high as 1500 m was achieved at 140 GHz using 16QAM
modulation with the power of −5 dBm through CMOS SHM technology. Similarly,

Fig. 6 Standardization journey of THz technology
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a propagation distance of 850 m at 240 GHz and 3.8 m at 450 GHz was obtained
using various modulation schemes and technologies. Most of the papers published
between 2014 and 2019 were focusing on modulation schemes, technologies and
source developments.

1.8.4 Misalignments in Waveguides

Kerr et al. [64, 65] have studied the configuration of the waveguide and measured
the waveguide losses due to misalignment at connection through flanges. Cases like
misalignment in the x-direction, y-direction, x and y-direction, rotation about a point
or combinations of misalignments were presented in his study. It was learned that
misalignment of 75–250 µm in x-direction leads to a loss S11 of the order of −40 to
−20 dB. All the possible cases are shown in Fig. 7. Though the measurements were
done at the W band, hence the impact of misalignments will be much higher at THz
frequency. If the corners of the waveguide are not sharp, the nose radius should be
minimum possible and does not exceed 2% of dimension ‘a’ as shown in Fig. 7.

Similarly, the error in waveguide during micromachining due to mismatching of
lower and upper block calledmisalignment. Literature shows that bilateral tolerances
are better in terms of electric performance, where any misalignment should not be
greater than 2% of dimension ‘a’. On the other hand, the Geometrical tolerances
like surface roughness, perpendicularity between ‘a’ and ‘b’, the flatness of mating
surfaces of the upper and lower part, positional tolerances of the flange dowel pins
also need to be maintained with close tolerance to the target values depending on
the respective frequency band. Measuring residual stresses is not a trivial matter.
A large number of researchers have concentrated on improving the measurement
technologies. By far, the most popular type of measurement is based on diffraction
methods as reported by Jawahir et al. [66], Withers et al. [67], Fitzpatrick et al.
[68] and Noyan et al. [3]. The Bragg’s law was adopted from [68] as it explained the
science behind X-Ray diffraction. Residual stresses were not measured directly from
this measurement as we only get ‘d’ the new spacing from which strain is calculated
and then stress was computed by the software available on measurement system.

Fig. 7 Effect of misalignment of waveguide ports on power losses
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1.8.5 Tolerances

All the Linear dimensions of waveguide crossection were adopted fromHestler et al.
[9]. It is evident from his study that when the frequency increases tolerance become
stringents. For example, at WR-10 the linear tolerance is ±12 µm, which becomes
±1 µm at WR-1. Whereas, the gemotrical tolerance like surface roughness, flatness,
positiobnal tolerence prallelism and perpendicularity also infulance the perforamce
of waveguides. As per the study of Kerr et al. [65], if the cross section configuration
of waveguide is not maintained will result to power losses.

Linear Tolerances

Since, the waveguide size depends on the wavelength (λ) hence variation os waveg-
uide size is critical. The waveguide size governs the cutoff frequency of the waveg-
uide. If the size ‘a’ and ‘b’ is not maintained close to the design values, the charac-
teristics of waveguide such as cutoff frequency will not be maintained and cause the
power loss [69].

Geometrical Tolerances

The complete configuration of the waveguide depends not only on the linear
tolerances but the geometrical tolerances are equally important to establish cutoff
frequency and effective propagation of EM waves. The important geometrical toler-
ances like surface roughness, flatness, perpendicularity, parallelism, straightness and
positional tolerances are discussed in following sections.

Effect of Surface Roughness and Skin Depth

Wang et al. [69] studied the effect of surface roughness on the conductor and reported
three basic types of losses in THz guiding structures named Radiation, dielectric and
conductor loss. Absorption ratio increases with the increase in roughness height. At
different frequencies, the power absorption was observed for different root mean
square (RMS) heights and it was deduced that with increasing RMS height (up
to 0.1 µm), the power absorption goes higher. The trend is similar for both the
metals studied i.e., Copper and Aluminum. Chen et al. [71] have studied the Lossy
rectangular waveguide and effect of surface roughness on their performance. They
have found that as the correlation length and frequency increase, the attenuation
decreases and propagation constant increases. Chen et al. [72] have analyzed lossy
rectangular waveguide on similar lines, containing rough inner surface. Popalghat
et al. [73], Sau rez et al. [74] and Li et al. [75] also contributed a lot in the study of
surface roughness and its effects on propagation. Klein et al. Diana Gamzina et al.
[76] published a research paper in 2015 highlighting the Nano surface roughness
effect on THz vacuum.
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Fig. 8 Recommended waveguide interface from WR-10 to WR-1 [9]

Flatness

The flatness of two mating waveguide blocks is important to minimize the power
losses occurring due to leakage of energy. It should be of the order of half the
wavelength. The flatness can be measured using interference of monochromatic light
[77].

Other Geometrical Tolerances

Figure 8 shows the importance of positional and form tolerances for proper mating
of discrete components to avoid any misalignments between two components. The
alignment pin and pin-hole tolerances at the interface are crucial for proper matching
of two waveguides in order to minimize the plumbing losses.

The achievable angular alignment limit is generally set by the skill of humans and
the accuracy of jigs and fixtures being used at the manufacturing facility. Reflection
at the interface can be minimized by achieving tight tolerances on the interface
being an integral part of waveguide through CNC machines. The desired linear and
geometrical tolerances are shown in Fig. 8.
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1.9 Micromachining

Since to achieve desirable magnitude of linear and geometrical tolerances for
fabricating THz waveguide falls beyond the capability of conventional machining.
According [7, 8, 13, 14, 78–85] the micromachining can be the only available
method to achieve the critical parameters of THZ waveguides. Few reported studies
are published with regard to electromechanical components especially microma-
chining of THz straight as well as folded waveguide (FWG) structures [4, 45–48,
86]. Though all the aforementioned studies are of importance to carry out machining
research work, these are adapted wherever possible in the machining of present THz
waveguides. Prakash et al. [79] used CO2 laser for creating microfluidic channels
which are geometrically like waveguides. Researchers [13] have worked on Lithog-
raphy for development of waveguides, whereas [14] have developed a low frequency
waveguide using micro molding. Researchers [7, 8, 78–84] have used laser micro-
machining like CW fiber laser, Nanosecond lase and femtosecond laser for realizing
various devices mostly on substrates and non-metallic materials. However, Ganti
et al. [83] have successfully fabricated a metallic waveguide at 3THz, though they
have also cut silicon substrate and placed it in a metallic cavity. Groenendijk et al.
[13] have discussed the microstructure of metallic surface cut by femtosecond laser.
More details on micro milling and Femtosecond laser machining are provided in
subsequent articles. The specific contributions of following authors helped to plan
the micromachining strategies in particular. Bruneau et al. [17] in his research paper
has successfully developed and demonstrated the metallic THz waveguide using tool
based micro milling.

1.9.1 Micro Milling

Micro milling can machine, metals, alloys, polymers, composites and ceramics into
3-D shapes within accuracy of 10–3 to 10–5(sub-micron). 3-D components for various
applications can be machined using macro or micro machines at low or high produc-
tion volume with much higher accuracies of order 10–1 to 10–3, better than MEMS
based process.

Many researchers [87–98] have studied various aspects of micro milling such as
surface roughness, minimum uncut chip thickness (MUCT), ploughing, size effect,
vibration, burr formation, force measurements, minimum quantity lubrication, etc.
Aramcharoen et al. [99],Vazquez et al. [85] and Jain [49] have achieved and described
stringent tolerances using tool based micro cutting.

According to Zhang et al. [100], the vibration occurring is active and negative. He
suggested strategies for reducing vibrations duringmicromilling.Guillem et al. [101]
presented chatter and strategies for suppression of chatter to get better surface finish.
Researchers [102–106] discussedburr formation in details alongwith their location of
occurrence. Strategies forminimization burr formationwere also discussed.Machine
tool construction for micromachining and error sources were discussed by Lamikiz
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et al. [107] and Hashmi et al. [108] especially the Abb’s error and correction methods
along with isolation from external vibrations.

1.9.2 Femtosecond Micromachining

Bookey et al. [78] had used Femtosecond laser for producing THz waveguide having
insertion loss below 3.5 dB at 1550 nm. To fabricate the waveguide, he used 370-nJ
pulses focused on approximately 150µmbelow the surface of sample. Shafique et al.
[7] created microwave trenches for substrate integrated waveguides in low tempera-
ture confined ceramics (LTCC) technology for micro and nano drilling. Li et al. [109]
could micromachine two-anode frequency tippler at 900 GHz consisting feature size
as small as 30 µm to 60 µm. Another important work was published by Nordquist
et al. [12] in which waveguide of size 75 µm× 35 µm at 3THz was micromachined.
This was probably the smallest metal waveguide reported in literature. On the other
hand, Groenendijk et al. [13] have reported surface microstructure by femtosecond
laser pulses. On the similar lines [83] and [84] have also explored and described
femtosecond laser for high tech use and have explained the science behind it.

1.9.3 Importance of Geometrical Tolerances in Context of THz
Waveguides

Suppose the geometry of the waveguide was not maintained as per IEEE guidelines
and MIL standards. In that case, the inside surface of waveguide dimensions will not
be as desired and rough. The subsequent sections describe almost all geometrical
tolerances in addition to linear tolerances, named Flatness, positional tolerances,
cylindricity, parallelism, squareness, surface roughness, etc. Theyneed to be achieved
in totality and not partially. This is a classic example of criticality in realizing THz
waveguide components.

1.9.4 Effect of Surface Roughness

Wang et al. [85] investigated the influence of surface roughness on the conductor at
terahertz frequency and reported three basic types of losses in THz guiding structures
namedRadiation, dielectric and conductor loss. It was observed fromwork carried by
Wang that the absorption ratio increases with frequency. At different frequencies, the
power absorption was observed for different root mean square (RMS) heights, and it
was deduced with increasing RMS height (up to 0.1 µm), the power absorption goes
higher. The trend is similar for both the metals studied, i.e., Copper and Aluminum.
From this, it can be concluded that there is a direct effect of surface roughness on
the waveguide characteristic. Figure 9a, b show the variation of power absorption
ratio with the increase of frequency at different (RMS) for Copper and Aluminum,
respectively.
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Fig. 9 a Power absorption ratio for different RMS height for Copper. b Power absorption ratio for
different RMS height for Aluminum [70]

Therefore, a firm understanding of the scattering behavior of terahertz waves from
rough surfaces is of importance while developing terahertz machined components
and systems. Figure 10a, b show the reflectivity at vertical incidence depending on
frequency for different rough surfaces. This phenomenon is not significant at low
frequencies but, with the increase in frequency, the reflectivity sharply decreases,
which indicates higher losses in both the metals under study. Figure 11a, b show
the normalized power spectral density of Aluminum and Copper for different rough
heights. Chen et al. [71] have studied the effect of surface roughness on the Lossy
rectangular waveguide. They have found that as the correlation length and frequency
increase, the attenuation decreases and propagation constant increases. Chen et al.
[72] have analyzed lossy rectangular waveguides on similar lines containing rough
inner surfaces. Popalghat et al. [73], Sau Rez et al. [74] and Li et al. [75] also
contributed a lot in the study of surface roughness and its effects on propagation.
Gmzina et al. [76] reported scattering of spoof surface plasmon polaritons in defect-
rich THz waveguide.

1.9.5 Interface Tolerances

The alignment pin and pin-hole tolerances at the interface are crucial for accurate
mating of two waveguides to minimize the reflection at the waveguide interface
(Fig. 12).

The achievable angular alignment limit is generally set by the skill of humans and
the accuracy of jigs and fixtures being used at the manufacturing facility. Reflection
at the interface can be minimized by achieving tight tolerances on the interface
being an integral part of waveguide through CNC machines. The desired linear and
geometrical tolerances are shown in Fig. 13b
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Fig. 10 Reflectivity versus
frequency for different rough
samples a for Copper and b
for Aluminum
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Fig. 11 Normalized power
spectral density of
Aluminum and Copper for
different rough height a for
Aluminum and b for Copper
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Fig. 12 Recommended waveguide interface from WR-10 to WR-1 [9]

Fig. 13 a Dimensions and tolerances of Dowel pins and pinholes, b The miniature interface [9]
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Material Selection, Micromachining,
and Measurements of THz Waveguide
Components

Rakesh Kumar Bhardwaj, V. P. Dutta, and Naresh Bhatnagar

Abstract The criticalities in micromachining of Terahertz waveguide Components
starting from 100 to 1100 GHz have been developed mechanically in this research
work. Free cutting brass IS 319-H2 and AL Alloy IS:736 24,345 WP were used
as work materials due to its electrical and mechanical properties. Waveguide size
as small as 0.254 × 0.127 mm was micromachined within ± 3–5 µm linear toler-
ances, surface roughness of the order of 0.045 µm Ra and flatness less than 0.3 µm
(<λ/2). The split top and bottom blocks of the waveguide were aligned by dowel
pins which matched within a tolerance of ±5 µm. The perpendicularity and paral-
lelism were maintained within ±5 µm tolerance as per IS:8000, 1975. This work
explored and established the application of micro-milling as reasonably suitable for
the THz waveguides followed by ultrasonic cleaning. Waveguide above 1.1 THz
having waveguide size as small as 75 µm × 37.5 µm was also realized using
femtosecond LASER within nanometer level accuracies. Measurements of folded
waveguide at 0.22 THz waveguide losses were close to simulated values.

Keywords THz ·Waveguide ·Micromachining · Terahertz waveguide components

1 Introduction

Micro-milling is a versatile micro-cutting process for producing micro-level compo-
nents in small andmediumquantities. CNCcontrollers andCAD/CAMsoftware have
made it possible to generate highly complex micro-components and microstructures.
The size, geometry, and composition of micro tools are vital to micro-milling as they
determine the minimum feature size and surface quality. Micro-milling tools ranging
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from 25 to 1000 µm are available for micro-milling of miniature components like
THz waveguides on conventional and micro-milling machines. These machines have
got ultra-high-speed low run-out spindles that can run at 100,000 rpm if required. In
order to minimize the thermal errors, the spindle is generally temperature-controlled,
and a better surface finish can be achieved on thesemachines. The spindle speeds have
greatly enhanced the machining rates to acceptable levels even with low feed/tooth
values used in micro tools. Recent micro-milling machines use high damping mate-
rial characteristics like polymer concrete and have high dynamic stiffness. They
also employ glass scales of sub-micron resolutions in place of linear encoders for
better control and fewer motion errors. Materials like polymer concrete also provide
good thermal stability when compared to cast iron.Multi-axis machine configuration
reduces the setup change errors and increases productivity. Mechanical microma-
chining and particularly micro-milling process, when utilized as a THz machining
process, deliver many advantages over its counterparts due to the possibility of appli-
cations to a variety of materials, lesser number of setups to generate stepped geome-
tries, complex machining of 3D geometries, lower setup costs, a good accuracy, and
high surface quality. However, size effect, rapid tool wear, inherent burr formation,
and low stiffness of tool that causes deflection, limitation of the minimum feature
size, and higher surface roughness compared to Lithographic techniques possess a
number of challenges. The machining of THz waveguide geometries requires a very
high level of geometrical tolerances and surface quality which can only be achieved
through micro-milling. The generated topography of the micro-milled surface inside
the waveguide is mainly influenced by the tool, machining parameters, and strategy
of cutting. AdvancedCNCmachine toolswith an online tool andworkpiecemeasure-
ments have reduced positioning inaccuracies, can achieve high levels of precision.
Hence, micro-milling represents a suitable technique tomanufacture THzwaveguide
components.

1.1 Materials and Design Selection of Waveguide

Waveguides are made from Brass, Copper, Aluminum, or metal with low bulk resis-
tivity and high electric conductivity. Although poor conducting metals and alloys
can be used, they need to be plated correctly to increase conductivity. An example—
gold-plated microwave and millimeter wave components were produced. According
to the literature, it is even possible to make plastic or polymeric waveguides.

However, electromagnetic materials have long been an interest, which attracted
the research community to fabricate the devices for the THz frequency band. The
main characteristics of these materials are permittivity (E) and permeability (μ), also
known as constitutive parameters. Some waveguide materials and their properties
are discussed below.
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Table 1 The properties of brass IS: 319 H2

Density 8.49 g/cm3

Melting point 885 °C

Tensile strength 338–469 MPa

Yield strength (depending on temper) 124–310 MPa

Elongation at break (in 457.2 mm) 53%

Elastic modulus 117 GPa

Poisson’s ratio 0.34

Machinability (UNS C36000 (free cutting brass)=100) 100

Shear modulus 37 GPa

Thermal Expansion co-efficient @ 20–300 °C/68–572°F)20.5 µm/m° 20.5 µm/m°

Electrical conductivity (Siemens/m) 1.59 × 107 S/m

Permeability 1.60 m2

1.1.1 Free Cutting Brass IS 319-H2

Free cutting brass IS 319-H2 (Cu: 61%, Zn: 36%, Pb: 3%) half hard was selected
for waveguide structures due to its high strength, corrosion resistance, and good
dimensional stability over a long period. This alloy is suitable for waveguides at
higher frequencies due to its electrical conductivity andmachinability. To increase the
conductivity of Brass, we finally gold plate the components. To relieve the locked-in
stresses, alpha (α) brass alloy is annealed and subjected to stress relief. The inclusion
of 2–4%Lead in the alloymakes it free cutting, and Zinc at 36% completely dissolves
in the solution and makes a continuous solid solution. Refer: [1]

The Properties of Brass IS: 319 H2 are shown in Table 1:

1.1.2 Aluminium (Al) Alloy: IS 736-24345WP as a Material
for the Waveguide

The excellent heat and electrical conductivity, as well as lightweight characteris-
tics, make Al alloys suitable material for waveguides. It is also non-corrosive, easily
machinable, low cost, non-magnetic, and recyclable making it the first choice for
many structural and communication applications. The Aluminum alloy is an alterna-
tive for the manufacturing of waveguide filters shows a very good thermal stability
with respect to standard Aluminum. The electric conductivity of Aluminum can be
enhanced bymetal coating (e.g., silver, gold). The tensile strength of pure Aluminum
is around 90 MPa, but this can be increased to over 690 MPa for some heat-treatable
alloys. Al Alloy IS: 736-24345WP can be used for machining THz waveguide struc-
ture due to its superior electrical conductivity, permeability, and machinability, as
this is a Copper-based alloy. Refer [2]

The Properties of Al Alloy: IS 736-24345WP are shown in Table 2:
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Table 2 The properties of Al Alloy: IS 736-24345WP

Density 2.6898 g/cm3

Melting point 660.2 °C

Tensile strength 395 MPa

Yield strength (depending on temper) 276 MPa

Elongation at break (in 457.2 mm) 12%

Elastic modulus 73GPa

Poisson’s ratio 0.34

Machinability (UNS C36000 (free cutting brass)=100) Good machinability

Shear modulus 28GPa

Thermal Expansion co-efficient @ 20–300 °C/68–572°F)20.5 µm/m° 8.9 × 10−3 µm/mºC

Electrical conductivity (Siemens/m) 3.7 × 107 S/m

Permeability 10−9 m2

1.1.3 Oxygen-Free High Conductive Copper (OFHC)

The main characteristics are high ductility, high electrical and thermal conductivity,
high impact strength, good creep resistance, ease of welding, and low volatility under
a high vacuum. It contains less than10 ppmoxygen in themetal and is completely free
from copper oxide particles. OFHC contains less than 10 ppm of oxygen, deserves
superior electrical and thermal conductor, passes close bend tests, and easily welded.
OFHC is used in electrical energy, power transmission, magnet windings, etc. Refer
[3]

The Properties of OFHC are shown in Table 3:

Table 3 The properties of OFHC

Property Metric

Tensile strength, ultimate (varies with heat treatment) 400 MPa

Tensile strength, yield (varies widely with heat treatment) 150 MPa

Elongation at break (in 101.6 mm (4 in.)) 25%

Modulus of elasticity 115 GPa

Poissons ratio 0.31

Machinability (UNS C36000 (free cutting brass)=100%) 20%

Shear modulus 45 GPa

Density 8.86 g/cm3

Melting point 1083 °C

Thermal Expansion co-efficient @ 20–300 °C/68–572°F)20.5 µm/m° 9.8 × 10−3 µmm/mºC

Electrical conductivity 5.9 × 107 S/m

Permeability 2.74 × 10−6 m2
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1.1.4 Mg Alloy AZ 91

Magnesium alloy, the lightest structural metal, is alloyed with Aluminium, Zinc,
Manganese, Silicon, Copper, rare earth, and Zirconium. It has a hexagonal lattice
structure, affecting the properties of the alloy. AZ 91 is a cast alloy, which improves
mechanical properties due to plastic formation,where temperature plays an important
role in yield stress and flow stress. Refer [4].

The properties of Mg Alloy AZ91 are shown in Table 4:

1.2 Silicon Family

Various materials based on silicon are used to make waveguides because of the low
loss due to low absorption in the wavelength range 1.1–8.5 µm. Silicon, Silica,
and Silicon nitride as an insulator are used to fabricate waveguides by electron beam
lithography (EBL). Due to limitations of the fabrication process, large section silicon
waveguides were reported in the literature to achieve low propagation losses with
1 µm wafer thickness, but the bending radius was limited to 100–1000 µm. Silicon
materials are not helpful at shorter wavelengths, such as 850 nm in communica-
tion. Subsequently, advanced fabrication processes can make nanoscale silicon wire
waveguides as per literature. The transparent window of silicon nitride was from
400 nm to mid-infrared; hence it is useful for wavelengths shorter than 1.1 µm. On
the other hand, the fabrication processes for Silica exhibit low absorption makes
suitable for waveguide materials in the visible region. The processes like EBL are
for large quantity fabrication with control of dimensions is still an issue, it needs a
deep understanding of the process and their parameters. One option of processing
is to have a silicon wafer cut into waveguide geometry and fix on a metal cavity

Table 4 The properties of Mg Alloy AZ91

Density 1.75 g/cm3

Melting point 533 °C

Tensile strength 262 MPa

Yield strength (depending on temper) 200 MPa

Elongation at break ( in 457.2 mm) 35%

Elastic modulus 40.2 GPa

Poisson’s ratio 0.35

Machinability (UNS C36000 (free cutting brass)=100) Good machinability

Shear modulus 17 GPa

Thermal Expansion co-efficient @ 20–300 °C/68–572°F)20.5 µm/m° 8.48 × 10−3 µmm/mºC

Electrical conductivity (Siemens/m) 2.3 × 107 S/m

Permeability 2.2 × 10–6 m2
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for interface and holding. It has been seen practically that the moment number of
components increases, achieving interface tolerances was difficult to even at lower
THz frequency. The high thermo-optic co-efficient of silicon makes the microcavity
of the waveguide strongly sensitive to temperature variation. Refer [5, 6].

1.2.1 Graphene on Silicon

Graphene is a 2D material that can seamlessly be integrated with silicon waveguides
without hexagonal structure. Moreover, it has high carrier mobility at room temper-
ature is 100 times higher than silicon. If a hybrid waveguide is suitably polarized,
the loss of the waveguide can be reduced. Mittendroff et. al. [7] have developed
a Graphene-based waveguide-integrated THz modulator. It used two methods to
produce ridges with a height of 100 µm through deep reaction-ion etching (DRIE)
with a dicing saw. Refer [7].

1.2.2 Polymer Materials

Kaur et al. [8] have reported the use of polymer materials for affordable fabrication
of THz components for 0.15–0.5 THz using polymer jetting UV resin in 3D printing
technology. Dielectricwaveguides having ridgeswere fabricated through 3Dprinting
technology. They have reported that transmission loss was dominated by loss char-
acteristics of the polymer material used. Many more researchers have used different
materials for the realization of THzwaveguide components and their characterization
[9–16]. Importance of geometrical tolerances in context of THz waveguides.

Suppose the geometry of the waveguide was not maintained as per IEEE guide-
lines andMIL standards; In that case, the inside surface ofwaveguide dimensionswill
not be as desired and rough. Under these conditions, electromagnetic waves that are
designed to incident on smooth surface undergo reflection in the specular direction
and are scattered diffusely, resulting in loss of intensity in the specular direction. In
the subsequent sections contain almost all geometrical tolerances in addition to linear
tolerances, named Flatness, positional tolerances, cylindricity, parallelism, square-
ness, surface roughness, etc., they need to be achieved in totality and not partially.
This is a classic example of criticality in realizing THz waveguide components.

1.3 Micro-manufacturing and Micro-milling

The development of micro and nanotechnology has taken place due to the rising
demand for micro and miniature parts. Micro-manufacturing is generally employed
to realize parts or feature sizes ranging from tens or hundreds ofmicrometers. Typical
examples of micro-manufacturing are non-lithography-based micro-manufacturing
like micro EDM, micro-milling, laser cutting/patterning/drilling, micro-extrusion,
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micro embossing, microstamping, micro injection molding, etc. These processes are
based on different working principles and have their own respective characteristics
in terms of achievable accuracy, surface finish, and production rate. But they all are
capable of producing 3D shape micro parts using a variety of materials. This chapter
will only focus on the micro mechanical-cutting process, in which tool geometry
is defined. Micromachining can machine metals, alloys, polymers, composites, and
ceramics into 3D shapes within 10–3 to 10–5 (sub-micron) accuracy. 3D compo-
nents for various applications can be machined using macro or micro machines at
low or high production volume with much higher accuracies than MEMS-based
processes, which give accuracy of 10–1 to 10–3 only. Micro cutting is generally used
for machining 3D parts demanding high accuracy on a variety of engineering mate-
rials. To characterize micro-cutting, we need to study minimum uncut chip thickness
(MUCT), dimensions and accuracy of micro parts or features, cutting tool geometry,
underlying cutting mechanism, and application area. If the uncut chip thickness of
mechanical cutting falls to the nonmetric level, less than tens of nanometers, the
cutting process is regarded as nonmetric cutting [17].

1.4 Micro-milling

Micro-milling is a versatile micro-cutting process for producing micro-level compo-
nents in small andmediumquantities. CNCcontrollers andCAD/CAMsoftware have
made it possible to generate highly complex micro-components and microstructures.
The size, geometry, and composition of micro tools are vital to micro-milling as they
determine the minimum feature size and surface quality. Micro-milling tools ranging
from 25 to 1000 µm are available for micro-milling of miniature components like
THz waveguides on conventional and micro-milling machines. These machines have
got ultra-high-speed low run-out spindles that can run at 100,000 rpm if required. In
order to minimize the thermal errors, the spindle is generally temperature-controlled,
and a better surface finish can be achieved on thesemachines. The spindle speeds have
greatly enhanced the machining rates to acceptable levels even with low feed/tooth
values used inmicro tools [18, 19]. Recentmicro-millingmachines use high damping
material characteristics like polymer concrete and have high dynamic stiffness. They
also employ glass scales of sub-micron resolutions in place of linear encoders for
better control and fewer motion errors. Materials like polymer concrete also provide
good thermal stability when compared to cast iron.Multi-axis machine configuration
reduces the setup change errors and increases productivity. Mechanical microma-
chining and particularly micro-milling process, when utilized as a THz machining
process, deliver many advantages over its counterparts due to the possibility of appli-
cations to a variety of materials, lesser number of setups to generate stepped geome-
tries, complex machining of 3D geometries, lower setup costs, a good accuracy, and
high surface quality. However, size effect, rapid tool wear, inherent burr formation,
and low stiffness of tool that causes deflection, limitation of the minimum feature
size, and higher surface roughness compared to Lithographic techniques possess a
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number of challenges. The machining of THz waveguide geometries requires a very
high level of geometrical tolerances and surface quality which can only be achieved
through micro-milling [20]. The generated topography of the micro-milled surface
inside the waveguide is mainly influenced by the tool, machining parameters, and
strategy of cutting. Advanced CNC machine tools with an online tool and work-
piece measurements have reduced positioning inaccuracies, can achieve high levels
of precision. Hence, micro-milling represents a suitable technique to manufacture
THz waveguide components. Kern micro-milling was used for precision machining
of THz waveguide components. The machine is shown in Fig. 1, and the features are
described as follows:

1.5 Micromachining Setup

The micromachining of the waveguide was carried on Kern CNC Micro-milling
machine as shown in Fig. 1a, having Heidenhain TNC 530 Controller. Tool of diam-
eter as small as 70µm–100µmwith tool nose radius of 2µmwas used. It is important
to use the actual instantaneous diameter and reducing the length of the tool during
cutting through online measurement and compensation. Machining parameters like
cutting speed, feed, and depth of cut were optimized using ANOVA as well as the
Taguchi method and were experimentally verified to achieve the required linear
tolerances, geometrical tolerances especially surface roughness. Long-term distor-
tion in the waveguide can result in a loss of tolerance of the waveguide, although
its initial flatness meets the specifications. To take care of distortion during and
after machining and to prevent the work hardening effect due to cutting forces, well-
sharpened cemented solid carbide endmills were used on the CNCmillingmachines.
In order to prevent distortion and overheat in the thin sections, a controlled feed
rate and depth of cut along with an MQL were used. This has also prevented the
burnishing-glazing effect on the machined surface. The free cutting brass block was
machined on six faces, using a high-precision milling machine within 5 µm paral-
lelism. ‘Kern’ recommended collets and tool holders were used for the micro-milling
of all the folded waveguides. The upper and lower block are aligned by dowel pins
having positional tolerances within ±5 µm under a tool maker’s microscope having
a magnification of 50–100X. Lapping was done on the mating surfaces of the upper
and lower block using Speedfam double-sided lapping machine with abrasive up to
4000 grit size in kerosene vehicle. The fitment of dowel pins is critical work and
required a clean environment and operator’s skill.

The experiments were conducted on a machine tool, KERN Micro 2522. Due
to the high working accuracy of 1–2 µm and the speed range of the spindle (VSC
4084 Precise), up to 50,000 rpm, the machine tool is highly suitable for micro-
milling processes. The acceleration of the axes is specified with a = 2000 mm/s2,
and a feed rate of vf = 6000 mm/min is available. In order to realize high accuracy,
the machine tool was placed in a thermally controlled environment (20° ± 2°) on
a polymer concrete foundation to reduce the effects of heat and vibration. It has
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(a) (b) 

Resource Description 
CAM System Edge CAM 
Machine Tool KERN Micro-2522 , CNC Micromilling and drilling  

Machine, iTNC 530 Heidenhain Controller 

Cutting tools Ultrafine grade (<0.5μm) WC-Co Solid Carbide Endmill Cutters  
Cutting tool adapter Balanced HSK 25 tool adapter and collet with runout less 

than 1 μm.(KERN-Schaublin make) 

Cutting tool length 
and diameter 
calibration 

Blum Micro Compact NT laser pre-setting system,
repeatability ±1 μm  

Workpiece holding High Precision grinding vice  
Configurations  Three linear axes 
Base structure   Polymer concrete
Controller  Heidenhain iTNC 530 
Speed range  Up to 50,000rpm 
Resolution <0.1μm 
Work volume  250×220×200mm 

(c) 

(d) 
(e) 

Fig. 1 a Kern Micro-milling, b different systems of micro milling-machine, c features of Kern
Micro milling machine, d polymeric concrete construction, e centering microscope
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a water-cooling system (refrigeration unit) for the milling spindle and a separate
electrical cabinet to avoid thermal deformations. The machine body is made from
polymer concrete to eliminate vibrations and avoid thermal deformations. This type
of machine is more robust as compared to micro-factories. It can provide better static
and dynamic stiffness and makes it easier to integrate complementing equipment
such as monitoring (Non-contact tool measurement, Touch trigger probes for job
measurement and compensation, etc.) and tool handling system (Automatic tool
changer). A laser tool measurement system is installed on the table of the machine
to measure both the length and diameter of the cutting tools in a dynamic state i.e.,
while rotating at high speeds. The laser beam has got a beam diameter of 30 µm,
which enables it to measure the length, radius, and run-out of tools up to 50 µm
diameter at high spindle speeds. Repeatability ±1 µm. The use of a touch probe
(tactile sensor) enables the automatic centering, part zeroing, and part alignment of
the workpiece. This infrared touch probe measures the height and position of the
workpiece. Repeatability ±1 µm. The machine bed is made of polymer concrete,
and the C frame of the machine is filled with polymer concrete to increase damping
and absorbs most of the vibrations induced by cutting. Polymer concrete is ten times
more vibration resistant than cast iron and provides higher dynamic and static rigidity
than the latter. It has got much better thermal stability due to the addition of resins,
which is critical for achieving higher accuracy on micro features.

1.6 Cutting Tools and Their Geometry Effect
on Micro-cutting

Micro-milling tool is important to achieve desired dimensions and, its geometry and
microstructure directly relate to the achieved surface roughness and accuracy.

Cemented Carbide tools have high hardness, acceptable wear resistance, and
strength and are affordable. The performance of solid carbide tools is chiefly depen-
dent upon the composition (i.e., cobalt content) andgrain size, as the smaller grain size
enables lower values of cutting-edge radius on the tool. The most popular choice for
the micro tools is fine grain size (<0.6 µm) cobalt bonded tungsten carbide [21–23].

The geometry of the cutting tool is shown in Fig. 2, and raw material properties
are given in Table 5.

1.7 Cutting Parameters (Feed, Speed, and DOC) and Their
Importance

The experiments were repeated several times for three sets of waveguide slots at
0.33 THz, 0.625 THz, and 1.1 THz, respectively, keeping the cutting parameters the
same for each set of THz waveguide as per the regression analysis equation:
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Fig. 2 Generic geometry of micro-milling cutters containing a head, neck, and shank, and the
magnification of tool heads from b front and c side views, [23], d SEM Image of cutter having a
diameter of 70 µm

RS(MPa) = 2991 − 0.0960 S(rpm) + 27.2 F(mm/min)

− 94, 650D(mm) ∗ 0.000001S(rpm) ∗ S(rpm)

− 3.51F(mm/min) ∗ F(mm/min) + 1, 446, 667D(mm) ∗ D(mm)

+ 0.00278S(rpm) ∗ F(mm/min) + 2.80S(rpm) ∗ D(mm)

+ 956F(mm/min) ∗ D(mm).

The final parameters were achieved through trial and error.
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Table 5 Raw material types
for micro-milling cutters and
their properties [23]

Materials Cemented carbide

Specification HW K10

Composition WC-6Co

Density (g/cm3) 14.9

Hardness (HV) 1580

Fracture toughness (MPa m1/2) 9.6

Flexural strength (GPa) 2

Compression strength (GPa) 5.4

Young’s modulus (GPa) 630

Poisson constant 0.22

Heat conductivity (W m−1 K−1) 80

Coefficient of thermal expansion,
293–1073 K (10−6 K−1)

5.5

Specific heat capacity 293 K
(J g−1 K−1)

0.95

1.8 Accuracy and Thermal Effects

In the microdomain, the cutting forces are extensively affected by the normally over-
looked issues in conventional milling, such as tool wear, tool run-out, and chatter
[24]. Tool wear in micro-milling is high because of the lower chip loads and large
effective rake angles, which increases the friction between workpiece and tool. Tool
run-out is on the higher side in micro-milling due to the low rigidity of the tool and
higher cutting speeds and has a significant effect when compared to the conven-
tional domain, which leads to deteriorated surface quality (surface roughness and
burr generation) due to excessive vibrations [21] and [22]. As the micro tool can
be considered as a cantilever, when the diameter of the cutter is halved, the stiff-
ness of the cutter is reduced 16 times. Also, micro-milling itself is an interrupted
cutting process where cutting forces vary with the rotation angle of the cutter. As
we decrease the size of the micro tool, its lowered stiffness will result in increased
tool deflections and which will lead to deteriorated surface roughness and loss of
precision (Fig. 3). Cutting paths and machining strategies should be selected and
optimized in micro-scale milling to maintain tighter tolerances, reduce the cutting
force, maintain constant chip load, and avoid premature tool failure [25] and [26].
In their research, Gracia et al. [25] have shown the Fish Bone diagram indicating
the sources of geometrical and superficial errors affecting the machining accuracy
in Micro-milling, covering all the major domains of process temperature control,
handling, and metrology. Apart from the critical cutting parameters i.e., feed, speed,
depth of cut, cutter type, tool path, etc., the micro-milling processes depend broadly
on work material, tooling, and the machine tool. The key aspects of micro-milling
are shown in Fig. 4, which listed all aspects of work material, tooling, and machine
tools.
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Fig. 3 Sources of geometrical errors [25]

Fig. 4 Key aspects in micro-milling [27]

Micromachining processes for THz waveguide are particularly sensitive to the
surface roughness and the precision of achieved machining geometrical accuracies.
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1.9 Machining Strategies to Minimize Surface Roughness

Sub-millimeter waveguide technology is used in deep space signal retrieval where
the highest detection efficiencies are needed and therefore, every possible signal
loss in the receiver has to be avoided and stringent tolerances achieved. With a sub-
standard surface finish, the signals traveling along the waveguides dissipate away
faster than with perfect surfaces where the residual roughness becomes comparable
with the electromagnetic skin depth. Therefore, the higher the radio frequency, the
more critical this becomes [28].

Surface roughness and burr generation are the critical parameters for deciding the
quality of the generated surface. Unlike conventional milling, micro-milling needs
to have a minimum cut thickness for the dominance of the shearing mechanism
below, which due to plastic deformation and elastic recovery, the quality of surface
deteriorates. This is directly related to the size effects as discussed earlier; on cutter
geometry i.e., edge radius, cutting parameters like speed, feed, axial and radial depth
of cuts, etc., with strong influence on resulting accuracy and surface quality of micro
features [27]. In the literature, the best value for the magnitude of cut has been
associated with the minimum chip thickness, below which plowing and rubbing
govern the cutting mechanism and result in bigger burr sizes, rougher surfaces, and
elastic recovery of the workpiece [21, 29, 16]. Issues such as tool wear, deflection
due to low stiffness, run-out, chatter are also very influential in microdomain for
achieving high precision and surface quality and are related to properties of tool
material and machine tool utilized [24].

1.10 Laser Micromachining

The features of THz waveguides were to be machined on metallic blocks without
generating heating ormechanical damage that could createwarping or loss of size and
strength. Laser micromachining was done to fabricate metallic rectangular waveg-
uides on free cutting brass, Aluminium alloy, Magnesium alloy, and 99% pure
Copper. The waveguide sizes corresponding to the frequency of 1 THz, 3 THz,
and 10 THz were chosen to study achieved tolerances, surface roughness, flatness,
perpendicularity, and parallelism [30–39].

1.11 CW Fiber Laser Cutting

Continuous-wave (CW) operation of a light source means that it is continuously
operated. It is not pulsed. For a laser, a continuous-wave operation implies that it is
continuously pumped and continuously emits light. CW Fiber laser engraving was
initially tried, and some free cutting brass was cut on this machine using 200 W,
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(a) (b) 

Case4: Power = 400W, 
Feed  = 400 mm/min. 
Focal distance = 0.6mm 

Case3: Power = 300W, 
Feed  = 400 mm/min. 
Focal distance = 1.2mm 

Fig. 5 a SEM Image of sample cut on CW fiber laser [free cutting brass IS: 319 H2] and b SEM
Image for [Al alloy IS: 736 24345WP]

300 W, and 400 W power with a constant feed of 400 mm/min and focal distance
of 0.6, 0.6, and 1.2 mm, respectively. Al Alloy samples were also cut using 100 W,
200 W, 300 W, and 400w at a feed of 400 mm/min and focal distance of 0.6 mm.
Linear tolerances were ±10–15 µm and surface roughness of the order of 1.5 µm
Ra. Surface roughness on the inside surface and tolerances of the cross section were
poor, showing recast layers. Waveguide edges were not sharp. The SEM images are
shown in Fig. 5a, b for free cutting brass and Al alloy, respectively.

1.12 Nanosecond Laser Cutting

A nanosecond is one-billionth of a second. In that one-billionth second pulsed
nanosecond laser can interact with a range of materials to melt, ablate, clean, cut,
engrave, and drill. Nanosecond Laser, which on average removes more material per
pulse than femtosecond laser but at the expense of heat damage and greater recast on
the cut edges. The heat damage may be in the form of residual stresses resulting in
the change in the waveguide cross section. The surface roughness achieved was of
the order of 300 nm Ra which is poor, and the recast layer was observed beyond the
acceptance limit of higher frequency components especially above 1 THz. The recast
is due to thermal heating. However, the biggest advantage is that the non-thermal
ablation process leaves a clearer surface with minimum recast after machining and
imparts less heat into the part during machining, thereby reducing residual stresses
and hence stable part fabrication within desired tolerances. The surface roughness is
shown in Fig. 6 for free cutting brass.

Femtosecond Laser Cutting and Process Parameters

The femtosecond laser is a laser that emits optical pulses with a duration of
femtosecond (1 fs = 10–15 s). It is also known as ultrafast laser or ultra-short pulse
laser. The characteristics of femtosecond laser cutting make it suitable for higher
frequency components, particularly at and above 1 THz frequency band, where the
waveguide size becomes 0.075 mm × 0.037 mm and 0.025 mm × 0.012 mm within
± 0.001- ± 0.002 at 3 THz and 10 THz respectively.
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Fig. 6 Surface roughness of free cutting brass IS: 319 H2

Thepulsewidthwas kept constant at 249 femtoseconds, andother parameterswere
strictly kept as tabulated in Table 6. The experiments were repeated for Al Alloy,
free cutting brass, Magnesium alloy, and 99% Copper using the same parameters.
Laser micromachining offers advantages over contact mechanical material removal
for THz waveguide components at and above 1 THz. Figure 7a shows the Star cut
tubemodel of theCoherent femtosecond lasermachine, which is primarily for cutting
tubular samples to make various components like heart stents. It has a flat sample
attachment as shown in Fig. 7b, which can be attached and used for flat cutting.

Table 6 Sample-wise cutting parameters forAl alloy, brass,magnesiumalloy, and 99%pure copper

Sample No
Frequency

1A
10 THz

1B
10 THz

1C
3 THz

1D
1 THz

1E
0.625 THz

1F
0.33 THz

Laser Power (µJ) 5 5 5 5 10 15

Speed (mm/s) 6 4 3 2 2 2

Sample No 2A 2B 2C 2D 2E 2F

Laser Power 5 10 15 20 25 30

Speed 6 4 3 2 2 2

Sample No 3A 3B 3C 3D 3E 3F

Laser Power 5 5 5 10 15 20

Speed 6 4 3 2 2 2

Sample No 4A 4B 4C 4D 4E 4F

Laser Power 5 5 5 10 15 20

Speed 6 4 3 2 2 2

Sample No 5A 5B 5C 5D 5E 5F

Laser Power 5 5 5 10 15 20

Speed 6 4 3 2 2 2

Sample No 6A 6B 6C 6D 6E 6F

Laser Power 5 5 5 10 15 20

Speed 6 4 3 2 2 2
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(a) (c)

(b) 

Fig. 7 a Femtosecond laser cutting machine (star cut tube), b flat cutting attachment, c samples
of Al alloy, free cutting brass, Mg alloy, and 99% pure copper, and d sketch of waveguide cross
section

The motion in the x-axis is on this attachment through a link provided, and the Y
and z-axis are on the laser head; in addition to this, one rotary axis is also available.
The cutting parameters are laser power, laser speed, pulse width/duration. Argon gas
pressure is kept constant at 15 bar throughout the experimentation. Various laser cuts
were performed on a variety of materials, as shown in Fig. 7c, in the shape of the
straight waveguide and 90º bend at different frequency ranges to study the effect of
laser power and laser speed on the archived parameters like waveguide sizes, surface
roughness, etc. For efficient cutting beam, dia was established after making few cuts
and subsequently measuring them on the microscope and through SEM images. It
was deduced that the beamdiameter is about 20µm, and sufficient overlap is required
for smooth cutting.

1.13 Measuring Instruments for Linear and Geometrical
Tolerances

The mechanical measurements of THz waveguides involve linear and geometric
tolerances along with the configuration of the waveguide, which is desired for their
efficient working. The measuring instruments used are described below, along with
their features. The measurements are linear dimensions, geometrical tolerances like
surface roughness, flatness, straightness, perpendicularity, parallelism, circularity,
cylindricity, location, etc., which need very precise and non-contact type instruments
supported with high-end technology and software for computation of errors because
the waveguide dimensions are very small and approach of contact type instruments
is limited.
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Fig. 8 Starrett 3D vision system and its features [Curtsy CAME, DEAL, DRDO]

1.14 Galileo Starrett 3D Vision System

Galileo Starrett 3D vision system as shown in Fig. 8 measures all geometrical param-
eters like straightness, perpendicularity, parallelism, circularity, etc. The resolution
of this system is 0.1 µm. The inbuilt software is Quadra Check 5000 is capable
of computing the abovementioned parameters from the image. The accuracy of the
measurement is of the order of ±4 µm.

1.15 Optical Surface Profiler

The optical surface profiler works on the principle of topographical characterization
of the surface of an object using a non-contact measurement method. It is used for the
measurement of surface roughness and waviness. It scans the surface using an inci-
dent light source, interferometry objectives of differentmagnifications, and a detector
measures the amount of light reflected, refracted by the surface. The high-precision
data acquisition and processing system provide information about the surface topog-
raphy in macro, micro, and sub-micron levels. The Contour GT-X Optical Profiler
delivers the highest performing non-contact surface measurements for laboratory
research and production process control. With white light interferometry (WLI), this
metrology system can provide a high vertical resolution of 0.1 nm with a large field
of view.

For precise measurement of surface roughness, the surface profile as shown in
Fig. 9a was used, whose features and resolution are shown in Fig. 9b, and the
measured surface roughness is displayed on the screen provided.
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(a) 

Make Bruker, USA 
Z Scan Range 0.1 nm to 10 mm 

Vertical 
Resolution 

0.1 nm 

XY Stage 150mm manual with ±6
manual tip/tilt 

Z focusing Stage 100 mm manual Z axis 
Objectives 2.5x, 20x, 50x 
Parameters Surface Roughness, 

waviness & form errors. 
(b) 

Fig. 9 a Optical surface profiler and technical features of contour GT-X optical profiler. Curtsy
CAME, DEAL, DRDO

1.16 Surface Flatness Checking

Based on the light interference principle, the flatness of the finished surfaces was
checked using a monochromatic light source for the flatness of the surface. It gives
precise measurements, which is one of the most accurate measurements. One of the
conditions for using a monochromatic light source is that the component’s surface
must reflect the respective light bands.

The measurement system, along with its features, is shown in Fig. 10. Flatness
was also measured using non-contact measurement methods. Flatness is required
while lapping the mating surfaces of waveguide blocks to avoid leakage of energy.
The mating blocks are lapped on low pressure until the flatness of λ/2 is achieved
for a particular frequency of operation.

Monochromat
ic                     
light source 

Sodium Vapo
Lamp 

Optical Flat Fused Quartz

1 Light Band 0.3 um 

Fig. 10 Surface Flatness checking setup and its features Curtsy CAME, DEAL, DRDO
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1.17 Measurement of Linear and Geometrical Tolerances

All the linear dimensions were measured using non-contact measurement methods
for better accuracy. The waveguide is tabulated in Table 7. All the measurements are
tabulated based on an average of 5–6 readings because the accuracy requirements
are stringent. Linear dimensions of the broad side of waveguide ‘a’ and narrow
side of waveguide cross-section ‘b’ were measured using mechanical and optical
methods. The linear tolerances were found within ± 2 to 5 µm for THz waveguides
components. Refer [40–46] gives the procedures of using measurement system.

1.18 Measurement of Surface Roughness

Surface roughness (Ra) less than 40–50 nmwas achieved for THzwaveguide compo-
nents on free cutting brass and Al Alloy. In Fig. 11, the roughness measurement of
the waveguide surface.

The sample was placed under the lens, as shown in Fig. 11b, and the surface
roughness value is shown in Fig. 11c. The average roughness parameter (Ra) was
taken for the study because most of the literature has reported Ra only. However,
the measurement system also provides other parameters like Ra, Rp, Rq, Rt, Rz, and
surface parameters like Sa.

1.19 Measurement of Straightness

The straightness of the waveguide is a crucial parameter that depends on the linear
scale or encoder of the machine tool. The measurement of straightness is shown in
Fig. 12, where (a) shows the straight edge selection from the waveguide and (b) gives
the value of straightness in micrometer.

1.20 Measurement of Perpendicularity

Thewaveguides are so kept that cross section is visible and the edge of the waveguide
can be selected, perpendicularity can be measured using Starrett measuring system.
It can also be measured on the multi-sensor system using a non-contact probe. The
value of perpendicularity and edge selection is shown in Fig. 13a, b, respectively.
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(a) (b) (c) 

Fig. 11 a Surface profiler, b sample placed under the lens, c surface roughness achieved inside
WG

(a) (b) 

Fig. 12 a Straightness of waveguide edge, b measured value

(a) (b) 

Fig. 13 a Perpendicularity of waveguide edges, b measured value
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Fig. 14 Measurement of parallelism between two sides of W/G

1.21 Measurement of Parallelism

A similar setup was used for evaluating the parallelism. The two edges were selected
to find parallelism between them, as shown in Fig. 14.

1.22 Measurement of Circularity

Circularity is critical for dowel pinholes, inwhich the dowel pin slides under precision
slide fit conditions.Not only circularity, but also its cylindricity is also important from
a precision point of view. If the cylindricity is maintained, the dowel pin positional
tolerances are met which are required for precise alignment of two waveguide blocks
resulting in the minimization of interfacing losses. The selection of hole and value
of circularity is shown in Fig. 15a, b, respectively.

1.23 Measurement of Dowel Pin Diameter

The diameter of any pin or external feature can be measured precisely using a laser
micrometer. The diameter of the dowel pin is a critical dimension in addition to its
cylindricity for precise alignment of upper and lower blocks of the same waveguide
and two different components at the time of assembly.
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(a) (c)

Fig. 15 a Starrett measuring station, b measured of circularity, c circularity value

(b)(a)

Fig. 16 a Laser micrometer, b V blocks for keeping the measurement sample like dowel pin

The equipment for measuring diameter is shown in Fig. 16a, whereas the v block
arrangement for keeping the pin or component under measurement is shown in
Fig. 16b. Digital readout is there on the machine, which gives the value of diam-
eter within few seconds. The tuning pins, filter, disk, sleeves, etc., are measured on
this laser micrometer within a short time of high accuracy.

1.24 S-parameters Measurement

To simplify the description of the types ofmeasurements a VNA canmake, the reflec-
tion and transmission measurements are defined in terms of scattering parameters or
S-parameters (Fig. 17).
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Fig. 17 Network analyzer setup for measurements

1.25 Waveguide Loss (S21-Parameter) and Dispersion
Measurements

The foldedwaveguidewas designed for the operating frequency220GHzand the cold
passband 170–280 GHz. In order to verify the design, 6 periods folded waveguide
structure was manufactured using micro-milling. Two halves were fabricated and
assembled using alignment pins. Table gives the dimensions of the folded structure.

Table 8 shows the reasonably good agreement between the design values and the
achieved dimensions with micro-milling method. The maximum deviation observed
is less than 10 µm. The fabricated pieces were assembled after aligning with
alignment pins as shown in Fig. 18.

The structure was connected to PNA usingWR-4 waveguide straight which oper-
ates from 170 to 260 GHz. The loss measurement for 220 GHz FWS is reported in
the present study considering the effect of circular interpolation. Electrical measure-
ments show that the measured values of resonances were within 1.5% of design
values. Refer Fig. 19.

1.26 Dispersion Measurements

Dispersion characteristics depict the variation of phase velocity with frequency.
This characteristic is important from the design of slow-wave structure for a
TWT/amplifier. This gives the values of operating bandwidth for any device. This is
basically measured by the method of resonances [1]. The structure is shorted at both
ends to make it a resonant structure, and S-parameter measurement is carried out to
observe the N resonances.
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Table 8 Mechanical parameters of folded waveguide structure

Design parameter Design value
(mm)

Measured value
(mm)

Deviation (mm) Surface
roughness (Ra)

Period 0.560 0.563 0.003 42 nm

Broad side
waveguide
dimension ‘a’/2 for
each half part
(depth)

0.425 0.430 0.005 45 nm

Narrow dimension
of the waveguide
‘b’

0.120 0.125 0.005 41 nm

Value ‘b’ at depth
(each
halves—measure
of taper)

0.120 0.090 0.030 45 nm

Beam hole width
‘a1’/2 (each half
part)

0.15 0.153 0.003

Beam hole height,
‘b1’

0.075 0.078 0.003 –

Peak—Peak height
of Folded
waveguide
structure

0.726 0.723 0.003 –

Inner height of the
FWS

0.513 0.518 0.005 –

Fig. 18 Waveguide holder for measurement
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Fig. 19 Assembly of FWS and dispersion measurements using PNA N5222A

Table 9 Measurement of
folded waveguide resonances

Sl. No. Design values of
resonances

Measured values
of resonances

Deviation (%)

1 178.28 177.65 0.35

2 180.17 181.7 −0.85

3 184.13 186.65 −1.37

4 189.71 192.5 −1.47

5 196.55 198.35 −0.92

6 204.47 204.2 0.13

7 213.38 212.75 0.30

8 223.1 222.2 0.40

9 233.36 233.9 −0.23

10 244.07 244.7 −0.26

11 254.51 254.15 0.14

Table 9 shows the comparison between design value and measured values of
resonances Refer [47–50].

The corresponding dispersion characteristics (plot of frequency versus phase shift)
are shown in Fig. 20. It is seen that the maximum deviation is 1.47% in the entire
passband and less than 0.5% within the operating band (210–260 GHz).

1.26.1 Measurement of Insertion Loss of FWS

The same setup is used for S12/S21 measurements. The measurement includes the
losses due to the mismatch at both ends (abrupt transitions from FWS to the WR-
4 dimensions). This loss has to be subtracted from the actual measured ones. This
adapter loss was estimated using simulations and subtracted from the measurements.
The loss due to FWSalone is shown in Fig. 21. The return loss is shown in Fig. 22. The
total loss due to 12 periods is varying from 5 to 10 dB. The minimum loss achieved
per period is from 0.42 dB. The results are very good with respect to the dimensions,
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Fig. 20 Comparison of dispersion characteristics with measurements [48]

Fig. 21 Insertion loss measurements [48]

Fig. 22 Return loss measurement
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and there is still scope to improve them, especially the waveguide narrow dimension
‘b’ becoming tapered to 0.09 mm from 0.120 mm in few samples.

As for as the results are concerned, dispersion characteristics are closelymatching
with the design. Maximum variation is less than 1.5%. One more frequency beyond
260 GHz could not be measured as the measurement capability is up to 260 GHz in
MTRDC. This can be measured in RCI only. The main observation is the burrs that
are seen in SEM images. The process of machining can be improved to reduce the
machining burrs in the fabricated samples or there should be a method to super finish
the fabricated parts. The loss per period is found approximately 0.42 dB. Various
straight as well as folded waveguide measurements were carried out at different
frequencies for loss measurements refer [47–50].

2 Conclusion

Themain objective of this researchworkwas to developTerahertzwaveguide compo-
nents ranging from 100 Ghz to 1 THz, which was met successfully. Practically,
waveguide components are made for some particular requirement like power divider,
short slot coupler, or circulator, etc., based on geometric configuration of waveguide
channels. The channels are the passages having either straight cross section, a bend
of waveguide cross section, or a twist of cross section. Hence it was planned that if we
can develop straight waveguide, waveguide bend, waveguide twist, and waveguide
bend-cum-twist, any component can be developed. A series of components were
developed at 0.22 THz, 0.33 THz, 0.625 THz, and 1.1 THz and tolerances close to
or better than the requirements were achieved successfully. Since the technology is
in infancy stage and we need to develop components in a batch size of less than 10,
so tool-based micro-milling was considered to demonstrate working THz waveg-
uide components. The electrical requirements were studied and their dependency
on mechanical parameters was found out. These mechanical parameters were then
controlled through other engineering characteristics, which are like process parame-
ters, material parameters, machine tool parameters, programming skills, machining
strategies, alignment and fitment strategies, and finally the verification methods.
Waveguide made of metal and alloys are not only lab models, they are rugged and
can be used in systems directly. Themachining parameters were identified and strate-
gized in such a way to minimize the effect of residual stresses, which distort the
waveguide cross section and reduce the electromagnetic wave transmission.
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A Comparative Analysis of Optical
and Electrical Control of High Frequency
Properties of Si IMPATT in W-band

Suranjana Banerjee

Abstract Electrical control of IMPATT (Impact Avalanche Transit Time) diode by
applying varying bias currents results in frequency tuning and power enhancement
of the device but if the device is irradiated by optical energy then the optical control
terminal provides an additional control due to which various interesting proper-
ties emerge like frequency chirping and power reduction which can be exploited
in applications like phased array radars, optoelectronic integrated circuits and high
frequency signal processing systems. Initially, bias current optimization is done by
varying the currents from 4.5 × 108 Am−2 to 8.5 × 108 Am−2. The value of current
at which efficiency and power output are maximum is taken as the optimum value of
current for comparison of electrical and optical properties of the device at thewindow
frequency of 94 GHz in W-band. For optical illumination, two configurations of the
double drift region (DDR) ATT device are taken: Flip Chip (FC) and Top Mount
(TM) and their behaviors are compared for various incident photon flux densities
near bandgap absorption of Si which is nearly 1.1 µ. An analytical model is used to
establish a relation between the electron and hole current density of the device taking
into account the normalized values of the current densities and the flux density of
optical energy incident on the device. Comparison outcomes show RF power and
efficiency reduction in optically controlled FC or TM structures as compared with
the un-illuminated device which is electrically controlled. An interesting observa-
tion is frequency shift in the admittance characteristics which is utilized in frequency
modulation and its applications. Outcomes also reveal that light irradiation effects
show better visible results for electron dominated photocurrent (TM) than that for
hole dominated photocurrent (FC).
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1 Introduction

Optically irradiated IMPATT diode leads to various modifications of the impor-
tant high frequency characteristics of the device which make them appealing to
researchers for applications like optoelectronic integrated circuits, signal processing
systems and phased array antennas for imaging and space communication. Elec-
trical control of the selected device with bias current provides frequency tuning and
strengthens the RF power output of the device while optical control with optical illu-
mination provides frequency chirping and power reduction which property is utilized
in numerous applications, some of which are mentioned before. The device selected
here for electrical and optical tuning is Impact Avalanche Transit Time (IMPATT)
diode. Silicon based IMPATT diodes have already been accepted as a reliable solid-
state source of high power generation with a good efficiency factor covering a vast
range of frequencies from microwave to millimeter wave regions i.e., 3–300 GHz
of the electromagnetic spectrum [1–6]. These Si diodes under dc bias modulation
and optical modulation show different fascinating properties which have captivated
research interest of experimenters and researchers to further explore them in various
application regimes.

Literature reports [7–10] reveal experimental realization of optical control func-
tions of the photo-illuminated device like high frequency powermodulation, injection
locking and frequency tuning. Photocurrent generation and rise of leakage current
in the reverse biased diode form the basis for all these optical functions.

Various methods can be adopted to accomplish frequency tuning: (i) electrical
tuning with a dc bias current (ii) mechanical tuning by varying the diameter and
height of the resonant cap and the position of the sliding tuner of the resonant cap of
an IMPATT oscillator and (iii) optical tuning by photo-illumination of the IMPATT
device. An analytical model is used to establish a relation between the electron and
hole current density of the device taking into account the normalized values of the
current densities and the flux density of optical energy incident on the device. Simula-
tion is done inMATLAB platform to obtain the admittance characteristics, resistivity
profiles, RF output power and efficiency profiles with small amplitude of ac signal
for un-illuminated device and also illuminated device for various incident photon
flux densities near bandgap absorption of Si which is approximately 1.1 µm. Two
configurations are considered for optical illumination i.e., Flip Chip (FC) structure
where the photocurrent is influenced by mobile carrier holes and Top Mount (TM)
structure where the photocurrent is influenced by mobile carrier electrons. Then the
outcomes are compared for both the cases. The optimized bias current density is
obtained for the un-illuminated structure and also the output power, efficiency of
conversion and other dc and small signal parameters are obtained for the optimized
bias current. Results are also analyzed after photo irradiation of the concerned device
for two configurations as mentioned above. IMPATT diode is used as the solid-state
device for optical illumination at 94 GHz in the W-band.

Various dc and small signal parameters obtained after simulation help the author
to choose the particular configuration which provides good efficiency and adequate
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amount of power at the output. The configuration which provides better results can
be used for further research and development of optically irradiated ATT device
with even further modifications. Gummel and Blue [11] have reported revolutionary
work on the analysis of the IMPATT device with ac signal of small amplitude
using a random doping profile and ionization rates of the carriers which are elec-
tric field dependent parameters. This model steered research interests among various
researcherswhomade further developments in the analysis using the platform created
by Gummel and Blue. Various studies are reported by Dash et al. [12] and Roy et al.
[13, 14] using the well-established field maximum simulation method. But all these
reports are associated with the RF characteristics of the un-illuminated IMPATT
device. An analytical model has been used to carry out the avalanche noise behav-
ioral analysis of the ATT device in FC and TM structures of double drift layered Si
IMPATT device.

2 IMPATT Oscillator

Figure 1 shows the cross-sectional view of a resonant cap oscillator comprising of a
cap and post structure below which the IMPATT diode is entrenched and the whole
thing is enclosed in a rectangular waveguide which results in generation of high
frequency waves when the diode is tuned to achieve resonance in the cavity. At the
resonant frequency, the electromagnetic fields confined within the RF cavity in the
microwave or millimeter wave region of the electromagnetic spectrum reinforce to
form standing waves within the cavity. The cap structure behaves like an impedance
transformerwhich is used tomatch the impedanceof the device and the loadnecessary
for resonance.

Fig. 1 IMPATT oscillator with cap and post arrangement
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2.1 Tuning Mechanisms

Tuning of the cap oscillator can be done mechanically by tuning of the RF cavity
and also by properly positioning the sliding plunger [15]. Cavity tuning is done
by changing both the cap height and diameter to attain optimization of oscillator
performance. During this process of cavity optimization, the oscillation frequency is
varied around the design frequency of operation. The condition for optimization of
the cavity resonator is related by the following expression [15]:

D = λ/2 (1)

where, D is the cap diameter and λ is the operating wavelength.
Hence, for practical realization of the device oscillator, the cap diameter must

be properly designed at half the wavelength at the operating frequency for getting
optimum performance of the oscillator.

The cavity structure can be fashioned as a cylindrical cavity bounded above and
below by electric enclosure and the side walls by magnetic enclosure [16–18].

Variation of the sliding short position in small steps provides tuning of power
and the frequency of oscillation. The oscillation frequency varies around the design
frequency. Literature reports [15] reveal an early frequency leap due to the adopted
tuning mechanism accompanied by an abrupt drop of frequency with successive
power increase at the output. The position of the sliding plunger can be varied over
a range of λ/2 enables smooth mechanical tuning around the design frequency of
operation [15].

Electronic tuning of the oscillator can be attained by varying the dc bias current
to modify the output power and the frequency at which oscillation takes place giving
rise to optimized cavity parameters like diameter and height of the RF cavity.

3 Design Procedure for Electrical Control of the Si
IMPATT Diode

The input doping parameters for the chosen base semiconductor of the IMPATT
diode and the design frequency of 94 GHz can be approximated from the empirical
formula given by Sze and Ryder as follows:

Wn,p = 0.37 vsn,sp/ f . (2)

where,Wn,p =depletion layer thickness for then andp sides, vsn,sp = carrier saturation
velocity and f = operating frequency.

Table 1 shows the design parameters of electrically controlled Si IMPATT at the
design frequency of 94 GHz which shows the n and p layer epitaxial thickness and
doping along with the substrate layer doping.
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Table. 1 Design parameters for Si IMPATT at 94 GHz design frequency

Design
frequency, f d
(GHz)

n-epitaxial
layer
thickness,Wn
(µm)

p-epitaxial
layer
thickness, Wp
(µm)

n-epitaxial
layer doping,
nn0 = ND (×
1023 m−3)

p-epitaxial
layer doping,
pp0 = NA (×
1023 m−3)

Substrate
layer doping,
Nsub (×
1026 m−3)

94 0.3200 0.3000 1.450 1.650 1.0

3.1 Device Model

The two models used for accomplishing effective device performance especially at a
high frequency range like in the W-band are Classical Drift–Diffusion (CDD) model
and Energy Relaxation (ER) model. Out of these, CDD model is desirable than ER
model for dc and RF analysis of the Si IMPATT at 94 GHz as shown by Dalle and
Rolland [19].

A device model will be used in the simulation software to obtain the aforemen-
tioned dc properties. The computation is initiated from the location where electric
field gives the peak value in the active layer depleted of mobile carriers near p–n
junction. Concentration of impurities per unit volume in the n-side and p-side of the
junction is considered as the input parameters assuming symmetrical doping profile,
doping functions in the n and p regions are uniform and those at the epitaxy-substrate
interfaces are considered to be exponential functions given as:

N (x) = Nn+ exp
(−1.08λn(x) − 0.78λn(x)

2
)
x ≤ 0

= ND 0 > x ≥ x1
= ND

[
1 − exp

(
x
s

)]
x1 > x ≥ x j

= −NA
[
exp

(− x
s

) − 1
]

x j > x ≥ x2
= −NA x2 > x ≥ W
= −Np+ exp

(−1.08λp(x) − 0.78λp(x)
2
)
x > W

(3)

where, NA is the acceptor concentration and Wp is the width of p-epitaxial layer, xj
is the junction location measured from the surface.

Near the junction the doping profiles are considered to be steeply rising exponen-
tial functions because the junctions are produced byMBE (Molecular beam epitaxy)
technique. The important physical parameters governing the material behavior are
carrier saturation velocity, rate of ionization of the carrier, permittivity of the
semiconductors, diffusion constant, carrier mobility, etc.

3.2 DC Analysis

The important one-dimensional device equations under dc conditions will be solved
numerically. Figure 2 shows the one-dimensional schematic diagram of DDR
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Fig. 2 1-D structure of DDR IMPATT diode

IMPATT device. These equations are Poisson’s equation, carrier transport equa-
tion, current density equations and space charge equations. The effects of cloud of
carrier charge accumulated in the active layer and carrier diffusion due to concentra-
tion gradient will be incorporated in the simulation program. All these equations are
simultaneously solved numerically by using Finite Difference Technique. A double
iterative field maximummethod reported in [20] will be used here. The method used
for simulation of the steady state characteristics of the device is based on double
iteration commencing from the location of the maximum electric field [20].

The computation starts from the point having peak electric field value, then it
continues to the rightmost extremity of the active layer, returning to the center peak
field position and then pursuing the same to the leftmost extremity of the active layer.

The next step is to test whether the boundary conditions of the electric field
and the difference of carrier current density normalized with respect to the total
current density match with those obtained from the computation at the boundaries
of the depletion layer. Iteration is done over two parameters: location of the peak
field and the peak field value subject to proper limiting conditions at the edges
of the active layer and this continues till the conditions are satisfied. The simulation
program enables the convergence to reachwithin 20 iterations. Once the convergence
is obtained, the solution for distributions of field, ξ (x) and current normalized with
respect to the maximum value, P(x) can be obtained. The avalanche zone width can
also be obtained from the current density profile.

E-field integrated over the entire width of the active region gives the breakdown
voltage VB and that integrated over the thickness of the avalanche zone gives the
avalanche layer voltage VA. The drift zone voltage Vd is the difference of VB and
VA. Efficiency of conversion from static to high frequency can be obtained using
Scharfetter-Gummel formula given below:

η = 2m/π × VD/VB . (4)

where, m = modulation factor, VD = drift voltage and VB = breakdown voltage.

3.3 RF Analysis for Small Amplitude AC Signal

The analysis for small amplitudeRF signal will be carried out using the dc parameters
obtained from the dc analysis by using Gummel-Blue model described in [11]. The
admittance (G-B; G-conductance, B-susceptance) plots and the negative impedance
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(R and X; R-resistance and X-reactance) plots will be produced for this small ampli-
tude signal by varying the external current excitation. The plots will provide a deep
physical insight into theRFpower generation in the depletion layer.Negative conduc-
tance reaches the peak at the optimum frequency while the frequency at which B
makes a transition from positive (inductive) to negative (capacitive) is the avalanche
resonance frequency. For oscillation to occur, negative G and positive B condition
must be fulfilled. Integration of the impedance profiles over the active layer using
numerical method gives the total resistance and reactance from which the G and B
can be obtained using the equations given below. Thus,

ZR(ω) =
∫ W

0
R(x, ω)dx; ZX (ω) =

∫ W

0
X (x, ω)dx . (5)

ZD(ω) and YD(ω) is obtained from Eqs. (15) and (16) respectively as a function
of a specified frequency ω=2π f and for an injected current density J0.

ZD(ω) =
∫ W

0
Z(x, ω)dx = ZR(ω) + i ZX (ω). (6)

YD(ω) = 1

ZD(ω)
= G(ω) + i B(ω) = 1

(ZR(ω) + i ZX (ω))
(7)

The small signal simulation provides the admittance characteristics of the device
which enables determination of the peak optimum frequency, f p corresponding to
peak negative conductance, Gp. Then the negative resistance plots and Q-factor
are simulated at the peak frequency. Immediate necessary conditions for obtaining
proper design parameters are procured from the outcomes of the device simulation
at millimeter and terahertz frequency regime by modulating the injected current
density. The expressions given below help procurement of the conductance (−ve)
and susceptance (+ve).

|−G(ω)| = ZR(ω)/
(
ZR(ω)2 + ZX (ω)2

)

|B(ω)| = −ZX (ω)/
(
ZR(ω)2 + ZX (ω)2

)

⎫
⎪⎬

⎪⎭
(8)

Power obtained at THz frequency operation is given as.

PRF = 1

2
(VRF)

2
∣∣Gp

∣∣A j (9)

where, VRF (=mxVB) is the voltage obtained at the particular THz frequency, mx is
the percentage of modulation (<30%), VB is the static voltage at breakdown and Aj

is the circular cross-sectional area of the device.
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4 Analytical Model to Analyze the RF Properties
of the Optically Irradiated Device

Two vertical configurations: Top Mount (TM) and Flip Chip (FC) are taken to inves-
tigate the optically irradiated characteristics of themesa device. In TM configuration,
light irradiation is done over the p+ layer which acts as the topmost layer for TM
whereas in FC configuration, the topmost layer is n+ layer which is irradiated with
light through a controlled optical window [7, 9, 21, 22] as shown in Fig. 3. The
photocurrent arising from TM configuration is primarily due to electrons as light is
incident over the p+ layer while that from FC is due to holes as the topmost n+ layer
is irradiated by light. A relation is obtained between the photon flux incident on the
mesa structure and the normalized difference of hole and electron current density
at the edges of the depletion layer which is substituted in the program to obtain the
variations of RF properties due to optical illumination with different photon flux
densities.

The electron and hole multiplication factors (Mn & Mp) are given by,

Mn = J0/Jns (Total) and Mp = J0/Jps (Total) (10)

where, Jns/ps(Total) is the total electron/hole reverse saturation current having two
components, i.e., (a) thermally generated saturation current and (b) optically
generated saturation current. Thus,

Jns (Total) = Jns(Th) + Jns(Opt) and Jps(Total) = Jps(Th) + Jps(Opt) (11)

The expression for thermally generated electron and hole reverse saturation
currents is given by,

Fig. 3 Schematic diagram of optically illuminated a TM and b FC IMPATT device structures
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Jns(Th) = qDnnp0/Ln and Jps(Th) = qDp pn0/L p (12)

Dn/p are the diffusion coefficients which are obtained from [23] at 500 K. Ln and
holes Lp are the diffusion lengths of Si at 500 K which are 35.4 µm and 10.0 µm
respectively [23]. ϕ0(λ) m−2 s-1 is the photon flux of wavelength λ be incident on
either p+ or n+-layer of vertical IMPATT device. Presuming 100% internal quantum
efficiency which means creation of an electron–hole pair (EHP) from a photon.

The generation rate of EHPs as a function of distance x from the surface is obtained
from [24] as,

GL(x) = α(λ)ϕ0(λ)[1 − R(λ)] e−α (λ)x (13)

where, α(λ) and R(λ) are the absorption coefficient (m−1) and reflectance [R= (n2 −
n1)/(n2 + n1); n2 = refractive index of the semiconductor, n1 = refractive index
of air] of the semiconductor material respectively at a wavelength of λ. For DDR
MITATTs, the photon flux ϕ0 may be incident on either p+ or n+ surfaces depending
on Top Mount (TM) or Flip Chip (FC) structure respectively. So, EHP generation
rate at the leading edge of p or n-drift layers is obtained from Eq. (4) by substituting,

x = Wp+ for TM and x = Wn+for FC (14)

Now, optically generated electron and hole reverse saturation current densities at
the edges of the depletion layer are given by,

Jns(Opt) = qGL Ln and Jps(Opt) = qGLLp (15)

By using Eqs. (10), (11), (12) and (15), the normalized difference of electron and
hole current density at the edges of the depletion layer is given by,

P(0) = (
2q

(
Dp pn0 + GLL

2
p

) − J0L p
)
/J0L p and

P(W ) = (
J0Ln − 2q

(
Dnnp0 + GLL

2
n

))
/J0Ln (16)

A relation between the incident photon flux and the normalized difference of
electron and hole current density at the edges of the depletion layer is obtained from
Eq. (16). This relationship provides the boundary conditions in the proposed simu-
lation model for obtaining the variation of RF properties of the optically illuminated
device. Table 2 shows the bandgap absorption wavelength of different semiconduc-
tors like Ge, Si, InP, GaAs, 4H-SiC and Wz-GaN which indicates the minimum
wavelength of the optical radiation required to overcome the bandgap of the partic-
ular semiconductor so that the carriers can cross the bandgap and go to the conduction
band to give rise to photocurrent in the reverse biased device. The value of bandgap
absorption wavelength is extremely essential to choose the proper optical source.
The same absorption wavelength is also shown in Fig. 4 which gives the variation of
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Table 2 Bandgap absorption wavelength of different semiconductors at 300 K

Materials Bandgap, Eg (eV) Bandgap absorption wavelength, λmax (µm)

Ge 0.66 1.8690

Si 1.12 1.1080

InP 1.34 0.9260

GaAs 1.43 0.8680

4H-SiC 3.23 0.3840

Wz-GaN 3.20 0.3880

Fig. 4 Variation of absorption coefficient with wavelength of different semiconductors at 300 K

the absorption coefficient with wavelength for the same different semiconductors at
300 K.

5 Simulated Results for the Electrical Control
of Un-illuminated IMPATT Diode

The results obtained after simulation of the un-illuminated or electrically controlled
IMPATT device with bias currents varying from 4.5×108 Am-2 to 8.5×108 Am-2 are
provided in Figs. 7, 8, 9, 10 and 11. Electric field profile in Fig. 5 shows the highest
peak for the lowest bias current. Figure 6 shows the variation of the breakdown
voltage, peak electric field and conversion efficiency with varying current densities.
Peak electric field slightly decreases with increasing bias current as is also obvious
from Fig. 5 and breakdown voltage increases slightly with current bias. Conversion
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Fig. 5 Electric field profile for different bias current densities

efficiency increases gradually with increasing bias current, attains a peak at 5.5 ×
108 Am-2 and then gradually decreases. Hence, current density value of 5.5 × 108

Am-2 is considered as the optimum value of bias current.
Figures 7 and 8 show the admittance plots and negative resistivity plots for bias

current variation from 4.5 × 108 Am-2 to 8.5 × 108 Am-2. In Fig. 7, the admittance
plot corresponding to J2 which is 5.5× 108 Am-2 gives the peak optimum frequency
very close to the design frequency of 94 GHz which also validates the choice of the
optimumcurrent density. Figure 9 shows the variation of the peak optimum frequency
and the RF power output with varying current densities i.e., the electrical control of
the aforementioned RF parameters. It is obvious from the plot that the two curves
for peak frequency and RF output power intersect at 5.5 × 108 Am-2 which again
corresponds to the design frequency of 94 GHz.

6 Simulated Results for the Optical Controlled Si IMPATT
diode at 94 GHz

Tables 3 and 4 show the dc and RF parameters (under low amplitude ac signal) for
various photonfluxdensities under dark and twooptically illuminated configurations:
FC (hole dominated photocurrent) and TM (electron dominated photocurrent). The
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Fig. 6 Peak electric field, efficiency and breakdown voltage with bias current density

Fig. 7 Admittance plots for different bias current densities
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Fig. 8 Negative resistivity plots with varying bias current densities

Fig. 9 Peak optimum frequency and RF power output with varying bias current densities
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Fig. 10 Effect on the a RF power output and b peak optimum frequency for FC configuration

Fig. 11 Effect on the a RF power output and b peak optimum frequency for TM configuration

Table 3 DC Parameters of DDR Silicon IMPATTs under dark and two illumination configurations
for different photon flux densities

Optical
Illumination
Conditions

F0(λ) (×1023

m-2 s-1)
(λ = 400 nm)

Ins(opt) (mA) Ips(opt) (mA) BIAS current density (J0 =
3.0 × 108 Amp/m2)

ξm (×107

V/m)
VB (Volt) η (%)

Dark 0 0 0 6.4178 20.63 9.41

Hole
dominated
photo current

1 0 1.3453 6.4078 20.51 9.53

2 0 2.6406 6.3778 20.39 9.42

Electron
dominated
photo current

1 4.3692 0 6.3818 20.46 9.17

2 8.9583 0 6.3709 20.34 8.83
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Table 4 Small-signal parameters of DDR silicon IMPATTs under dark and two illumination
configurations for different photon flux densities

Optical
illumination
conditions

F0(λ) (×
1023 m-2 s-1)
(λ = 400 nm)

Bias current density
(J0 = 3.0 × 108 Amp/m2)

f p (GHz) Gp (×107

S/m2)
Qp =
(−Bp/Gp)

ZR (×10–8

	 m2)
PRF (mW)

Dark 0 93.00 −6.5783 1.69 −0.3954 586.3

Hole
dominated
photo current

1 93.15 −6.5187 1.70 −0.3937 577.3

2 93.50 −6.5175 1.72 −0.3881 562.7

Electron
dominated
photo current

1 93.29 −6.5371 1.72 −0.3906 554.5

2 93.77 −6.4153 1.74 −0.3870 521.6

same results are shown graphically in Figs. 10, 11, 12 and 13. End results are rather
more conspicuous for TM configuration where the photocurrent is dominated by
electrons. Tables 3 and 4 show that the efficiency and RF power are more in the dark
condition but for illuminated conditions the results are more pronounced for the TM
structure as compared to the FC structure. Figures 10 and 11 show the effect of optical
energy on the peak optimum frequency and the RF power obtained at the output for
FC and TM configurations respectively. It is quite clear from the aforementioned
plots that the graphs for different photon flux densities show more prominent effects
for TM as compared to FC structure. Another important observation is that RF power
gets reduced when optical energy is incident over the device which can be utilized
in phased array radars and optoelectronic integrated circuits etc. Figures 12 and 13
show the effect of incident light on the admittance plots and negative resistivity plots
respectively for FC and TM configurations. The observation is quite similar to the

Fig. 12 Admittance characteristics for a FC (hole dominated photocurrent) and b TM (electron
dominated photocurrent)
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Fig. 13 Negative resistivity characteristics for a FC (hole dominated photocurrent) and b TM
(electron dominated photocurrent)

previous observations i.e., the effect of optical energy is rather more conspicuous
for TM configuration where the photocurrent is dominated by electrons as compared
to FC configuration where the photocurrent is dominated by holes. The admittance
plots also show frequency chirping i.e., there is a slight deviation of peak optimum
frequency from the designed value of frequency.

7 Conclusion

The dc and RF properties of Si IMPATT diode are compared under dark and illumi-
nated conditions at 94 GHz. The device is used in two modes: (i) FC producing hole
dominated photocurrent and (ii) TM producing electron dominated photocurrent.
Optical control furnishes the device with an additional control terminal over elec-
trical control. Electrical control provides frequency tuning and power enhancement
of the device by varying the input bias current density while optical control provides
power reduction. This reduction of power occurs due to faster buildup of avalanche
current pulse which decreases the avalanche phase delay under the effect of inci-
dent optical energy. This crucial observation can be exploited in various applications
like phased array radars, optoelectronic integrated circuits and high frequency signal
processing systems. In thefirst instance, current density is varied from4.5×108 Am-2

to 8.5 × 108 Am-2 to provide bias current optimization at the window frequency of
94 GHz in the W-band. The optimized value of current density is that at which
the conversion efficiency and power output is maximum. For optical illumination,
two configurations of the double drift region (DDR) ATT device are taken: Flip Chip
(FC) and TopMount (TM) and their behaviors are compared for different photon flux
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densities near bandgap absorption of Si which is nearly 1.1 µ. A relation is obtained
between the electron and hole current density of the device and the photon flux on
it using an analytical model. End results reveal RF power and efficiency reduction
in optically controlled FC or TM structures as compared with the un-illuminated
device which is electrically controlled. An interesting observation is frequency shift
in the admittance characteristics which is utilized in frequency modulation and its
applications. Effects of optical irradiation are noteworthy for TM configuration with
respect to FC configuration. So, TMconfiguration of verticalDDRSi IMPATTdevice
is better to use over FC configuration to obtain more perceivable effects of optical
interaction of the RF properties of the device. These outcomes will be of immense
favor to researchers and fabricators to continue further research on the optical modu-
lation of RF characteristics and realize the suitable configuration of the device in the
real world scenario.
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